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Abstract

Ca -signalling is central to the reaction of plants to external stimuli. Calcium-dependent
protein kinases (CDPKs) constitute a large protein family found only in plants and
protozoa. Their response to calcium is mediated by a calcium-regulatory domain (CLD)
2+

comprised of four characteristic helix-loop-helix Ca -binding loops. CDPKs also have a
kinase domain (KD), and a short junction domain (JD) which demonstrates both
autoinhibitory and CLD-binding properties. The CLD and K D share significant sequence
similarity to calmodulin (CaM) and CaM-dependent kinases (CaMKs), respectively,
leading to the suggestion that the function of CDPK is mediated through a mechanism
similar to CaM/CaMK. In this work, comparative modeling studies indicate that from a
structural point of view this is a reasonable assumption for the JD/CLD interactions in
soybean CDPK-a. However, subsequent NMR diffusion studies demonstrate that Ca CLD is almost entirely collapsed in solution to form a nearly globular complex, in
2+

contrast to Ca -CaM which remains extended similar to its apo- form. Complete N M R
structure determination of CLD in the presence of JD demonstrates that the structure of
the CLD is globally similar to CaM, but several significant differences are observed.
Firstly, the JD/CLD interaction is mediated by structural changes in the C-terminal
domain. Second, the JD-CLD form does not form a stable complex, but demonstrates
+

significant exchange properties. Finally, both the Ca - and JD-CLD forms show
interactions between the two lobes of CLD, in a manner more analogous to calcineurin B
2+

than CaM. The collapse of both the Ca - and JD-CLD was confirmed by fluorescence
resonance energy transfer studies, where average distances between specific residues in

iii

the two lobes could be determined. The structure and backbone dynamics of the N terminal domain of the CLD were also assessed in a sample in which the C-terminal
domain was present, but not visible in the NMR spectra due to chemical exchange. This
study confirms the presence of key residues which demonstrate significant exchange, and
that the N-terminal "tether" region is highly mobile. Taken together, the results of this
2+

dissertation provide a basis for understanding the Ca -mediated activation of CDPKs, a
possible target for rational herbicide and drug development.

iv
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1. Introduction
2

Ca '-signalling and the plant cell
From a biochemical perspective, plants are remarkable organisms. As all living
creatures, they have adapted to constantly changing environmental conditions, such as
fluctuations in temperature, humidity, salt conditions, and wind. Yet unlike most other
life forms, plants are sessile, literally 'rooted' to a single geographic location through the
course of their existence. In spite of this limitation, or perhaps because of it, plants have
evolved incredibly rich and diverse mechanisms for signal transduction.
One of the key actors in the complex drama of plant signal transduction is the ionic
2+

2+

form of calcium, Ca . Prior to examining the role of C a in plant cells in more detail, it
is worthwhile briefly exploring some of the physical and chemical properties which make
2+

this ion particularly well suited to its signalling role. In the broadest context, C a is the
fifth most abundant element on earth, and hence readily available for metabolic usage.
2+

+

The divalency of C a lends itself to forming tighter complexes than either Na or K
(Tablel. 1 ), and while Ca and Mg

+

share the same net charge, the spatial dispersion is
2+

2+

greater for calcium. For example, a Ca -oxygen bond is ~2.4 Â, and a Mg -oxygen
bond 2.05 Â, due to differences in ionic size (Tablel .1). Thus, the same +2 charge is
2

2+

2

2+

spread over spheres with surfaces of 72 Â (Ca ) and 53 Á (Mg ) (Katz et al, 1996).
As a result, M g has a higher prevalence for charged ligands (Williams, 1985), such as
nucleotides, and plays a catalytic role in many phosphoryl and phosphate transfer
enzymes (Vogel, 1994), while Ca is found in a regulatory role.

2

Table 1.1: Ionic radii and aqueous ligand exchange rates of several biologically
important ions. Adapted from (Vogel, 1994).

Radius (ionic) ( À )
0.97
1.33
0.66
0.99

Cation
Na
K
+

(H 0)
6 x 10
3 xl0
2 x 10
4xl0

^change

2

8

9

5

8

High level ab initio molecular orbital calculations, combined with small molecule
2+

2+

and Ca -bound protein crystal structure analyses, clearly demonstrate that C a easily
tolerates a variety of coordination numbers between six and eight (Katz et al, 1996).
Combined with a relatively rapid water exchange rate (Table 1.1), the ability to tolerate
distorted ligand coordination, and its charge to size ratio, calcium has a clear advantage
over M g

in time sensitive signalling events (Levine and Dalgarno, 1983). Calcium can

exchange ligands relatively easily, unlike Mg

ions that rarely lose all of the

coordinating water molecules from the first hydration sphere, and hence are amenable to
the on/off process required for signal transduction, such as transitory protein binding.
There are certain key elements necessary for Ca signalling to take place (and not simple
2+

Ca -binding), such as tightly controlled flux in C a

2+

2+

concentrations, [Ca ], which we

will examine next.
In the resting plant cell, [Ca ] is highly polarized across cell membranes. The
2+

6

typical cytosolic calcium concentration ([Ca ] ) is < IO" M , whereas the extracellular
cyt

9-4-

"X

9+

[Ca ]ext is ~ 10" M (Bush, 1995). Changes in the [Ca ]

cyt

have been found to be directly

3
implicated in the stress response of plants (Rudd and Franklin-Tong, 1999; Evans et al,
2001;

Anil and Rao, 2001). Much attention has been paid to determining the spatial
2+

localization and 'signature' of [Ca ]
Hetherington,

1998;

cyt

flux, the subject of recent reviews (McAinsh and

Rudd and Franklin-Tong, 2001; Sanders et al,

2002),

and several

methods offluorescentCa detection have been employed in plant cells. These include
microinjection offluorescentCa -binding dyes, as well as transgenic incorporation of
calcium-binding proteins with natural (aequorin) or engineered (calmodulin)
fluorescence. The genetic approaches are more recent and have the advantage of being
less tedious than microinjection, and applicable to whole plant and tissue systems as
opposed to single cells (Rudd and Franklin-Tong, 2001). Another key question lies in the
9+

localization of intracellular Ca
Ca

in the resting cell, and the mechanisms which promote

influx and efflux from these stores as well as across the plasma membrane. Perhaps
2+

the key store for intracellular plant C a is the vacuole, in stark contrast to animal cells
which do not have this organelle (Bush,

1995;

Sanders et al,

2002).

However, there is

strong evidence to suggest that the endoplasmic reticulum (ER) also plays a significant
role in transient Ca -regulation, similar to animal systems (Bush, 1995; Rudd and
Franklin-Tong, 2001; Sanders et al,

2002).

In terms of the mechanism of specific C a

2+

cascades, much progress has been made in identifying ion channels in the plasma
2+

membrane, and less progress for vacuolar and ER membrane C a release channels
^ I

(Sanders et al,

2002).

In terms of Ca

^ i

efflux to restore resting [Ca

9~t*

] t,
cy

-f-

both Ca / H

exchangers and Ca ATPase pumps (both CaM and non-CaM activated) are deployed
(Anil and Rao, 2001 ; Sanders et al,

2002).

4
Decoding the signals
2+

The signals produced by Ca transients are only meaningful if accompanied by a
2+

useful pathway of appropriate response. Although various Ca -binding proteins have
2+

been discovered (see Anil and Rao (2001) for a complete list), three major Ca -binding
protein families have been found in plants to be concurrently sensitive to signals which
2+

induce C a signatures: calmodulin (CaM) (Zielinski, 1998; Snedden and Fromm, 2001;
Luan et al, 2002); calcium-dependent protein kinase (CDPK) (Roberts and Harmon,
1992; Anil and Rao, 2001; Cheng et al, 2002) ; and a homologue of the p-subunit of
calcineurin and the neural Ca sensor in animals (CBL) (Luan et al., 2002). Animals
94-

have a number of Ca -binding proteins including CaM and calcineurin proteins, but do
not have CDPKs. In addition a major divergence between plant and animal forms of these
signalling proteins is the presence of multiple isoforms in plants, many of which have
subtly different properties. For example, in Arabidopsis, the smallest plant genome, there
have been seven CaM genes identified with >95 % identity to animal CaM and each
other. An additional seven proteins are identified as CaM-like or CaM related, with 5075% identity to 'standard' CaM. The situation is similar for Arabidopsis CBLs, with a
family of at least 10 putative genes (Luan et al., 2002). CDPKs are markedly more
varied, with over 34 genes identified in the Arabidopsis genome, and numerous isoforms
in other plants (Harmon et al, 2001 ; Harmon et al, 2000). As one can well imagine, a
2+

full understanding of Ca signalling in plants will take much effort to develop, in light of
94-

the complicated picture such a myriad of Ca -binding proteins presents. Recent
developments in the study of all three plant signalling proteins have been
comprehensively reviewed recently (Luan et al., 2002; Snedden and Fromm, 2001;

5
Cheng et al., 2002; Harmon et al., 2001), and as such only the aspects of these proteins
which are most relevant to this dissertation will be presented here. Our attention will
briefly be directed to the well studied CaM family first, and subequently the CDPK
family will be explored in some detail. However, it is worthwhile first indulging in a
2+

slight digression to delve into the Ca -binding loops shared by both CaM and CDPK.
Helix-loop-helix calcium binding motifs: the EF-hands
The so-called 'EF-hand' was named after this motif was found between the " E " and
"F" helices of carp parvalbumin (Kretsinger and Nockolds, 1973). They are widely
employed by nature in the binding of Ca
of Ca

ions. Figure 1.1 demonstrates the coordination

in the first metal binding loop of calmodulin. The coordinating oxygens come

from the sidechains of residues 1 (X), 3(Y), 5(Z), 12(-Z1, -Z2) and the backbone
carbonyl of residue 7 (-Y), where the relative cartesian position of the oxygen with
9+

respect to Ca at the origin is indicated in brackets, and numbering of the loop starts with
the first coordinating residue. The - X position is occupied by a single coordinating water
molecule. Several key features are characteristic of these metal-binding sites. For
example, a helix-loop-helix supersecondary structure exists where residue 1 is the first
residue of the loop after the end of the initial helix, and residue 12 is the third residue in
the second helix. Generally, EF-hands are found in pairs (Figure 1.2), and often, such as
with CaM, there is a small P-sheet connecting the two loops. Calpain, a Ca -regulated
protease, is distinct, belonging to a family of penta-EF-hand containing proteins, although
2+

the crystal structure indicates that the fifth Ca -binding motif is likely paired through
dimerization (Moldoveanu et al., 2002; Hosfield et al., 1999). It should be noted that

6

Figure 1.1: Calcium coordination in the first helix-loop-helix EF-hand of
calmodulin. The protein backbone is depicted as a ribbon, and the coordinating
sidechains are shown in ball-and-stick format. The emage was created with MolMol
(Koradi et al, 1996) from PDB code 1CLL (Chattopadhyaya et al, 1992).
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Ca

2+

2

1

is not the only metal which can bind to proteins using the EF-hand motif, as Mg " "

can be exchanged for Ca in some cases (Malmendal et al, 1999). Examining the
various states of CaM identifies the structural mechanisms by which the helix-loop-helix
calcium-binding motif can regulate target interactions.
Calmodulin
CaM was first identified in plants (Anderson et al, 1980) as an activator of the
enzyme N A D kinase. Since then, numerous isoforms have been identified across various
species, and the expression is thought to be fine-tuned to the requirements of different
tissues and organs (Zielinski, 1998; Snedden and Fromm, 2001; Luan et al., 2002). A n
elegant example is found in the differential expression of soybean CaM (SCaM)
isoforms. SCaMl-SCaM3 are > 96% identical to animal CaM and each other, while
SCaM4 and SCaM5 exhibit only -76% identity to animal CaM (Lee et al, 1995b).
Interestingly, SCaM4 and SCaM5 have been shown to be transcriptionally active after
9-4-

exposure of soybean cultures to pathogenic agents in a Ca -dependent manner, but no
increase in transcription was found for SCaMl-3 (Heo et al, 1999). In addition, when the
SCaM4 and 5 genes were constitutively expressed in tobacco plants, a characteristic
defensive hypersensitive response was observed, as was non-specific wide ranging
resistance to a number of pathogens.
While no structural data has been reported for any plant CaM, the structure and
mechanism of function for the isoforms closely related to animal CaM can be inferred
from known crystallographic and N M R structures of mammalian CaM. The primary
sequence structure indicates a dual domain arrangement characteristic of all animal and

Figure 1.2: Secondary structure plots of a) apo-CaM, 1CFD (Kuboniwa et al., 1995)
b) Ca -CaM, 1CLL (Chattopadhyaya et al., 1992), and c) Ca -CaM/CaMKII-CaMbinding domain, 1CDM (Meador et al., 1993). Calcium atoms are depicted in deep blue,
and in c) the helical CaMKII peptide is monochrome. The image was created with
MolMol (Koradi et al., 1996).
2+

2+

4
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94-

most plant CaM molecules, with two EF-hand Ca -binding loops in each lobe. Figure
1.2 presents graphical depictions of apo-CaM, Ca 4-CaM, and a Ca VCaM/CaMKII2

2+

peptide complex. While these structures will be used to describe the canonical mode of
CaM function, it should be noted for completeness that recently CaM has been found in
+

complex with adenylate cyclase from anthrax (Drum et al., 2002), a K channel
(Schumacher et al., 2001), and plant glutamate decarboxylase (PGD) (Yuan and Vogel,
1998) in non-standard conformations and stoichiometrics. The apo-CaM structure (Figure
1.2a) is often referred to as the 'closed' form due to the nearly anti-parallel orientation of
the helices in each of the helix-loop-helix motifs. The two domains are separated by a
short linker sequence, which is unstructured in the apo-form.
On binding four equivalents of Ca , both domains in Ca 4-CaM assume the 'open'
2+

2+

2+

conformation. In this state, the interhelical angle between the helices of the four C a binding sites becomes nearly perpendicular. The structural consequence of this motion is
the exposure of relatively large hydrophobic patches in both the N-terminal and Cterminal domains. Recent N M R structures of Ca 4-CaM indicate that a certain degree of
2+

motion exists in the interhelical angles as compared to the crystal structure, especially in
the N-terminal domain (Chou et al., 2001b). Combined with unusually high Met
representation in the hydrophobic patches (Yuan et al., 1999a; Gellman, 1991; Vogel,
1994), this may partially explain the 'plasticity' of CaM and its ability to recognize over
100 putative total targets, although the number of plant targets identified so far is only a
third found in animal systems (Zielinski, 1998; Snedden and Fromm, 2001). In the crystal
94-

structure of Ca 4-CaM, the linker region between the two domains is helical (Babu et al.,
1985; Chattopadhyaya et al., 1992), although N M R relaxation studies (Barbato et al.,
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1992) and molecular dynamics calculations (van der Spoel et al, 1996) indicate that this
region is flexible in solution and the two domains are essentially independent.
The mobility of the linker also contributes to the target binding properties of CaM, as
shown by its interaction with a peptide encompassing the CaM-binding domain of
CaMKII presented in Figure 1.2c. The two domains envelope the target, forming a
globular complex with the target sequestered between the two domains as an amphipathic
a-helix. Much work has been done to characterize the nature of the CaM-binding
sequences (for example reviewed in (Crivici and Ikura, 1995; Zielinski, 1998; Snedden
and Fromm, 2001)); however, an exact understanding remains elusive. Generally, at least
one large, hydrophobic side chain from the target sequence is required to anchor into one
of the two domains. Moreover, the backbone structure of CaM is invariant between the
9-+-

Ca 4- and target-bound forms, with the recognition accomplished through non-covalent
sidechain interactions (Ikura et al., 1992; Meador et al, 1992; Clore et al, 1993; Zhang
étal, 1994; Osawaeía/., 1998).
While nearly 30 CaM-binding targets have been identified in plants including the
N A D kinase and PGD mentioned above, one interesting discrepancy between plant and
animal targets is that homologues for some of the best characterized animal CaMactivated enzymes, such as adenylyl cyclase, phosphodiesterase, nitric oxide synthase,
CaM-kinases, and calcineurin have not been discovered to date (see Snedden and Fromm,
(2001)). One logical explanation is that the calcium-dependent protein kinases, a class of
protein not found in animals, have evolved to carry out the equivalent regulatory
functions of these enzymes. An examination of CDPKs will conclude the prerequisites
for understanding the biological context of this thesis.
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Calcium-dependent protein kinases
CDPKs were first identified as Ca -dependent but CaM-independent
serine/threonine kinases. Since that time, the CDPK 'superfamily' has expanded to
encompass six different subfamilies of kinases based on phylogenetic analyses of the
catalytic domains (Harmon et al., 2000; Harmon et al., 2001; Zhang and Choi, 2001),
with the primary distinction being in the regulatory domain. Figure 1.3 summarizes the
six subfamilies and their regulatory domains. Several key features are noteworthy. Of the
94-

6 subfamilies, only three are known to be Ca -regulated, and of these, there is only one
member of the CaM-dependent protein kinases (CaMK) from apple (Watillon et al.,
1995). Another member of this group is regulated by both C a
2+

2+

(presumably via a visinin-

like domain) and Ca -CaM, presenting a complex regulatory picture, but has only been
found in lilly and tobacco (Patii et al, 1995; Liu et al, 1998), and notably is not in the
Arabidopsis genome (Harmon et al., 2001). The current discussion will focus on the first
of the CDPK superfamily, somewhat confusingly also called the CDPK subfamily.
Because reviews on this topic have very recently been published (Anil and Rao, 2001 ;
Harmon et al., 2001 ; Cheng et al., 2002), only key points will be repeated here.
As demonstrated in Figure 1.3, CDPK consists of a catalytic domain and a CaM-like
domain (CLD) separated by an autoinhibitory domain termed the junction domain, JD.
The immediate N - and C-terminal regions are highly variable and demonstrate little
conservation as compared to the other domains. However, many CDPKs have putative N terminal myristoylation and/or palmitoylation sites, and several of these have been
demonstrated to target specific CDPKs to membranes (Satterlee and Sussman, 1998;
Ellard-Ivey et al., 1999; Martin and Busconi, 2000), and one Arabidopsis isoform has
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Figure 1.3: Primary structure and domain organization of the six members of the
CDPK superfamily of protein kinases. Shared domains include the N-terminal variable
region (thin lines), the kinase catalytic domains (white box), and autoinhibitory or
junction domain (thick line). The regulatory regions are depicted as black boxes, and the
break in the boxes indicates the location of Ca -binding sites. The abbreviations are as
follows: CDPK, calcium-dependent protein kinase; CRK, CDPK-related kinase; PPCK,
PEP carboxylase kinases; PRK, PPCK-related kinases; CaMK, CaM-depedent protein
kinases; CCaMK, calcium- and/or calmodulin-dependent protein kinases. Taken from
(Harmon et al., 2001).
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recently been shown to be targeted directly to the ER membrane (Lu and Hrabak, 2002).
CDPKs have also been found associated with numerous other cellular components, such
as the cytoskeleton, the nucleus and chromatin, and soluble lysates (see (Sanders et al,
2002) and references therein). It should be mentioned here that outside of the plant
kingdom, CDPKs have also been characterized in protists such as the malaria causing
Plasmodium falciparium (Zhao et al, 1993; Zhao et al., 1994; Zhang and Choi, 2001).
As has been detailed in the previous section, CDPKs have been physiologically
94-

implicated in the Ca response during abiotic plant stress signalling. However, the exact
function of CDPK activity in plant cells remains somewhat elusive, although numerous
possible roles have been suggested. The study of NtCDPK2 modulation in pathogen
response for tobacco (Romeis et al, 2000; Romeis et al, 2001) stands alone as the single
conclusive characterization of CDPK in a physiological context to date. This study is
particularly interesting as it demonstrates that two different types of stimuli (hypoosmotic and flooding stress) with different C a

2+

signatures lead to transcription of

NtCDPK2, but with different durations. This suggests a complicated pattern of crosstalk
between different CDPK pathways (Romeis et al, 2001; Lee and Rudd, 2002). Other
potential roles for CDPK response include hormone modulation, growth and
development, stomatal movement, as well as carbon and nitrogen metabolic regulation
(see Cheng et al. (2002) and references therein).
2+

Other forms of regulation besides Ca -activation and response of CDPKs is not well
characterized in vivo, although several in vitro systems suggest that this added layer of
complexity exists. There is one in vivo transgenic study of CDPK activity during
pathogen response of tobacco plants which unambiguously demonstrates that
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phosphorylation of NtCDPK2 causes a temporary 200-fold increase in activity as the
enzyme interconverts between two distinct forms (Romeis et al, 2001). Other in vitro
examples of CDPK autophosphorylation exist, some of which suggest an increase in
activity, although the effect on activation varies (Anil and Rao, 2001; Cheng et al., 2002).
Also, phospholipids and 14-3-3-like proteins have been shown to regulate CDPK activity
in vitro (Szczegielniak et al, 2000; Camoni et al, 1998b).
With such a diversity in sequence and complex regulatory patterns, it is no surprise
that the substrate specificity of CDPKs is also diverse. Table 1.2 summarizes known
substrates and the CDPKs associated with phosphorylation (taken from (Cheng et al.,
2002)). The information about substrates has generally been derived from in vivo studies,
and information is wanting as to the physiological significance of these interactions.
Interestingly, it has been clearly shown that the Ca -sensitivity and activation properties
of CDPK isoforms from soybean are highly variable in the presence of different
substrates (Lee et al, 1998). This suggests a clear link between the regulatory properties
2+

of the Ca -regulatory domain and the activity of the kinase domain.
Scope
2+

The question of how the Ca -regulatory domain of CDPK interacts with the
remainder of the protein is crucial to understanding the mechanisms by which the
specificity of CDPK is modulated. Molecular genetic studies of Arabidopsis (Harper et
al, 1994; Huang et al, 1996; Vitart et al, 2000) and soybean (Harmon et al, 1994; Yoo
and Harmon, 1996) suggest that a combination of two mechanisms is involved in the
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Table 1.2. Known

potential

CDPK substrates

Sub« trate
Metabolism
Nitrate reductase
Phosphosno/pymvate
carboxylase
Phosphoanofpyruvate
carboxylase
PSIID1
Suc-phosphatesynthase
Sue synthase
Sucsynthase2
Sucsynthase(nod 100)
Stress-relatedproteins
PAL

(Taken from Cheng et al., 2002)

Substrates ource (Species}

•ht

CDPK8pectot(CDPKy

Potential
Effect

ReP

Leaves(spinach)
Root nodules

Spinach (PK,, PK,,); AtCPKS
Soybean

A

APGPGEKHHSIDAQL

Leaves

Maize

5

-TKGRMRRISSVEMMD

-

ATDRLTRVHSLRERL
GDRVLSRLHSVRERI
ATDRLTRVHSLRERL

Peptide
Leaves
Ree (mung bean)
Leaves
Root nodules

Spinach (PK¡)
Soybean (nodule)
Maize
Soybean

B
A
C
A.D
D

6
1,7
8
9,10
11

VSXVXKRXLTTXXXX

Cell culture,ree(poplar

E

12,13

SGPTLKRTA8TPFMN

-

[Popuius

Pseudoresponseregulator

géneros^)

Leaves

Spirodela sp.

-

French bean {Phaseolus
vulgaris); AtCPKI
Ice plant {Ueaambryanthamum crystallinum

1-3
4

14

Mc-

CDPK1)
Antifungal proteins
Carboxypeptidaseinhibitor
-Thionins

AWFCQACWNSARTCG
UKLCQRPSGTWSS

Tuber (potato)
Seeds(yellow mustard

Lipid transfer proteins

VXSXXXPCXS/TYXXGX

Napins

QGQQLQQV1SRIYQT

Seed s( wheat [Tri ti cum
aastivum] and barley)
Seedsfkohlrabi [Brassica

Wheat (embryo)
Wheat (embryo)

-

18
16

Wheat (embryo)

—

17

Wheat (embryo)

—

18

[SmapisalbaY)

napusvar.

Proteaseinhibitor
Ion/water transport
Aquagryceroporin (nod 26)
Aquagryceroporin (LIMP2)
Aquaporin PM28A
Ce} -ATPasaACA2
PMH -ATPase
Potassiumchannel KAT1
Other
Actin-deporymerizing
factor
CDPK-related kinase
Myosin light chain
PI 4-kinase activator
Proteasomeregulatoiy sub.
Self-incompatibility
RNases
Ser acety (transferase

rap if era])

SDMRLNSCHSACKSC

(Soybean)

Wheat (embryo)

-
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PLSEiTKSASFLKGR
PLRFITKNVSFLKGI
RAAAIKALGSFRSN
RRFRFTANLSKRYEA

Soybean

F

-

Root nodules
Peptide
Peptide
Ree
Roots
Guard cells

MANARSGVAVN
RKAALRALSKTLTV

-

Spinach (PK, PK,,)
Arabidopsis (AtCPKI)
Oat, maize

G

V. faba

G

-

20,21
22
23
24
25,28
27,28

Cell cultures (maize)

French bean

G

29

Peptide

Carrot (DcCPKI)
Criara
Carrot
Tobacco (NtCDPKI )
N. alata (pollen tube)

-

30
31
32
33
34

H

35

Lotus

japonicus

Peptide
Style
Cell cultures
Soybean
' Potential substrateancluded are those shown to be phosphorylated by a C DPK (rather than CaMK).
Cell cultures

-

-B
-

" Site or motif phosphorylated by the
CDPK with the modified residue underlined.
° The site for only one protein of this class is shown.
Substratespeciesis in parentheses
if different from that of the CDPK. ree, Recombinant source.
* CDPKplant species.with the name or tjssueof the CDPK, 'if different from the
substiataussue.in parentheses.
' A , InacuVation; B, activation; C, higher substratsaffinity; D, localization; E, lower
F, higher voltage
sensitivity; G, inhibition; H,reducedfeedback inhibition.
» 1, McMichael et al. (1995a); 2, Douglas et al. (1997):3, Douglas et al. (1998);
4, Zhang and Chollet (1997); S, Ogawa et al. (1998); 6, Swegle et al. (2001); 7, McMichael et al. (1995b); 8, Nakai et al. (1998); 9. Huber et
al. (1996):10, Winter et al. (1997); 11, Zhang et al. (1999); 12, Alhvood et al. (1999):13, Cheng et al. (2001); 14, Patharkarand Cushman(2000);
15, Neumann et al. (1996c); 16, Neumann et al. (1996a);17, Neumann et al. (1993); 18, Neumann et al. (1996b);19, Neumann et al. (1994);
20, Weaver and Roberts(1992); 21, Lee et al. (1995); 22, Guenther and Roberts(2000); 23, Huang et al. (2001); 24. Hwang et al. (2000); 25,
Harmon et al. (1996); 26, Cameni et al. (1998a); 27, Li et al. (1998); 28, Berkowitz et al. (2000); 29, ADwood et al. (2001); 30, Farmerand Choi
(1999); 31. McCurdy and Harmon (1992); 32, Yang and Boss(1994); 33, Lee et al. (2001); 34, Kunz et al. (1996); 35, Liu et al. (2001).
d

Table 1.2: Known potential CDPK substrates. Taken from Cheng et al., 2002, ©
American Society of Plant Biologists, reprinted with permission.
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regulation, and that both the CLD and autoinhibitory domain are implicated. The two
mechanisms are the 'binding model', analogous to the manner whereby CaM/CaMK
proteins are regulated, and the second is an allosteric 'conduit model', in which a nonbinding conformational change is associated with the Ca -réponse (Figure 1.4). The
remainder of this dissertation is an attempt to address this fundamental question from a
structural biology vantage point. In the first study (Chapter 2), a primarily computational
comparative modelling approach is used to verify that the structural characteristics of the
CLD are compatible with the CaM system. However, the NMR diffusion studies of
Chapter 3 suggest that the global properties of the CLD in solution are distinct from
CaM, particularly in the Ca -saturated form. This observation is confirmed in a
conclusive manner in Chapters 4-6. Chapter 4 details the NMR solution structure of the
CLD in the presence of a peptide encompassing the autoinibitory region (JD), and
Chapter 5 uses fluorescence spectroscopy to confirm that the N - and C-terminal domains
94-

are indeed proximal in the presence of Ca

94-

alone as well as with Ca and the JD peptide

present. Finally, the solution structure and backbone dynamics of the N-terminal domain
are presented in Chapter 6 in an unusual construct where the NMR signal of most of the
C-terminal domain is eliminated, but the CLD still maintains the bulk properties of both
domains. The following section attempts to provide some relevant background
information on the techniques employed.
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Figure 1.4: Description of the two theories of C a activation of CDPK. The conduit
model is accompanied by an allosteric message in the JD, while the binding model
involves direct interaction between the CLD and JD. Reprinted with permission from
Yoo and Harmon, (1996), © American Chemical Society.

18
Background to techniques employed
Each research chapter of this dissertation is predicated on the use of specific experimental
techniques (comparative modelling, N M R and fluorescence spectroscopies). The aim of
this section is to provide the scientifically inclined non-specialist appropriate background
to appreciate the findings of these studies. As a result, mathematical formalism is
avoided, and a black box hand-waving approach is adopted to provide a conceptual
framework, with citations to more detailed treatments indicated for those interested.
While simplified, the approach taken attempts to explain in plain language the physical
phenomena which underlie the concepts. Readers are encouraged to refer back to this
section while reading other chapters for the highest degree of relevance.
Comparative Modelling
The basis of all protein modelling comes from the simple fact that protein fold space
is far smaller than protein sequence space (Vitkup et al, 2001; Sali, 2001). For example,
estimates of the number of unique protein folds ranges from 2 000-4 000 (Govindarajan
et al, 1999), the number of estimated human sequences is on the order of 35 000 (Venter
et al, 2001 ; Lander et al, 2001). In addition, complete structural determinations by N M R
spectroscopy or X-ray crystallography are often time consuming and tedious processes,
and may provide little additional information if a protein with previously unknown
structure is closely related to an available 3D structure. Even if complete structural
determination is the goal, a predicted model can serve as a reasonable starting point for
X-ray crystallography or N M R spectroscopy analysis. As a result, well-defined methods
have been developed to predict protein structure. Two broad classes of prediction
algorithms are widely available: ab initio prediction from sequence information alone,
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and homology based methods (Baker and Sali, 2001). This discussion will focus on the
latter, which was the approach used in the modeling of CLD.
Intuitively it is obvious that if the number of protein folds is limited, proteins must
have a defined sequence-structure relationship. A closer relationship between two
1

proteins, as measured by the percentage sequence identity or homology , results in a
higher degree of structural similarity (Sanchez and Sali, 1998). Figure 1.5 presents the
typical steps involved in obtaining a suitable model which exploits the information
available in such homology relationships. The first step is to establish the degree of
identity between the unknown sequence (referred to as the target) and known structures
(possible templates). The initial template sequences can be identified with BLAST type
searches (Altschul et al, 1990), or in cases where there are no highly significant matches,
PSI-BLAST will provide a larger subset of possible templates (Park et al, 1998). The
degree of identity and secondary structure matching is accomplished through the use of
sequence alignments, which can be automated, or for best results manually edited to
incorporate known experimental information (if any) (Weljie and Heringa, 2002; MartiRenom et al, 2000). The importance of this step cannot be overemphasized, as successful
results in all future steps are intimately tied to the sequence alignment.
The level of usefulness of the model can also be assessed by the alignment, based on
the degree of sequence identity and the number of insertions or gaps in the target
sequence as compared to the template. At the highest level of accuracy, target sequences
with identities > 50-60 % and with no insertions or gaps most likely have the atomic level
1

Sequence identity is a measure of the number of identical residues between two or more sequences.
Homology is a generic term used to describe similarity, with varied possible criteria used for evaluation,
such as conservative mutations based on mutation matrices. See (Weljie and Heringa, 2002) and references
therein for more detailed discussion.
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Figure 1.5: Flow chart for protein structure prediction using comparative modeling
techniques. Key steps are highlighted in the text. Taken from (Marti-Renom et al., 2000,
with permission, © 2000, by Annual Reviews www.annualreviews.org).

properties analogous to those of the template (Baker and Sali, 2001). Identities > 40 %
often provide models with the accuracy of low resolution X-ray and N M R structures
(Sanchez and Sali, 1998), and between 30-40 % identity is sufficient for reasonable
confidence in fold identification. The number of gaps and insertions becomes important
for sequences with identities < 30% (Vitkup et al, 2001; Chance et al, 2002), and in this
case multiple sequence alignments combined with secondary structure prediction
algorithms are much more reliable than the use of single sequence target alignment. In
other words, using an alignment incorporating sequences of other target sequence family
members, even if structures are not known, provides more data about the secondary
structure information which can be used in the alignment with known structures (MartiRenom et al, 2000; Weljie and Heringa, 2002). The exact cut-off point for which
modelling becomes ineffective depends on each case being studied, but generally results
from sequence identities < 20 % must be evaluated very critically. Oftentimes it is useful
to start with several possible alignments, and model the target from each of these
independently (Marti-Renom et al, 2000).
From the starting alignment, the information is translated into 3D coordinates for the
target sequence. Two different popular approaches are used, based on either a fragmentbased approach or on the satisfaction of spatial restraints (Sali and Blundell, 1993; MartiRenom et al, 2000). In the former, sections of high similarity are considered to be
structurally conserved regions (SCRs), and coordinates are mapped directly from the
template to the target. Regions between the SCRs are considered as variable regions
(VRs), and are modelled as loops. When spatial restraints are used for modeling,
distances are created for possible relationships in the target, and the distances involving
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conserved regions are considered using a stronger weighting function than non-conserved
regions. Table 1.3 presents basic details for three popular modeling packages. Generally,
simple molecular dynamics and energy minimization is carried out on the model, as
controlled by the software, although it is fine-tunable with user intervention.

Table 1.3: Comparison of three popular comparative modeling programs
3

MODELLER
Ease of Use
Medium
Ligands
Yes
Multiple Chains
Yes
Algorithm
Satisfaction of
Spatial restraints
Academic License
None (web-based)
Free
The latest versions of Insight!! have MODELLER incorporated as
SwissModel
Easy
No
No
Fragment-based

a

2

InsightH
Difficult
Yes
Yes
Fragment based
$$$$
a module

Once the model is created, it must be appraised. Basic evaluation criteria include
evaluation of the geometry, such as bond lengths, planarity, and angles (Laskowski et al.,
1993). In addition, the degree of hydrophobic sidechain packing as evaluated by solvent
exposure is evaluated to detect serious errors (Bowie et al., 1991 ; Luthy et al., 1992).
Finally, the most important evaluation comes from the consistency of the model with
biological evidence, such as the positions of key residues. Generally, the largest source of
errors is found in loop regions, for which modelling algorithms are still not proficient
(Marti-Renom et al., 2000). If serious errors are noticed, it is likely due to an error in the
alignment, and the process should be repeated iteratively.

