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p21 is a protein with important roles in cell proliferation, cell cycle regulation and apoptosis. Several studies
have demonstrated that its intracellular localization plays an important role in the functional regulation and
binding of calmodulin favors its nuclear translocation. However, the detail mechanism of the interaction with
p21 and calmodulin is not well understood. In this report, peptides derived from the C-terminal of p21 that
cover the binding domain of calmodulin were used to investigate the association of p21 with calmodulin. We
Keywords: found p21'1-1% interaction with Ca®*-saturated dansyl-labelled calmodulin caused a significant increase in
p21 dansyl fluorescence intensity and a blue shift of the maximum emission from 510 to 475 nm. The Trp

Calmodulin fluorescence intensities of mutated p21'41-'%* peptides (F150W, Y151W and F159W) increased upon binding
Dansyl to Ca%*-saturated calmodulin and fluorescence maxima were blue shifted from 350 nm to 330 nm. The results
Tryptophan suggested p21'41-1%4 is most likely buried in the hydrophobic binding tunnel of calmodulin. Both dansyl and

Fluorescence quenching
Circular dichroism

Trp fluorescence titrations generated dissociation constants around 0.1 uM and a stoichiometry of 1:1, which
was further confirmed by nondenaturing gel band shift electrophoresis. Fluorescence titrations and Trp
fluorescence quenching results indicated electrostatic interaction is involved in this association. Upon
binding to calmodulin, p21'#-54 remained largely unstructured and showed only about 15% a-helix. In
contrast to other calmodulin binding peptide, the dominant force in the association of p21'41-164 with
calmodulin may be electrostatic interaction. Our results would be helpful for understanding the molecular
details of p21 and calmodulin interaction.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction complex with Ca**-saturated CaM and the dissociation was around

0.1 uM. Surprisingly, p21'#!-15% remained largely unstructured and

p21 is a protein with important roles in cell proliferation, cell cycle
regulation, differentiation, senescence, and apoptosis [ 1-4]. It exhibits
different functions in nuclear and cytoplasmic compartments [5].
Nuclear p21 induces a cycle arrest and inhibits DNA synthesis,
functioning as a tumor suppressor [6,7], while cytoplasmic p21 has
proliferation, anti-apoptosis and motility functions [8,9].

Calmodulin (CaM) is a Ca* binding protein and acts as transducer
of the intracellular Ca®* signal [10,11]. When bound to Ca%*, CaM is able
to bind to CaM-binding proteins and regulate their activity [12-14].
Agell et al. has demonstrated that Ca®* saturated CaM can bind to the
carboxyl-terminal domain of p21 [15] and that CaM binding favors the
nuclear accumulation of p21 [16]. However, detail mechanism of this
interaction is not clear, partly due to the lack of structural information.
Herein, peptides derived from the C-terminal domain of p21 that cover
the binding domain of the CaM were used to investigate the
association of p21 with CaM. We found that p21'41-1%4 formed a 1:1
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showed only about 15% «-helix when bound to CaM. The results
suggest the dominant force in the association of p21'41-1* with CaM
may be electrostatic interaction. To the best of our knowledge, this is
the first report that systematically characterizes the association of p21
with CaM.

2. Materials and methods
2.1. Peptide synthesis and protein preparation

Four peptides encompassing the putative CaM-binding domain of
the C-terminal of p21 were chemically synthesized by the CL Bio-
scientific CO. LTD. The sequences were as follow: p21'41-164
KRRQTSMTDFYHSKRRLIFSKRKP; F150W, KRRQTSMTDWYHSKRR-
LIFSKRKP, substituting F150 of p21'#1-164 with W; Y151W,
KRRQTSMTDFWHSKRRLIFSKRKP, substituting Y151 of p21'41-164 with
W; F159W, KRRQTSMTDFYHSKRRLIWSKRKP, substituting F159 of
p21'1-164 with W. The purity of peptides was 95% according to
high pressure liquid chromatography. The concentrations of all the
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peptides were determined by using a molar extinction coefficient
(e2R=5690 M™' cm™!, e¥5=1280 M~ cm™!, &585=197 M"! cm™).
Recombinant mammalian CaM was expressed and purified as
described previously [17], and the CaM concentration was determined

by using the molar extinction coefficient of 3240 M ! cm™! at 276 nm.

