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The calcium regulatory protein calmodulin (CaM) binds in a
calcium-dependent manner to numerous target proteins. The
calmodulin-binding domain (CaMBD) region of Nicotiana
tabacum MAPK phosphatase has an amino acid sequence that
does not resemble the CaMBD of any other known Ca**-CaM-
binding proteins. Using a unique fusion protein strategy, we
have been able to obtain a high resolution solution structure of
the complex of soybean Ca*>*-CaM4 (SCaM4) and this CaMBD.
Complete isotope labeling of both parts of the complex in the
fusion protein greatly facilitated the structure determination by
NMR. The 12-residue CaMBD region was found to bind
exclusively to the C-lobe of SCaM4. A specific Trp and Leu
side chain are utilized to facilitate strong binding through a
novel “double anchor” motif. Moreover, the orientation of
the helical peptide on the surface of Ca>*-SCaM4 is distinct
from other known complexes. The N-lobe of Ca®>*-SCaM4 in
the complex remains free for additional interactions and
could possibly act as a calcium-dependent adapter protein.
Signaling through the MAPK pathway and increases in intra-
cellular Ca®* are both hallmarks of the plant stress response,
and our data support the notion that coordination of these
responses may occur through the formation of a unique CaM-
MAPK phosphatase multiprotein complex.

Calmodulin (CaM)? is a ubiquitous intracellular Ca*>* sensor
protein that plays an essential role in various Ca®" signaling
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pathways. Contiguous and unique CaM-binding domain
(CaMBD) regions are found widely distributed in many differ-
ent types of CaM target proteins including protein phospha-
tases and kinases, cytoskeletal proteins, ion channels, and
pumps (1, 2). Even though the CaMBD from various proteins
share relatively poor amino acid sequence similarity, the major-
ity of CaMBD become a-helical upon binding to CaM, and they
can be grouped into either the 1-5-10 or the 1-8-14 motif, where
the first and the last number indicate the position of two hydro-
phobic anchor residues that attach the CaMBD to the two bind-
ing pockets of the bilobal Ca*"-CaM. However, several nonca-
nonical classes of CaMBD have also been identified. For
example, in the CaMBD of the MARCKS protein, the two
anchor residues are separated by a single amino acid residue (3).
On the other hand, in the recently determined crystal structure
of Ca?*-CaM complexed with the CaMBD of the skeletal mus-
cle ryanodine receptor RYRI, they are separated by 15 residues
(1-17 motif) (4). Bulky hydrophobic side chains of residues
such as Trp, Leu, Phe, and Ile are most commonly utilized as
anchor residues (see Fig. 1a), and these are usually deeply
inserted into the hydrophobic target-binding pocket of either
the N- or C-lobe of Ca®>"-CaM. However, in several cases,
including the N-methyl-p-aspartate receptors (NMDAR) (5)
and the voltage-gated Ca®>" channels (Cavl-2) (6, 7), a polar
side chain from Thr or Tyr has also been found to act as an
anchor residue. In almost all Ca*>*-CaM complexes studied to
date, the two lobes of Ca**-CaM become collapsed on the hel-
ical CaMBD, and they form a globular complex structure. An
exception was found in the case of the Ca®*-CaM complex with
an incomplete CaMBD from the plasma membrane Ca>" pump
(C20W), where only the C-lobe of Ca®>*-CaM binds to the
CaMBD, and the N-lobe was free in solution (8). The versatility
of CaM target protein binding has been discussed in many
recent reviews (for example, Refs. 2, 9-11).

In plant cells, Ca** signals, arising from various extracellular
stimuli such as abiotic stresses, hormones, or phytopathogens
are mediated by multiple CaM isoforms to create specific cel-
lular responses. In contrast, only a single CaM protein exists in
animal cells. For example, the model plant Arabidopsis thali-
ana has nine CaM genes (CaM1-9) encoding seven different
CaM isoforms (12, 13). Five distinct CaM genes (SCaM1-5)
encoding four different CaM proteins have been identified so
far in the soybean genome (14). Despite the relatively high
amino acid sequence identity among these CaM isoforms (50 —
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90%), each isoform is utilized to regulate different target
enzymes related to specific cellular responses (15, 16). For
example, the expression of two soybean CaM isoforms, SCaM4
and 5 is markedly up-regulated after pathogen infection, and
these two proteins can activate the enzyme nitric-oxide syn-
thase (NOS) (17). Production of nitric oxide is thought to be
one of the early events in the plant defense reactions (18, 19).
On the other hand, SCaM1 is incapable of activation of the NOS
enzyme, and it does in fact act as a competitive inhibitor. Like-
wise, in Nicotiana tabacum (tobacco), the CaM isoforms
NtCaM1 and NtCaM13 are overexpressed in tobacco leaf tissue
in response to wounding and the TMV-triggered hypersensi-
tive reaction, respectively (20). Recently, we have addressed the
question as to how distinct CaM isoforms can give rise to selec-
tivity in their target regulation by determining the solution
structures of the two soybean CaM isoforms, SCaM1 and
SCaM4 (21). However, there are currently no structures avail-
able for plant CaM isoforms in a complex with a target CaMBD
peptide, although many such complex structures have been
determined for animal CaM. Therefore, determining the
structure of plant CaM-target complexes and uncovering
their unique features relative to those of animal CaM or
other plant CaM isoforms will undoubtedly enhance our
understanding of the CaM-target regulation mechanisms in
plants and mammals.
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FIGURE 1. a, amino acid sequences of CaMBD from tobacco NtMKP1 (residues 438-449), Arabidopsis AtMKP1
(residues 451-462), and rice OsMKP1 (residues 456 —467) are compared with various CaMBDs. The sequences
are aligned at the position of the first hydrophobic anchor residue. The hydrophobic anchor residues are
colored in red, while the other hydrophobic residues are shown in green. The basic residues and acidic residues
are colored in cyan and pink, respectively. The residue numbers of the NtMKP1 sequence in SCaM4-NtMKP1/
NtMKP1 protein are also indicated. b, schematic drawing of the two fusion proteins, SCaM4-NtMKP1 and