One important question which must be asked is if the desired information includes
the relationship between structure and function. As discussed above, modelling will
provide an idea of the general fold of the protein based on the sequence-structure
paradigm, which may or may not relate to function. For example, a kinase active site may
be modelled at relatively low levels of identity, if the key motifs of the active site and
cofactor binding pockets are conserved (Sanchez et al, 2000). On the other hand,
function may remain far more elusive; for example, in the case of SCaM-4 and SCaM-5
cited in the previous section, the degree of identity is >75 %, yet the functional properties
are very different compared with SCaM 1-3 (Heo et al, 1999). This is indeed
characteristic of many EF-hand Ca -binding proteins, which in spite of significant
similarity display a wide range of interhelical angles and functional properties (Yap et al,
1999). As we will see, the significant similarity between the CLD and CaM (> 40%)
provided reasonable structural clues, but functional interpretation of the structure was not
justified as evidenced by fluorescence and NMR spectroscopies.
Fluorescence spectroscopy
It is assumed that the reader is largely familiar with the basics of fluorescence
spectroscopy (Lakowicz, 1999; Weljie and Vogel, 2002), hence this section will address
specific aspects offluorescenceresonance energy transfer (FRET) which are pertinent to
this study. As the name implies, FRET is the transfer of energy from the excited state of
one entity (the donor, D), typically a fluorescent chromophore, to another moiety (the
acceptor, A) which may be fluorescent but is not required to be (Selvin, 1995; Lakowicz,
1999). Figure 1.6 outlines the basic process by which energy transfer occurs between the
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(a)

(b)

Figure 1.6: Resonance energy transfer between a typical fluorescent donor and
acceptor pair, a) Absorption and emission spectra showing the required overlap in the
emission of the donor with the absorption of the acceptor by the hatched lines, b) The
donor drops from the excited singlet state back to the ground state while the acceptor is
excited. Reprinted, with permission, from (Campbell and Dwek, 1984).

D-A pair of two fluorescent FRET pairs (Campbell and Dwek, 1984). The donor is
excited by incident light, and fluorescence occurs in the absence of the acceptor through
the return of the excited-state singlet to the ground state at some red-shifted wavelength
(i.e. longer wavelength and lower energy) as compared to the excitation. Concurrently,
photon emission is detected in the fluorimeter. In the case of FRET however, the range
over which the acceptor molecule is excited overlaps with the emission wavelengths of
the donor (Figure 1.6). Energy is transferred between the excited state of the donor and
the ground state of the acceptor moeity in a radiationless, energy resonance phenomenon
via the transition dipoles of the two entities (Lackowicz, 1999). In other words, the donor
does not exhibitfluorescence,or the emission of a photon, and instead the acceptor is
excited. If the acceptor isfluorescent,it then is excited to singlet state, followed by
emission even further red-shifted compared the range of absorption.
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Several key points are worth noting during this process. Firstly, the efficiency of
transfer has a sixth power distance dependence, and thus the closer the D-A pair are the
more energy will be transferred (Lakowicz, 1999). Also, the degree of transfer is
dependent on the degree to which the emission of the donor and absorption of the
acceptor overlap, as outlined conceptually by the hatched area in Figure 1.6a. Other
contributing factors include the refractive index of the solvent, n; the quantum yield of
the donor, OQ; and the relative positions of the D-A pair, or orientation factor K, as
discussed further in chapter 5.
NMR spectroscopy
Nuclear magnetic resonance spectroscopy, and in particular biological N M R
spectroscopy, has matured substantially over the past ten years to the point where much
of the software and hardware is essentially a black-box to the average user. For proteins,
experiments acquired in one, two, three and in some labs four dimensions are fairly
13

15

2

routine, commonly involving up to four different nuclei ('H, C , N , and H). While this
may initially seem daunting, the conceptual premise behind all N M R methods is quite
accessible, as are the basic data which these methods generate. For more detailed and
mathematical treatments, readers are referred to Ernst et al, 1987; Munowitz, 1988;
Cavanagh et al, 1995. For more practical explanations, see Derome, 1987; Kessler et al,
1988; Edison et al, 1994; Hore, 1995.
As the name implies, nuclear magnetic resonance spectroscopy is fundamentally
based on a nuclear property of atoms, that of the magnetic moment. Each type of nucleus
has a characteristic property called the magnetic spin quantum number (m) (Harris et al,

2001), which is a function of the number of protons and neutrons (Table 1.4). The nuclei
1 5

13

of interest for this thesis are ' H , N , and C , all of which have a spin quantum number
of Vi. For these nuclei, there are two possible states, which are simplistically described as
'up' or 'down', corresponding to ±Vi. Movement between the two states occurs with the
absorption or loss of energy at a frequency particular to that nucleus. For the purposes of
this description, we will assume that the +½ state corresponds to 'up'. At this stage it is
useful to introduce the concept of magnetization on an atomic level versus macroscopic
magnetization. If each nucleus is thought to be a tiny magnet vector, then addition of
these vectors will provide information about the net magnetization in the sample, which
is what we will be concerned with for most of this discussion. In the absence of a
significant magnetic field (say in an NMR tube on a lab bench), there is essentially a
random distribution of nuclei in the 'up' and 'down' states Figure 1.7a. This leads to a net
magnetization of zero as shown on the axis on the right side of Figure 1.7a.
After one procures a large cryogenic electromagnet, radiofrequency generators,
acquisition hardware, and appropriate human interface devices (thereby relieving various
funding agencies and employers of hundreds of thousands or millons of dollars), one has
the tools to acquire a high resolution spectrum. When the sample is placed in the magnet,
it experiences the influence of the magnetic field, which is denoted as B , or the static
0

external field. The strength of the static magnetic field is referred to in one of two ways,
either by the absolute magnetic field (in Gauss, G, or Tesla, T) or with reference to its
effect on a particular type of nucleus. For example, one of the magnets at the University
of Calgary Bio-NMR Centre operates at a magnetic field of 11.7 T. A sample containing
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Magnetic Field
Figure 1.7: The influence of the static magnetic field B on a population of spin
quantum number A nuclei. A) The orientation of the nuclei is random, leading to no net
bulk magnetic properties. B) When an external magnetic field, B is applied, there is net
population difference created and a net magnetic vector ensues. C) The population
difference arises from the energy difference of the two states.
0

l

0
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Table 1.4: N M R properties of selected biologically relevant nuclei. Adapted from (Harris
et al, 2001).

Isotope

'H
H
C
N
N
o

2

li

1 4

l b

1 7

iip
Se
Cd

77

11J

#of
Protons

Neutrons

1
1
6
7
7
8
9
15
34
48

0
1
7
7
8
9
10
16
43
65

#0f

Spin
(m)
l

A
1
Vi
1
»/2

5/2
l

/2

Vi
Vi

Gyromagnetic
ratio

26.752
4.106
6.728
1.933
-2.712
-3.628
25.181
10.839
5.125
-5.961

Frequency
Natural
Abundance"

99.99
0.01
1.07
99.63
0.37
0.04
100.00
100.00
7.63
12.22

Receptivity''

11.7 T

16.4 T

1.000
l.lle-6
1.70e-4
1.00e-3
3.84e-6
l.lle-5
0.834
6.65e-2
5.37e-4
1.35e-3

500.00
76.75
125.73
36.15
50.69
67.80
470.45
202.40
95.35
110.97

700.00
107.45
176.02
50.61
70.96
94.92
658.63
283.36
133.49
155.35

" Natural Abundance is the percent composition of a particular isotope with respect to all possible isotopes
under normal environmental circumstances.
* Receptivity here is defined as the signal strength o f a particular nucleus, at Natural Abundance, relative to
that o f ' H . Note that Receptivity is different from Sensitivity, which is commonly defined as the signal
strength o f a particular isotope at 100 % abundance.

H nuclei under the influence of this field experiences what is known as the resonance
condition at approximately 500.13 MHz (Tablel .4). Thus, the magnet can be referred to
either as an 11.7 T magnet, or as a 500 MHz ' Hfrequencymagnet. For protein N M R the
latter nomenclature is most often used, while for magnetic resonance imaging magnets,
the former is more common. The resonance frequency of a particular nucleus is a product
of both the strength of the static magnetic field and an intrinsic property of the nucleus
13

called the gyromagnetic ratio (Hore, 1995). As can be seen from Tablel .4, ' H , C , and

N have resonance frequencies of approximately 500 MHz, 125 MHz, and 51 MHz
respectively at 11.7 T.
When the nuclei of interest are placed in the static magnetic field, there is a relative
ordering of the nuclei with the field as depicted in Figure 1.7b. The external field induces
a phenomenon known as Zeeman splitting (Figure 1.7c), in which it is energetically
favourable for a population difference, and for more nuclei to align with the field, at least
in a macroscopic way, creating a net magnetization of the sample with the field. The
slopes of the population difference curves in Figure 1.7c are directly proportional to the
gyromagnetic ratios; thus a larger gyromagnetic ratio indicates a larger population
difference, and higher sensitivity of a particular nucleus at a given field (Hore, 1995).
Once the population difference is established in the magnet, the sample is said to be at
equilibrium.
While it is useful to understand the equilibrium condition, this state makes for boring
and uninformative experiments, not worth the financial investments made so far. N M R
spectroscopy becomes useful when we start to disturb the equilibrium of the sample by
applying defined radiofrequency (RF) pulses. For example, a simple experiment is
depicted in Figure 1.8. Initially the magnetization is at equilibrium, along the z-axis. A
single pulse is applied which causes a 90° rotation of the net magnetization from the zaxis to the y-axis. In the absence of any other further pulses, the net magnetization will
tend towards the equilibrium state, a phenomenon known as relaxation, which is
discussed in more detail later. For a large part of the relaxation process, the magnetization
maintains a component in the x-y plane. This is important because the detection process
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Figure 1.8: A simple N M R experiment in which magnetization from the z-axis is
perturbed by a 90° pulse which rotates the magnetization to the y-axis where it can be
detected. The middle figure shows the detected magnetization in the absence of
relaxation. In reality, the signal will decrease over time in an exponential fashion until no
component of magnetization is left in the x-y plane.
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used by N M R hardware only detects magnetization in the x-y plane as it relaxes. A
simple analogy is to think of a bell; the applied RF pulse is like a hammer striking the
bell, which then resonates with decreasing volume (as sensed by the ear, or detection
device) until it reaches equilibrium, or silence (Hore, 1995). In the N M R experiment, the
signal decays at a particular frequency, and the decay is monitored as the component in
the x-y plane.
Figure 1.9 demonstrates a simple modern experiment in which the return of the
magnetization in the x-y plane of protein signals is monitored, and seen to decay in an
exponential fashion over time. This is termed the free induction decay (FID), and it is
common to refer to the FID as N M R information in the 'time' domain. A key feature of
the FID is that it represents the modulation of the signal over time, and if there are
multiple signals in a given sample (such as with proteins), all signals will be encoded in a
single FID. While somewhat informative, to the average spectroscopist time domain data
soon lose their appeal, and in modern spectroscopy a Fourier transform is applied to the
data in order to obtain frequency domain data (Figure 1.9b) which resolves the signals
based on their characteristic 'chemical shifts' (Ernst et al, 1987). The chemical shift, 8,
with units of parts per million, is a relative measure of the frequency of the particular
resonance signal being observed, and is influenced by the chemical environment of the
particular atom. This unique ability to obtain information on an atomic level is one reason
why N M R spectroscopy is such a powerful technique.
On a practical level, the pulses which influence sample magnetization are applied
within a relatively narrow range offrequenciesvery similar to the resonance frequency
for each nucleus, and hence a different RF channel is required for each nucleus pulsed in
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Figure 1.9: ID N M R spectroscopy: a proton spectrum. A) The signal is acquired as
a measure of the signal strength in the x-y plane over time, and displays both periodicity
and exponential decay properties. It is aptly termed the free induction decay, or FID. B)
A Fourier transform of the time domain FID in the frequency domain gives rise to the ID
spectrum.

a particular experiment. The sequence of pulses is controlled by a 'pulseprogram',
analogous to a computer software code which instructs the spectrometer on the timing,
duration, and sequence of pulses. An N M R experiment is literally a series of pulses
programmed into a piece of code which manipulates the magnetization of the sample in
such a way as to answer a defined question. The ID experiment in Figure 1.9 answers the
question "what are the resonances of all the protons in the sample?" As we shall see, the
principles of ID N M R are easily extrapolated to higher dimensionalities in order to
answer more complicated questions.
Figure 1.10 shows two steps in the Fourier transform of a 2D experiment called the
1 5

- N - heteronuclear single quantum coherence (HSQC) spectrum. Basically, this
1 5

experiment answers the question "what are the chemical shifts of connected

and N

resonances?" The spectrum can be thought of as a series of ID spectra in which
1 5

modulation of the N is also taken into account. For example, representative slices of the
2D are shown in Figure 1.10a, in which the data have only been transformed in the *H
dimension. In the first slice, most of the signal is positive as there is very little
1 5

modulation of the N signal. In other words, the pulseprogram does not have any time
1 5

for the N signal to be detected, or does not allow for chemical shift evolution. With
each successive ' I D increment', time is added which allows for this evolution, similar to
1 5

1 5

sampling points on an imaginary N FID. In this way, the N signal is modulated in the
time domain, as can be seen by noting the signals near 10.7 and 11.0 ppm in Figure
1.10a. They are both modulated in a sinusoidal, decaying fashion; however, the
1 5

frequencies are slightly different. When a Fourier transform is applied in the N
l

1 5

dimension, the result is the spectrum of Figure 1.10b in which both the K and N
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Figure 1.10: 2D N M R spectroscopy: a 'H- N-HSQC spectrum A) The 2D spectrum
with only the proton dimension Fourier transformed, and can be seen to be a series of
frequency modulated ID spectra by looking at the change in individual resonance
through the N dimension. B) Fourier transform of the series in A) provides a series of
correlations between ' H and N resonances which are connected.
1 5

1 5

Figure 1.11: 3D N M R spectroscopy: a HNCO spectrum. The 2D ^ - ^ N - H S Q C
from Figure 1.10 is used as a starting point, and by introducing a third dimension, the
chemical shifts of carbonyl carbons attached to the amides can be detected.
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chemical shifts are in the frequency domain, with a 'peak' for each connected H-N pair of
nuclei.
The extension of these principles to three dimensions is also straightforward. Figure
1.11 shows an HNCO spectrum (Grzesiek and Bax, 1992b), which answers the question
1 5

"what are the chemical shifts of connected ' H , N , and

1 3

C (carbonyl) resonances?".

The pulseprogram is designed in such a way that magnetization is transferred between
!

amide protons and nitrogens and the carbonyl carbons of the preceding residues. The H 1 5

N HSQC experiment from Figure 1.10b is mapped to the bottom, and demonstrates how

the 3D has the same peaks as the 2D, only distributed over a cube. The 3D experiment
can be thought of as a series of 2D experiments, with the modulation of each 3D peak
13

accomplished by the addition of another evolution time (in this case for the CO) in the
pulseprogram.
Diffusion
The principles used in N M R spectroscopy to measure diffusion are quite simple:
Apply a series of pulses to encode the position of the nuclei of interest in the sample in
solution, allow some time to elapse (on the order of tens to hundreds of milliseconds),
and then apply another series of pulses to decode the current position of the nuclei. If the
nuclei have diffused significantly, say small molecules, then this is translated into a
different type of signal than another molecule which does not diffuse significantly, for
example a large protein. In practical terms, the difference between the molecules is seen
by the change in signal intensity as a function of some experimental parameter in the
pulse sequence. Most modern experiments use pulsed-field gradients, which alter the net
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Figure 1.12: Measuring diffusion by N M R spectroscopy. A) Through the course of
the experiment a certain parameter is altered to alter the signal intensity in defined
manner as shown for the aromatic region of apo-CaM. B) The decay resulting from
water, dioxane and protein molecules, which can be fitted to mono- or bi- exponential
functions as appropriate. (Note that for clarity the protein signal has been multiplied by a
factor of 1000).

magnetic field through the sample (Gibbs and Johnson, 1991). For example, in Figure
1.12a, the decrease in signal through the course of the diffusion experiment is seen.
Notice that the large signal on the left decreases in intensity much faster than the other
resonances. If one plots the signal intensity through the course of the experiment, one
obtains a plot similar to Figure 1.12b, which shows that decrease in signal for water is
much faster, while for the protein the relative decrease is much slower.
An important characteristic of the curves shown in Figure 1.12b is that when they are
fit to an exponential function, the result is directly proportional to the rate of diffusion.
Thus one can directly compare two such diffusion curves if they experience the same
sample conditions, such as being in the same N M R tube. This allows one to include a
molecular reference, such as dioxane, which has known diffusion and size characteristics,
which can be related to the diffusion characteristics of a protein by a simple linear
relationship (Jones et al, 1997; Wilkins et al., 1999). This of course assumes that the size
and shape of rotation of both entities is the same, which is not entirely true. However,
empirically, the relationship is close enough to be able to assess large scale changes in
protein structure, such as that seen in protein folding and unfolding (Jones et al, 1997;
Wilkins et al, 1999), protein aggregation (Schibli et al, 2002; Mansfield et al, 1998;
2+

Altieri et al, 1995; Ekiel and Abrahamson, 1996), and conformational changes of Ca binding proteins as seen in Chapter 3.
Structure Determination
Higher dimensional N M R spectroscopy has largely been a result of, and of benefit
to, the examinations of proteins (Clore and Gronenborn, 1991; Gronenborn and Clore,
1994). The sheer number of atoms in a typical protein makes ID and even 2D analysis
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non-trivial for proteins > 50 amino acids, especially if there is significant chemical shift
1 3

overlap, such as in helical or random coil proteins. By labelling protein samples with C
and

1 5

N (Kay, 1997), one is able to take advantage of a myriad of 3D experiments which

are used in the assignment of chemical shift resonances and others which provide
distance and geometry restraints used in the calculation of 3D solution structures. In this
section, a brief overview of assignment strategies and structure calculations will be given,
with brief mention of the revolutionary residual dipolar coupling restraints which promise
to be a key part of future N M R protein structure methods.
Assignments
A listing of the most popular and useful 3D experiments used for backbone and
sidechain assignment is present in Table 1.5, along with a graphical representation of the
information available from these experiments (Ferentz and Wagner, 2000; Bax and
Grzesiek, 1993). In the naming of these pulseprograms, the letters generally refer to the
atoms which are involved in the experiment, with those used to transfer magnetization
(but not with chemical shift information in the final data) in brackets. Depending on the
type of labelling (with/without full/partial deuteration) modified versions of these
experiments might be employed (Kay, 1997; Kay and Gardner, 1997; Gardner and Kay,
1998). The HNCO (see Tablel.5 for references to 3D experiments), as discussed above,
1 5

13

provides correlations between the amide ' H , N , and C O of the previous residue, while
1 5

13

the HN(CA)CO correlates the amide ' H , N , and C O of the same residue by
transferring magnetization via the intraresidue C . In the same way, intra/inter-residue
a

correlations for the C {HNCA, HN(CO)CA), and/or C / C {CBCANH/CBCA(CO)NH}
a

are easily available.

a

p
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Once one or more suitable pairs of spectra are acquired, analysis proceeds by
examining the possible inter- and intra- residue correlations of a particular resonance. For
example, in Figure 1.13, a series of strips have been extracted from the 3D cubes of the
1 5

HNCO and HN(CA)CO spectra corresponding to particular ' H - N correlations. The
inter-residue correlation from the carbonyl of one residue must match the intra-residue
carbonyl correlation of the previous residue by virtue of the redundancy in the
13

information available. In practice, the C O chemical shifts are not usually dispersed
enough to provide complete assignments, especially for helical proteins, hence the
experiments involving Cp chemical shifts are the most logical starting point. Once
complete, or almost complete assignments are extracted, a wide assortment of
experiments become available, including complete structure determination, relaxation
studies, kinetic and ligand-interaction studies (Table 1.6) (Gardner and Kay, 1998;
Zuiderweg, 2002; Shuker et al., 1996).
Structure calculation
Traditional structure calculation has been based on the analysis of short range (<6 Á)
through space ' H - ' H interactions exploiting a phenomenon entitled the nuclear
Overhauser effect/enhancement (nOe, or NOE) (Neuhaus and Williamson, 1989). The
experiments which employ this method are called NOE spectroscopy, or NOESY pulse
programs. NOESY spectra can be acquired in 2D on an unlabelled sample; however, for
1 5

1 3

protein N M R it is much more useful to use 3D N - or C - edited NOESY experiments
in which the nOe peaks for a particular proton are resolved based on the heteronucleus to
1 5

which it is attached (Marion et al., 1989). In other words, the N -edited NOESY
experiment asks the question "what protons are within 6 Â of the amide proton
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Figure 1.13: Assignment strategy using 3D triple resonance NMR. A series of strips
from the 3D cubes of HNCO (black) and HN(CA)CO (gray) spectra have been matched
based on their residue of origin. Each strip represents a ' H - ^ N correlation extended into
the third carbon dimension.
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Table 1.5a: Summary of various triple resonance backbone assignment pulse programs.
Taken from Ferentz and Wagner, 2000. Reprinted with permission of Cambridge
University Press.
Experiment

Magnetization

transfer

References

r residue (i-I>~i i —residue( i ) — t

I
HNCA

J
Ikurat all990a
Ikurat all990b
G r z e s i e k & Bax, 1992b
Yamazakèt a l l 9 9 4 b

HN(CO)CA

Ikurat all990a
Ikuret all990b
G r z e s i e k & Bax, 1992b
Yamazakèt a l l 9 9 4 a

HNCO

G r z e s i e k & Bax, 1992b
Muhandiram & # a l 9 9 4
Yamazakèt a l l 9 9 4 a

HN(CA)CO

Clubtet a l l 9 9 2
Kayet a l 9 9 4
Yamazakèt a l l 9 9 4 a
Matsuoet a l l 9 9 6

HN(CA)CB

Yamazakèt a l l 9 9 4 a
Muhandiram & yial994
W i t t e k i n d & MueîIBSâ

HN(COCA)CB

G r z e s i e k & Bax, 1992b
Yamazakèt a l l 9 9 4 a

CBCA(CO)NH

G r z e s i e k & Bax, 1992b
Muhandiram & # a l 9 9 4

CBCANH

G r z e s i e k & Bax, 1992a
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Table 1.5b: Summary of various triple resonance sidechain assignment pulse programs.
Taken from Ferentz and Wagner, 2000. Reprinted with permission of Cambridge
University Press.

Experiment

Magnetization transfer

¡—residue

References

i i—resìdue (i)-—.

HCCH-TOCSY

Kayet

H (CC)NH-DCSY

Lin

«Wagner 1999

(H)C (C)NH-CESY

Lin

M a g n e r 1999

(H)C(C-CO)NH-CESY

L i n M a g n e r 1999
Grzesisát a l l 9 9 3
Loganet a l l 9 9 3

H (CC-CO)NH-T)CSY

L i n {Wagner 1999
Loganet a l l 9 9 3

all993
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1 5

in each *H - N correlation?" An important feature of the nOe is its dependence on the
6

distance between the two correlated nuclei of 1/r , where r is the internuclear separation
(Neuhaus and Williamson, 1989). The practical consequence is that nuclei which are
close together will exhibit a strong nOe characterized by an intense peak, while those
near the 6 Â limit will be very weak.

Table 1.6: Summary of potential N M R experiments based on degree of isotopie labeling.

Macromolecular or site
directed
-no structural information
-limited assignments

Resonance assignments
Structure

Unlabelled
15N only
-Rh (size)
-Folding/unfolding
-Aggregation
-Conformational changes
-Exchange rates
-Metal binding
-Spin Labels
< 70 residues
< 120 residues
< 70 residues
< 120 residues

Relaxation and Dynamics

Backbone amide

Protein-protein/DNA
interactions
Ligand Screening

Backbone
changes
Backbone
changes

With Labelled
targets

15N/13C/(2H)

<60 kDa
< 40 kDa, foil
< 60 kDa, partial
methyls
Backbone and
sidechain
Backbone and
sidechain
Backbone and
sidechain
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Armed with a complete assignment and a NOESY spectrum full of mysterious
distance correlations, a spectroscopist might spend several weeks to months assigning
nOe peaks using traditional methods. Complicating this process is potential overlap in
resonance assignments and resonances which cannot be unambiguously assigned. Once a
set, even if somewhat limited, of reliable assignments is obtained, these are converted
into distance restraints. Because of the reasonably well defined distance dependence of
nOe peak volume and intensity, the assignments can be calibrated based on known fixed
distances (between two geminai or ring protons for example) and converted into distance
restraints. The upper and lower bounds might take into account the stereospecificity (or
lack thereof), the uncertainty in the calibration, and the algorithm used to convert the
assignments into distance restraints. The list of restraints is then input into a software
program, such as the Crystallography and N M R System (CNS) (Brunger et al, 1998)
which adds an energetic potential function for the distance restraints to molecular
dynamics and energy minimization calculations. From this calculation, a family of
structures is often obtained which are consistent with the nOe data. In the preliminary
stages of calculation, these structures are often read back into the analysis software and
used to pick nOes which are no longer spatially ambiguous in an iterative manner until
theoretically all nOes are accounted for.
This traditional approach suffers from several drawbacks. The most serious is the
time involved in complete structure determination which can often take several months of
tedious refinement. Also, because of overlap and ambiguity, calibration of peaks may be
inaccurate and lead to seriously over- or under- restrained distances, or more likely the
exclusion of these restraints altogether. Several advances in calculation algorithms have
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evolved recently to address these issues, including the programs ARIA (Linge et al,
2001; Nilges and O'Donoghue, 1998; Nilges et al, 1997) and N O A H (Mumenthaler and
Braun, 1995). Our attention will focus on ARIA as this was the methodology employed
in this thesis.
ARIA stands for Ambiguous Restraints for Iterative Assignment, and as the name
implies, this method uses an iterative process to assign nOe-based distance restraints in a
semi-automated fashion; practical (Linge et al, 2001) and theoretical (Nilges and
O'Donoghue, 1998) details have been well documented recently. Briefly, the user inputs a
list of all the known and unknown correlations in one or more NOESY based experiments
along with complete or near complete proton resonance assignments for the protein. In
addition, other non-nOe restraints, such as dipolar couplings (see below), dihedral
restraints, and hydrogen bond restraints are also included as input at various points in the
structural refinement. ARIA then runs iteratively through 9 structure calculations, and
uses the lowest energy structures from the previous iterations to automatically calibrate
distances and resolve assignment ambiguities. There are certain criteria and calculations
which attempt to resolve problems such as spurious 'correlations' derived from noise,
and other more esoteric problems such as 'noe spin diffusion' (Linge et al, 2001). The
use of ARIA greatly accelerated the speed of structure calculations in this dissertation,
and has likely also improved the accuracy of the final structures as increasing the number
of restraints will inherently lead to better defined structures.
Residual Dipolar Couplings
Numerous innovations over the past ten years have advanced N M R protein structure
determination capabilities to bigger and more complex systems (Clore and Gronenborn,
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1998; Ferentz and Wagner, 2000). One of the most exciting innovations in protein
structure determination has been the application of residual dipolar couplings to structure
calculations (Prestegard et al., 2000; Tjandra et al., 1997). Dipolar couplings occur
1 5

between two atoms with magnetic moments (for example both the H and N in a protein
amide). The dipolar coupling is a function of the orientation of the two magnetic
moments involved, and their relative orientation to the static external magnetic field B .
0

In the extreme condition of a perfectly rigid molecule with no tumbling, for example in
the solid-state, the dipolar couplings are quite large (near 21.6 KHz for an isolated *H 1 5

N spin pair) (Boyd et al., 2002). By comparison, a typical 1-bond J-coupling of the H -

l

1 5

N nuclei in proteins is -92 Hz (Figure 1.14). On the other hand, in solution with
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Figure 1.14: Typical J-coupling values in proteins.
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tumbling, the dipolar coupling averages to zero due to the dependence on the direction of
B , as is the case for most proteins in solution. In other words, if there is a net orientation
0

of the molecules with respect to the magnetic field, the observable 'bulk property' of the
dipolar coupling will be observed. It should be noted that the J-coupling does not
experience this effect, and is insensitive to the direction of the external field.
While the fundamental aspects of theory have been recognized for quite some time,
the major breakthrough occurred with the observation that weak protein alignment can be
induced in solution by being in a 'magnetically subsceptible solution'. Practically, this
means that the addition of an external entity which will align to the magnetic field, will
also cause a small degree of alignment in the solution state protein (typically on the order
of one part per thousand). Figure 1.15 illustrates this concept. Initially the protein is
isotropically oriented. Subsequently when some entity, such as a bicelle, is added, it
causes a weak net alignment of the protein molecules. The solutions which cause such
alignment are referred to as 'liquid crystalline' media. A number of different choices are
available, such as detergents and phage (Prestegard et al, 2000), purple membrane
fragments (Sass et al, 1999), and stretched polyacrylamide gels (Chou et al., 2001a). In
the current studies, a mixture of C5E12 poly-ethyl ene glycol and n-hexanol (Ruckert and
Otting, 2000) was used to induce a liquid crystalline state. We selected this system
because of the uncharged nature of the medium and stability over a range of pH and
temperature conditions. Once appropriate conditions are found for alignment,
experiments are run on the sample in the aligned and isotropic phases, and the difference
between the couplings in the two is the actual residual dipolar coupling. In principle, the
!

1 5

same H - N -HSQC experiment discussed above could be run by simply removing a
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Figure 1.15: Alignment of proteins using magnetically susceptible media. A) There
is isotropic motion of the protein in solution. B) When a bicelle is added, there is a weak
net alignment of the protein molecule due to steric and/or electrostatic interaction with
the aligned bicelle. This state is called the liquid crystal phase due to the induced order in
the solution.

'decoupling' pulse or sequence of pulses, which would provide the 'coupled spectra'. In
practice, it is more accurate and better resolved results are achieved by running
experiments in which the two components in the coupled spectra are separated into their
in-phase and anti-phase components (Ottiger et al, 1998).
Once the residual dipolar couplings have been measured, their incorporation in
structure calculations is based on the fact that the dipolar coupling encodes information
about the relative orientation of each bond vector with respect to an external tensor
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(Tjandra et al, 1997). This is most easily done if a preliminary structure is available,
because there is more than one unique solution to the direction of an external tensor for
residual dipolar couplings obtained in one condition. During the refinement, an extra
energy term is added to the calculation, where the orientations of the bond vectors in the
calculated structure are encouraged to assume similar orientations to those described by
the experimental data. When restraints from RDCs are added to the calculations, the
resulting structures demonstrate improved convergence especially for long-range
elements that are otherwise ill-defined with only nOe data (Tjandra et al, 1997).
Similarly, RDCs are excellent for determining the relative orientation of protein domains
(Prestegard et al, 2000).
Protein Relaxation and Dynamics
As previously noted, N M R spectroscopy applied to proteins is highly powerful in
large part due to the atom specific information which can be obtained. While this
includes structural information, a wide variety of other parameters can be assessed. One
of the most interesting is a description of how individual bonds in the protein relax back
to magnetic equilibrium (Figure 1.8). The analysis of this relaxation phenomenon can
also provide information about dynamic properties of the bond, such as flexibility,
chemical exchange, and internal motions. While this topic is inherently best explained by
mathematical descriptors due to the complex relationship between relaxation and the
dynamic properties, the underlying principles can hopefully be understood with a modest
appreciation of the mathematics.
1 5

1 3

In terms of protein dynamics, both N and C have been monitored for backbone
and sidechain mobility (Kay et al, 1989; Pascal et al, 1995; Nicholson et al, 1992; Lee
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1 3

2

and Wand, 2001; Spyracopoulos and Sykes, 2001). Generally, but not always, C or H
1 5

is used in the observation of methyl sidechains, and N to examine the backbone
movement. For example, if examining the backbone amides, pulse programs similar to
1 5

those which give rise to the *H - N -HSQC spectrum shown in Figure 1.10b are used.
These sequences are modified to incorporate pulses which allow for T\, 7½, and
heteronuclear nOe measurements.
Hetereonuclear Relaxation (T¡, T , and
2

15

{'H}- N-N0E)

As discussed above, relaxation in N M R spectroscopy is the loss of magnetization in
the x-y plane, and its return to the z-axis. The physical mechanisms by which this occurs
can actually be divided into two discrete components; when the net magnetization no
longer has an x-y component (faster in most proteins), and when it has fully reached the
equilibrium state of being fully aligned with the z-axis (slower in most proteins). The
faster form is called spin-spin relaxation (7½), and the slower form is spin-lattice
relaxation (T\). As the names imply,

relaxation arises via loss of energy due to other

magnetic spin systems, and T\ from the loss of energy to the external environment due to
micro-fluctuations in the experienced magnetic field. The behaviours of T\ and 7½
relaxation are both dependent on the molecular motion of the molecule, and in order to
understand this we need to look at a somewhat abstract concept of the spectral density
function, and its dependence on molecular rotation.
The spectral density function, J{co) of a simply relaxing spin is depicted in Figure
1.16 and takes the form (Wider, 1998):
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The spectral density function J(co)

co(10

9

rad/s)

Figure 1.16: The spectral density function /(co) as a function of molecular rotational
correlation time. The black diamond corresponds to a frequency of approximately 800
MHz.
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where r is the molecular correlation time, a measure of how fast the molecule
c

rotates, and co is the angular frequency in radians s . (Note that the co is related to the
frequency in Hz, v, by a factor of 2n). As demonstrated in Figure 1.16, the faster the
correlation time, the more distributed ./(co) becomes over a larger range of frequencies.
The spectral density function is related to T\, 7½, and nOe cross correlation relaxation by
the following equations (Farrow et al., 1994):
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where d is a constant that takes into account the gyromagnetic ratios of ' H and N ,
the nuclear separation between them (r), Planck's constant (h), and c includes the
15

frequency of N , and the parallel and perpendicular components of the axially symmetric
1 5

N chemical shift tensor. Without getting bogged down in the equations, an important

distinction lies in the fact that T\ depends only on /(co), while

depends on both J(0)

and /(co), where J(0) is the value of the spectral density function at zero frequency. From
Figure 1.16, one can see that this immediately leads to the observation that J(0) increases

proportionately to the correlation time, and hence larger molecules (and proteins!) will
display a smaller 7½, hence magnetization will spend less time in the x-y plane.
Dynamics
Once the appropriate T\, 7½, and {'HI-^N-NOE experiments have been acquired,
and the data for each resonance of interest accumulated, these can be analysed in terms of
the dynamic properties of the particular nucleus. A popular method for this analysis is
derived from the modelfree approach of Lipari and Szabo (Lipari and Szabo, 1982a;
Lipari and Szabo, 1982b). In this approach, no particular model for the motion of the
nucleus or bond is required a priori; however, certain assumptions are made about the
global and local motions being independent. The spectral density function used to fit is
modified to account for more complex relaxation, and the best-fit is taken as a reasonable
description of dynamic motions. A popular extension of the original modelfree approach
introduces corrections for exchange terms (Clore et al, 1990b; Clore et al, 1990a). Also,
the method has been made more reliable by the application of a statistical model selection
protocol (Mandel et al, 1995). Before the analysis is employed, however, the correlation
of the molecule needs to be described which relates to the rotational diffusion
experienced by the molecule under examination, and which must be known prior to
determining the mobility parameters (Tjandra et al., 1995; Lee et al., 1997).
If a molecule is perfectly spherical, it will experience isotropic rotation. However, i f
it is shaped such that one axis is longer than the other two (x=y<z, like a hotdog, or
prolate), then the molecule is said to be axially symmetric. In this case, two motions will
be possible, one in which the molecule is spinning along the z-axis, and concurrently
spinning end-over-end, analogous to the motions of the way this author throws a football.
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It is obvious that the movement due to rotation will be significantly different for the
atoms at the ends of the molecule, and if not considered in the dynamics analysis, these
differences will be mistaken for differences in the local dynamics properties as opposed
to being a function of the global molecular movements. It should be noted that in some
cases a fully asymmetric diffusion tensor is needed for a complete molecular description.
Methods for determining the diffusion tensors are reasonably well established (Tj andrà et
al., 1995), and will not be detailed here, but rely on the ratio of T\ and T , and the relative
2

position of the bonds in question (usually from a 3D structure).
Once the diffusion and correlation of the molecule is described, these data are used
to determine the modelfree parameters. The most important data provided by this analysis
are the mobility parameters for each residue: the order parameter S ; a measure of the
effective internal motions, r and an exchange term Re . The order parameter is a measure
e

X

of the overall mobility of the molecule, which is small for mobile residues, and has a
maximum value of 1 for a perfectly rigid entity. The r term describes relatively fast
e

motions while Re describes chemical exchange phenomena in the microsecond to
X

millisecond timescale. The statistical modelfree approach uses the simplest model to fit
the data, and hence all residues will have an S value, but not all will have r or
e

terms,

which intuitively makes sense as not all residues will have motions on these timescales.
Taken together, the parameters are used to describe the dynamic properties of the protein.
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2. Comparative modeling of the calmodulin-like domain

These studies have been published (Proteins 39, 343-357, 2000) under the title
"Comparative Modeling Studies of the Calmodulin-like Domain of Calcium-dependent
Protein Kinase from Soybean" authored by Aalim M . Weljie, Teresa E. Clarke, André H.
Juffer (University of Oulu), Alice C. Harmon (University of Florida) and Hans J. Vogel.

