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Abstract

Using site-directed mutagenesis, we have produced three calmodulin (CaM) mutants in which one or the two tyrosine residues of
native CaM were substituted by phenylalanine. The three variants, denoted CaM(Y99F), CaM(Y138F), and CaM(Y99F/Y138F),
were highly expressed in transformed Escherichia coli BL21(DE3)pLysS and puriWed in high yield. The three CaM mutants were able
to activate the cyclic nucleotide phosphodiesterase and the plasma membrane Ca2+-ATPase, and present the characteristic Ca2+-
induced electrophoretic mobility shift of native CaM. CaM(Y138F) and CaM(Y99F/Y138F), however, showed a slightly higher elec-
trophoretic mobility than CaM(Y99F) or wild type CaM. The molar extinction coeYcient of native CaM at 276 nm decreases 50% in
CaM(Y99F) and CaM(Y138F), while the 276 nm peak disappears in CaM(Y99F/Y138F). Terbium Xuorescence studies with the
diVerent CaM mutants indicate that Y99 (but not Y138) closely interacts with Ca2+ in the III Ca2+-binding domain. The epidermal
growth factor receptor (EGFR) and the non-receptor tyrosine kinase c-Src phosphorylate CaM(Y99F) and CaM(Y138F) at a lesser
extent than wild type CaM, while they fail to phosphorylate CaM(Y99F/Y138F) as expected. All resulting phospho-(Y)CaM species
present the characteristic Ca2+-induced electrophoretic mobility shift observed in non-phosphorylated CaM. Quantitative analysis of
the diVerent phospho-(Y)CaM species suggests that the relative phosphorylation of Y99 and Y138 in wild type CaM by both the
EGFR and c-Src is diVerent than the respective phosphorylation of either Y99 in CaM(Y138F) or Y138 in CaM(Y99F).
  2005 Elsevier Inc. All rights reserved. 
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2+
Calmodulin is an ubiquitous Ca -binding protein
that decodes oscillations in the concentration of intracel-
lular free Ca2+ by acting as a sensor of this divalent cat-
ion in eukaryotic cells, and hence regulating a myriad of
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cellular processes [1,2]. In addition, apocalmodulin could
also recognise various protein targets exerting certain
functional role [3]. Despite the occurrence of diVerent
types of posttranslational modiWcations in CaM,2 it is
EGFR, epidermal growth factor receptor; EGTA, [ethylenebis (oxyethy-
ulfonic acid; IPTG, isopropyl-1-thio-�-D-galactopiranoside; Jak2, Janus
tion; PMSF, phenylmethylsulfonyl Xuoride; PTB, phosphotyrosine bind-
trophoresis in the presence of sodium dodecyl sulfate; SH2, Src non-cata-
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not yet clear whether or not these modiWcations could
play a signiWcant part in the regulation of CaM-medi-
ated cellular functions in intact cells either acting in the
absence or presence of Ca2+.

Phosphorylation of CaM by diverse protein-serine/
threonine and protein-tyrosine kinases has been shown
to take place not only in vitro but in vivo, and the diVer-
ent P-CaM species produced by these enzymes present
distinct biological activities when acting on multiple
CaM-dependent systems (see [4] for a review). Tyrosine
phosphorylation of CaM by distinct receptor protein-
tyrosine kinases, such as the insulin receptor [5,6] and the
EGFR [7,8], and non-receptor kinases, such as diVerent
Src family kinases [9,10], Jak2 [11], and p38Syk [10], has
been described. It is clear, therefore, that tyrosine-phos-
phorylation of CaM is a widespread phenomenon.

The P-(Y)CaM species generated by each of the
above-mentioned protein-tyrosine kinases appear to be
distinct as the phosphorylation stoichiometry of Y99
and Y138 varies depending on the kinase involved [4].
Although very little is known about the actual identity
of the phosphoserine/threonine- and phosphotyrosine-
protein phosphatases implicated in the dephosphoryla-
tion of P-CaM, Wrmly established observations on
phosphorylation of CaM and the need for the reversibil-
ity of this process suggest that this posttranslational
modiWcation may play a prominent role in the modula-
tion of the distinct physiological actions on which this
Ca2+-binding protein is involved. This modulation may
occur in addition and/or instead of the canonical regula-
tion mediated by changes in the concentration of intra-
cellular free Ca2+ [4].

