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Background: Calmodulin is a Ca>* binding protein and a major regulator of multiple signaling pathways.

Results: Inactivation of the Ca®" binding sites in the N- and C-terminal lobe of CaM affects cell viability differentially.
Conclusion: Ca®" binding to CaM is required for vertebrate cell survival.

Significance: A novel vertebrate knock-out/knock-in system for studying the function of CaM is described.

Calmodulin (CaM) was shown to be essential for survival of
lower eukaryotes by gene deletion experiments. So far, no CaM
gene deletion was reported in higher eukaryotes. In vertebrates,
CaM is expressed from several genes, which encode an identical
protein, making it difficult to generate a model system to study
the effect of CaM gene deletion. Here, we present a novel genetic
system based on the chicken DT40 cell line, in which the two
functional CaM genes were deleted and one allele replaced with
a CaM transgene that can be artificially regulated. We show that
CaM is essential for survival of vertebrate cells as they die in the
absence of CaM expression. Reversal of CaM repression or
ectopic expression of HA-tagged CaM rescued the cells. Cells
exclusively expressing HA-CaM with impaired individual cal-
cium binding domains as well as HA-CaM lacking the ability to
be phosphorylated at residues Tyr®®/Tyr'®® or trimethylated at
Lys'!® survived and grew well. CaM mutated at both Ca®>* bind-
ing sites 3 and 4 as well as at both sites 1 and 2, but to a lesser
degree, showed decreased ability to support cell growth. Cells
expressing CaM with all calcium binding sites impaired died
with kinetics similar to that of cells expressing no CaM. This
system offers a unique opportunity to analyze CaM structure-
function relationships in vivo without the use of pharmacologi-
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cal inhibitors and to analyze the function of wild type and
mutated CaM in modulating the activity of different target sys-
tems without interference of endogenous CaM.

Calmodulin (CaM) is a highly conserved Ca>" binding pro-
tein expressed in animals, plants, fungi, and protozoa (1). CaM
is involved in a plethora of cellular functions, including growth
factor signaling, cell cycle progression, transcriptional regula-
tion, and programmed cell death. More than 100 CaM binding
proteins have been identified, of which several are critical for
the regulation of cell proliferation (2—12). However, analysis of
the functional involvement of CaM in target protein activities
in cells is far from complete. CaM null mutations are lethal in
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Asper-
gillus nidulans, and Drosophila melanogaster (reviewed in Ref.
13). So far, no CaM gene deletions in vertebrates have been
reported, and it is not known how CaM supports cell survival in
these organisms. One potential obstacle might have been that
higher eukaryotes express an identical CaM protein from mul-
tiple genes, making gene deletions a difficult task (14).

CaM regulates the activity of most of its binding partners in a
Ca®?"-dependent manner (reviewed in Ref. 4). However, CaM
can activate some of its targets in a Ca®>" -independent manner
(15). Moreover, different CaM target proteins appear to require
a distinct number of calcium ions in the Ca>"-CaM complex to
attain maximum binding efficiency (16). Upon Ca®>* binding,
CaM undergoes large conformational changes. Both pairs of
EF-hands adopt an open conformation, thereby exposing
hydrophobic patches to potential binding proteins (1). Six dif-
ferent classes of CaM binding proteins have been defined
depending on the mode of CaM interaction and activation of
the target protein (1, 17).

The N-terminal domain of Ca*>*-free CaM (apo-CaM), con-
sisting of EF-hand 1 and 2, has a closed conformation with both

7 The abbreviation used is: CaM, calmodulin.
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EF-hands packed together, which is believed to inhibit target
protein interaction (18). The C-terminal domain of apo-CaM,
however, adopts a semiopen conformation, which may allow
binding between certain target proteins and partially exposed
hydrophobic patches of CaM in the absence of Ca*>*. Further-
more, the affinity for Ca®>" of the C-terminal EF-hands (K, ~
107° m) is 10-fold greater than the affinity of the N-terminal
EF-sites, with a K, of =~ 10~° M (reviewed in Ref. 19). Binding of
a single calcium ion to one of the C- or N-terminal EF-hands
increases the affinity of the adjacent EF-hand domain denoted
as positive cooperativity among paired EF-hands. So far, inves-
tigations on the role of Ca®>* binding to CaM in cell prolifera-
tion and cell death have been restricted to lower eukaryotes (20,
21).

