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ABSTRACT:. Calmodulin (CaM) is composed of two EF-hand domains tethered by a flexible linker. Upon
C&*-binding, a fragment of CaM encompassing EF-hands 2 and 3 (CaM2/3; residu&&3)dolds into

a structure remarkably similar to the N- and C-domains of CaM. In this study, we demonstrate?that Ca
ligated CaM2/3 can also bind to a peptide representing the CaM-recognition sequence of skeletal muscle
myosin light chain kinase (M13) with an equimolar stoichiometry and a dissociation constant ot 0.40
0.05uM. On the basis of an analytical ultracentrifugation measurement, the resulting complex exists as
an equilibrium mixture of 2:2 heterotetrameric and 1:1 heterodimeric species. Chemical shift perturbation
mapping indicates that, similar to CaM, the peptide associates with a hydrophobic groove crossing both
EF-hands in CaM2/3. However, upon binding the M13 peptide, many residues in CaM2/3 yielded two
equal intensity NMR signals with the sarif®\ relaxation properties. Thus, the 2:2 CaM2/3-M13 tetramer,
which predominates under the conditions used for these studies, is asymmetric with each component
adopting spectroscopically distinguishable conformations within the complex. CaM2/3 also weakly
stimulates the phosphatase activity of calcineurin and inhibits stimulation by native CaM. These studies
highlight the remarkable plasticity of EF-hand association and expand the diverse repertoire of mechanisms
possible for CaM-target protein interactions.

Calmodulin (CaM) is a highly conserved, ubiquitous EF- CaM is exceptional in the biological world because of its
hand protein involved in the regulation of more than 100 high affinity, yet broad specificity, for target recognitiot)
target proteins in response toTaignals (, 2). Rather than The basic principles underlying €abinding to CaM and
a cell having many proteins, each with a?Gaensing its subsequent recognition of CaM-target proteins have been
domain, CaM has evolved as a common mediator that canwell established 4—6). CaM contains four Ca-binding
detect a C# stimulus and respond by activating a diverse helix-loop-helix EF-hand motifs, with EF-1 and -2 associat-
set of target proteins. Furthermore, the interaction betweening to form its N-domain, and EF-3 and -4 forming its
CaM and these targets is generally strong, with dissociation C-domain. The two domains are tethered through a flexible
constants on the order of 0.6100 nM @). In this respect, intervening linker sequence. Upon®dinding, the helices

within each EF-hand shift from roughly antiparallel to a more
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1 mM to EF-2), this peptide folds into a globular, monomeric
structure that is strikingly similar to both the N- and
C-domains of C&-ligated CaM. Importantly, this folding
involves the non-native pairing of EF-2 and -3, with the
linker sequence of CaM now serving as a flexible loop
joining these two C#-binding motifs. Consistent with its
structural similarity to the domains of €aligated CaM,

Lakowski et al.

TATCATTTTGCAGTCATCATCTGTACG. The 5BanH|

and 3 Hindlll DNA restriction sites are italicized, and the
sequence encoding a Factor Xa protein cleavage site is
underlined. A modified version of the Touchdown technique
was performed in a Peltier thermal cycler (PTC-200 MJ
Research) along with the primers and cDNK). The CaM
gene was ligated into the pET28avector using T4 DNA

CaM2/3 possesses a solvent exposed hydrophobic grooveligase (Invitrogen), according to the manufacturer’s instruc-
This suggested that CaM2/3 might also bind to and activate tions. The final protein contained a factor Xa cleavable,

CaM-targets
In this study, we demonstrate that CaM2/3 can bind to a

N-terminal Hig-tag for affinity purification. The expression,
purification, Hig-tag cleavage, and characterization of

peptide (M13) representing the CaM recognition sequenceunlabeled CaM and CaM2/3 as well &N- and *3C/*°N-

of skeletal myosin light chain kinase (skMLCK). The NMR
resonances from the mainchdid, 13C, and**N nuclei in
M13-bound CaM2/3 were partially assigned using NMR
spectroscopy. Although insufficient for a complete structural

labeled CaM2/3 were performed according to previously
described protocolsl(). All expressed proteins were quan-
titated by amino acid analysis as described above.

NMR Spectral Assignments of the CaM2/3-M13 Complex.

analysis, these assignments confirmed that the peptide bindsSpectra were acquired at 26 on a 0.5 mM sample ¢fC/

to the hydrophobic groove of CaM2/3. However, many
amides in CaM2/3 yielded doubtel-®N HSQC resonances
of equal intensity upon the formation of the CaM2/3-M13

15N-CaM2/3 with 0.5 mM unlabeled M13 in NMR buffer
(20 mM Trisds; (C.I.L.), 50 mM KCI, 10 mM Cad, and
~10% DO at pH 7.4). Note that excess Ca@fas included

for all measurements to ensure saturation of both EF-2 and
-3. The assignments of resonance from main chain and some
side chain'H, 13C, and!*N nuclei in M13-bound CaM2/3

compleX, indicating the presence of two conformations in
slow exchange on the chemical shift time scale. Analytical
ultracentrifugation (AUC) experiments demonstrate that this
complex exists in an equilibrium between 2:2 and 1:1 were established using sensitivity enhancdéd-HSQC,
complexes with a dissociation constant of 13030 uM. HNCACB, CBCA(CO)NH, H(CCO)TOCSY-NH, and
Therefore, at the concentrations under which the NMR *H-5N-'H NOESY-HSQC £, = 150 ms) spectra recorded
experiments were performed (between 0.1 and 0.5 mM), on a Varian Unity 500 MHz NMR spectrometel7—19).
CaM2/3-M13 exists primarily as a 2:2 heterotetramer. The resonances from aromatic side chain nuclei in the
Furthermore, on the basis of the equal intensity double peptide-bound CaM2/3 were assigned wittC-HSQC,
resonances, this 2:2 CaM2/3-M13 complex must be asym-CpHJ, and @BHe experiments recorded on a Varian Inova
metrical. In addition to binding the M13 peptide, CaM2/3 600 MHz NMR @0). The data were processed using
can also interact with calcineurin, as evidenced by both its NMRpipe 1) and analyzed using Spark®3). The spectral
ability to weakly stimulate the phosphatase activity of this assignments of peptide-free CaM2/3 were determined previ-
enzyme and to inhibit simulation of calcineruin by native ously (L1) and deposited in the Biological Magnetic Reso-
CaM. These studies exemplify the remarkable plasticity of nance Data Bank (accession code 7190) (http://www.bmrb.