MAPK cascade is thought to play an
important role in plant defense sig-
naling, and the accumulation of
Ca?" in plant cells is also a well-
known response to pathogens and
other stresses (for recent reviews,
see Refs. 24, 25). The putative
CaMBD reported for NtMKP1 (res-
idues 396-447) is located directly
upstream of the conserved Ser-rich
domain in the middle of the protein.
Mutagenesis studies have revealed
that Trp**° and Leu®*® are indispen-
sable for Ca>*-CaM binding. More
recently, we have tested various
truncated versions of the CaMBD of NtMKP1 and narrowed it
down to 12 residues (residues 438 —449) (Fig. 1a) that are suf-
ficient for Ca®>"-CaM binding (26). Interestingly, the NtMKP1
CaMBD does not belong to any of the typical CaM-binding
motif classes. Binding assays using isothermal titration calo-
rimetry (ITC) as well as NMR titration studies for various
SCaM isoforms, and their half-lobe fragments have revealed a
novel sequential target binding mechanism for the Ca®>"-CaM
isoforms. The first strong binding event involves the C-lobe of
Ca®>*-CaM and the reported binding constant for NtMKP1
peptide was 10’-10% M~ ', On the other hand, the binding of a
second CaMBD of NtMKP1 occurs only through the N-lobe of
Ca?*-CaM, and the binding constant was around 10> M~ * (26).
To date, structural information about the manner in which
Ca?"-CaM binds sequentially to the unusual amino acid
sequence of the CaMBD of NtMKP1 is unavailable. Here, we
have determined the solution NMR structure of the C-lobe
fragment of SCaM4 (SCaMA4CT) fused with the CaMBD of
NtMKP1 (Fig. 1b). We have chosen SCaM4 over other SCaM
isoforms, as the stress-induced SCaM4 would provide a more
important connection between stress MAPK response and
Ca®" signaling. The interaction of the a-helical CaMBD of
NtMKP1 with SCaM4CT domain is stabilized by hydrophobic
interactions mainly through Trp**° and Leu**® in the NtMKP1
sequence. Moreover, the basic residue, Arg*** that is unusual at

NtMKP1-CaMBD
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FIGURE 2. 'H,"*N-HSQC spectrum of Ca%?*-SCaM4CT-NtMKP1 with assignments indicated. The signals originating from the NtMKP1 domain and the

poly-Gly linker region are circled by a solid and a dashed line, respectively.

position 5 (Fig. 1a) stays outside of the hydrophobic patch, and
it seems to form a unique hydrogen bond to Glu®* of the
SCaM4CT domain. The resulting orientation of the a-helical
CaMBD relative to the SCaM4CT domain is therefore very dif-
ferent from those seen in the other previously reported Ca®*-
CaM-target complexes. We have also studied binding of a syn-
thetic CaMBD peptide to intact Ca®>"-SCaM4 fused at the
C-terminal end with the CaMBD of NtMKP1 (Fig. 1) provid-
ing additional information about the role of the N-lobe of Ca** -
SCaM4 in NtMKP1 binding. Furthermore, we have studied the
interactions between the N-lobe of Ca*>*-SCaM4 and a second
potential CaMBD in the C-terminal region of NtMKP1.

EXPERIMENTAL PROCEDURES

Sample Preparation—SCaM4 and the C-lobe fragment of
SCaM4 (SCaMA4CT) (residues 78 —149) were fused with the
CaMBD of NtMKP1 (residues 438-449) using a poly-Gly
linker (see Fig. 1b). These constructs were generated by stand-
ard PCR techniques. A primer that anneals to the 3’-end of the
SCaM4 gene also contained codons for five extra Gly residues
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followed by the gene for the CaMBD of NtMKP1 was used to
generate both constructs. The PCR products were subcloned
into the pE-SUMO vector (LifeSensors, Inc., Malvern, PA)
using Ndel/Xhol sites to generate pE-SUMO-SCaM4-Nt-
MKP1 and pE-SUMO-SCaM4CT-NtMKP1 expression vec-
tors. The SUMO-SCaM4-NtMKP1 and SUMO-SCaM4CT-
NtMKP1 proteins were overexpressed in Echerichia coli, strain
BL21 (DE3). To produce uniformly '*N- and '°N,'*C-labeled
fusion proteins, the bacteria were grown in M9 medium con-
taining 0.5 g/liter ">NH,Cl and 3 g/liter *C,-glucose (or unla-
beled glucose). The fusion proteins were purified using a che-
lating Sepharose fast flow resin (GE Healthcare) charged with
Ni** for immobilized metal affinity chromatography and
cleaved by SUMO proteinase I (LifesSensors, Inc., Malvern,
PA). The purified fusion proteins, SCaM4-NtMKP1 and
SCaM4CT-NtMKP1 contained the cloning artifact “GHM” at
their N terminus. *°N,'*C-labeled SCaM4 was prepared as pre-
viously described (21). Hereafter, the residue numbers for the
NtMKP1 sequence (residues 438 —449) are indicated as the res-
idue numbers found in SCaM4-NtMKP1 and SCaM4CT-Nt-
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FIGURE 3. Structural data for SCaM4CT-NtMKP1. g, CSl data. The chemical shift deviations from random coil
for the backbone Ca and C" atoms are added and plotted as a function of the residue number. The secondary
structures obtained from the calculated structure are also shown. The boxes and arrows indicate the positions

140

tion, the data were fit to a one-site
binding model (MicroCal Origin
software) to obtain the binding
constants.

NMR Measurements—All NMR

150 160

of the five a-helices and two -strands. b, number of upper distance restraints used for the structure calculation

are shown as a function of the residue number. White, gray, dark gray, and black bars indicated the number of
intraresidue, sequential, medium range (2-4), and long range (5+) restraints, respectively. The top of each
column represents the total number of the upper distance restraints, where the length of each color segment
indicates the number of upper distance restraints for each range. ¢, r.m.s.d. values for the backbone and all the

heavy atoms are shown with a solid and dashed line, respectively.

MKP1 (residues 155-166) (Fig. 1). Two synthetic NtMKP1
peptides corresponding to the first CaMBD (residues 438 —449)
(NtMKP1pA: Ac-NGWSRLRRKFSS-NH,) and a second
potential predicted CaMBD (residues: 814 —835) (NtMKP1pB:
Ac-GHVHWEKVGRRFLIQKGLATSS-NH,) were obtained
commercially from Anaspec, Inc. (San Jose, CA) and GenScript,
respectively.