TEC modeled the kinase domain and contributed to the text, AHJ provided computational
assistance and guidance, and A C H provided the CLD gene studied. A M W performed all
calculations and analysis of the models, and the protein purification and spectroscopic
work.
Abstract
Calmodulin-like domain protein kinases (CDPKs) represent a new class of calciumdependent protein-phosphorylating enzymes that are not activated by calmodulin or
phospholipid compounds. They have been found exclusively in plant and protozoal
tissues. CDPKs are typified by four distinct domains: an N-terminal leader sequence, a
protein kinase (PK) domain, a calmodulin-like domain (CLD), and a junction domain
(JD) between the PK domain and CLD. Structural characterization of the CLD of
C D P K a from soybean was undertaken based on the amino acid sequence homology of
CLD to the structurally well characterized calmodulin (CaM) family of structures.
Tertiary models of apo-CLD, Ca -CLD complex, and intermolecularly bound Ca CLD-JD complexes were obtained via automated and non-automated homology building
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methods. The resulting structures were compared and validated based on energy
differences, phi-psi angle distribution, solvent accessibility, and hydrophobic potential.
Circular dichroism, ID, and 2D N M R spectroscopy studies of the CLD and peptides
encompassing the JD provide experimental support to the models. The results suggest
that there is a possible interaction between the CLD and JD domain similar to that of the
CaM/calmodulin-dependent protein kinase II system. At low C a

2+

levels, the JD may act

as an autoinhibitory domain for kinase activity, and during calcium activation an
intramolecular CLD-JD complex may form relieving inhibition of the PK domain.
Interactions between the JD and the C-terminus of the CLD appear to be particularly
important. The outcome of this study supports an intramolecular binding model for
calcium activation of CDPK, although not exclusively.
Introduction
In eukaryotic cells, responses to external stimuli are often mediated by protein
phosphorylation involving a family of enzymes known as protein kinases. Within the
category of serine/threonine protein kinases, three main classes of enzymes exist:
calcium/calmodulin-dependent protein kinases, calcium/phospholipid-dependent protein
kinases and cyclic nucleotide-dependent protein kinases (Hanks et al, 1988). In plants
however, atypical calcium-dependent phosphorylation has been observed in plant extracts
(Putnam-Evans et al, 1990; Harper et al, 1991) and this activity is now known to be
induced by unusual calcium-dependent protein kinases (also known as calmodulin-like
domain protein kinases, or CDPKs). The peculiarity arises from the fact that the
activation of CDPK is independent of calmodulin (CaM) or phospholipids, and as such,
these proteins first isolated from suspension-cultured soybean cells, represent a new class
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of protein kinases (Harmon et al, 1987). An incomplete list includes CDPKs identified in
the higher plants Arabidopsis (Hrabak et al., 1996; Hong et al, 1996), carrot (Suen and
Choi, 1991), rice (Breviario et al, 1995), groundnut seeds (Dasgupta, 1994), corn
(Takezawa et al, 1996), wheat (Chang et al, 1995), mungbean (Botella et al, 1996), the
protozoan Plasmodium falciparum (Zhao et al, 1993; Farber et al., 1997) and the green
algae Chara (McCurdy and Harmon, 1992b) and Gerloff (Siderius et al., 1997).
Numerous isoforms of CDPK have been found for various plant or protozoan species
(Huang et al, 1996; Harmon et al, 2000), complicating the elucidation of the exact role
of the proteins. Detailed analysis of the soybean isoforms CDPKa, CDPKp\ and CDPKy
has shown conclusively that each one possesses unique calcium-binding properties and
substrate specificity, and moreover the isoforms are differentially expressed within
various tissues of the plant (Lee et al., 1998). In conjunction with other work
demonstrating that levels of CDPK fluctuate throughout the growth cycle of potato tubers
(Macintosh et al., 1996), the isoforms are postulated to effect specific roles. The exact
biological function of soybean C D P K a (E.C. 116054) (Harper et al., 1991) is unclear at
present but the enzyme may function as a regulator of the plant cytoskeleton since
C D P K a is co-localized with F-actin (Putnam-Evans et al, 1990). Recent studies indicate
that two CDPK genes from Arabidopsis are induced by drought and high salt stress (Urao
et al, 1994; Jonak et al, 1996), similar to other protein kinases (Sheen, 1996). Other
evidence indicates that CDPKs may play a role in the phosphorylation of napin
(Neumann et al., 1996b), as well as soybean nodule sucrose synthase (nodulin-100)
(Zhang and Chollet, 1997).
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The primary sequence of CDPK provides some clues as to how the regulation of
protein phosphorylation might be achieved in this class of protein kinases. The five
domains contained in soybean C D P K a are also common to other CDPKs (Figure 2.1): 1)
an N-terminal domain which varies in length and sequence and has no homology to any
other protein (Harmon et al, 1994), 2) a protein kinase domain which is closely related to
the catalytic domain of calcium/calmodulin-dependent protein kinases, 3) a calmodulinlike domain near the carboxy terminal, 4) a C-terminal extension region and 5) a junction
domain between the PK domain and CLD. Such schematization suggests that CDPK may
have resulted from a fusion between two genes, a calcium/calmodulin dependent protein
kinase and a calmodulin-like gene (Harper et al., 1991; Harmon et al, 1994; Kawasaki et
al, 1998). The soybean C D P K a PK domain is conserved between residues 41-296,
which is related to the catalytic domain of the calcium/calmodulin dependent protein
kinase II (CaMKII) from rat brain (39% amino acid identity in a 296 amino acid overlap)
(Harper et al, 1991). The CLD from soybean C D P K a has 39% amino acid identity to
spinach CaM and contains four EF-hand Ca binding sites. CaM and soybean C D P K a
copurify because these proteins have similar biochemical properties, such as hydrophobic
binding sites that are exposed in the presence of calcium (Putnam-Evans et al., 1990;
2+

Vogel, 1994). This enables C a to bind to CDPK and regulate enzyme activity in a CaMindependent manner (Harmon et al., 1987). Based on nitrocellulose blot overlays with
biotinoylated CLD, electrophoretic mobility shift assays, and inhibition studies, it has
been clearly established that the fusion JD sequence includes a putative CaM binding
domain (Yoo and Harmon, 1996) as well as a pseudosubstrate site rich in basic residues,
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Figure 2.1: Primary sequence arrangement of the C D P K a sequence from soybean.
The junction domain is a linker region between the kinase domain, and the calmodulinlike domain which are similar to other CDPKs. There is also an N-terminal leader
sequence and a C-terminal region which are not conserved in sequence or length amongst
CDPKs from other sources.

which may bind to the active site of the PK domain (Harmon et al, 1994). The binding of
+

the CLD to the JD has also been shown to be highly Ca -dependent (Yoo and Harmon,
1996). Two models for the activation of CDPK have been proposed, both of which are
2+

based on the assumption that binding of C a induces a conformational change in the
94-

CLD, much like the binding of Ca

causes a conformational change in CaM (Yoo and

Harmon, 1996; Harper et al, 1994). The conduit model suggests that the conformational
change is transmitted allosterically through the peptide chain to the junction domain,
activating the enzyme. In the binding model, CLD binds to the junction domain in a
mechanism similar to the activation of CaMKII and myosin light chain kinase by CaM.
The internal binding of the JD by the CLD relieves inhibition from the kinase domain,
and induces enzyme activity. There is some evidence of intramolecular binding of the
CLD to the binding site located in the junction domain; however, this is not sufficient for

activation of soybean C D P K a (Yoo and Harmon, 1996), although simple binding might
explain activation of Arabidopsis isoform AK-1 (Huang et al, 1996). To date work done
on CDPK systems has consisted of biochemical evidence borne from a molecular genetic
approach, and as such, there is a deficiency in molecular structural information.
While ideally X-ray and N M R structures are needed to optimally understand the
intricacy of interaction between the soybean C D P K a CLD and JD, such analysis has
been hampered by proteolytic cleavage of recombinant CLD during expression (Yoo and
Harmon, 1996). To provide a foundation for future complete structure analysis, presented
in this work is a comparative modeling study based on known X-ray and N M R structures
of calmodulin. This study is predicated on the analogous sequence/function relationship,
inasmuch as it is known that binding to respective targets constitutes a major aspect of
the functions of both proteins. The CLD demonstrates remarkable similarity to the EFhand calcium binding motifs of CaM, and hence one would expect that important
functional characteristics are also conserved. The sequence identities here (-40%) are
well above the 30% lower limit which Vasquez et al. (Vasquez et al, 1994) deem
necessary for ensuring that the correct folds are transposed from reference to model
structures.
Here we present homology modeling studies with the aim of modeling the CLD of
soybean CDPK based on known apo and holo forms of CaM, and additionally we present
structures of the junction domain complexed with the CLD in both parallel and antiparallel orientations. The models are discussed in terms of similarities to the CaM
system, but also in terms of previous biochemical evidence which shows discrepancies
between the CaM system and soybean C D P K a activation. Finally, the models are shown

to be fully consistent with previous experimental information and further spectroscopic
evidence presented here.
Results
Modeling
As expected, based on the BLAST search, the CLD domain exhibited greatest similarity
to calmodulin followed by other members of this EF-hand calcium binding subfamily
such as troponin C and the regulatory light chains of myosin. While numerous potential
CaM structural matches appeared, only one template was selected for each model
following the reasoning of Sternberg (Bates and Sternberg, 1999), who suggests that at
average identities > 40 %, the difference in structural elements between similar templates
(such as in the CaM family) is negligible relative to the error in comparative modeling.
Figure 2.2 shows the alignments used, and the regions characterized as structurally
conserved regions are boxed. The identity of CDPK to the CaM sequences is highlighted
in Table 2.1, within each SCR. This sequence encompasses the junction domain of the
CDPK aligned with the CaM-binding sequences of CaMKII and CaMKK, as well as the
calmodulin-like domain aligned with CaM template structures. The areas defined as
SCRs are shaded and the EF-hand motifs within these regions have been highlighted.
SCR1 is defined as CDPK 334-395, SCR2 as CDPK 408-435, and SCR3 CDPK 442-469.
The alignment of the JD with the CaMKII and CaMKK CaM-binding domains is SCR4,
between CDPK 310-325. As summarized in Table 2.1, the degree of similarity within the
structurally conserved regions is well over 40% and in some cases greater than 50%. It
should be noted that the junction domain sequence used in modeling was 18 residues

Junction Domain (JD)

Calmodulin-like Domain (CLD)
SCR1

CLL
CFD
CDM
CKK

CDPK

EF Hand 1

L T E E Q I A E F K E A F S L B DKDGDGTITTKE LGTVMRSLGQN
A D Q L T E E Q I A E F K E A F S L B DKDGDGTITTKE LGTVMRSLGQN
F Ñ Á R R K L K G A I LTTTMLAT|
LTEEQIAEFKEAFSLBDKDGDGTITTKELGTVMRSLGQN
VKLIPSWTTVILVKSMLRKRSFGNPFIADQLTEEQIAEFKEAFSLBDKDGDGTITTKELGTVMRSLGQN

SCR4

RLKQFSAMNKLKKMAlJfìVI

AERLSEEEIGGLKELFKMÌDTDNSGTITFDBLKDGLKRVGSE

310

330

350

SCR2

EF Hand 2

CLL
CFD
CDH
CKK
CDPK

PTEAELQDMINE\
PTEAELQDMINE\
PTEAELQDMINE\
PTEAELQDMINE\

LMESEIKDLMDJ

DADGNGTIDFPB
D A D G N G T I D F PB
DADGNGTIDFPB
DADGNGTIDFPE
ÌDIDKSGTIDYGL

LTMMARKMKDTDS
LTMMARKMKDTDS
LTMMA I
LTMMARKMKDTDS
I A-A TVHLNKLEB

390

SCR3
CLL
CFD
CDM
CKK

CDPK

370

EF Hand 3

E E E I R E A F R V F DKDGNGYISAAFJLRHVM I N
E E E I REAFRVB DKDGNGYI SAAFJLRHVM TN
E E I REAFRVB DKDGNGFI SAAFJLRHVM TN
E E E I R E A F R V B DKDGNGYISAAE3LRHVMTN
EENL VSAFSYFIDKDGSGYITLDJlQQAC
KD
410

430

EF Hand 4

: L G E K L T D E E V D E M I R E i piDGDGQVNYEEJFVQMMPA
: L G E K L T D E E V D E M I R E i p i D G D G Q V N Y E F J F V Q M M PAK
: LGEKLT DEEVDEMIREi blDGDGQVNYEEFVTMMPSK
: L G E K L T D E E V D E M I R E i plDGDGQVNYEFJFVQMM PAK
\DQDNDGQIDYGEFAAMMRK
;
FG—LLDIHIDDMIKE:
450

470

Figure 2.2: Sequence alignment of the CDPK sequence to the apo-CaM (CFD),
Ca -CaM (CLL), CaM/CaMKII (CDM) and CaM/CaMKK (CKK) peptide complexes.
The first 18 residues of the CDPK are from the junction domain, and the rest from the
calmodulin-like domain. The junction domain is aligned to the CaMKII peptide as
described in the text. The large boxes represent the regions used as structurally conserved
regions (SCRs), with the variable regions being the residues between SCRS. The calcium
binding EF hand loops are described by the smaller boxes. Methionine residues of the
CDPK are highlighted, and methionines conserved in other CaM structures are grayed
within the N-terminus. Note that the linker region from the CaM/CaMKII structure
(CDM) does not have coordinates for the linker region of CaM, residues 74-83.
2+
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in length, of which the first 11 exhibited more than 50% identity to the CaM-binding
domain of CaMKII. The alignment of the JD with the CaMKK sequence was performed
so as to overlap the aromatic Phe residue from the JD and the Tip residue from CaMKK,
which have been suggested to be anchor residues in CaM binding (Osawa et al, 1999).
This provided an alignment with several conserved residues and a number of
conservative mutations, although the identity is low at 17%.
The similar length of CaM and the CLD region is critical as there are minimal gaps
in the sequence, and it is devoid of insertions. Mosimann et al. (Mosimann et al., 1995)
have demonstrated that a homology modeling with 40% sequence identity, and without
insertions and/or gaps generally provides reliable results. The 'difficulty score' as defined
(Jones and Kleywegt, 1999) from the recent comparative modeling competition from the
Critical Assessment of Techniques for Protein Structure Prediction (CASP3) is the
sequence identity times the percentage of target residues which match the parent over 10
2+

000; in the case of apo-CLD and Ca -CLD the difficulty score is 41 * 97110 000, or
0.39. For the complexes, the difficulty score is slightly lower, near 0.35, due to weaker
similarity in the target binding domains and an increased number of gaps. In general,
models in this range are reliably modeled by most modern comparative modeling
techniques. Within the alignment of the CaM and CLD sequences, there are only three
missing amino acids, corresponding to residues 69, 114, and 115 of the CaM sequence.
The first of these residues is in the central linker region, which is known to be quite
flexible in solution for CaM (Barbato et al, 1992; van der Spoel et al, 1996) and the
latter two are in the connecting loop between EF hands 3 and 4. The fact that these gaps
are in flexible loop areas, and the similar lengths of the CLD and CaM sequences
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provides strong evidence that the basic structure of the CLD is reasonably modeled on the
CaM scaffold, without any additional regions present.
The refinement protocol chosen, summarized in Table 2.2, was designed for models
of low identity (< 25 %). While the similarity was significantly greater in this study, this
protocol was deemed appropriate for refinement of the JD-CLD complexes in particular,
as the template structures are representative of intermolecular binding, and the structures
modeled here are bound intramolecularly. As a result, the introduction of an 8-residue
linker between the C-terminus of the JD and the N-terminus of the C L D presents steric
considerations that were dealt with using this protocol.
Calcium Binding Sites
2+

2+

Coordinates of the four bound calcium ions in the Ca -CLD and Ca -CLD-JD
complexes were unchanged, as the EF-hand loops all fell within SCRs. In all four EFhand motifs of the CLD region, the residues which actually coordinate the calcium ion
are identical to the CaM template (residues # 1, 3, 5, 7, 9 and 12 of the EF-hand) except
for an Asx to Ser differences in loops 1, 2, and 3 in the fifth position (Marsden et al.,
1990).
In order to determine whether this was a reasonable change for a calcium binding
loop in this position, extended M D simulations were performed of the Ca -CLD and JDCLD (2). It was found that after 200 ps simulations, the potentially coordinating oxygen
from the serine sidechain of the first binding loop remained 2.6 Â ± 0.15 Â with respect
to calcium ion. This is the same range for the other oxygen atoms that coordinate the
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Table 2.1: Homology of Calmodulin Template Structures Used (% Identity)

Name
1CFD

12

Organism

Type

Xenopus

apo-CaM 41.2

Human

a

a

SCR I SCR 2 SCR 3 EF I EF 2 EF 3 EF 4
48.1

48.5

61.5

61.5 61.5 61.5

Ca -CaM 41.5

46.4

53.6

61.5

61.5 61.5 61.5

2 B B M ' Drosophilia Complex 41.2

44.4

48.5

61.5

61.5 53.8 61.5

47.8

48.5

61.5

61.5 61.5 61.5

1CLL

13

14

1CDM

2+

b

15,C

Bovine

Complex 41.5

a

SCR - Structurally Conserved Region; EF - EF hand calcium binding loop

b

Complexed with peptide encompassing M L C K binding domain

0

Complexed with peptide encompassing CaM Kinase II binding domain

Table 2.2: Detail of Refinement Protocol Employed

3

Stage Segments

a

Fixed

b

Tethered

Moving

3

3 c

E M Steps M D Steps ' Temp (K) Cycle

1

VR, NT, CT Heavy Atoms

Hydrogens

100

2

2

VR, NT, CT

Side chain

200

4

3

VR, NT, CT

Backbone Side chain

100

300 + 1000

900

2

4

VR, NT, CT

All

100

300+ 1000

300

2

5

All

Heavy Atoms

Hydrogens

200

4

6

All

Backbone

Side chain

200

4

7

All

Backbone Side chain

300

8

All

Backbone

All

5000

300

200

V R - variable regions; NT - N-terminal residues; CT - C-terminal residues; E M - energy
minimization; M D - molecular dynamics

b
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calcium ion, in the models as well as in other Ca -binding proteins.

113

Cd NMR

spectroscopy studies indicate that the four metal binding sites in CLD give rise to
characteristic EF-hand chemical shifts (Figure 2.3). Interestingly, unlike CaM which has
two sites with metal binding affinities an order of magnitude greater than the other two
(Andersson et al, 1983), peaks are apparent from all four CLD EF-hand sites with one
113

equivalent of

Cd present, suggesting similar binding affinities for all four sites.

Apo-CLD and Ca -CLD Structures
Ribbon diagrams of the apo-CLD and Ca -CLD models are given in Figures 2.4a
and 2.4b, respectively. As one would expect, they are similar to the CaM template
structure. Ca -CLD was also modeled using Swiss-Mod and Modeller, and the resulting
structures had reasonably similar backbone configurations (rmsd < 0.75 Â) as the one
modeled via Insight II. As the structures were modeled on different methods and refined
with different forcefields, we are confident that the models presented in this study
conform to valid modeling principles. Ramachandran plots of all models presented in this
study also fall within accepted phi-psi boundaries (data not shown), except in those
instances where the template structures themselves deviated from 'allowed' regions.
The energies of the final Insight II models are outlined in Table 2.3. It is evident that
94-

there is significant electrostatic stabilization of the model upon binding Ca . One of the
key elements of the calmodulin system is a conformational transformation of the EF-hand
loops upon metal binding from a "closed" state in the apo- form to an "open" state in the
holo- form. As a result of the change in angles between the helices which comprise the
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1 equiv.

0 equiv.

Figure 2.3:

113

C d N M R titration spectra of the CLD from CDPKa; see text for
113

2 +

acquisition details. Under fully saturating conditions, 5:1 Cd :CLD, four distinct peaks
are evident in the spectrum. These peaks fall into the canonical range for Ca -binding
proteins; this suggests that the environments of all four Ca -binding loops are similar. In
comparison to CaM, this result is somewhat surprising, as typically there are only two
2+

2+

113

2 +

peaks in Cd -saturated CaM, derived from the high-affinity binding sites (Andersson et
al., 1983). The other two binding sites of CaM are visible only under conditions of slow
chemical exchange, such as at low temperatures and in the presence of a CaM-binding
target.

Figure 2.4: Secondary structure plots of the apo-CLD model (A), Ca saturated
model (B), JD-CLD complex bound in the C to N conformation (C), and the complex in
the N to N conformation (D). A l l structures are shown with the C-terminus of the C L D
on the bottom, and the N-terminus on top. In the complexes, the C-terminus is coming
out toward the reader, and the N-terminus would be set back into the page. The
methionine sidechains are depicted atomically by a ball-and-stick representation. These
Figures were generated with MolMol (Koradi et al., 1996).

Table 2.3: Final Energies of Models (kcal/mol)

Model

VanderWaals Electrostatic

apo-CLD

1323.08

2+

-889.17

Total
433.92

Ca -CLD

627.78

-2401.56 -1773.84

JD-CLD (1)

691.81

-3330.91

JD-CLD (2)

885.99

-3323.78 -2437.79

a

-2639.11

A l l energies measured by the Insight II package from Accerlyx, San Diego

2

Table 2.4: Solvent Accessible Surface of Model and Template Structures (Â )

Structure

Polar Non-Polar

Total

apo-CLD

4461.5

5668.5

10130.0

CFD

5369.6

4986.8

10369.7

Ca -CLD

3527.7

6826.1

10353.8

CLL

4453.3

5485.9

9939.2

JD-CLD (1) 3879.9

6260.6

10142.4

JD-CLD (2) 3310.5

6101.3

9416.0

5804.1

6684.3

12518.8

2+

BBM

"Surface topologies measured via the MolMol program.
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EF-hand helix-loop-helix motif, two hydrophobic patches are exposed to the solvent
(Vogel, 1994). In the same vein, solvent exposure has been shown by Eisenberg to be an
extremely sensitive tool in the analysis of protein models (Bowie et al., 1991; Luthy et
al., 1992). Table 2.4 compares the amount of solvent exposed surface of the CaM
proteins and the CLD models. In the case of CaM, there is an increase in the amount of
non-polar solvent exposure equivalent to about 10 % of the respective surface areas of the
2+

apo- and holo- forms on Ca -binding. In the case of the CLD protein, the change is about
7 %. One can see qualitatively from Figure 2.5 that the apo form has much polar area
(red and blue), and after binding calcium the structure opens to a CaM-like dumbbell
shape, exposing hydrophobic patches (white) on both the N-terminal and C-terminal
lobes.
Additional practical evidence for validity of the models is provided by the results of
2+

CD spectroscopy on the CLD protein (Figure 2.6). The C a form of CLD has a
significant amount of a-helical character, with substantial peaks between 205-210 nm,
220-230 nm, and 190-200 nm in the spectrum. This spectrum bears remarkable similarity
to the CaM spectrum, both in terms of shape and extent of molar ellipticity (Zhang et al,
1994; Yuan et al, 1995). When the calcium ions are chelated with EDTA, the apo-CLD
spectrum does not exhibit the same clear a-helical peaks, especially between 190-200
nm. It is certain from these results that the secondary structure of the CDPK calmodulinlike domain is greatly stabilized by calcium binding. 2D ' H N M R spectroscopy analysis
indicates that there is a small amount of P-sheet present, presumably between the
calcium-binding domains in each lobe (Figure 2.7). This p-bridge is known to be present
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Figure 2.5: Electrostatic topology plots of the apo-CLD model (A), Ca saturated
model (B), JD-CLD complex bound in the C to N conformation (C), and the complex in
the N to N conformation (D). The red areas indicate negatively charged residues, the blue
areas are positively charged residues, and white areas are neutral. Note that the
electrostatic effect of binding calcium ions is not depicted in these plots. On binding
calcium, there is a conformational change which exposes hydrophobic patches. These
hydrophobic patches from the CLD region interact with the junction domain to form the
intramolecular complex. Both complex models exhibit reasonable electrostatic
topologies, with mainly charged residues forming the outer surface exposed to solvent.
These plots were generated with MolMol (Koradi et al., 1996).
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Figure 2.6: Near U V circular dichroism of proteins modeled in this study, (a) A
peptide encompassing the junction domain of CDPK-a from soybean has very little
secondary structure alone in solution, (b) The apo-CLD shows definite helical character,
(c) The degree of helicity increases dramatically when C a is added to the CLD. (d)
When the peptide is added to the Ca -CLD, there is an increase in a-helicity greater than
the sum of helicity of Ca -CLD and the JD alone, suggesting that the peptide takes on
helical character, as is noted for CaM-target binding (Yuan et al., 1999; Vogel and
Zhang, 1995).
2+

2+
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10.9

'H ppm

Figure 2.7: 2D 'H TOCSY N M R spectrum of the CLD from soybean C D P K a in
H 0. The resonances near 11 ppm are characteristic of the conserved glycine from the
2

94-

Ca -binding loops in EF-hand metal binding proteins. In the canonical conformation of
94-

the EF-hand loops, P-sheet character is often present between the two Ca -binding loops
in a given domain, and this N M R evidence supports the notion that there is a similar Psheet character in the CLD.

in most EF-hand proteins as a stabilizing motif between two calcium-binding loops in the
same domain; this bridge is found in all CaM template structures and the CLD models
2+

(Figure 2.4). It is interesting to note that when the Ca -CLD model is reconstructed
using the known Paramecium calmodulin structure (IOSA) (Rao et al., 1993), this 0sheet is not present. This can be traced back to the template, as the algorithm of Kabsch
and Sander does not recognize any p-sheet in IOSA.
It is important to note the template structure of apo-calmodulin was determined via
N M R studies, and there exists a great deal of flexibility in the linker region, which has
impeded X-ray crystallographic characterization (Kuboniwa et al, 1995; Zhang et al,
1995a). Thus, the model structure obtained was based on a mean structure of 25 N M R
structures, and inherently contains some degree of artificial strain which would not
necessarily be found in individual structures. It is clear then that if we are to use the CaM
protein as a reference, we must be careful in interpreting the apo-CLD model, as it too
may be of the same dynamic nature, not accurately described by one model, but requiring
a number of conformers.
2+

Ca -CLD-Junction Domain Complex Models
In addition to the CaM-like domain, the models of the JD-CLD complex incorporate
JD bound intramolecularly. The junction domain, C D P K a 310-328, exhibits 53 %
identity (Table 2.1) with the CaM-binding domain of CaMKII 290-304. However, the
crystal structure of the CaM/CaMKII peptide complex (1CDM) used as a template lacks
coordinates for the CaMKII peptide between residues 290-294. As a result, the Cterminal section of the CLD junction domain corresponding to CDPK Phe315 was used
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for the modeling as shown in Figure 2.2. A l l the same, the JD binds into the CLD
efficiently in both models, with abundant electrostatic and hydrophobic sidechain
contacts stabilizing interactions.
As shown in the ribbon diagrams of Figure 2.4, the JD in both complex structures is
found as an a-helix. As the JD is based on a CaM-binding target, this result is expected,
as most CaM-binding targets are helical when bound (Vogel, 1994). In order to assess the
validity of the JD as an a-helix, two approaches were taken. Firstly, secondary structure
predictions based on the knowledge based method of Frishman and Argos (Frishman and
Argos, 1995) demonstrate that the JD residues used in this study have helical forming
propensity (data not shown). CD spectroscopy studies were also undertaken with the
CLD-JD system (Figure 2.6). The spectra indicate that there is an increase in helicity due
to complexation between the CLD protein and a peptide encompassing the C D P K a 310332, and a loss of random coil secondary structure. Such an increase in the helical content
has been noted to be diagnostic in the CaM system for target peptides binding in a helical
fashion, not an increase in the degree of CaM helicity (Yuan et al., 1999b; Vogel and
Zhang, 1995). Both the computational and the experimental methods suggest helical
secondary structure of the JD when bound. Figure 2.8 depicts the JD-CLD (1) complex
C a backbone trace superimposed on the CaM/CaMKII peptide crystallographic structure.
The fit of the model to the template structure is reasonable, rmsd = 2.75 Â, as is the
positioning of the peptide within the binding area.
The final energies of both JD-CLD complexes are presented in Table 2.3. Both models
have similar final energies, with a slightly lower van der Waals energy term for JD-CLD

Figure 2.8: The backbone trace of the predicted JD-CLD (1) complex (grey) and the
C D M crystallographic structure of the CaM/CaMKII peptide complex (black). Note that
the linker region (residues 74-83) is not present in the x-ray crystallographic CaM
complex structure.

78
(2) (by «30 kcal/mol), the N to N binding conformation. On the other hand the JD-CLD
(1) model is electrostatically more stable by about 200 kcal/mol. In terms of surface area,
both models exhibit extensive burial of hydrophobic residues, with mainly charged
residues at the surface (Figure 2.5c and 2.5d) although the anti-parallel conformation has
a marginally greater amount of polar area solvent exposed. Of particular note is the burial
of Phe315 in both models into either the C-terminal (JD-CLD (1)) or N-terminal domain
(JD-CLD (2)). This is probably an anchoring residue for the JD within the CLD as is
common for aromatic residues in CaM-target complexes (Osawa et al, 1999). As can be
seen in the main chain plots of both models (Figure 2.4c and 2.4d), in both JD-CLD
models the JD was initially modeled as a complete a-helix; however, upon E M and M D
the helix was perturbed to varying degrees. In the JD-CLD (1) complex, the first and last
two residues of SCR4 lost their secondary structure. In the JD-CLD (2) model, the first
part of the SCR remained helical, with the last five residues perturbed. In both cases, the
connection between the C-termini of the JD to the N-termini of the CLD regions was
devoid of secondary structure, and the first helix in the CLD started at Glu27 of the JDCLD (1) and Glu26 of the JD-CLD (2).

Discussion
Our analysis has shown that there are numerous parallels between the JD and CLD
of soybean CDPK-a and the CaM system of calcium signalling. Biochemical and
spectroscopic evidence garnered by previous work as well as presented here show similar
structural and functional characteristics. In particular, high overall amino acid identity
and similarity in the EF-hand binding sites between the CLD and CaM indicate that these
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proteins are structurally related. Based on homology models, there is a consistent trend in
terms of solvent exposure of hydrophobic residues on calcium binding (Table 2.4). The
consistency in this pattern suggests that the apo-CLD and Ca -CLD models have
calmodulin-type functionality on calcium binding. In addition, modeling of the JD into
the CLD suggests that this is a reasonable structural entity which may serve to activate
CDPK-a in response to a calcium trigger.
The high (58 - 68%) identity between the CLD sequence and the CaM sequence in
2+

the Ca binding loops indicates that similar calcium binding properties would be
expected of the CLD as of CaM. Indeed this is the case, as the Ko. of free calcium
5

activation of CDPK has been shown to be between 1.5 uM and 2.1 uM (Putnam-Evans et
2+

al, 1990; Harmon et al, 1987; Harmon et al, 1994), compared to 1.5 uM for Ca CaM/CaMKII (Fern et al., 1995). These data reflect the calcium binding properties of
both CaM/CaMKII and CDPK in the presence of their binding substrates, which is
94-

important as the binding affinity of CaM for Ca a is an order of magnitude greater in
the presence of substrate than that of free calmodulin (Yazawa et al., 1992), and recently
it has been shown that the same is true for C D P K a (Yoo and Harmon, 1998). The results
113

from C d N M R spectroscopy suggest that CLD binds four metal ions with EF-hand like
113
t\
chemical shifts, supporting the structural motif.

