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We present a comprehensive profile of amino acid side-chain constraints in
a calmodulin (CaM) peptide complex. These data were obtained from the
analysis of calmodulin binding to an array of all single substitution
analogues as well as N- and C-terminal truncations of the skMLCK derived
M13 peptide ligand. The experimentally derived binding data were
evaluated with respect to the known 3D-structure of the CaM/M13
complex. Besides an almost perfect agreement between the measured
affinities and the structural data, the unexpected high-affine Asn5Ala
variant of the M13* peptide described by Montigiani et al. could be verified.
In contrast to other reports our data clearly support the postulate of the
minor and major hydrophobic anchors of this calcium dependent
interaction.
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Introduction

Calmodulin (CaM) is a small acidic ubiquitous
protein and conserved extraordinarily throughout
the evolution of eukaryotes. Essentially all verte-
brates contain identical calmodulins, even though
encoded by different genes.1,2 CaM is an integral
modulator of many calcium-dependent processes in
virtually every eukaryotic cell-type. It functions as a
cytosolic calcium receptor and binds four calcium
ions with very high affinity. In this way it responds
to a variety of different extra cellular signals which
increase the cytosolic calcium level.3,4 Thereby
Calmodulin decodes the Ca2C signal that is brought
about by the influx of Ca2C through respective
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Ca-channels in the plasma membrane5 and acti-
vates or deactivates both kinases and phosphatases.
Furthermore, calmodulin regulates enzymes
involved in the signal transduction such as cyclic
nucleotide phospodiesterases, adenylate cyclases,
nitric oxide synthetase and plasma membrane
calcium ATPases. There are, however, protein
families including neuromodulin, myosin, ion-
channels that bind calmodulin at remarkably low
concentrations or even in the absence of calcium.3,6

Upon loading the four calcium-binding sites with
calcium ions, a conformational change in calmodu-
lin is rapidly induced7 resulting in the exposition of
hydrophobic patches on the surface of calmodulin,8

which enable the protein to bind to a variety of
different target proteins with extraordinary high
affinity. A number of organic hydrophobic mol-
ecules such as derivatives of naphthalene9 and
natural peptides such as peptide hormones, neuro-
transmitters and venoms also bind calmodulin with
high affinity.3

The binding to target proteins or peptides results
in further major structural changes as revealed by
the structure of the complex between calmodulin
and the CaM binding site (M13 peptide) of skeletal
muscle myosin light chain kinase (skMLCK). The
structure is shown in Figure 1(b) and (c) and was
first solved by Ikura et al.10 The central a -helix,
showing a high thermal motion in the uncomplexed
state of calmodulin (Figure 1(a)), turns into a linker
connecting both domains of calmodulin in a very
d.



Figure 1. Ribbon diagrams illustrating the structure of
calcium loaded calmodulin (a) and calcium loaded
calmodulin bound the CaM binding region of skeletal
muscle myosin light chain kinase (b) and (c). The
significant structural rearrangements in calmodulin
upon binding to its target can be derived. Figure 1(a) is
based on the pdb file 3clm.27 Figure 1(b) and (c) is derived
from the pdb file 2BBM.10 The drawings were generated
by using programs MOLSCRIPT28 and rendered with
gl_render (Esser & Deisenhofer, unpublished program)
and POVRAYe.
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flexible manner. Due to this flexible linker both
domains of calcium-loaded calmodulin are able to
engulf the target peptide. Calmodulin wraps itself
literally around the peptide. Upon binding of cal-
modulin to the skMLCK peptide the two domains
of calmodulin approach the central flexible loop
and form a hydrophobic arch by coalescing wide
hydrophobic patches from both domains. The
different hydrophobic patches of both domains
can be arranged due to the flexibility of the linker
so that both patches of CaM oppose different hydro-
phobic sides of the a-helical complexed peptide.