All NMR samples contained ~0.5 mm *°N- or **N,**C-la-
beled SCaM4, SCaM4-NtMKP1 or SCaM4CT-NtMKP1, 5 mMm
CaCl,, 100 mm KCl, 0.03% NaN3, 0.5 mm 2,2-dimethyl-2-silap-
entane-5-sulfonate, and 20 mm Bis-Tris (pH 6.8) in 90%
H,0,10% D,O or 99.9% D,O. In addition, 10 mm *H-labeled
dithiothreitol was also added into all samples except for the
SCaM4CT-NtMKP1 sample to avoid dimerization caused by
intermolecular disulfide bonding through the Cys*® residue.
The sample used for residual dipolar coupling (RDC) measure-

ACEVEN
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experiments for the backbone as-
signments and the structure deter-
mination were performed at 30 °C
on Bruker Avance 500 or 700 MHz
NMR spectrometers equipped with
triple resonance inverse Cryoprobes with a single axis z-gradi-
ent. Sequential assignments of HN, N, CO, C,, and Cg reso-
nances of SCaM4-NtMKP1, SCaM4CT-NtMKP1, and SCaM4-
NtMKP1-NtMKP1p were achieved using two dimensional 'H,
>N-HSQC and three-dimensional experiments including
CBCANH, CBCA(CO)NH, HNCO, and HN(CO)CA. The side
chain resonance assignments for SCaM4CT-NtMKP1 were
achieved as follows. Aliphatic side chain assignments were
obtained through various three-dimensional experiments
including C(CCO)NH-TOCSY, H(CCO)NH-TOCSY, and
HBHA(CBCACO)NH. The aromatic side chains were assigned
using two-dimensional (HB)CB(CGCD)HD and two-dimen-
sional (HB)CB(CGCDCE)HE experiments (28). In addition,
unambiguous assignments of the methyl groups of the Met side
chains were derived from three-dimensional HMBC and three-
dimensional LRCH experiments by recording the long-range
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90°

FIGURE 4. g, backbones of 30 structures of SCaM4CT-NtMKP1 are superimposed for the well-folded region
(residue 80-163). The SCaM4CT and NtMKP1 domain are shown in navy and yellow, respectively, while the
poly-Gly linker region is shown in gray. b, ribbon representations of the structure with the lowest energy. The

hydrophobic side chains of Trp'>?, Leu'®, and Phe'®* are displayed.

correlations between the H_/C_ and H,/C,, atoms (29). All
NOESY experiments for the structure determination of
SCaM4CT-NtMKP1 including the three-dimensional '°N-
NOESY-HSQC, three-dimensional “*C-NOESY-HSQC, and
three-dimensional **C-NOESY-HSQC (aromatic) were meas-
ured with a mixing time of 100 ms. Met-edited spectra were
obtained for the uniformly '°N,"*C-labeled proteins using the
'H,'3C-constant-time (ct)-HSQC with a J evolution time of 15
ms. Backbone H-N RDC measurements were performed using
the in-phase/anti-phase 'H,"”N-HSQC experiment (30). All
NMR experiments for the backbone dynamics studies for *°N-
labeled SCaM4-NtMKP1 and SCaM4CT-NtMKP1 were col-
lected at 30 °C at a *°N frequency of 50.68 MHz. The *N T,
data were acquired using *°N relaxation delays of 14, 98, 350,
490, 700, 896, and 1190 ms. The *°N T, relaxation data were
obtained using a Carr-Purcell-Meiboom-Gill (CPMG)-type T,
experiments, where the field strength of the 180° pulse was 5.6
kHz, and the 180° pulses were applied every 1 ms. For the '°N
T, measurement, relaxation delays of 6.54, 13.08, 32.70, 52.32,
71.94, 91.56, 111.18, and 137.34 ms were used. Both T, and T,
experiments were collected twice to estimate the uncertainty in
the peak intensity (see below). {'H}-'°N heteronuclear NOE
data were obtained using a 5-s train of 120° proton pulses. The
chemical shift difference in HSQC spectrum was calculated as
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the weighted average chemical shift
difference of the 'H and '°N reso-
nances (31). All spectra were pro-
cessed using the program NMRPipe
(32) and analyzed using the NMR-
View software (33).

Structure Calculation—The struc-
tures of SCaM4CT-NtMKP1 were
initially calculated with CYANA
(34) version 2.0 using distance
restraints obtained from the auto-
matic NOE assignment protocol
implemented in CYANA, hydrogen
bond restraints based on the sec-
ondary structure from the chemical
shift index (CSI), and dihedral angle
restraints predicted by TALOS (35).
A total of 12 Ca®*-ligand restraints
were also introduced according to
the well-known Ca*>* coordination
motifs for EF-hand proteins (36).
Further structural refinement with
the addition of backbone H-N RDC
restraints were undertaken by
XPLOR-NIH (37) version 2.19. Ini-
tial estimation for the axial compo-
nent of the molecular alignment
tensor (Da) and the rhombicity (R)
were obtained based on the lowest
energy structure calculated by
CYANA using PALES (38). Finally,
the 30 lowest energy structures
from a total of 200 were selected and
used for the analysis. The structures
were validated by the program PROCHECK (39). All molecular
graphics used in this report are created using MOLMOL (40).

Rotational Diffusion Analysis—The N T, and T, data were
fitted with the program CurveFit (A. G. Palmer, Columbia Univer-
sity). The standard deviation of the peak intensity between two
duplicated spectra was calculated for each signal at each time
point. Those values are averaged over all the signals and used as the
uncertainty of the peak intensity. The {'H}-'°N heteronuclear
NOE values were determined by measuring the ratio of the peak
heights in spectra acquired with and without 'H saturation. The
uncertainty for NOE values was evaluated using the standard devi-
ation of the noise in empty spectral regions of the spectra (41).
Residues that show low NOE values (below 0.65) were excluded
from further analysis, because these residues have a slow internal
motion which contributes to their 7 relaxation. For the remaining
residues, those which are involved in a chemical exchange process
that affects their T, relaxation time were detected by the following
criterion (42) in Equation 1,

(T - T
(T

<T2> - T2,i _
(Ty)

<15 % SD. (Eq. 1)

where S.D. is the standard deviation of the values for the left
side for all residues. The residues that did not satisfy the ine-
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quality were eliminated. For the remainder, the rotational cor-
relation time for the global tumbling (7,,,) for each residue was
estimated from the R,/R, ratio using program R2R1_tm (A. G.
Palmer, Columbia University). The 7, values for the N-lobe
(residues 1-77) and the C-lobe (78 —149/166) were globally fit
using the structures of the N-lobe of SCaM4 (PDB code: 2ROA;
Ref. 21) and SCaM4CT-NtMKP1 (determined in this report),
respectively, to the three different diffusion models including
isotropic, axially symmetric, and anisotropic diffusion model
with the program quadric_diffusion (A. G. Palmer, Columbia
University).