2.2. Dansylation of CaM (Dans-CaM)

CaM was labeled with dansyl chloride according to the method
described by Kincaid et al. [18]. Briefly, CaM was dissolved in 20 mM
NaHCOs3, 100 mM Nacl, 250 uM CaCl,, pH 10.0 to a final concentration
of 1 mg/mL. To 2 mL of this material, 30 pL of 6 mM dansyl chloride
(1.5 mol/mol of calmodulin) was added with stirring. After incubation
in the dark for 2 h on ice, the mixture was dialyzed exhaustively
against 250 mM NaCl, 5 mM MgC1,, 100 uM EGTA, 20 mM Tris-HCl, pH
8.0, at 4 °C. Dans-CaM was stored as a lyophilized powder after
exhaustive dialysis against distilled water.

2.3. Nondenaturing-polyacrylamide gel mobility shift

Nondenaturing-polyacrylamide gel mobility shift electrophoresis
was performed following the procedure described previously [19].
Slab gels were composed of 15% acrylamide, 0.375 M Tris-HCl, pH 8.8,
and 1 mM CaCl,. After electrophoresis, the gels were stained by
Coomassie Brilliant Blue G-250 staining solution (0.1% Coomassie
Brilliant Blue G-250, 4% H3POg4, 10% (NH,4),S04, 20% ethanol). Images
were photographed using a UVP gel documentation system (Ultra-
violet Products, Upland, CA, USA).

2.4. Fluorescence measurements

Measurements of fluorescence were taken in a Jasco FP6500
spectrofluorometer using a 1 cm path length quartz cuvette. The cell
holder was maintained at constant temperature by circulating water
from a constant temperature water bath. The slits were set at 5 and
10 nm for excitation and emission. For intrinsic Trp fluorescence
measurements, the excitation wavelength of 295 nm was used, while
for dansyl fluorescence measurements, the excitation wavelength was
340 nm. Appropriate blank spectra were recorded on the buffer
components and subtracted from spectra obtained on the samples.
Fluorescence was also corrected by the relation, Feorr=Fops antilog
(ODex+0Degyy,) [ 2 for the inner filter effect when necessary, where ODey
and OD.,, are the optical densities at excitation and emission
wavelengths, respectively.

The fluorescence titration data were fit to a single hyperbolic
isotherm:

F=F+ AFmax{Kd + Bliota + n[A]toral}

zn[A]total
_AFmax\/(Kd + [B}total + ﬂ[A]tom)Z_ [B]total
2n[A] total 2n[A] total

arising from the equilibrium A+B=AB which was generated by
Mathtype 6.0. Where [A];oral is the fixed concentration of the protein
being titrated; [B]otar is the final concentration of the ligand; F and Fy
are the fluorescence intensities of A in the presence and absence of B,
respectively; AFpax=Fmax—Fo, Fmax being the fluorescence intensity in
the presence of the saturating concentrations of B; n is the A-B
binding stoichiometry.

2.5. Fluorescence quenching experiments

In order to probe the microenvironment of bound p21'41-164
quenching of intrinsic Trp fluorescence by I", Cs*, or acrylamide was
examined. In experiments employing Nal and CsCl as a quencher, ionic