In sharp contrast to the high degree of conserva-
tion of calmodulin throughout evolution, the
different calmodulin target protein sites and pep-
tides seem to share little homology in their primary
structure.11 So far, no clear consensus for the CaM
binding sites could be derived. Most of these
calcium dependent CaM binding sequences, how-
ever, contain a region that is characterized by a
basic, often amphipathic helix of approximately 20
amino acid residues. A few of them are shown in
Table 1. There are critical hydrophobic residues at
position 1 and 14 (commonly referred to as the main
hydrophobic anchors), as well as at positions 5 and
8 (the minor hydrophobic anchors). Tryptophan
residues are sometimes present but are not essen-
tial. Basic amino acid residues are distributed
throughout the motif and often flank the critical
hydrophobic residues.6

Montigiani et al.12 have studied the remarkably
stable (3.7 nM) complex of CaM and the M13
peptide in more detail with a set of synthetic
peptides representing a systematic alanine scan of
the ligand peptide sequence. The authors found a
peptide mutant having a significantly increased
affinity for CaM. In this mutant an asparagine at
position 5 is substituted by an alanine. However, the
importance of none of the hydrophobic anchors
could be derived from this study.

More recently, Bosc et al.13 have presented an
investigation of the CaM regulated activity of the
STOP protein in tubulin stabilization. In this report,
several CaM binding sites were identified which all
were functional and included low affinity sites that
had only very little or no homology to a CaM
consensus. Thus, a deeper understanding of the
structural features of CaM binding sites is required
to reliably recognize such important regulatory
features of proteins. This prompted us to disclose
our comprehensive study of the CaM/M13-peptide
complex using an array of 425 synthetic peptides on
a cellulose membrane14 representing all point
mutants and selected truncation variants of the
M13 peptide.
Results and Discussion

Previous work of Ikura et al.10 showed that a
central 19-mer of the parent M13 peptide (Table 1) is
in contact with CaM. Accordingly, we have chosen
this 19 mer RWKKNFIAVSAANRFKKIS (M13*) and
its Asn5Ala mutant (M13*(Asn5Ala))12 for a more
detailed investigation.

To allow for a systematic and comprehensive
analysis of the influence of amino acid residues to
CaM binding affinity we have screened all 342
single replacement analogues (cysteine excluded) of



Table 1. Summary of several amino acid sequences of calmodulin binding peptides and protein target sites in part
adopted from Crivici & Ikura.3

 
 

 

 
 

 

The sequences are aligned by visual inspection of the putatively conserved major hydrophobic anchors, marked in bold and blue, and
minor hydrophobic anchors marked in bold and green. Further criteria for the alignment are the putatively conserved basic residues,
which are marked in black and bold. These basic residues were found in two calmodulin peptide structure19,20 to be essential for the
binding of CaM to these peptides. The hydrophobic anchors interact with hydrophobic patches of calmodulin in the structures
published.10,19,20
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the M13* peptide. In addition the importance of the
hydrophobic anchors was also addressed by a series
of truncation variants. All together, a corresponding
array of 425 peptides including also 24 copies of the
wild-typeM13* peptide was chemically synthesized
by the SPOTmethod.14 This peptide array was used
directly in a parallel solid phase binding assay to
obtain the affinities of calmodulin for this set of
peptides relative to the wild-type M13* peptide.
Figure 2. Autoradiograph of 35S-CaM binding to
peptides derived from the central 19 mer-CaM binding
site of rabbit skeletal muscle myosin light chain kinase
(M13* peptide).10 Peptides 1–25 represent C- and
N-terminal truncation series of the M13* peptide (see
Figure 3(a)). No. 26–386 represent the analogue study of
this peptide (see Figure 3(b)), whereas peptides 401–425
represent a series of C- and N-terminal truncated
peptides derived from a point mutant of the M13*

peptide, the M13*(Arg5Ala)12 (see Figure 3(a)). 35S-CaM
binding was detected with multipurpose phosphor-
imaging screens. Image contrast settings: 50–1500 counts.
Copies of the M13* peptide are boxed and copies of the
M13*(Arg5Ala) mutant are circled.
Design and application of the peptide array

Four hundred and twenty-five different peptide
spots were synthesized by SPOT synthesis on a
amino-PEG-modified cellulose membrane of
8 cm!12 cm in size. The peptides were arranged
in 25 columns and 17 rows (Figure 2). In the first
row (Spots 1–25) truncated variants of the M13*

peptide were synthesized as listed in Figure 3(a),
left side, whereas in the 17th row (Spots 401–425)
the same set of truncations for the M13* (Asn5Ala)
peptide were synthesized (Figure 3(a), right side).
Spots no. 26–386 represent the replacement set of
the M13* peptide in which every amino acid of the
M-13* is substituted serially by all genetically
encoded L-amino acid residues, with the exception
of cysteine.