RESULTS

Structure Determination of SCaM4CT-NtMKP1—All back-
bone amide resonances of Ca®>"-bound SCaM4CT-NtMKP1
except for the three N-terminal residues (75-77) correspond-
ing to the cloning artifact were unambiguously assigned in the
HSQC spectrum (Fig. 2). The amide signals from the NtMKP1
domain are fairly well separated and show similar intensities to
those from the SCaM4CT domain, suggesting that the
NtMKP1 domain is well-folded and bound to the SCaM4CT
domain. The CSI analysis using Ca and C’ atoms reveal that the
bound NtMKP1 domain adopts a helical conformation (Fig.
3a). On the other hand, the SCaM4CT domain maintains the
same secondary elements with those of SCaM4 (21). The side
chain assignments could be obtained for 97.7% of the total 'H
resonances. The initial structures were calculated using torsion
angle dynamics and the automated NOE assignment protocol
of CYANA. Initially, 2249 NOE cross-peaks were manually
identified in the three-dimensional '*N- and "*C-NOESY-
HSQC spectra. 2198 NOE cross-peaks were automatically
assigned by CYANA, and this generated 1383 upper distance
restraints. The distribution of the distance restraints over the
residues is displayed in Fig. 3b. The backbone r.m.s.d. for the
well-folded region (residues 80 —163) of the calculated 25 struc-
tures with the lowest CYANA target function value was 0.45 *
0.06 A. The average r.m.s.d. from all distance restraints and the
dihedral angle restraints violations were 0.0049 *+ 0.0008 A and
0.11 = 0.04°, respectively. To determine accurate helix orien-
tations, backbone H-N RDC restraints were employed in fur-
ther refinements of the structure with the program XPLOR-
NIH. The RDC values were successfully measured for all the
residues which include 12 residues from the fused NtMKP1
domain and ranged between —26.1 and 27.8 Hz with a digital
resolution of 1.65 Hz. The backbone r.m.s.d for the well-folded
region (residues 80-163) of the calculated 30 structures with
the lowest energy was 0.51 + 0.08 A, whereas the average back-
bone r.m.s.d value of the poly-Gly linker region (residues 150 —
154) connecting the SCaM4CT and NtMKP1 domains was
1.20 * 0.42 A (Fig. 3¢). A total of 94.1% of the residues were
found in the favored region of the PROCHECK Ramachandran
plot and the remaining residues were all found in the addition-
ally allowed regions. All the structural parameters from the
final stage of the structure calculation are summarized in sup-
plemental Table S1. SCaM4CT-NtMKP1 consists of four
a-helices and one small B-sheet in the SCaM4CT domain that
form a pair of EF-hand motifs and a single short a-helix in
NtMKP1 domain (Figs. 32 and 4). As expected, the a-helical
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FIGURE 5. g, local interactions between SCaM4CT residues and the anchor resi-
dues of the NtMKP1 domain, Trp'>” and Leu'®. The side chains of the SCaM4CT
and NtMKP1 domains are colored in purple and green, respectively. b, schematic
showing observed NOEs between SCaM4CT and NtMKP1 domain.

NtMKP1 domain interacts with the hydrophobic target-bind-
ing patch of the SCaM4CT domain, where the main hydropho-
bic interactions occur through the side chains of Trp'®*” and
Leu'®’; the side chains of these two residues are deeply inserted
into the hydrophobic pocket of SCaM4CT (Figs. 4 and 54). A
number of interdomain NOE were observed between these side
chains and the hydrophobic side chains of the SCaM4CT
domain (Fig. 50). Another hydrophobic residue in the NtMKP1
domain, Phe'®* is located at the border of the hydrophobic tar-
get-binding patch of SCaM4CT and also contributes to the
interaction (Figs. 46 and 5b).

Spectral Comparisons of SCaM4CT-NtMKPI1 with SCaM4-
NtMKP1 and SCaM4-NtMKPI-NtMKPIp—The backbone
assignments of Ca®>"-bound SCaM4-NtMKP1 was achieved
using the same procedure as used for SCaM4CT-NtMKP1. 98%
of the backbone amide signals except for Pro** in the HSQC
spectrum were assigned, while several residues on the N-termi-
nal part of the first helix (residues 9—-11) were not identified in
the spectrum probably due to significant resonance broaden-
ing. The HSQC spectra of SCaM4CT-NtMKP1 and SCaM4-
NtMKP1 are overlaid in Fig. 6a. The chemical shift differences
are then plotted as a function of the residue number in Fig. 6b.
Except for several residues in the N-terminal region of
SCaM4CT-NtMKP1, there are no significant chemical shift
changes, which indicate that SCaM4CT-NtMKP1 maintains
the same structure as that found in the intact fusion protein
SCaM4-NtMKP1. Further evidence in support of this con-
clusion is that all five methyl signals of the Met residues
in SCaM4CT-NtMKP1 can be perfectly overlaid with those
from SCaM4-NtMKP1 (Fig. 6¢). We have also confirmed that
the covalent SCaM4CT-NtMKP1 construct forms the same

JOURNAL OF BIOLOGICAL CHEMISTRY 28297


http://www.jbc.org/cgi/content/full/M109.025080/DC1
http://www.jbc.org/cgi/content/full/M109.025080/DC1