Mammalian CaM contains two single tyrosine resi-
dues at positions 99 and 138 [1]. Therefore, the availabil-
ity of CaM mutants lacking either one or both tyrosine
residues could be helpful tools to elucidate the potential
involvement of each phosphorylated tyrosine residue of
CaM on the functionality of target proteins. We describe
in this work the characterisation of three CaM mutants
bearing tyrosine to phenylalanine substitutions denoted
CaM(Y99F), CaM(Y138F), and CaM(Y99F/Y138F),
and therefore defective in tyrosine phosphorylation as
shown using two protein-tyrosine kinases, the EGFR
and c-Src. The results show interesting diVerences
among the mutants, which represent new tools for the
characterisation of CaM itself and for its interaction
with target proteins.

Experimental procedures

Reagents

Radiolabelled [�-32P]ATP (triethylammonium salt)
(3000 Ci mmol¡1) (1 Ci D 37 GBq), HyperWlm-MP X-ray
Wlms and the ECL kit were purchased from Amersham–
Pharmacia. Recombinant EGF (human) was obtained
from PeproTech. The QuickChange site mutagenesis kit
was from Stratagene, and the QIAprep plasmid prepara-
tion kit was obtained from Qiagen. Restriction enzymes
were provided by Promega. Phosphodiesterase 3�:5�-
cyclic nucleotide (from porcine brain), 5�-nucleotidase
(from Crotalus adamanteus venom), phenyl–Sepharose
CL-4B, calmodulin–agarose, Fast Green FCF, PMSF,
ATP (sodium salt), cAMP (sodium salt), Triton X-100,
Tween 20, histone (type II-AS from calf thymus, frac-
tions containing histone H2, H3, and H4 as observed in
SDS–PAGE), Hepes, and anti-mouse IgG (Fc speciWc)
peroxidase-conjugated were obtained from Sigma.
Monoclonal anti-phosphotyrosine antibody (4G10) and
recombinant c-Src (human) were obtained from Upstate
Biotechnology. PVDF membranes of 0.45 �m pore size
(Immobilon-P) were from Millipore and thrombin
(bovine) was from Calbiochem. Bovine brain calmodulin
was puriWed essentially as described [12]. Escherichia coli
cultures transformed with the pETCM vector was a kind
gift of Prof. Nobuhiro Hayashi from Fujita Health Uni-
versity, Aichi, Japan. Other chemicals used in this work
were of analytical grade.

Site-directed mutagenesis

PCR-aided site-directed mutagenesis was performed
on the pETCM vector that contains the coding sequence
from rat CaM [13] using the QuickChange site-directed
mutagenesis kit and two sets of complementary oligos:
5�-GCTCTGCTGCACTGATGAAGCCATTGCCAT
CC-3� and 5�-GGATGGCAATGGCTTCATCAGTG
CAGCAGAGC-3� for the Y99F substitution, and 5�-
GGGGATGGTCAGGTAAACTTCGAAGAGTTTG
TACAAATG-3� and 5�-CATTTGTACAAACTCTTC
GAAGTTTACCTGACCATCCCC-3� for the Y138F
substitution. Sequential mutagenesis was carried out to
obtain the double substitution Y99F/Y138F. E. coli
XL1-Blue was transformed with the modiWed vectors
pETCM(Y99F), pETCM(Y138F), and pETCM(Y99F/
Y138F), the plasmids were isolated by the alkaline lysis
method [14] using the QIAprep plasmid preparation kit,
and the correctness of the mutagenesis procedures was
ascertained by direct sequencing the vectors using an
oligo annealing to the T7 polymerase promoter.

Expression and puriWcation of recombinant calmodulin

Escherichia coli BL21(DE3)pLysS was transformed
with the pETCM, pETCM(Y99F), pETCM(Y138F),
and pETCM(Y99F/Y138F) vectors, and wild type CaM
and the three variants CaM(Y99F), CaM(Y138F), and
CaM(Y99F/Y138F) were induced with 1 mM IPTG dur-
ing 3 h in 800 ml of Luria–Bertani’s broth supplemented
with 100 �g/ml ampicillin and 34 �g/ml chloramphenicol.
The diVerent recombinant CaM species were puriWed as
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described in [13], except that the soluble bacterial cell
extract was heated at 95 °C for 5 min before the heat-
resistant proteins remaining in the supernatant were sub-
jected to phenyl–Sepharose chromatography [15].

Isolation of the EGF receptor

Taking advantage that the EGFR is a CaM-binding
protein [7,15–17], an enriched fraction containing this
receptor was isolated by Ca2+-dependent CaM-aYnity
chromatography as previously described [7].