Posttranslational modification of CaM such as tyrosine
phosphorylation at residues 99 and 138 and lysine trimethyla-
tion at position 115 may play crucial roles in the modulation of
the distinct cellular processes regulated by CaM (22, 23). So far,
the insulin receptor and the EGF receptor are the only members
of the protein tyrosine kinase receptor family which have been
shown to phosphorylate CaM at its tyrosine residues. Tyrosine
phosphorylation by non-receptor protein tyrosine kinases such
as Src family kinases has been described as well (reviewed in
Ref. 22). Although tyrosine phosphorylation of mammalian
CaM has been shown to affect target interaction and activation
in vitro, its significance for cell proliferation is not yet known.
Trimethylation of CaM at Lys' " is known as a conserved mod-
ification found in many organisms (reviewed in Ref. 24). How-
ever, except from its function as a regulator of NAD kinase in
plants (25), its functional significance in higher eukaryotes is
unknown so far. Here, we describe the establishment of a CaM
knock-out system in chicken pre-B lymphoma DT40 cells
allowing conditional CaM expression and demonstrate its use-
fulness for studying the significance of Ca>* binding and post-
translational modifications of CaM for cell survival.

EXPERIMENTAL PROCEDURES

Cell Lines and Plasmid Constructs—The chicken bursa of
Fabricius cell line DT40 WT was provided by Dr. T. Kurosaki
(Kansai Medical University, Osaka, Japan), and the DT40 clone
8-5 was described previously (13). For propagation of cells,
design of CaMI gene targeting, rat CaM knock-in (pCaMI KO)
and HA-CaM vectors, see supplemental material.

Cell Growth and Viability Experiments—Cell density was
adjusted to 0.5 X 10°/ml, and the cells were further grown with
or without tetracycline (1 ug/ml). Every other day, the cell den-
sities were readjusted to 0.5 X 10°/ml to maintain exponential
growth. For 4 — 6 days, cells were counted twice a day. Doubling
time was estimated from linear trend lines. Percentage of viable
cells was estimated using flow cytometry.

Western Blot Analysis—Extraction of total cellular proteins
and Western blotting was done as described previously (26).
After transfer, the membranes were treated with 0.2% (v/v)
glutaraldehyde to immobilize CaM (reviewed in Ref. 24). Anti-
bodies used for this work were as follows: monoclonal mouse
anti-CaM antibody (Millipore 05-173), HA11 antibody (Cova-
nce 16B12), and rabbit polyclonal anti-phospho-Tyr®® CaM
antibodies (Millipore 09-295). Quantification of protein signals
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was done by densitometry of scanned films using Image]
software.

Southern and Northern Blot Analyses—A chicken CaMI-spe-
cific cDNA probe (a fragment comprising most of CaMI intron
1 and part of exon 2) was used for hybridization with genomic
DNA digested with EcoR1. Northern blots containing total
RNA, isolated as described in Ref. 27 were probed with a 400-bp
chicken CaMI cDNA probe.

RESULTS

Deletion of CaMI Gene in DT40 Cells (CaMIl ’~) and
Replacement by Repressible CaM Construct—In chicken, two
CaM genes (CaMI and CaMII) are expressed and both are
translated into the same CaM protein, which is identical to all
known vertebrate CaMs. For targeting the first allele of the
chicken CaMI gene in the cell line DT40 8-5, which has both
CaMII alleles deleted (13), a plasmid construct was prepared
containing 2.2-kb 5'-flanking region and 1.8-kb chicken CaMI
3'-flanking region (see supplemental Materials and Methods
and Fig. S1). Homologous recombination with chicken
genomic DNA interrupted exon 3, which prevented the expres-
sion of functional chicken CaMI. The tetracycline transactiva-
tor was introduced into the cells by cotransfection. Two clones
(1G3 and 1B3) were found to exhibit the correct genomic status
(CaMII~/~, CaMI~/* rat CaMIII, shown for 1G3 in Fig. 14).
These cells expressed much higher levels of CaM as compared
with the levels of CaM in the parental cell line 8-5 in the absence
of tetracycline (Fig. 1B, bottom).