This array was probed with 35S labeled CaM
obtained by coupled in vitro transcription–trans-
lation from the cam-coding DNA under control
of the T7 promoter. The autoradiograph of the
35S-CaM binding in the presence of 5 mM CaCl2 is
shown in Figure 2. To correct for calcium indepen-
dent and unspecific binding, CaM was dissociated
with EDTA and the remaining radioactivity was
detected by autoradiography (not shown). The
numerical intensities of all spots are provided in
the supplementary information. The M13* peptide
is included 24 times on this array and the binding of
35S-CaM to this peptide was reproducible with a
standard deviation (sn) of only 21% which is very
good with respect to a synthesis process of almost
40 consecutive steps per peptide.
Figure 3(a) and (b) summarizes the relative

peptide–calmodulin affinities in a graphical rep-
resentation. These will be discussed in detail below
in the context of characteristic features of CaM–
target interactions as summarized in the introduc-
tion. Both primary amino acid sequence features
and the published NMR structure (2BBM)10 were
considered for understanding the experimentally
observed preferences. All peptide–CaM complexes
were also modeled with program O15 and visually



 

          

                

Figure 3. Normalized presentations of 35S-CaM binding data for variants of the M13* peptide shown in Figure 2.
Relative intensities of the spots were calculated by first correcting for the non-dissociable radioactivity after washing
with EDTA and then normalization by setting the wild-type M13* peptide to 100%. For the M13* and the M13*(Asn5Ala)
peptide the average signal intensities of the multiple copies are used. Colors of the cells indicate: red for !60%; yellow
for 60% to 140%; green for O140% of bound calmodulin relative to wild-type peptide (boxed). Thresholds are based on
twice the standard deviation from the wild-type peptide. (a) N- and C-terminal truncation series of the M13* and
M13*(Arg5Ala) respectively. (b) Replacement analogues of peptide spots 26–386 shown in Figure 2.
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inspected for agreement with the affinity data. The
fit of the resulting modeled mutant peptides to
calmodulin was evaluated for all major conformers
of each amino acid introduced. The standard major
conformers are based on a proposal of Kleywegt &
Jones.16 Those authors evaluated the side-chain
conformations of all amino acid residues in crystal-
lographically determined protein structures depos-
ited in the protein data bank. The major conformers
identified by those authors are incorporated in a
databank of program O.
Figure 4. Superposition of the different possible, NMR
derived, positions of the M13 peptide (shown in grey)
within the CaM-M13 complex. CaM is shown in yellow,
Ca2C ions are shown in black. The N terminus of the
complexed peptide is marked N-pept; it is located for all
likely structures at a similar position. The position of the
C terminus, marked C-pept, varies significantly for the
different likely structures. N and C mark the N and C
terminus of calmodulin in the complex. The part of the
complexed peptide analysed in detail in this study (M13*)
is highlighted in cyan.
Truncation analysis of the M13* peptide and the
M13*(Asn5Ala) peptide

Figure 3(a) shows the corrected normalized
affinities of the truncation series from both peptide
variants. The N-terminal Arg 1 could be removed
without any notable reduction in the affinity. The
removal of trytophan 2, the first main hydrophobic
anchor, and all subsequent amino acid residues led
to a dramatic decrease (w80%) of the affinity of
CaM for the resulting peptides. This is a strong
indication for the importance of this particular
residue for the stability of the CaM–M13 complex.
For the peptides derived by C-terminal truncation,
a continued decrease in the affinity of CaM for the
resulting peptides was observed even beyond the
second main hydrophobic anchor (Phe15). This can
be rationalized from the different structures
described by Ikura et al.,10 which were calculated
on the basis of the interatomic distances determined
by NMR. Those different structures are averaged to
give the pdb file 2BBM. The possible different
structures of M13 within the CaM–M13 complex are
shown in Figure 4. Essentially all these structures
are postulated to be present in solution. The
positioning of the N terminus of the M13 peptide
is rather fixed in the different structures, whereas
the positioning of the C terminus varies signifi-
cantly. This disordering of the a-helix at the C
terminus of the Ca2C-CaM bound peptide implies
that the second main hydrophobic anchor is not as
tightly bound as the Trp2, the first main hydro-
phobic anchor, and hence less crucial for binding.
Exactly these features are confirmed by both series
of truncation peptides.