EF-hand sequences to associate into EF-hand domains anwisc.edu/).

mediate Ca'-dependent recognition of target proteins in
biological signaling pathways.

EXPERIMENTAL PROCEDURES

Synthesis of the M13 Peptidehe 26 residue M13 peptide,
KRRWKKNFIAVSAANRFKKISSSGAL, corresponding to
the CaM recognition sequence of skMLCK, was synthesized

via solid-phase peptide synthesis on an Applied Biosystems

433A peptide synthesizet?, 13), cleaved {4), and purified
by RP-HPLC according to previously described protocols
(15). The identity of the M13 peptide was confirmed by

electrospray LC-MS (observed, 2963.3 Da; predicted, 2963.5

Da) and quantitated by peptide hydrolysis followed by amino
acid analysis performed with the internal standard norleucine
at The Hospital for Sick Children Advanced Protein Tech-
nology Center (Toronto, Canada).

Cloning and Expression of CaM and CaM2/3he
expression vector encoding Hgged human CaM2/3 has
been described previouslyl). The gene for vertebrate CaM
was PCR-amplified from human liver cDNA (Invitrogen)
with the following primers:

CGGGATCCATTGAGGGACGCGCTGAT-
CAGCTGACCGAAGAACAG and CCBAGCTIGGGT-

2 All complexes are Cd-ligated unless stated otherwise.

Secondary structure predictions were obtained fté@%
versus'3C# chemical shift differences relative to random coil
values (secondary chemical shifts), calculated for each
residue i in M13-bound CaM2/3 ABcopiy = ((513C°‘(i) -
(313080)) — ((313Ca(coi|) - 61303(00”)), and weighted with
nearest-neighbor valuesAdusi-1) + 2Acosiy T Acasi+)/

4, using the program CSR8—25). The M13 binding site
was identified from differences in the combintd5N/13C
chemical shifts between corresponding amide, aromatic, or
alanine methyl groups in CaM2/3 and the CaM2/3-M13
complex, calculated a&6 = [(A6*H)? + (ASI(y1/y*H))?05,
where | is either*C or >N, and y is the gyromagnetic
ratio for the appropriate nuclei. These ratios are 267571,

and 6.73x 10" rad T s* for 'H, 5N, and **C, respec-
tively.

NMR-Monitored Titration of CaM2/3 with M13The
binding of unlabeled M13 peptide t&N-CaM2/3 was
monitored with sensitivity enhanced gradiefiN-HSQC
spectra run at 28C on a Varian Inova 600 MHz spectrom-
eter. A total volume of 85 of 1.8 mM M13 peptide in
NMR buffer was added in 5 or 10L aliquots to a sample
of N-CaM2/3, initially at 0.18 mM in 0.48 mL of the same
buffer. At the end of the titration, there was a 1.8:1 molar
ratio of M131°N-CaM2/3. The data were analyzed by
plotting *N-CaM2/3 amide peak intensity, after correction
for dilution, versus the concentration of added M13, followed
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by fitting to a single site binding model using the program
Caligator @6).

Backbone>N Relaxation of the CaM2/3-M13 Complex.
Backbone amidé®N relaxation parameters were acquired
for 0.5 mM M13-bound3C/**N-CaM2/3 at 25°C using a
Varian Unity 500 MHz NMR spectrometel(, 28). Data
points for the T; (10 to 1053.5 ms) andl, (16.7 to
166.0 ms) experiments were collected in random order.
Steady-state heteronuclet{ N} NOE spectra were ac-
quired with and withoti2 s of 'H saturation and a total
recycle delay of 5 s. All data were processed with NMRpipe
(21) andT; andT, lifetimes obtained by fitting to a single-
exponential decay using Spark2j. Errors for heteronuclear
IH{*5N} NOE ratios were estimated according to previously
described method228). The effective correlation time for
isotropic rotational diffusion 1) of the CaM2/3-M13
complex and the model-free order parameté&s for the
backbone amides of bound CaM2/3 were calculated with
Tensor 2.029). Residues for which th#H{**N} NOE ratios
were <0.6 and for which the values offR.[H— Ry)/[R0 —

(R O— Ry)/IRD] were >1.5 times the standard deviation
of this difference were excluded from the calculations
because of the possibility of fast internal motions or chemical
exchange broadenin@@).

Analytical Ultracentrifugation. Sedimentation velocity
experiments were conducted at 2@ with a Beckman
Optima XL-I analytical ultracentrifuge equipped with both
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calcineurin with CaM2/3 or CaM were preincubated at
37 °C for 30 min. The reaction was initiated by the addition
of pNPP, in reaction buffer, to a final concentration 0.9 mg/
mL. The appearance of nitrophenol was quantitated with a
Labsystems Multiskan Ascant plate reader at 405 86 (
36). Initial rates were measured from reactions with 50 nM
(0.70-0.74 ug) calcineurin, and CaM or CaM2/3 at con-
centrations of 0, 5, 10, 25, 50, 100, and 300 nM per reaction.
A competition assay was also performed with 0, 10, 50, and
300 nM CaM samples containing 0, 10, 50, and 100 nM
CaM2/3.