Phosphorylation assays

Unless indicated otherwise, phosphorylation of the
diVerent CaM species by the EGFR was carried out at
37 °C for 2 min in a total volume of 100 �l in a medium
containing 15 mM Hepes–NaOH (pH 7.4), 5 mM MgCl2,
0.4 mM EGTA, 2% (w/v) glycerol, 0.4% (w/v) Triton X-
100, 1 �M EGF (when added), 120 �g/ml histone, 20 �g/
ml CaM (histone:CaM molar ratio D 5), 10 �M (2 �Ci)
[�-32P]ATP, and 40 �l of the EGFR preparation. Phos-
phorylation assays using c-Src instead of the EGFR
were carried out at 37 °C for 30 min in a total volume of
100 �l in a medium containing 15 mM Hepes–NaOH
(pH 7.4), 5 mM MgCl2, 1 mM EGTA, 1 mM dithiothrei-
tol, 24 �g/ml histone, 20 �g/ml CaM (histone:CaM molar
ratio D 1), 10 �M (2 �Ci) [�-32P]ATP, and 2 U c-Src. One
unit of c-Src transfers 6.2 pmol phosphate/min to its sub-
strate peptide at 30 °C and pH 7.2. When Western blots
using the anti-phosphotyrosine antibody were per-
formed, the assays with either of the two protein-tyro-
sine kinases were carried out for 15–30 min using 2 mM
non-radiolabelled ATP instead of [�-32P]ATP. The phos-
phorylation reaction was initiated upon addition of ATP
and stopped with ice-cold 10% (w/v) trichloroacetic acid.
The precipitated proteins were processed by SDS–
PAGE and autoradiography as described below. The
intensity of the bands present in the X-ray Wlms were
quantiWed by a computer-assisted scanner using the
ScanImage program. Alternatively, when the resulting P-
CaM species were destined for puriWcation by phenyl–
Sepharose chromatography, the assay mixture was
scaled up by a factor of four, the trichloroacetic acid pre-
cipitation step was omitted, and the sample was rapidly
ice-cooled before chromatographic processing.

Immunoblot analysis

Proteins separated by SDS–PAGE as described below
were electrotransferred to a PVDF membrane at 300 mA
for 2 h in a buVer containing 48 mM Tris (base) and
39 mM glycine (pH 8.3), 1.3 mM sodium dodecyl sulfate,
and 20% (v/v) methanol. Proteins were Wxed for 45 min
with 0.2% (v/v) glutaraldehyde in TBS (25 mM Tris–HCl
at pH 8, 150 mM NaCl, and 2.7 mM KCl) and tran-
siently stained with 0.1% (w/v) Fast Green FCF in 50%
(v/v) methanol and 10% (v/v) acetic acid. Thereafter, the
membrane was blocked with 5% (w/v) bovine serum
albumin in TBS for 2 h at room temperature, washed
extensively with 0.1% (v/v) Tween 20 in TBS (TTBS),
probed overnight with the anti-phosphotyrosine mono-
clonal antibody (4G10) at a 1:250 dilution, and an anti-
mouse IgG conjugated to horseradish peroxidase at a
1:4000 dilution. Positive bands were detected using the
enhanced chemiluminescence Luminol (ECL) method
following instructions from the manufacturer.

Phosphodiesterase assay

The porcine brain CaM-dependent cyclic nucleotide
phosphodiesterase activity was assayed at 37 °C for
15 min using 2.5 mM cAMP as substrate and the diVer-
ent CaM species (8 �g/ml) in the absence and presence of
0.1 mM free Ca2+ as previously described [18].

Plasma membrane Ca2+-ATPase assay

Plasma membranes from human erythrocytes (ghosts)
devoid of calmodulin were obtained as described [19].
The Ca2+-ATPase activity was determined as previously
described [20]. BrieXy, aliquots of erythrocytes ghost
(about 1–2 mg protein/ml) were incubated in a medium
containing 130 mM KCl, 20 mM Hepes/KOH (pH 7.4),
1 mM MgCl2, 1 mM ATP, 1 mM EGTA, and 1 mM
CaCl2, to obtain 10�M free Ca2+ concentration. The
reaction was carried out for 45-min incubation at 37 °C
and was arrested by the addition of cold trichloroacetic
acid at 8% (w/v). The mixture was centrifuged and the
supernatant was kept for inorganic phosphate determi-
nation. The phosphate produced by ATP hydrolysis was
determined as previously described [21], modiWed by the
use of FeSO4 as the reducing agent.

Fluorescence measurements

DiVerent CaM species were assayed at 10 �M Wnal
concentration in a buVer containing 10 mM Pipes (pH
6.5), 100 mM KCl, and diVerent concentrations of TbCl3.
The Xuorescence of tyrosines was measured in a Xuorim-
eter (Perkin-Elmer LS50), using 280 and 307 nm as exci-
tation and emission wavelength, respectively [22].