Possibly, the weak binding shorter c-terminal
peptides form a different complex than the full
length peptide in the 2BBM structure. Kataoka et
al.17 found significant differences in the shapes of
two CaM–peptide complexes, observed with solu-
tion X-ray scattering. For the complex of Ca2C-CaM
and a peptide having both main hydrophobic
anchors separated by 12 amino acid residues
(C24W) a close globular structure is observed. In
contrast, the complex of Ca2C-CaM and a truncated
peptide lacking the C terminus up to the main
hydrophobic anchor (C20W), an extended non-
globular shape is described. This is similar to a
non peptide-complexed calcium loaded CaM,
suggesting an interaction of this truncated peptide
with only one lobe of CaM.
Analogue analysis of the M13* peptide

Figure 3(b) illustrates the corrected normalized
affinities of the analogue study. Significant changes
in affinity for CaM in comparison to the wild-type
peptide are highlighted by red and green colors. We
will discuss the affects of mutations at each position
in the peptide sequence. A corresponding series of
pictures showing the local environment of each
amino acid of the wild-type peptide in the complex
is provided in the online supplementary
information.
Arg1 was already identified above for being not

crucial for the overall stability of the CaM–M13*

complex. Consistently, this amino acid could be
replaced by any other residue with only minor
effects on the stability of this complex except for
acidic side-chains (see below).
Trp2 could not be replaced without significant

loss in binding. In place of Trp at position 2 only Leu
and Phe were able to maintain CaM affinity to
approximately 50% of the wild-type level. This
demonstrates again the importance of this position
as the first major hydrophobic anchor. This is easily
understood because Trp 2 is perfectly embedded in
a large hydrophobic pocket of CaM consisting of
Phe 89, Phe 92, Ile 100, Met 109, Val 121, Met 124, Ile
125, Val 136, Phe 141, Met 144 andMet 145 as seen in



Figure 5. Schematic illustration of the Asn5Ala substi-
tution on the basis of the CaM–M13 complex.10 The large
polar side-chain of Asn5 is shown to be in direct vicinity
of the hydrophobic pocket of CaM. The carbon atoms of
the Asn5 side-chain are shown in gray, the oxygen and the
nitrogen atoms of the side-chain amide function are
shown in red and blue. The much smaller Ala is shown in
orange. The drawing was generated by using program
MOLSCRIPT28 and rendered with gl_render (Esser &
Deisenhofer, unpublished program) and POVRAYe.
Coloring of the CaM surface was performed as described
by Nicholls,29 hydrophobic patches of the CaM surface
are marked in blue, and red indicates a polar
environment.

Figure 6. Schematic illustration of the Phe6Ile substi-
tution on the basis of the CaM–M13 complex. The Phe6,
marked in gray, is shown in the orientation that was
found in the NMR measurements of the complex. The Ile
at position 6, resulting in an increased affinity of this
mutant peptide to CaM, is shown in orange. Given is the
manually selected best fitting major rotamer of Ile at
position 6. The illustration was generated in the same
fashion as Figure 5.
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the NMR structure. (2BBM).10 Any change in a
perfect assembly of this type must result in a
decreased affinity.