RESULTS

Binding of M13 to CaM2/3 Measured by NMR-Monitored
Titrations. The interaction between €asaturated'®N-
CaM2/3 and M13 was investigated B\N-HSQC spectros-
copy. The chemical shifts and relaxation properties of an
amide are highly sensitive to even subtle conformational
changes such as those occurring at interaction surfaces. Thus,
shift perturbations in NMR-monitored titrations can be used
to qualitatively identify binding interfaces and to quantita-
tively measure binding affinities. Upon the incremental
addition of M13, a progressive disappearance of the amide
IH-15N signals from unbound CaM2/3 was observed, along
with concomitant appearance of a new set of signals (Figure
1). These signals, which arise from the CaM2/3-M13 com-
plex, indicate that binding occurs in the slow exchange limit

absorbance and interference optics. Standard aluminumon the chemical shift time scale (i.e., the rate of exchange

double-sector centerpieces (12 mm) were filled with protein
solution (406-450 uL), in a buffer composed of 20 mM
Tris HCI, 50 mM KCI, and 10 mM CaGlat pH 7.4. The
solutions contained 1:1 mixtures of M13 and CaM2/3, each
at 38, 75, or 15@M. Buffer was also placed in the reference
cell. The loaded cells were thermally equilibrated in the
centrifuge for at leasl h after the instrument had reached

between free and bound states is less than the frequency
differences for corresponding amides in each state).

A striking feature of the!'®>N-HSQC spectrum of M13-
saturated CaM2/3 is the appearance of more amide signals
than expected and observed with free CaM2/3. Using
conventionaltH-3C-'*N correlation experiments recorded on
an equimolar complex of*N/3C-CaM2/3 with unlabeled

20 °C under vacuum. The rotor speed was then set to M13, resonances from the main chain nuclei of the labeled
50,000 rpm, and radial absorbance scans were acquired wittprotein were assigned. As summarized in Figure 1, 33 out

0.003 cm steps in continuous mode without averaging.
Sedimentation equilibrium experiments were performed
at 20 °C with a 6-channel Epon centerpiece in 4-hole
(AnTi60) and 8-hole (AnTi50) rotors. The buffered solutions
contained CaM2/3 or M13 at 20, 40, or 78V, or 1:1
mixtures of CaM2/3 and M13, each at 38, 75, or 180.

of 63 non-proline residues in M13-bound CaM2/3 yielded
two resolved amide'HN-®°N peaks of equal intensity,
arbitrarily denoted as ‘a’ and ‘b’. Similarly, additional peaks
were observed in thé&3C-HSQC spectrum of the labeled
protein. Two resolved indol&éH<! signals of equal intensity
from the sole tryptophan in M13 were also present in the

The rotor speed was set at 20,000, 30,000, or 50,000 rpm,'H NMR spectrum of the CaM2/3-M13 complex (not
and 5 radial interference scans were acquired with 0.001 cmshown). Thus, CaM2/3-M13 must adopt at least two distin-
steps and subsequently averaged. Sample equilibration wagjuishable conformations of very similar or identical popula-

verified with WinMatch @1).

The solution densities and partial specific volumes were
calculated with SEDNTERR3Q). SEDPHAT @3) was used
for the analysis of the equilibrium experiments. Velocity data
were analyzed with SEDPHAT producing a c(s) distribution
of the solution of the Lamm equation, calculated with
SEDFIT 34), assuming the regularization paramegpeto

tions. Unfortunately, because of spectral degeneracy, we were
unable to specifically determine which of the ‘a’ and ‘b’
signals for a given amide corresponds to which conformation
of the bound CaM2/3. That is, many residues with two amide
signals still had similat*C* and*3C’ shifts at the recorded
spectral resolution, reflecting the generally lower sensitivity
of aliphatic resonances versus amide resonances to confor-

be 0.95. Sedimentation coefficient increments of 200 were mational perturbations. Also, because of spectral complexity,

used in the appropriate range for each sample.
Calcineurin Stimulation Assaylhe stimulation of cal-
cineurin (protein phosphatase-2B or PP-2B) by both CaM
and CaM2/3 was assessed in 96 well plate format by
measuring phosphatase activity agajmstitrophenol phos-

we were unable to confidently assign the resonances from
the unlabeled M13 peptide (except for its ind&Hs?) using
IN/L3C-filtered *H-1H TOCSY and NOESY experiments in
which signals from!>N/**C-CaM2/3 were suppressed. Fi-
nally, we did not detect the transfer of magnetization between

phate (pNPP). The reaction buffer was composed of 50the ‘a’ and ‘b’ peaks of any given amide iHH-1°N-H

mM Tris at pH 7.0, 1 mM CaG| 1 mM NiCl,, and 0.125
mg/mL BSA. Samples with calcineurin alone as well as

NOESY-HSQC and HSQC-monitored, Bxchange experi-
ments (not shown)37). Thus, any exchange between the
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Ficure 1: C&"-loaded CaM2/3 binds the M13 peptide in two conformations. Shown is the assietSQC spectrum ofN-CaM2/3

with unlabeled M13 in a 1:1.8 molar ratio (red), superimposed upon that of¥Ie€aM2/3 (green), recorded at 26 and pH 7.4. Many

CaM2/3 amides in the complex yield two resolvtN-1°N signals of equal intensity, denoted as ‘a’ (downfield'it) and ‘b’ (upfield).

The residues are numbered according to the sequence of CaM, and the inset corresponds to the central boxed region of the spectrum. The
signals from the unbound proteit1) generally fall near those of the bound protein and are not labeled for clarity. The horizontal lines
connect resonances from the glutamine or asparagine side Naia groups.