Isolation of phosphocalmodulin and thrombinisation assay

The diVerent P-CaM species were puriWed by Ca2+-
dependent hydrophobic-interaction chromatography as
follows: the 4-fold scaled up phosphorylation assay mix-
ture described above using [�-32P]ATP as substrate was
ice-cooled after the reaction was completed and diluted
to 1.5 ml with a buVer containing 50 mM Hepes–NaOH
(pH 7.4), 50 mM NaCl, and 0.1 mM CaCl2 (Ca-buVer A).
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The sample was adjusted to 0.1 mM free Ca2+ using
additional CaCl2 and immediately passed through a 1 ml
phenyl-Sepharose column equilibrated with Ca-buVer A.
The column was extensively washed, Wrst with 40 ml of a
modiWed Ca-buVer containing 0.5 M NaCl (Ca-buVer B),
and thereafter with 40 ml of Ca-buVer A. The phosphor-
ylated and non-phosphorylated forms of CaM were
eluted in 0.4 ml fractions using a modiWed buVer A con-
taining 1 mM EGTA instead of CaCl2 (EGTA-buVer).
The puriWed P-CaM species were incubated with 2.5 U
thrombin for 3–15 min at 37 °C in a buVer containing
50 mM Hepes–NaOH (pH 7.4), 50 mM NaCl, and 1 mM
EGTA. One unit of thrombin was deWned by compari-
son to a thrombin standard prepared by the Bureau of
Biologic Standards as mentioned by the manufacturer.

Other analytical procedures

Slab gel electrophoresis was performed as described in
[23] at 12 mA overnight in a 5–20% (w/v) polyacrylamide
linear gradient gel or at 60 mA for 3 h in a 12% (w/v) poly-
acrylamide gel, both in the presence of 0.1% (w/v) sodium
dodecyl sulfate at pH 8.3. To attain the characteristic
Ca2+-induced electrophoretic mobility shift of CaM [24],
we added either 5 mM EGTA or 5 mM CaCl2 to the elec-
trophoresis loading buVer. Gels were stained with Coo-
massie Brilliant Blue R-250, dried under vacuum at 80 °C
for 2 h on Whatman 3MM Chr Wlter paper, and when
required blue-sensitive X-ray Wlms were exposed at
¡20 °C for 1–3 days to obtain autoradiographies. The
protein concentration was determined as described [25]
after precipitation of proteins with 10% (w/v) trichloro-
acetic acid and using bovine serum albumin as a standard.

Results

Characterisation of tyrosine–calmodulin mutants

Site-directed mutagenesis consisting in the modiWca-
tion of one or two TAC codons for TTC codons in the
coding sequence for rat CaM were performed on the
pETCM vector resulting in the substitution of either one
or the two tyrosine residues of native CaM for phenylal-
anine, yielding three CaM mutants denoted CaM
(Y99F), CaM(Y138F), and CaM(Y99F/Y138F).

The expression level of wild type CaM and the three
CaM variants in E. coli BL21(DE3)pLysS transformed
with the pETCM, pETCM(Y99F), pETCM(Y138F),
and pETCM(Y99F/Y138F) vectors, and induced by
IPTG were very similar as shown in Fig. 1. The four
recombinant CaM variants were puriWed to homogene-
ity in high yield by Ca2+-dependent hydrophobic-inter-
action chromatography modiWed as previously described
[13,15]. We obtained an average § SEM puriWcation
yield and recovery as follows: from 331 § 30 mg (n D 3)
total protein from the bacterial extract we obtained
99 § 14 mg (n D 4) soluble protein after heating at 95 °C
for 5 min (30 § 4% recovery), and 35 § 4 mg (n D 4) puri-
Wed CaM (11 § 1% recovery) after phenyl-Sepharose
chromatography.

Fig. 2 shows that the three puriWed CaM mutants
were homogeneous as observed in SDS–PAGE carried
out in the presence of EGTA, and present the character-
istic Ca2+-induced electrophoretic mobility shift
observed in wild type CaM [24]. The double band

Fig. 1. Expression of recombinant CaM mutants. Total cell extracts
from an identical volume (12 �l) of E. coli BL21(DE3)pLysS cultures
transformed with the diVerent CaM expression vectors and incubated
in the absence (¡) and presence (+) of 1 mM IPTG were resolved by
12% SDS–PAGE in the presence of 5 mM EGTA and stained with
Coomassie blue as described under Experimental procedures. The
arrow points to the diVerent recombinant CaM species.

