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ABSTRACT 

Calmodulin is trimethylated at lysine 115 by a lysine 

N-methyltransferase that utilizes S-adenosyl methionine as 

a co-substrate. Lysine 115 is located within a six amino 

acid loop (LGEKLT) between EF hand III and EE hand IV in 

the carboxyl terminal lobe. Previous studies have shown 

that the methyltransferase is highly specific for 

calmodulin, and that minimal requirements for methylation 

are a folded carboxyl terminal lobe (Han, C.H., Richardson, 

J., Oh, S.H., and Roberts, D.M. (1993) Biochemistry 32, 

13974-13980). In the present work a mutagenesis approach 

was used to investigate the structural features of the 

carboxyl terminal lobe that are required for calmodulin 

methylation. 

Three approaches were taken. First, based on the 

symmetry between EF hands I and III, and EF hands II and 

IV, a series of domain (entire EF hand) and subdomain 

(individual helix or Ca^'^-binding loop) exchange mutants 

were generated in which symmetrical elements in the amino 

terminal lobe were substituted into the carboxyl terminal 

lobe. Secondly, a converse mutation was made in which the 

methylation loop sequence was introduced between EF hands I 

and II in the amino terminal lobe. Finally, a series of 
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site-directed mutations in the methylation loop and 

adjacent a-helices (helix 6 of EF hand III and helix 7 of 

EE hand IV) were generated and analyzed. 

Substitutions at three conserved positions in the 

methylation loop (G113S, E114A, L116T) abolished the 

ability of calmodulin to be methylated. A fourth mutant, 

L112T showed normal methylation in the presence of calcium, 

but a 4.5 fold reduction in catalytic efficiency in the 

absence of calcium. These results suggest that 

conservation of the methylation loop sequence is essential 

for methylation. However, results with domain mutants 

CaM^^^, and suggest that the methylation loop 

sequence alone is not adequate for methylation. CaM^^^ has 

the methylation loop sequence placed at a symmetrical 

position between EF hands I and II in the amino terminal 

lobe. has EF hand III replaced with EF hand I and 

has EF hand IV replaced with EF hand II. None of the 

domain exchange mutants were methyltransferase substrates 

suggesting that structural features unique to both EF hands 

III and IV (and not found in EF hands I and II) are 

required. 

To identify these unique regions in EF hands III and 

IV, a series of subdomain mutants were constructed. The 
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most substantial effects were observed with the 

substitution of helix 2 in EF hand I for helix 6 in EF hand 

III (CaM''®) and helix 3 in EF hand II for helix 7 in EF hand 

IV (CaM^^). CaM^® was a poor methylation,,substrate in both 

the presence and absence of Ca^"^, and showed a 20-fold (apo) 

and 13-fold (Ca^'*'-bound) reduction in catalytic efficiency 

compared to VU-1. CaM"^ was not a substrate in the absence 

of calcium, but showed normal methylation kinetics in the 

presence of calcium. Thus, the substitution of both helix 

6 or 7 affected methyltransferase recognition but in a 

different fashion, since calcium binding restores the 

ability of the CaM^^ to be recognized by the 

methyltransferase. 

Helix 7 shows a high number of surface exposed acidic 

side chains (6 out of 11 residues). To examine the role of 

these negative charges, a number of calmodulin mutants with 

substitutions for the various glutamate/aspartate residues 

were analyzed. Substitutions at residues 

118,120, 122, 126,and 127 were found to affect the rates of 

methylation [with rates ranging from 5% (VU-12) to 60% 

(D122A) of wildtype]. Similar to CaM^"', activity with most 

of these mutants was enhanced in the presence of calcium. 
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In contrast to helix 1, single amino acid 

substitutions in helix 6 showed no effect on the 

methylation rate. Thus, the loss of methylation in CaM^® is 

not due to the substitution of any specific amino acid. 

Rather, it appears that the replacement of the entire 

sequence of helix 6 with helix 2 resulted in an unexpected 

change in the conformation that disrupts the binding site 

for the methyltransferase in both the apo- and calcium-

bound states. 

Overall, the highly conserved methylation loop and a-

helices (6 & 7) flanking the loop appear to be important 

for methyltransferase recognition. However, the role these 

regions play in methyltransferase recognition appears to be 

very different. The most critical residues appear to be 

within the methylation loop (G113, E114, L116). These 

residues are very close to site of methylation on lysine-

115, and might provide important points of contact with the 

active site of the enzyme or provide flexibility (e.g., 

G113) or stability (L116) for the conformation of the loop 

structure. Secondly, the conservation of negative charges 

on helix 7 appears to be important particularly in apo-

calmodulin. After the binding of calcium, a hydrophobic 

surface is exposed and the substitutions on helix 7 appear 
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less important for interaction. This supports previous 

findings that suggest that ionic forces are important for 

interaction of apo-CaM with the methyltransferase whereas 

additional hydrophobic interaction occur with Ca^"*'-CaM (Han, 

C.H., Richardson, J., Oh, S.H., and Roberts, D.M. (1993) 

Biochemistry 32, 13974-13980). 

Lastly, it is clear that helix 6 is important for 

methyltransferase recognition but it is less certain 

whether specific interactions with the enzyme take place. 

It is likely that packing interactions of this helix with 

others in the carboxyl terminal lobe may be important for 

stabilizing the conformation of the residues that are 

recognized and bound by the methyltransferase. Additional 

structural work of the calmodulin mutants in question, as 

well as the methyltransferase, will be necessary to clarify 

further the specific role of these structural elements. 

During the course of this study, the activator 

properties of each calmodulin mutant were also tested with 

two representative calmodulin-dependent enzymes, NAD kinase 

(NADK) and cyclic nucleotide phosphodiesterase (PDE). 

While most mutants activated these target proteins in a 

normal fashion, mutant calmodulins with substitutions in 

the loop-turn region of the amino terminal lobe and helix 6 
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of the carboxyl-terminal lobe showed defects in NAD kinase 

activation. CaM^^^ activated PDE normally, but did not 

activate NAD kinase and was actually a potent antagonist of 

the enzyme with a binding affinity similar to wild type 

calmodulin. X-ray scattering studies support this and 

showed that the conformation of CaM^^^ in complex with a 

target peptide is similar to wild type calmodulin. 

While CaM^^^ was a complete NAD kinase antagonist, 

single substitutions within this region were "partial 

agonists", activating the enzyme to a fraction of the level 

observed with wild type. Similarly, it was found that both 

and CaM^® were partial agonists, and that the defect 

of these two calmodulins was the result of a substitution 

at threonine 110. Overall, these results show that the 

binding and activation of NAD kinase can be distinguished, 

and that the residues required for the activation of PDE 

are distinct from those required for NAD kinase. Further, 

these regions on calmodulin are within or adjacent to a 

"latch domain" which is formed between the helix 2 of the 

amino terminal lobe and helix 6 of carboxyl terminal lobe 

upon enzyme binding (Meador, W., Means, A.R., and Quiocho, 

F.A. (1992) Science 251, 1251-1255). This domain has been 

proposed to be essential for achieving an activated state. 
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CHAPTER I 

INTRODUCTION 

Calciiim 

Calcium is a universal signal molecule that regulates a 

wide variety of cellular processes, such as numerous 

metabolic processes, muscle and cell contractions, cell-

cycle control, and differentiation (Clapham and Sneyd, 

1995). The concentration of calcium in most resting 

eukaryotic cells is held between lO""' and 10"® M in the 

cytosol. Cells have developed complex interrelated systems 

of membrane ion gates, exchangers, and pumps that maintain 

the average intracellular levels of calcium at this 

extraordinary low concentration (Clapham and Sneyd, 1995; 

reviewed in Carafoli et al., 1987). As a result of the vast 

concentration gradient cells have recruited calcium as an 

intracellular signal. They respond to various stimuli by 

triggering a transient rise in the concentration of free 

calcium (to approximately 10"® M), a concentration at which 

calcium functions as a second messenger or a coupling factor 

(reviewed in Carafoli, 1987; Berridge, 1993; Clapman & 

Sneyd, 1995). The cytosolic targets of calcium signals are 

a family of calcium-modulated proteins with EF hand calcium-



binding domains (reviewed in Kretsinger, 1980; Strynadka and 

James, 1989; Moncrief at al., 1990; Ikura 1996). 