bound states of the CaM2/3-M13 complexes, either intramo- further investigate the stoichiometry of the CaM2/3-M13
lecularly or via dissociation to free M13 and CaM2/3, occurs complex. Sedimentation velocity and equilibrium data were
on a time scale slower than thékN or 1N T; values (i.e., obtained for CaM2/3, M13, and CaM2/3-M13 in the presence
seconds). of excess C& at 20°C. As summarized in Figure 3, the
A quantitative analysis of the titration of CaM2/3 with M13 peptide (75«M) sedimented as an essentially mono-
the M13 peptide is presented in Figure 2. On the basis of adisperse species with a sedimentation coefficient of 0.48 S.
plot of the average normalized intensities of the amide Consistent with this value, a global fit of the sedimentation
IHN-15N peaks from residues 4&5, 65-92, and 102113 equilibrium experiments, performed at three different con-
within the helical and linker regions of bound CaM2/3, centrations, confirmed that the M13 peptide is monomeric
saturation occurs at an equimolar CaM2/3/M13 ratio (Fig- under these experimental conditions (apparent MW
ure 2A). However, as demonstrated below, this corresponds2810 Da; theoretica= 2963 Da). In contrast, fitting of the
to a 2:2 heterotetrameric complex. Fitting of these titration sedimentation velocity data measured for CaM2/3 (K9
data to a model describing the equilibrium CaMz/3V13 revealed a major 1.3 S species, as well as a mirdd S
= CaM2/3-M13 yielded an appareldt of 0.40+ 0.05uM. species (6%) attributable to monomeric and dimeric forms
Note that this value, which is consistent with relatively high of the protein, respectively. Sedimentation equilibrium
affinity association in the slow exchange regime, reflects the analysis confirmed that CaM2/3 has a weak tendency to
formation of all bound species and the assumption of dimerize Kq ~ 4 mM). Therefore, at submillimolar con-
equivalent binding sites in the 2:2 complex. Figure 2B also centrations, CaM2/3 is predominantly monomeric, as dem-
plots the absolute intensities from three residues showingonstrated previously through NMR structural and dynamic
double resonances F65 (F65a and b), 1100 (1100a and b),studies {1).
and L105 (L105a and b) versus the concentration ratio of ~Sedimentation velocity data were also recorded for the
added M13 td°N-CaM2/3. Over the entire titration experi- complex of CaM2/3 and M13 (each at 38, 75, or 180).
ment, the observed double peaks of these, and all otherGiven the appareri{yq for complex formation of 0.4@M,
amides (not shown), are of nearly equal intensity. Hence, >90% of CaM2/3 and M13 should be in the bound form
the two NMR-distinguishable conformations of the CaM2/ under the conditions of these experiments. For each sample,
3-M13 complex are isoenergetic, forming with the same the fit c(s) distribution revealed a major species with a

binding affinity.
Analytical Ultracentrifugation of the CaM2/3-M13 Com-
plex. Analytical ultracentrifugation (AUC) was used to

sedimentation coefficient of 2.1 S (Figure 3). This sedimen-
tation coefficient is larger than that expected for a 1:1 CaM-
M13 complex, but smaller than that for a 2:2 heterotetramer.
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Ficure 3: Sedimentation velocity c(s) distributior&g| for CaM2/3
(75uM, green), M13 (75:M, blue), and the CaM2/3-M13 complex
(1:1 M13/CaM2/3, each at 78M (magenta) or 15M (red)) at

20 °C. The M13 peptide sediments predominantly as a momeric
species with 0.48 S. CaM2/3 sediments mainly as a monomer (1.34
S) that weakly self-associates as a dimeR @4 S). CaM2/3-M13
sediments predominantly as a 2.1 S species, indicative of an
equilibrium between 1:1 and 2:2 complexes (see Table 1).

Peak intensity x10”

Table 1: Equilibrium Sedimentation of the CaM2/3-M13 Complex
apparent molecular weight (kDa)

conc (uM)?2 for a given rotor speed (rprh)
0.0 05 10 15 CaM2/3, M13 20,000 30,000 50,000
. 150, 150 20.1 18.0 14.5
Ratio [M13]/[CaM2/3] 75, 75 17.9 17.7 145
FiGURE 2: Quantitative analysis of théN-HSQC monitored 38, 38 16.7 16.7 13.7
titration of 15N-CaM2/3 with unlabeled M13. (A) Average normal- aTotal concentration of each species. With = 0.40uM, >90%

ized amide peak intensity and standard deviation for residues 48 of CaM2/3 and M13 should exist in equimolar complexes under these
55, 65-92, and 102-113 of peptide-bound>N-CaM2/3 plotted conditions.? Weight-averaged values. The predicted values are 10.6
vs the M13/CaM2/3 concentration ratio. For amides with double kDa for CaM2/3-M13 and 21.3 kDa for (CaM2/3-M13)

signals, intensities from 1 ‘a’ and ‘b’ peaks were added together
and normalized. Saturation occurs at an equimolar M13/CaM2/3
ratio. The line represents the fit of the data to a single site binding (10.6 kDa), and the highest (20.1 kDa) is close to that

model, with an apparer{; = 0.40+ 0.05xM, using CaLigator ~ expected for a 2:2 complex (21.3 kDa). Furthermore, the

(26). (B) Plot of absolute!’®>N-HSQC peak intensities vs M13/ g ; ; _
CaM2/3 concentration ratio show that the ‘a’ and ‘b’ peaks for variation of apparent molecular weight with sample concen

three representative residues (F6®8 &nd F65h0), 1100a @) tration reflects the reversibility of the association. This
and 1100b £), and L105a M) and L105b (1)) in the bound form behavior suggests that the higher apparent molecular weight
of 1%N-CaM2/3 are of nearly equal intensity at every point during species is due to the self-association of a 1:1 CaM2/3-M13
the titration. The lines are present to guide the eye, and intensitiescomplex to a 2:2 CaM2/3-M13 complex, rather than the
were not adjusted for dilution effects. formation of nonspecific aggregates. Moreover, assuming that
Specifically, a sphere with the same MW as that of the 1:1 the CaM2/3 and M13 are fully bound to one another, we
complex would have arBn. of ~1.6 S, whereas that Were able to globally fit all nine data sets, with SEDPHAT
corresponding to a 2:2 complex would haveSy,~2.3S (33, for an equilibrium of the form (CaM2/3-M13)=
(assumingf/f, = 1.2 due to hydration; asymmetry would 2(CaM2/3-M13) to obtain an apparent dissociation constant
reduce these values). Therefore, the CaM2/3-M13 complex©f 130 & 30 uM.
exists as an equilibrium between 2:2 and 1:1 species. Concentration-Dependent NMR Spectra of the CaM2/3-
Alternative species such as a 2:1 CaM2/3-M13 complex are M13 ComplexOn the basis of the AUC results, the CaM?2/
excluded on the basis of the equimolar equivalence point 3-M13 complex exists predominantly as a 2:2 heterotetramer
found in the NMR-monitored titrations (Figure 2A). under the conditions used for the NMR spectral assignments.
Following upon this result, equilibrium sedimentation The observed sets of two equal intensity signals for many
measurements were carried out at three rotor speeds and withesidues can thus be explained if the complex is internally
CaM2/3 and M13 at 38, 75, or 15(M each. As summarized asymmetric, with both CaM2/3 and M13 adopting two
in Table 1, the apparent weight-averaged molecular weight spectroscopically distinct conformations. To further inves-
of the sample increased with increasing concentrations ortigate the stoichiometry of the CaM2/3-M13 complex, we
reduced rotor speeds. The lowest apparent molecular weightrecorded NMR spectra as a function of sample concentration.
(13.7 kDa) measured is closer to, but still larger than, the Between 500 and 100M, the ®N-HSQC spectra of>N-
expected molecular weight of a 1:1 CaM2/3-M13 complex labeled CaM2/3 in the presence of equimolar M13 remained
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invariant, without changes in the chemical shifts or relative (Co—~(DO—( E O—FOD
peak intensities of any amides. However, upon dilution to
25uM, a new set of dispersétiN-15N signals, distinct from
those of the tetramer or free CaM2/3, appeared (not shown).
Because of the low sample concentration, the new peaks were
not assigned. However, for amides with the most dispersed
resonances, only single new peaks were observed. Thus, we
attribute these signals to a 1:1 CaM2/3-M13 complex. The
lack of these signals in samples more concentrated than
100uM suggests that the actual tetrameimer dissociation
constant is lower than the fit value of 130 30 uM (i.e.,

