J Biomol NMR (2011) 50:71-81
DOI 10.1007/s10858-011-9495-3

ARTICLE

Fast methionine-based solution structure determination

of calcium-calmodulin complexes

Jessica L. Gifford - Hiroaki Ishida -
Hans J. Vogel

Received: 23 December 2010/ Accepted: 16 February 2011/ Published online: 1 March 2011

© Springer Science+Business Media B.V. 2011

Abstract Here we present a novel NMR method for the
structure determination of calcium-calmodulin (Ca>"-CaM)-
peptide complexes from a limited set of experimental
restraints. A comparison of solved CaM-peptide structures
reveals invariability in CaM’s backbone conformation and a
structural plasticity in CaM’s domain orientation enabled by a
flexible linker. Knowing this, the collection and analysis of an
extensive set of NOESY spectra is redundant. Although RDCs
can define CaM domain orientation in the complex, they lack
the translational information required to position the domains
on the bound peptide and highlight the necessity of intermo-
lecular NOEs. Here we employ a specific isotope labeling
strategy in which the role of methionine in CaM-peptide
interactions is exploited to collect these critical NOEs. By 'H,
3C-labeling the methyl groups of deuterated methionine
against a “H, '*C background, we can acquire a '*C-edited
NOESY characterized by simplified, easily analyzable spec-
tra. Together with measured CaM backbone Hy-N RDCs and
intrapeptide NOE-based distances, these intermolecular
NOE:s provide restraints for a low temperature torsion-angle
dynamics and simulated annealing protocol used to calculate
the complex structure. We have applied our method to a CaM
complex previously solved through X-ray crystallography:
Ca*"-CaM bound to the CaM kinase I peptide (PDB code:
IMXE). The resulting structure has a backbone RMSD of
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1.6 A to that previously published. We have also used this test
complex to investigate the importance of homologous model
selection on the calculated outcome. In addition to having
application for fast complex structure determination, this
method can be used to determine the structures of difficult
complexes characterized by chemical shift overlap and broad
signals for which the traditional method based on the use of
fully '*C, '*N-labeled CaM fails.
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Introduction

In eukaryotic cells, the calcium (Ca2+) cation is a crucial
secondary messenger and calmodulin (CaM) is its primary
protein mediator (Chin and Means 2000; Vogel 1994).
Expressed in all cell types CaM is a small, highly a-helical,
bilobal protein in which the independently folded N- and
C-terminal globular domains are connected by a highly
flexible linker (Barbato et al. 1992; Tjandra et al. 1995). A
member of the EF-hand superfamily, each domain of CaM
contains two helix-loop-helix Ca** binding motifs (Gifford
et al. 2007). Upon binding four Ca®" cations through these
motifs, CaM undergoes a conformational change that
allows it to bind and activate well over 350 distinct target
proteins (Hoeflich and Ikura 2002; Ishida and Vogel 2006;
Yamniuk and Vogel 2004; Yap et al. 2000). The scope of
binding partners is impressive as targets include proteins
involved in phosphorylation/dephosphorylation events, cell
signaling, the cytoskeleton, as well as various ion channels
and receptors. The importance of CaM is seen in its strictly
conserved amino acid sequence which is invariant among
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vertebrate species and by the fact that deletion of the CaM
gene in yeast is lethal (Davis et al. 1986).

Structurally, Ca®" binding causes helical rearrangement
in both domains of CaM leading to the exposure of large
hydrophobic amino acid side chains that are buried in the
apo form (Zhang et al. 1995). This creates an extensive
hydrophobic patch on each domain through which
Ca”*-CaM interacts with the primarily hydrophobic CaM-
binding domains of its target proteins. Besides common
motifs for the spacing of hydrophobic amino acid side
chain anchors, there is no consensus sequence among the
Ca”*-CaM-binding domains. How CaM is able to bind to
and regulate many target proteins without relying on the
presence of a specific amino acid sequence in its binding
partners is attributed to two characteristics. The first is the
flexibility of the central linker which enables the two
globular domains to adopt a number of binding orienta-
tions. The second is the high number of methionine resi-
dues found in the exposed hydrophobic patches: four in
each domain making up nearly half of the hydrophobic
surface area of each patch (Fig. 1) (Ishida and Vogel 2006;
Yamniuk et al. 2009).