EF hand proteins: structural features 

The EF-hand motif is a specialized calcium binding 

domain that was first described by Moews and Kretsinger 

(1975) based on the crystal structure of muscle parvalbumin. 

Since this discovery over 150 different calcium modulated 

proteins containing this motif have been described (Moncrief 

at al., 1990; Nakayama and Kretsinger, 1994; Kawasaki at 

al., 1998). The Ca^'^-binding motif consists of two 

amphipathic a-helices 10 to 12 residues long that flank a 

^'loop" of 12 contiguous residues that contribute oxygen 

ligands for the coordination of calcium ions. The structure 

has been likened to an index finger (E-helix), a curled 

second finger (the loop), and a thumb (F-helix) of a right 

hand, so that the term "EF-hand" has been widely applied to 

describe the Ca^'^-binding site (Kretsinger and Nockolds, 

1973). 

The features of the coordination of Ca^"^ ions in EF 

hand calcium-binding proteins have been highly refined by 

the solution of several crystal structures (reviewed in 

Strynadka and James, 1989). These structures show seven 

oxygen atoms located at the seven vertices of a pentagonal 

bipyramid that are -2.4 A from the central Ca^"^ ion. The 



seven ligands come from six residues located at positions 

1,3,5,7,9, and 12 of the loop and interact either directly 

or indirectly with the calcium ion (Fig. 1). Not all of the 

seven ligands are from the amino acid side chains; many of 

the binding sites have one water molecule in the 

coordination sphere of the Ca^"^ ion. These six residues are 

denoted as the +X, +Y, +Z, -Y, -X, -Z positions on the axes 

of the calcium coordination shell. The -Z ligand 

contributes two oxygen atoms to coordination. 

The residue in position 1 of the Ca^^ -binding loop is 

an invariant aspartate. The carboxylate group of this side 

contributes an oxygen atom as a direct Ca^"^ ion ligand (+X) 

(Fig.l). The other oxygen atom is the recipient of a strong 

hydrogen bond from the main-chain NH of the conserved 

glycine in position 6. The nature of the residue at 

position 2 is not conserved. However, in many (50%) of the 

Ca^"^ binding loops this is a basic residue of either lysine 

or arginine (Fig.l)(Strynadka and James, 1989). The residue 

in position 3 is usually an aspartate or an asparagine, with 

a side chain oxygen that forms a direct coordination to the 

Ca^"^ ion (+Y)(Fig.l). The most common residue in position 4 

is a glycine, however other residues at this position 

include asparagine, alanine, and lysine. Position 5 is also 

a Ca^"*" -binding ligand (+Z) with the side chain oxygen ,and 
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the most common residue is an aspartate or asparagine, but 

serine and glycine have also been observed (Fig. 1). The 

main-chain NH of residue 5 hydrogen bonds with, the oxygen 

atoms in positions 1 and 3 that coordinate the Ca^"^ ion. 

There is an invariant glycine at position 6, and the main-

chain NH forms an important hydrogen bond to the non-

coordinating oxygen atom of the carboxylate of aspartate in 

position 1 (Fig. 1). This glycine allows the chain to make 

a 90° turn in direction so that the remaining Ca^"^ ligands 

are in coordinating positions. The residue at position 7 

initiates a small antiparallel P strand that extends for 

three residues (7-9), and forms contact with a similar P 

strand in an adjacent EF hand. Of all positions in the 

loop, position 7 is the most variable in terms of the nature 

of the amino acid (Fig. 1). The main-chain carbonyl oxygen 

atom of residue 7 is involved in the coordination sphere of 

the Ca^"^ ion (- Y). Position 8 is the central residue of the 

short P strand. It is a hydrophobic amino acid and is almost 

always either an isoleucine or a valine. This side chain 

packs into the hydrophobic core and stabilizes the loop 

structure (Strynadka and James, 1989). The main-chain NH and 

CO groups of this residue face away from the central cavity 

toward a neighboring EF hand loop. The residue in position 

9 has several functions including coordination to the Ca^"^ 



ion (-X). This residue initiates the exiting F helix , and 

requires formation of a hydrogen bond to the NH of the 

invariant glutamate at position 12 (Fig. 1). The residue in 

position 10 is the first one in the exiting helix, and in 

many cases it is an aromatic residue. The amino nitrogen of 

residue 10 is often hydrogen bonded to a conserved water 

molecule. The residue in position 11 is most commonly a 

negatively charged aspartate or glutamate. The carboxylate 

groups are not involved in calcium coordination but 

stabilize the amino-terminus of the exiting F helix. 

Position 12 is the last position in the Ca^'^-binding loop 

and it is in the third position of the exiting helix (Fig. 

1). This residue is an invariant glutamate that has both 

oxygen atoms of its carboxylate group coordinating to the 

Ca^"^ ion in a bidentate manner (-Z). Further, this residue 

could be the key residue for adapting the metal-binding loop 

toward the binding of either Mg^"^ or Ca^"^ ions. The 

coordination number for Mg^"^ is six, and one of the main 

determinants of Ca^"^ seven-fold coordination is the 

bidentate nature and the conformation of the glutamate 

carboxylate at position 12 (reviewed in Carafoli, 1987; 

Strynadka and James, 1989). 

In many proteins, EF hands exist as a pair. The EF 

hand pairs form an anti-parallel four a-helix bundle 



stabilized by hydrophobic interactions and a short anti-

parallel p-strand between the calcium binding loops 

interaction between the two Ca^"^ binding loops. There is 

concerted movement in the a-helices of EF hand pairs upon 

binding calcium that is described in greater detail below in 

the calmodulin structure section (Babu et al., 1985; Zhang 

at al., 1995). 

Calcium binding to some EF hand proteins result in 

conformational changes while other proteins do not show 

these changes (Ikura et al., 1996). EF hand proteins with 

regulatory roles are often termed calcium-sensor or calcium-

modulated proteins, while those involved in calcium buffer 

or transport functions are termed calcium-buffer proteins 

(da Silva and Reinach, 1991). Examples of EF-hand proteins 

functioning as calcium-buffers include parvalbumin and 

calbindin D (Tanaka et al., 1995). Usually calcium-buffer 

proteins show only small conformational changes upon binding 

calcium (Skelton, 1994; reviewed in Ikura et al., 1996). 

For example, the single domain of calbindin D exhibits only 

small conformational changes in response to binding calcium. 

It retains a ^closed' conformation with its hydrophobic 

residues sequestered in the interior of the molecule even 

after binding calcium (Ikura et al., 1996). 



Proteins that function as calcium-sensors include 

calmodulin, troponin C, calcineurin B, recoverin, and SlOO 

proteins. Calcium-sensor proteins usually bind calcium with 

a Kd between 10 ̂  and 10 ̂  M in the presence of cytosolic 

concentrations of (10~^) Mg^"" (Kretsinger, 1977). As a 

result they are able to respond to increases in cytosolic 

calcium levels. These proteins tend to show large 

conformational changes upon binding calcium (Zhang et al., 

1995, Kuboniwa et al., 1995, Finn et al., 1995, Gagne et 

al., 1995, and Tanaka et al., 1995) which allow them to act 

-as molecular switches. They can convert from an inactive 

calcium-free conformation to an active calcium-bound 

conformation in response to a stimulatory influx of Ca^'*' in 

the cell (Ikura, 1996). The well-studied and prototypical 

calcium-sensor protein is calmodulin (reviewed in Cohen and 

Klee, 1988). 