500 uM total complex would partition as-70% tetramer

and ~30% dimer with thisKy). This discrepancy can be B
attributed to difficulties in fitting equilibrium ultracentrifu-
gation data to the mixed species present (i.e., free CaM2/3
monomers or possibly dimers and M13 as well as the
CaM2/3-M13 complexes).

Secondary Structure of the CaM2/3-M13 ComplBz-
cause of the lack of assignments for the bound M13 peptide
and the inability to assign the ‘a’ and ‘b’ signals from
CaM2/3 to specific conformations, we could not determine
the tertiary structure of the CaM2/3-M13 complex. However, 3
the secondary structure of M13 bound CaM2/3 can be a
accurately predicted using chemical shift information. For 0 6 70 & 90 100 110
example,13C* chemical shifts move downfield/upfield for _ _ Residue #
residues inc-helicesp-strands relative to a random coil state, Zfé’?g;' " i’é?gc'ﬁﬁg Sceﬁg%”&’estgﬁﬁ?ﬁé% cgc%) b‘vg?goh”fgguc\?yz 3
whereas the reverse holds f6€” chemical shifts §§). On 13C# chemical shift differences relative to random coil values,
the basis of observed versus refereft@*-'3C/ chemical A, . Shift differences for residues with two sets of signals in
shift differences, the two spectroscopically distinguishable the CaM2/3-M13 complex are plotted together as overlapping black

forms of the CaM2/3-M13 complex have very similar (lower value) and white bars. The residues with positive or negative
: . shift differences are presentdirhelixes orj-strands, respectively.
secondary structures to one another and, with the exceptionr,e secondary structure of CaM2/3 in the two spectroscopically

of the linker region, to that of unbound CaM2/3 (Figure 4) gistinguishable forms of the CaM2/3-M13 complex is essentially
(12). In particular, four commor-helical regions and two  the same as that of free CaM2/3, with the addition of a new short
B-strands could be identified in all forms of CaM2/3. This heEcaI Stegmfetnht inhthle hin@(le If_egion)bewéeetn h%"C((?S D aﬂ)d_ E.A
ion i i 1 schematic of thex-helices (cylinders) ang-strands (arrows) in
fs?\]n(l:ll_T ﬂcglégslzossélgpsog;i?rgilnﬁﬁ \F/)v%rigﬁl(;gggs:t?cblng }Qea II;l(l)\/lSRh-c()j\jevrrived structural c)s/nsemble of aaturated CaM2/3
interactions were detected between 163 and 1200*HN in '
free CaM2/3 and in both forms (163a/b, and 1100a/b) of the R106, M109, T110, and N111 in helices D, E, and F. The
CaM2/3-M13 complex (data not shown). Together these datapronounced amide shift changes for the linker residues 74
confirm that the antiparallgi-sheet between EF-2 and -3 in 78 are consistent with the formation of a helical segment in
unbound CaM2/3 is also retained in the M13 complex. this region of CaM2/3, as noted above. Spectral differences
In addition to the invarianti-helices angb-sheet, residues  between CaM2/3 and the CaM2/3-M13 complex were also
75—79 in M13-bound CaM2/3 shoWC*-13C# chemical shift calculated for théH and*3C nuclei in aromatic residues as
differences indicative of a new, sharthelical segment. In  well as the alanine methyls. An examination of the aromatic
free CaM2/3, these residues, which correspond to the'3C-HSQC spectrum of the CaM2/3-M13 complex showed
interdomain linker in native CaMfARKMKDTDS?®?) (39), that theH?%< and 3C% chemical shifts of F65, Y99, and
form a flexible loop bridging EF-2 and -30). Thus, M13 H107 are very similar to those of the unbound protein,
binding is accompanied by a conformational change in whereas F68, F89, and F92 were significantly perturbed (i.e.,
CaM2/3 that includes induction of a helix in the linker A6 > 0.3 ppm) (Figure 5B). Adjacent to these latter
sequence. aromatics, A73 and A88 also exhibited lard¢® and 13CS
CaM2/3 Chemical Shift Perturbations due to M13 Binding. chemical shift changes (i.eAd > 0.20 ppm) upon M13
The differences in chemical shifts between corresponding binding (Figure 5C).
nuclei in free and M13-bound CaM2/3A§) provide a The chemical shift perturbations accompanying the forma-
qualitative identification of the residues undergoing confor- tion of the CaM2/3-M13 complex are mapped onto the
mational changes upon complex formation. As shown in structure of the unbound protein in Figure 6A and B. These
Figure 1 and quantitated in Figure 5A, most amides in changes could be due either to direct interactions with M13
CaM2/3 exhibited detectable shift perturbations upon com- or a second CaM2/3 within the 2:2 complex or to indirect
plex formation, with an average combin&d and>N Ao structural perturbations. Without assignments of the putative
of 0.27 &+ 0.23 ppm. This is suggestive of global tertiary 1:1 complex under dilute conditions, the former possibilities
conformational changes. However, the largest amide shift cannot be distinguished. With this caveat in mind, it is
perturbations occur for residues R74, K75, M76, and D78 striking that residues showing the largest amide, aromatic,
within the linker sequence and M71, M72, E82, E83, F92, or alanine methyl chemical shift changes clearly map to a