Fig. 2. Electrophoretic mobility of CaM mutants. The diVerent puri-
Wed recombinant CaM species, and a control of bovine brain (bb)
CaM (2 �g) were processed by 5–20% SDS–PAGE in the presence of
5 mM EGTA or 5 mM CaCl2 as indicated, and stained with Coo-
massie blue as described under Experimental procedures.
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noticed in the presence of Ca2+ is a well-documented
observation, and could represent the diVerential electro-
phoretic migration of diverse Ca2+–CaM complexes with
variable Ca2+ binding stoichiometry. Nevertheless,
CaM(Y138F) and CaM(Y99F/Y138F) show a slightly
higher electrophoretic mobility than that of
CaM(Y99F), recombinant wild type CaM, or bovine
brain CaM, both in the absence or presence of Ca2+.

The UV-light absorption spectrum of wild type CaM
reveals a prominent peak at 276 nm which is mostly due
to the presence of tyrosine residues [26]. Thus, and as
expected, Fig. 3 shows that both CaM(Y99F) and
CaM(Y138F) present a signiWcant reduction in
absorbance at 276 nm, and CaM(Y99F/Y138F) totally
lacks this 276 nm peak. Wild type CaM has an
EM, 276 nm D 3740 [26]. However, taking into consider-
ation the progressive decline in the photon eYciency at
shorter wavelength, CaM(Y99F) and CaM(Y138F) both
present a 50% reduction in its EM, 276 nm, and
CaM(Y99F/Y138F) has an EM, 276 nm close to zero.

We also performed experiments to study the interac-
tion of Tb3+ with the Ca2+-binding domains of the diVer-
ent mutants, taking advantage of the fact that Y99 and
Y138 form part of the aminoacidic sequence involved in
the Ca2+-binding domains III and IV, respectively. Thus,
we measured the Xuorescence of tyrosine residues, using
Tb3+ as a surrogate for Ca2+ [22], exciting at 280 nm
while registering at 307 nm as emission wavelength. The
results are presented as the relative Xuorescence quench-
ing of tyrosine residues induced by Tb3+.

Fig. 3. Absorption spectra of CaM mutants. The UV-light absorption
spectra were recorded in a Shimadzu UV-160A spectrophotometer
using a 1 mg/ml solution of the diVerent recombinant CaM species
puriWed as described under Experimental procedures and dialysed
against 10 mM Hepes–NaOH (pH 7.4). For clarity, the spectra are
arbitrarily plotted setting the base lines at diVerent absorbance values
to avoid superimposition.
Fig. 4 shows a Tb3+ concentration dependent increase
in tyrosine Xuorescence quenching when wild type CaM
and CaM(Y138F) were used, while both CaM variants
modiWed in Y99 failed to show a signiWcant change over
the whole range of Tb3+ concentrations assayed. These
results indicated that Tb3+ is closer to Y99 than to Y138
producing, therefore, Xuorescence quenching.

To analyse the eVect of the performed tyrosine to
phenylalanine substitutions on the biological activity of
CaM, we tested the capacity of the diVerent CaM
mutants to activate a CaM-dependent cyclic nucleotide
phosphodiesterase using cAMP as substrate [27]. Fig. 5A
shows that indeed this is the case as CaM(Y99F),
CaM(Y138F), and CaM(Y99F/Y138F) at a saturating
concentration stimulated the activity of this enzyme in
the presence of Ca2+ (Wlled bars) to essentially the same
level than recombinant wild type CaM or bovine brain
CaM. No signiWcant variance was also found in the
basal activity of the enzyme measured with the diVerent
CaM species in the absence of Ca2+ (empty bars). We
also tested the ability of the diVerent CaM mutants to
stimulate the plasma membrane Ca2+-ATPase from
human erythrocytes. As can be seen in Fig. 5B, all CaM
variants are able to stimulate the Ca2+-ATPase activity.
Unexpectedly, the double mutant CaM(Y99F/Y138F)
was more eVective stimulating the Ca2+-ATPase activity
than wild type CaM since a small but signiWcant increase
in the Vmax of the enzyme was detected.