Cd N M R spectroscopy chemical shifts

have been shown to be sensitive in distinguishing EF-hand proteins such as CaM,
troponin C and parvalbumin from other calcium binding proteins such as trypsin and alactalbumin (Vogel and Forsen, 1987). In addition, the spectra highlight another
interesting feature of the binding, namely the absence of 'domain filling' seen in CaM
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and other members of this family, by which a particular domain has a higher affinity for
the metal ligand and must be saturated before the remaining sites bind calcium. CaM is
thought to have evolved such a characteristic in order to act as an intermediary for
numerous other targets in the event of a calcium cascade (Davis et al, 1999). One of the
interesting differences in the EF-hand sequences between CaM and CLD is Asx to Ser
differences in the first three metal binding sites. Marsden et al. (1990) have shown in
their analysis of 165 unique EF-hand Ca -binding sequences that serine is the only other
residue found in the fifth position aside from Asx, mostly in the troponin C (in the second
of four EF-hand loops) and parvalbumin (in the first of two EF-hand loops) families,
although it is found in two CaM proteins and several others outside of the subfamily.
Troponin C and parvalbumin exhibit markedly different C a

2+

affinities, with parvalbumin

showing roughly 10 fold increased affinity. Presumably the presence of the Ser in
position 5 cannot alone explain the unusual behaviour of CLD metal binding in contrast
to other well characterized Ca -binding proteins. As has been noted previously (Huang
et al., 1996), the only 'target' for the CLD is directly attached on the same polypeptide,
hence the CLD has been able to evolve specifically, unlike CaM which must remain
responsive to a multitude of signals (Harper et al., 1991). The similar Ca -binding
affinities of the CLD may be a manifestation of such evolution, as the signaling process
involved is much more specific to the JD alone. Perhaps plants have developed numerous
isoforms of particular types of proteins, such as CDPKs, as an alternate evolutionary
strategy, with each isoform assigned a specific role.
In spite of the relatively low binding affinity of the CLD for the junction domain,
« 6 u M (compared to the higher affinity of CaM for the binding domain of other kinases,
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< 100 nM, (Huang et al, 1996)) it is unlikely that the calcium-saturated form of the CLD
is a physiologically stable species in the CDPK system as we know it. Since the C L D is
directly attached to the PK domain, there is a high local concentration of each component
(Yoo and Harmon, 1996); this presumably shifts the equilibrium constant in favour of
binding (Huang et al, 1996). Such a shift would necessitate a lower binding constant in
order to eliminate the risk of a constitutively active enzyme. In this study the binding
sequence examined extended from C D P K a 310 to 328, although the JD actually begins
at residue 302. There is ample experimental evidence to show that the N-terminal region
of the JD is not involved in binding to the CLD; synthetic peptides of C D P K a 302-317
do not bind CaM or CLD, whereas CDPK 318-332 binds with high affinity (Harmon et
al., 1994; Yoo and Harmon, 1996). The JD region not involved in binding to CLD may
be involved in kinase inhibition (Soderling, 1990) of the CDPK, which is certainly
another avenue of homology modeling investigation, based on the CaM-dependent kinase
I structure (Goldberg et al, 1996).
One of the most interesting questions which is yet to be conclusively addressed is
the nature of the binding itself between the JD and CLD. In this study, there was little
difference between the two orientations studied, one parallel with the C-terminus of the
peptide bound into the C-terminal lobe of the CLD and the other anti-parallel, based on
energy or steric considerations. Both orientations provided very reasonable models, with
the JD anchored into either lobe via Phe315. Based on electrostatic energy and solvent
exposed areas JD-CLD (1) seems to be more stable; however, van der Waals interactions
support the parallel conformation. Given the large contact surface between the JD and
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CLD and the amphipathic manner in which the JD occupies the binding cleft of the CLD,
it is not altogether surprising that such binding can be accommodated in both
orientations. Physiologically, however, there must be a preferred orientation, and such a
structure will provide some interesting comparisons between CDPK and CaM systems.
While CaM was chosen as a template system on which to model CLD-JD
interactions based on sequence identity and evolutionary relationships (Kawasaki et al,
1998), there have been several other interaction motifs identified for EF-hand proteins
outside of the CaM subfamily. Of particular note are those for which structural
coordinates are available, such as calcineurin B (CnB) and recoverin, although neither of
these systems have been characterized in the apo-, holo- and complex forms. In all cases
the sequence identity with CLD is quite low (-26 %) and the 'difficulty scores' for
homology modeling as described in the results section are -0.25. The CASP3 assessment
suggests that comparative modeling of proteins in this region is unreliable (Jones and
Kleywegt, 1999). Recoverin exhibits a myristoyl side chain which moves from buried to
9-(-

exposed upon Ca -binding (Ames et al, 1995); there is no biochemical evidence to
suggest that CDPK functions in an analogous manner.
Calcineurin B is similar to CaM in that it has two lobes consisting of two EF-hands.
However, the crystal structure of the CnB - calcineurin A complex shows a completely
different interaction, as the two lobes of CnB are on the same face of the target helix.
Between the two domains is an interface consisting of several key residues from both the
N-terminal and C-terminal domains, as well as a C-terminal tail which turns back on the
complex to interact with the N-terminal domain. While C D P K a also has a C-terminal
extension following the calcium-binding region, there is no similarity to the tail from

83
CnB. An analysis of the key residues from the interface between the two lobes of CnB in
the complex also shows that there is little similarity between CnB and CLD in this
respect; on the other hand, CLD shows much more similarity to CaM at these key
interface residues, suggesting that there is a separation of the two lobes as has been
shown in the current study. Other work in our lab has demonstrated that this interaction
2+

motif exhibited by CnB is appropriate for another Ca -binding system, the calcium and
integrin binding protein (Hwang and Vogel, 2000).
One interesting feature of the anti-parallel orientation (JD-CLD (1)) is that the JD is
unable to fully traverse the 'binding channel' which is formed in the bound state, as the
connection between the JD and CLD occurs such that the JD forms a turn between R17
and 119. As a result the linker region which holds the two domains together shows
evidence of movement into the channel, presumably to minimize hydrophobic surface
exposure from the binding pockets, which may be reflected in the higher van der Waals
energy term (Table 2.3). It should be noted that this part of CaM is quite flexible in
solution and in the complex form, as evidenced by a lack of electron density in the
CaM/CaMKII target peptide complex crystal structure (Meador et al., 1993) (Figure 2.2).
Also, the first C L D helix of the model in anti-parallel binding orientation (JD-CLD (1)) is
two residues shorter compared to the CaM template, presumably due to the linker region
which extends to the JD. In the CaM system, a mutation of the first turn in the N terminal
helix has been noted to be deleterious to skMLCK and smMLCK target protein
activation, although not to binding of synthetic peptide substrates of the same enzymes,
nor to nNOS activation (Persechini et al., 1996). Since the CDPK is an active kinase, it
would appear that the perturbation of this first helix in the protein is not serious. One
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possible reason for this may be the importance of the C terminal domain of the CLD
region in long range interactions as opposed to the N terminus, as detailed below.
Conservation of the C Terminus of the CLD Region
The family of calmodulin proteins has been known to interact with more than 100
different targets, and as a result, one of the major questions about this system is the
method by which strong binding is achieved to such a variety of targets. One of the
possible answers to this question is the role methionine residues play in the hydrophobic
2+

patches of Ca -CaM which interacts with targets (Vogel and Zhang, 1995; Gellman,
1991; Zhang and Vogel, 1994; Siivari et al, 1995; Yuan et al, 1998; Yuan et al, 1999a).
CaM has eight methionines, and CDPK six in the CLD region, plus two in the junction
domain. This represents a considerable number of methionines (~6%), as compared to the
average occurrence of Met in proteins (~1.5%) (Yuan et al, 1998). The high similarity
of the CDPK calmodulin-like domain to CaM allows for an analysis of the methionine
residues with an aim of determining those residues important for binding. As shown in
Figure 2.2, Met 449, 469, and 470 of the CLD have corresponding methionines in CaM
(124, 144, and 145). These three residues are all in the C-terminal lobe of CaM,
suggesting a rational conservation pattern. Table 2.5 demonstrates that the change in
solvent exposure on target binding of these methionine residues is similar to that of CaM,
2+

although the change on binding of C a is not as pronounced for residue M479 in the
CLD as for M145 in CaM. One can also see from Figure 2.4 that the methionines in the
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Table 2.5: Solvent Accessible Surface of Methionine Residues (% of Full Exposure)
JD

CLD

Met
317

Met
323

Met
346

Met
372

Met
380

Met
448

Met
468

Met
479

-

-

7.7

68.1

17.8

11.3

34.5

2.6

-

-

66.2

81.2

1.0

42.5

59.6

59.2

JD-CLD (1)

44.6

6.8

35.7

64.2

3.8

6.0

7.3

4.6

JD-CLD (2)

12.9

0.5

44.9

73.5

1.4

26.6

46.6

2.2

Met
124

Met
144

Met
145

7.0

24.2

0.6

C L L (Ca -CaM)

2+

41.2

51.0

38.5

B B M (CaM-MLCK
complex)

15.3

38.2

17.6

Model
apo-CLD
2+

Ca -CLD

Calmodulin
CFD (Apo-CaM)

°Surface topologies measured via the MolMol program

Table 2.6: Number of Residue Contacts in Complexes by C- and N-Termini" (bound
complexes)
CLD-JD (2)
CDM
CLD-JD(l)
N-Term C-Term
N-Term C-Term
Distance (Â) N-Term C-Term
24
23
9
23
5
15
23
20
15
18
9
4
15
21
14
14
12
3
12
19
9
10
7
5
9
2.5
11
13
"Contacts measured via the Insightll program
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CLD and JD are extensively involved in target binding; in the apo-CLD form (Figure
2.4a), the methionines are clustered into a hydrophobic core. On binding calcium, these
methionines are exposed to solvent (Figure 2.4b), possibly providing a contact surface for
recognition of the junction domain. Both JD-CLD complex structures show extensive
contacts between the methionines of both the CLD and the JD, as shown in Figure 2.4c
and 4d, and the decrease in solvent exposure (Table 2.5). In addition to the methionine
conservation, the number of contacts between the two domains of the CLD to the JD also
suggests the C-lobe has greater involvement in the anti-parallel orientation. Table 2.6
describes the number of residues from each lobe within 2.5, 3, 4, and 5 Á of both the
CLD-JD complexes, as well as the CaM/CaMKII CaM-binding domain and
CaM/CaMKK complexes. The CaM/CaMKII peptide complex structure and the CLD-JD
(1) complex have similar patterns, with the number of C-terminal residues involved in
binding significantly greater at all four distances. As the CLD-JD (1) complex is a strict
homology model, it is not surprising that they have similar spatial orientations; however,
the degree to which both structures are biased to the C-terminus is significant, and
perhaps provides insight into why the degree of methionine conservation between the Cterminus of the CLD and CaM is greater than the N terminus. In contrast, the parallel
binding orientation suggests a reasonably even number of contacts between the JD and
the two lobes of the CLD at shorter distances (Table 2.6), and a greater role for the N terminus at 5 Á distance. The degree of solvent exposure for the Met residues of the CLD
is much greater in the JD-CLD (2) complex than in JD-CLD (1) or in the CaM/CaMKK
complex (Table 2.5). In order to establish whether this is a consistent trend, the solvent
exposure of the methionine residues in the CaM/MLCK complex was calculated, and for
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Metl24, Metl44, and Met 145 the values were 15.3, 38.2, and 17.6 %, respectively.
These values are significantly lower than those from the corresponding conserved Met
residues in JD-CLD (2). If indeed the binding orientation is parallel as in JD-CLD (2), the
role of the Met residues may not be as extensive as in the CaM system, or perhaps there
is an alternate role for the methionines such as target recognition during the binding
transition. The JD-CLD (1) model seems to be consistent with the CaM system in terms
of Met solvent exposure, where they play an integral role in forming the JD binding
pocket from the C L D , and are well sequestered in the complex.
While our study is founded on similarities between the CDPK and CaM/CaMKII type
systems, it is worthwhile pointing out that there are numerous asynchronous findings
between the two systems which makes the study of CDPKs intriguing. Firstly, CaM has
been shown to bind to synthetic peptides encompassing the JD, and these peptides are
potent inhibitors to activation of both M L C K and CaMKII (Harmon et al., 1994). Despite
this interaction between CaM and JD peptides, exogenous CaM cannot activate truncated
C D P K a mutants which do not have the CLD (Yoo and Harmon, 1996), but still have the
K D and JD. In contrast, a chimeric protein in which the full VU-1 CaM sequence
replaces the C L D is able to completely activate the enzyme. This suggests that the ablility
to simply bind the JD is not enough for activation, but that CaM can replace the entire
CLD in intramolecular interactions. If either CaM or purified CLD is added to C D P K a
truncation mutants for intermolecular activation, part of the N-terminal lobe of the C L D
must be covalently attached to the JD for appreciable activation (Harmon et al., 1994).
When a mutant enzyme (CDPKa 1-398) containing 39% of the CLD, basically two thirds
of the N-terminal lobe, is purified, there is little basal activity of the CDPK. Exogenous
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CLD is able to restore 40% of wild-type activity; however, CaM can only recover activity
to 4% in comparison with the CLD. On the other hand, purified CLD cannot activate
CaMKII (Harmon et al., unpublished data), hence the CLD and CaM are not functionally
interchangeable (Yoo and Harmon, 1996). This certainly suggests that there are far more
subtle effects than simple binding, especially in the C-terminal lobe of the CLD, and the
modeling evidence supports the importance of these interactions.

Conclusions
The biological function of the plant-specific proteins known as calmodulin-like
domain protein kinases is presently ambiguous. One approach to the elucidation of this
role is via slrucmral/functional characterization of the enzyme, based on its high
similarity to known systems. The calmodulin-like domain of the CDPK from soybean has
been successfully modeled on the CaM template, in three discrete stages: an apo form, a
calcium saturated form, and an intramolecularly bound form of the CLD to the junction
domain of the CDPK. Our study presents a structural analogy between CaM and CLD;
the next step is an evaluation of functional analogy between the two systems. Based on
the reasonable evaluations of these models, our findings suggest an enzyme activation
mode in which upon binding calcium, the CLD exposes hydrophobic surface area, which
then interacts with the junction domain. The models suggest that activation of the CDPK
may occur via a pseudosubstrate inhibition release mechanism; as the junction domain
binds to the CLD, it is released from its position as an inhibitor of the kinase domain. The
C-terminal domain of the CLD might play a key role in the interactions of the JD with the
CLD, based on the conservation of methionines in the sequence compared to CaM, and

89
also with respect to the number of residues involved in the interaction. Also, the
extensive study of the CaM system provides a number of questions yet to be asked about
the CLD of CDPK. For example, studies of a hybrid CaM/CaM-target molecule have
suggested that in solution such a molecule exists in an exchanging bound and unbound
form; similar studies based on a CLD-JD molecule may provide an avenue of further
analysis of the CDPK system.
The remainder of this thesis is dedicated to exploring the physical basis for the
interaction between the CLD and JD, and examining the degree to which the interaction
between the CLD and JD is analogous to the CaM system. In the next chapter, N M R
diffusion experiments are used to examine the global solution properties of the CLD and
JD complex, and begin to present data which indicates that the CaM-JD interaction is not
as straigtforward as the modeling in this chapter suggests.

Materials and Methods
The protocol used for homology modeling in this study followed a standard four-step
procedure consisting of: alignment of the C D P K a CLD region and calmodulin
sequences; an initial model; model refinement and model evaluation. A l l visualizations
and calculations were performed on a Silicon Graphics INDY R5000 or IRIS Indigo
(Silicon Graphics, Mountain View, Calif, USA). Software programs from Biosym/MSI
of San Diego were employed for visualization and calculations. Molecular dynamics
(MD) and energy minimization (EM) calculations were performed with the Discover
program, using the CVFF forcefield (Insight II User Guide, 1995).
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Sequence Alignment
The C L D model was based on residues 329-471 and the junction domain (JD)
residues 310-328 of the Soybean C D P K a sequence. BLAST (Altschul et al., 1990)
sequence homology searches were employed in order to identify homologous proteins of
known structure. Once these proteins were identified, standard sequence alignments were
performed via the Homology module of the Insightll software. Subsequent alignments
were manually inspected and optimized such that areas of high similarity from the known
template structures were superimposed in primary sequence as shown in the boxed areas
of Figure 2.2. These boxed regions were entitled structurally conserved regions. CaM
structures were taken from the Protein Data Bank (Bernstein et al., 1977) as follows: the
apo-CaM N M R structure of 1CFD (Kuboniwa et al., 1995) (Xenopus CaM) was used to
94-

model calcium free CLD. The Ca -bound form was based on the 1CLL (Chattopadhyaya
et al., 1992) (human CaM) template. Two models of the CLD-JD complex were built;
one with the peptide bound in an N-terminal to C-terminal anti-parallel conformation,
JD-CLD (1), and another in an N to N parallel orientation, JD-CLD (2). Bovine
calmodulin complexed to the CaM-binding domain of CaMKII, 1CDM (Meador et al,
1993) was used to model JD-CLD (1), and the recently published structure of Xenopus
CaM bound to CaMKK, 1CKK (Osawa et al., 1999) was used to model the anti-parallel
JD-CLD (2) interactions.
Model Building
Backbone and conserved side chain coordinates of the SCRs were directly
transposed from the template calmodulin structures to the target C L D model. In the case
of the N M R structures, the average structure was used for 1CFD, and the first model was
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used from the 1CKK pdb file. The atomic coordinates for residues between SCRs, known
as the variable regions (VRs), were assigned based on the geometric distance between the
backbone atom at the end of SCR, and that in the beginning of SCR

J+1

and the number of

residues within the VR. Coordinates were taken from known protein structures from
Hobohm and Sander's (Hobohm and Sander, 1994) "75% list" determined with a
resolution of 2.0 Â or better. The range of conformations for all the mutated side chains
in the new model were examined automatically via a rotamer search to determine the
lowest non-bonded energy prior to refinement. Once the SCRs and VRs were built, the
'EndRepair' command from Insight was used to append the respective N-terminal and Cterminal residues before the first and after the last SCRs.
Model Refinement
Once all residues were assigned preliminary coordinates, three residues on either
side of splice points for SCRs and VRs were subject to 100 steps of energy minimization
to relieve any serious steric strain. Model refinement consisted of successive energy
minimization and molecular dynamics simulations of the molecules. The exact protocol is
summarized in Table 2.2, and is adapted from the methodology of Du et al. (Du et al.,
1992). Non-bonded interactions were considered within a cutoff distance of 10 Â, and
M D steps were integrated at 1 fs intervals. The solvent effect was approximated by a
distance dependent dielectric constant (Teeter, 1991).
Model Evaluation
Several approaches to model evaluation were followed. The first entailed using well
documented modeling procedures to build several versions of a sample structure, in order
to determine whether the models built using the above protocol bear reasonable
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similarity. The sequence of CLD was submitted to SwissMod (Automated Protein
Modeling Server, ProMod (Peitsch, 1995; Peitsch, 1996)) and the alignment of the CLD
sequence with C L L to the semi-automated modeling program Modeller: Protein Structure
Modeling Program Release 3 (Sali and Blundell, 1993). The former uses a knowledge
based approach similar to that used in this study, and the latter models structures via the
satisfaction of spatial restraints. Both algorithms base their minimization on C H A R M M
energy terms (Brooks et al, 1983), which is different from the CVFF forcefield used by
the Insight II program. The models of the CLD region were subsequently compared based
on the overall rms deviation of the backbones.
The final structures of the apo-CLD, Ca -CLD, and a Ca -CLD-JD models were
analyzed with the Prosali program, based on a semi-emperical knowledge-based
hydrophobic potential algorithm (Sippl, 1993). Other computational corroboration was
performed using the MolMol program (Koradi et al., 1996) to generate Ramachandran
plots, and determine the solvent accessible surfaces for the model proteins. The models
were also analyzed with PROCHECK (Laskowski et ah, 1993). Finally, the polar and
non-polar surface areas were calculated and compared using the Insight II program. A l l
secondary structure calculations were performed by the method of Kabsch and Sander
(Kabsch and Sander, 1983).
Spectroscopic Studies
CLD was purified as per the protocol of Yoo and Harmon (Yoo and Harmon, 1996).
Protein concentration determination was based on a molar extinction coefficient of 5900
1

1

mol" cm" for CLD. JD peptide concentration was assessed by weight due to the lack of
tryptophan for UV-VIS quantitation. Circular dichroism studies of purified C L D protein
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and its interaction with peptides encompassing the JD were recorded at 25°C on a Jasco
J-500C CD spectropolarimeter using a cell pathlength of 0.1 cm at pH 7.5. The
concentration of Tris buffer, protein and/or peptide was 10 mM, with 5 mM CaCl or
2

EDTA.
1

2+

2D H nuclear magnetic resonance (NMR) spectroscopy studies of the Ca - C L D
complex were performed on a Bruker AMX500 spectrometer with an inverse broad-band
5 mm probe at 25°C. Samples contained ~1.5 mM protein, 100 mM NaCl and 10 mM
CaCl at pH 7.2. Spectra were collected with 2K points in the directly detected
2

dimension, 400 experiments in the F l dimension consisting of 128 scans with low power
water presaturation. The spectra were processed with NMRpipe (Delaglio et al, 1995),
and referenced to DSS.
ID

1I3

C d N M R spectroscopy measurements of the

113

2+

C d - C L D complex were

acquired on a Bruker A M 400 spectrometer equipped with a 10 mm broad-band probe at
25°C. Samples contained ~1 mM protein, and C d C l was titrated to a final
113

2

concentration of 5 mM atpH 7.2. Typical acquisition parameters were as follows: 50-70°
pulses, a 30 KHz sweep width, 0.5 s between pulses and 8k data points. Data were zerofilled to 16k prior to Fourier transformation with an exponential line broadening of 30
113

Hz. An external reference of 0.10 M Cd(C10 ) in D 0 was used for calibration
4

(Andersson et al, 1983).

2

2
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3. Diffusion NMR studies of helix-loop-helix Ca -binding proteins

This work is currently in press in Protein Science (Vol. 12(2)) with the title "Protein
conformational changes studied by diffusion N M R spectroscopy: Application to helixloop-helix calcium binding proteins." The authors are Aalim M . Weljie, Aaron P.
Yamniuk, Hidenori Yoshino (Sapporo Medical University), Yoshinobu Izumi (Yamagata
University), and Hans J. Vogel.

A P Y provided the CIB protein and ^ - ^ N - H S Q C s , while H Y and Y I provided the SAXS
data for the CaM-target complexes. A M W acquired and analysed the diffusion data, as
well as purified and prepared the CLD and apo- and Ca -CaM samples used.

Abstract

Pulsed-field gradient (PFG) diffusion N M R spectroscopy studies were conducted
2+

with several helix-loop-helix regulatory Ca -binding proteins to characterize the
94-

conformational changes associated with Ca -saturation and/or binding targets. The
calmodulin (CaM) system was used as a basis for evaluation, with similar hydrodynamic
94-

radii (Rh) obtained for apo- and Ca -CaM, consistent with previously reported R data.
n

In addition, conformational changes associated with CaM binding to target peptides from
myosin light chain kinase (MLCK), phosphodiesterase (PDE), and Simian
immunodeficiency virus (SIV) were accurately determined as compared with small angle
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X-ray scattering results. Both sets of data demonstrate the well established collapse of the
extended Ca -CaM molecule into a globular complex upon peptide binding. The Rh of
CaM complexes with target peptides from CaM-dependent protein kinase I (CaMKI) and
an N-terminal portion of the SIV peptide (SIV-N), as well as the anti-cancer drug
cisplatin were also determined. The CaMKI complex demonstrates a collapse analogous
to that observed for M L C K , PDE, and SIV, while the SIV-N shows only a partial
collapse. Interestingly, the covalent CaM-cisplatin complex shows a near complete
collapse, not expected from previous studies. The method was extended to related
calcium binding proteins to show that the Rh of the proteins calcium and integrin binding
protein (CIB), calbrain, and the calcium-binding region from soybean calcium dependent
2+

protein kinase (CDPK) decrease on Ca -binding to various extents. Heteronuclear N M R
spectroscopy suggests that for CIB and calbrain this is likely due to shifting the
equilibrium from unfolded to folded conformations, with calbrain forming a dimer
structure. These results demonstrate the utility of PFG-diffusion N M R to rapidly and
accurately screen for molecular size changes on protein-ligand and protein-protein
interactions for this class of proteins.
Introduction
The helix-loop-helix class of regulatory Ca -binding proteins is a varied and
pervasive group involved in numerous cellular functions such as signalling and ion
buffering (Lewit-Bentley and Rety, 2000; Kawasaki et al., 1998). While numerous
subfamilies exist, one of the best structurally characterized is the CaM subfamily which is
often used as a model system. Three-dimensional studies of the apo- (Zhang et al, 1995a;
Kuboniwa et al., 1995) and holo-CaM proteins (Babu et al, 1988) demonstrate that the
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binding of Ca

causes almost no change in the amount of secondary structure, but leads

to a significant rearrangement of the helices surrounding the calcium-binding sites. The
Ca

form takes on a dumbbell shape, although the linker between the two domains has

been shown to be flexible by NMR relaxation studies (Barbato et al., 1992) and
molecular dynamics calculations (van der Spoel et al., 1996). Canonically, CaM has been
shown to collapse around target binding regions such as those from myosin light chain
kinase (MLCK) (Ikura et al., 1992; Meador et al., 1992), CaM-dependent kinase II-a
(Meador et al., 1993), and CaM-dependent kinase-kinase (Osawa et al., 1999) to form a
globular, compact complex. The binding mode involving the collapse of CaM around
targets has recently been shown to be a broad, but specialized situation (Hoeflich and
Ikura, 2002) with reports of CaM complex structures in an extended conformation, as
2+

seen for complexes with anthrax adenylyl cyclase (Drum et al., 2002) and a Ca +

activated K channel (Schumacher et ai, 2001).
The variability in the molecular size characteristics of the CaM system provides an
interesting case study in the use of molecular size to characterize signalling and
conformational change. Several techniques have been used to quantify global resizing
based on target or ligand binding independent of complete structural determination.
These include small-angle X-ray scattering, SAXS, which provides radius of gyration
(R ) information (Seaton et al., 1985; Heidorn et al., 1989; Heidorn and Trewhella, 1988;
g

Trewhella, 1992; Izumi et al., 2001; Yoshino et al., 1996), while other studies have been
used to obtain information on the solution-state radius of hydration (R ) such as gel
n

permeation chromatography (GPC) (Crouch and Klee, 1980; Sorensen and Shea, 1996),

and dynamic light scattering (DLS) (Papish et al, 2002). In all cases the molecular size
2+

has been used to monitor the signalling capabilities of CaM with respect to either C a binding or target binding.
In general, numerous methods are available to elucidate particular interactions
between specific proteins for signalling networks (for example see (Zhu and Snyder,
2002)). The next level of understanding entails structural characterization of these
interactions, for which a myriad of biophysical techniques have evolved to measure
various spatial parameters as described above for CaM. Amongst these, N M R
spectroscopy is typically thought to have a place in the characterization of the contact
interface on an atomic level of structural determination (Zuiderweg, 2002).
In addition, measurements based on molecular diffusion coefficients have been
extensively reported to demonstrate binding of relatively small molecules to proteins,
primarily for pharmaceutical type screening but also for studies of protein-ligand
interactions (Gonnella et al., 1998; Liu et al, 1997; Gounarides et al, 1999; Otto and
Larive, 2001). Measurements of protein diffusion and the hydrodynamic radius (Rh) by
homonuclear N M R have been gaining in interest to monitor protein folding (Choy et
al, 2002; Jones et al, 1997; Pan et al, 1997; Wilkins et al, 1999; Morgan et al, 2000;
Bhattacharjya et al, 2001; Morar et al, 2001). Interestingly, this method has also been
applied to demonstrate the heme-dependent folding of cytochrome c (Wain et al, 2001),
as well as the dimerization and multimerization of proteins and peptides (Altieri et al,
1995; Mansfield et al, 1998; Ekiel and Abrahamson, 1996; Schibli et al, 2002). These
studies demonstrate that pulse-field gradient diffusion N M R can be used in a manner
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similar to other techniques which provide solution-state Rh information such as GPC and
DLS.
In this study, we demonstrate that the methodology developed to monitor protein
folding by PFG-diffusion N M R can equally well be applied to monitor global size
changes for CaM-ligand (Ca ) and CaM-protein interactions for CaM (for binding
2+

targets, see Table 3.1). The apo-CaM and fully Ca -saturated CaM species, as well as
CaM complexed binding targets from skeletal myosin light chain kinase (skMLCK)
(Zhang et al, 1993; Blumenthal et al, 1985; Ikura et al, 1992), cyclic nucleotide
phosophodiesterase (PDE) (Charbonneau et al, 1991; Yuan et al, 1999b), and Simian
immunodeficiency virus (STV) (Yuan et al, 1995; Yuan et al, 2001), for which structural
information is available from SAXS, DLS and/or GPC are examined. Based upon
successful reproduction of these confirmed molecular sizes, we extend this analysis to
three CaM-target systems for which the molecular size is not well characterized at this
time, namely CaM complexed with CaM-dependent kinase I (CaMKI) (Gomes et al,
2000), an N-terminal portion of the STV peptide (SIV-N) (Yuan et al, 2001), and the
anti-cancer drug cisplatin (H. Ouyang and H.J. Vogel, manuscript in preparation). In
2+

2+

addition, we characterize the Ca -binding changes of three related helix-loop-helix Ca binding proteins, calcium and integrin binding protein (CIB) (Hwang and Vogel, 2000;
Hwang and Vogel, 2000; Naik et al, 1997), calbrain (CaB) (Yamaguchi et al, 1999), and
CLD from calmodulin-like domain protein kinase (Yoo and Harmon, 1996). Moreover
collapse of the CLD when bound to its junction domain (JD), and the possible
dimerization of CaB were also studied.
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Table 3.1: Sequences of CaM-binding peptides and junction domain peptide used in this
study
Peptide/
Ligand
MLCK
CaMKI-a
PDE
SIV
SIV-N
JD

Sequence

Ref

KRRWKKNFIAVSAANRFKKISS
AKSKWKQAFNATAVVRHMRKLQ
AC-QTEKMWQRLKGILRCLVKQL-NH2
DLWETLRRGGRWILAIPRRIRQGLELTLNH2
DLWETLRRGGRWI-NH2

(Blumenthal et al, 1985)
(Gomes et al, 2000)
(Charbonneau et al, 1991)
(Yuan et al, 1995; Yuan et
al, 2001)
(Yuan et al, 2001)

Ac-CAV LSR L K Q FSA X N K L K K M A L
RVIA-NH2

(Yoo and Harmon, 1996)
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Table 3.2: Hydrodynamic radii and compaction factors of various EF-hand proteins
Cf
1.02±0.02

#AA
144

R*(À)

Lysozyme

R (Â)
19.8±0.3

apo-CaM
Ca -CaM
CaM-MLCK
CaM-PDE
apo-CaM-PDE
CaM-SrV
CaM-CaMKI
CaM-SIV-N
CaM-CisPlat

24.8±0.9
24.5±0.4
21.8±0.3
22.3±0.3
N.D.
22.5±0.9
21.2±1.2
23.Ü0.7
21.4±0.2

0.74±0.05
0.76±0.02
0.97±0.01
0.94±0.02
N.D.
0.94±0.04
1.00±0.06
0.88±0.03
0.94±0.01

148
148
170
168
168
176
159
161
148

21.2±0.3
21.5±0.3
17.9
18.8
23.5
18.9

apo-CIB
Ca-CIB

32.1Ü.7
24.5±1.5

0.57±0.07
0.90±0.06

201
201

apo-CLD
Ca-CLD
JD-CLD

25.U0.4
21.3Ü.0
20.2±0.7

0.83±0.02
1.01±0.05
1.08±0.03

181
181
204

apo-CaB
Ca -CaB
2x Ca -CaB

25.0±0.5
21.0±0.3

0.37±0.05
0.71 ±0.02
1.03±0.01

93
93
186

h

2+

2+

2+

from (Izumi et al, 2001)
b

from (Matsushima et al, 1989)

c

from (Yoshino et al, 1996)

C

a

b
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Results and Discussion
2+

Diffusion of apo- and Ca -CaM.
The measurement of Rh for the apo- and Ca - CaM samples was relatively
straightforward in that the ' H spectra consisted of only protein resonances which decayed
essentially simultaneously with increasing PFG strength. The hydrodynamic radii
9-f-

determined for apo- and Ca -CaM are shown in Table 3.2, with lysozyme used to
calibrate the diffusion of the internal dioxane standard as described in the Materials and
Methods section. The value of 24.8 ±0.9 Â for apo-CaM is in excellent agreement with
previous determinations by DLS (25±1 Â (Papish et al., 2002)) and GPC (24.91 ±0.12 Á
(Sorensen and Shea, 1996)) under similar conditions of pH and ionic strength.
2+

The Ca -CaM result of 24.5±0.4 Â also agrees reasonably well with the value
reported by GPC (23.95±0.09 (Sorensen and Shea, 1996)), but is smaller than that
determined by DLS (30±1 (Papish et al., 2002)). The decrease of-0.3 Â in the
hydrodynamic radius on calcium binding in this study is also reflected in an early gel
2+

filtration study in which the Rh of Ca -CaM was -0.5 Â less than the apo- form (Crouch
and Klee, 1980). SAXS data have also been reported for the R of apo- and Ca -CaM
g

(Seaton et al., 1985; Heidorn and Trewhella, 1988; Trewhella, 1992; Izumi et al., 2001;
2+