Calmodulin 

Calmodulin (CaM) is a highly conserved calcium binding 

protein that is ubiquitous among eukaryotes (Klee & Vanaman, 

1982; Means et al., 1982). It is a small acidic protein of 

148-162 residues with a molecular weight of 16.7 kDa 

(Fig.2). There is 100% identity in amino acid sequence 

among vertebrates (Friedberg, 1990). Higher plant 

calmodulin differs from vertebrate calmodulin by only 13 of 
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148 residues and they are functionally interchangeable 

(Roberts at al., 1986a). Only in organisms as diverse as 

protozoans and mammals does the sequence divergence exceed 

10%. Variability in calmodulin sequence occurs in the 

linker region (residues 70-85) between EF hands II and III, 

and within the carboxyl-terminal domain particularly within 

EF hand IV, where at least seven different amino acids are 

found at position 143 (Fig. 2, Wylie and Vanaman, 1998). 

The importance of calmodulin is evident by the observation 

that disruption of the calmodulin gene results in a 

recessive lethal mutation in yeast (Davis et al., 1986; 

Takeda and Yamamoto, 1987) 

Calmodulin is involved in the regulation of many 

cellular processes (reviewed in Cohen and Klee, 1988), and 

was first discovered as an activator of cyclic nucleotide 

phosphodiesterase in brain and heart (Cheung, 1970; Kakiuchi 

and Yamazaki, 1970). In trying to understand how calmodulin 

works, it is important to become familiar with the 

interaction between calmodulin and Ca^"^. Calmodulin 

contains four EF hands numbered I, II, III, IV starting from 

the amino-terminus of the protein (Fig.2). EF hands I & II 

interact and form the amino-terminal lobe, and EF hands III 

& IV form the carboxy-terminal lobe (Fig.2). 

10 



Consistent with the presence of four EF hands, 

calmodulin has four calcium binding sites that bind calcium 

reversibly (Klee, 1988). Calmodulin has low affinity 

calcium binding sites as well as high affinity binding 

sites. Studies showed that binding of the first two 

equivalents of calcium resulted in a large increase in the 

fluorescence yield of tyrosine 138 of calmodulin (Kilhoffer 

et al., 1981), and that there was no increase in 

fluorescence upon the binding of the next two equivalents of 

calcium. This suggests that the higher calcium affinity 

sites reside in the carboxyl-terminal lobe of calmodulin 

(Kilhoffer et al., 1981). 

Additional experiments using isolated tryptic 

fragments supported the fluorescence data, and showed that 

the higher affinity sites reside in the carboxyl-terminal 

lobe (residues 78-148) and lower calcium affinity sites 

reside in the amino-terminal lobe (residues 1-77) (Minowa 

and Yagi, 1984; Linse et al., 1991). Isolated fragments 

from the tryptic digest of calmodulin showed that the amino 

and carboxyl-terminal lobes do not interact, but retain 

their secondary structure, ability to bind Ca^"*", and their 

ability to undergo Ca^'*'-dependent structural transitions 

similar to the intact molecule (Linse et al. 1991). One way 

to measure the affinity of calcium to calmodulin has been to 

11 



determine the kinetic constants of the rates of dissociation 

(off-rates). The amino-terminal domain (residues 1-77) 

contains two low affinity calcium- binding sites (off-rates 

280s"^), and the carboxyl-terminal domain (residues 78-148) 

contains two high affinity calcium- binding sites (37s'^) 

(Martin et al., 1986). 

Although the two lobes do not interact, the two calcium 

binding sites within each lobe of calmodulin do interact, 

and the binding of calcium ions to each globular domain 

shows positive cooperativity (Klee, 1988; Linse et al., 

1991; Minowa and Yagi, 1984; Yazawa et al., 1987). Further, 

the calcium affinity of isolated fragments containing a 

single EE hand is much lower than that of the intact 

calmodulin (Kretsinger, 1980; Klee, 1988). This suggests 

that the interaction between the two calcium binding loops 

in each domain is important for cooperative, high affinity 

calcium binding. 

Calmodulin structure: Ca^'*'-bound and apo-CaM 

The structure- of Ca^'^-bound calmodulin as determined by 

X-ray crystallography revealed a dumbbell shaped molecule, 

with a flexible central helix connecting two independent 

globular domains (Babu et al., 1985, 1988; Kretsinger et 

al., 1986; Chattopadhyaya et al., 1992) (Fig. 3). Overall, 

66% of the residues in CaM are in helical conformation 

12 
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BF hand II

N-terainus

BF hand IV
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r& % BF hand III
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Figure 3. Structure of calcivim bound calmodulin. The X-ray
crystal structure (Babu et al., 1988) with the a-helices numbered 1-8
is shown. As discussed in the text, although one central helix is
observed in the crystal structure, NMR measurements (Ikura et al.,
1991; Barbato et al., 1992) show that the center of this helix is

disordered. Therefore, helical regions 4 and 5 are listed separately.
The calcium binding loops of the four EF hands are colored yellow for
EF hand I and green for EF hand II in the amino-terminal lobe, and

white for EF hand III and pink for EF hand IV in the carboxyl-terminal
lobe. Lysine 115, colored in red, is the site of posttranslational
trimethylation.

13



giving a total of eight a-helices contributing to the 

make up of the four EF hands (Fig. 3). Helix 1 (residues 6-

18, see Fig.2) and 

helix 2 (residues 29-38) are found in EF hand I, helix 3 

(residues 45-54) and helix 4 (residues 65-74) are found in 

EF hand II, helix 5 (residues 83-91) and helix 6 (residues 

102-111) are found in EF hand III, and helix 7 (residues 

118-127) and helix 8 (residues 139-145) are found in EF hand 

IV. 

Ca^'^-bound calmodulin is 65 A long, and each globular 

lobe has the dimensions 25 X 20 X 20 A. The two halves of 

the molecule are similar, and superpositions of residues 5 

to 74 of the amino-terminal lobe with residues 78 to 147 of 

the carboxyl-terminal show an rms deviation of 1.04 A for 

all main-chain atoms (Babu et al., 1988). The two Ca^"^-

binding domains in each half of the molecule are related to 

each other by a 2-fold axis of symmetry. The Ca^"^ ions in 

the amino-terminal lobe are 11.9 A apart, and in the 

carboxyl-terminal lobe they are 11.5 A apart (Babu et al., 

1985). 

Although the crystal structure shows a central a-helix 

(Fig. 3) the solution structure of CaM shows that the middle 

portion (residues 76-82) is non-helical and flexible in 

solution (Ikura et al., 1991; Barbato et al., 1992). 

14 



Residues in this linker region have the highest temperature 

factors in the molecule (Babu et al., 1988; Chattopadhyaya 

et al., 1992), and Persechini and Kretsinger (1988) proposed 

that the central helix is more like a flexible tether, 

enabling the two independent lobes to come together when 

binding target proteins (Ikura et al., 1992; Meador et al., 

1992, 1993). 

Similar to other EF-hand containing proteins, each lobe 

of the molecule is stabilized by multiple hydrophobic 

interactions between the helices and by hydrogen bonds 

between adjacent Ca^"^-binding loops. In the amino-terminal 

lobe, residues 25-29 in Ca^'^-binding loop 1 form a short p-

sheet that runs antiparallel to a p-sheet formed by residues 

61-65 in Ca^'^-binding loop 2 (Babu et al., 1985). 