Phosphorylation of tyrosine–calmodulin mutants

To determine the eVect of the diVerent mutations on
the phosphorylation of CaM by protein-tyrosine
kinases, we assayed the CaM mutants with the EGFR
and c-Src. Fig. 6A shows that the EGFR in the presence
of EGF is able to phosphorylate CaM(Y99F) (lanes 3)
and CaM(Y138F) (lanes 4) but fails to phosphorylate
CaM(Y99F/Y138F) (lanes 5) as expected. Controls

Fig. 4. Tb3-induced quenching of tyrosine Xuorescence in CaM
mutants. The results are presented as the fractional quenching of tyro-
sine Xuorescence induced by diVerent concentrations of Tb3+ using the
diVerent CaM species determined as described under Experimental
procedures. The concentration of the diVerent CaM species was
10 �M.
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using bovine brain CaM (lanes 1) and recombinant wild
type CaM (lanes 2) are also shown. Only trace phos-
phorylation in the absence of EGF was detected. Similar
results were obtained in assays using either [�-32P]ATP
developed by autoradiography (AR panel) or non-radio-
labelled ATP developed by Western blot using an anti-
phosphotyrosine antibody (WB panel). Additional
experiments using non-radiolabelled ATP and the
Western blot assay system demonstrated that phosphor-
ylation of CaM(Y99F/Y138F) gave a negative signal as
expected (not shown). Densitometric analysis of diVerent
experiments shows that the average phosphorylation of
CaM(Y99F) and CaM(Y138F) by the EGFR was,
respectively, 68 § 11% and 68 § 5% as compared to the
phosphorylation of recombinant wild type CaM.

Fig. 6B shows that phosphorylation of the CaM
mutants by c-Src gave similar results to those obtained
with the EGFR using the radioactive (AR panel) or the
non-radioactive (WB panel) assay systems. Quantitative
analysis of diVerent experiments reveals that the

Fig. 5. Activation of CaM-dependent enzymes by CaM mutants. (A)
The cyclic nucleotide phosphodiesterase activity was assayed in the
absence and presence of the diVerent recombinant CaM species or
bovine brain (bb) CaM (8 �g/ml) in the absence (empty bars) and pres-
ence (Wlled bars) of Ca2+ as described under Experimental procedures.
The average § SEM of duplicated samples in two separate experi-
ments are shown. (B) The Ca2+-ATPase was assayed at diVerent con-
centrations of wild type and CaM mutants in the presence of 10 �M
free Ca2+ as described under Experimental procedures. The
average § SEM of triplicate samples from three separate experiments
are shown.
average § SEM phosphorylation of the two single-tyro-
sine CaM mutants by c-Src was 74 § 7% (n D 3) for
CaM(Y99F) and 52 § 10% (n D 3) for CaM(Y138F) as
compared to the phosphorylation of recombinant wild
type CaM.

We have also determined in Fig. 7 that the phosphor-
ylated forms of recombinant wild type CaM (lanes 1),
CaM(Y99F) (lanes 2), and CaM(Y138F) (lanes 3) as
phosphorylated by the EGFR (A) and c-Src (B) present
the characteristic Ca2+-induced electrophoretic mobility
shift observed in their non-phosphorylated counterparts
(see Fig. 2) when processed in the presence of EGTA or
CaCl2 as indicated.

Thrombin cleaves CaM in the absence of Ca2+ at a
single site (R106-H107), located between the third and
fourth Ca2+-binding sites, yielding a large fragment con-
taining Y99, and a smaller fragment containing Y138
[28,29]. Taking advantage of this fact, we performed
thrombinisation assays with recombinant wild type
P-CaM, P-CaM(Y99F), and P-CaM(Y138F) puriWed by
phenyl-Sepharose chromatography and phosphorylated
by c-Src to further characterise these CaM mutants.
Fig. 8 shows that puriWed wild type P-CaM (lanes 1)

Fig. 6. Phosphorylation of CaM mutants by the EGFR and c-Src.
Bovine brain CaM (lanes 1), recombinant wild type CaM (lanes 2),
CaM(Y99F) (lanes 3), CaM(Y138F) (lanes 4), and CaM(Y99F/
Y138F) (lanes 5) were phosphorylated by the EGFR (A) in the
absence (¡) and presence (+) of EGF, or by c-Src (B) using the radio-
active (AR panel) or non-radioactive (WB panel) assay systems as
described under Experimental procedures, and processed in 5–20%
SDS–PAGE in the presence of 5 mM EGTA. The radioactive assays
contained 2 �g CaM, and the non-radioactive assays contained 2.5 or
3 �g CaM, respectively, when the EGFR and c-Src were used. Histone/
CaM (mol/mol) ratios of 5 for the EGFR assays, and 1 for the c-Src
assays were used. The arrow points to P-CaM.
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treated with thrombin in the presence of EGTA pro-
duces both phosphorylated fragments, showing that the
large fragment (L) was more intensively labelled than
the small fragment (S), while P-CaM(Y99F) (lane 2) and
P-CaM(Y138) (lane 3) only yield, respectively, either the
faintly labelled small fragment (S) or the more inten-
sively labelled large fragment (L). A signiWcant decrease
in the labelling of the thrombin-treated samples was
apparent, as the combined labelling of the two P-CaM
fragments (L and S) plus the residual non-thrombinised
P-CaM band (I) was lower than the labelling of the
control P-CaM in non-treated samples.