strength was kept constant by the addition of NaCl. The data were
analyzed using the Stern-Volmer Eq.: Fy/ F=1+K,[X], where Fy and Fare
the fluorescence in the absence and presence of quencher, respectively;
[X] is the concentration of quencher; K, is the Stern-Volmer constant.
The electrostatic parameter E, which is sensitive to the charge in the
microenvironment around the fluorophore, was determined according
to Eq.: E=Ksy- [ Ksy+, Where Ks,- and K, are the Stern-Volmer constants
for the negative (e.g.I") and positive (e.g. Cs*) quenchers, respectively. In
particular, values greater than 2.6 are typical for a positive charged
environment [20]. Fluorescence quantum yields were determined by Eq.:
Q=Qs(Fx/Ax)(Ast | Fst), where Q,, F, and Ay are the emission quantum
yield, the emission intensity at A and the absorbance at the excitation
wavelength, respectively, for the sample; Qs, Fsx and Ay are the
parameters for the reference standard L-Trp [21]. The parameter L
reflecting the fraction of chromophore accessible in protein compared
with that of free L-Trp, is determined from Eq.: L=(Kg, / KI'P)x Q™™ QP),
where KIP and K, are the Stern-Volmer constants for free L-Trp and
protein Trp residues, respectively; Q" and Q are the emission quantum
yield for free L-Trp and protein Trp residues, respectively [22]. L-Trp was
chosen as a reference standard. KIIP values of 9.10 M~ for I [22],2.80 M ™!
for Cs*[22] and 14.5 M for acrylamide [23] and a Q" value of 0.200 [23]
were used for calculations.

2.6. Circular Dichroism spectra measurements

Circular Dichroism (CD) spectra were recorded on a Jasco-810
spectropolarimeter at 25 °C. The optical chamber of CD spectrometer
was deoxygenated with dry purified nitrogen (99.99%) for 45 min
before use and kept the nitrogen atmosphere during experiments.
Four scans were accumulated and automatically averaged. Scan
speed was set to 20 nm/min with 4 s response time, 0.1 nm data pitch
and 1 nm bandwidth. Far UV CD spectra (195-260 nm) were
acquired using a cell path length of 0.1 cm and the results were
expressed as mean residue ellipticity [6], in deg cm? dmol ! at a
given wavelength A (nm) using the relation: [0],=60,M,/10 c I,
where 6, is the observed ellipticity in millidegrees at wavelength A,
M, is the mean residue weight of the protein, c is the protein
concentration (mg/cm?), and [ is the path length (cm). It should be
noted that each observed 6, of the protein was corrected for the
contribution of the buffer. The a-helical content was calculated
using Eq.: a-Helix (%)==([0]222 nm+2340)/30,300x 100 [24].

3. Results
3.1. Dans-CaM fluorescence analysis

The dansyl chromophore covalently bound to CaM is a very sensitive
probe to study the interaction between CaM and its binding proteins
[25,26]. As shown in Fig. 1, the addition of p21'41~1%% to the Ca®* saturated
Dans-CaM (Dans-CaM/Ca") caused a significant increase in the danysl
fluorescence intensity and a blue shift of the maximum emission
spectrum from 510 to 475 nm, indicating that dansyl entered a more
hydrophobic environment [25,26]. Titration of Dans-CaM/Ca®* with
p21'41-164 gaye 3 hyperbolic plot and a value of 1.0 was obtained for n by
fitting the data, which was further confirmed by nondenaturing gel band
shift electrophoresis that directly demonstrated p21'4!-1% formed 1:1
complex with Ca*" saturated CaM (CaM/Ca**) (Fig. 2A). However, no
fluorescence change of apo-Dans-CaM was observed upon the addition
of p21'1-1%4 supporting the notion that the association of p21'41-164
with CaM is Ca?* dependent (Fig. S1). As shown in Table 1, no significant
differences in affinities of p21'4'-®4_Dans-CaM/Ca®" were observed
during the pH range of 5.8-8.5, whereas ionic strength markedly
affected the association of p21'4-164 with Dans-CaM/Ca®*. At concen-
trations of 0.1-0.4 M Nadl, the values of Ky were significantly increased
from 0.15 uM to 10.2 pMV, suggesting that electrostatic interactions
contribute to the p21'#!-5_CaM interaction.
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Fig. 1. Titration curve of Dans-CaM/Ca?" with p21'#!-1%4, Dans-CaM was 0.75 uM in
20 mM Tris, 100 mM NaCl, and 1 mM CaCl,, pH 7.4. The excitation wavelength was
340 nm and Dansyl fluorescence was monitored at fixed wavelength of 480 nm. Curve
was fitted according to the method described in Materials and methods. A K4 of 0.15+
0.08 uM and an n of 1.15+0.12 were obtained. Insets were fluorescence spectra of Dans-
CaM/Ca®* and p21'*1-1%4_Dans-CaM/Ca* complex.