Solution Structure of SCaM4 Fused with Tobacco MKP1 Peptide

a 105 } G17 ©
G151 G150
G113 G132
& G152 o e ° - é o
110 b G154 @
G156 .0
G25 ® s158
G8_. o0 o e
[
o G134 T117 T44
G61 ®
115
D66 @
£
Q.
o
Z
3 V29
- 120 6 cs
@
A102 D118
® 163¢
°
Fes 2@ 007
1100 v?se © o
® 127 L116 K94
o ®
L130
®
130 } o N137
W157He1 A57
E ]
10.8 9.8 8.8 7.8 6.8 5.8
H ppm
b 0.5
3
o
o
<
0.0
80 100 140 160
Residue number
15.1 e 6’
16.4 M109 bz M109 M124
= M146 Jut4e
(o}
O X X
T 171 l v e
M145 o
M145 6
18.1 Wi M144
2.1 1.7 1.3 0.9 0.5 2.1 1.7 13 0.9 0.5
"H ppm "H ppm
YAEHMB\  VOLUME 284-NUMBER 41+OCTOBER 9, 2009

28298 JOURNAL OF BIOLOGICAL CHEMISTRY



Solution Structure of SCaM4 Fused with Tobacco MKP1 Peptide

L160/L3623

R161/L3624

FIGURE 7. Structural comparison of SCaM4CT-NtMKP1 with the CaM complexes with the CaMBD from RYR1 (a) and smMLCK (b). Only the C-lobes of CaM
(residues 78 -149) and the bound CaMBDs are displayed. In both panels, SCaM4CT-NtMKP1 is shown in navy and the other complexes are shown in yellow. The
side chains of the two anchor residues of SCaM4CT-NtMKP1, Trp'>” and Leu'®, and Arg'®" that forms a hydrogen bond to Glu®* are shown. The residues at

positions 1,4, and 5 (see Fig. 1) are shown in green, red, and cyan, respectively, in all the complexes, while Glu®* is colored magenta.

complex structure as the noncovalent SCaM4/NtMKP1p com-
plex. Fig. 6d shows a superposition of the ct-HSQC spectra of
the SCaM4CT-NtMKP1 fusion and the noncovalent SCaM4/
NtMKP1p complex. All the methyl signals from the five Met
residues, with the exception of Met'#, are in the same positions
in both spectra.

Structural Comparison of SCaM4CT-NtMKPI with Other
Ca’**-CaM-Target Complexes—Fig. 7 shows a superimposi-
tion of the ribbon representations of structures of
SCaM4CT-NtMKP1 and the crystal structures of Ca®*-
bound CaM complexed with the CaMBD from RYR1 (PDB
code: 2BCX, Ref. 4) and smooth muscle myosin light chain
kinase (smMKCK) (PDB code: 1CDL, Ref. 43). Only the
C-lobes of CaM (residues 78-148) and their respective
CaMBD are displayed. The structures of the C-lobe of CaM
and SCaM4CT domain are very similar, where the backbone
r.m.s.d. values for the RYR1 and smMLCK complexes for the
well-folded regions (residues 85—145) are 0.91 and 0.96 A,
respectively. The conserved Trp residues in the N-terminal
regions of these CaMBD form very similar hydrophobic con-
tacts in the hydrophobic pocket of CaM and the SCaM4CT
domain. The orientation of the a-helical-NtMKP1 domain
relative to the SCaM4CT domain is, however, distinct from
those seen in the CaM complexes. The calculated differences
inangles are 32.5° and 30.0° compared with the RYR1 and the
smMLCK complex, respectively. The results of this analysis
using several other available crystal structures for Ca®*-
CaM-CaMBD complexes are summarized in supplemental
Table S2.

Rotational Diffusion Analysis of SCaM4CT-NtMKPI and
SCaM4-NtMKPI1—"°N relaxation data were available for 95.5%
of all the residues in SCaM4CT-NtMKP1, whereas only 87.9%
of total residues could be analyzed for SCaM4-NtMKP1 due to
overlapping resonances (Fig. 8). After filtration of the relax-
ation data (see “Experimental Procedures”), 74.2 and 55.8% of
the total residues remained for analyzing the rotational diffu-
sion properties of SCaM4CT-NtMKP1 and SCaM4-NtMKP1,
respectively. The 7, values that were estimated from the R,/R;
ratio ranged between 5.3 and 6.5 ns for SCaM4CT-NtMKP1,
while they varied between 7.8 and 10.1 ns for SCaM4-NtMKP1
(Fig. 8). The resulting averaged errors for the 7, values used for
the diffusion analysis were 0.9 and 0.7% for SCaM4CT-Nt-
MKP1 and SCaM4-NtMKP1, respectively. After fitting the 7,
data to three different diffusion models, it was found that the
axially symmetric model, which describes the rotation of an
ellipsoid-shaped molecule, provided a significant improvement
over the isotropic model, which describes the rotation of a glob-
ular spherical molecule. This was observed for both the N- and
C-lobes of SCaM4-NtMKP1, and SCaM4CT-NtMKP1. On the
other hand, the anisotropic diffusion model, which describes an
asymmetrically shaped molecule showed only a small improve-
ment over the axially symmetric model. For example, the F-test
value was 8.63 (p = 1.3 X 10~°) and 0.31 (p = 0.93) for the
axially symmetric and the anisotropic model for SCaM4CT-
NtMKP1 (residues 78 —166), respectively. These results indi-
cate that the axially symmetric model best describes the rota-
tional dynamics in solution of all three structures analyzed. The

FIGURE 6. a, superposed "H,"°N-HSQC spectra of SCaM4CT-NtMKP1 (red) and SCaM4-NtMKP1 (black). The assignments for the well separated signals are
indicated. Chemical shift differences for "H and >N atoms are then plotted as the function of residue number (b). ¢, superposed ct-HSQC spectra of SCaM4CT-
NtMKP1 (red) and SCaM4-NtMKP1 (black). d, superposed ct-HSQC spectra of SCaM4CT-NtMKP1 (red) and SCaM4 complexed with a NtMKP1p (black). In panels
cand d, the signal assigned as X originates from the Met residue in the cloning artifact. In panel d, the peak volume of the black signal marked with an asterisk
is almost double that of the other signals, suggesting that two signals are overlapping.
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FIGURE 8. "N relaxation data for SCaM4CT-NtMKP1 (open circle) and SCaM4-NtMKP1 (filled circle). The
correlation time of global tumbling (7,,) is calculated from the R,/R, ratio. The positions of the secondary
elements of SCaM4CT-NtMKP1 structure are shown in the same definition with Fig. 3.

parameters obtained from this analysis are summarized in sup-
plemental Table S3.