Similarly, in the carboxyl-terminal lobe, residues 99-101 in 

Ca^"^-binding loop 3 and residues 135-137 in Ca^'^-binding loop 

4 also form a similar p-sheet that run antiparallel to each 

other (Babu et al., 1985; 1988). In addition, there are two 

turns in calmodulin that are not EE hand turns consisting of 

residues 39-44 in the amino-terminal lobe, and residues 112-

117 in the carboxy-terminal lobe which are also stabilized 

by hydrogen bonds (Chattopadhyaya et al., 1992). The loop 

region in the carboxyl-terminal is solvent-exposed and 

15 



contains lysine 115, the site of post-translational 

trimethylation in CaM (Fig. 3). 

Ca^'*"-bound calmodulin contains a large hydrophobic cleft in 

each half of the molecule (Fig.4). Each cleft is 

approximately 10 X 12.5 A and has a depth of 9.5 A (Babu et 

al., 1988). Each hydrophobic core is composed of 14 amino 

acid side chains, 11 from the a-helices, 1 from each 

calcium-binding loop, and 1 from each non-EF-hand loop-turn 

region. The hydrophobic clefts are very similar in amino 

acid composition (71% identity), and both clefts are 

surrounded by a polar rim that is rich in negatively charged 

residues (Babu et al., 1988; Chattopadhyaya et al., 1992). 

The solution structure of apo-calmodulin (Ca^"^- free 

calmodulin) as determined by NMR (Kuboniwa et al., 1995; 

Zhang et al., 1995) is shown in Fig. 4. It is a more 

compact structure (< 65A°) than Ca^'^-bound calmodulin (Fig. 

4), but it possesses a very similar secondary structure 

(Zhang et al., 1995). Lilce Ca^"^-bound calmodulin there is 

no interaction between the amino and carboxyl terminal 

lobes. The Ca^'^-binding loops are flexible and partially 

unstructured in apo-CaM. For example, the first Ca^"^-

binding loop in the amino-terminal lobe is twisted in the p-

sheet region. In addition, NMR analyses showed that the 

first six amino acids in each Ca^'^-binding loop are not well 

16 
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defined, most likely because of tbe high flexibility 

(Kuboniwa at al., 1995; Zhang at ad., 1995). The binding of 

Ca^"^ to each loop dramatically reduces their flexibility 

(Zhang at al., 1995) by initiating structural rearrangements 

around the binding sites allowing negatively charged side 

chains and back-bone carbonyl oxygens to form the pseudo 

bipyramidal coordination sphere suitable for calcium 

ligation (Babu at al., 1985; Kretsiinger at al., 1986). 

Apo-CaM does not have large hydrophobic clefts that are 

present on the exterior of the molecule in Ca^'^-calmodulin 
1 

(Fig. 4). Instead these residues In apo-CaM are sequestered 

within a hydrophobic core. However, there are two smaller 

clusters of hydrophobic residues, one in each globular lobe 

of the protein, that are surrounded by many charged acidic 

residues (Kuboniwa at al., 1995; reviewed in Ikura at al., 

1996). These resulting negatively charged but partially 

hydrophobic patches have been proposed to be involved in the 

interaction of apo-CaM with certain target proteins. 

One of the most significant differences between the two 

forms of CaM, and the key to the conformational changes that 

result in calcium activation, is how the helices within each 

lobe pack with each other. In apo-CaM the interhelical 

angles within each EF hand (between helices 1&2, 3&4, 5&6, 

7&8) are antiparallel (128°-137°).' The binding of Ca^"^ 

18 



induces an opening of the EF hands', resulting in almost 

perpendicular angles between thesei helices (Zhang at al., 
I 

1995; Kuboniwa at al., 1995; Finn lat al., 1995). The 

distance between the two helices o'f each EF hand in the apo-

form (11.9-12.3 A) increases upon binding calcium (14.4-18.5 

A). However, in contrast to the drastic helical changes 

within each EF hand, much smaller alterations are seen in 

the inter-helical distances of adjacent helices in EF hand 

pairs. For example, helices 1/4 and 2/3 in the amino 

terminal lobe and helices 5/8 and '<5/1 in the carboxy-

terminal are closely associated, and upon binding calcium 

the relative distances remain almost unchanged (Kuboniwa et 

al., 1995). The' movement of helices 2 and 3 relative to 1 

and 4 (amino-terminal lobe), and the movement of helices 6 
I 

I 

and 7 relative to helices 5 and 8 /carboxyl-terminal lobe) 

results in the opening of the hydrbphobic cleft. 

Calmodulin function: different modjes of interaction between 

calmodulin and target proteins. j 

After calcium binding, the next step in the mechanism 

of calmodulin signal transduction is the association of 
I 

Ca^'^-CaM with a target protein resulting in its activation. 

CaM is a multifunctional protein, and Table I lists some of 

the Ca^'^-calmodulin target proteins. Calmodulin-binding 

domains on target proteins generally reside near 

"autoinhibitor" sequences where CaM binding allows the 
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Table I. Ca^'^-calmodulin-binding proteins and their 
cellular functions. ! 

Target Putative Function Ref. 

Cyclic nucleotide Cyclic nucleotide a 

phosphodiesterase homeostasis 

i 

Myosin light Chain Smooth muscle 'contraction b 

kinase (MLCK) 

Phosphorylase b Glycogen metabolism c 

kinase regulation ; 

CaM kinase I Multifunctional;neuronal d 

function 

CaM kinase II Multifunctiona,l; learning e 

and memory 

CaM kinase III Translation f 

CaM kinase IV Multifunctional; g 

transcriptiona,l regulation 

CaM kinase kinase Activation of ;CaM kinase IV h 

NO synthase NO signal production i 

NAD kinase Nicotinamide co-enzyme j 
homeostasis 

Adenylate cyclase cAMP producticin from ATP k 

Inositol 3-kinase IP4 production' 1 

Calcineurin (2b) Multifunctional; cell cycle m 

metabolic regulation. 

Ca^^-ATPase calcium export from cytosol n 

calcium homeostasis 
a. Beavo, 1995; b. Stull et al., 1997; cJ Brushia and Walsh, 1999; d. 
Nairn & Greengard, 1987; e. Dupont and Goldbeter, 1998; f. Nairn et 
al., 1985; g. Enslen et al., 1994; h. Tokumitsu et al., 1995; i. 
Masters, 1996; j. Roberts & Harmon, 1992,- k. Tesmer and Sprang, 1998; 
1. Woodring and Garrison,1997; m. Klee et al., 1998; n. Grover & 
Khan,1992). | 
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activation of the enzyme by removing the autoinhibitor 

(reviewed by Soderling, 1990; Kemp and Pearson, 1991; Kemp 

at al., 1996; Kobe at ai., 1997). | The region of the target 

protein that interacts with calmodulin is small and linear. 

As a result much of the information about the interaction 

between Ca^'^-CaM and its targets comes from using synthetic 

peptides corresponding to the CaM-binding domain of target 

proteins (Ikura at al., 1992; Meador at al., 1992; Meador at 

al., 1993; Osawa et al., 1999, Elshorst et al., 1999). 