3.2. Mutated p21'#-1%4 Trp fluorescence measurements

Trp fluorescence is one of the most widely used tools to probe and
determine the conformational change of proteins during binding of
various ligands [27]. Since p21'#!-1%4 has no natural Trp residues, F150W,
Y151W and F159W were synthesized. This approach is facilitated by the
absence of Trp residues in CaM. As shown in Fig. S2, the far UV CD spectra
of the three mutants almost resemble that of p21'4'-164 showing that
the single amino acid substitution did not marginally affect the
secondary structure. Nondenaturing gel band shift electrophoresis
indicated that F150W, Y151W and F159W formed 1:1 complex with
CaM (Fig. 2B). Moreover, titrations of Dans-CaM with three mutated
peptides suggested that the single mutation did not compromise their
CaM-binding ability compared to that of p21'#!-164 (K, 010 uM for
F150W-Dans-CaM; 0.14 pM for Y151W-Dans-CaM; 0.15 pM for F159W-
Dans-CaM. Fig. S3). Hence, mutated p21'41-164 peptides Trp intrinsic
fluorescence could be used as a probe to investigate the association of
p21'41-164 with CaM.

As shown in Fig. 3, after excitation at 295 nm, where the Trp side
chains are selectively excited, the fluorescence spectrum of F150W
had maxima at 350 nm, which is typical for solvent-exposed Trp side
chains in polar environment [28]. When F150W associated with CaM/
Ca?", its fluorescence intensity increased and fluorescence maximum
was considerably blue shifted to 330 nm in the complexes, indicating
the Trp residue moving to a hydrophobic environment. As suggested
by many other CaM-binding peptides, such as MLCK peptide [29,30],
Trp residue of F150W was most likely buried in the hydrophobic
binding pocket of CaM. It should be noted here that no Trp
fluorescence change of three mutant peptides was observed upon
the addition of apo-CaM (Fig. S4).

Analysis of the titration curve of F150W with CaM/Ca®" showed that
F150W associated with CaM/Ca**with a K4 of 0.12+0.03 uM and 1:1
stoichiometry, further supporting the results obtained by dansyl
fluorescence and nondenaturing-polyacrylamide gel mobility shift elec-
trophoresis. Similar results were observed for Y151W and F159W (Fig. S5.
Y151W: K4=0.09+0.03 pM and n=1.13+0.10, F159W: K4=0.13+£0.02 uM
and n=1.06+0.07). The dissociation constants for F150W and CaM/Ca®" in
varying conditions were shown in Table 2, which were in good agreement
with those obtained by dansyl fluorescence. To further confirm the
speculation that p21'-16* associated with CaM by binding to its
hydrophobic pocket, calmidazolium, an anti-CaM drug which binds
tightly to Ca**-induce hydrophobic site of CaM [31], was used to compete
with F150W for the association with CaM. The data showed that
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Fig. 2. Nondenaturing-polyacrylamide gel mobility shift characterization of the
interaction p21 with CaM/Ca?*. (A), Lane 1, CaM/Ca*; lane 2, 0.5:1 F150W-CaM/Ca**;
lane 3, 1:1 FI50W-CaM/Ca?*; lane 4, 1.5:1 FI50W-CaM/Ca?*; lane 5, 2:1 F1I50W-CaM/
Ca*". (B) Lane 1, CaM/Ca®*; lane 2, 1:1 F1I50W-CaM/Ca*"; lane 3, 1:1 Y151W-CaM/Ca**;
lane 4, 1:1 F159W-CaM/Ca?*.

calmidazolium significantly inhibited the affinity of F150W for CaM/Ca®*
in a dose dependent manner. The results suggested that p21'#1-'4 binds to
the hydrophobic tunnel of CaM and hydrophobic interaction contributes
to this association.

In order to determine the effect of pH and temperature on the
stability of p21'1-164_CaM complex, wavelengths of maximum
emission (Apax) of Trp were monitored at varying pH and tempera-
ture. As shown in Fig. 4A, F1I50W-CaM complex were stable during the
pH range of 5.5-9.5, which was consistent with previous dansyl
fluorescence titration results. At more acidic or basic pH values, Amax
was gradually shifted from 330 nm to 350 nm, indicative of the
dissociation of complex. Fig. 4B revealed that F150W-CaM complex
were stable below 35 °C, while the affinity of the complex was
dramatically weakened when the temperature was greater than 40 °C.