At position 3 and 4, again, acidic residues are
most unfavorable for the formation of the corre-
sponding CaM–peptide complex. As for position 1
(Arg), this indicates the overall preference of CaM
for basic peptides as reflected in the frequent
observation of basic residues flanking the critical
hydrophobic anchor residues6 and may assist in
positioning the ligand relative to the acidic entry
and exit of the CaM binding channel.18

The best binders were found among peptides
with substitutions at position 5 (spots 102–120,
column 5 in Figure 3(b)). Peptide no. 102, the
strongest binder found in this series and also in the
whole array, is a peptide obtained by substituting
Asn 5 by Ala. This mutant has been already
described by Montigiani et al.,12 who performed
an alanine scan with the M13 peptide. CaM affinity
of these mutants reveals a clear preference for
amino acid residues with small hydrophobic side-
chains: Ala is by far the best fitting and Ile the
second best. Amino acid residues with long
aliphatic side-chains such as asparagine, glutamine,
lysine, argine, and methionine were less favorable.
The findings described above are in good agree-
ment with the structure of theM13–CaM complex.10

The environment of Asn 5 in the CaM–M13
complex was analyzed with program O and is
illustrated in Figure 5. The responsible hydrophobic
pocket in CaM consisting of Phe 92, Val 108, Met
109, Leu 112, and Leu 116 accommodating Asn 5 is
rather small and formed in a way that more space
filling polar side-chains simply do not fit or cannot
adopt a conformation fitting to this cavity. Our
detailed analysis confirms the interpretation of
Montigiani et al.12 that the parent Asn 5 side-chain
is unfavorable and thus its replacement leads in
most cases to an increase in peptide CaM affinities.

The hydrophobic pocket for Phe 6, consisting of
Ile 85, Ala 88, Phe 89, Phe 92, Phe 141, and Met 145,
is located towards one end of the peptide-binding
channel and made up of side-chains belonging only
to the C-terminal domain of CaM. According to the
NMR structure (2BBM),10 Phe 6 is not perfectly
adopted to the hydrophobic cavity. Accordingly the
substitution of Phe 6 should be possible. The
introduction of Ile results in a threefold improve-
ment of the CaM binding. Figure 6 illustrates the
substitution of Phe 6 by Ile. Whereas Phe 6 is not
perfectly arranged in the hydrophobic pocket, Ile
can adopt itself in a perfect manner to the cavity
with one of its major rotamers. The improvement of
the CaM binding resulting from the substitution of
Phe 6 by Ile can be understood on structural basis in
an excellent manner.

Neither the peptide array nor the structural
analysis identified a side-chain preference for



Figure 7. Schematic drawing showing the perfect
embedding of Val 9 in the hydrophobic pocket of CaM.
The direct vicinity of the Val side-chain, which is marked
in grey, to the “wall” of the hydrophobic pocket is seen.
This implies a steric hindrance of any substitution of Val 9
bymore space filling amino acid residues. The illustration
was generated in the same fashion as Figure 5.

Figure 8. Schematic illustration showing the substi-
tution of Ser 10 by Leu. The improvement in the binding
can be understood with respect to the hydrophobic
environment of Ser 10, which is shown in gray and red.
The illustrated Leu rotamer, which is marked in orange,
fits perfectly to this environment and was manually
selected from the pool of different major rotamers. The
illustration was generated in the same fashion as Figure 5.
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position 7. For the next position, the substitution of
Ala 8 by Lys resulted in a clear improvement in the
CaM binding by 50%. This cannot be derived from
the structure of the CaM–M13 complex: there is no
acidic residue at a suitable distance available to
form an ionic interaction and most rotamers of Lys
tested at position eight with program O should be
unfavorable due to steric hindrance. Only one Lys
rotamer avoids steric clashes but contributes only
hydrophobic side-chain interactions.

Val 9 cannot be substituted by any other amino
acid without decreasing the CaM binding capa-
bility. This decrease is less pronounced for the other
hydrophobic residues, which is in good agreement
with the concept of a second hydrophobic anchor.
Val 9 is located in a hydrophobic pocket made up
from both CaM domains. This pocket consists of
Ala 88, Val 91, Phe 92, Val 108, Leu 112, Phe 19, Val
35 and Leu 39 and forms a perfect hydrophobic
shield for Val 9 (Figure 7).

Ser 10 tolerates almost all substitutions except the
helix breaking proline and the acidic residues (see
below). In particular, flexible side-chains can be
accommodated in the channel formed by both
hydrophobic patches of CaM for this position. A
major rotamer of Val fits perfectly to this environ-
ment as illustrated in Figure 8.