Discussion

The three recombinant tyrosine-deWcient CaM
mutants described in this report show the expected behav-
iour in regard to their similar expression levels in bacteria,
and most of the tested physico-chemical properties. Thus,
the decrease in absorbance at 276nm, a characteristic
absorption peak of wild type CaM [26], as observed on

Fig. 7. Electrophoretic mobility of P-CaM mutants. Recombinant wild
type CaM (lanes 1), CaM(Y99F) (lanes 2), and CaM(Y138F) (lanes 3)
were phosphorylated by the EGFR (A) and c-Src (B), and thereafter
puriWed as described under Experimental procedures. Samples con-
taining approximately 1–2 �g CaM were processed by 5–20% SDS–
PAGE in the presence of 5 mM EGTA or 5 mM CaCl2 as indicated.

Fig. 8. Thrombinisation of P-CaM mutants. Recombinant wild type
CaM (lane 1), CaM(Y99F) (lane 2), and CaM(Y138F) (lane 3) were
phosphorylated by c-Src, puriWed by phenyl–Sepharose chromatogra-
phy, and incubated in the absence (¡) and presence (+) of 2.5 U
thrombin in the presence of 1 mM EGTA as described under Experi-
mental procedures. Samples containing approximately 1 �g CaM were
processed by 5–20% SDS–PAGE in the presence of 5 mM EGTA.
Intact P-CaM (I), and the large (L), and small (S) P-CaM fragments
are indicated by arrows.
their UV-light absorption spectra, and the maintenance of
the Ca2+-induced electrophoretic mobility shift typical of
native CaM [24] are conspicuous features. Moreover, the
three CaM variants conserve their biological activity, as
they retain the capacity to activate classical CaM-depen-
dent enzymes, such as the cyclic nucleotide phosphodies-
terase [27] and the plasma membrane Ca2+-ATPase
[30,31]. It was interesting to observe that the double
mutant CaM(Y99F/Y138F) was slightly more potent
stimulating the Ca2+-ATPase activity than wild type CaM.
Other authors have shown that a poorly characterised
chicken CaM mutant with a Y138F substitution has lower
aYnity for the Ca2+-ATPase than native CaM [32].

Concerning the quenching of tyrosine Xuorescence
induced by Tb3+ in wild type CaM and in CaM(Y138F),
the easiest explanation is that Y99 in the III Ca2+-bind-
ing pocket is close enough to Tb3+ to absorb the tyro-
sine-emitted Xuorescence, while Y138 in the IV Ca2+-
binding pocket is not. Indeed it has been shown by X-ray
crystallography that the carbonyl group of Y99 contrib-
utes directly to the conjugation of Ca2+, forming one of
the vertices of the Ca2+ octahedron in the E–F hand,
while Y138, albeit being in the aminoacidic sequence
which forms the IV Ca2+-binding pocket, does not con-
tribute directly to Ca2+ conjugation.

We have noticed other diVerences in some properties
between wild type CaM and the described CaM mutants
which are worthwhile to mention. The most remarkable
one is the Ca2+-independent increase in electrophoretic
mobility observed in CaM(Y138F) and CaM(Y99F/
Y138F) as compared to wild type CaM or CaM(Y99F).
We believe that it is quite unlikely that the absence of the
-OH group of one or two tyrosine residues could signiW-
cantly change the net ionisation of CaM to explain the
observed diVerence in electrophoretic migration among
the diVerent CaM species. Hence, since CaM retains cer-
tain degree of its native conformation in denaturalising
SDS–PAGE [24], we suggest that the Y138F substitu-
tion, but not the Y99F substitution, somewhat aVects the
overall tridimensional structure of CaM. Up to date, the
reason for the faster migration of CaM in the presence
of Ca2+ is not known. However, there are two possible
explanations: (i) that CaM in the presence of Ca2+

adopts a more compact form generating less friction
during its migration through the gel; and (ii) the protein
could bind more SDS per mol presenting more negative
charges of the complex to be attracted to the anode since
the binding of Ca2+ to CaM is known to induce an
increase in its �-helix content and to expose more hydro-
phobic residues. In this context, it is apparent that the
Y138F substitution induces either a larger condensation
of the molecule or a higher degree of hydrophobicity
which is transduced in a faster migration.