The 1G3 cell line was further used to eliminate the remaining
chicken CaMI allele. The cells were transfected with the same
construct as used to knock out the first CaMI allele but with a
Zeocin resistance cassette and without the rat CaMIII cassette
(supplemental Fig. S1). Southern blot analysis showed that
three of the newly generated clones (ET1-50, ET1-52,and ET1-
55) had both CaMI alleles disrupted (Fig. 1A). Repression of
CaM expression was analyzed by growing the cells under vari-
ous tetracycline concentrations. Northern blot analysis showed
that after 48 h of tetracycline treatment, rat CaMIII transcripts
were no longer detectable when at least 0.01 pug/ml tetracycline
or more was applied (Fig. 1B, top; shown for clone 1G3). The
level of the remaining CaM (Fig. 1B, bottom), originating from
the second allele of chicken CaMI after down-regulation of rat
CaMII], was sufficient to allow cell growth.

Time Course of Ectopic CaM Expression in CaM Knock-out
Cell Lines and Cell Growth—Both ET1-50 and ET1-55 cell lines
showed markedly elevated CaM levels due to ectopic expres-
sion as compared with DT40 wild type cells (Fig. 1C). CaM
concentrations were 13.5 times higher in ET1-50 cells and 10.4
times higher in ET1-55 cells as compared with DT40 WT cells.
However, in both cell lines, the CaM expression levels were 4.4
times lower than in WT cells 72 h after addition of tetracycline.

CaM Is Essential for DT40 Cell Proliferation—A marked
reduction in cell proliferation was noticed after addition of tet-
racycline in the two knock-out cell lines. Growth of ET1-55
cells stopped 75 h after tetracycline addition and growth of
ET1-50 cells after 92 h (Fig. 2A). The latter cell line expresses
higher levels of CaM without tetracycline repression and had a
slower decline in CaM epression following tetracycline repres-

VOLUME 287+NUMBER 22-MAY 25,2012


http://www.jbc.org/cgi/content/full/M112.339382/DC1
http://www.jbc.org/cgi/content/full/M112.339382/DC1
http://www.jbc.org/cgi/content/full/M112.339382/DC1
http://www.jbc.org/cgi/content/full/M112.339382/DC1

Novel Genetic System to Test Functions of Calmodulin

A o O N 1 I B
moA B oo 8-5 163
n M M M ™ oW e o=
ORI I I ST S S S &~
wHIHIHVIf[H.IVI‘I.IVI.I.I °$°°9°°9°°9°':'~.$ tet pg/ml
gy o st b
Ll S T
.' <— rCaMIII
3 — - - -
CLEELTTE] - 2ss
T AR R R R R R |— 18
<«— Erk1
+— CcaM
C c 10'
3 B ET1-50
(]
5 8- ET1-55
= B DT40
e 6_
[*]
et
2
By 4-
3 2
(6]
(o]
c

Tetracycline (tet) treatment

FIGURE 1. Generation and analysis of cell lines with both endogeneous CaM genes deleted and expressing repressible CaM. A, Southern blot of
EcoR1-restricted genomic DNA from various cell lines. The hybridization probe was a 1.8-kb fragment of the 5’-flanking region (Nhe1/Xho1 fragment) of the
chicken CaMI gene used for homologous recombination. Cell line 8-5 (CaMIl ~/~) has both CaMll alleles deleted but intact CaMI alleles. 1G3 (CaMIl~’~,
CaM|~/*reMily s the parental cell for the CaMI second allele knock-out. ET1-50, ET1-52, and ET1-55 are cell lines with both CaMl alleles inactivated. Cell lines
ET3-3 and ET3-29 still contain one unchanged CaMl allele as the already inactivated CaM | allele was targeted. Arrows: 1, CaMI (both alleles); 2, CaMl allele
replaced by rCaMlll; 3, CaMl allele interrupted with the Zeocin casette. The ET1-65 cell line did not undergo recombination at the CaMl locus. B, top panel:
Northern blot of RNA isolated from cell lines 8-5 and 1G3 after 48 h of treatment with the indicated tetracycline (tet) concentrations (ng/ml). As a loading
control, total RNA was stained with ethidium bromide (bottom). Lower panel: detection of CaM protein by Western blotting. Erk1 immunodetection served as
loading control. C, quantitation of CaM expression in wt and the CaM repressible cell lines ET1-50 and ET1-55 at various time points after treatment with

tetracycline. Values represent mean of three experiments + S.E.