At position 11 the peptide array data reveal a
clear preference for small hydrophobic aliphatic
residues with Ala being the best. A similar but less
stringent behavior is found for position Ala 12.
Here, however, the other small hydrophobic ali-
phatic residues show increased affinity.
In contrast, the two following positions, Asn 13
and Arg 14, are particularly tolerant to substitutions
except again to proline. In the wild-type peptide
both form electrostatic interactions to Glu 84 of
CaM. Asn 13 is also involved in hydrophobic
contacts and thus flexible hydrophobic residues
can adopt to this environment. The tolerance to
replacements is particular surprising for position
Arg 14, because this seems to be a conserved
residue among many CaM targets (Tab 1) and is
thought to stabilize the bent conformation of
CaM.19,20 However, for all residues except His a
major rotamer can fit to the adjacent hydrophobic
pocket accommodating the second major hydro-
phobic anchor (Phe 15).
Changes at Phe 15, the position of the second

hydrophobic anchor, are generally negative but at
least tolerated for Leu, Trp, and Ile. This reduction
of the affinity for CaM can be understood with
respect to the structural data as well. Phe 15 is
perfectly embedded in a hydrophobic pocket
consisting of Ile 27, Leu 32, Met 36, Met 51, Ile 52,
Val 55, Ile 63, Phe 68, and Met 71 (NMR structure,
2BBM).10 Any changes in this arrangement will
result in a decreased binding capability.10,18 This
situation is very similar to what is observed at
position Trp 2 and thus confirms the postulated
second hydrophobic anchor crucial for CaM
binding.
Lys 16 to Ser 19 comprise the flexible c-terminal

tail of the CaM bound peptide. Beyond the second
hydrophobic anchor, the influence of amino acid
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side-chains on the complex stability gradually
diminishes, the same trend as observed in the
truncation series.

The global effect of one type of amino acid
residue on the overall stability of the complex,
usually referred to as “amino acid scans”, can be
derived from our interaction matrix (refer to Figure
3(b)) when comparing data in horizontal lines. The
first line in Figure 3(b) resumes the alanine scan
experiment of Montigiani et al.12 The data of these
authors do not support the postulate of hydro-
phobic anchors. However, the alanine scan included
in this study is in good agreement with at least the
postulate of two major hydrophobic anchors.
Because substitution by an alanine is a rather
conservative exchange with respect to hydrophobic
interactions, the importance of the minor hydro-
phobic anchors is somewhat obscured. The contri-
bution of these positions becomes more apparent in
the glycine scan (Line G), but becomes definitely
evident when inspecting the full set of replacements
at the respective positions (columns 2, 6, 9, and 15).

Another obvious feature is the consistent nega-
tive impact of acidic residues (lines D and E of
Figure 3(b)). This agrees well with the basic nature
of most calcium dependent CaM targets.6 Surpris-
ingly the introduction of histidine is for most
positions of the M13* peptide unfavorable. In part,
this can be explained by the unfavorable effect of a
positive charge resulting from the protonation of
His at pH 7 and accounts for those positions where
also Lys and Arg are unfavorable (Pos. 2, 6, 9, 11, 12,
13, 15). Careful inspection of the other positions
revealed a lack of suitable major rotamers of His,
whereas the more flexible Arg and Lys could fit well
to perfect (Ala 8).

The introduction of proline, an a-helix breaking
amino acid, at most positions of the M13* peptide
results in a strong decrease of the CaM affinity for
the resulting mutant as seen from line P in Figure
3(b). This emphasizes the importance of the a-
helical content of the CaM complexed peptide.21

Apparently, the helix breaking effect of Pro is most
significant for positions 6–17. The N-terminal first
turn of the helix is less disturbed by Pro and
thus the effects observed accounts more for the
particular side-chain interactions.
Conclusion

We have applied synthetic peptide array tech-
nology to systematically explore the high affinity
and low sequence specificity of calmodulin binding
to its target proteins. The peptide array allowed a
convenient comprehensive survey of all 342 single
substitution analogues plus two series of N- and
C-terminal truncations of a 19 mer peptide ligand
M13*. This study provides the full experimental
data set to many theoretical publications of the past
ten years. The experimentally observed pattern of
peptide CaM complex affinities was in excellent
agreement with predictions derived from the NMR
solution structure of the M13–CaM complex using
program O. Previously drawn rules for CaM target
selection which point at helical nature, at major and
minor hydrophobic anchor positions as well as at
basic residue positions within the peptide ligand
could be questioned with our data set. This clearly
supports the important role of the hydrophobic
anchor residues (placed C4, C7, and C13 relative
to the first one) in an helical structure of the peptide
ligand. Other residues discussed to be essential for
complex stability as deduced from the solution
structure were surprisingly replaceable with a
broad range of other amino acid residues. This
could be rationalized, however, by alternative
modes of interactions.