Matsushima et al., 1989). In these studies, Ca -CaM is consistently larger than the apoprotein, although the range of the enhancement varies from +0.3 Á (Izumi et al., 2001;
Matsushima et al., 1989) to +1.1 Â (Heidorn and Trewhella, 1988) when the data are
analysed using the Guinier method. Detailed analysis of the implications of these results
has been reported elsewhere (Mehler et al., 1991; Sorensen and Shea, 1996), however it
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is clear that our data are consistent with previously reported molecular size changes on
CaM calcium binding in solution.
CaM-target interactions — skMLCKpeptide.
The hydrodynamic radius of CaM complexed with skMLCK was determined to be
21.8±0.3 Â (Table 3.2), in close agreement with the DLS determination of 22±1 Á
(Papish et al., 2002). This indicates that the hydrodynamic radius of calcium-saturated
CaM decreases by 2.7 Â in the presence of the skMLCK peptide. The N M R structure of
the CaM-skMLCK complex (Ikura et al., 1992) demonstrates a similar collapse in which
the two lobes of CaM surround the target peptide to form a compact globular complex.
Likewise, previous SAXS studies have determined a collapse, with the R decrease
g

measured at 4.9 Á (Heidorn et a l , 1989) and 3.6 Â (Yoshino et al., 1996) (Table 3.2). It
should be noted that the interpretation of the SAXS values relative to the current PFG2+

diffusion measurements is dependent upon the Ca -CaM R and R , which remains a
h

g

point for further investigation (Sorensen and Shea, 1996).
2+

Taken together, the diffusion of the apo-, Ca -CaM, CaM-MLCK proteins in the
current study suggest that the PFG-diffusion technique is quantitatively sensitive to
changes in the conformation of CaM, and can be extended to other systems.
CaM-target interactions - PDE and SIV.
The determined hydrodynamic radii of the CaM-PDE and CaM-SIV complexes
were 22.3±0.3 Â and 22.5±0.9 Â, respectively (Table 3.2). These results suggest that
similar to the M L C K peptide, there is a significant collapse of 2.2 Â (PDE) and 2.0 Â
(SlY). The result obtained for PDE was similar to that reported by DLS of 23±1 Á
(Papish et al., 2002). The CaM-PDE value of this study is also within the error of the

103
measurement of the Rh by DLS of the CaM-SIV complex (24±2 Â). We have previously
shown that the interactions of both peptides (PDE (Yuan et al., 1999b); SIV (Yuan et al.,
2001)) with Ca -CaM occurs in a manner generally analogous to that of M L C K . The
spectroscopic evidence of these studies suggests that the peptides bind with a-helical
secondary structure and the peptide tryptophan residue is sequestered into the C-terminal
lobe of the protein.
The binding of these two peptides is energetically unique from other CaM-target
complexes, however, and falls into a separate binding category (Brokx et al., 2001).
Thus, to confirm that the collapse observed with the PDE and SIV peptides was indeed
akin to that observed with M L C K , SAXS analysis was conducted on the CaM-complexes
as shown in Figure 3.1. Subsequent Guinier analysis indicates that the R values of the
g

2+

Ca -saturated complexes are 18.8 Â (PDE) and 18.9 Â (SIV) (Table 3.2). Comparison
2+

with the Ca -CaM (21.5 Â) and CaM-MLCK (17.9 Â) molecular sizes obtained under
similar conditions (Yoshino et al, 1996), demonstrates that the collapses observed in all
2+

three peptide bound forms with Ca - CaM are of a similar magnitude as indicated by the
PFG-diffusion N M R measurements.
We note with interest that in the case of PDE, the Rg for the apo complex of PDE
and CaM has increased over apo-CaM (see Table 3.2). This effect is not seen for M L C K
(data not shown). This observation is consistent with earlier reports by Yuan et al.,
(1999) showing that the PDE peptide specifically interacts with the C-terminal lobe of
CaM in the absence of calcium. A similar increase in the radius of gyration has recently
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Ca

-dependent changes in P(r) for calmodulin
in the presence of SIV-L peptide

J+

Ca -dependent changes in P(r) for calmodulin
in the presence of PDE peptide
0.05

Figure 3.1 : SAXS P(r) functions for the titration of CaM and a) SIV peptide or b) PDE
peptide with Ca . Note that in b), as the calcium concentration increases above a 2:1
Ca :CaM ratio, there is a substantial decrease in the number of longer vector lengths
with a final molecular size of 18.8 Â. This behaviour has been reported before for the
CaM-MLCK complex (Heidorn et al., 1989). A similar but less dramatic effect is noticed
for a), with a measured R of 18.9 Â.
2+

2+

g

been reported for other CaM-binding peptides binding to apo-calmodulin from SAXS
measurements (Izumi et al., 2001). Thus, in agreement with other studies, the SAXS data
show that PDE, but not SIV is capable of forming a complex with apo-CaM.
CaM-target interactions -CaMKI-a, SIV-N, CisPlat.
The hydrodynamic radii of several other CaM-complexed species are given in Table
3.2. The collapse seen in the measurement of CaMKI-a (21.2±1.2 Â) is also reflected in
DLS data, for which an Rh value of 22±1 Â has been reported. Similar to the PDE and
SIY peptides, previousfluorescenceand CD data are in support of a binding mode for
this peptide analogous to M L C K , which is again consistent with the observed data
(Gomes et al, 2000).
For the CaM-SIV-N complex (23.Ü0.7 Â), there has been no previously reported
molecular size characterization of the CaM-SIV-N complex. Previous biochemical
evidence is somewhat conflicting. N M R data suggest that there is relatively strong
binding to the C-terminal lobe in a 1:1 ratio (Yuan et al., 2001 ), and further weak binding
to the N-terminal lobe in a 2:1 ratio. On the other hand, the CD spectra demonstrate little
change when the SIV-N peptide is titrated into CaM, in contrast to the canonical CaMtarget result of increased helical content. Our results suggest that there may be a partial
collapse of the CaM-SIV-N complex of ~1.4 Â, about half that seen with the CaMM L C K complex (2.7 Â). The interaction of this peptide with afragmentencompassing
the C-terminal lobe of CaM would be an interesting target for further structural
characterization, as the apparent lack of secondary structure indicated by the CD data,
combined with the clear evidence for binding, suggests a non-canonical CaM-binding
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motif, perhaps similar to that seen for the N-terminal portion of the CaM-binding domain
of the plasma membrane calcium pump (Elshorst et al, 1999).
The value of the measured Rh of the CaM-CisPlat complex, 21.4±0.2 Á is quite
intriguing as it suggests a near-complete collapse of the CaM-CisPlat complex. Work in
our laboratory (Ouyang and Vogel, manuscript in preparation) suggests that the binding
of the drug to CaM occurs through the S atoms of the Met sidechains in a 9:1 ratio, and
inhibits the ability of CaM to bind the M L C K CaM-binding peptide. The unexpected
complete collapse of the complex raises the possibility that there may be some tertiary
interaction between the two lobes of CaM, which is not obvious from previous data.
2+

Apo- and Ca -CIB.
2+

The measured hydrodynamic radius of CIB in the apo- (32.Ü1.7 Á) and Ca -form
(24.5±1.5 Â) reflect a collapse of approximately 7.6 Â. The relative error in the
measurements for these samples is higher than in the CaM determinations most likely due
to the significantly lower protein concentration used (~0.15 mM for CIB vs. ~1.0 m M for
CaM). In spite of the error, it is readily apparent that there is a significant increase in the
94-

diffusion rate of Ca -CIB as compared to the apo- form. This contrasts starkly with the
Rh measurements for CaM in which there was little change in both these PFG-diffusion
measurements and previous GPC studies (Sorensen and Shea, 1996).
Possible explanations for a slower diffusion rate (and hence larger apparent Rh)
include intermolecular aggregation, and/or the presence of unfolded protein regions. In
the case of intermolecular aggregation, one would expect the slower diffusion to be
caused by a large complex, which in turn would also have slower molecular tumbling. In
a typical N M R spectrum, a significant increase in the molecular tumbling rate causes an
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increase in the linewidth of protein resonances. In the case of CIB, the aromatic region of
1

94-

the H spectrum exhibited the opposite effect, with the Ca -CIB lines significantly
broader than in the apo-CIB spectra (not shown). Such a result is consistent with the
notion that the apo form is significantly disordered and extended, while the Ca form is
1 5

more compact. In order to confirm this hypothesis, 2D ' H - N HSQC spectra were
15

acquired of N-labelled CIB (Figure 3.2). The spectrum of Figure 3.2a is indicative of a
highly unfolded protein, due to the lack of dispersion and close clustering of peaks
around random coil values. In contrast, Figure 3.2b shows dispersion symptomatic of a
folded protein with the amide resonance appreciably scattered. We hence conclude that
the increase in diffusion, and decrease in Rh, is due to an intramolecular collapse upon
9+

binding Ca .
2+

Apo-, Ca -, and JD-CLD.
2+

The results for apo-CLD (25.Ü0.4) and Ca -CLD (21.3±1.0) suggest that this
protein domain acts in a manner analogous to CIB on binding calcium. There is a
collapse of 3.8 Â, not quite as dramatic as CIB, but significant, on the order of 15%.
Previous biochemical work characterizing the properties of the intact CDPK protein
(Putnam-Evans et al., 1990; Harper et al., 1991; Yoo and Harmon, 1996) has shown that
the protein maintains monomelic characteristics in solution. As a result, we expect the
change in the protein PFG-diffusion to be related to the structured (or unstructured) state,
!

1

15

and not oligomerization. H ID N M R and H- N-HSQC spectra of the CLD (not shown)
support this conclusion, as discussed in the above CIB section.
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'H ppm

To

TH ppm
2+

Figure 3.2: 'H-^N-HSQC N M R spectra of a) apo- and b) Ca -saturated CIB. The
dramatic increase in the number of visible peaks and dispersion is characteristic of
transition from a chemically degenerate state in a) to a more compact, folded form in b).
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The CLD of soybean C D P K a is also thought to bind another region of the CDPK
known as the JD (Table 3.1) (Yoo and Harmon, 1996). The hydrodynamic radius of a
2+

complex of Ca -CLD-JD was measured to be 20.2±0.7 Á. While this might be indicative
of a slight collapse on the order of 1 Â as compared with the C a

2+

state, it is not possible

to assert this with confidence due to the error in the two results. Titration of peptide
encompassing the JD into Ca -CLD produces noticeable change in the H I D spectrum
of the aromatic region of the protein (not shown), highly indicative of binding. Evidence
of direct binding between the CLD and JD, in a manner analogous to CaM-target
peptides, has also been reported previously (Chapter 2; Weljie et al, 2000; Yoo and
Harmon, 1996). Interestingly, the results reported here suggest that in CLD the greatest
2+

conformational change occurs in the transition from the apo- to Ca - bound form, and
not on target binding, again contrasting the CaM result of negligible size change upon
calcium-binding.
Apo- and Ca

-CaB.

The hydrodynamic radius for apo-CaB (25.0±0.5 Á) was slightly larger than CaM, in
2+

spite of the fact that it has half the residues. On binding Ca , the Rh decreased by about
16 % to 21.0±0.3 Â (Table 3.2). This trend follows that observed for both CIB and CLD,
!

1 5

and the H - N HSQC data indicate that the protein exists primarily in an unfolded
2+

conformation in the apo-form (not shown). The hydrodynamic radius of the C a form
was on the order seen for the CaM-complex samples (Table 3.2), which would be
2+

unlikely if Ca -CaB existed as a fully folded monomelic protein, and hence further
analysis was conducted to assess this result as described below.
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Analysis of the degree of compaction.

The hydrodynamic radius alone can be a very useful value, especially when
comparing relative conformational states such as the changes measured in this study on
binding of Ca

ions. However, in cases where the effective radius of protein-protein

interactions is being measured, it is useful to have a basis for comparison between a fully
"compact" or globular state, and extended or "unfolded" states for various systems. We
have found it useful to extend the formalism introduced by Wilkins et al. (1999) to
examine protein folding. In their work, an empirical relationship was established using
N

the PFG-diffusion technique for proteins in a globular, native state (/? =(4.75 ±
n

1.11 )A/° •

2 9 ± 0 0 2
5

where N is the number of residues), and in an unfolded, denatured state
57±0

2

(11^=(2.21 ± 1.07)-/V° ° ). Using these 'extreme' values for a protein (or protein
complex) consisting of N residues as well as the experimental Rh value, one can establish
a dimensionless 'Compaction factor' Cf.
p

D

_ p

Accordingly, a fully denatured monomelic protein would have a Cf value of 0, and a
fully globular protein a value of 1. For the purposes of the current study, a fully globular
complex such as CaM-MLCK should have a Cf value near 1.00, and an extended
2+

molecule such as Ca -CaM should have a value between 0.00 and 1.00. Table 3.2 gives
the Cf values for all the systems examined in this study, and they are graphically
illustrated in figure 3.3. The advantages of this analysis are apparent by examining the
CaM-skMLCK and CaM-CisPlat complexes. The hydrodynamic radii, Cf are 21.8 Á,
0.97 (skMLCK) and 21.4 Â, 0.94 (CisPlat), so while the overall CaM-CisPlat complex is

Ill

smaller than that of CaM-skMLCK, when the contribution from the peptide (22 residues)
is taken into account, the skMLCK complex is found to be more compact (Table 3.2;
Figure 3.3a). Not surprisingly, the apo- and C a

2+

forms show similar Cf values near 0.75,

and the CaM complexes are beween 0.94 and 0.99, with the exception of CaM-SIV-N
which has a Cf value near 0.87, highlighting the partial degree of collapse on target
binding.
9+

The compaction factors for the other Ca -binding proteins examined in this study
2+

highlight the varying degrees to which Ca -binding causes conformational change
(Figure 3.3b). In the case of CIB, the change is quite dramatic (from 0.56 to 0.90),
2+

reflecting the degree to which folding of the protein is dependent upon Ca -binding.
2+

2+

Interestingly, the Ca -form is much more compact relative to Ca -CaM, which may
reflect the fact that the calcium-binding region is one domain of the protein, and/or that
both lobes of CIB interact with each other (Hwang and Vogel, 2000).
94-

The difference in Ca -binding for the CLD protein is not nearly as dramatic,
2+

+

changing from 0.83 to 1.00 on Ca -binding. The fact that the Ca -form has a value
indicative of a fully folded protein is intriguing, especially considering that the JD-CLD
complex has an even larger value of 1.08. However, it should be noted that the Cf is
dependent on the empirical equations for the extended and globular states, and the
N

globular state equation ((i?h =(4.75 ± 1.11)JV°'

29±002

) is sensitive to anisotropic structures

(Wilkins et al., 1999). It is likely that the CLD does collapse slightly on binding JD, but
94-

that the Ca and complex forms are not completely globular, which corresponds to 3D
structural evidence as described in Chapter 4.
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Figure 3.3: Graphical representation of compaction factors (Cf) (Wilkins et al.,
1999) for a) CaM and targets, and b) CIB, CLD, and CaB. The closer the compaction
factor is to 1, the more likely the protein is in a compact, globular form. The results in b)
demonstrate clearly that addition of C a to all three EF-hand proteins causes
compaction, presumably by moving from an extended state to a more compact metal
bound form. It is interesting to note that if CaB is considered as a dimer in the C a form,
the Cf is very close to 1, suggesting that this may be the equilibrium state for this protein
under our experimental conditions.
2+

2+
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The Cf values for apo- (0.19) and Ca -CaB (0.59) are also quite intriguing as they
suggest that the apo form of the protein is almost entirely unfolded, but that upon binding
Ca

there is only a partial refolding of the protein. However, N M R evidence indicates

that the protein is fully folded (Dr. R. T. McKay, personal communication). As a result,
2+

another compaction factor was calculated assuming dimerization of the Ca -CaB, a new
value of 0.93 is obtained which is much closer to what would be expected for a folded
protein. While this is not conclusive evidence of dimerization, we and others have
previously successfully used the PFG-diffusion technique to characterize the dimerization
of various proteins (Schibli et al., 2002; Mansfield et al., 1998; Alieri et al., 1995; Ekiel
and Abrahamson, 1996)
The implication of these results towards the primary topic of this thesis, namely the
characterization of the JD-CLD complex, are certainly worth highlighting. As predicted
2+

in Chapter 2, there are certainly conformational changes associated with Ca -binding to
the CLD. On the other hand, it is somewhat surprising is that these changes are evident
from the observed Rh, if the CaM system is used as a template. The fact that the Rh of the
Ca -CLD species suggests a nearly globular protein precludes the notion that the CLD
2+

behaves exactly like CaM, where the apo- and Ca -forms are extended. This difference
provides the basis for the N M R spectroscopic solution structural investigations of the
CLD in Chapter 4, which are then extended to the JD-CLD form of CLD.
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Materials and Methods
Protein and peptide samples for NMR spectroscopy

Wild-type CaM was biosynthetically expressed and subsequently purified using
double hydrophobic phenyl Sepharose chromatography as described previously
(Waltersson et al, 1993; Zhang and Vogel, 1993), as was CLD (Weljie et al, 2000). CaB
was expressed from a pET19b vector (Novagen) in E. coli and purified by nickel chelate
affinity chromatography by Dr. R.T.McKay (University of Alberta, Alberta, Canada).
CIB was expressed with a ten histidine N-terminal tag from an optimized synthetic gene
construct in Escherichia coli, purified by nickel chelate affinity chromatograpy and then
dialyzed extensively against 8 mM ammonium bicarbonate pH 7.5 before lyophilization
(Yamniuk, Huang and Vogel, unpublished results). Peptides used in this study (Table 3.1)
were synthesized by the Queen's University Core Facility for Protein/DNA Chemistry
(Kingston, Canada), and were > 95% pure as determined by HPLC and mass
spectrometry.
Typical sample conditions for CaM samples were 1 mM CaM, 100 m M KC1,
unbuffered at pH 7.3 in D2O (no correction for pD was made), with either 3 mM EDTA
2+

for apo- samples or 10 m M CaCb for Ca - and target-complex samples. CaM-target
1

peptides were quantitated based on a single Trp 8 2 8 0 of 5500 cm'M" (or 11000 cm^M"

1

in the case of the SIV peptide), and added to a ratio of 1.2:1 (peptide:protein). 0.50 uL of
neat dioxane was added to the samples, with ID *H spectra acquired before and after to
ensure that the dioxane did not change the protein resonances.
Samples for the other proteins were similar, with the following exceptions. The
concentration of CaB and CLD samples was 0.20 mM, and CIB, 0.15 mM. 200 m M KC1
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was added to the CaB and CLD samples, and the pH of the CaB samples was 7.6. For
these three proteins apo- spectra were first acquired with 1.0 mM EDTA, and
subsequently CaCl2 added to 3.5 mM for the Ca samples. The JD peptide was initially
quantitated by the method of Lowry, and subsequently taken to be 60 % of the dry
weight. Peptide was titrated into the protein until no change was observed in the aromatic
l

region of the ID H spectrum.
NMR

Spectroscopy

A l l spectra were acquired on a Bruker shielded magnet having a ' H frequency of 700
1 3

MHz equipped with a ' H , X , C probe with triple axis gradients. The variable gradient
diffusion data were acquired based on the PG-SLED pulse sequence of Wilkins et al.
(1999) modified to acquire as a 2D series file. 64 gradient experiments were acquired for
each dataset, with the gradient strengths augmented linearly through the acquisition from
0 to 40 G/cm, and all other delays and pulses held constant. Gradient pulses were applied
for 6.3 ms with a recovery time of 0.7 ms, and diffusion delay of 100 ms. This was found
to be adequate for all proteins to give a total decay of -90%. Either 32 transients (CaM
samples) or 256 transients (CIB, CLD, and CaB) were acquired per gradient experiment.
Each experiment was acquired with a spectral width of 10 000 Hz, and 8k complex
points. The data were zero filled to 16k complex points, and apodized with a sine-squared
function. The baseline was corrected with two separate polynomial functions, 0.15 ppm
upfield and 0.15 ppm downfield of the water peak.
Data analysis

Data were analysed using the variable gradient fitting routines in XWINNMR 3.0
from Bruker, and in all cases protein resonances were fit with a single exponential decay
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function using peak intensities (Wilkins et al., 1999). An average value was obtained
based on intensities measured from a minimum of 5 separate peaks in both the aromatic
and aliphatic regions of the proteins. The dioxane peak intensity decay was fitted to either
a mono- or bi-exponential decay depending on overlap with protein resonances, and the
hydrodynamic radius was determined by the ratio of (ddioxane/dprotein) with increasing
gradient strength. The hydrodynamic radius of internal dioxane standard was calibrated
based upon the known structure and size of lysozyme (Wilkins et al, 1999) to provide a
value of 1.87 Á. The Rh values of the proteins and complexes were then calculated based
on the relationship Rh

prot=

ref

(ddioxane/dp tein)Rh ,
ro

where R h is the calibrated dioxane radius.
r e f

Small Angle Xray Scattering

Data collection and analysis of the small angle X-ray scattering data were performed
exactly as described before (Yoshino et al, 1996; Izumi et al., 2001).
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4. Structure of soybean C D P K - a calmodulin-like domain

This chapter is very soon to be submitted under the title "An unexpected structure of the
calcium regulatory domain from soybean calcium-dependent protein kinase-a" authored
by Aalim M . Weljie and Hans J. Vogel. A M W has performed the work in this chapter
with the help of those previously noted in the Acknowledgements section.

Abstract
Although the calcium regulatory region (CLD) from soybean calcium-dependent
protein kinase (CDPK) is very similar to calmodulin (> 40 % identity), we demonstrate a
divergent structural mechanism by which it interacts with its target. In vivo, the CLD
binds intramolecularly to the junction domain (JD), a region of the CDPK exhibiting both
kinase inhibitory and CLD-binding properties. Using a bimolecular approach with a
2+

separate Ca -CLD protein and a synthetic peptide encompassing the JD- binding region,
we demonstrate that there is a significant structural change in the Ca -CLD on binding
JD. Moreover, the vast majority of structural perturbations are confined to the C-terminal
domain of the CLD, although the N-terminal domain does participate in binding.
9-4-

Unexpectedly, the two lobes of CLD collapse with the addition of Ca , analogous to
calcineurin B, but do not form a stable complex in the presence of the JD. This is in
contrast to CaM/CaM-kinase complexes in which the two domains envelope the target
peptide. The structural differences explain why CaM and CLD are interchangeable in
some, but not all cases, and raise the possibility that CDPK may be activated by multiple
mechanisms.
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Introduction
Ca -signalling in plants underlies a necessity for a measured response to numerous
biotic and abiotic stimuli such as drought, light, touch, and hormones (Sanders et al,
2002; Anil and Rao, 2001; Evans et al, 2001; Sanders et al, 1999; Rudd and FranklinTong, 2001). The response mechanism involves both calmodulin, a secondary messenger
protein found across phyla (Luan et al, 2002), as well as calcium-dependent protein
kinases (CDPKs) which are calmodulin independent (Cheng et al, 2002; Harmon et al,
2000). CDPKs are sensor proteins that are capable of decoding calcium signals and have
recently been directly implicated in the plant defense response (Romeis et al, 2001).
They have also been shown in vitro to be involved with a myriad of metabolic, transport,
stress, and cytoskeletal cell pathways (Cheng et al, 2002).
The primary sequence of CDPKs provides some insight as to the mode of calcium
response, as demonstrated for soybean CDPK-a in Figure 4.1. Sandwiched between the
kinase domain and the calmodulin-like domain (CLD) is a junction domain (JD). The
latter has been shown to possess both autoinhibitory (Harper et al, 1994; Harmon et al,
1994) and CLD-binding properties (Vitart et al, 2000; Camoni et al, 1998; Yoo and
Harmon, 1996; Huang et al, 1996) in the full length kinase, similar to analogous regions
found in many CaMKs. Calcium response is imparted by the CLD, which shares
significant similarity to CaM (> 40 % identity between soybean C D P K a and vertebrate
CaM). Recent phylogenetic analysis of CDPK DNA sequences strongly suggests that the
family arose from a fusion of a CaM gene with a putative CaM-dependent kinase (Zhang
and Choi, 2001; Harmon et al, 2001).
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Figure 4.1: Primary sequence of A) soybean CDPK, and B) an expanded depiction
of the calcium regulatory region. In B), the tether region consists of residues 329-338, the
linker between the two domains 405-411, and the C-terminal tail 474-508.
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Conflicting evidence exists in support of a structural model which mimics the
canonical CaM/CaM-dependent kinase systems, as would be implied by the evolutionary
origin of the CDPK gene and comparative modelling (Weljie et al, 2000). In this model,
direct binding of the calcium regulatory region to the JD would alleviate kinase
inhibition, and induce activation. Biochemical studies demonstrate that calciumdependent kinase activity can be partially recovered in a bimolecular fashion between
carboxy-terminal truncation mutants (1-328 and isolated CLD polypeptide (329-508)),
although the binding affinity of the CLD for exogenous JD peptide is relatively weak, ~ 7
uM (Yoo and Harmon, 1996; Huang et al, 1996). With. Arabidopsis CDPK isoform
CPK-1, exogenous CaM has also been shown to activate similar truncation mutants,
further supporting a direct analogy to the CaM/CaMK systems (Huang et al, 1996).
Other work characterizing the "tether" region between the JD and CLD of CPK-1
indicates that the structural features of CDPK are more complex. Intramolecular
activation requires an allosteric mechanism dependent on the immediate N-terminal
region of the C L D which is not required for bimolecular activation (Vitart et al, 2000).
In the case of soybean CDPK-a, a truncation mutant in which only the first two calciumbinding loops are present cannot be activated intermolecularly by CaM, but significant
activity is achieved with exogenous CLD (Yoo and Harmon, 1996). Finally N M R
diffusion data demonstrate that the CLD shows significant compaction in the presence of
Ca

2+

as compared to the apo- form, which is markedly different from CaM, in which the
2+

two lobes remain independent in both the Ca - and apo- forms (Weljie et al., in press;
Chapter 3). Taken together this evidence indicates that a direct analogy to CaM/CaMK
systems is not sufficient to explain the role of the CLD in CDPK activation.
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In this study, we examine structural features of the calcium regulatory region of
2+

2+

soybean CDPK-a, and report the solution structure of Ca -saturated CLD (Ca -CLD) in
the presence of both Ca and JD peptide. In addition, we have also obtained a
significant amount of chemical shift information about Ca -CLD alone, without any JD
peptide present. Using this bimolecular approach, we have been able to separate the two
2+

events of calcium-binding and JD-binding to the CLD. Our results indicate that C a binding induces structure in the CLD whereby the N - and C-terminal domains of the
2+

2+

CLD are not independent. In the Ca -form (Ca -CLD), only a partial assignment of the
C-terminal domain was possible, and hence the structure was not calculated, although
weak nOe's between the N - and C-terminal domains of the CLD were observed.
Subsequent addition of JD is accompanied primarily by significant changes in the Cterminal region of the CLD as indicated by chemical shift changes, although evidence of
binding is also witnessed in the N-terminal domain.
Combined with the structural information, chemical shift changes and chemical
exchange imply a model in which the N-terminal region of the CLD acts primarily as a
structural scaffold, and the C-terminal region adjusts for binding to the JD. Based on
these data, we provide a fresh interpretation of several studies which have presented
speculative arguments vis à vis the relative role of the two domains. Finally, given the
high degree of identity of CDPKs with the CaM/CaMK system, and the strikingly
different behaviour of this system, it is instructive to examine the implications of this
study in a broader context with relation to potential pitfalls in "structural genomics"
approaches to protein structure.
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Figure 4.2: Representative ' H - N-HSQC region of A) Ca -CLD and B) JD-CLD.
Note that in the Ca -form alone (A), there is a significant broadening of residues, which
results in significant intensity differences between resonances, of the N-terminal region
and the C-terminal region. When the JD peptide is added (B), the peak intensities are
more similar, indicative of an equilibrium shift. Residues 417 and 369 are representative
of those which show significant exchange in both the apo- and holo-peptide forms, while
434 and 436 collapse to a single major conformer when peptide is added. This is
particularly interesting given that calmodulin does not show such interactions, and
underscores the different activation properties of the CLD.
+

Results
Characterization of Ca

-CLD

Expression and purification of soybean CLD was readily achieved from both rich media
1 5

and isotopically enriched minimal media. Initial ' H - N HSQC correlation spectra of
apo-CLD demonstrated poor chemical shift dispersion and peak shape, diagnostic of the
predicted partially unfolded protein (Weljie et al., in press; Chapter 3). Addition of C a
2+

2+

2+

to give rise to Ca -saturated CLD (Ca -CLD) demonstrated reasonable peak dispersion
2+

indicative of folded protein (data not shown), supporting the notion of Ca -induced
folding. There was, however, significant variation in peak intensities and fewer than the
expected 180 peaks of each residue in the polypeptide construct, indicating the presence
of complex chemical phenomena (Figure 4.2) such as chemical exchange and/or
conformational heterogeneity of the sample. SDS-PAGE showed a single protein band
near the expected molecular weight. The use of a C-terminal His-tag also ensured that
proteolytic cleavage during protein expression did not result in heterologous protein, as
previously reported (Yoo and Harmon, 1996). Since previous work has demonstrated
bimolecular binding of JD peptide encompassing residues 312-328 of soybean CDPK-a
to the CLD, we attempted to see what effect a similar peptide (JD peptide) had on the
structure, and resulting spectra, to achieve suitable sample conditions for complete
structure determination.
Binding of JD peptide causes significant structural changes to

2+

Ca -CLD

2+

Titration of JD peptide into Ca -CLD (giving rise to the JD-CLD sample) caused
15

significant changes in the ' H - N-HSQC spectrum to a defined set of residues (Figure
4.2) and provided spectra with approximately 150 major peaks. Variation in peak

intensity persisted as compared to the Ca -CLD spectrum, with clear evidence of
heterogeneity for several peaks. Lowering the temperature below 310°K did not increase
the number of visible peaks, and led to increased linewidths. A number of peaks showed
narrow line-width and random-coil chemical shifts, characteristic of unstructured free
tumbling, both before and after addition of JD peptide. Due to the multi-domain nature of
the protein, it was assumed that the unstructured residues were either at the termini or
between domains, and resonance assignment and structure determination proceeded with
this sample (JD-CLD).
Near complete chemical shift assignments of JD-CLD were obtained for residues in
94-

the Ca -binding loops, as well as the linkers between loops 1 and 2 (N-terminal domain)
and loops 3 and 4 (C-terminal domain). Complete assignments were not obtained for
residues A329-E335 ("tether region"), K405-L412, the linker between the two domains,
and R485-L496, a stretch of the C-terminal tail. In general, residues that were assigned in
the protein backbone near these residues were exchange-broadened. The 14 extreme Cterminal residues that were assigned (Figure 4.1) showed very narrow linewidth,
representative of random coil conformation. No significant structural nOe's were
observed for this region, nor for the C-terminal six-residue His-tag, and hence only
residues A329 to R485 were included in the structural calculation.
JD-CLD

Structure

The structure of the N-terminal and C-terminal domains of JD-CLD conforms to bilobal EF-hand proteins, with canonical helix-loop-helix structure for the two calciumbinding loops in each domain and small beta sheet region connecting the pairs (Figures
4.3, 4.4). Independently, the core regions of the N - and C-terminal domains of the
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calcium-regulatory region are well defined (backbone rmsds of 0.78 Â and 0.60 Â,
respectively) as seen in Figure 4.3. A significant number of long range nOe's (Table 4.1),
particularly from the

C-edited NOESY experiment, define the hydrophobic centers in

each domain. Table 4.1 provides summary statistical information for the family of 15
lowest energy structures from the ARIA calculations. In the N-terminal domain, these
hydrophobic cores are flanked by interhelical contacts between helices A/B, A/D, B/C,
and C/D as defined in figure 4.1b. Correspondingly, in the C-terminal domain, a similar
pattern of helical interactions is seen, with contacts between helices E/F, E/H, F/G, and
G/H.
2+

The interhelical angles in the helix-loop-helix Ca -binding loops (Table 4.2) are all
slightly more closed than a perpendicular value of 90°. The most closed is the first A / B
EF-hand at 116±4°, while the C/D, D/E, and E/F helix angles show very similar values of
103±6, 103±5, and 102±4°, respectively. The charge distribution plots in Figure 4.5
demonstrate that these helical angles result in pockets of hydrophobic surface area being
exposed in both domains, indicative of the open, or 'activated' form, consisted with the
biological observations. Residues L340, L343, L364, L371, L378, T399, L402, and to a
lesser extent 1437,1390, F395, contribute to a significant pocket in the N-terminal
domain. In the C-terminal domain, major contributions come from F417, F438,1443,
M468, M469, and minor contributions from 1452, F465. It is worth noting that the
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Figure 4.3: Ensemble of lowest 15 energy structures for A) the N-terminal domain
(backbone RMSD 0.78 Â), and B) the C-terminal domain (backbone RMSD 0.60 Â) of
JD-CLD. The disordered region in A) is the "tether" region immediately N-terminal to
the well ordered region, and in vivo the JD is attached directly N-terminal to this region.
Analogously, the C-terminal tail is disordered in B), although several contacts are made
between the C-terminal domain and the C-terminal tail. Figure generated with MolMol
(Koradiera/., 1996).

C-term

Figure 4.4: Ribbon diagrams of the two major states encompassed by the ensemble
of lowest energy structures of JD-CLD, A) an open conformation in which the two
domains are adjacently positioned, and B) a closed conformation in which the two
domains sit opposed to each other. The structures are positioned such that the N-terminal
domain is superimposed, and the C-terminal domain changes orientation. Both subsets of
structures are consistent with NOE evidence between helices C (N-terminal domain) and
E (C-terminal domain). Figure generated with MolMol (Koradi et al, 1996).