sion (Fig. 1C). These experiments were done with 1 and 5 pug/ml
tetracycline, which are nontoxic concentrations as shown for
the DT40 WT cell line, which grew similar to untreated cells in
the presence of 5 ug/ml tetracycline (Fig. 24). These data dem-
onstrate that CaM is essential for growth and survival of DT40
cells. Cell growth could be recovered by removing tetracycline
from the medium 2 to 3 days after the start of the tetracycline
treatment (Fig. 2B).

HA-CaMwt Supports Cell Growth in Absence of Endogeneous
CaM—To study the significance of CaM for cell growth and
survival, we ectopically expressed HA-tagged CaMwt and CaM
mutants in the above described ET1-50 knock-out cells. After
the tetracycline-dependent down-regulation of CaM expres-
sion, these cells relied completely on HA-CaM (Fig. 3A4). This
experimental strategy allows the stable expression of HA-CaM
mutants independently of their ability to support growth, as
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CaMwt is present as long as its synthesis was not stopped by
adding tetracycline. The HA tag allows differentiation between
tetracycline-dependent CaM and mutant HA-CaM, as the lat-
ter runs slower on SDS gels and may further be detected inde-
pendently with an anti-HA antibody. To compensate for varia-
tions in HA-CaM expression, several clones stably expressing
HA-CaM at various levels derived from DT40 and ET1-50 cells
were established. Three days after addition of tetracycline, no
significant differences in the relative cell survival were observed
in any cell line (Fig. 3A4). From day 4 to day 7, the relative sur-
vival of tetracycline treated ET1-50 cells decreased dramati-
cally, and repression of CaM expression was lethal for ET1-50
cells, as from day 6 on no living cells could be detected (Fig. 3A).
In contrast, the survival of cell lines expressing HA-CaM did
not decrease during the entire period measured. Furthermore,
the relative survival of untreated and tetracycline-treated HA-
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FIGURE 2. Calmodaulin is essential for vertebrate cell proliferation. A, cells were seeded at 10* cells/ml and grown under standard conditions with different
tetracycline (tet) concentrations. CaM expression was repressed by tetracycline for a 48 h time period before cellular growth was measured. The figure shows
one of three experiments with similar results. B, growth curves of cell cultures grown in the presence of tetracycline (1 wg/mg) during the indicated time period
followed by growth without tetracycline. Experimental conditions were as described in A. Cell counting for continuous tetracycline treatment was stopped
when the cells were all dead (day 9) and for untreated cells when high density was reached (day 6).