Titration of SCaM4-NtMKP1 with NtMKPIpA and
NtMKP1pB Synthetic Peptides—The binding of synthetic
NtMKP1 peptides to the N-lobe of SCaM4-NtMKP1 was mon-
itored by ITC experiments (Fig. 9). Both peptides exhibited a
similar exothermic interaction with SCaM4-NtMKP1. The
binding constants are (2.9 * 0.3) X10* M~ ! and (4.6 * 0.3)
x10* M~ ! for NtMKP1pA and NtMKP1pB, respectively. To
obtain more detailed information, chemical shift changes in the
HSQC spectra of SCaM4-NtMKP1 that are caused by the addi-
tion of NtMKP1pA or NtMKP1pB were monitored (Fig. 10a).
In both titrations, the signals shift in a typical fast exchange
manner (on the NMR time scale), which represents relatively
weak binding of the two NtMKP1 peptides to SCaM4-Nt-
MKP1, which is consistent with the binding constants derived
from ITC experiments. The chemical shift changes were essen-
tially completed when 1.2 mol of NtMKP1 peptides per mol of
SCaM4-NtMKP1 was added, suggesting a 1:1 binding stoichi-
ometry in both cases. The CSP values are plotted as a function
of the residue number in Fig. 10b. The results for the two
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encompassing CaMBD regions of
various target proteins have relied
on isotope-labeled biosynthetically
expressed proteins and chemically
synthesized non-labeled peptides.
However, in our initial attempts to
determine a high-resolution solution structure for Ca®*-
SCaM4 in complex with the synthetic NtMKP1p peptide, we
encountered significant difficulties following the same strategy
because of the presence of several broad signals, as well as
the absence of signals for some protein residues; moreover, the
presence of NMR signals arising from a minor bound peptide
conformation complicated matters further.* To overcome
these problems, in this work, we have adopted a novel fusion
approach to determine the solution structure of the Ca>"-
SCaM4-NtMKP1pA complex. Because our previous results
had clearly shown that the first equivalent of the NtMKP1pA
binds only to the C-lobe of SCaM4 (26), we decided to fuse the
NtMKP1pA sequence to the C-terminal end of the C-lobe frag-
ment of SCaM4 using a 5-residue poly-Gly linker (Fig. 1b).
From spectral comparisons between SCaM4CT-NtMKP1 and
SCaM4-NtMKP1, it seems that the shorter SCaM4CT-Nt-
MKP1 fusion retains the same structure as that seen in the
full-length SCaM4-NtMKP1 construct (Fig. 6, a—c). Also the

G H NtMKP1

3 M. Rainaldi and H. J. Vogel, unpublished results.
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labeled during protein expression
which allowed us to perform unam-
biguous chemical shift assignments
for the NtMKP1 region (Fig. 2).
These were then used for subse-

quent CSI analysis (Fig. 3) as well
as the TALOS dihedral angle pre-
dictions and backbone RDC and
dynamics studies (Fig. 8), all of
which cannot be done for non-la-
beled peptides. In the SCaM4CT-
NtMKP1 fusion protein, no signals
4 were observed for minor complex
conformations probably because
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FIGURE 9. ITC experiments with SCaM4-NtMKP1 and NtMKP1 peptides. The top panels show the base
line-corrected raw calorimetric traces of SCaM4-NtMKP1 with NtMKP1pA (a) and NtMKP1pB (b). The bottom
panels are the derived binding isotherms for the SCaM4-NtMKP1 binding to NtMKP1pA (a) and NtMKP1pB (b).
All experiments were performed at 30 °C, 100 mm KCl, 2 mm CaCl,, 20 mm HEPES (pH 7.5).

assignments obtained for the N-lobe of the full-length SCaM4-
NtMKP1 protein are identical to those for the unliganded pro-
tein (see Ref. 21) except for the N-terminal part (see below),
suggesting that the N-lobe is not influenced by the binding of
the NtMKP1 region.

To test whether the N-lobe of SCaM4 is completely independ-
ent from the C-lobe of SCaM4 bound to the NtMKP1 domain as
was suggested previously for Ca®>*-CaM bound to the C20W pep-
tide (8), we have undertaken a rotational diffusion analysis for
the two lobes of SCaM4-NtMKP1. The 7, values obtained were
8.73 = 0.01 and 8.98 * 0.01 ns for the N-lobe and the C-lobe
bound to the NtMKP1 domain, respectively (supplemental Table
S3). The difference in the 7,,, values between the two lobes is small
but decidedly larger than the errors, which indicates that the two
lobes are indeed moving independently in solution. However, the
T, value for the N-lobe is much larger than the previously reported
7., value for the N-lobe of Ca>*-CaM (7.12 ns) (44). In addition,
the signals for several residues from the N-terminal part of the
N-lobe (residues 9 —11) were not identified in the HSQC spectrum
of SCaM4-NtMKP1, probably because of significant broadening
due to chemical exchange. Therefore, we conclude that there is a
weak interaction between the two lobes that affects neither the
global structure of the C-lobe bound to the NtMKP1 domain nor
the secondary interaction with the NtMKP1pA peptide. This
interaction is likely caused by the negatively charged N-terminal
portion of the N-lobe and the exposed basic surface area of the
NtMKP1 domain. On the other hand, the 7, value obtained for the
shorter SCaM4CT-NtMKP1 construct is 6.02 ns and the D)/D
ratiois 1.13, suggesting a more isotropic rotation than observed for
the full-length SCaM4-NtMKP1 fusion in solution (supplemental
Table S3).
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the interaction of the NtMKP1
domain was restricted to that of the
major conformer by the insertion of
the poly-Gly linker. In addition,
there were no broad signals and all
the amide signals from the
SCaM4CT domain were clearly
seen in the HSQC spectrum of SCaM4CT-NtMKP1 (Fig. 3). In
the course of our work we also noted that these fusion proteins
seem to prevent aggregation, and that they provided more sta-
ble NMR samples than the regular noncovalent Ca>"-CaM
CaMBD-peptide complexes. Previously, Jia and coworkers (45)
have determined a crystal structure for Ca*>*-CaM fused with
the CaMBD of calcineurin via a poly-Gly linker and they uncov-
ered a unique complex, in which CaM forms a “head to tail”
dimer through the two bound CaMBDs. More recently, the
same group has demonstrated that the crystal structures of
their CaM fusion protein and that of the complex with a non-
covalently bound CaMBD peptide were essentially identical
(Ca r.m.s.d.: 0.96 A) (46). Indeed, many CaM-CaMBD peptide
complexes can be relatively easily designed as a fusion protein
because the orientation of the CaMBD peptide relative to CaM
is antiparallel in the majority of the complexes (11), where the
C-terminal end of CaM and the N-terminal region of the
CaMBD peptide are in close proximity. To confirm that our
covalent SCaM4CT-NtMKP1 fusion adopted the same struc-
ture to that found in the noncovalent SCaM4/NtMKP1pA
complex, we compared the positions of the methyl signals of
the Met residues from SCaM4CT-NtMKP1 with those from
the SCaM4/NtMKP1pA complex (Fig. 6d). Because all the side
chains of the Met residues in CaM (except for Met”® in the
central linker) form direct hydrophobic contacts with the
CaMBDs in most Ca”>*-CaM-target complexes, the methyl sig-
nals of the Met residue have been utilized extensively as a sen-
sitive probe to monitor Ca®>*-CaM-target interactions (26, 27,
47, 48). For essentially all the methyl signals of SCaM4CT-Nt-
MKP1, the corresponding signals are found in almost the same
positions in the spectrum of the noncovalent SCaM4/