3.3. Fluorescence quenching analysis

Fluorescent quenching has been widely used for studying the
degree of exposure and environment of aromatic amino acid residues.

Table 1
Dissociation constants for the interaction of p21'#!-164 with Dans-CaM/Ca?* under
varying conditions at 25 °C determined by dansyl fluorescence titrations

Nacl (M) pH Ka (1M)
0.1 74 0.15+0.08
0.2 74 0.47+0.02
03 74 1.87+0.21
04 74 10.15+0.11
0.1 8.5 0.17+0.01
01 5.8 0.37£0.19
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Fig. 3. Titration curve of FI50W with CaM/Ca**. F150W was 1.0 uM in 20 mM Tris,
100 mM NacCl, and 1 mM CaCl,, pH 7.4. The excitation wavelength was 295 nm and Trp
fluorescence was monitored at fixed wavelength of 350 nm. Curve was fitted according
to the method described in Materials and methods. A K4 of 0.12+0.03 pM and an n of
1.10£0.12 were obtained. Insets were Trp fluorescence spectra of F150W and F150W-
CaM/Ca®* complex.

Acrylamide is an efficient neutral quencher of Trp fluorescence and
can penetrate the protein matrix. In contrast, the ionic quenchers are
hydrated and cannot diffuse into the protein molecule. To probe the
detailed microenvironment of binding interface between p21 and
CaM, we examined iodide, Cs* and acrylamide quenching of Trp
fluorescence of mutated p21'1~1%* peptides and CaM/Ca®* complex.
As shown in Fig. 5, Trp fluorescence in F150W was more efficiently
quenched than that of F150W-CaM/Ca?*, irrespective of the nature of
the quencher. Similar quenching properties were observed for Y151W
and F159W (Fig. S6). The results indicated that the Trp residue most
likely moved to the hydrophobic tunnel of CaM, which was in good
agreement our previous result.

Fluorescence quenching parameters were summarized in Table 3.
K, values of Trp in the mutated peptides were close to that of L-Trp,
indicative of the completely exposed Trp residue. Moreover, E and L
values showed that the Trp residues of each free mutated peptides
were in a positively charged environment, which was consistent with
the fact that many Lys and Arg residues are located around Trp
residues in these mutated peptides. Upon binding to CaM/Ca*", Ks,, E
and L decreased dramatically and no apparent differences of L values
between charged and neutral quenchers were observed. The results
indicated that CaM binding led to the shifting of microenvironment
around the Trp residue from a positive charged one to a neutral one
and suggested that electrostatic interactions are involved in the
p21'1-164_CaM interaction, further substantiating previous fluores-
cence titration results.

Table 2
Dissociation constants for the interaction of F150W with CaM/Ca®* under varying
conditions at 25 °C determined by Trp fluorescence titrations

NaCl (M) pH Calmi- (uM) Kq (LM)

0.1 74 0 0.12+0.03
0.3 7.4 0 2.32+0.07
0.4 7.4 0 10.41+£0.09
0.1 5.5 0 0.20£0.10
0.1 9.5 0 0.47£0.04
0.1 7.4 5.0 2.02+0.14
0.1 74 10.0 3.52+0.10

Calmi-: the anti-CaM drug Calmidazolium.
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Fig. 4. Effect of pH (A) and temperature (B) on the stability of F150W-CaM/Ca®*
complex. F150W and CaM were 1.0 pM in 20 mM Tris, 100 mM NacCl, and 1 mM CaCl,, pH
7.4. Wavelengths of maximum emission (Amax) of Trp were monitored at varying pH and
temperature.