CaM cell lines were indistinguishable. These data indicate that
HA-CaM can support cell survival after repression of CaM syn-
thesis. Moreover, our results provide evidence for the essential
survival function of CaM in vertebrate cells, as down-regulation
of CaM in ET1-50 led to cell death. DT40 wt cells without
inducible CaM expression and wt cells stably expressing HA-
CaM showed similar growth and survival characteristics, indi-
cating that neither the HA tag nor the transfection itself had any
deleterious effects. In addition to cell survival, cell proliferation
of the HA-CaM cell lines was measured from day 4 on, when
ET1-50 cells had a significantly reduced survival following
repression of CaM (Fig. 3, B and C). The three HA-CaM cell
lines had a similar doubling time as ET1-50 except that ET1-50
2G10 grew with a slightly increased doubling time in the pres-
ence of tetracycline. In contrast, ET1-50 cells did not proliferate
96 h after addition of tetracycline. This is consistent with the
increased cell death following CaM repression (Fig. 3A).
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Forty eight hours after addition of tetracycline, CaM expres-
sion in ET1-50 cells and in the three cell lines expressing HA-
CaM decreased to a level below the expression level in DT40 wt
cells (see Figs. 3C and 1C). After 72 h, untagged CaM was no
more detectable in these cell lines as in tetracycline treated
ET1-50 cells when they started to die. Thus, cell survival was
maintained by HA-CaM. From hereon, the CaM expression
level in HA-CaM and non HA-CaM expressing ET1-50 cell
lines remained at a non-detectable level. Based on these results
cell survival measurements were started at day 3. HA-CaM
expression in the three analyzed clones was similar (Fig. 3C),
indicating that the slightly reduced proliferation rate of ET1-50
2G10 was not caused by low expression of the HA-tagged
CaM. Note that a slightly weaker signal at higher electropho-
retic mobility appeared for HA-CaM (Fig. 3C) most likely
derived from an alternative in frame start codon in the HA
sequence.
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FIGURE 3. HA-CaMwt supports cell growth in the absence of endogeneous CaM. A, ET1-50 cells and three ET1-50-derived cell lines expressing HA-CaMwt
(2G9, 2G10,and 2B7) were grown with or without tetracycline for 3 days. Additionally, DT40 wt cells with (clone 1G1) or without HA-CaM expression were grown
with tetracycline. Cell survival was estimated using flow cytometry. Values are given as % of the live cells in the DT40 population. B, growth of cell lines relying
on HA-CaMwt. The same cell cultures, which were analyzed for survival measurements shown in A were used to establish growth curves starting 4 days after
tetracycline (tet) treatment. One of two experiments with similar results is shown. C, tetracycline-dependent down-regulation of CaM expression in HA-CaMwt
cell lines. Protein samples were obtained from cell cultures without tetracycline treatment and at the indicated time after tetracycline addition. Western blot
analysis was performed using an anti-CaM antibody. Coomassie Blue-stained postblot gels were used as loading controls.

HA-CaM Mutants with Altered Calcium Binding Domains
Exhibit Various Phenotypes—The importance of Ca>* binding
to CaM for its function in cell proliferation and survival was
explored by analyzing cells expressing CaM with either dis-
rupted single or multiple Ca®>" binding sites (see supplemental
“Materials and Methods” and Table 1). Conversion of Asp to
Ala at position 1 of each Ca*>* binding loop in the EF-hand
makes it impossible for CaM to bind Ca>* (28). Down-regula-

MAY 25,2012+VOLUME 287 +NUMBER 22

tion of CaM expression was performed in two clones for each
mutation with the following controls: DT40wt, HA-CaMwt as
well as ET1-50 cells, which do not express HA-CaM. After 4
days of tetracycline treatment, CaM was not detectable by
Western blots in any of the cell lines with mutant HA-CaM as
shown before for the HA-CaMwt cell lines (Fig. 3C).

Cell lines relying on single Ca®>" binding site mutant proteins
CaM1, CaM2, CaM3, and CaM4 survived and grew similarly as
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TABLE 1
Plasmids containing HA-CaM variants

Plasmid name Changes in CaM protein Disrupted function
HA-CaMwt gpt
HA-CaM1 gpt D20A Ca”" binding to EF-hand 1
HA-CaM2 gpt D56A Ca*" binding to EF-hand 2
HA-CaM3 gpt D93A Ca®* binding to EF-hand 3
HA-CaM4 gpt D129A Ca”" binding to EF-hand 4
HA-CaM1,2 gpt D20A + D56A Ca® ™ binding to EF-hands 1 + 2

HA-CaM3,4 gpt
HA-CaM1,2,3,4 gpt

D93A + D129A

HA-CaM(K115R) gpt K115R
HA-CaM(Y99F) gpt Y99F
HA-CaM(Y138F) gpt Y138F

HA-CaM(Y99F/Y138F) gpt Y99F + Y138F

D20A + D56A + D93A + D129A

Ca® " binding to EF-hands 3 + 4

Ca®"* binding to EF-hands 1 + 2 + 3 + 4
Trimethylation of Lys''®
Phosphorylation of Tyr®®
Phosphorylation of Tyr'**
Phosphorylation of Tyr®® + Tyr'*®

TABLE 2
Growth and survival of cells expressing mutant CaM proteins

Growth characteristics of cell lines expressing individually mutated Ca®* binding sites 1, 2, 3, 4, CaMTyr99/138 phosphorylation sites, and Lys

15 trimethylation site as well

as control cell lines are shown. Data represent average values for two clones (two individual experiments for DT40 and ET1-50) * S.E. All cell lines except DT40 and ET1-50
were treated with 1 pg/ml tetracycline. dt, average doubling time in hours between day 4 and 6; s3, s6, and s9, percentage of live cells relative to DT40 wt cells measured at

days 3, 6, and 9, respectively.