>
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FicURe 5: Combined (A) amidéHN-15N, (B) aromatictHd/e-13Cok,

and (C) alanine methylHA-13C# chemical shift perturbations of
CaM2/3 due to M13 binding, calculated A8 = [(Ad™H)? + (AdI-
(yI/y1H))?°5. Shift differences for residues with two sets of signals
in the CaM2/3-M13 complex are plotted together as overlapping
black (lower value) and white bars. The horizontal gray dashed
lines indicate the cut-offs (approximately twice the standard
deviation of the average change) chosen for defining the residues
showing most significant shift changes. These include M71, M72,
R74, K75, M76, D78, E82, E83, F92, R106, and M109 from (A),
F68, F89, and F92 from (B), and A74 and A88 from (C). These
chemical shift perturbations are mapped onto the structure of
CaM2/3 in Figure 6.

Ficure 6: Chemical shift perturbations due to M13 binding and
differences between double peaks ‘a’ and ‘b’ mapped onto the
structure of unbound CaM2/3 indicate that the peptide lies within
the hydrophobic groove crossing the EF-hands motifs of the protein.
) In panels A and B (rotated 9Gbout the vertical axis), residues
hydrophobic groove that crosses EF-2 and -3. Analogous towith the largest amide, aromatic, and alanine methyl shift perturba-

the N- and C-domains of CaMb), this strongly suggests tions upon peptide binding (i.e., above the horizontal cutoff lines

that the M13 peptide binds within this groove via hydro- in Figure 5) are highlighted on the surface (left) anq ribb.on (right)
. . Py ... drawings of CaM2/3. These include the hydrophobic residues F68,
phobic interactions, augmented by additional contacts with M71, M72, A73, M76, A88, F92, and M109 (green), negatively

fI._anking polar and charged groups. The Chemica_l shift charged residues D78, E82, and E83 (red), positively charged
differences between the ‘a’ and ‘b’ double peaks in the residues R74, K75, and R106 (blue), and neutral polar residues
complex are plotted similarly onto the surface of unbound T110 and N111 (yellow). F89 is obscured by both F65 and F92. In
CaM2/3 in Figure 6C and D. Many residues showing the panels C and D (rotated 180 the chemical shift differences

o L . between the ‘a’ and ‘b’ double peaks in the CaM2/3-M13 complex
largest shift differences cluster within or around this hydro- 5o"manned onto the surfacep of the unbound protein. (Yeﬁow,

phobic groove, suggesting that the internal asymmetry of the orange, and red indicate differences greater than 1, 2, and 3 times
2:2 heterotetrameric CaM?2/3-M13 complex results from two the standard deviation of the mean shift differences, respectively,

conformations of CaM2/3 and M13 at this binding interface. for all amide, aromatic, or methyl groups.) Shown is a low-energy

However, residues giving double resonances are also Iocate@g&ezl /gr(zranlt:hSepytl)\;lRﬁiﬁ:ivte)g Cskt“;;tr‘]g?ésegﬁrgﬂzz% ;)?g

on the opposite side of the protein and, most notably, nearengered using MOLMOL §6). Although this representation
the p-strands bridging EF-2 and -3. This behavior is approximates the structure of M13-bound CaM2/3 with the four
suggestive of conformational differences between the CaM2/3a-helices of EF-2 and -3 as well as the bridgifigheet present,
molecules in the heterotetramic Comp'ex that arise from hinge the flexible linker residues also adopt a helical conformation in
motions between their constituent EF-hands, a phenomend® complex.
observed in unbound CaM2/31%). by ®N Ty, T,, and heteronucleadH{*N} NOE relaxation
CaM2/3-M13 Complex Backbone Dynamics from Amide measurements (Figure 7). Consistent with its larger size due
15N Relaxation.The global and local backbone dynamic to the bound peptide, the CaM2/3-M13 complex exhibits
properties of the CaM2/3-M13 complex were investigated longer averagd; (0.53 + 0.07 s) and shorter averade
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Ficure 7: Backbone®N relaxation data and model-free analysis for the CaM2/3-M13 complex. Displayed are the (A) longitiiginal (

and (B) transverseTg) relaxation times, (C) heteronucle#i{1°N} NOE ratios, along with fit (D) isotropic order paramete&)( (E)
conformational exchange broadeniri,j parameters, and (F) differencesShbetween the complexed and free state&(= Fcamorz-m13

— Scamzd)- Missing data corresponds to P66 and residues with overlapping or very weak signals. For the residues with double peaks, the
parameters are plotted together as overlapping black (lower value) and white (higher value) bars.