The high number of methionines in CaM (9 out of 148
amino acid residues) is uncommon in proteins and is tied to
CaM’s function. The methionine side chain has unique
chemical and physical properties that make it an ideal
group for creating a malleable nonpolar binding surface. As
dispersion forces contribute significantly to the net attrac-
tion between nonpolar binding partners, the substantially
larger polarizability of sulfur compared to typical hydro-
carbon moieties makes this side chain especially “sticky”
(Gellman 1991). Furthermore, the long flexible side chain
enables the hydrophobic patches to be highly conforma-
tionally adaptable (Gellman 1991; Siivari et al. 1995). This
flexibility, as compared to leucine or isoleucine, is not
exclusively the result of differences in branching as, due in

AS ""_ ﬁ' 3
St 1% g 08
e PUE - T

Fig. 1 The role of methionine in CaM target interactions. From left
to right the structures are: apo-CaM, Ca’"-CaM, Ca®>"-CaM in
complex with the smMLCKp peptide, and its 90° y-axis rotation
(PDB codes 1DMO, ICLL, 1CDL respectively). In each structure
CaM is colored yellow, the bound target peptide is colored red, the
Ca?* atoms are colored black, and the critical methionine side chains
are shown in blue space-fill representation with their importance in
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part to the presence of sulfur, the side chain exhibits little
enthalpic preference between gauche or anti y; torsion
angles allowing the terminal methyl group to mold into
various nonpolar binding surfaces. More than any other
type of amino acid in CaM’s exposed hydrophobic patches,
the methionine side chains, in particular the terminal &-
methyl groups, are directly involved in target binding
(Zhang et al. 1994; Lee et al. 2000; Siivari et al. 1995;
Yuan et al. 1999, 2004; Ishida and Vogel 2006) and their
presence has been shown through mutant-based studies to
be essential (Zhang and Vogel 1994; Edwards et al. 1998;
Chin and Means 1996).

Structural studies of CaM-target protein interactions typi-
cally use short peptide sequences comprising CaM-binding
domains. This practice reflects both the size limitation of
traditional NMR methods and the fact that crystallization of
intact complexes has been largely unsuccessful. Fortu-
nately, the applicability of peptides to represent intact
CaM-binding domains is supported by various studies
including mutagenic (Chin et al. 1997), spectroscopic
(Gomes et al. 2000), TROSY-based NMR (Kranz et al.
2002), and SAXS (Krueger et al. 1997). In this manner,
several structures of complexed CaM have been solved and
a comparison of these structures highlights the fact that it is
predominantly the orientation of CaM’s two domains that
adjusts between the different complex structures and not the
overall structure of CaM itself [for a review see Ishida and
Vogel (2006)]. In particular, there is a high degree of sim-
ilarity in the backbone conformation between the various
structures [0.88 and 0.67 A backbone RMSD for the N- and
C-lobes of CaM respectively when select complexes are
compared including the divergent GAD, edema factor, SK
channel and Nap-22 complexes (Ishida and Vogel 2006)];
CaM appears to rely on highly flexible amino acid side
chains as well as the central linker to adopt to divergent
target sequences.

target binding clearly seen in the complex structures. Eight out of
CaM'’s nine methionines are located in the hydrophobic patches of the
two domains: methionines 36, 51, 71, and 72 are located in the
N-terminal patch (oriented on top), 109, 124, 144, 145 are located in
the C-terminal patch (oriented on bottom), and 76 is located in the
central linker
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Here we present a method for relatively quick NMR-
based structure determination of Ca®*-CaM complex
structures. Knowing there is little variation in the backbone
conformation of CaM complexes, there is no need to col-
lect and analyze an extensive set of NOE-based experi-
ments to in turn define the structure of CaM, the bound
peptide, and the binding interface. Instead, a more direct
approach can be used through which RDC analysis pro-
vides information on the domain orientation of CaM and
intermolecular NOEs between the bound peptide and CaM
supply the domain translational information not provided
by RDCs. To collect the critical intermolecular NOEs we
have employed an isotope labeling strategy in line with the
popular approach of 'H, '*C-labeling the methyl groups of
Ile, Leu and Val against a perdeuterated background
(Ruschak and Kay 2010; Otten et al. 2010). By methyl-
labeling the otherwise deuterated methionines in CaM we
can collect intermolecular NOEs between these methyl
groups and protons in the bound peptide. Furthermore, this
labeling strategy produces simplified, easily analyzable
spectra with both increased sensitivity and resolution.

We have applied this method to a CaM complex pre-
viously solved through X-ray crystallography: Ca®"-CaM
bound to a peptide from CaM kinase I (CaMKI) (PDB code
IMXE) (Clapperton et al. 2002). CaMKI, along with
CaMKK and CaMKIV comprise the CaM-dependent
kinases signaling cascade thought to play a critical role in
neuronal development, plasticity and behavior (Soderling
1999; Wayman et al. 2008). Our resulting structure has a
backbone RMSD of 1.6 A to that published. Furthermore
we have investigated the importance of choosing the cor-
rect starting model both in terms of homologous CaM
domain orientation as well as the correct direction of the
bound peptide.