CaM

Cellline  DT40 ET1-50 CaMwt CaM1 CaM2 CaM3 CaM4 CaM(Y99F) CaM(Y138F) (Y99F/Y138F) CaM(K115R)
Average doubling times without tetracycline treatment

dt 10207 107*03 121 *00 11.3*01 130*00 131*05 140*02 107*03 122=*16 11.0 £ 0.6 10.7 £ 0.8
Percentage of live cells relative to DT40 cells

s3 100 89813 923*25 89.7*+05 968=*11 940*x29 929*09 872=*28 914=*30 943+ 1.1 994 *+0.9

s6 100 888 3.7 837*x86 919*+20 976*03 965*45 103.0*x34 928=*28 899*25 91.6 = 0.3 92.7 0.9

s9 100 851*47 914*11 879*20 100.0*05 992*00 870*53 934*06 851*29 91.0*+ 1.5 98.3 = 0.4

compared with CaMwt (Table 2). Cell lines with mutated Ca>*
binding domain 4 grew slightly slower than wild type but exhib-
ited a similar survival profile (Table 2). Cells relying on HA-
CaM1,2 grew exponentially up to 6 days (Fig. 44), and the sur-
vival was similar to the HA-CaMwt cell line 2G9 until 5 days
after tetracycline addition, but they started to die from hereon
(Fig. 4A). The decrease in cell survival was markedly slower
than in tetracycline-treated ET1-50 cells (Fig. 4A), and the
CaM1,2 cells reached similar density as tetracycline-treated
ET1-50 2G9 cells (Fig. 4B). In contrast, double mutation of sites
3 and 4 showed reduced growth already after 4 days, and the cell
survival was reduced markedly at 5 days after tetracycline addi-
tion. CaM1,2,3,4 cells showed the same proliferation and sur-
vival profile as tetracycline-treated ET1-50 control cells (Fig. 4,
A and B). The observed phenotypes of the cell lines CaM1,2,3,4,
CaM3,4, and CaM1,2 cannot be explained by differential
expression of HA-CaM as similar HA-CaM levels were
observed in these cell lines after a 4-day tetracycline treatment
(Fig. 4C). In addition, both cell lines with the same HA-CaM
mutant exhibited very similar growth and survival characteris-
tics (Fig. 4, A and B).

As CaM has been associated with the regulation of the cell
cycle (29), we examined whether a lack of CaM or replacement
of CaM with various mutants unable to bind Ca>" at either two
or four Ca®" binding sites affected the cell cycle distribution.
No significant alteration of the cell cycle profile was observed in
either ET1-50 cells during CaM down-regulation or represent-
ative cell lines expressing solely HA-CaMwt, HA-CaM1,2,
CaM3,4, and HA-CaM1,2,3,4 (supplemental Fig. S2).

HA-CaM Mutants with Altered Tyrosine Phosphorylation
Sites and Trimethylation Site Show No Alterations in Survival
and Growth Characteristics—As tyrosine phosphorylation of
CaM has been shown to be important for some functions of
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CaM (22, 30), we substituted Tyr®® and Tyr'®®, respectively, to
Phe both as single mutations and in combination. Initial exper-
iments showed that CaM phosphorylated at Tyr®? is present in
DT40 cells (supplemental Fig. S3A). All cell lines expressing Tyr
phosphorylation site mutant proteins grew with similar char-
acteristics as compared with the parental cell line, indicating
that phosphorylation of Tyr®® and/or Tyr'*® is not required for
growth and survival of DT40 cells (Table 2). Mass spectrometry
confirmed the presence of trimethyl Lys in the CaM protein
purified from DT40 cells (supplemental Fig. S3B). The mass per
charge (m/z) of 2401.111 Da corresponding to the peptide
HVMTNLGEK(CH3),LTDEEVDEMIR was found in CaM
from DT40 cells but not in recombinant vertebrate CaM pro-
duced in Escherichia coli. Both recombinant and DT40-derived
CaM contain a peptide with the m1/z 0of 2359.079 corresponding
to the same peptide without trimethylated Lys**>. Two cell lines
stably expressing HA-tagged CaM(K115R) were studied fol-
lowing repression of CaMwt. Cell proliferation and survival of
these cell lines exclusively relying on CaM(K115R) were com-
parable with cell lines expressing HA-CaMwt, indicating that
this modfication is not essential for DT40 cell survival (Table 2).
As Lys''® may be a site of ubiquitination, and methylation may
decrease the susceptibility of CaM for proteasomal degradation
(31), we tested the stability of HA-CaM(K115R) compared with
HA-CaMwt by pulse-chase labeling and found no difference
(supplemental Fig. S4).