Calmodulin with its highly promiscuous target
selection is a particular challenging case and lends
itself to be studied with modern large scale screen-
ing methods. Our peptide array approach proved to
give reliable information. Further research will
include other targets for CaM and also calcium
independent ligands. With these studies we will
contribute to a better understanding of the struc-
tural requirements for calmodulin target recog-
nition and the application of this knowledge to the
genome/proteome analysis of cellular regulation
pathways involving calcium and calmodulin.
Material and Methods

All chemicals used were of analytical grade. Aqueous
solutions were prepared with double deionized (Milli Q)
water. Working buffers were prepared according to
standard protocols;22 where applicable, solutions were
autoclaved. Fmoc derivatives of amino acid residues and
further reagents for peptide synthesis were obtained from
Bachem, Bubendorf, Switzerland; Calbiochem, Bad
Soden, Germany, and Alexis, Grünberg, Germany. Free,
soluble peptides were synthesized, unless stated other-
wise, as N-terminal acylated carboxamides according to
standard Fmoc-chemistry23 with an Abimed AMS222
Multiple Peptide Synthesizer using Tenta GelS resin
(Rapp Polymere, Germany) and purified by HPLC. The
purity of all peptides used was determined with
analytical HPLC and their molecular masses were
verified by MALDI-MS (matrix assisted laser desorption
ionization mass spectroscopy). Spot synthesis was per-
formed as described24 with an Abimed ASP222 auto-
mated SPOT robot using novel hydrolytically stable
amino-PEG-cellulose membranes (AIMS Scientific
Products GmbH, Braunschweig, Germany) as a solid
support. All coupling reactions were monitored with the
bromophenol blue assay and reached completion.

35S-CaM was produced in vitro using the plasmid
pETCaM (a generous gift of Prof. Dr Thomas Grundström
and Dr Stefan Herman, Umea University, Sweden) and
the Promega TNTw coupled transcription/translation
system25 according to the recommendations of the
supplier. The formation of calmodulin was verified via
SDS gel electrophoresis, autoradiography, and silver
staining. Fifty microliters of the crude in vitro
synthesized protein were added to 10 ml of 2!
Membrane Blocking buffer (Sigma-Genosys) sup-
plemented with 5 mM CaCl2 and mixed thoroughly
by inverting the tube ten times. This mixture was
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applied directly to an spot membrane26 previously
blocked overnight. The incubation was carried out for
three hours under constant slow horizontal agitation.
The supernatant was removed and the membrane was
washed three times for ten minutes with 1! blocking
buffer containing 5 mM CaCl2, placed on a transpar-
ency, and wrapped in saran. The bound 35S labeled
CaM was detected with Molecular Dynamics multi-
purpose storage screens, which were always erased
prior to their use, placed for 70 hours on top of the
saran covered face of the spot membrane, and read
out on a Molecular Dynamics Storm 860 (pixel size:
100 mm). The resulting image file was directly
imported into the Phoretix ARRAY software (Non
Linear Dynamics, UK). For a quantification of the
individual spots a suitable grid was chosen in which
the diameter of all regions of interest did not exceed
the diameter of the smallest spot (dZ8 pixel, for scans
with pixel sizes of 100 mm). For all scans a rectangle
background correction was applied with the rectangle
defining the background intensity placed on the
membrane in a region outside the spot array. After
exposure to the imaging screen, the calcium depen-
dency of the CaM binding was verified by incubating
the membrane three times for ten minutes with 1!
blocking buffer containing 5 mM ETDA. An image of
the remaining radioactivity was obtained as above
and used to correct for unspecific binding.
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