Experimental procedures
Sample preparation

CaM was overexpressed and purified from Escherichia coli
BL21(DE3) cells containing the ET30b(4) expression
vector. This study required three isotopically enriched
versions of CaM. For the standard backbone and side chain
assignment of CaM in the complex uniformly '*C/'°N-
labelled CaM was prepared in M9 media containing 0.5 g/l
NH,CI and 3 g/l ["*Cglglucose. To determine the struc-
ture of the bound CaMKI peptide uniformly “H/'°N-
labelled CaM was prepared in 99.9% D,O based M9
minimal media containing 0.5 g/l '">NH4Cl and 4 g/l
[*H;]glucose. Finally, intermolecular NOEs between CaM
and the CaMKI peptide were obtained using a methionine
methyl-labeled version of otherwise fully deuterated

N-labelled CaM. (‘H/"*C-methyl-Met)/*H/'°N CaM was
created by supplementing 100 mg/l of 'H-o,e- '*C-¢- 2H-
methionine to 99.9% D,O M9 media containing 0.5 g/l
>NH,CI and 4 g/l [*H]glucose 1 h prior to induction with
IPTG, a procedure analogous to that used to make Ile/Leu/
Val-methyl protonated (but otherwise fully deuterated)
protein (Tugarinov et al. 2006). 'H-a,e- '*C-¢- *H-methi-
onine was synthesized from methyl-'>C iodide and
(3,3,3',3',4,4,4 4 -ZHg)-DL-homocystine (Cambridge Iso-
topes) according to a previously published protocol (Mel-
ville et al. 1947) except that the neutralization was
performed with hydrobromic acid. The identity as well as
isotope-labeling pattern of this methionine was confirmed
using 1D NMR. All versions of CaM were purified to
homogeneity by Ca**-dependent phenyl Sepharose column
chromatography as previously described (Yuan et al. 1999;
Zhang and Vogel 1993, 1994).

The CaMKI peptide (CaMKlIp) (Ac-AKSKWKQAF-
NATAVVRHMRKLQ-NH,;) corresponding to residues
299-320 of CaM kinase I in rat brain (Goldberg et al. 1996)
was commercially synthesized (Anaspec) and determined
to be more than 95% pure by matrix-assisted laser
desorption/ionization mass spectroscopy and high pressure
liquid chromatography.

Samples for NMR spectroscopy contained 638-950 uM
3C/PN, H/PN, or (*H/"*C-methyl-Met)/”H/'*N CaM in
20 mM Bis-Tris (pH 6.8), 100 mM KCI, 4 mM CaCl,,
0.03% NalN3, 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfo-
nate and either 90% H,0/10% D,O or 99.9% D,0O. Com-
plexes between CaM and CaMKIp were created with either
an excess of peptide (1.1:1 and 1.3:1 molar ratio with
BC/N or ("H/'*C-methyl-Met)/’H/'>N CaM, respec-
tively) or an excess of CaM (0.6:1 molar ratio with 2H/N
CaM) depending on the purpose of the NMR sample. The
sample used for RDC measurements contained an extra
200 mM KClI and 16 mg/ml filamentous phage Pfl (Asla
Biotech Ltd.) to achieve partial alignment.

NMR spectroscopy

All NMR experiments for structure determination were
performed at 30°C on a Bruker Avance 500-MHz NMR
spectrometer equipped with a triple resonance inverse
Cryoprobe with a single axis z-gradient. Resonance
assignments of Hy, N, C’, C, and Cp for CaM in the
complex were obtained from the BioMagResBank (BMRB
number 5286) (Kranz et al. 2002) and confirmed using two-
dimensional [lSN—lH]-HSQC and three-dimensional
CBCA(CO)NH, HNCACB, HNCO, and HN(CA)CO
experiments. Side-chain assignments were defined through
the three-dimensional experiments C(CCO)NH TOCSY,
H(CCO)NH TOCSY and HBHA(CBCACO)NH. For
the methionine side chain methyl group assignments
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three-dimensional HMBC and LRCH experiments that
record the long-range correlations between the He/Ce and
Hy/Cy atoms were used (Bax et al. 1994). Resonance
assignments as well as intrapeptide NOEs for CaMKIp in
complex with *H/'">N CaM were obtained from a two-
dimensional COSY and a two-dimensional NOESY with
an isotope filter in the F2 dimension (Breeze 2000).
Intermolecular NOEs between the peptide and ('H/">C-
methyl-Met)/?’H/'N CaM were obtained through a three-
dimensional NOESY-["*C-"H]-HSQC. All NOESY exper-
iments for the structure determination of this complex were
measured with a mixing time of 100 ms. "Dar RDCs were
measured using an IPAP-HSQC (Ottiger et al. 1998) with
2,048 x 512 complex points. After linear prediction and
zero filling the digital resolution was 1.2 Hz/pt in the '°N
dimension. 1H, 13C, and "’N chemical shifts in all spectra
were referenced using 2,2-dimethyl-2-silapentane 5-sulfo-
nate as previously described (Wishart et al. 1995). Spectra
were processed with the NMRPipe package (Delaglio et al.
1995) and analyzed using NMRView (Johnson and Blevins
1994). The resonance assignments for the bound peptide as
well as the methionine methyl groups of calmodulin in
complex have been deposited in the BMRB database under
accession number BMRB-17360.