DISCUSSION

CaM is considered a central and essential mediator of Ca®"
signals in the regulation of numerous cellular activities of all
eukaryotic cells (reviewed in Ref. 32). Extensive knowledge
about the structure of CaM and its interaction with target pro-
teins has been generated mostly by in vitro approaches. How-
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FIGURE 4. HA-CaM mutants with altered calcium binding domains exhibit various phenotypes. A, cell survival. ET1-50 cells expressing mutant HA-CaM
were grown in the presence of tetracycline (tet). The parental ET1-50 cells and DT40 wt cells grown in the presence of tetracycline served as controls. Survival
was analyzed using flow cytometry. Values are given as % of the live cells in the ET1-50 2G9 population. B, cell growth. Cells were grown with or without 1 ng/ml
tetracycline for 4 days. Then, the cell densities were adjusted to 0.5 X 10°/ml, and the cells were counted for the following 2 days every 10-12 h. C, HA-CaM
expression in the CaM mutant cell lines CaM1,2; CaM3,4; CaM1,2,3,4 after 4 days of tetracycline treatment. DT40 and ET1-50 2G9 and HA-CaMwt served as
controls. Western blot analysis was performed using an HA antibody. Coomassie Blue-stained postblot gels were used as loading controls.

ever, investigations of the role of CaM in vivo by genetic means
have so far been restricted to lower eukaryotic organisms
(reviewed in Ref. 13). Chicken DT40 is a well suited cell line for
CaM deletion studies in vertebrate cells because chicken cells
have only two genes encoding CaM, which makes CaM gene
disruptions easier than e.g. in human cells, which, like all mam-
malian cells, express an identical CaM protein from three dis-
tinct genes (14). In addition, DT40 cells allow homologuous
recombination with relatively high frequency (reviewed in Ref.
33). In this study, we describe for the first time the establish-
ment of a vertebrate genetic system that allows the expression
of ectopic wild type and mutant CaM in the absence of endo-
geneous CaM. We generated DT40 cell lines with both CaM
genes disrupted and replaced by a repressible CaM transgene.
Stable transfection of HA-tagged wild type and mutant CaM
genes by random integration into the genome allowed us to test
their significance for cell growth and survival. We showed that
HA-tagged CaM can support cell growth in several cell lines
even though CaM expression varied among different clones
and was in most cell lines below the levels found in DT40 wt
cells.

Our data demonstrate that cell growth and survival is sup-
ported in cell lines expressing a CaM version with a single Ca®"
binding site disrupted. A more severe phenotype of the sites 3
and 4 double mutation compared with the sites 1 and 2 double
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mutation was observed indicating that the C-terminal lobe is
more important than the N-terminal lobe for the essential func-
tion of CaM in cell growth and survival. Interestingly, muta-
tions in both site 1 and site 2 did not allow survival, even though
it helps cells to reach higher cell densities and decelerates cell
death compared with cells devoid of CaM. On the other hand,
CaM with nonfunctional sites 3 and 4 could only support
growth in an initial phase, and the survival performance was
only slightly better than the one of a mutant with all four sites
disrupted or control cells not expressing CaM after tetracycline
down-regulation. Finally, we found that cells expressing CaM
without the ability to bind Ca®>" show the same growth and
survival characteristics as cells devoid of CaM. This indicates
that although CaM is believed to have Ca>*-independent func-
tions, these do not seem to be sufficient for allowing cellular
growth and survival of DT40 cells. These results indicate that
CaM targets involved in the essential functions of CaM are
dependent primarily on the functionality of the C-terminal
lobe, which has a higher Ca®>* affinity (reviewed in Ref. 34).
Future experiments combining inactivation of Ca®>* binding
sites from both N- and C-terminal lobes will further elucidate
the importance of Ca®>" binding to CaM for cell growth and
survival.