One of the most intensely studied CaM-dependent enzymes 

is myosin light chain kinase (Gallagher at al., 1997; Stull 

at al., 1997). Two forms of myosin light chain kinase from 

smooth muscle (smMLCK) and skeletal muscle (skMLCK) have 

been the principle focus of study i(Ikura at al., 1992; 

Meador at al., 1992;). Both enzymes are inactive in the 

absence of calcium and become fully activated in the 

presence of Ca^'^-CaM. Phosphorylation of myosin light chains 
i 

by MLCK is the basis of control for myosin contraction in 

these tissues (Allen and Walsh, 1994). Dissection of the 

structure of smMLCK (Lukas at al.,' 1986) and skMLCK 

(Blumenthal et al., 1985) showed that the site of 

interaction with calmodulin resides on a small linear 

sequence of 20-27 residues. 
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The structure of calmodulin bound to a 26-residue 

peptide (RS20) including the smMLCK sequence has been solved 
I 

by NMR (Fig. 5, Ikura et al., 1992). A similar crystal 

structure has also been determinedj using calmodulin bound to 

a peptide (M13) containing the sequence of the CaM-binding 

region of skMLCK (Meador et al., ip92). In addition, a 

similar structure has been solved with the peptide from CaM 

kinase II (CaMKII) (Meador et al.,; 1993). The structures of 

CaM complexed with either MLCK or CaMKII show the complex as 

compact and ellipsoidal with overall dimensions of 47 X 32 X 

30 A (Ikura et al., 1992; Meador et al., 1992; 1993). 

The reason for this compact; structure is that a major 

conformational change in Ca^'^-calmpdulin occurs upon binding 
1 

these peptides. The linker connecting the two globular 

lobes becomes very flexible resultjing in a bend and twist of 

-100° and 120° respectively. The two CaM domains come 
I 

together and surround,the peptide dn a hydrophobic channel 

formed by the exposed hydrophobic iclefts on each lobe of CaM 

(Ikura et al., 1992, see Fig. 5).| The CaM-binding peptides 

which are mainly random coil in solution adopt an 

amphipathic a-helical structure when complexed with 

calmodulin, and interact with CaM iin an antiparallel manner. 

The amino-terminal domain of calmodulin mainly contacts 

hydrophobic residues in the carboxyl-terminal half of the 
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peptide, and the carboxyl-terminal domain principally 

interacts with hydrophobic residues in the amino-terminal 

half of the peptide (Ikura et al., 1992; Meador at al., 

1992). 

More recently additional structures of Ca^"^-

calmodulin in complex with other target proteins have been 

determined. These structures show similarity to the 

archetype MLCK, but also differences that underscore the 

diversity and flexibility of calmodulin-target protein 

interactions. The NMR structure of calmodulin complexed with 

a peptide containing the target sequence from Ca^"^-

calmodulin-dependent protein kinase kinase (CaMKK) has been 

determined (Osawa et al., 1999). CaMKK (Table I) is involved 

in a calcium-dependent signal'transduction cascade which 

phosphorylates CaM kinase I and CaM kinase IV. The CaM-

CaMKK structure also shows that the linker region 

drastically changes upon peptide binding, allowing the amino 

and carboxyl-terminal lobes to clamp the peptide. However, 

upon CaM binding the 26-residue peptide from CaMKK consists 

of two distinct structural segments. One segment of 11-

residues (corresponding to 444-454 in CaMKK) forms an a 

helix, and the other segment is comprised of 5-residues 

(corresponding to 455-459) that forms a hairpin-like loop 

structure. The N-terminal lobe of calmodulin interacts 
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with the N-terminal portion of the CaMKK peptide, and the C-

terminal portion of the helix and the hairpin loop mainly 

interact with the hydrophobia pocket in the C-terminal lobe 

of CaM (Osawa et al., 1999). This orientation is opposite 

of CaM complexed with smMLCK and CaMKII where the 

orientation is antiparallel (Ikura et al., 1992; Meador et 

al., 1992; 1993) 

The NMR structure of calmodulin complexed with a 

peptide (C20W) containing the CaM-binding domain of the 

plasma membrane calcium-pump has also recently been 

determined (Elshorst et al., 1999). The global structure of 

the Ca^'^-CaM-C20W complex is quite different from other 

peptide-calmodulin complexes. There is no collapsed 

structure after peptide binding, and only the C-terminal 

half of calmodulin interacts with the peptide (Elshorst et 

al., 1999). This supports biochemical observations that the 

calcium pump can be activated by the C-terminal half of CaM 

alone (Guerini et al., 1984). Similar to other calmodulin 

binding peptides, C20W which has a random coil structure in 

solution, adopts an a-helical structure upon binding to the 

C-terminal domain of CaM. The complex resembles an 

intermediate state of the CaM-M13 complex, in which both 

domains of CaM are bound to the peptide (Elshorst et al., 

1999). 
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In all CaM-peptide complexes mentioned above the 

backbone rms deviations between the amino- (residues 6 to 

73) and carboxyl- (residues 83 to 146) terminal domains of 

the Ca^'^-CaM-peptide complex and the corresponding residues 

in Ca^''-CaM alone (Babu at al., 1998) are <1.8 A and <1.5 A 

respectively (Ikura at al., 1992; Meador at al., 1992; 

Meador at al., 1993; Osawa et al., 1999, Elshorst at al., 

1999). This suggests that there is no significant 

conformational change within each lobe in the complexed and 

uncomplexed states, and that the principal change is in. the 

flexible linker region between the lobes. 

The high flexibility of the domain linker in CaM is 

clearly important in allowing CaM to adopt various binding 

configurations, and this allows Ca^'^-calmodulin to bind to 

multiple, divergent target sequences. The CaM-peptide 

complex is also stabilized by numerous electrostatic and 

hydrophobic interactions. Another reason for the ability of 

CaM to bind a wide variety of peptides is related to the 

high abundance of flexible methionine residues in the 

hydrophobic cleft (Zhang et al., 1998). The fine adjustments 

in conformation of the methionine residues provide optimal 

interactions between CaM an specific target peptides (Osawa 

et al., 1998). 
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A key requirement in the target peptide for CaM binding 

is the presence of two branched hydrophobia or aromatic 

residues separated by a specific number of residues. The 

residues are important for anchoring the peptide to the 

hydrophobia pockets in the two domains of calmodulin (Meador 

at al., 1992). The distance between the residues varies 

from 8 to 14 residues for various calmodulin binding 

peptides (Fig. 6). The flexibility of the central linker 

allows CaM to adapt to different distances between key 

hydrophobias. The C20W peptide lacks the second hydrophobia 

anchor residue (Fig. 6), and the complexed structure shows 

flexibility between the two CaM domains which is typical of 

CaM in solution (Kataoka at al., 1991; Trewhella at al., 

1994). Further, in the CaM-C20W complex only methionine 

residues in the carboxyl-terminal domain of CaM showed a 

large chemical shift upon binding to the peptide, and all 

methionine residues in the N-terminal domain remained 

similar to free CaM (Elshorst at al., 1999). 

The distance between the two key hydrophobia residues 

in the peptide appears to be important for CaM binding 

orientation. An examination of structures (Ikura at al., 

1992; Meador at al., 1992; Meador at al., 1993; Osawa at 

al., 1999) by Osawa at al (1999) identified two important 

features for peptide binding by calmodulin. As the two 
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domains of calmodulin engulf the peptide a channel is formed 

around the peptide. In the peptide complex there are two 

channel outlets which Osawa et al., (1999) termed channel 

outlet 1 (CO-1) and channel outlet two (CO-2). CO-1 is 

created by helices 2, 3, and 4 from the N-terminus and helix 

5 from the C-terminus, and CO-2 is created by helix 1 from 

the N-terminus and helices 6, 1, and 8 from the C-terminus. 

There is electrostatic polarity in the channel created by 

non-uniform distribution of acidic and basic residues at the 

two channel outlets. CO-2 is more negatively charged than 

CO-1, and the central linker region in calmodulin partially 

covers CO-1 resulting in CO-1 being smaller than CO-2 (Osawa 

et al., 1999). Steric and electrostatic effects contribute 

to the orientation that calmodulin binds to target peptides. 