Table 4.1: Statistics for the 15 lowest energy JD-CLD structures
rmsd from Distance Restraints (Â)

0.083 ±0.011

rmsd from Dihedral Restraints (°)

0.571±0.065

Deviations from Idealized Geometry
Bonds (Â)
Angles (°)
Impropers (°)

0.003±0.0002
0.556±0.014
0.505±0.020

Procheck-NMR Ramachandran analysis (%)
Most favoured regions
Additional allowed regions
Generously allowed regions
Disallowed regions
van Der Waals energy (kcal/mol)
rmsd from lowest energy structure (Â)
338-404 (N-terminal domain)
backbone
heavy
412-470 (C-terminal domain)
backbone
heavy
Well defined regions (N- and C- domains)
backbone
heavy
NOE-derived distance restraints
Unambiguous (total)
Intra-residue
Sequential
Medium-range
Long-range
Ambiguous (total)
Other restraints
TALOS-derived dihedral (¢, viz)
H-N residual dipolar coupling

69.7
27.9
2.7
0.0
272±12

0.780
1.129
0.604
1.112

3

5.613
5.885
3051
1106
692
510
743
1183
122, 122
45

"Note: The overall orientation of the two domains is better described by two subsets
described in the text
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Table 4.2: Interhelical angles for JD-CLD and CaM, CaNB, and sTnC structures
Structure (PDB code)

3

Helices
A/B(°)

Helices
C/D(°)

Helices
D/E (°)

Helices
E/F(°)

JD-CLD

116±4

103±6

103±5

102±4

Apo-CaM (NMR, 1DMO)

128±2

130±4

137±4

127±5

2+

102±1

100±2

108±1

101±2

2+

86

87

101

91

2+

100

111

91

101

79±3

78±7

87±6

109±8

Ca -sTnC N-term only (X-ray, 1AVS)

97

83

apo-sTnC N-term only (NMR, 1TNP)

129±3

125±5

139

146

107

109

Ca -CaM (NMR, 1J70,1J7P)
Ca -CaM (X-ray, 1CLL)
Ca -CaNB (1TCO)
2+

Ca -sTnC (NMR, 1TNW)
4

2+

2

2+

Ca -sTnC (X-ray, 5TNC)
2

3

references for structures are as follows: 1DMO (Zhang et al, 1995); 1J70 & 1J7P

(Chou et al, 2001); 1CLL (Chattopadhyaya et al, 1992); 1TCO (Griffith et al, 1995);
1TNW (Slupsky and Sykes, 1995); 1 AVS (Strynadka et al, 1997); 1TNP (Gagne et al,
1995); 5TNC (Herzberg and James, 1988).

1

Met residues of the N-terminal domain (346, 372, 380) are all located on the outside
surface or interior of the lobe, and do not contribute to the binding area, a result
unexpected from modeling studies (Weljie et al., 2000; Chapter 2). The hydrophobic
pockets in both domains are lined by a significant number of charged residues. In the N terminal domain, a cluster of negative charge is evident with the sidechains of E370,
E375, D378 together. The C-terminal lobe does not show a similar pattern of clustering,
with only D437 and H444 protruding significantly into the hydrophobic pocket, with
D441 and E451 at the periphery. It is interesting to note that the region between D441
and D447 shows extensive line broadening in the N M R spectra and a lower than average
number of nOe-based distance restraints, indicative of flexibility or chemical exchange.
There is also a clustering of basic residues, R470, R472, and K473 near one end of the Cterminal lobe.
An unexpected structural basis of the JD-CLD

interaction

An intriguing feature of the JD-CLD structure is the relative orientation of the N and C-terminal domains (Figure 4.4). The interface between the two domains was not
defined precisely due to exchange broadening. However, several weak interdomain nOe'
and residual dipolar coupling (RDC) measurements allowed for the elucidation of the
global orientation of the two domains. When the well-defined regions from the full
family of 15 structures are overlayed, the backbone rmsd is 5.5 Â. However, further
analysis of the structures shows two distinct orientations. In the first set, the N-terminal
and C-terminal lobes sit opposite to each other (Figure 4.4b). When the most similar six
structures with this orientation are fit, the backbone rmsd drops to 1.32 Â. Interestingly,
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in the other extreme, another set of structures shows the two domains are positioned sideby-side, forming an elongated hydrophobic face (Figure 4.4a). The rmsd for the four most
similar structures in this family is 2.071 Â. The remaining five structures are in
orientations between these two extremes. In all structures, nOe interactions between helix
C from the N-terminal domain and helix E from the C-terminal domain are not violated.
Unambiguous interdomain nOe's were observed between the methyl and amide
protons of A3 82 (helix C) and the y and 8 ring protons of Y418 (helix E). The latter
residue also showed unambiguous contacts with the sidechain of K377 (also helix C).
This corresponds roughly to the ends of helix C and the beginning of helix E (Figure 4.1).
The intensity of the observed interdomain nOe's was very weak presumably because the
resonances for the residues involved, especially A3 82, exhibited several distinct
conformers. Nevertheless, the interaction between the two lobes is comprised of a
hydrophobic interaction with Y418 forming the primary bridge (Figure 4.5).
The C-terminal domain of CLD adapts to the JD peptide

The bimolecular experimental approach used in this study allowed us to further
investigate the conformational changes associated with binding of JD peptide to the CLD.
Using a chemical shift mapping approach (Shuker et al, 1996), it is readily apparent that
the largest changes in structure are associated with the C-terminal domain (Figure 4.6).
In particular, significant changes are associated with the E and F helices. These changes
15

15

are reflected in both the ' H - N-HSQC, as well as the N-edited NOESY spectrum.
From the JD-CLD structure, it is apparent that this region forms an integral region in the
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C-term

Figure 4.5: Electrostatic potential surface plots of JD-CLD. Surface plots show
acidic (red), basic (blue) and hydrophobic (white) potential. A) The charge potential from
both lobes is described, and the contributions from B) the N-terminal domain, and C) the
C-terminal domain. For clarity, the structures shown are oriented as in Figure 4.4a, with
the linker towards the bottom of the page. Figure generated with MolMol (Koradi et al,
1996).
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Figure 4.6: Chemical shift mapping change between the Ca -CLD form and JDCLD form of A) the N-terminal domain, and B) the C-terminal domain. Changes in the
chemical shift are marked for amide H / N changes of <50 Hz (blue), 50-100 Hz (cyan),
100-150 Hz (yellow), and >150 Hz (red). The majority of significant chemical shift
changes are localized to the C-terminal domain (B), although resides 398 and 401 in the
terminal D helix of the N-terminal domain (A) shift. Figure generated with MolMol
(Koradi et al, 1996).
]

15
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binding of the JD peptide. Moreover, it is noteworthy that several residues in helix F and
94-

94-

the linker between the Ca -binding loops were either not detected from the Ca -CLD
sample, or showed extensive broadening; however, they gave relatively strong signals in
the JD-CLD sample (Figure 4.2). This observation suggests that the presence of the JD
acts to stabilize the C-terminal domain, and "lock" it into more conformationally limited
2+

space than exists in the Ca -CLD form.
Further information on the nature of the JD-CLD interaction was elucidated by
contrasting the pattern of resonance broadening associated with JD binding. For example,
Ser414 is essentially completely broadened out in the JD-CLD sample, whereas it is
94-

readily observed in the Ca -CLD sample. Structurally, the sidechain is situated directly
on the putative peptide binding face, essentially in the middle of the hydrophobic cleft.
Given that nOe's are not observed between the protein and the peptide, exchange
2+

broadening induced by the interaction of the JD with the Ca -CLD is likely responsible
for the observed result. Significant broadening, but not as severe, is also observed for
residues near and in the linker between EF-hand loops 1 and 2. In addition, chemical shift
mapping suggests that this region of the N-terminal domain is most affected by
interaction with the JD peptide, although not nearly to the same extent as the C-terminal
domain. As a result, we conclude that the N-terminal domain, and in particular residues at
the ends of helices A and B, in the linker between two calcium-binding regions, and
throughout helix C are also involved in the JD-CLD interaction.
Both chemical shift mapping and resonance broadening observations suggest that the
C-terminal domain plays a greater role in the JD-CLD interaction. One interesting
observation in support of this notion is the pattern of residual dipolar couplings (RDCs).

In the C-terminal domain, the dispersion of RDCs was about 17.0 Hz (+8.3 to -8.7),
while in the N-terminal domain it was only 9.2 Hz (+4.4 to -4.8), in spite of the fact that
there were significantly more RDCs measured in the N-terminal domain (17 vs. 28).
Recent work characterizing RDCs suggests such patterns are characteristic of
conformational heterogeneity (Demene et al., 2002). The lack of dispersion in RDCs
measured from the N-terminal domain are likely the result of conformational averaging.
Discussion
The calcium regulatory properties of CDPKs are critically important in the finetuning of kinase function. For example, for 3 soybean CDPK isoforms, the activation
properties have been shown to be individually sensitive to calcium concentration and, in
turn, calcium response has been shown to be sensitive to substrate (Lee et al., 1998).
Considering the smallest plant genome, Arabidopsis, possesses 34 CDPK genes (Harmon
et al, 2001), an understanding of the calcium response is critical to delineating the roles
of individual CDPKs. It is apparent that in spite of significant similarity to CaM, the
calcium regulatory regions from CDPK function in a distinctive manner. CaM is a
secondary messenger for numerous signaling proteins, and hence there is little room for
variability or mutation. In contrast, the CLD is specifically tuned to the unique needs of
the particular CDPK which it regulates, allowing for many more degrees of freedom in
co-evolution with its respective JD. The results reported here begin to delineate the
manner in which this highly tailored response may be initiated from a structural point of
view, and how this impacts what is known about the CLD.
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Comparison with other structures

A BLAST search (Altschul et al, 1990) of the CLD sequence revealed that in
addition to CaM (40 % identity), the CLD shares significant similarity to two other
calcium-binding proteins in the PDB (Bernstein et al, 1977), skeletal troponin C (sTnC,
35 % identity) and calcineurin B (CaNB, 32% identity). These proteins share primary,
secondary, and to a certain extent tertiary structural characteristics with JD-CLD, binding
94-

four equivalents of Ca

with helix-loop-helix motifs in a bi-lobal arrangement. Structural
2+

data are available for apo-CaM, and two structures without C a in the N-terminal lobe of
sTnC. In all cases, least-squares fitting of the domains demonstrates poor backbone
superposition, with rmsds between 3.29-5.01 Â. The pattern of interhelical contacts is
2+

analogous to that seen for Ca -CaM, although the first EF-hand of the CLD appears to
be slightly more closed than the recently determined N M R structure (Chou et al, 2001)
and significantly more closed than the X-ray structure (Chattopadhyaya et al, 1992)
94-

(Table 4.2). The superpositions are improved when compared to the Ca -saturated forms
of CaM, as least squares-fitting of the best-defined regions of the two domains of CLD
and the two lobes of CaM produce rmsd values between 1.86 - 2.82 Â for the N M R
structure, and 2.01 - 2.49 Á with the X-ray structure (Table 4.3). It is interesting to note
that the N-terminal domain shows the best fit in both cases, but with opposite domains.
This may be reflective of the difference in helix angles between the CaM N M R and X ray structures (Chou et al, 2001). Similar results are seen with sTnC. While data are not
available for the apo-CLD form it is reasonable to suggest based on these data that the
regulation mechanism may be similar to the function of these proteins. In particular, the
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Table 4.3: Rmsds between lobes of JD-CLD and lobes of CaM, CaNB, and sTnC (Â).

3

P D B Code
JD-CLD (Nterm)
J D - C L D (Cterm)

JD-CLD (Nterm)
J D - C L D (Cterm)
a

2+

1DMO
4.21

Ca CaM
X-ray
(C)
1CLL
2.01

Ca CaNB
X-ray
(N)
1TCO
2.44

Ca ^
CaNB
X-ray
(C)
1TCO
3.92

4.11

2.82

2.40

2.49

2.35

2.31

3.65

AposTnC
NMR
(Nonly)
1TNP
4.22

Ca sTnC
X-ray
(N-apo)

5.01

4.29

2+

2 +

Ca sTnC
NMR
(C)

2 +

1TNW
1.88

1TNW
2.60

Ca sTnC
X-ray
(Nonly)
1AVS
2.12

3.38

2.91

2.59

4

2+

Ca CaM
X-ray
(N)
1CLL
2.34

1DMO
3.29

2 +

2+

Ca CaM
NMR
(C)
1J7P
2.03

apoCaM
(C)

Ca sTnC
NMR
(N)

2+

Ca CaM
NMR
(N)
1J70
1.86

apoCaM
(N)

4

2

2+

see Table 4.2 for references to structures

JDCLD
(C)

5TNC
4.01

Ca sTnC
X-ray
(CCa )
5TNC
2.25

4.10

2.15

-

2 +

2

2 +

2

2+

2

3.22
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exposure of the hydrophobic patches in CLD as described above is likely a Ca dependent phenomenon. One key difference, however, is noted in the bound state, with
the C-terminal domain of JD-CLD showing significant movement, while the backbone
conformation of CaM remains essentially the same in both the Ca - and target-complex
forms (Meador et al, 1992; Ikura et al, 1992; Meador et al, 1993). Thus it appears as
though the final state might be similar, but that there is a difference in the mode by which
the CLD achieves the final state as compared with CaM, underscoring the need for
2+

structure of the Ca -form of the C-terminal domain of CLD.
Another key difference in the structures is the 'openness' of the hydrophobic cleft in
one of the subset families of JD-CLD. This is surprising based on CaM/CaM-kinase
complex structure in which the two domains envelope the target peptide (Meador et al.,
1993). For this reason, it is particularly noteworthy that CaNB was found to share
significant identity with the CLD, as it is found in a completely open conformation with
2+

an elongated hydrophobic cleft in the Ca -saturated form (Griffith et al, 1995). The
interhelical angles for CaNB are reasonably similar to both JD-CLD and CaM (Table
4.2), although the C-terminal domain of CLD shows slightly more resemblance.
Interestingly, this is not reflected in the backbone superposition, where both domains of
the CLD fit significantly better to the N-terminal domain of CaNB (Table 4.3), likely due
to a significant number of extra residues in the linker between EF-hands 3 and 4 of
CaNB. It is also worth pointing out that, similar to the CLD, CaNB has a short N terminal extension prior to the first Ca -binding loop. In CaNB, this extension comes
back towards the C-terminal domain and packs into the linker region between the two
domains. In a putative intramolecular binding model of the JD-CLD, the tether region
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and JD would be required to similarly cross the face of the N-terminal domain. Finally,
the CaNB crystal structure also shows packing interactions between the helices
equivalent to C and E of JD-CLD, although they occur at different ends of the helix, and
closer packing is observed between helices D, E and F which is not seen with JD-CLD.
Taken as a whole, it is clear that the CLD shares some structural features with CaM and
some of CaNB, and may use some type of hybrid-mechanism because independence of
the two domains is not required in vivo.
Pivoting: a proposed mechanism

The bimolecular approach used in this study allowed us to examine the transition
94-

from a Ca -saturated form of CLD to a state where the influence of the JD was
94-

monitored. While presumably the Ca -saturated state does not exist alone in vivo,
studying its role allows us to present a conceptual model of CDPK activation as depicted
in figure 4.7. On Ca -binding, several lines of evidence lead us to conclude that there is
94-

a contraction of the CLD to the Ca -CLD form. Firstly, in this study, we have observed
nOe's between A382 and Y418, which are situated on opposite domains of the CLD, and
can only exist if the two domains are together. Furthermore, recent N M R diffusion
2+

studies indicate that Ca -CLD is almost completely collapsed in the absence of JD
sequence (Weljie et al., in press; Chapter 3). Finally, fluorescence (Weljie, Robertson,
and Vogel, Chapter 5), and N M R dynamics (Weljie, Gagne, and Vogel, Chapter 6) work
2+

also suggest that in the Ca -form the two domains of the CLD are not independent. This
result is quite different from CaM in which the two domains have been shown to tumble
2+

independently in solution in the Ca -form (Barbato et al., 1992). We propose that the
interface created by the area around these two residues provides a 'pivot point' which
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Figure 4.7: Schematic diagram of a proposed mechanism of JD-CLD interaction.
Binding of the JD may occur closer to the N-terminal domain (right arrow) or C-terminal
domain (left arrow). Structural evidence suggests that the latter situation is more likely
(see text for explanation). There also exists some evidence for a dynamic reorientation
between the two domains based on the two sub-sets of structures evident in our
calculations and also residual dipolar coupling data. Putative flexible regions are
indicated by the presence of dashed lines with indicate reasonable alternate
conformations.
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94-

allows for rapid activation of the CLD between the time of binding Ca and interaction
with the JD.
Due to the importance of establishing the contact interface, and because of the
possibility of weak nOe's from the JD peptide, three additional lines of supporting
evidence to establish a contact interface are presented here: 1) The presence of similar
nOe's in the Ca -CLD form, 2) the complementary patterns of conformational exchange,
and 3) conservation of the residues involved in interdomain contacts across the CDPK
family.
94-

Recent N M R diffusion studies indicate that Ca -CLD is almost completely
collapsed in the absence of any JD sequence (Weljie et al., in press; Chapter 3). Such a
collapse suggests that the N-terminal and C-terminal domains are not independent, and as
a result, interdomain contacts observed in the JD-CLD form should presumably also be
24*

t*

2+

seen in the Ca form. Indeed, in the peptide-free Ca -CLD sample, there is a similar
nOe pattern observed between the amide proton of A3 82 and aromatic protons with
similar chemical shifts of the y and 8 protons of Y418, with increased intensity. In the
9+

absence of an external molecule, the only steric possibility for such an nOe in the Ca
sample is an interdomain contact.
The pattern of exchange exhibited by these residues involved in the interface, and
those immediately adjacent, is also unique compared to the majority of other residues. In
particular, A3 82 and S417 show multiple distinct conformations for both amide and
sidechain protons. The vast majority of other resonances in the spectra showing exchange
have a uniformly broadened quality, with the exception of V367. It would be expected
that if A3 82 and Y418 were in exchange as a result of a complementary process, ring
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current shifts from the aromatic ring would cause significant chemical shift differences,
consistent with the observed result. 2D homonuclear ' H NOESY spectra of the JD-CLD
in D2O confirm that the aromatic protons from Y418 are broader than most other
aromatic protons as well (not shown), which would be expected if they were involved in
similar exchange to A382 and S417.
Perhaps the most startling evidence comes from the high degree of conservation of
these residues across the CDPK family. In a previously published alignment of plant and
protozoan sequences (Hrabak, 2000), of 65 sequences aligned at the equivalent position
of Y418, aromatic residues Y (35), F (8) or H (8) are present in 78 % of cases. If
hydrophobic residues are considered as well (M, L, I, V), the frequency increases to 91
%. The equivalent position in soybean CaM isoforms 1-5 is V91 (Kuboniwa et al, 1995).
A similar analysis with A382 demonstrates that Ala occurs 57 times, or in 88 % and
hydrophobic residues in 91 % of sequences as well. In all soybean CaM isoforms, the
equivalent residue (E54) is charged. Presumably, such a highly conserved pattern for
sequence implies conserved functional significance for these residues, which we propose
is the formation of the interdomain contact face.
The next step in activation, by the bimolecular model, is the binding of the JD to the
CLD. Perhaps the most intriguing aspect of this work is the disproportionate contribution
of the N-terminal and C-terminal lobes of the CLD to binding of the JD. We provide
strong evidence that the interaction between the C-terminal lobe of the C L D and the JD is
critical from a structural point of view (Figure 4.6). A similar conclusion, from a
functional point of view, was reached by a study of soybean CDPK-a (Yoo and Harmon,
1996) in which the full length protein was truncated at the C-terminus to exclude the last

two calcium-binding sites and the linker region. Activity was partially restored by
addition of exogenous CLD; however, exogenous CaM had little effect. This result was
surprising because a chimeric protein in which the CLD is replaced by CaM results in an
active kinase. The results of the current study demonstrate that the structural mechanisms
by which CaM and CLD act are quite different, and the binding cavity presented to the
JD is unique for either species. It appears that either one mechanism or the other is able to
activate the CDPK, but a combined mechanism is not effective. It is important to note,
however, that the structures presented here do not preclude the possibility that there is a
reorientation of the two domains of the CLD after the JD is bound (Figure 4.6). In fact,
supporting evidence is found in the obvious dynamic nature of the interaction suggested
by the high degree of resonance broadening in the system, the disparity in residual
dipolar coupling distribution in the N-terminal (9.2 Hz) and C-terminal domains (17.0
Hz), and the presence of two subsets of structures, an open and a closed conformation in
which the relative orientation of the N - and C-terminal domains are opposite.
Where does the JD sit in vivo?

One fascinating question that arises from examination of the structures presented
here is the relative placement of the JD with respect to the two domains of the CLD.
Recent work by Harper's group has located a minimal CLD-binding sequence of CPK-1
to the region immediately N-terminal to the "tether" region, or the C-terminal portion of
the JD (Vitart et al., 2000). In soybean CDPK-a, this corresponds to 320-LKKMALRVI328. In figure 4.7, two possible orientations are presented, one in which this minimal
sequence is closer to the N-terminal domain, and the other where it is closer to the Cterminal region, with the N-terminal domain acting as a scaffold to facilitate the
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interaction. We would argue that the latter case is more relevant for two reasons. Firstly,
in the structures calculated in this study, the "tether" region is sterically well situated to
position the minimal CLD-binding sequence directly proximal to the C-terminal domain.
In this case, the "tether" region would interact with the N-terminal domain. Mutations to
the tether have shown that intramolecular activation is responsive to modifications in this
region, suggesting that the role is more than a mere linker which is free in solution.
Secondly, it makes intuitive sense that if the C-terminal region shows the largest
structural changes on binding, the most relevant binding segment of the JD is
2+

responsible for this interaction. The "tether" region is present in both the Ca -CLD and
JD-CLD samples, and this model may explain why the N-terminal domain does not show
significant chemical shift changes on addition of JD peptide, but the C-terminal region
does. In addition, the structure of another CLD construct which has an N-terminal
attachment (Weljie, Gagne, and Vogel, submitted) suggests that the positive charge from
R331 is well situated to interact with the negative charge cluster in the N-terminal
domain (Figure 4.5).
The strong contribution of the C-terminal domain to binding is also interesting given
the interpretation of results from previous experiments characterizing the role of
individual EF-hands in activation. Work with Plasmodium CDPK has shown that
mutations in the calcium-binding loops of the N-terminal domain are detrimental to
activation, whereas mutations in the C-terminal domain result in minor effects (Zhao et
al., 1994). Based on the structure presented in this work, we would suggest that in the
presence of the JD, either the ability or necessity of the C-terminal lobe to bind Ca
changes, and hence mutations in the C-terminal lobe have less effect than in the N -

terminal domain. A similar conclusion has been reached in the case of CaM/MLCK,
2+

where the effectiveness of similar mutations on Ca -binding are dependent on the
presence of binding targets (Findlay et al, 1995). In the case of CLD, if the N-terminal
domain were acting in a structural capacity allowing the JD and C-terminal domain to
2+

approach each other, it would be critical for C a to bind, and the mutations would be
detrimental. However, once the JD was near the C-terminal domain in a high local
concentration, the mutations in the EF-hands would not be as critical to the structure,
especially given the 'adaptation' of the C-terminal domain to the JD.
The structure of JD-CLD also provides some insight into the kinetics of binding as
observed by surface plasmon resonance (SPR). Harper's group has reported binding
studies of Arabidopsis CPK-1 which show a two-component interaction between C L D
and exogenous JD peptide (Huang et al, 1996). They suggest that there might be unequal
contributions from the two lobes of the CLD, which is indeed the result implied by the
chemical shift mapping and resonance broadening observations. On the other hand, the
two-step kinetics may also be derived from initial binding, and then the possible
reorientation of the two domains of the CLD as described above.
While the results of the current study are important towards understanding the
mechanism of CDPK activation, many questions remain, particularly in relation to the
nature of the intramolecular binding of the CLD and JD. One important ambiguity lies in
the role of the "tether" region consisting of the first 10 residues of the C L D (Vitart et al,
2000). Mutations to this region have been shown to affect intramolecular binding, but
remain insensitive to intermolecular interactions. While our bimolecular approach has
allowed for the study of changes between the steps of Ca -binding and JD-binding to the
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CLD, structural determination of a full length JD-CLD construct is necessary to shed
further insight into this region. Another important question lies in the functional
significance of the high degree of chemical exchange seen in the CLD. The structure
elucidated from our studies may well be some type of transitory intermediate induced by
the bimolecular interactions. Indeed, bimolecular activation of CDPK has been shown to
be effective, but still relatively poor (-34%) compared to the full length protein (Yoo and
Harmon, 1996).
Nevertheless, taken as a whole our results intriguingly point to an unexpected
mechanism by which the CLD and JD from CDPK interact. Based on the results of
Chapter 2, one would expect the structure and behaviour to more closesly follow that of
CaM, and thus, the non-CaM-like behaviour of the protein, both chemically and
structurally, warrants mention in a more general context beyond the implications for
calcium regulatory proteins. As we move into an era of rapid structure determination
("structural genomics"), it is important to realize that sequence homology is a useful
indicator only of secondary and rough tertiary structure. In this case, the > 40 % identity
of the C L D to CaM is a metaphorical red herring in the understanding of how the protein
behaves and functions, as inferred from the data in Chapter 2. Especially if the long term
goal of such projects is manipulation of fine structural details, such as rational drug
design, rough tertiary structure is not adequate and such proteins will need more than a
cursory gene annotation based on homology to be useful. The degree of conformational
2+

exchange, the collapse of Ca -CLD as alluded to by N M R diffusion data in Chapter 3
and confirmed in this chapter, as well as the 2-3 Â backbone rmsd of the well defined
region demonstrate clear differences between CaM and the CLD, and some functional

resemblance to CaNB. The results of this chapter provide some, albeit limited,
information about the relative spacial orientations of the N - and C-terminal domains of
the JD-CLD construct. In the next chapter,fluorescencespectroscopy is employed to
further investigate the interdomain relationship in this construct as well as the apo- and
2+

Ca -forms of CLD.
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Materials and methods
Protein and peptides

The gene for CLD from soybean CDPK-a (residues A329-K508) was generously
provided by Dr. A . C. Harmon (University of Florida). The CLD gene was PCR
amplified out of the original pET-3b construct, and cloned into the pT7-7 vector, and a 6His tag was inserted immediately C-terminal to the protein expressing sequence to avoid
proteolytic cleavage as previously reported (Yoo and Harmon, 1996). E. coli BL21(DE3)
15

cells harbouring this construct were used as hosts for protein expression. N - C L D was
expressed using a MOPS-based minimal medium as previously described (Kohno et al.,
1998) and

N / C-CLD using Bio-Express Min Media (CIL). A l l purification steps were

carried out at 4°C. Cells were resuspended in binding buffer (50 m M HEPES, 0.5 M
NaCl, 5 m M imidazole, 2 mM CaCb, pH 7.8) and applied to nickel-loaded metal
chelation chromatography resin (Pharmacia). Wash buffer (50 m M HEPES, 0.5 M NaCl,
25 m M imidazole, 2 mM CaCl2, pH 7.8) was applied until the A280 of the flow through
stabilized. Elution buffer (50 m M HEPES, 0.5 M NaCl, 500 mM imidazole, 2 m M CaCl ,
2

pH 7.8) was added and the protein collected for further purification. Subsequently,
calcium-dependent hydrophobic chromatography was employed using Sepharose 4B
(Pharmacia) as previously described (Weljie et al., 2000). Purity was > 98 % as assessed
by Coomassie blue-stained SDS-PAGE. Protein samples were desalted into a 5 m M
ammonium bicarbonate solution using a PD-10 column (Bio-Rad), and subsequently
lyophilized and stored at -20°C prior to being used in N M R experiments. Unlabelled
peptide encompassing the CLD-binding portion of the junction domain of soybean
CDPK-a and an N-terminal Cys (Ac-CAV LSR L K Q FSA X N K L K K M A L RVI A -

N H , where X=norleucine) were synthesized by the peptide synthesis facility,
2

Department of Chemistry, University of Waterloo, Waterloo, Canada, headed by Dr.
Gilles Lajoie.
NMR spectroscopy

Samples for N M R experiments were prepared in a 90/10% H 0 / D 0 bufferless
2

2

solution, 150 mM KC1, 2 mM DTT, pH 7.2. The pH was adjusted with KOD and DC1,
and the final pH was not adjusted for isotope effects. A l l calcium samples also included
15

2+

10 m M C a C l . N samples used for C a and initial JD-CLD titrations were 150-200
2

2+

uM, in 500 uL volume, and the final sample used for resonance assignment of Ca -CLD
15

13

was 1 m M in protein. The JD-CLD N / C sample used for assignment and structural
15

13

determination was ~1 m M in protein and 1.2 mM in JD peptide, in 350 uL. ' H / N / C
backbone resonance assignments of the CLD in the JD-CLD sample were accomplished
with sensitivity-enhanced versions (Farrow et al, 1994) of CBCA(CO)NH (Grzesiek and
Bax, 1992)/CBCANH (Wittekind and Mueller, 1993) experiments, and confirmed with
HNCO (Kay et al, 1994)/HN(CA)CO (Clubb et al, 1992) and HNCA (Ikura et al,
1990)/HN(CO)CA (Spera et al, 1991) data. Side chain assignments were obtained from
H(CC)(CO)NH and (H)CC(CO)NH experiments (Montelione et al, 1992; Grzesiek et
al, 1993). A l l assignment experiments were conducted at 500 MHz on a Bruker Avance
D R X spectrometer equipped with a triple resonance 5 mM TXI Cryoprobe with a z-axis
gradient channel. A l l spectra were referenced with respect to a ' H chemical shift of 0
ppm for the most upfield resonance of 5-5-dimethylsilapentanesulfonate (DSS). Residual
dipolar coupling data were obtained from the same sample diluted to 500 uL, with the
inclusion of a C12E5/n-hexanol based detergent system (5 %, r = 0.89) as described
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previously (Ruckert and Otting, 2000) using an inphase-antiphase H - N HSQC
pulseprogram (Ottiger et al, 1998) on a Bruker Avance D R X 700 equipped with a 5 m M
TBI probe with triple axis gradients. Measurements in the liquid crystalline phase were
acquired at 36°C, and the isotropic phase at 39°C. A l l data were processed with NMRPipe
(Delaglio et al., 1995), and analysed with N M RView (Johnson and Blevins, 1994). A 3D
15

2+

N-edited NOESY spectrum (Marion et al, 1989) was also acquired on the Ca -CLD to
l

15

confirm H / N-HSQC correlations by chemical shift mapping of JD-CLD interactions.
The degree of chemical shift movement was assessed using the equation:

2+

where A J is the difference in Hertz between the Ca -CLD and the JD-CLD.
Structure Determination

Side chain aromatic and structural nOe data for the CLD-protein were obtained from
15

13

a N/ C-simultaneous NOESY (Pascal et al., 1994) obtained at 800 MHz on a Varían
Inova spectrometer (NANUC, University of Alberta) with a mixing time of 150 ms.
Attempts to obtain intermolecular nOe's (Zwahlen et al., 1997) between protein and
peptide were unsuccessful at 500, 600, and 700 MHz using both Bruker and Varían pulse
sequences, as were isotope-filtered experiments (Ikura and Bax, 1992) to obtain structural
information about the peptide alone. ARIA 1.2/CNS 1.1 was used for all structure
calculations (Brunger et al., 1998; Nilges and O'Donoghue, 1998). Dihedral angle
restraints were derived using both CSI (Wishart and Nip, 1998) and TALOS (Cornilescu
et al., 1999). Other non-Gly residues without these constraints were limited to dihedral
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angles of -35° to -175° based on accepted geometry. The simulated annealing protocol
was initiated from a fully extended conformation.
The default parameters were used for ARIA with the exception that the 'qmove' flag
was set to on. This flag forces initially violated restraints to be reset to very weak
restraints and reassessed for validity within the calibration, which was necessary due to
the high degree of resonance broadening in the sample. In the final two iterations, 100
structures were calculated and the lowest energy 20 were selected for the structure
ensembles. The final ensemble was evaluated using A Q U A 3.2 and PROCHECK 3.5
(Laskowski et al, 1996).

5. Fluorescence resonance energy transfer studies of the CLD

The work from this chapter is soon to be submitted under the title "Conformational
changes in the calcium-regulatory region of calcium-dependent protein kinase-a:
Fluorescence resonance energy transfer studies." The authours are Aalim M . Weljie,
Kindal M . Robertson, and Hans J. Vogel.

A large part of this work was conducted by K M R , who cloned and purified all the mutant
proteins, and acquired the FRET data. A M W is responsible for the experimental design
and data analysis.

Abstract
Some of the key proteins involved in plant Ca -signalling are calcium-dependent
protein kinases (CDPKs). These unique molecules include a calcium regulatory region
(the calmodulin-like domain, or CLD) which binds to another small regulatory domain
named the junction domain (JD), both of which are part of the same polypeptide as the
kinase domain. The C L D consists of N - and C-terminal lobes, each having two helix9+

loop-helix Ca -binding motifs. In this study, fluorescence resonance energy transfer
(FRET) using Trp and Cys site-directed mutants was undertaken. This was facilitated by
the lack of intrinsic Trp residues in the CLD. The goal was to probe the relative motions
2+

of the two lobes of CLD in the apo- and Ca -saturated forms, as well as bound to a
peptide encoding the JD sequence. A total of 15 distances were measured in these three
states, from five donor-acceptor combinations: F334-C436; L371-C436; L403-C436;
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F334-L403; and L371-L403. Consistent with recently reported N M R diffusion
measurements, the FRET distances of apo-CLD indicate partial unfolding, and a
subsequent contraction on binding Ca which is maintained on addition of the JD
2+

peptide. Interpretation of the distances suggests that the Ca -saturated form is open with
the two lobes sitting side-by-side, although highly flexible. Transition to the JD-CLD
state appears to be accompanied by a rotation of the N-terminal and C-terminal domains
with respect to each other, inducing a slightly more closed overall complex. The observed
differences between the behaviour of CLD and the well studied related protein
calmodulin are likely due to different physiological requirements for activation in vivo.
Introduction
2+

Calcium-dependent protein kinases (CDPKs) play a crucial role in the Ca -induced
signaling pathways of both plants and protists (Sheen, 1996; Harmon et al., 2000;
Sanders et al., 2002). The CDPK response is calmodulin (CaM) independent, presumably
due to the presence of an internal Ca -regulatory region (calmodulin-like domain, or
CLD) near the C-terminus of CDPK which is very similar (> 40% identity) to CaM. The
target for the CLD is another short domain found in CDPK entitled the junction domain
(JD) which connects the CLD with the N-terminal kinase domain (Harmon et al., 1994;
Harper et al., 1994).
In vivo, increase in the cytosolic [Ca ] presumably induces a structural change
directly from the apo- state of the CLD to the activated (JD-CLD) form. Bimolecular
studies (Yoo and Harmon, 1996; Huang et al., 1996; Harmon et al., 2000) demonstrate
that significant activity can be reconstituted using truncated CDPK constructs lacking the
9+

CLD with exogenous CLD in the presence of Ca . While recent structural work
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demonstrates that the CLD shares the same global fold as CaM (Weljie and Vogel,
submitted; Weljie, Gagne, and Vogel, submitted), it is clear that functionally (Yoo and
Harmon, 1996; Huang et al, 1996; Harmon et al, 2000) and structurally (Weljie and
Vogel, submitted), there are significant distinctions.
Like CaM (Chattopadhyaya et al, 1992; Zhang et al, 1995a; Chou et al, 2001b),
CLD is comprised of two domains, each consisting of two helix-loop-helix EF-hand
94-

Ca -binding loops (Figure 5.1). One of the most intriguing differences between CLD and
CaM is the relative motion of these two domains on binding both C a

2+

and their

respective targets. N M R diffusion (Weljie et al., submitted) and N M R relaxation
2+

measurements (Weljie, Gagne, and Vogel, submitted) demonstrate that on binding Ca ,
the two domains of the CLD collapse to form a significantly compacted molecule,
2+

whereas the two domains of CaM remain virtually independent in both the apo- and Ca saturated forms (Zhang et al, 1995a; Chou et al, 2001b). NOE evidence from N M R
94-

structural work shows weak interdomain contacts in the CLD with both just Ca as well
2+

as with Ca and a peptide encompassing the JD present. Interestingly, the residues which
are most involved in the interface, A3 82 from the N-terminal domain and Y418 from the
C-terminal domain also demonstrate significant exchange broadening in the N M R
spectra, characteristic of a highly mobile system and multiple domain orientations
94-

(Weljie and Vogel, submitted). Finally, backbone N M R relaxation studies of a Ca saturated C L D construct provide a molecular tumbling time indicative of a compacted
molecule (Weljie, Gagne, and Vogel, submitted), but also suggest the presence of
nanosecond interdomain motions, supporting the structural heterogeneity of the CLD in
solution.