Different roles of Ca®" binding to CaM in different organ-
isms have been reported. In S. cerevisiae, disruption of all four
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Ca®" binding sites of CaM did not have a significant effect on
growth (20). In contrast to S. cerevisiae, CaM in A. nidulans and
S. pombe requires high-affinity Ca>" binding to support growth
(21, 35). As shown by Moser et al. (21) in S. pombe, a mutant
CaM protein with only an intact Ca®>" binding site 3 and the
mutant protein with alterations in all four Ca*>* binding sites do
not support growth, but all other mutant S. pombe CaMs with
one or more intact Ca®>" binding domain allow growth at 21 °C.
However, the temperature sensitivity of S. pombe strains rely-
ing on different forms of mutant CaM proteins is different (21).
Based on the temperature sensitivity, Moser et al. (21) con-
cluded that Ca®>* binding site 2 is more important than site 1,
which is more important than site 4, which is more important
than site 3 of S. pombe CaM. Our results with chicken cells
differ markedly from the data obtained from the above men-
tioned species. This indicates that the basic functions of CaM in
supporting cell growth and survival may be distinct in different
organisms. CaM appears to control multiple processes con-
nected to the cell cycle, through proteins such as calcineurin
and CaM kinase II (reviewed in Refs. 29 and 36 —39), or compo-
nents of the cell cycle machinery, such as cyclin E1 (reviewed in
Refs. 39 —41). Down-regulation of CaM in our chicken cell sys-
tem did not predominantly affect specific cell cycle phases. This
may indicate that CaM depletion or replacement by mutant
proteins deficient in Ca®>" binding affect multiple cell cycle
phases or that the observed growth and death phenotypes are
not directly related to cell cycle control mechanism.

The phosphorylation of CaM at serine/threonine and tyro-
sine residues by a variety of protein kinases has been described.
It has been shown that these posttranslational modifications
affect the regulatory properties of CaM (reviewed in Ref. 22).
Substitution of the two tyrosine phosphorylation sites in CaM
(Tyr®® and Tyr'?®) individually and in combination by Phe did
however not demonstrate any impaired growth or viability of
the DT40 cells in our experimental setup. Phospho-Tyr”?-CaM
appears to be present in the cells used in the present study
suggesting that Tyr-phosphorylated CaM has other functions
than supporting basic cell growth and survival, e.g. signal trans-
duction after cell stimulation by growth factors. Another well
known posttranslational and conserved modification of CaM is
trimethylation at lysine 115, which has been shown to affect
CaM targets differentially (25, 42) and has been suggested to
prevent ubiquitination as well as degradation of CaM (31). Sim-
ilar to the CaM mutations, which prevent tyrosine phosphory-
lation, replacing Lys''® by Arg has no obvious effect on growth
and viability of DT40 cells, and it does not affect the turnover of
CaM under our experimental conditions. Work to identify spe-
cific targets of posttranslationally modified CaM using pro-
teomic approaches is in progress.

The novel CaM knock-out system in DT40 cells offers a vari-
ety of novel possibilities and advantages over existing
approaches to study the role of CaM in vivo. 1) CaM expression
can be regulated from a level of 13.5-fold over the wild type to
close to zero to analyze the dependence of cellular processes on
the level of CaM by the addition of various concentrations of
tetracycline and by varying the time period of tetracycline treat-
ment; 2) CaM can be replaced by a mutant CaM protein to
study structure-function relationships and interaction with
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binding partners, which can be endogenously or ectopically
expressed in DT40 cells in the absence of endogenous CaM.
Recent work on the interaction between CaM and the EGF
receptor has shown the usfulness of our experimental system
(43); 3) a major advantage of the system is that CaM inhibitors,
which may have unspecific side effects can be avoided; 4) this
genetic system does not rely on only partial downreguation of
CaM, achieved by siRNA, which in itself is an especially chal-
lenging task for CaM, as an identical protein is encoded by
multiple genes in vertebrates.
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