Structure calculation

Initial homologous model selection for the structure cal-
culation was determined through singular value decompo-
sition using the PALES software (Zweckstetter and Bax
2000) a program which fits the measured CaM Hn-N RDCs
from our complex to those back-calculated from crystal
structures of other CaM:peptide complexes deposited in the
Protein Data Bank (PDB). Only structured regions of CaM
were chosen for analysis: residues 672 from the N-termi-
nal domain and 85-144 from the C-terminal domain (Mal
et al. 2002). CYANA (version 2.0) was used to assign the
CaMKIlp intrapeptide NOEs in the complex and determine
the bound peptide’s structure (Guntert 2003). The resulting
peptide structure was then used to derive upper distance
limit restraints as well as hydrogen bonding and backbone
dihedral angle restraints. CaM-specific restraints included
Hn-N RDCs, hydrogen bond restraints based on chemical
shift index derived secondary structure prediction, back-
bone dihedral angle restraints obtained from both the
starting model and predicted by TALOS (Chou et al. 2000;
Cornilescu et al. 1999) and Ca®" ligand restraints. Finally,
the intermolecular NOEs observed between CaM methio-
nine methyl groups and the peptide were all binned into one
distance class of 1.8-6.0 A. Due to the lack of a suitable
internal standard through which to calibrate the NOESY-
[*C-"H]-HSQC spectrum, peak overlap, and the non-linear
intensity of potential methyl-methyl NOEs, the NOEs were
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not classified into bins defined by interatomic distances as a
function of peak volume.

Structures were calculated using torsion angle simulated
annealing in the program Xplor-NIH (version 2.24)
(Schwieters et al. 2003) according to a previously estab-
lished two step, low temperature protocol (Chou et al. 2000)
In the first step, the starting model built from the homolo-
gous crystal structure sequentially undergoes Powell energy
minimization, 10 ps of torsion angle dynamics at 200 K
followed by 4 ps of simulated annealing in which the
temperature is decreased from 200 to 20 K in AT = 10 K
steps. During the simulated annealing the various force
constants are ramped up as is standard in Xplor-NIH except
the backbone torsion angle restraints for ¢ and  are
enforced by a strong harmonic quadratic potential fixed at
300 kcal mol™" rad™2. 100 structures are generated in step
1 and the lowest energy structure is selected as the starting
model for step 2. In the second step of the protocol the
structure from step 1 undergoes 10 ps of torsion angle
dynamics at 20 K which is followed by 6 ps of simulated
annealing in which the temperature is decreased from 20 to
1 Kin AT = 1 K steps. At this point in the calculation the
various force constants are held at their final value from step
1 except the backbone dihedral angle force constant for ¢
and ¥ which is ramped down from 300 to 50 kcal -
mol ' rad 2. Unlike in the first step where unless the TA-
LOS prediction differs by more than 30° in ¢ and/or s the
CaM backbone dihedrals are derived from the starting
model, in the second step all backbone angle restraints are
derived from the lowest energy structure obtained in step 1.
100 structures were generated in step 2 and the lowest
energy structure was selected for further analysis including
structure validation wusing the program PROCHECK
(Morris et al. 1992). All molecular graphics were created
using MOLMOL (Koradi et al. 1996).

Results and discussion

For Ca”*"-CaM complexes the importance and role that
methionine plays in target binding can be exploited and
combined with the use of backbone RDCs to create a faster
structure determination protocol. First, Hy-N RDCs are
used to select from the PDB a homologous starting struc-
ture of CaM in the complex. Then, a specifically labeled
version of methionine is used through which intermolecu-
lar NOEs between CaM and the bound peptide are
obtained.

Homologous model selection

As RDCs are a function of the orientation of interatomic
vectors relative to the molecular alignment tensor (Tjandra
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et al. 1997), the small exquisitely sensitive one-bond Hn-N
RDC can be used to define this bond vector with respect to
the external magnetic field and hence the domain orienta-
tion of CaM in the complex. Hy-N RDCs have been used
successfully to classify CaM-bonding motifs both inside
(Mal et al. 2002) and outside the protein kinase family
(Contessa et al. 2005). They have also been used in a
manner analogous to our approach: to find a homologous
complex to serve as a model structure (Scheschonka et al.
2008), or as the starting model in structure calculation
refinement (Chou et al. 2000) In the present work, the
correlations between 115 measured Hy-N RDCs from CaM
in complex with CaMKIp and theoretical RDCs back cal-
culated from crystal structures deposited in the PDB were
determined (Table 1, Supplementary Figure S1). As reso-
lution is important only those crystal structures with a
resolution of 2 A or higher were chosen for analysis.
Expectedly, the closest agreement is between the measured
Hn-N RDCs and the back-calculated values from the
crystal structure of CaM:CaMKIp itself (PDB code
IMXE), however, it is not a perfect fit (Supplementary
Figure S1). Potential reasons for this are discussed below.
The second best agreement between the measured and
calculated values is to the CaM complex structure with
smMLCKp (PDB code: 1QTX). This published structure
was used as the starting model for CaM in our complex.