Figure 5.1: Schematic diagram of the primary and secondary structure of CLD. The
positions of the residues mutated in this study are as indicated. Stars indicate the two sites
which were labelled with IAEDANS, solid lines interdomain distance measurements and
dashed lines intradomain measurements.

While a significant amount of local and global information is available from these
N M R studies, we have yet to develop an understanding of the relative structural changes
2+

of the N-terminal and C-terminal associated with Ca - and JD- binding to the CLD. In
the present report, we use fluorescence spectroscopy to provide relatively long-range
distance information about the global positioning of residues F344, L371, and L403
2_j_

located in the N-terminal domain with respect to the native C436 on binding Ca and JD
peptide. Selectively mutating the N-terminal residues to Tip and labelling the Cys with
IAEDANS allowed us to obtain interdomain resonance energy transfer measurements.
The validity of the interdomain distances obtained was assessed by using triple mutants
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to give N-terminal intradomain measurements, and compared to the known N M R
structural data. Significant changes in the relative distance of the N-terminal domain
residues with respect to C436 were observed. These changes are interpreted with respect
to the known structural information of CLD to provide a model for the domain
reorientations that accompany CDPK activation.
Results
Purification and labelling.

Purification of all mutant proteins was achieved with wild-type yields and purity.
The successful use of Ca -dependent hydrophobic chromatography indicated that the
general functional properties of the mutant proteins were not significantly affected. For
both sites chosen for labelling, C436 and L403C, typical yields for labelling reproducibly
ranged from 70 - 90 %, suggesting significant labelling of a single site. As a result, five
possible donor- acceptor pairs (D-A) were identified, three interdomain: F344W-C436
(F344W), L371W-C436 (L371W), L403W-C436 (L403W) and two N-terminal
intradomain, {C436S,F344W}-L403C (CSF344W), and {C436S,L371W}-L403C
(CSL371W) (See Figure 5.1).
Spectral properties of labelled proteins.

Figure 5.2a presents a representative absorption spectrum of Ca -saturated F344W
and WT-CLD labelled with IAEDANS, normalized for the protein concentration. The
broad, low peak centred at 350 ran is near the absorption maximum of IAEDANS. The
difference between the two spectra is essentially attributable to the presence of the Trp
residue in F344W, as indicated by the increased absorbance between 260 and 300 nm. In
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Figure 5.2: A) Absorption spectra of wild-type and F344W C L D labelled with
IAEDANS. B) Fluorescence emission spectra of L403W, labelled and unlabelled with
IAEDANS, and labelled wild-type protein.
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Figure 5.2b, representative fluorescence emission spectra of labelled and unlabelled
L403W, as well as labelled WT-CLD proteins are presented which demonstrate the
resonance energy transfer present in the sample. Labelled WT-protein demonstrates some
IAEDANS fluorescence centred near 460 nm ( F A ) ; however, the presence of the single
Trp residue in L403W causes an increase in the observed emission intensity ( F D ) due to
A

energy transfer. Concomitantly, Trpfluorescencein protein without IAEDANS present
( F D ) , centred at 350 nm, and is significantly more intense than when both acceptor and
donor are present

(FDA)-

In the apo- form, the Trpfluorescenceemission maximum wavelength for the three
Trp mutants ranged from 336 nm (F344W) to 350 nm (L403W), and for IAEDANS
fluorescence the emission maximum varied between 469 and 475 nm (Figure 5.3a).
Similar, but slightly blue-shifted ranges were observed for the Ca -form, with Trp
fluorescence emission maxima between 330 nm (SCF344W) and 343 nm (L371W), and
IAEDANS emission peaking between 458 and 461 nm. The Trp emission maxima in the
JD peptide bound forms were once again increasingly blue-shifted, with peak maxima
between 322 nm (SCF344W) and 338 nm (L371W); however, the IAEDANS emission
did not demonstrate significant shifts, ranging from 456 to 465 nm. The observed blueshifts roughly correlate with the expected transition from partially unfolded to
increasingly compact shape (Weljie et al., submitted), and the presence of hydrophobic
patches in the Ca - and JD- bound forms (Weljie, Gagne, and Vogel submitted; Weljie
and Vogel, submitted).
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Figure 5.3: Normalized fluorescence emission spectra of wild-type C L D and all
mutants used in this study, labelled with IAEDANS in the A) apo- form, B) Ca saturated form, and C) with JD peptide present (JD-CLD). Note that while the data
cannot be compared quantitatively in this form (without an indication of unlabelled
fluorescence), a qualitative idea of the amount of energy transfer can be obtained by
contrasting the intensity of the Trp emission peak (near 340 nm) with that of the
IAEDANS emission peak (near 470 nm). A l l spectra were collected with an excitation
wavelength of 295 nm.
2+
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Table 5.1: FRET transfer efficiencies (E) and measured distances in the apo- and Ca saturated forms, as well as with JD peptide, and distances obtained from the JD-CLD
N M R structure.

F344W-C436
E (%)

apo-CLD
2+

Ca -CLD
JD-CLD
JD-CLD
(NMR)

36±9
6±7
33±18

R(A)
25.1±1.5
>33
26.2±4.5

29.1±2.5

L371W-C436
E (%)
4±1

R(A)

L403W-C436
E(%)

R(Á)

CSF344W-L403C
E (%)

R(A)

CSL371W-L403C
E (%)

R(A)

>33

35±7

25.2±1.3

76±3

18.7±0.5

44±4

23.6±0.6

68±4

20.0±0.5

81±5

17.8±1.0

76±8

18.7±1.3

80±5

18.0±0.9

66±12

20.3±1.8

60±7

21.2±1.1

89±5

15.9±1.5

91±1

15.5±0.4

20.7±3.7

21.0±3.8

15.1±0.8

11.1±2.3
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Resonance Energy Transfer Measurements.

Table 5.1 presents the calculated energy transfer efficiencies (E) and expected
2+

distances (R) for the apo-, Ca -, and JD-bound forms of CLD using the method
described in the Materials and Methods. In the apo- form, the interdomain distances are
larger than intradomain separations. The largest D-A distance was between L371W-C436
(> 33 Â), greater than the limit of the experimental system (Wu and Brand, 1994), and
the smallest separation observed was between CSF344W-L403C, 18.7±0.5 Á. Addition
9+

of Ca

to the CLD induced several significant shifts in the distance between D-A pairs.

With the exception of F344W-C436, which increased beyond 33 À, all distances
decreased to less than 20 Â (Table 5.1). The largest detectable change occurs between
L371W-C436, which collapses by more than 13 Á to 20.0±0.5 Â. Interestingly, the
9-4-

smallest distance calculated in the Ca -form was interdomain, L403W-C436 at 17.8Ü.0
Â; however, both intradomain measurements are within experimental uncertainty of this
2+

distance. These measurements are consistent with a Ca -induced collapse as observed by
N M R diffusion measurements (Weljie et al., submitted), and provide further evidence
that the N-terminal and C-terminal domains are not independent. Interpretation of the
physical meaning of these distances with respect to the domain orientations is further
extended in the Discussion.
Further changes are associated with binding peptide encompassing the JD, as
expected from previous chemical shift mapping studies (Weljie and Vogel, submitted).
The intradomain distances decreased and again became the shortest observed, at 15.9±1.5
À (CSF344W-L403C) and 15.5±0.4 Â (CSL371W-L403C). The F344W-C436 distance
remains the largest at 26.2±4.5 Â, although the uncertainty in the measurement was also
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the largest. The distance for L371W-C436 remained nearly constant at 20.3±1.8 Â, while
the L403W-C436 distance increased slightly to 21.2±1.1 Â. In terms of the intradomain
distances, it is not clear if these changes reflect intradomain reorientations resulting from
binding JD peptide, or a restructuring of the C-terminal domain only, as indicated by
N M R spectroscopy (Weljie and Vogel, submitted). Nevertheless, it is clear that the two
domains remain proximal, and that the N-terminal domain also experiences some type of
restructuring as evidenced by the shortening of the intradomain distances. This latter
result was not previously evident from NMR data.
Discussion
As has been described, the CLD provides an intriguing, but difficult system to study
from a conformational point of view due to the high degree of heterogeneity present
(Weljie and Vogel, submitted), and dynamic motions between the two domains (Weljie,
Gagne, and Vogel, submitted). It is important to note the effect of such motions on the
results of the current study, and worthwhile to compare the observed results with N M R
structural data which agree surprising well in spite of the above caveat. On this basis, we
speculate as to the average physical motions which may be taking place between the two
domains.
Effect of conformational averaging.

In a heterogeneous molecular population, such as that presented by CLD, steadystate FRET results can only be interpreted as the average value of a range of distances.
Furthermore, the average will be weighted towards the shorter distances due to the sixth
power dependences of equation [2]. As a result, structural interpretation can only be
made in terms of average distances. If the motion involves pivoting of one domain with
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respect to another, an increase in one distance may well lead to a decrease in another;
however, since only the average of both is reported, the results may be weighted towards
the short end of both distances. It is worthwhile noting that the short range (< 6 Â)
structural constraints derived from N M R nOe experiments suffer from the same
drawback due to the sixth power dependence of nOe buildup on nuclear separation
(Neuhaus and Williamson, 1989).
Structural comparison.

The reported N M R structure of the CLD in the presence of JD peptide (Weljie and
Vogel, submitted) allows for a comparison with the results predicted by this study. The
last row of Table 5.1 presents the average internuclear distances in the N M R ensemble of
structures between the C and S /Cy atoms for the residues studied here. There is
Y

Y

generally solid agreement with the distances predicted by FRET, although the predicted
distance for CS371W-L403C is presumably overestimated by ~ 4 Â. It is worthwhile
noting that the expected value of ~11 Â for this distance is very near the experimental
limit of the steady state FRET measurements based on the Trp-IAEDANS D-A pair.
Nevertheless, it is clear that the general trends of the structural data are clearly
maintained in the FRET experiments.
In examining the distances calculated for the apo- form, it is clear that there is no
direct correlation between the number of residues separating the D-A pairs and the
observed distances. As a result, it is unlikely that the protein is completely unfolded, and
some degree of folding must exist. However, it appears as though the individual domains
are not completely folded as evidenced by the relatively large separations between the
intradomain measurements CSF344W-L403C (~ 18.7 Â) and CSL371W-L403C (23.6
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Á). This is as expected for a partially folded protein, which is the state predicted by N M R
!

1 5

diffusion and H - N chemical shift correlation studies (Weljie et al., submitted). The
FRET data are useful in that they add support to the notion that the extended nature of the
apo-CLD molecule is due to unfolding, and not just inter-domain separations as with apoCaM (Zhang et al, 1995a).
2+

In the Ca -saturated form of CLD, the orientation of the distance vectors between
L403W-C436 (-17.8 Â) and F344W-C436 (>33 Â) seem to be essentially colinear. For
example, if the distance between F344W-C436 (point A) is considered a straight line of
two steps (A+B and B+C), the first between CSF344W-L403C (-18.7 Â) (A to B) and
the second between L403W-C436 (B to C), direct addition gives a value of -36.5 Â,
similar to the directly determined distance of > 33 Â (A to C). As a result, it would
appear as though F344 (point A, helix A), L403 (point B, helix D), and C436 (point C,
just past helix F) line up, or form a highly obtuse angle. Combined with N M R data
suggesting interaction between helices C and E (Weljie and Vogel, submitted), the
physical interpretation suggests a picture in which the N-terminal and C-terminal
domains sit side-by-side in an open conformation. It should be noted that this result is
2+

quite different from the Ca -saturated form of CaM in which the two lobes remain
independent (Barbato et al., 1992). Such a conformation is similar to the one of the subpopulations reported for the structure of JD-CLD (Weljie and Vogel, submitted).
2+

In transition from the Ca -saturated to JD-CLD forms, there appears to be a concurrent
decrease in the distance between F344W-C436 and an increase in L403W-C436 (see
Table 5.1). If one assumes that the N-terminal domain remains relatively rigid during this
transition, then on average, the N-terminal domain rotates in such a manner as to close
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slightly, bringing helix A closer to the C-terminal domain, and moving helix D slightly
further away. The orientation of closure cannot be completely ascertained as N M R data
suggest that the C-terminal domain undergoes a conformational transition when
interacting with JD peptide (Weljie and Vogel, submitted). The assumption that the N terminal domain is rigid may be flawed, however, as there is a decrease in the determined
distances of both intradomain D-A pairs to ~ 15 Á. A contributing factor may be
intradomain movements, as demonstrated by the N M R structure of the N-terminal
domain of a slightly altered Ca -saturated CLD construct which indicates that there may
be flexibility in the interhelical angles of the first calcium-binding loop (Weljie, Gagne,
and Vogel, submitted). Hence direct interpretation of the FRET results for the JD-CLD
form is difficult due to likely intradomain motions of both the N - and C-terminal
domains; however, on average it appears as though there is a limited amount of structural
collapse.
Figure 5.4 shows a simple structure calculation where the lobes of the C L D were
fixed as in the JD-CLD structure (Weljie & Vogel, submitted), and the FRET restraints
were used to provide interdomain information. The average 'openness' seen in the FRET
data ofCa -CLD may be a result of a larger degree of conformational heterogeneity
(Figure 5.4a) than in the case of the JD-CLD (Figure 5.4b). For example, the backbone
2+

rmsd across both lobes in the ensemble of Ca -CLD is ~5 Â, while in the JD-CLD case
it is ~3 Á. The value for the family of JD-CLD structures without FRET restraints is 5.5
A. One must be careful in interpreting these results, however, as it is clear from the
previous study that the C-terminal domain undergoes a rearrangement in the presence of
the JD, and it is not clear what impact this might have on these results.
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A

B

Figure 5.4. Structures of CLD calculated with FRET restraints A) Ca -CLD and B)
JD-CLD. The N-terminal lobe is overlaid in both cases. Note that the C a form used the
same structural restraints for both lobes as the JD-CLD form although there is a change in
the C-terminal domain which is not taken into account. Nevertheless, the JD-CLD form is
less disordered, likely due to the shorter range of the observed restraints.
2+
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Conclusions

The results of this chapter further serve to reinforce several notions introduced in
15

earlier chapters. Namely, as suggested by N M R diffusion in Chapter 3 and by the ' H - N HSQC spectra of Chapter 4, the apo-form of CLD is largely unfolded. Furthermore, there
2+

is a collapse of the N - and C-terminal domains upon Ca -binding (similar to that
observed in Chapter 3), but as alluded to in Chapter 4, the entire protein does not seem to
be fully folded, particularly the C-terminal domain. Finally, the results of this chapter are
consistent with the view that there is an overall average collapse of the CLD in the
presence of peptide, as indicated by the N M R structures of Chapter 4, and the N M R
diffusion data of Chapter 3.
It is clear that the dynamics and motions of the CLD are very different than those of
CaM, in spite of the latter molecule being the namesake of the former. One might
speculate that this is due to the different requirements of both molecules—CaM is
required to interact with numerous cellular targets (Luan et al, 2002), while each CLD is
tailored to interact intramolecularly with its own target. As a result, physiologically, the
Ca - form likely exists only very briefly, and likely sets the stage for the more
physiologically relevant JD-bound state, hence the interdomain associations observed by
FRET and NMR. Yet, the high local concentration of target (JD) perhaps precludes the
necessity for strong binding interactions in order to maintain a rapid Ca -response and
reasonably rapid off-rate of target. For example, in contrast to the nM binding constants
observed for CaM-target interactions (Crivici and Ikura, 1995), the CLD has a binding
constant of ~ 7 uM for bimolecular interaction (Yoo and Harmon, 1996; Huang et al,
1996). It is clear that nature has tuned the structure and function of the CLD to suit a
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2+

unique purpose in a complex manner, while employing a common EF-hand Ca -binding
scaffold.
Materials and Methods
Proteins and Peptides.

A clone for the wild-type CLD (WT-CLD), encompassing residues A329-K508 of
soybean CDPK-a was generously provided by Dr. A.C. Harmon (University of Florida).
The protein was subcloned into a pT7-7 vector, expressed in BL21(DE3) E. coli cells and
purified using Ni -His affinity and Ca -dependent hydrophobic chromatography as
previously described (Weljie and Vogel, submitted). Site-directed mutations were
introduced based on the QuikChange mutagenesis protocol (Stratagene), where
complementary forward and reverse primers encompassing the mutation were used with
the PT7-7 wild-type plasmid to generate vectors containing the CLD mutant genes.
Forward primers used were as follows: F344W,
G G T G G A C T G A A A G A G T T A T G G A A G A T G A T T G A C A C A G A C ; L371W,
G C G A G T A G G A T C T G A A T G G A T G G A G T C T G A A A T C A A G G ; L403W,
G C T G C C A C T G T T C A T T G G A A T A A G C T G G A G A G A G ; C436S,
G A G A T A C A A C A A G C T A G C A A G G A C T T T G G T T T A G ; L403C,
G C T G C C A C T G T T C A T T G C A A T A A G C T G G A G A G A G . Single Trp mutants, F344W,
L371W, and L403W, as well as two triple mutants, CSF344W, {F344W,L403C,C436S},
and CSL371W {L371 W,L403C,C436S} were expressed and purified in the same manner
as WT-CLD. Peptide encompassing the CLD-binding portion of the junction domain of
soybean C D P K - a and an N-terminal Cys (Ac-CAV LSR L K Q FSA X N K L K K M A L
R V I A - N H 2 , where X=norleucine) were synthesized by the peptide synthesis facility,
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Department of Chemistry, University of Waterloo, Waterloo, Canada, headed by Dr.
Gilles Lajoie.
IAEDANS Labelling and fluorescence.

Protein was dissolved in reaction buffer (50 mM Tris, 200 mM KC1, pH 8.5) to a
final concentration of 2 mg/ml, and subsequently DTT, p-mercaptoethanol, sodium
acetate, and EDTA were added to final concentrations of 25 mM, 6 mM, 2 mM, and 5
mM, respectively. Samples were incubated for 4 hours at 37°C or overnight at 17°C, and
buffer exchanged into fluorescence buffer (50 mM Tris, 200 mM KC1, pH 7.4) using a
PD-10 column (Bio-Rad). A five-fold molar excess of IAEDANS compared to protein
was then added from a 1 m M stock solution (pH 8.0), and incubated in darkness for 4
hours at 37°C. The solution was desalted back into fluorescence buffer to remove excess
free IAEDANS.
Samples used influorescencemeasurements were 5 p M in protein, contained either
2+

4 mM EDTA (apo-) or 2 mM (Ca , and JD-CLD), and JD-CLD samples also contained
12 uM peptide in a final volume of 2 mL. Measurements were acquired at 25°C on a
Jobin SPEX Fluorolog 3-21 fluorimeter. The excitation wavelength was 295 nm, with a
bandpass of 2.5 nm. Emission spectra were acquired from 290 to 575 nm, with a 5 nm
bandpass and 0.1 s integration time.
FRET

Measurements.

Fluorescence resonance energy transfer efficiency was calculated according to the
following relationship (Wang and Cheung, 1986; Lakey et al., 1991):
p

_,

F -F (\-f )
DA

D

A
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where E is the calculated efficiency, F D A is the emission of the donor (Trp) in the
presence of the acceptor (IAEDANS), F D is the donor emission with no label present, and
f\ is fractional occupancy of the acceptor site (or degree of IAEDANS labelling). Thus
for each measurement two sets of data were required, labelled and unlabelled, and the
fluorescence normalized to protein concentration. These efficiency values were then used
to calculate the D-A separation using the following relationship:
I

* = (£-'-1)½,

[2]

where R is the D-A separation, and R is the Forster critical distance (Lakowicz, 1999).
0

The value for R is dependent on the particular D-A combination, and is typically
0

calculated as:
2

4

3
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o

[3]
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3

where J is the overlap integral (cm M~'), Q , the donor quantum yield, n, the
0

refractive index of the solution, and K, the orientation factor. The values for J, Q n, and
0y

K, were taken from the literature (Lakey et al., 1991; Lakey et al., 1993). It should be
noted that the largest source of error is the assumption that K is based on isotropic
rotation of both donor and acceptor moieties (giving a value of 2/3); however, the error in
most cases is not unreasonable if relative distances are being sought as in this study (dos
Remedios and Moens, 1995; Selvin, 1995). It is also important to note that in steady-state
FRET measurements, the range of validity for R is ±50% of R (dos Remedios and
0

Moens, 1995). In this case, the value of R was 22.7 Â, and hence 11 < R > 33 Â were not
0

considered accurate. The reported measurements and errors for distances are average
resultsfromduplicate experiments, except for F 3 4 4 W which was repeated in triplicate.
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6. Structure of the N-terminal Calcium binding region of CDPK

The work in this chapter is being submitted with the title "Solution Structure and
Backbone Dynamics of the N-terminal Region of the Calcium Regulatory domain from
Soybean Calcium-dependent Protein Kinase-a" by Aalim M . Weljie , Stéphane M .
Gagné (Université Laval), Hans J. Vogel. SMG acquired most of the spectra while at
N A N U C (University of Alberta), as well as provided substantial guidance with regards to
methodology for triple resonance work. A M W performed all protein work, as well as
analysis.

Abstract
94-

94-

Ca -dependent protein kinases (CDPKs) are vital Ca -signalling proteins in plants
and protists which have both a kinase domain and a self-contained calcium regulatory
domain (CLD). Despite being very similar to CaM (> 40% identity), and sharing the
same fold, recent biochemical and structural evidence suggests that the behavior of CLD
is chemically and functionally distinct. In this study, N M R spectroscopy is employed to
examine the structure and backbone dynamics of a 168 amino acid Ca -saturated
construct of the CLD (NtH-CLD) in which almost the entire C-terminal domain is
exchange broadened and not N M R visible. Structural characterization of the N-terminal
domain indicates that the first Ca -binding loop is significantly more open than in a
recently reported structure of the CLD complexed with a putative intramolecular binding
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region (JD) in the CDPK. Backbone dynamics suggest that the third helix exhibits
unusually high mobility, and significant exchange, consistent with previous findings that
this helix interacts with the C-terminal domain. Dynamics also shows that the "tether"
region, consisting of the first 11 amino acids of CLD, is highly mobile and these residues
exhibit distinctive p-type secondary structure, which may be used to position the JD and
CLD. Finally, the unusual global dynamic behavior of the protein is rationalized based on
possible interdomain rearrangements and the highly variable chemical environments of
the C-terminal and N-terminal domains.
Introduction
Plant cells are highly dependent on the accurate decoding of C a

2+

signals to respond

to a variety of stress and metabolic conditions (Sanders et al, 2002). The intricate protein
machinery involved in Ca response includes the ubiquitous calmodulin (CaM)
2+

secondary messenger protein, but also unique Ca -dependent, CaM-independent
enzymes, CDPK (calcium-dependent protein kinase, or calmodulin-like domain protein
kinase). CDPKs have been shown to be crucial signaling agents in both plants and
protists (Harmon et al., 2000; Cheng et al., 2002), but are not found in yeasts or animals.
2+

The structural basis for the regulatory functions of CDPK are centered in a Ca binding region (the CaM-like domain, or CLD), with homology to CaM, (> 40%
identity), located at the C-terminal end of the polypeptide. The first part of CDPK
consists of an N-terminal tail sequence which is not conserved across species, and a
kinase domain with homology to mammalian CaM-dependent kinases. In between the
kinase and calcium regulatory regions sits a junction domain (JD), which both serves as
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an autoinhibitory domain to the kinase (Harmon et al, 1994; Harper et al, 1994) and a
binding region for the CLD (Yoo and Harmon, 1996; Huang et al, 1996).
Significant strides have been made recently in our understanding of the role of the
calcium binding regions based on work from Arabidopsis isoform CPK-1 (Vitart et al.,
2000) and soybean CDPK-a (Weljie and Vogel, submitted). The former study (Vitart et
al, 2000) demonstrates that a ten-residue segment, nicknamed the "tether" region and
located immediately downstream of the JD in the N-terminal portion of the CLD, is
crucial in intramolecular binding, but not required for intermolecular binding of the C L D
to the JD (Vitart et al, 2000). N M R structure and chemical shift evidence from soybean
CDPK-a indicates that this result is due to a structural rearrangement of the C-terminal
portion of the CLD on binding the JD, and that the N-terminal domain acts primarily as a
structural scaffold which allows this interaction to take place (Weljie and Vogel,
submitted). Yet the N-terminal domain is not a passive entity in activation, as evidenced
by the sensitivity of Plasmodium CDPK enzyme activity to mutation of the Ca -binding
loops (Zhao et al, 1994).
In order to better understand the structure and dynamics of the N-terminal domain, in
this study a unique CLD construct is examined (Figure 6.1) in which almost the entire Cterminal domain is exchange broadened when examined by N M R in a Ca -saturated
state. Diffusion analysis clearly indicates that the two lobes in the Ca -regulatory region
94-

of soybean CDPK-a are not independent in the Ca -form (Weljie et al, submitted).
Hence having both the N-terminal domain and C-terminal domain attached is important,
and allows us to undertake a detailed examination of the N-terminal domain while
maintaining important global structural characteristics.
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Kinase Domain

Junction CaM-like
Domain
Domain

C-tenninal tail

CDPK-a C
1

J
40

296 ¡329

474

¡508

B
'NtH-CLD'
329

474

Figure 6.1: Primary structure of A) soybean CDPK-a, B) NtH-CLD, and C) intact
CLD. Note that NtH-CLD has an N-terminal His-tag in the position typically occupied by
the junction domain.
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The major goal of this report is to advance our understanding of the role of the N terminal domain in the NtH-CLD, given the highly dynamic nature of the interaction
between the N - and C-terminal domains in this construct. In the first part of this study, we
solve the solution structure of the N-terminal domain of CLD by N M R spectroscopy
which proves to be structurally distinct from the previously reported structure of CLD
with a peptide encompassing the JD (Weljie and Vogel, submitted). The second part of
this examination entails characterization of the backbone dynamic properties of the N terminal domain. Finally, the presence of significant exchange in many parts of the N terminal domain is described, and special emphasis is laid on the biological consequence
with respect to the implication of interdomain motions.
Results
In the initial stages of working with the NtH-CLD construct, both DNA and protein
were very similar to previously reported work (Weljie et al., 2000; Weljie and Vogel,
submitted). High degree of purity was achieved by initial Ni -affinity chromatography
followed by Ca -dependent hydrophobic chromatography, as judged by SDS-PAGE (not
15

shown). As a result, N-labeling of the protein was undertaken for N M R structure
2+

l

15

determination of the Ca -saturated form of NtH-CLD. Initial H - N-HSQC spectra of
15

N-NtH-CLD suggested a large degree of chemical exchange, with significant

attenuation of numerous peak intensities, as well as fewer than the expected 166 peaks
15

present (Figure 6.2). Intriguingly, preliminary analysis of the N-edited NOESY
spectrum suggested that the intense peaks were in a well-folded region with numerous
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!

1 5

Figure 6.2: Temperature dependence of peaks from the H - N HSQC of NtH-CLD,
acquired at 25°C (dark) and 40°C (light). In addition to movement of the chemical shift
with increasing temperature, the intensity of the peaks generally also increases, although
in this case the increase was not uniform between N-terminal and C-terminal residues.
The presence of G425 near 10.5 ppm but absence of G459 suggests that it is the fourth
EF-hand loop which is involved in an exchange phenomenon, although it appears to
affect the entire C-terminal.
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i -}

nOe's evident, and thus N / C-labelled protein was also prepared for assignment of this
region.
C-terminal domain exchange.

During the course of analyzing assignment datasets it became clear that the well2+

folded, non-exchange broadened region of NtH-CLD was primarily the N-terminal Ca binding region. Near complete backbone (HN, N , CA, HA, CO) and sidechain (CB, HB,
and side chain proton) assignments were obtained for the tether region (A329-G340), as
well as the remainder of the N-terminal domain of NtH-CLD up to A399. Two other
rd

2+

short stretches were assigned in the C-terminal domain, four residues in the 3 Ca binding region (D421-G424), and the five C-terminal residues (A468-K472).
2+

Interestingly, no assignment data from the fourth Ca -binding lobe were found (Figure
6.2). Taken together, this provided a near complete assignment of the HSQC, although
several intense peaks remained unassigned (Figure 6.2). Analysis of the assignments
using the Chemical Shift Index (Wishart and Nip, 1998; Wishart et al., 1991) suggested
that the secondary structure of the N-terminal domain was a dual helix-loop-helix repeat
as expected for an EF-hand Ca -binding protein.
As we were perplexed by the absence of peaks from the C-terminal domain, a series
of pH (6.1, 6.5, 7.0, 7.5) and temperature (25, 30, 35, 40°C) titrations were undertaken to
find conditions in which the C-terminal domain was assignable. The pH titrations had
little effect, but interestingly the temperature titrations elucidated an intriguing effect
(Figure 6.3). At 40°C, a number of unassigned peaks that were very weak at 25°C became
quite intense, and several new peaks appeared. Generally, the peak intensities of the N -
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Figure 6.3: Comparison of percentage intensity increase in well resolved HSQC
peaks on increasing temperature as compared with a base intensity at 25°C of NtH-CLD.
The assigned residues from the N-terminal domain generally exhibit less dramatic
intensity increases than unassigned peaks, which are presumably from the C-terminus
(indicated by question marks).
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terminal domain peaks increased by about 100-200% between 25°C and 40°C. On the
other hand, the peak intensity increase for the C-terminal domain residues was between
300-500%, clearly indicating that the chemical environments of the two domains were
distinct. Residues from terminal and predicted loop regions show the smallest increases
and even some decreases, probably due to increased exchange with dephased water
protons at higher temperature. Regions with predicted helical structure show an increase
in peak intensity, presumably due to decreased rotational correlation time of the molecule
promoting sharper N M R linewidths. The increase due to faster tumbling will be equally
applicable to both N-terminal and C-terminal domains, hence the C-terminus must also
be undergoing some other type of exchange to account for the significant difference.
Unfortunately the protein was prone to precipitation and degradation at higher
temperatures (data not shown), thus further experiments at 40°C were not conducted, and
the remainder of the structural analysis was limited to the N-terminal region.
NtH-CLD

Structure.