Molar Ratio
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FIGURE 10.CSPs caused by the addition of NtMKP1pA (left) or NtMKP1pB (right) monitored by "H,">N-HSQC spectrum of SCaM4-NtMKP1. g, spectra of
SCaM4-NtMKP1 acquired with 0.0 (black), 0.4 (red), 0.8 (green), and 1.2 (purple) molar equivalents of NtMKP1 peptides are overlaid. The separated signals with
clear CSP are labeled. b, The CSP values are plotted as the function of residue number. ¢, the residues with CSP larger than 0.2 (red), 0.12 (orange), and 0.07
(green) are highlighted on the structure. The N- and C-lobe structures used are 2ROA and SCaM4CT-NtMKP1, respectively.

NtMKP1pA complex (Fig. 6d). The slight differences observed
for the Met'*® resonance are probably due to small changes that
are induced in its magnetic environment by the attachment of
the proximal poly-Gly linker. Indeed, the methyl signal of
Met'?* shows unique high-field shifts in both **C and *H reso-
nances due to the ring current shift induced by Trp**” (Fig. 5a),
and a very similar signal is observed in the spectrum of the
noncovalent SCaM4/NtMKP1pA complex. Consequently, we
can conclude that the solution structure of the covalent
SCaM4CT-NtMKP1 construct is essentially the same as that of
the noncovalent SCaM4-NtMKP1pA complex.

In the solution structure of SCaM4CT-NtMKP1, the
NtMKP1 domain forms an amphipathic a-helical structure and
it interacts with the hydrophobic patch of SCaM4CT (Fig. 4).
The NtMKP1 domain is “doubly anchored” to the SCaM4CT
domain by the hydrophobic side-chains of Trp'*” and Leu'®°.
This observation is in good agreement with the previous
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mutagenesis results, which revealed that these two residues are
an absolute requirement for binding (23). From the relatively
large r.m.s.d. values (Fig. 3c) and the lower NOE value (average:
0.65 = 0.05) (Fig. 8), the poly-Gly linker seems to act as a flexible
joint between the SCaM4CT and the NtMKP1 domain as we
had predicted when designing the fusion construct. When we
compare the SCaM4CT-NtMKP1 structure to the crystal
structures of the Ca®>"-CaM complexed with the CaMBD of
RYR1 and smMLCK, the backbone structure of the SCaM4CT
domain is very similar to the C-lobes of CaM in the other com-
plexes (r.m.s.d.: less than 1 A (supplemental Table S2 and Fig.
7)). Particularly, the RYR1 CaMBD also possesses a Leu residue
at the same position as the Leu'®® in SCaM4CT-NtMKP1 and it
contributes similar hydrophobic interactions with Ca®>*-CaM.
However, a significant difference is found in the orientation of
the a-helical CaMBD relative to the CaM protein (Fig. 7). The
differences in the helix angles were 32.6° and 33.2° for the
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FIGURE 11. Models for possible complex formation induced by the Ca>*-CaM-NtMKP1 interactions. The
data obtained in this work revealed that the interactions of the N-lobe of the SCaM4-NtMKP1 fusion protein
with CaMBD1 and CaMBD2 are relatively weak suggesting that the model depicted in panel d, where Ca**-CaM

actas a Ca®"-dependent adaptor protein, appears likely.

Ca?*-CaM complexes compared with CaMBD of RYR1 and
smMLCK, respectively. Similar differences were also found
when making comparisons to other crystal structures where the
differences in the angles ranged from 25° to 33° (supplemental
Table S2). The unique orientation of the bound peptide seen in
SCaMACT-NtMKP1 is likely caused by the Arg'®' residue of
the NtMKP1 domain. Frequently, this position of CaMBD (5™
position) is occupied by an apolar residue so that this part of the
CaMBD can come in close contact with the hydrophobic patch
of CaM (Fig. 1a). In particular, they are Leu®**** and Gly*** in
the CaMBD of RYR1 and smMLCK, respectively (Fig. 7). In the
case of SCaM4CT-NtMKP1, the basic side-chain of Arg'®" is
located outside of the hydrophobic patch of the SCaM4CT
domain. Although no direct evidence for ion pair formation
can be obtained through NMR analysis, the positions of the
Arg'°" and Glu®* residues of the SCaM4CT domain are such
that their side chains likely form a hydrogen bond to stabilize
the interaction. As a result, the hydrophobic interaction
between Phe'®* that is positioned at the C-terminal part of
the NtMKP1 domain and the SCaM4CT domain remains
somewhat superficial, as its sidechain does not penetrate
deeply into the protein. Consistent with this notion, only a
few intense NOE cross-peaks were detected between the
aromatic side-chain of Phe'®* and the hydrophobic side
chains of the SCaM4CT lobe (Figs. 3b and 5b).