(0.085+ 0.02 s) values than unbound CaM2/3 (averdge asymmetric 2:2 complex under the conditions used for
= 0.41+ 0.07 s andl, = 0.13+ 0.03 s (1)). Excluding relaxation measurements.

residues withT./T, or heteronucleatH{**N}NOE ratios The internal dynamic properties of the backbone of
indicative of conformational exchange or a high degree of CaM2/3 bound to M13 were described using the isotropic
internal mobility, analysis of relaxation data yielded an Lipari—Szabo model-free formalism in terms of a generalized
effective correlation timezt) of 7.7+ 0.1 ns for the global  order paramete® that decreases from 1 to 0 with increased
isotropic tumbling of the CaM2/3-M13 complex. This is mobility of the amide!HN-1>N (Figure 7D). The CaM2/3-
longer than that measured for CaM2/3 alone (5.0.2 ns M13 complex exhibits relatively uniforn® values of
(11)) yet somewhat shorter than that of 9.9 ns reported for 0.90+ 0.07, consistent with a well-folded structure. Slightly
a CaM-smMLCK complex at 28C (a complex similar in reduceds values are noted, for example, with residues in
size to the proposed 2:2 CaM2/3-M13 heterotetram&d). (  the loop regions between helices C/D and E/F of the EF-2
While recognizing that both shape and size contribute to and -3 motifs, respectively. More interestingly, the changes
rotational diffusion, the"™N relaxation data may be more in the order parameterd\& = Fcamziz-m1z — Scamzsd Of
consistent with a 1:1 CaM2/3-M13 complex. However, for CaM2/3 due to M13 binding are presented in Figure 7F. Most
amides with two sets dHN-15N signals in the CaM2/3-M13  notably, theS values for residues near the C-terminus of
complex, the ‘a’ and ‘b’ peaks exhibited very similByrand the protein, within helices C, E, and F, and within the linker
T, lifetimes. Therefore, it is unlikely that one set of signals are higher in the complex than in the free protein, indicative
corresponds to a 1:1 complex and the other to a 2:2 complexof dampened backbone mobility. In the case of the linker,
in slow exchange on the chemical shift time scale, as the this is consistent with th&C®-13C# secondary chemical shift
higher molecular weight of the latter would systematically analyses showing the formation of a helix upon binding
yield increased; and decreaset; values for one set relative  (Figure 4). In contrast, the amide order parameters for
to the other. Rather, the ‘a’ and ‘b’ peaks must arise from segments within both EF-hands of CaM2/3 decreased upon
similar sized and equally populated species, which is most complex formation. At face value, this suggests an increase
consistent with CaM2/3-M13 existing predominantly as an in backbone mobility for some regions of CaM2/3. Alter-
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FiGure 8: CaM2/3 both stimulates calcineurin and inhibits stimula-
tion by CaM. (A) Enzyme stimulation curve showing increasing
initial rate of calcineurin phosphatase activity with increasing
concentrations of@®) CaM and ©) CaM2/3. (B) CaM competition
experiment performed with CaM2/3. Each experimental group
consists of a calcineurin stimulation study with 0, 10, 50, and
300 nM CaM in the presence of-@—) O, (-..-O -..-) 10, (v)

50, and -v—) 100 nM of CaM2/3. The curves, fit to the standard
Michaelis—-Menten equation, show a decrease in the maximum rate
of calcineurin phosphatase activity with increasing concentrations
of CaM2/3.

natively, this may result from anisotropic diffusion of the
CaM2/3-M13 complex (for which a structural model is
unavailable) that is not accounted for in the isotropic Lipari

Biochemistry, Vol. 46, No. 29, 2008533

Furthermore, CaM2/3 also inhibited the stimulation of
calcineurin by native CaM. This is evidenced by a CaM2/3
concentration-dependent reduction in the apparent maximal
rate of calcineurin phosphatase activity stimulated by CaM
(Figure 8B).

DISCUSSION

To investigate the structural and functional diversity
possible for EF-hand proteins, we characterized a fragment
of CaM composed of EF-2 and -3 and the intervening linker
sequence. Although Cafree CaM2/3 is predominantly
unfolded, upon binding two equivalents ofathe protein
adopts a structure that is strikingly similar to that of either
the N- or C-terminal domain of C&ligated CaM (1). In
particular, CaM2/3 has a hydrophobic groove resembling
those that mediate the binding of CaM-target sequences to
both domains of Cd-ligated CaM. Therefore, we hypoth-
esized that the non-natively paired EF-hands of CaM2/3
could also bind such targets. Using NMR spectroscopy,
analytical ultracentrifigation, and enzymatic assays, we have
confirmed this hypothesis for the M13 peptide and cal-
cineurin.

CaM2/3-M13 Forms an Asymmetric Heterotetraniéi.-
HSQC-monitored titrations revealed tHéll-CaM2/3 binds
the M13 peptide with high overall affinityKyz = 0.40 +
0.05uM). This dissociation constant is comparable to those
of 0.3 and 3uM reported for the binding of the tryptic N-
and C-domain fragments of CaM to skMLCK, respectively
(41). However, the observed equimolar stoichiometry ex-
cludes the possibility that two CaM2/3 molecules associate
with one M13, forming an asymmetric 2:1 CaM2/3-M13
complex and thereby recapitulating the roles of the N- and
C-domains of CaM. Furthermore, in contrast to CaM, which
yields a single M13 complex], two sets of equally intense
amideHN-15N and aliphatic/aromatiéH-'3C signals were
observed for many residues in the CaM2/3-M13 complex.
The sole tryptophan from M13 also yielded two indole
signals, which provides additional evidence against a 2:1
species. Although this spectral doubling could arise from
CaM2/3 and M13 forming conformationally distinct 1:1
heterodimers, such a situation seems unlikely because the
two species would have to be isoenergetic in order to be
present at equal populations.

Complementing these spectroscopic results, AUC data
revealed that the CaM2/3-M13 complex exists as an equi-

Szabo formalism. Such dynamic changes may also belibrium between a 1:1 heterodimer and an 2:2 heterotetramer

reflected by the anomalously shdgtlifetimes measured for
residues 6874 (helix D) of CaM2/3 in its M13-bound, but
not unbound, statel(). This relaxation behavior is usually
the result of conformational exchange broadenirRg)(due
to intermediate time scale (m%s) motions (Figure 7E).

with an apparent dissociation constant of 18030 uM.
Thus, under the conditions used for most of the NMR
experiments, the heterotetramer predominates, and only upon
dilution of the complex to 25M were a new set of dis-
persed NMR signals attributable to the heterodimer ob-

Several of these residues are perturbed upon the binding ofserved. Although the global isotropic tumbling time)(of

CaM2/3 to M13, and thus, their amide relaxation may report
mobility of CaM2/3 and/or the M13 peptide at this interfacial
region.