3.4. Far UV CD measurements

It is recognized that CaM-binding peptide is induced into an
amphipathic helix when binding to Ca?* saturated CaM [29,30,32,33].
The conformational change of p21'#-'®* induced by CaM was
analyzed by far UV CD measurements, basing on the earlier
conclusions that CaM/Ca®* does not gain a-helical structure upon
binding to its target peptides [29,30]. As shown in Fig. 6, the CD
spectra of p21'41-1%4 showed an unordered structure, while CaM/Ca%*
exhibited spectra characteristic of a-helical conformation. The mean
residue ellipticity of p21'#!-%4_CaM complex was greater than the
weighted sum of those of p21'41-154 and CaM, indicating that p21'41-164
might be induced to adopt a-helical structure. The derived CD spectrum
of bound p21'!-164 exhibited pronounced negative bands around
222nm and 208 nm and a positive band around 195 nm. Analysis of
the data showed that CaM-binding p21'#1-1% had 15% a-helix, which
was much lower than that of most other CaM-binding peptides (40-
50%) when bound to CaM/Ca®* [29,30,32,33].

4. Discussion

p21 is a natively unfolded protein [34,35]. The conformational
plasticity of C-terminal domain confers to p21 the ability to bind to
multiple proteins by using essentially the same set of surface residues
[36]. As suggested, this versatility appears to stem from the flexible
use of a sequence that does not have any clear secondary structure
propensity in solution and will adopt a secondary structure deter-
mined by the characteristics of the target proteins [36]. It has been
reported that the C-terminal domain of p21 adopts an extended (-
sheet structure when bound to PCNA [37].
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Fig. 5. Stern-Volmer plots for fluorescence quenching of Trp in F150W and F150W-
CaM/Ca?* complex with acrylamide, I and Cs* performed at 25 °C after excitation of the
samples at 295 nm.

CaM is a ubiquitous protein that can regulate a number of different
eukaryotic enzymes in a variety of cellular locations [12-14]. It is a
dumb bell shaped protein molecule with two Ca* binding lobes. Each
lobe of CaM contains two EF-hand (alpha helix-loop-alpha helix)
motifs connected by a small antiparallel B-sheet between the two
loops. Calcium binding results in the exposure of two hydrophobic
pockets for target protein binding, surrounded by negatively charged
residues [38-40]. Moreover, when CaM binds to CaM-binding
proteins, the binding domain of these proteins is induced to fold
into an amphipathic helix [29,30,32,33].

We note that p21'4'-154 interaction with Dans-CaM/Ca?* causes a
significant increase in dansyl fluorescence intensity and a blue shift of
the maximum emission from 510 to 475 nm. When mutated p21'41-164
peptides bind to CaM/Ca?*, a characteristic blue shift and increase in
fluorescence intensity is observed. Moreover, calmidazolium signifi-
cantly inhibits the affinity of F150W for CaM/Ca** in a dose dependent
manner. The results suggest that p21'#1-5 most likely fit into the
CaM-binding tunnel formed by two lobes in a similar way to many
other CaM-binding peptides [29,30,40] and hydrophobic contacts
within the core of the binding site tunnel contribute to this
association. Meador et al. have identified the critical hydrophobic
interaction as being due to the presence of at least two bulky
hydrophobic residues in the CaM-binding segment separated by an 8
or 12 positions [30,40]. As for p21'41-154 the hydrophobic side chains
of Phe-150 and Phe-159 may be involved in extensive hydrophobic
contacts with the C- and N-terminal domains of CaM.

Table 3
Fluorescence quenching parameters for Trp residue in mutated p2
p21'41-164_CaM/Ca®* complexes

1'41-164 and mutated

Species )] sy sy [y E L L L

(nm) M M) (M)

Ay T o

F150W 350 0.100 13.2 7.58 1.72 441 183 167 123
F150wW-CaM 330 0.102 437 2.37 0.80 296 059 051 0.56
Y151W 351 0.106 12.6 6.89 1.20 574 164 143 08
Y151W-CaM 329 0.112 4.79 2.90 0.91 319 059 057 0.58
F159W 351 0.108 13.9 8.19 1.53 535 178 167 101

F159W-CaM 335  0.114 372 259 081 320 045 050 051
L-Trp 350 0200 145° 910° 2.80° 325 - - -

Acryl-: Acrylamide. Ayax, Q, Ky, E, and L values refer to the wavelength of maximum
fluorescence emission, quantumn yield, the Stern-Volmer constant, the electrostatic
parameter (Ksy- | Ksy+), the fraction of chromophore access in protein respectively. L-Trp
is chosen as a reference standard.