In this work, we also investigated the binding of a second
NtMKP1pA peptide to Ca*>*-SCaM4 by taking advantage of the
intact fusion protein, SCaM4-NtMKP1. This fusion protein is
beneficial for such a study because the first NtMKP1pA binding
site in SCaM4 is always occupied by the fused NtMKP1 domain
so that we can detect the chemical shift changes that are exclu-
sively caused by the binding of the second NtMKP1pA peptide.
By mapping the residues with a large CSP value on to the Ca**-
SCaM4 structure, it becomes apparent that the main interac-
tions occur only through the hydrophobic target-binding patch
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of the N-lobe of SCaM4 (Fig. 10,
b and c). This result agrees with the
binding constant derived by ITC
that is very similar to the previously
reported binding constant of
NtMKP1pA with the N-lobe frag-
ment of SCaM isoforms (26). On the
other hand, a few relatively small
CSPs were observed for the C-lobe
of SCaM4. This provides further
evidence that there is a weak inter-
action between the N-lobe of Ca**-
SCaM4 and its NtMKP1-bound
C-lobe in solution as we have dis-
cussed above.

Recently, Chun and co-workers
(49) have reported that MKP1 from
A. thaliana (AtMKP1) contained
two distinct CaMBDs. The first
CaMBD was found in the identical
region as NtMKP1pA, while the
second CaMBD was located rather
close to the C terminus of AtMKP1.
Upon inspection of the amino acid sequence of NtMKP1, this
particular region is absent in the tobacco protein. However,
CaMBD predictions (50), have shown that another potential
CaMBD may exist at the C-terminal region of NtMKP1 (resi-
dues: 814 —835), which is absent in AtMKP1. We reasoned that
the N-lobe of SCaM4-NtMKP1 might bind to this second
CaMBD, and therefore we studied binding of the peptide,
NtMKP1pB. Although, the binding constant to SCaM4 derived
from ITC was slightly higher than that of NtMKP1pA, the CSP
data clearly show that the binding occurs only to the hydropho-
bic patch of the N-lobe of SCaM4 which is very similar to the
NtMKP1pA binding (Fig. 10). Be that as it may, our data clearly
show that binding of the NtMKP1pA and NtMKP1pB peptides
is rather weak and could easily be displaced by another more
strongly binding CaMBD peptide.

Taken together, we have been able to characterize the Ca?*-
SCaM4-NtMKP1 complex structure and the backbone '°N
dynamics. To the best of our knowledge, this is the first report
of an NMR structure for a CaM isoform fused with a CaMBD.
This approach allowed us to circumvent the difficulties in the
expression and the purification of the isotopically labeled small
CaMBD peptide. Because of proximity effects a well-defined
complex was formed, which allowed us to successfully collect
precise structural data for the CaMBD of NtMKP1 in the com-
plex. The structure of SCaM4CT-NtMKP1 appears to create a
distinct complex, which is different from any known Ca>"-
CaM-target complexes because of the novelty of the amino acid
sequence of this CaMBD. Under physiological conditions, it
seems that only the C-lobe of SCaM4 binds to the NtMKP1pA
region of NtMKP1 using both Trp'®” and Leu"®° as hydropho-
bic anchor residues. This “double anchoring” is probably the
main reason that only the C-lobe of CaM is sufficient to provide
high affinity binding for the NtMKP1pA. It has recently been
demonstrated that NtMKP1 can be activated by its substrate
SIPK but not by Ca®>*-CaM; as such, the role of the Ca*>*-CaM

Other target
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binding to NtMKP1 is less obvious (51). It is possible that it
might involve a substrate-specific regulation by Ca**-CaM
similar to another plant phosphatase, DsPTP1 (52). On the
other hand, the role of Ca*>*-CaM binding is not always limited
to enzyme activation. For example, it is known that Ca>"-CaM
can induce dimerization of the plant enzyme glutamate decar-
boxylase (53, 54). This dimerization process seems to be essen-
tial in plant development (55). Ca®>"-CaM can also induce a
dimer of NtMKP1 by binding to the NtMKP1pA region of
another NtMKP1 through the N-lobe as has been discussed
previously (Fig. 11a and Ref. 26). In addition, our data suggest
that dimerization could also occur through the NtMKP1pB
region as shown in Fig. 115, if the region is exposed on the
surface of the protein and accessible for the N-lobe of Ca**-
CaM. Recently, it has been shown that the two lobes of Ca**-
CaM bind separately to discreet regions of the enzyme EKBP38
(56). By extension, it is also possible that the N- and C-lobe of
Ca’*-CaM interact with the NtMKP1pB and NtMKP1pA
region of a single NtMKP1 protein, respectively (Fig. 11c).

Unlike NtMKP1 and rice MKP1, AtMKP1 has been shown to
be activated by Ca*>"-CaM and the second CaMDB seems to
play a pivotal role in this regulation (49). Hence, the lack of
NtMKP1 activation by Ca®>*-CaM might be caused by a distinct
region for the N-lobe binding. Because both of the CaMBD in
NtMKP1 give rise to a rather weak interaction with the N-lobe
of Ca®"-SCaM4, they would be easily replaced by another tar-
get protein with a higher affinity. In this fashion, Ca*"-CaM
might act as an “adaptor protein” to assemble a multiprotein
complex in a Ca®>*-dependent manner as we discussed previ-
ously (Fig. 11d and Ref. 57). Finally, Ca®>" -CaM might modulate
the translocation and the localization of NtMKP1 to a specific
region in the cell during Ca®" signaling. For example, Ca**-
CaM has been shown to stimulate the nuclear localization of
many proteins (58). In a recent report concerning the Ca**-
CaM-dependent nuclear entrance of the transcription factor
Nhp6Ap it has been found that an unknown third protein is
recruited through Ca?"-CaM binding and that a ternary com-
plex is formed to facilitate transport across the nuclear pore
(59). Consequently, the identification of proteins that can
strongly and selectively interact with the N-lobe of Ca®>*-CaM
will be key to understanding the links between the MAPK cas-
cade and the Ca®" signaling pathways in plants.
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