Bound peptide structure determination

To determine the structure of a bound peptide there are two
options. The first is to recombinantly express the peptide in
isotope-enriched media enabling the use of standard triple
resonance experiments. The second is to use a synthetic
unlabeled peptide and homonuclear experiments, an
approach that requires isotope filters to select against

signals from CaM. If the peptide under study binds strongly
to CaM and is of a reasonable length (<30 amino acids)
this second approach is most appealing due to the small
number of experiments required: only two, a COSY and
NOESY (both F1/F2-"*C, "N filtered) as opposed to the
swath of backbone, side chain, and NOE-based experi-
ments for a recombinantly labeled peptide. Furthermore, if
deuterated CaM is employed in which all but the Hy pro-
tons of CaM have been replaced with deuterons in a H,O-
based sample, the more sensitive unfiltered COSY and
F2-1°C, "N filtered NOESY can be used.

In this study the second approach has been followed.
Using perdeuterated CaM and these two experiments we
have assigned the bound CaMKI peptide’s proton reso-
nances. Furthermore, inter-residue NOEs observed in the
NOESY experiment provide structural information on the
bound peptide. Out of a total 353 NOE cross peaks picked
in the F2-isotope filtered NOESY, 350 were assigned
through the automatic assignment and structure calculation
program CYANA (version 2.0) giving a total of 282 non-
degenerate NOEs (Table S1 of Supplementary Material).
The 20 lowest energy structures calculated using intra-
peptide NOEs as well as hydrogen bonding restraints have
a backbone RMSD of 0.29 A (Supplementary Figure S2).
The lowest energy structure is o-helical over residues
302-319. As identified by the crystal structure, the two
hydrophobic residues that bury deeply into the methionine-
rich pockets of CaM (Trp303 and Met316) are pointed in
opposite directions away from the peptide. This facilitates
the binding of the two domains of CaM.

The CaMKIp structure generated by CYANA was not
used in the next steps of the complex structure calculation.
However, upper distance restraints resulting from the NOE
assignment, hydrogen bonding restraints defined by the
a-helical region, as well as backbone dihedral angles from

Table 1 Summary of an Hy-N RDC-based comparison between our solution structure of Ca®>*-CaM-CaMKIp and select known CaM complex

crystal structures

Complex Peptide orientation Binding mode R 0 (%)
IMXE:CaMKI Antiparallel 1-14 0.98 21
1QTX:smMLCK Antiparallel 1-8-14 0.97 24
2F3Y:Ca(v)1.2 Channel Parallel 1-10 0.96 28
1CDM:CaMKIlIa Antiparallel 1-5-10 0.94 33
11Q5:CaMKK Parallel 1-16 0.93 35
1TWQ:MARCKSs Antiparallel 1-3 091 42
INIW:eNOS Antiparallel 1-8-14 0.90 42
2HQW:NMDA receptor Antiparallel 1-7 0.89 44
2BCX:ryanodine receptor Antiparallel 1-17 0.89 45
1PRW:CaM n/a n/a 0.84 53

The correlation coefficient (R) and quality factor (Q) of each pairing indicates the degree of agreement between the orientations of the two
domains of CaM in the analyzed complexes; a higher R value and lower Q value indicating a greater degree of alignment
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Table 2 Experimental restraints and structural statistics of the lowest
energy structure generated in XPLOR-NIH

Experimental restraints used in the complex structure calculation

Calmodulin

Backbone dihedral angle restraints 292
Hydrogen bonding restraints 118
"Dyu RDCs 115
Ca®" chelation restraints 24
Inter-methionine NOEs 21
CaMKlIp
CYANA-derived intrapeptide upper distance restraints 244
Backbone dihedral angle restraints 42
Hydrogen bonding restraints 26
Intermolecular NOEs 95
PROCHECK Ramachandran analysis of folded regions (%)
Residues in most favored regions 93.6
Residues in additional allowed regions 6.4
Residues in generously allowed regions 0
Residues in disallowed regions 0

the lowest energy structure were applied as peptide-specific
restraints in the complex calculation in XPLOR-NIH
(Table 2).

Intermolecular NOE determination

Once the structure of the bound peptide is determined, the
next step is to define where on CaM the peptide is binding.
Although RDCs describe a molecular alignment tensor
from which we can get the orientation of each domain of
CaM, they do not provide translational information on the
positions of these domains. This information is obtained
through the collection of distance restraints in the form of
intermolecular NOEs between CaM and the peptide. As
CaM: peptide interactions occur predominantly through
side chain as opposed to backbone interactions an F1-'3C,
5N filtered, NOESY-['*C-'H]-HSQC is typically used to
collect intermolecular NOEs (Breeze 2000). Practically
however, this experiment is limited in its sensitivity and
resolution, which can become a problem if the complex
under study is of a weaker affinity. Poor signal to noise and
broadened linewidths coupled with lower spectral resolu-
tion can lead to difficulties in assigning the NOE cross-
peaks. As an unambiguous assignment of these NOEs is
critical to providing the distance restraints that will tie the
complex together the limitations of this experiment cou-
pled with the often overlapping chemical shifts of the
methyl groups leads to difficulty in obtaining this
assignment.