For example, smMLCK and CaMKII contain a basic cluster at 

their amino-terminus suggesting that these portions of the 

peptides will interact with CO-2 (Fig.6). Based on these 

particular characteristics, CaM-dependent kinase I and IV, 

and calcineurin would be predicted to bind calmodulin 

similar to MLCK and CaMKII because they possess a basic 

cluster located at the N-terminal portion of their CaM-

binding domains (Fig. 6). In contrast, CaMKK contains a 

bulky hairpin loop and basic cluster at its carboxyl-

terminus (Fig. 6) which would interact with CO-2. 
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Drosophila unconventional myosin, and rat guanine 

nucleotide-releasing protein also possess a basic cluster at 

the C-terminal portion of their CaM-binding domain and would 

be predicted to bind in the same orientation as CaMKK (Fig. 

6)(Osawa et al., 1999). 

As an additional complexity in calmodulin signaling, it 

has been observed that some proteins interact with apo-CaM 

and not Ca^'^-CaM (Apel & Storm, 1992; reviewed in Jurado et 

al., 1999). Table II lists some of the proteins that 

calmodulin can bind to and activate in a Ca^'^-independent 

manner. The binding of CaM to proteins in the presence of 

Ca^"^ chelators (e.g., EGTA or EDTA) is referred to as apo-

CaM binding (Rhoads, A.R., and Friedberg, F. 1997). Apo-CaM 

binding sites fall into two classes: 1. IQ binding motifs 

found in myosins, neuromodulin, neurogranin, and other 

proteins; and 2. Concerted binding exemplified by CaM 

binding to the catalytic (y) subunit of glycogen 

phosphorylase b kinase (reviewed in Jurado et al., 1999). 

The sequence IQXXXRGXXXR defines a calmodulin-binding IQ 

motif, however the motif is rather loosely adhered to in 

many cases. The IQ motif is repeated one to six times in 

muscle and non-muscle myosins (Cheney and Mooseker, 1992). 

In many cases, the IQ motifs are located adjacent to or 

overlapping phosphorylation sites in proteins phosphorylated 
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Table II. Apo-calmodulin-binding proteins and their 
cellular functions. 

Target Putative Function Ref. 

Brush-border Actin-activated ATPase a 

myosin I 

Myr4 ATP-dependent binding to F- b 

actin 

Neuroinodulin Reversible CaM storage, and C,d 

regulation of 
phosphotidylinositol 
metabolism 

Neurogranin Neonatal synaptogenesis e 

Inositol 1,4,5- Inositol 1,4,5-triphosphate f 

triphosphate binding 

receptor 

SR Ca^^ channel Release of Ca^"^ from the SR g 

protein 

a. Cheney & Mooseker, 1992; b. Bahler at al., 1994; c. 
Alexander at al., 1987; d. Van Hooff at al., 1988; e. 
Baudier at al., 1991; f. Patel at al., 1997; g. Yang at 
al., 1994. 
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by protein kinase C (PKC), and dephosphorylated by 

calcineurin. (Apel at al., 1990). Apo-CaM interactions 

allow for the activation of target proteins by calmodulin in 

the absence of calcium. The structural determinants for 

apo-CaM binding to targets are unknown, however Houdusse and 

Cohen (1995) have presented a model for apo-CaM binding to 

targets through IQ domain interaction. The model shows a 

more open CaM structure compared to Ca^'^-CaM-peptide 

complex, with interaction between CaM and target protein 

spread over a longer length of the target. Their model 

suggests that apo-CaM binds to the IQ motif, but also 

additional sites both amino and carboxyl terminal to it. In 

addition, others have shown that ionic interactions are 

important and that the calmodulin structure does not change 

much upon binding IQ domains (Urbauer at al.,1995). 

Protein methyltransferases 

Another feature of calmodulin from a wide variety of 

species from higher plants to vertebrate organisms is the 

specific trimethylation of lysine 115 (Fig.2). This 

modification is catalyzed by a specific N-lysine 

methyltransferase (reviewed in Siegel at al., 1990). The 

general features of protein methyltransferases are reviewed 

below as well as specific features of the calmodulin 

methyltransferase. 
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A large group of post-translational modification 

reactions involve the addition of a methyl group to a 

polypeptide chain. These kinds of reactions can occur during 

or immediately after protein synthesis, or at later points 

in the lifetime of a protein molecule (Paik and Kim, 1990). 

Enzymes that catalyze these reactions are termed protein 

methyltransferases. They utilize S-adenosylmethionine as 

the methyl donor and can modify a variety of nucleophilic 

oxygen, nitrogen, and sulfur atoms on the polypeptide chain 

(Paik and Kim, 1990; Clarke 1993). The most well defined 

are the roles of protein methylation in carnitine 

biosynthesis where trimethyllysine serves as a precursor for 

carnitine (La Badie at al., 1976); in bacterial chemotaxis 

desensitization (Kleene at al., 1997; Van Der Werf and 

Koshland, 1977), in protein repair (Clarke, 1985), and in 

protein transport (Park at al., 1987). 

Protein methyltransferases can be classified in 

two major groups. The first group modifies carboxyl groups 

to form methyl esters (carboxyl methylation). These 

reactions are generally reversible and can function to 

regulate the activities of the target protein. For example, 

carboxyl methyltransferases have been shown to modify 

glutamate residues on several membrane-bound bacterial 

chemoreceptors to regulate their signal output (Springer at 
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al., 1979) and to modify aspartate residues in enzymes 

involved in the metabolism of protein damaged in the 

biological aging process (Najbauer et al., 1996). Carboxyl 

methyltransferase reactions can be seen as analogous to 

those reactions catalyzed by protein kinases/phosphatases 

(Clarke, 1993; Aletta et al., 1998). 

The second group of protein methyltransferases (N-

methyltransferases) result in the irreversible methyl 

transfer to the side-chain nitrogens of the amino acids 

lysine, arginine, and histidine (Paik and Kim, 1990). In 

addition, this group is also responsible for the methylation 

of sulfur atoms in the pathway converting homocysteine to 

methionine (Selhub 1999). Unlike carboxyl-

methyltransferases, N-methyltransferases have extremely high 

specificity for particular amino acid residues on specific 

proteins (Paik and Kim, 1980; 1985; 1990). Also, in 

contrast to carboxyl-methylation, N-methylation is an 

irreversible post-translational modification (Clarke, 1985; 

Paik and Kim, 1985; Najbauer and Aswad, 1990). 

Both mono- and di-methylated arginine residues have 

been found in myelin, myosin, nuclear proteins, and 

ribosomal proteins (Paik and Kim, 1980; 1990). Several of 

these proteins bind nucleic acids, and it has been suggested 

that arginine methylation may disrupt specific hydrogen-
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bonds required for the interaction between the protein and 

nucleic acids (Najbauer at al., 1993). The methylation of 

histidine residues has been observed in actin, myosin, 

histones, and rhodopsin (Paik and Kim, 1980; 1990). 

However, the function of methylhistidine in these proteins 

still remains unclear. 

A number of proteins contain internal mono-, di-, and 

trimethylysine residues. Lysine-N-methyltransferases from 

various sources have narrow substrate specifity for histones 

(Paik and Kim, 1990), rubisco (Klein and Houtz 1995; Ying et 

al., 1999), cytochrome C (Durban et al., 1978), and 

calmodulin (Sitaramayya et al., 1980; Rowe et al., 1986; 

Morino et al., 1987). The physiological roles for most of 

these methylation reactions have not been well established, 

however, it is speculated that the quaternary nitrogen of 

trimethyllysines may function by providing a fixed positive 

charge (Paik and Kim, 1980; 1990). The potential role of 

calmodulin methylation is discussed further below. 

Most sequence information available for 

methyltransferases comes primarily from carboxyl-

methyltransferases (Clarke 1985; 1993). There is only one 

lysine N-methyltransferase sequence from the rubisco 

methyltransferase (Klein and Houtz 1995; Ying et al., 1996), 

and only one arginine N-methyltransferase sequence 
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(Niewmierzycka and Clarke, 1999) that have been determined. 