Superposition of the 15 lowest energy structures consistent with the nOe and
dihedral angle constraints is presented in Figure 6.4a, and the structural statistics for the
ensemble in Table 6.1. The structure is characterized by a disordered N-terminus (which
includes a portion of the N-terminal His-tag), and a reasonably well-ordered core region.
2+

Typical of EF-hand Ca -binding proteins, the domain is organized as a dual repeat of a
helix-loop-helix motif, with a small P-sheet (residues 354-356 and 390-392) connecting
the two ion binding loops (Figure 6.4b). The helices are hereafter referred to as A, B, C,
and D, with A/B in the first ion-binding loop and C/D in the second, extending from 343-
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A

Figure 6.4: Structure of NtH-CLD displayed as a) stereo-view backbone trace of 15
lowest energy structures, b) ribbon diagram of lowest energy structure, and c)
electrostatic potential plot. Note that while the fold is essentially the same as JD-CLD
(Weljie & Vogel, submitted), the interhelical angle between the two helices in the first
Ca -loop is more than 30° more open in this structure. Also, the N-terminal region prior
to the first helix, encompassing the tether region, is relatively disordered, although helical
structure is evident in several structures for the first three residues and as an N-terminal
extension to the first helix. Figures created with MolMol (Koradi et al, 1996).
2+

Table 6.1: Statistics for the lowest energy 15 NtH-CLD structures
Rmsd from Distance Restraints (Á)

0.021 ±0.002

Rmsd from Dihedral Restraints (°)

0.324±0.082

Deviations from Idealized Geometry
Bonds(Â)

0.002±0.0001

Angles (°)

0.366±0.018

Impropers (°)

0.282±0.039

Procheck Ramachandran analysis (%)
Most favoured regions

74.9

Additional allowed regions

22.2

Generously allowed regions

2.9

Disallowed regions

0.1

van Der Waals energy (kcal/mol)

74±5

Rmsd from lowest energy structure (Â)
343-398 (well ordered)
backbone

0.912

heavy

1.486

Unambiguous Restraints (Total)

765

Intraresidue

202

Sequential

288

Medium-range

172

Long-range

103

Ambiguous Restraints (Total)

118
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347, 357-365, 373-383, 393-396, respectively. Interestingly, some structures in the
ensemble have slightly extended A (toward the N-terminus) and/or D helices (toward the
C-terminus), which is not altogether surprising considering the consensus regions consist
of only 1-1.5 turns (5 and 4 residues, respectively). In both cases, chemical shift index
data suggest that indeed the helices extend further than the calculated structures
demonstrate (data not shown). Also common to both helices is evidence of significant
15

exchange broadening in the *H - N-HSQC of the residues where the helical regions
break (i.e. 341 & 342 for A, and 398, and 399 for D). Conformation exchange of these
residues is corroborated by backbone relaxation data, as described later.
Interhelical contacts are observed between helices A/B, A/D, B/C, and C/D, as is
seen with JD-CLD (Weljie & Vogel, submitted), and also CaM. Table 6.2 lists the
2+

interhelical angles of NtH-CLD, JD-CLD, apo-CaM, and Ca -CaM (X-ray
(Chattopadhyaya et al, 1992) and N M R (Chou et al, 2001b)). NtH-CLD demonstrates a
relatively open conformation, with interhelical angles of 83±9° for A/B, and 97±8° for
C/D. (Note: the relatively large range is due to the short A and D helices, where slight
differences in spatial position have relatively large effects on the calculated angle). The
A/B angle is similar to that of the CaM crystal structure (86°), and more open than that of
the N M R structure (102±1°); the opposite is true for the C/D angle (X-ray, 87°, NMR,
2+

100±2°). Compared to troponin C, another bi-lobal helix-loop-helix Ca -binding protein,
the A/B angle of NtH-CLD is very similar to sTnC (79±3), while the B/C loop is about
20° more closed than sTnC (78±7°). Even more interesting is the comparison with the
recently described JD-CLD complex. The C/D helical angles are well within the
experimental uncertainty (JD-CLD, 103±6°); however, there is a significant discrepancy

Table 6.2: Interhelical angles for CLD, CaM and sTnC structures
Structure (PDB code)

Helices A / B (°)

Helices C/D (°)

NtH-CLD

83±9

97±8

JD-CLD

116±4

103±6

128±2

130±4

102±1

100±2

86

87

128±3

125±5

79±3

78±7

Apo-CaM
2+

a

Ca -CaM (NMR, U70)
2+

b

Ca -CaM (X-ray, 1CLL)

C

apo-sTnC (NMR, lTNP)d
2+

Ca -sTnC (NMR, lTNW)e
a

b

c

d

e

from
from
from
from
from

(Zhang et al, 1995a)
(Chou et al, 2001b)
(Chattopadhyaya et al, 1992)
(Gagne et al, 1995)
(Slupsky and Sykes, 1995)
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between the observed A/B helical orientations (JD-CLD, 116±4°), with the complex
structure much more closed.
Backbone r.m.s.d measurements further underscore the difference between the NtHCLD structure and the N-terminal domain of JD-CLD. The r.m.s.d between the well2+

ordered regions of NtH-CLD and JD-CLD is 3.16 À, while between NtH-CLD and C a 2+

CaM crystal structure it is 2.32 Á. The rmsd between JD-CLD and Ca -CaM is
reasonably close at 2.26 Â, which is not altogether surprising based on the interhelical
angles. At an elementary level of interpretation, the helical angle and rmsd data suggest
9+

that the conformation of Ca -CaM in the crystal structure is in between a more open
NtH-CLD and a closed JD-CLD.
Figure 6.4c presents a surface electric potential plot of the NtH-CLD structure. There
is a large hydrophobic cleft comprised of residues L343, M346,1347, L360, L364, L379,
Y393, F396, and 1397. This pocket is more extensive than that found in the structure of
JD-CLD, and involves more residues from the N-terminal helix. This is not altogether
surprising given that the NtH-CLD structure shows an A/B angle almost 30° more open.
Similar to JD-CLD, there is a cluster of negatively charged residues on the opposite end
to the tether region, consisting of E370, E375, and D378. Interestingly, there is also a
cluster of positive charges near the N-terminus, part of which comes from R331, and the
rest from residues in the His-tag.
Backbone Dynamics.
1 5

In order to better understand the dynamic characteristics of NtH-CLD, N relaxation
parameters (T , T , and { ' H - ' ^ - N O E ) were obtained at 500 MHz ' H frequency.
x

2

Residues which could not be reliably fit due to overlap or poor signal to noise were

1 5

!

Figure 6.5: a) T b) T , and c) NOE N relaxation data at 500 MHz H frequency
plotted as a function of residue number of NtH-CLD.
u

2
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discarded, providing 55 residues. Most regions of the protein were well represented by
the available data, although only residue 338 was available between 337-341 (Figure
6.5).
Initially, residues selected for determination of the x were filtered by eliminating
m

1 5

residues with N NOE < 0.65, and those subject to conformation exchange (Tjandra et
al, 1995) as described in the Materials and Methods section. This selection process
eliminated residues 343-336, 342, 354, 367, 369, 370, 373, 383, 398. Structurally, these
residues are located either in loops, termini, or in helix C (373 and 383). The remaining
residues were used to calculate parameters for the isotropic x , as well as axially
m

symmetric and fully anisotropic diffusion tensors using the program TENSOR2 (Dosset
et al, 2000); a value of 12.40 ns was obtained from the 500 MHz data.
Estimation of the anisotropic diffusion tensor provided the following values for ¢, 6,
7

1

D±, and£>||: -63.041°, -16.081°, 1.402xl0V, 1.246xl0 s" . This corresponds to an
isotropic r of 12.35 ns, based on the relationships x = (ÓDÌSQ)" , and D, = (2 D±+ D\\).
1

m

m

so

Estimation of the fully anisotropic diffusion tensor and subsequent Monte Carlo testing
suggested that it was not justified (p = 0.71).
The relaxation data were used to calculate motional parameters for individual
residues using the statistical modelfree approach (Mandel et al., 1995) as implemented in
TENSOR2. Readily apparent from the calculated order parameters (not shown) were a
significant number in which the S value was calculated to be 1. Such a result suggests
that either a number of residues are undergoing some type of relaxation which causes
both T\ and

to be more efficient than any model can account for, or that the overall
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rotational correlation time is underestimated. The mobility data were recalculated with
Modelfree 4.01 (Mandel et al., 1995), and similar values were obtained. Since the method
used to filter residues via exchange used above inherently only considers T\l Tj ratios that
contribute to an artificially high x , two additional protocols were employed which
m

consider residues that might contribute to an artificially low estimate of x .
m

In the first instance, protocol 1, an approach similar to that of Hwang et al. (Hwang
et al., 2001) and Lee et al. (Lee et al., 1997) was employed by plotting T\l Ti ratios
versus P2(/?)=(3cos 09)-1), where P is the angle of the N-H bond vector with the diffusion
:

tensor, and excluding significant outliers. This protocol further eliminated residues 371,
374, and 377 from the linker between the two Ca -binding sites, and provided a x of
m

12.47 ns, very similar to the previous value of 12.35 ns. The second protocol (protocol 2)
was an interactive selection process in TENSOR2 in which the calculated and
experimental values of T\ITt are iteratively minimized to exclude outlier residues. In
addition to exclusions by protocol 1, residues 344, 358, 361, 362, 368, 372, 375, 391
were removed, leaving 31 residues. The new axially symmetric anisotropic tensor had
7

7

values of ¢, 6,D±, and£>|| of-57.53°, 86.382°, 1.294xl0 s-l, 1.438xl0 s-1, and the
fully anisotropic tensor was again not statistically justified (p=0.48). The calculated x

m

was 12.43 ns using this protocol, again similar to the previous values. The diffusion
tensor determined by protocol 2 was used for subsequent mobility calculations for all
residues.
From the residues with complete relaxation data, 7 did not fit to any model (351-354,
359, 374, 389) and are excluded. Intriguingly, five of these residues cluster between 351-
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Figure 6.6: a) Order parameters, b) internal motions, and c) exchange constants
using the experimentally derived x of 12.43 ns. For this data, there appears to be some
T\ and Ti relaxation not considered by the models used for analysis, and hence numbers
S values of 1. Also shown for comparison is calculation of the d) order parameters, e)
internal motions, and f) exchange constants assuming a x of 13.5 ns.
m

2

m

398
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2+

359, which is the latter half of the first Ca -binding loop and the beginning of helix B .
Values obtained for S , x , and Re are plotted in Figures 6.6a, 6.6b, and 6.6c,
e

X

respectively. It is readily apparent from these data that much of the N-terminal region is
highly mobile, up to and including the "extended" portions of helix A (from resides 335342). In addition, significant motional freedom is observed for residues in the linker
2+

between the two Ca -binding motifs, at the end of helix D, and interestingly, some of the
lowest order parameters are for residues in the beginning of helix C. For comparison,
values for S , x , and R
e

e x

assuming a x of 13.5 ns were also calculated (Figures 6.6d, 6e,
m

6f). The most significant differences were the requirement for an additional x term for
e

fitting in numerous cases, and that residues 352 and 359 were now able to fit a given
model, while residues 362 and 398 did not. The number and magnitude of the exchange
terms, R , remained essentially constant. As such, interpretation of the data is limited to
e x

S and R

e x

due to the possibility of erroneous conclusions based on internal motions

(Korzhnev et al, 1997).
Significant exchange constants are observed for residues 342 and 395-398 which are
at the termini of helices A and D in the determined structure of NtH-CLD, which are also
quite short (1-1.5 helical turns). In addition, a number of residues in the linker between
2+

the two Ca -binding motifs also required significant exchange constants for fitting.
Amongst these, residues 367 and 369 had the largest values of Re , and their lineshapes in
X

1 5

the ' H - N HSQC were correspondingly exchange broadened as compared to other
resonances. Finally, significant exchange was evident for residue 383, at the end of helix
C. Inspection of Figure 6.3 shows that the residues with the largest Re terms in the N X

terminal domain also show the most significant increases in the temperature dependence
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of H - N HSQC peak intensities, although data were not available for A383 due to peak
1 5

shifting at higher temperatures.
Discussion
Global Motion Versus Inter-domain Movement.

It is remarkable just how distinct the chemical behavior of the CLD from CDPK is
from CaM, in spite of sharing > 40 % sequence identity and a common fold for both the
N-terminal domain and C-terminal domain (Weljie & Vogel, submitted). On a global
level, in the Ca -form, rotational correlation time calculated by all protocols (-12.4 ns)
in this study, is significantly larger than that expected if the N-terminal domain of the
CLD was tumbling independently. For example, the correlation times for the two lobes of
CaM are - 6-7 ns (Barbato et al., 1992) when using a similar approach to that employed
in this study, although this may be misleading due to the presence of slow interdomain
motions (Baber et al., 2001). Mapping of the diffusion tensor obtained from protocol 2
onto the obtained structure indicates that the long axis of diffusion (and hence
presumably the position of the C-terminal domain) is directly on top of the hydrophobic
patch of the N-terminal domain, or essentially coming out of the page towards the reader
when looking at figure 6.4. This is consistent with one of the reported subfamilies for the
JD-CLD structure.
Particularly intriguing is the exquisite equilibrium between the N-terminal and Cterminal domains, and the roles that the JD and C-terminal tail might play in stabilizing
this interaction. For example, the difference between the construct used in this study and
that used for a complex with the JD and CLD (Weljie & Vogel, submitted) is an
additional N-terminal His-tag, and the removal of the C-terminal tail in NtH-CLD. The
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key Ca -binding motifs, notably encompassing the entire region which is homologous to
CaM, is conserved in both constructs, yet almost the entire C-terminal domain is
broadened in the N M R spectra of NtH-CLD (Figure 6.3), presumably by exchange. It is
worth noting that our previous work has shown that the JD-CLD interaction occurs
primarily in the C-terminal domain, and hence this region may be sensitive to the
presence of the N-terminal His-tag in this study, which is in a homologous position to the
JD in the intact CDPK.
The exact timescale of the interdomain motions presents a complicated question,
especially in light of the numerous intra-domain motions which are concurrently evident.
The dynamics data from this study indicating S > 1 for numerous residues suggest an
underestimated x , and it is tempting to suggest that nanosecond timescale internal
m

motions < x are responsible (Korzhnev et al., 1997; Baber et al., 2001; Chang and
m

Tj andrà, 2001). This presents an interesting situation, where the overall motion of the
two domains is not independent, as indicated by the relatively long x , and that their
m

internal motion is relatively slow and it occurs on the same timescale as the overall
motion. Analysis of this type of motion is not possible using the conventional modelfree
approach at one field, and requires a more rigorous analysis for quantitation (Korzhnev et
al., 1997; Chang and Tjandra, 2001). Nevertheless, we can speculate about the spatial
nature of the interdomain motion. The JD-CLD structure demonstrates that helix C and
helix E (from the C-terminal domain) interact (Weljie and Vogel, submitted). The
unusually low S values observed for residues at the beginning of this helix, coupled with
the significant exchange term for A383, indicate that there are some unusual dynamics,
possibly because A383 has been found to interact with the C-terminal domain (Weljie
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and Vogel, submitted). The low NOE values observed for residues at the beginning of
helix C suggest that there are relatively large amplitude motions in this area, and it may
be acting as a hinge in the motion of the N-terminal domain. The extent of resonance
broadening in A3 83 of NtH-CLD is significantly less than in JD-CLD, however,
indicating that the interaction with the C-terminal domain is less pronounced, or in a fastexchange regime.
Intra-domain Exchange.

Intradomain exchange is indicated not only by the Re terms in the dynamics data in
X

all areas of the structure (i.e. not only those areas which could be interacting with the Cterminal domain), but also by the difference in the interhelical angles between NtH-CLD
and JD-CLD. The difference between the A/B helices in the two structures is surprisingly
>30°, with the NtH-CLD structure being more open. Moreover, a noteworthy interaction
in this context is observed for NtH-CLD between G338 and Y393. G338 is the first of
two Gly residues at the interface between the "tether region" at the immediate N-terminus
2+

of the C L D , and the remainder of the Ca -binding region. This interaction is not
observed in the JD-CLD structure as the resonances for G338 and G339 are not observed
due to exchange broadening. This result may be a consequence of having residues
appended N-terminal to the CLD (in this case the His-tag used for purification), which
were not present in the JD-CLD study.
Nevertheless, it is clear that some factor, whether it be the presence of the JD in JDCLD, or the additional N-terminal residues in NtH-CLD causes a significant change. It
has been suggested that CaM's ability to bind multiple targets has some origin in the
plasticity of the N-terminal domain as evidenced by different interhelical angles in the
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Ca -form as derived by N M R (Chou et al, 2001b) and X-ray crystallography
(Chattopadhyaya et al, 1992). We speculate that a similar 'scissoring' motion maybe
involved in binding of the JD. Several biochemical studies have been carried out to
characterize the interaction between the JD and CLD (for example (Yoo and Harmon,
1996; Huang et al., 1996)), and consistently, the enzyme activity of intact CDPK is
significantly greater than activity derived from bimolecular reconstitution using
exogenous CLD. Our results suggest that this may be the result of a significant
conformational change in the A helix of CLD. Qualitatively, the linebroading of the
peaks in NtH-CLD, especially in helices A and D, is much less evident in the N-terminal
domain that that seen for JD-CLD, suggesting that the movement of the NtH-CLD is
either in a faster exchange regime, or the motions are restricted to a more limited range of
residues as indicated by the Re fitting of the dynamics data (Figure 6.6).
X

The Tether region.

A major advantage of studying NtH-CLD over the JD-CLD construct is the ability to
examine the behavior of the tether region (Vitart et al, 2000). This region consists of the
first 11 residues of CLD (A329-G340), and has been found to be critical in
intramolecular binding of the CLD to the JD, yet is completely exchange broadened in
JD-CLD. In the structures calculated in this study, the first three residues are consistently
structured in a helical turn with the last two residues of the N-terminal His-tag, consistent
with observed am nOe's. It is not clear if this represents innate helical character of this
region, which would be attached to the CaM-binding region of the JD in intact CDPK, or
an artifact of the His-tag. Recent chemical shift data from Arabidopsis CDPK isoform
CPK-1 suggests that the JD is helical when attached to the CLD (Christodoulou et al.,
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2002), and the helical bend of the initial part of the tether region may well be innate.
Subsequently, there is a clear break in the helix, with a series of strong d N nOes between
A

residues 332-335, characteristic of P-structure (Wuthrich, 1986). This is quite intriguing,
as it establishes a defined structural means by which the JD may be sterically positioned
with respect to the CLD. Overall, this region appears to be quite mobile and undergoing
conformation exchange as indicated by the low S values and Re terms, and it may be a
X

combination of high mobility and break in the helical structure between the JD and helix
A of the CLD which renders the tether region sensitive to intramolecular activation of
CDPK.
2+

This final research chapter of this thesis has specifically examined the Ca -form of
the CLD. While the construct used in this study is different from previous chapters, it is
intriguing to note that in all cases, the C-terminal domain appears to be more
conformationally variable than the N-terminal domain. For example, the chemical shift
mapping studies of Chapter 4 specifically demonstrate that there is a significant change in
2+

the C-terminal lobe between the Ca -form and JD-CLD construct. In this chapter, the Cterminal domain is essentially not N M R visible, presumably due to conformational
exchange, highlighting the importance of this domain. Combined with data from other
2+

chapters which provide information about the global changes associated with Ca binding and interaction of the CLD with the JD, it is tempting to suggest that the
conformational exchange observed, and in particular the positioning of the two domains
is important for the fine-tuned functioning of the CLD.
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Materials and Methods
Protein Expression and Purification.

The C L D cDNA from soybean CDPK-a (residues A329-K508) was generously
provided by Dr. A. C. Harmon (University of Florida). The region of the C L D gene with
homology to CaM (A329-K472) was PCR amplified out of the original pET-3b construct,
and cloned into the pET-19b vector (Novagen) to give the "NtH-CLD" gene. This step
eliminated the C-terminal tail, thought to be proteolytically cleaved during expression
(Yoo and Harmon, 1996), and added a 23 residue N-terminal sequence (MG-Hio1 5

SSGHIDDDDKHM). Briefly, protein was expressed in E. coli BL21(DE3), with N 15

13

NtH-CLD and N/ C-NtH-CLD expressed in MOPS-based minimal medium (Kohno et
13

al, 1998) with 10 g/L unlabelled glucose and 3 g/L C-labelled glucose (CIL),
respectively. Purification was achieved essentially as described previously using an initial
9-4-

*?4-

N i -affinity column and subsequently Ca -dependent hydrophobic chromotography
(Weljie and Vogel, submitted). Purity was > 98 % as assessed by Coomassie blue stained
SDS-PAGE. Buffer exchange into a 5 mM ammonium bicarbonate solution was
accomplished using a PD-10 column (Bio-Rad), and subsequently protein samples were
lyophilized and stored at -20°C prior to use in N M R experiments.
NMR

spectroscopy.

Samples for N M R experiments were prepared in a bufferless 90/10% H2O/D2O
solution, 200 mM KC1, lOmM CaCl , 1 mM DTT, pH 6.1. The pH was adjusted with
2

15

KOD and DC1, and the final pH was not adjusted for isotope effects. The N-NtH-CLD
15

13

sample was 0.55 mM protein in 400 ul, and the N / C NtH-CLD sample was —0.8 m M
15

13

in protein in 600 pL. ' H / N / C backbone resonance assignments of the C L D in the JD-
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CLD sample were accomplished with sensitivity-enhanced versions (Muhandiram and
Kay, 1994) of CBCA(CO)NH (Grzesiek and Bax, 1992b)/CBCANH (Wittekind and
Mueller, 1993), HNCO (Muhandiram and Kay, 1994)/HN(CA)CO (Clubb et al, 1992)
experiments on a 800 MHz Varían Inova spectrometer (NANUC, University of Alberta).
15

A 3D N-edited NOESY spectrum (Marion et al, 1989) was also acquired at 800 MHz
15

on the N-NtH-CLD sample with a mixing time of 150 ms. Previously reported
assignments from JD-CLD (Weljie and Vogel, submitted), as well as H(CC)(CO)NH,
(H)CC(CO)NH (Montelione et al, 1992), and HBHA(CO)NH (Bax and Grzesiek, 1993)
were used to obtain sidechain assignments. A l l sidechain experiments were conducted at
500 MHz on a Bruker D R X spectrometer equipped with a triple resonance 5raMTXI
l

Cryoprobe with a z-axis gradient channel. Spectra were referenced with respect to a R
chemical shift of 0 ppm for the most upfield resonance of 5-5dimethylsilapentanesulfonate (DSS) (Markley et al, 1998). Data were processed with
NMRPipe 2.1 (Delaglio et al, 1995), and analysed with NMRView 5.0.3 (Johnson and
Blevins, 1994).
Structure

Determination.
15

Structural nOe data for the NtH-CLD-protein were extracted from the N-edited
NOESY at 800 MHz. ARIA 1.2/CNS 1.1 was used for all structure calculations (Brunger
et al, 1998; Nilges and O'Donoghue, 1998). Dihedral angle restraints were derived using
both CSI (Wishart and Nip, 1998) and TALOS (Cornilescu et al, 1999) based analysis of
the chemical shifts. Non-glycine residues with no CSI or TALOS data were subject to
dihedral angle restraints of -35° to -175° based on accepted geometry. The simulated
annealing protocol was initiated from a fully extended conformation. In the final two
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iterations, 50 and then 200 structures were calculated and the lowest energy 15 were
selected for the final structure ensemble. The final ensemble was evaluated using A Q U A
3.2 and PROCHECK 3.5 (Laskowski et al, 1996).
Backbone Relaxation
1 5

N Ti, T , and ^ N ^ H NOE data were acquired at 500 MHz using 2D-HSQC type
2

experiments. Longitudinal delays of 5, 65, 145, 246, 366, 527, and 757 ms (Ti), and
CPMG delays of 8.4, 25,1, 41.8, 58.6, 75.3, 108.8, 125.0, and 142.3 ms (T ) were used
2

in spectral acquisition (Farrow et al, 1994). Steady-state heteronuclear {'HJ-^N NOE
data were obtained with and without 3 s of proton saturation and a total recycle delay of 5
s, and subsequently NOE values extracted as the ratio of peak volumes with and without
proton saturation (Farrow et al, 1994). A l l spectra were acquired using standard Bruker
pulse programs which incorporate sensitivity enhancement (Farrow et al, 1994) and
water flip-back pulses (Grzesiek and Bax, 1993). Acquisition size was 2k x 128 points at
500 MHz. Spectra were linear predicted, zero-filled, and baseline corrected in the
indirectly detected dimension, and zerofilled in the directly detected dimension. Analysis
of T\ and T decay rates was accomplished via the rate analysis functions in N M R View
2

using peak volume integration to minimize errors (Viles et al, 2001).
Initial estimates of the global tumbling parameters were obtained using TENSOR2
(Dosset et al, 2000), after excluding residues which had NOE values < 0.65, and/or were
subject to conformation exchange. This was established by the using the method of
Tjandra et al. (Tjandra et al, 1995) which uses the following relationship:
<T >-T
<T >-T
—
^- + —!
±>l.5xSD
<T >
<T >
2

2i

2

X

x

U

[1]

where < T > is the average T value, T^t is the T value of a given residue, and SD is the
2

2

2

standard deviation of the left side of the equation for all residues. Analysis of relaxation
data was conducted using the extended modelfree formalism of Lipari and Szabo (Lipari
and Szabo, 1982a; Lipari and Szabo, 1982b), using the statistical approach of Mandel et
al. (Mandel et al, 1995) as implemented in TENSOR2 (Dosset et al, 2000). Default
1 5

TENSOR2 values for N H bond lengths, and the N chemical shift tensor were used in all
analyses.
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7. Conclusions

Since the cloning of the first CDPK gene in 1991 (Harper et al., 1991), this family of
enzymes has taken a central place in plant signal transduction (Sanders et al., 2002;
Cheng et al., 2002). Yet, as outlined in the Introduction, the regulatory mechanisms by
2+

which Ca activation is achieved in this group of proteins remain poorly characterized.
Several molecular genetic studies (Harmon et al, 1994; Harper et al, 1994; Yoo and
Harmon, 1996; Huang et al., 1996; Vitati et al., 2000) have demonstrated clearly that i)
2+

the CLD and the JD are the Ca -dependent regulatory domains of CDPK, ii) CaM can
partially replace the function of the CLD chimerically or exogenously, but only if no part
of the CLD is present, and iii) the intermolecular and intramolecular binding of CLD to
the JD have distinct characteristics. The contents of this thesis provide the first clues from
a structural biology vantage point as to the mode of interaction between the CLD and the
JD in an intermolecular fashion (Chapters 3-5), and some speculative suggestion about
the interaction from an intramolecular point of view (Chapters 2 and 6).

Contribution of this thesis
94-

Perhaps the most obvious and important point is that the response of the CLD to Ca
and subsequent interaction with the JD is not analogous to typical CaM-target
interactions, in spite of the initial indication of the comparative modeling studies
(Chapter 2). In the first instance, Ca alone induces a substantial collapse of the CLD
2+

(Chapters 3-6). The collapse of Ca -CLD is characterized by significant motions, as
evidenced by the heterogeneity in the N M R spectra (Chapter 4), as well as backbone
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dynamics studies (Chapter 6). Subsequently, addition of peptide encompassing the JD
causes significant changes to the C-terminal, but not N-terminal, domain of CLD
(Chapter 4). Direct analogy with CaM modulated systems would suggest no structural
change in the backbone of either domain, which is certainly not the case. In any event,
the interaction of the CLD with the JD is not accompanied by a sustained collapse of the
CLD around the JD (Chapters 4 and 5), but is characterized by significant motions
evident from heterogeneity in the N M R spectra and residual dipolar coupling averaging.
Significantly, the interaction interface between the two domains has been localized to the
third and fifth helices of the CLD. Taken as a whole, the results of these studies should be
viewed as a starting point for further analysis to further probe the complex interactions
between the CLD and JD, and raise a spectra of questions about these regulatory domains
of CDPK.
Perspectives and Future Directions

While the complexities and experimental challenges of working with the CLD are
very real, so too is the importance of continuing to understand the mechanism by which
the CDPK works. Figure 7.1 demonstrates that the proximity of the N - and C-terminal
domains in the activated form, while non-CaM-like, is reminiscent of the structure of
2+

calcineurin B (CaNB), a 19 kDa C a regulatory subunit of the protein phosphatase
calcineurin. CaNB is also a bi-lobal protein in which the two lobes sit side-by-side,
forming an open binding surface which interacts with the larger calcineurin A subunit.
9-4-

While it is possible that the Ca -form shares some structural similarity, it is unlikely that
the JD-CLD structure shares the same orientation of the two domains based on the
interdomain nOe evidence (Chapter 4) and FRET distances (Chapter 5). So,

Figure 7.1: Ribbon diagrams of the activated forms of A) JD-CLD, B) CaM I
CaMKII, and C) CaNB. The N-terminal lobes of the respective proteins are shown
approximately in the same orientation, coloured in red, and the C-terminal domains in
blue. Note that the lowest energy representative structure of the JD-CLD with FRETbased restraints was used, so there is at least a ~ 3 Â uncertainty in the backbone
coordinates. Nevertheless, it is clear that the relative orientation of the domains is similar
to CaNB.
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speculatively, the CLD may behave like CnB in the Ca -form and then assume more
CaM-like behaviour (but not completely!) in binding JD. This logic is consistent with
function; CnB sits attached to CnA in the resting state, and hence the local concentration
of the CnB-binding site is relatively high, much like the CLD-JD situation.
Understanding this mode of function is a significant and relevant biological
endeavour. For example, potential herbicidal and anti-malarial drug developments are
potential byproducts of understanding the unique functional aspects of this protein. Since
the kinase domain shares significant functional characteristics with animal kinases
(Hanks et al, 1988), flushing out the chemical differences between C L D and CaM
provides an ideal basis from which to develop anti-CDPK agents, without affecting
endogenous human and/or animal kinases and CaM. One approach in this vein might be
to examine the key residues implicated in CLD structures (such as G338, G339, A382,
Y418) by mutating them to the CaM equivalents, and subsequently use the techniques
presented here (fluorescence, NMR) to monitor the effects. This is also a potentially
important experiment from a CaM perspective. Because the C L D is tailored to one target
(the JD), it has 'lost' the CaM ability to interact with multiple targets as it cannot activate
phosphodiesterase or CaMKII (Yoo and Harmon, 1996). By reverse engineering the
properties of CaM into the CLD, we can develop an understanding of the specific
properties of CaM which allow it to interact with multiple targets.
There are also a number of slightly less esoteric and more practical questions about
the functionality and chemical properties of the CLD which need to be addressed. The
JD-CLD structure from this thesis provides a basis for developing a myriad of
experiments from which to further characterize the interaction between the C L D and JD.
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The specific rearrangement of the C-terminal domain in response to JD binding was
shown in Chapter 5, but it is not likely that all residues which give rise to peak movement
in the HSQC titration directly bind the peptide. Using a technique which perturbs the
N M R spectrum, such as the attachment of spin labels (Zhang et al., 1995b; Ferentz and
Wagner, 2000)(Yuan, T. PhD. Thesis) to either the JD or specific sites on the CLD would
provide important information as to where and how the specific interactions of the JD and
CLD take place. Combined with the mutation of key residues as suggested above, this
would be an excellent and straightforward way to probe the importance of the residues
which interface the two domains.
Another aspect of the data presented here which needs to be addressed is the cause of
the very different chemical behaviour of the NtH-CLD (Chapter 6) construct versus the
'regular' CLD construct (Chapter 4). Dissection of the relative contributions of a) having
the N-terminal His-tag, and b) not having the C-terminal tail needs to be understood,
perhaps by creating two additional CLD constructs, one with modification a) and the
other with b). This will provide information about the stability afforded by the C-terminal
tail, or the destabilizing influence of the His-tag on the exchange of the C-terminal
domain. Since the data in Chapter 4 suggest that the C-terminal tail does not interact with
the JD-CLD complex, it seems unlikely that this region is important in this respect.
Perhaps the C-terminal domain aids in target recognition, or it folds back to interact with
the kinase domain. The N-terminal His-tag is particularly interesting as it presents the
possibility that any random sequence might mimic the effect of the JD. This is certainly
worthy of investigation, should this be the primary cause of the C-terminal exchange
broadening.
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The FRET studies in this thesis provided some information as to the average position
of the domains with respect to each other. A worthwhile extension of these steady state
experiments would be to used time-resolved FRET to determine the range and
distribution of distances (Lakowicz, 1999; She et al, 1998). Because of the short decay
times of the Trp excited state, this technique is relatively unique in allowing for detection
of non-averaged conformation data, and could provide some information as to the degree
of heterogeneity. In this manner, a better understanding of how and where different parts
of the protein are moving would be possible. In the same vein, extension of the backbone
relaxation and dynamics studies of Chapter 5 would be highly informative. These studies
could include more extensive data at different field strengths (Baber et al, 2001); using
analyses which are mindful of the limitations of the modelfree approach (Korzhnev et al,
1997; Chang and Tjandra, 2001); with the other CLD constructs; and to include
information about the energetics of the CLD in different states (Lee and Wand, 2001;
Spyracopoulos and Sykes, 2001). This latter set of experiments might also be
supplemented by calorimetry experiments (ITC, DSC) to characterize global energetics
of binding and stability (Brokx et al, 2001).
Another set of basic experiments which has yet to be reported on the CLD is
94-

establishing the structural sensitivity of apo-CLD to Mg and the potential competition
94-

94-

equilibrium between Ca and Mg . Such monitoring, for example by diffusion and
HSQC studies, would give some clues as the state of the CLD/CDPK in the resting cell.
"X

94-

Levels of M g

in plant cells have been shown to be on the order of 10" M , although the

levels of free ion are not known (Bruggemann et al., 1999), and are likely much lower
94-

since a significant portion of Mg

is complexed with ATP or proteins. The high
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prevalence of CDPK in plant cells makes it a possible candidate to compete for at least a
94-

small portion of free intracellular Mg .
A l l of the above experiments could be combined with JD-CLD constructs designed
to further characterize the intramolecular interaction between the C L D and JD, a
question which was not directly addressed in this thesis but is of the utmost importance.
One approach might be to sequentially add the JD residues to the N-terminus of the CLD
in a stepwise fashion via genetic insertions, and characterize the effect of such additions
to the N M R and/or fluorescence spectra of the CLD. Since a minimal 10-residue C L D
binding domain has been established (Vitart et al., 2000), the parameters for this
experiment are well defined and would provide much useful data about the mechanism of
interaction between the JD and CLD.
Another important and somewhat ambitious task lies in elucidation of the interaction
94-

of the C L D and JD with the kinase domain. Since the Ca response of different CDPK
isoforms has been shown to vary with substrate (Lee et al, 1998), it is clear that some
type of communication must occur between the kinase domain and the CLD. This might
be mediated via the JD allosterically, or may involve quaternary interactions as
demonstrated for CaM interactions with myosin light chain kinase (Krueger et al., 1997;
Trewhella and Krueger, 2002) using neutron scattering. While a similar approach might
be employed by using a modular approach with respect to the kinase domain, JD and
CLD, another more physiologically relevant method would be to use segmental labeling.
In this way, part of the protein could be appropriately isotope labelled and then
covalently attached to the remainder of the protein. Conveniently, this approach could
possibly be combined with N M R experiments designed for larger proteins (Pervushin et
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al., 1997) as they both require H labeling, and together may be able to glean insight into
this mechanism. For example, does the presence of the 'right' substrate shift the putative
equilibrium between the JD and kinase domain, such that the JD is more accessible to the
CLD and hence the observed Ca response?
Last words...

As mentioned in Chapter 4, the studies carried out here on the CLD provide an
interesting case study in the perils of assuming that protein structure and function are
intrinsically linked. While the primary, secondary and to an extent tertiary structure of the
CLD is CaM-like, the mechanism of function most certainly is not, in spite of > 40%
identity. This brings about bigger questions, especially in light of large scale 'structural
genomics' projects in which the goal is essentially developing an idea of structure
(Vitkup et al, 2001) and then using this information to imply function. To what extent is
only structural information useful? The existing paradigm which underpins structural
genomics projects may be useful for many cases, such as enzymes with defined catalytic
sites that can be modeled, but certainly breaks down in this case. This is not particularly
surprising in hindsight, given the diversity shown in EF-hand proteins (Yap et al., 1999).
To what extent such "exceptions" are the rule has yet to be seen, since it is estimated that
only 10% of protein structure space has been identified (Sali, 2001), and these proteins
are likely only the 'low hanging fruit' biased towards smaller soluble proteins amenable
to crystallography and/or NMR. The proteins with known structures may share properties
which have biased our interpretation of general protein behaviour—for example the
importance of unfolded protein regions is only now coming to light (Uversky, 2002). The
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example of CLD, with the flexibility of domains serves as a reminder that we must be
careful not to attempt to unjustly simplify nature.

So, the very last words are:

Life is predicated on wonderfully diverse and complex interactions, which might be the
cause of much aggravation to the biological spectroscopist, but with some appreciation is
also the source of much awe.
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