To overcome this problem, the role of CaM’s methio-
nine residues in target binding have been exploited to
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provide probes from which intermolecular NOEs between
CaM and the bound peptide can be collected. By endoge-
nously adding 'H-o,e- '’C-e- *H-methionine to CaM
recombinantly expressed in ’H, '2C-based media, the
methyl groups of methionine are 'H/'*C-labeled while the
rest of CaM contains “H and '2C. This has three advanta-
ges. The first is that due to the lack of protons in CaM an
isotope filter is no longer required to select for intermo-
lecular NOEs between CaM and the bound peptide.
Instead, a standard NOESY-[BC—lH]-HSQC can be used, a
more sensitive experiment that increases the signal to noise
ratio of the resulting spectra. The second advantage pro-
vided by this labeling scheme is an increased resolution in
the indirectly detected 'H dimension (F1). Since the only
carbon chemical shifts recorded in the '*C dimension (F2)
originate from the methionine methyl carbons, the spectral
width required to capture these shifts is much smaller:
4 ppm as compared to the approximately 30 ppm needed to
encompass the aliphatic carbons in CaM. This smaller
window in the '*C dimension enables more points to be
collected in the indirectly detected "H dimension for a
similar total experimental time. As an aside, due to the
intervening sulfur atom and corresponding weak scalar
coupling between the Ce and the Cy, high resolution data
can be obtained if required in the carbon dimension without
the use of a constant time experiment. Finally, methionine
methyl-labeling produces much simplified spectra. Exam-
ples of the ['*C-'"H]-HSQC spectra of ('H/'*C-methyl-
Met)/’H/'">N CaM bound to CaMKIp (Supplementary
Figure S3A) and NOESY-["*C-'H]-HSQC strips for M71
and M124 of CaM (Fig. 2) are provided. From eight
methionine methyl probes (M76 seems to be free in solu-
tion) 95 intermolecular NOEs were observed between these
groups and the protonated peptide (Supplementary Figure
S3B). In addition to these intermolecular NOEs, several
inter-methionine NOEs were also observed (Table 2). This
is to be expected due to the close sequential proximity of
the methionines (in two instances they are neighbor resi-
dues) as well as their spatial proximity seen in other CaM:
peptide complexes. Furthermore, weak intra- and inter-
residue NOEs are also seen from some methionine methyl
groups back to the backbone H,, a proton remaining from
the synthesis protocol. Protonation of the methionine at this
position provides an extra distance restraint for the calcu-
lation and could be used to supplement the methyl
assignment obtained via the LRCH experiment.

Structure calculation: 1QTX starting model

As there are no NOE-based restraints to define CaM in the
complex, our structure calculation follows a two step low
temperature simulated annealing protocol first outlined by
Chou et al. (2000). In this protocol a starting model
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Fig. 2 Unambiguous intermolecular NOEs between CaM and CaM-
Klp are required to define the peptide-binding interface and provide
CaM domain translation information not available from RDCs. By
adding HO>C">)CH('*NH,)"?CD}?CD,S'*CH; exogenously to D,O-
based M9 media, recombinant CaM was methyl-labeled on its nine
methionines through which these intermolecular NOEs are collected.
Shown are representative strip plots from a NOESY-['*C-'H]-HSQC
on ("H/"*C-methyl-Met)/>’H/">°N CaM:CaMKIp. The intermolecular
NOEs between the methyl groups of M71 (left) and M124 (right) and
identified protons on CaMKIp are indicated

provided by a homologous structure is refined using
experimentally measured CaM backbone RDCs and dihe-
dral angle restraints, peptide-specific CYANA-derived
distance and angle restraints, and intermolecular NOEs
(Table 2). Furthermore, the calculation is distinguished by
two adjustments from the normal torsion angle dynamics/
simulated annealing protocol in XPLOR-NIH (Schwieters
et al. 2003). The first is that it is performed at low tem-
perature: the torsion angle dynamics step occurs at 200 K.
This is an important adjustment as there are no restraints
except for the intermolecular NOEs to keep the secondary
structure elements of CaM together. The second modifi-
cation is an increased time step for the simulated anneal-
ing: up to 30 times longer than in the standard protocol.
The length of these time steps is important as the low
temperature results in a system with low kinetic energy and

longer times are required to allow the system to make the
necessary adjustments.