Calcineurin Actvity Assay.The M13 binding activity

CaM2/3-M13 at 0.5 mM is somewhat shorter than that
expected for a 21.3 kDa specie®?), the fact that the ‘a’
and ‘b’ signals for each residue exhibited very simiax
relaxation properties argues strongly that both arise from

displayed by CaM2/3 suggests that it may also retain somesimilar sized species (i.e., not a mixture of 1:1 and 2:2

of the function of native CaM such as the stimulation of

oligomers).

calcineurin phosphatase activity. The results of a phosphatase Combining the results from the NMR and AUC measure-

assay 86) confirm that CaM2/3 produces a small, but
significant, increase in the activity of calcineurin (Figure 8A).

ments, we conclude that the CaM2/3-M13 complex adopts
two spectroscopically distinct conformations as part of an
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internally asymmetric 2:2 heterotetramer. Exchange betweenthat neither of these fragments can influence the activitiy of
these equally populated conformations, and with free CaM2/ calcineurin 8).
3, occurs on a time scale longer than seconds, as shown by Similar to the M13 peptide, calcineurin contains a 1-5-8-
the distinct chemical shifts of all three species during a 14 CaM recognition sequencé, @3). Thus, CaM2/3 may
titration experiment. Unfortunately, because of spectral directly bind to the CaM-target site of calcineurin and thereby
overlap and the lack of assignments for the putative het- stimulate its phosphatase activity. However, this effect is
erodimer, we were unable to determine the three-dimensionalsignificantly less than that observed with CaM, suggesting
structure(s) of the CaM2/3-M13 complex(es) by standard that CaM2/3 may not efficiently displace the auto-inhibitory
NMR methods or to identify the CaM2/3CaM2/3 interface domain from the active site of calcineurin because of either
within the 2:2 species. Thus, the exact nature of the reduced binding affinity for or altered structural interactions
conformational differences leading to the asymmetry of the with its adjacent recognition sequence. Consistent with this
CaM2/3-M13 complex remains to be established. hypothesis, CaM2/3 also inhibits the stimulation of cal-
M13 Binds to a Hydrophobic Grae in CaM2/3 Chemi- cineurin by CaM. However, as shown in Figure 8B the
cal shift perturbation mapping demonstrates that the M13 maximum initial rate of CaM stimulated phosphatase activity
peptide binds to the hydrophobic groove identified in the of calcineurin decreases with increasing CaM2/3, suggesting
NMR-derived structure ensemble of CaM2/3 (Figure 6). In an apparent noncompetitive, rather than competitive, mech-
particular, the greatest amide, aromatic, and alanine methylanism of inhibition. Unfortunately, we were unable to
chemical shift changes occur for residues in the linker region investigate this further by carrying out the calcineurin
and in helices D, E, and F. These residues include F68, M71stimulation assays over a wider range of conditions because
M72, A73, M76, A88, F89, F92, and M109, which form a high CaM concentrations>300 nM) alone inhibit the
hydrophobic groove spanning EF-2 and -3, as well as R74, activity of calcineurin. Thus, the mechanism of inhibition
K75, D78, E82, E83, R106, T110, and N111, which line and the location of the binding site for CaM2/3 on calcineurin
the edges of this groove. Thus, as seen fardigated CaM remain to be established.
in complex with the same peptidé)( it is very likely that Diversity of Target Recognition by Cal¢aM2/3 involves
M13 binds as an amphipathic helix along this methionine- the non-native association of EF-2 and -3, and as such is
rich cleft via hydrophobic contacts, augmented with elec- neither optimized for folding or specific target recognition.
trostatic and hydrogen bonding interactions to the flanking Despite this, CaM2/3 adopts a Cadependent structure with
polar and charged side chains. Note that the M13 peptide ispeptide binding properties strikingly similar to those of the
grouped into the 1-5-8-14 class of CaM-binding sequencesN- or C-domains of intact CaM. This clearly exemplifies
on the basis of the position of its hydrophobic anchor residuesthe remarkable plasticity of EF-hand sequences to associate
(43). Although we have not determined the 3D structure of into EF-hand domains and mediate?Gdependent recogni-
CaM2/3 bound to M13, the general structural features of the tion of target proteins. Following the first structural descrip-
unbound CaM2/3 are most probably retained in the resulting tion of CaM complexed with M136), an amazing repertoire
complex(es). Reasons for this include the presence of theof possible binding mechanisms have been discovered. These
hydrophobic binding groove in unbound CaM2/3, the reten- include parallel and antiparallel orientations of target peptides
tion of thea-helices and bridging-sheet between the EF-  with respect to CaM49) as well as varying stoichiometries
hands upon complex formation, and the observation that thesuch as 1:1§, 50), 1:2 (1), and 2:2 §2) CaM/target
structures of the N- and C-domains of*Cdigated CaM do peptide complexes. Examples have also been described where
not change significantly in the presence of target peptides a only single domain of CaM binds to a targ&8(and where
(1, 6). One notable exception, however, is that residues target binding occurs in the presence and absence tf Ca
75—-79 adopt a new small helical segment in CaM2/3-M13 (54). Apo-CaM has even been found as a domain-swapped
as evident from theit3C*-13C# secondary chemical shifts. dimer 64). Expanding upon this diversity, CaM2/3-M13 is
In free CaM2/3, these residues form a flexible loop between unusual in existing as an equilibrium between a 1:1 het-
EF-2 and -3, whereas in native CaM, they are part of the erodimer and an asymmetric 2:2 heterotetramer. Understand-
interdomain linker. This linker exists as a long helix in ing the exact basis for this unusual asymmetry, which likely
the crystal structure of CaMd@—46), and in solution, it is results from CaM2/3 and M13 adopting two different,
clearly conformationally dynamic4{), thereby facilitating spectroscopically distinct conformations at their binding
the formation of diverse target peptide complex&s (n interfaces, awaits further characterization of related EF-hand
these complexes, the linker residues generally do notdomains with additional target sequences.
assume any regular secondary structure. However, in a recen
X-ray crystallographic analysis of CaM with a peptide hEFERENCES
fragment corresponding to the CaM-binding site of cal- 1. Yamniuk, A. P., and Vogel, H. J. (2004) Caimodulin’s flexibility
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