Interestingly, the two single-tyrosine mutants,
CaM(Y99F) and CaM(Y138F), were phosphorylated by
the EGFR to an extent somewhat higher than the 50%
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expected if Y99 and Y138 in each mutant were equally
phosphorylated at half the extent than in wild type CaM.
In contrast, CaM(Y99F), but not CaM(Y138F), was
phosphorylate by c-Src to values higher than 50% of the
phosphorylation observed in wild type CaM. These
overall measurements suggest that phosphorylation of
Y138 in CaM(Y99F) occurs at a higher or equal extent
than the phosphorylation of Y99 in CaM(Y138F). These
results are at odd with the reported preferential phos-
phorylation of Y99 as compared to Y138 in wild type
CaM using the insulin receptor, the EGFR, c-Src, and
other Src family kinases [4]. Thus, we propose that a
mutation at a single tyrosine residue of CaM somewhat
alters the phosphorylation extent of the remaining tyro-
sine residue. Therefore, each species of CaM behaves
diVerently as protein-tyrosine kinase substrate, most
likely because the presentation of each tyrosine residue
to the catalytic site of the diVerent protein-tyrosine
kinases varies, in agreement with the suggested change in
conformation of these mutants based on their dissimilar
electrophoretic mobility as described above.

Thrombin is a serine-protease involved in multiple
physiological functions [33]. Beside its well-known action
in hemostasis converting Wbrinogen into Wbrin, and acti-
vating diverse coagulation factors, it activates platelets
and other cell types by binding, proteolysing and hence
activating protease-activated receptors 1–4 (PAR1–4).
PAR1–4 are G protein-coupled receptors whose signals
result in cell proliferation, extracellular matrix production,
and induction of an inXammatory response among others.
Thrombinisation of CaM in the presence of EGTA occurs
between R106 and H107, yielding two distinct fragments
each containing a single tyrosine residue, Y99 in the large
fragment and Y138 in the small fragment [28,29]. In the
presence of Ca2+, however, proteolysis at the R106–H107
site signiWcantly decreases and a new proteolytic site
located between R37 and S38 [29] comes into view. This
protease has been used, therefore, to establish the phos-
phorylation stoichiometry of Y99 and Y138 in wild type
CaM in assays performed in the absence of Ca2+ by deter-
mining the relative amount of [32P]phosphate bound to
the two thrombin-generated fragments of CaM [4]. Tak-
ing into consideration these observations, we have com-
pared the thrombinisation Wngerprint of puriWed wild type
P-CaM, P-CaM(Y99F), and P-CaM(Y138F) as phos-
phorylated by c-Src, measuring the relative intensity of the
two 32P-labelled fragments. We have determined that the
small fragment from P-CaM(Y99F), containing phos-
phorylated Y138, was more weakly labelled than the large
fragment from P-CaM(Y138F), containing phosphory-
lated Y99, in agreement with the thrombinisation pattern
observed in wild type P-CaM. Nevertheless, as we have
indicated above, the phosphorylation of CaM(Y138F) by
c-Src was less intense that the phosphorylation of
CaM(Y99F) using the same kinase. We have as well
noticed that the thrombin-produced 32P-labelled frag-
ments from P-CaM do not maintain the same amount of
label than the non-treated samples. This is particularly
clear for the small fragment. Two processes could account
for this observation: (i) a diVerential dephosphorylation of
both 32P-labelled fragments, and/or (ii) the existence of
unnoticed additional proteolytic events of both fragments
yielding very small 32P-labelled peptides which could be
lost on the electrophoretic front. We suggest, therefore,
that the thrombinisation assay may not be a reliable
method to measure the real phosphorylation levels of
both tyrosine residues in P-CaM, and therefore invalid to
determine their relative phosphorylation stoichiometries.

Although CaM and diVerent P-(Y)CaM species have
been shown to diVerentially modulate some CaM-depen-
dent target proteins in vitro [4], more detailed analysis
using additional CaM-dependent systems is needed. Like-
wise, the potential physiological role of the two phosphor-
ylated tyrosine residues of wild type CaM has not been
established in intact cells. We believe that the described
CaM mutants could be useful tools to answer these ques-
tions, as the role of each phosphorylated tyrosine residue
can be assessed in a variety of CaM-dependent enzymes
not only in vitro, but also in vivo, using stable transfected
cells overexpressing these CaM mutants, and/or using
transfectants expressing these CaM variants as dominant-
negative mutants. Moreover, further work should be per-
formed to establish whether diVerent P-(Y)CaM species
could be used as bait to isolate speciWc signalling proteins
containing SH2 and/or PTB domains to determine their
potential role on CaM-dependent pathways.
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