Currently no sequences are available for histidine 

methyltransferases. Alignment of the known sequences shows 

only three motifs (I, II, and III) conserved in diverse 

protein methyl-transferases. These motifs are thought to 

form the S-adenosylmethionine (AdoMet) binding pocket. With 

the exception of this conserved AdoMet binding pocket, 

diverse protein methyltransferases are not predicted to have 

a similar structure (Kagan and Clarke, 1994). In addition, 

only motif I is conserved in some DNA methyltransferases, 

and they are not predicted to be similar in structure to the 

protein methyltransferases. 

The structures of only seven methyltransferases are 

presently available. Six of the seven structures are DNA or 

RNA methyltransferases, and only one crystal structure is 

available for a protein methyltransferase. The structure 

for glycine N-methyltransferase (GNMT) has been determined 

(Pattanayek et al., 1998). GNMT is abundant in liver and is 

a tetrameric enzyme that catalyzes the transfer of a methyl 

group from S-adenosylmethionine to glycine to produce S-

adenosylhomocysteine and sarcosine (Pattanayek et al., 

1998). Sarcosine has no known physiological role and it has 

been suggested that the function of GNMT is not to 

synthesize sarcosine, but rather to control the ratio of S-
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adenosylmethionine to S-adensylhomocysteine (Ogawa and 

Fujioka, 1982). The tetramer resembles a square with a 

central channel where the amino-terminal domains are 

intertwined (Pattanayek et al., 1998). 

Calmodulln methylation 

Calmodulin has been shown to be a substrate for both 

carboxyl- and N-methylation reactions (Gagnon et al., 1981; 

Sitaramayya et al., 1980). Carboxyl methylation of 

calmodulin was first observed by incubating bovine brain 

calmodulin with partially purified protein 

carboxylmethyltransferase and S-adenosyl-L-methionine 

(Gagnon et al., 1981). The carboxylmethylation reaction in 

calmodulin is reversible, and the levels of methylation are 

substoichiometric and unstable at pH values greater than 6 

(Clarke 1985). It is unclear what residues in calmodulin 

are carboxyl-methylated in vivo, however, Aswad and Johnson 

(1987) and Clarke (1985) suggested that calmodulin is only 

methylated following deamidation of asparagine, and that the 

resulting isoaspartate residues are the site of methylation 

with little regard to the surrounding sequence. The 

carboxyl methylation reaction of calmodulin is principally 

an in vitro reaction, and is a function of the purification 

protocol used (which resulted in deamination). It is not 

clear whether calmodulin is carboxyl-methylated in vivo, but 
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it could have a role in repair or degradation pathways of 

deamination-damaged proteins (Aswad and Johnson, 1987). 

It is more certain that N-methylation of calmodulin is 

a bona fide in vivo post-translational modification. It was 

first discovered by amino acid composition analyses of 

isolated rat testis calmodulin which revealed one mole of 

trimethyllysine per mole of calmodulin (Jackson at al., 

1977), and subsequent amino acid analysis of bovine brain 

calmodulin identified the position of trimethyllysine as 

residue 115 (Watterson et al., 1980). An analysis of 

multiple vertebrate tissues (Rowe et al., 1986) shows that 

calmodulin from most vertebrate tissues is 

stoichiometrically methylated. Other amino acid sequence 

analyses showed that many, if not most calmodulins, ranging 

from higher plants to protists and vertebrate organisms, are 

trimethylated at lysine 115 (reviewed in Roberts et al., 

1986b; Siegel et al., 1990). However, it is also clear that 

some organisms, such as Chlamydomonas (Schleicher et al., 

1984), Dictyostelium (Marshak et al., 1984) and certain 

invertebrate organisms (Molla et al., 1981; Hergenhahn et 

al., 1984; Morishima and Bodnaryk, 1985) do not trimethylate 

this position in calmodulin. Interestingly, Paramecium 

methylates two lysines in its calmodulin, with an additional 

dimethyllysine residue found at residue 13 in the first EF 
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hand (Schaefer et al., 1987). Euglena gracilis calmodulin 

has been reported to have two moles of trimethyllysine per 

mole of calmodulin (Toda et al., 1992). 

Calmodulin-N-methyltransferase activity was first shown 

by incubating rat brain cytosol with [methyl-^H]-S-adenosyl-

L-methionine, and visualizing the methylated peptides by 

fluorography (Sitaramayya et al., 1980). The 

methyltransferase has been purified from several sources 

including brain and testis and shows a high specificity for 

calmodulin (Rowe et al., 1986; Morino et al., 1987; Han et 

al., 1993; Pech and Nelson, 1994; and Wright et al., 1996; 

reviewed in Siegel et al., 1990). Only calmodulins with an 

unmethylated lysine at residue 115 are substrates for the N-

methyltransferase. When testing calmodulin N-

methyltransferase, undetectable level of activity were 

observed when either myosin light chains, S-100 protein, 

histones, or cytochrome c were used as substrates, all of 

which are known to be methylated by other N-

methyltransferases (Morino et al., 1987; Siegel et al., 

1990). This suggests that a highly specific calmodulin 

methyltransferase co-evolved with calmodulin with the 

dedicated function of trimethylating lysine 115. Lysine-115 

is a solvent-exposed residue (Babu et al., 1988; 

Chattopadhyaya et al., 1992; Zhang et al., 1995) that is 
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found on a highly conserved six amino acid loop-turn region 

(LGEKLT) located between the helix 6 of the EF hand III and 

the helix 7 of the EF hand IV (Figs. 2 and 3). 

Although post-translational N-methylation of lysine 115 

occurs on calmodulin from several species, its biological 

significance remains undetermined. Previous work showed 

that trimethylation affects certain in vitro activities of 

calmodulin, such as the ability to activate plant NAD kinase 

(Roberts at al., 1986b; Roberts et al., 1992). Calmodulin 

that is not methylated at lysine 115 shows a four fold 

higher activation of NAD kinase compared to calmodulins that 

possess trimethyllysine-115 (Roberts et al., 1984; Marshak 

et al., 1984; Roberts et al., 1985). The trimethylation of 

recombinant wild-type (VU-1) CaM reduces its level of NAD 

kinase activation (Roberts et al, 1986b) while other 

calmodulin activities are unaffected (Roberts et ai., 1984; 

Marshak et al., 1984; Roberts et al., 1985; Putkey et al, 

1986). This suggests that trimethylation may be a mechanism 

for selectively attenuating NAD kinase activation. Further, 

a mutant calmodulin containing arginine instead of lysine at 

position 115 (VU-3) is not methylated in vitro. This mutant 

calmodulin still retains the ability to fully activate NAD 

kinase similar to unmethylated VU-1 calmodulin, indicating 

that the reduction in the level of NAD kinase activation is 
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the direct result of trimethylation of lysine 115 of 

calmodulin (Roberts et al., 1986b). 

This feature of VU-3 CaM (i.e. high NAD kinase 

activation, and the inability to be methylated) was used to 

probe for the biological significance of methylation by the 

use of transgenic plant technology. Transgenic tobacco 

plants expressing VU-3 calmodulin were produced and showed 

decreased stem internode growth, reduced seed production, 

and reduced seed and pollen viability (Roberts et al., 

1992). These abnormal phenotypes suggest that the presence 

of an unmethylated calmodulin affects plant growth and 

development. Further, transgenic tobacco lines expressing 

VU-3 calmodulin exhibit an enhanced elicitor-stimulated 

oxidative-burst and a 3-fold increase in the rate of cell 

death (Harding et al., 1997; Harding and Roberts, 1998). The 

expression of VU—3 in vivo likely causes these effects by 

hyperactivating the endogenous NAD kinase (Harding et al., 

1997). One interpretation of these results is that 

methylation serves to attenuate the ability of calmodulin to 

activate NAD kinase, and that the loss of the ability to 

perform this function results in enhanced NADPH production. 