The Ca*"-CaM:CaMKIp complex structure determined
through this method is shown in Fig. 3 with structural statics
in Table 2. The atomic coordinates have been deposited in
the RCSB database under accession number 2L7L. As there
is an X-ray crystal structure of this complex deposited in the
PDB (PDB code 1MXE) (Clapperton et al. 2002) we can
make a comparison with our structure. Not surprisingly the
structures are identical both in terms of CaM domain orga-
nization as well as the mode of peptide binding: the CaMKI
peptide is bound in an antiparallel manner with the N-lobe of
CaM binding the C-terminal half of the peptide and the
C-lobe of CaM binding the N-terminal half of the peptide,
CaMKIp residues Trp303 and Met316 serve to anchor the C-
and N-terminal lobes of CaM respectively. Compared to
IMXE our structure has a 1.6 A backbone heavy atom
RMSD over the entire structure, peptide included (Fig. 3b).
On a domain specific basis the C-lobes of the two structures
are in very good agreement with a backbone RMSD of
1.0 A; the N-lobe is slightly more divergent as there is a
1.5 A RMSD. This deviation is small and is possibly
explained by the difference in length of the two CaMKI
peptides studied, as our peptide is two amino acids longer at
the C-terminal end. Of course, in the discrepancy between
our structure and 1MXE also lies the difference between a
solution and a crystal structure. Evidence for this is seen in
the correlation between our measured Hy-N RDCs and the
best-fit back-calculated RDCs from 1MXE (Table 1, Sup-
plementary Figure S1). There is not a perfect correlation, in
fact the quality factor (Q-factor) of this pairing is not much
better than that of the Ca*"-CaM:smMLCKp complex
(1QTX) (21% as compared to 24%).

Structure calculation: starting model selection

Finally we have investigated any bias introduced into the
calculated structure from the starting model. Two new
starting models were tested: Ca®"-CaM bound to a peptide
from the NMDA receptor (NR1C1p; PDB code 2HQW) and
Ca*"-CaM bound to a peptide from CaMKK (CaMKKp;
PDB code 11Q5). Both have divergent domain orientations
with respect to the measured Hy-N RDCs (the Q-factors for
2HQW and 11Q5 are 44 and 35% respectively: Table 1,
Supplementary Figure S1); the bound peptide is oriented in
the correct antiparallel direction in the 2HQW structure but
is bound parallel in 11QS. Using the 2HQW-derived starting
structure, we found that if the starting structure has the
correct peptide orientation, by applying our experimental
restraints, in particular the RDCs, the structure calculation
protocol can reorient the two lobes into the correct position
(Fig. 4a). The Ca®*-CaM:CaMKIp structure determined
using the 2HQW-derived starting structure has a 1.7 A
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Fig. 3 Complex structure of Ca*"-CaM:CaMKIp. a Ribbon repre-
sentation of the solution structure of Ca>*-CaM bound to CaMKiIp.
CaM is highlighted in blue with the critical methionine side chains
indicated in yellow, the peptide is colored green with its anchor
residue side chains Trp303 and Met316 in red, and the Ca>* ions are
represented by black spheres. b Backbone overlay of our CaM:CaM-
Klp structure and the published crystal structure (IMXE). Our
structure is highlighted in blue for CaM, light blue for the peptide
with the peptide’s anchor residues’ side chains shown in red. The
crystal structure is represented in grey for CaM, black for the peptide
with the anchor residues’ side chains in dark pink

backbone RMSD to the IMXE crystal structure. An even
lower 1.3 A backbone RMSD was observed to the 1QTX-
derived solution structure of this complex presented above,
indicating a good agreement between the structures calcu-
lated using different starting models. A different outcome
was found when the 11Q5-derived starting model was used.
Following refinement with the experimentally determined
restraints, our finalized structure had a backbone RMSD of
49 A to the IMXE crystal structure and a similar 4.8 A
RMSD to our 1QTX-derived structure from above
(Fig. 4b). Although the supplied Hy-N RDC restraints are
satisfied, there is a substantial number of intermolecular
NOE violations. Furthermore, upon examination of an
overlay of this structure and the IMXE crystal structure it
becomes apparent that the calculation cannot flip the bound

@ Springer

Fig. 4 Overlays of calculated CaM:CaMKIp structures based on two
different starting models. The starting model structures tested were
complexes of Ca*™-CaM with: a NR1Clp (2HQW) and b CaMKKp
(11Q5). In each overlay the crystal structure of CaM:CaMKIp is
shown in grey for CaM, black for the peptide. For the calculated
structures the backbone as either green/light green (NR1Cl1p-based)
or red/pink (CaMKKp-based) for CaM and the peptide respectively

peptide into the correct orientation as although several of
the intermolecular NOEs are satisfied the peptide has only
moved into a vertical position. Even with the addition of a
second set of CaM RDCs (C,H,) we saw no improvement
on the agreement between the calculated structures (results
not shown).