“Values obtained from Ref. [23].

PValues obtained from Ref. [22].
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Fig. 6. Far UV CD spectra of CaM/Ca?*, p21'#'-1%4_CaM/Ca®" complex and CaM-bound
p21'41-164 p21141-164 3nd CaM/Ca? were 50 uM in 20 mM Tris, 100 mM NaCl, and 1 mM
CaCl,, pH 74.

Fluorescence titrations have revealed that high salt markedly
suppress the binding of p21'4!-164 to CaM. The results indicate that
electrostatic interaction is significantly involved in this association,
which is further supported by Trp fluorescence quenching results that
CaM binding leads to the shifting of microenvironment around Trp of
the mutated p21'#1-1%4 peptides from a positive charged one to a
neutral one. Esteve et al. have shown that p21 '°-54 pinds to CaM
with apparent dissociation constant of 1.7 uM [36], more than an order
of magnitude of that of p21 1-1%4, Compared to p21'41-164 p21145-164
lacks a positively charged region (KRRQ) and shows significant
decrease in binding affinity for CaM, highlighting the importance of
electrostatic features of CaM-p21'#1~1%4 binding, especially the cluster
of three basic residues at N-terminal.

Several studies have demonstrated that the binding surface of CaM
and CaM-binding peptide corresponds to negatively charged margins
separating a hydrophobic core [29,30,40]. The positively charged
patch at the N-terminal of p21'!~'%* peptide (position 1, 2 and 3)
interacts strongly with the negatively charged Glu residues of CaM,
favoring optimal orientation. Afshar et al. have suggested that
negatively charged margins at the binding surface extremities interact
strongly with positively charged residues separated by nine or ten
positions [41]. His152 and Arg162 or Lys 163 of p21'#'~16* may interact
with residues from located in tunnel entrance margin of CaM and
make a major contribution to the electrostatic energy.

The great flexibility of CaM when binding its target peptides has
been readily demonstrated by many studies [10,42]. As suggested,
p21'41-164 most likely binds CaM-binding tunnel in a similar way to
many other CaM-binding peptides. However, in contrast to other CaM-
binding peptides, which usually adopt a high content of a-helix (40—
50%) when bound to Ca?*-saturated calmodulin, p21 '*'~'%* remained
largely unstructured and showed only about 15% a-helix when bound
to calmodulin. The results indicate that the dominant feature of
p21'41-184 and CaM-binding surface may not be the hydrophobic
interaction which usually governs the binding of CaM and CaM-
binding peptide. The dominant force in the association of p21'41-164
with CaM may be electrostatic interaction, which determines the
orientation and strong binding of the peptide. This is consistent with
the fact that p21'#1-1%% is a highly positively charged peptides (9 net
positive charge/24 residues).

In conclusion, we systematically characterize the association of p21
with CaM in this study. p21'#!-'54 interaction with Dans-CaM/Ca*
caused a significant increase in dansyl fluorescence intensity and a
blue shift of the maximum emission from 510 to 475 nm. The Trp
fluorescence intensities of mutated p21'41-1%* peptides increased
upon binding to CaM/Ca?" and fluorescence maxima were blue shifted
from 350 nm to 330 nm. These suggested p21'4'~1%4 most likely binds
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to the hydrophobic tunnel of CaM and hydrophobic interaction
contributes to this association. Both dansyl and Trp fluorescence
titrations generated dissociation constants around 0.1 uM and a
stoichiometry of 1:1, which was further confirmed by nondenaturing
gel band shift electrophoresis. Fluorescence titrations and Trp
fluorescence quenching results indicated electrostatic interaction is
involved in this association. Upon binding to CaM, p21 !4!-164
remained largely unstructured and showed only about 15% o-helix.
We speculate that the dominant force in the association of p21'41-164
with CaM may be electrostatic interaction. Our results would be
helpful for understanding the molecular details of p21 and CaM
interaction.
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