From these two test cases we can conclude that in terms
of homologous model selection, it is more important to
choose a starting model with the peptide bound in the cor-
rect direction (parallel/antiparallel) than one with optimal
CaM domain orientation. Due to the low temperature the
calculation is performed at, the structure determination
protocol most likely does not have the kinetic energy to flip
the bound peptide’s orientation. As a consequence, infor-
mation on the orientation of the peptide is required to assist
in the starting model selection. Intermolecular NOEs can
provide this information and for the CaMKIp complex the
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NOE information was sufficient to determine the orienta-
tion of the bound peptide (Supplementary Figure S3B), but
if additional information is required other biophysical
techniques such as fluorescence and near UV spectroscopy,
or nitroxide spin-labels can be used (Barth et al. 1998; Yuan
et al. 2004; Gomes et al. 2000; Yuan et al. 1998). In addi-
tion, visual inspection of the CaM-binding sequence can
also provide clues, as there is evidence that the peptide’s
charge distribution determines the direction of binding
(Osawa et al. 1999).

Conclusion

Here we have presented a method for the “fast” structure
determination of Ca”*"-CaM:peptide complexes. This
method is based on the use of backbone Hyn-N RDCs to
determine the domain orientation of the two lobes of CaM
and intermolecular NOEs between CaM’s methionine
methyl groups and the protonated peptide to define how
the oriented domains bind the peptide. The study of CaM
and its binding partners remains an expanding area of
research: both new complexes as well as novel binding
modes continue to be discovered. Furthermore, of the
approximate 350 identified complexes (Yap et al. 2000)
the structural details of less than 10% are known. As a
structure determination protocol this method has two
obvious applications. The first is as a truncated procedure
for solving Ca**-CaM:peptide complexes. In the “omics”
era, the “need for speed” is ever present and for many
complexes simply removing the requirement of assigning
both a NOESY-["*C-"H]-HSQC for CaM-specific NOEs as
well as an extensive F1-13C, 5N filtered, NOESY-
[13C-1H]-HSQC to collect intermolecular NOEs will speed
up the structure determination process. The second appli-
cation is as a method for “difficult” complexes. As the
“low hanging fruit” of the Ca®>"-CaM complexes disap-
pear many of the undetermined structures are of weaker
affinity and fall on the border between slow and inter-
mediate exchange on the NMR time scale. Due to the
exchange rate, the key NOESY-["*C-'H]-HSQC spectra
(both unfiltered and filtered versions) are characterized by
peak broadening which, compounded with the limited
resolution of these experiments, makes spectra assignment
and thus NOE collection difficult. The presented labeling
scheme helps to overcome this limitation, as the collection
of NOESY-based spectra with both increased sensitivity
and resolution is possible. Furthermore, due to the com-
parably more favorable relaxation rates of the methyl
group of the methionine side chain, this group should be
less affected by the peak broadening produced by either
chemical exchange or decreased molecular tumbling time

(see below) (Lee et al. 2000; Mittermaier et al. 1999). This
method can also be used for weak complexes in which
ligand binding is characterized by fast exchange. As the
titration of weak binding ligands can connect the methio-
nine assignments in unbound CaM to those in the complex,
the limiting factor would become the collection of inter-
molecular NOEs a condition potentially overcome by
super-saturating the system. As a final note, it is possible
that a complex structure could be further improved by
labeling additional side chains, other methyl groups or
aromatics, however, this process is quite laborious and due
to the strategic positioning of the methionine probes the
improved structural accuracy may not be that considerable.
Finally, the advantages of methyl-labeled deuterated
methionine can be extended beyond the method presented
here. First, as the remaining aliphatic carbons are attached
to deuterium, collecting and analyzing NOEs between the
methyl group and a bound ligand is quite straightforward.
This has direct application for other systems in which
methionine side chains play an important role in ligand
binding. For example, this method could be employed in
structural studies examining both protein ligand and drug
binding to troponin C (Lin et al. 1994; Kleerekoper and
Putkey 1999) or the binding of ER-destined nascent pep-
tide chains to the SRP45 subunit of the signal recognition
particle (Grudnik et al. 2009) as both proteins are also
methionine rich. Secondly, thanks to the intrinsic detection
sensitivity of the methyl group, the significant degree of
internal mobility normally observed for this amino acid and
its relatively low abundance, the use of the methyl group of
methionine to probe dynamics, conformation, and ligand
binding even in large proteins has become popular. To date
a number of large proteins/complexes have been studied
through methyl-labeled methionine including UvrB
(75 kDa) (DellaVecchia et al. 2007), transferrin (80 kDa)
(He et al. 1999; Beatty et al. 1996), HIV-1 reverse trans-
criptase (117 kDa) (Zheng et al. 2009, 2010), the protea-
some (180 kDa) (Religa et al. 2010) and SecA (204 kDa)
(Gelis et al. 2007). To the best of our knowledge, this work
has been performed using completely protonated methio-
nine (13C-s-methionine). Due to the deuteration of the
aliphatic carbons, the methyl-labeled methionine used in
this study ("H-o1,e- '3C-¢- >H-methionine) has more desir-
able relaxation characteristics enabling high-quality
methionine methyl-TROSY spectra to be recorded.
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