This in turn causes an exaggerated oxidative burst plant 

defense response, presumably through NADPH oxidase (Harding 

et al., 1997). It has been noted that calmodulin 
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methylation levels are subject to developmental control (Oh 

and Roberts, 1990; Oh et al., 1992) and this could be an 

additional level of control of calmodulin signaling. 

In addition to a potential role in enzyme modulation, 

methylation of lysine 115 may play a role in protein 

stability. A phenylalanine substitution at position 115 in 

Schizosaccharomyces pomhe calmodulin resulted in reduced 

stability of the protein and growth arrest (Takeda et al., 

1989). In addition, it has been proposed that unmethylated 

lysine 115 of calmodulin is a site for ubiquitination 

(Gregori et al., 1985; 1987), and that the methylation of 

lysine 115 is important for protecting calmodulin from the 

ubiquitin-dependent proteolytic pathway. However, 

Ziegenhagen et al. (1990) observed that even when calmodulin 

possessed a mono-ubiquitin conjugate there was 1 mole of 

trimethyllysine per mole of calmodulin. This suggests that 

the proposed ubiquitination does not necessarily occur at 

lysine 115, and it is not clear whether trimethylation 

affects calmodulin ubiquitination nor whether calmodulin 

ubiquitination occurs in vivo. 

As discussed above, the high specificity of the N-

methyltransferase for calmodulin suggests this is a 

dedicated enzyme that uses calmodulin solely as a substrate. 

The reason for this high specifity, and the structural 
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features of calitiodulin and the methyltransferase that confer 

specific recognition, are not yet defined. .Previous kinetic 

studies have shown the carboxyl terminal lobe (residues 78-

148) is identical to intact calmodulin as a substrate for 

the N-methyltransferase, suggesting that the determinants 

for binding reside solely in the COOH-terminal lobe (Han at 

al., 1993). 

Several observations suggest that a folded functional 

carboxyl terminal lobe is required for methylation. For 

example, mutations or oxidation of residues in the 

hydrophobic core of the carboxyl terminal lobe destroy or 

reduce the ability of calmodulin to be methylated (Lukas et 

al., 1987; Han et al., 1993; Han and Roberts, 1997). Thus, 

it is likely that the structural requirements for calmodulin 

methylation are more complex than the simple availability of 

a solvent exposed lysine residue. However, beyond these 

preliminary studies, the specific features of the calmodulin 

carboxyl terminal lobe that lead to methyltransferase 

recognition and specificity remain unresolved. The goal of 

the present study is to further define which regions in the 

carboxyl terminal lobe of calmodulin are important for 

interaction with calmodulin N-methyltransferase. 
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CHAPTER II 

MATERIALS AMD METHODS 

Materials 

^H-AdoMet was purchased from Du Pent-New England 

Nuclear. Phenyl-Sepharose CL-4B, and cyanogen bromide-

activated Sepharose 4B were purchased from Pharmacia Fine 

Chemicals. Phosphocellulose P-11 and diethylaminoethy1 

cellulose DE53 were obtained from Whatman Biochemical Co. 

Sephadex G-10 was purchased from Sigma. Chelex 100 resin 

and Bradford protein assay reagent were purchased from Bio-

Rad. BCA protein assay reagent and bovine serum albumin 

standard were purchased from Pierce Chemical Co. Synthetic 

oligonucleotides were purchased from Oligos Etc., Gibco/BRL, 

or Genosys Biotechnologies, Inc. The QuikChange™ Site-

Directed Mutagenesis Kit was purchased from Stratagene. 

Restriction enzymes were purchased from New England Biolabs. 

Fura-2 was purchased from Molecular Probes. Dialysis 

membranes were purchased from Spectrum Medical Industries 

Inc. Centricon-30 units were purchased from Amicon. For all 

solutions and buffers NANO pure (SYBRON/Barnstead) treated 

water was used. Rat testes were purchased from Pel-Freeze. 

Sheep brains were obtained from the Food Technology 

Department of the University of Tennessee. Other reagents 
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were purchased from standard commercial sources and were of 

reagent grade or better. 

Preparation of calmodulins 

All calmodulins derived from the recombinant synthetic 

gene were expressed in E. coli and purified by a 

modification of the procedure of Roberts et al. (1985). 

JMlOl cells were grown at 37°C in NZCYM media (IL) to an A550 

of between 0.8 and 1.0. IPTG was added to a final 

concentration of 1 mM and cells were grown with shaking at 

37°C overnight. Cells were lysed by lysozyme treatment as 

previously described (Roberts et al., 1985; 1987) and 

calmodulin was purified by calcium-dependent hydrophobic 

chromatography on Phenyl-Sepharose (1.5 cm X 4 cm column) 

(Gopalakrishna and Anderson, 1982). Fractions containing 

calmodulin were pooled, were dialyzed overnight at 4°C 

against 4 liters of 20 mM ammonium bicarbonate, and then 

were dialyzed extensively against deionized water. The 

sample was lyophilized and resuspended in 50 ttiM MOPS-NaOH 

buffer pH 7.5, and stored at -80°C. 

Generation of calmodulin mutants 

Domain mutants - CaM^^ was generated by cassette 

mutagenesis of the K115R (VU-3) mutant calmodulin gene 

(Roberts et al., 1986b). The VU-3 gene was digested with 
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MscI and Pstl to remove a 27 bp region including the coding 

region for residues 41-43. The synthetic oligonucleotide 

cassette shown below was ligated into the Mscl/Pstl-

digested plasmid. 

5'CGMMĜ actGAAgotGAA CTG OA 3' 
3'G CTTTTC GAATGA CTT CGA CTTG 5' 

The product introduces a Hindlll site, and the modified 

codons that encode EKL 41-43 are underlined. 

To generate and cassettes containing EF 

hand I or II were generated from the CaM®^^ construct by a 

PGR approach. The region of the CaM®^^ sequence (nucleotides 

47 to 234) which contains the coding regions for EF hands I 

and II was amplified (25 cycles at 94° for 1 min, 42° for 2 

min, and 72° for 3 min) using Taq polymerase. 

EF hands I II III IV 

forward primer-^-
Stul HindUl HindlU 

Catf^ I I I 1 I 
1 47 234 455 

reverse primer 
1 -^ 187bp >\ 
1 ^—80bp ^ I ^ 107bp—> I 

The forward primer (AA GAG GCC TOO TCT TCG TTT GAG AAA G) 

creates a new Stul site at the 5' end of the fragment, and 

the reverse primer (GA GTT GGA GTA GGG GGG GTT GAT GTT GGA 

AGG GGG GAA) creates a new Hindlll and introduces a stop 
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codon after residue 75 of EF hand II. This amplified region 

(187 bp) also contains an additional Hindlll restriction 

site within the loop-turn region between EF hands I and II. 

The PGR fragment was digested with StuI and Hindlll to 

generate a 80 bp fragment containing the coding region for 

EF hand I, and a 107 bp fragment containing the coding 

region for EF hand domain II. Each fragment was isolated 

by electrophoresis on 6.5% (w/v) polyacrylamide gels in 

Tris-Borate-EDTA (Sambrook at al., 1989). To generate 

CaM^^", the 80 bp fragment was cloned into the Hindlll/StuI 

sites of the VU-1 calmodulin gene (Roberts at al., 1985). To 

generate the 107 bp fragment was ligated into the 

Hindlll site of the VU-1 gene. In both calmodulins, the 

methylation loop-turn sequence (residues 112-117) is 

regenerated and the only difference from wild type is the 

presence of the new EF hand sequences. Domain exchange 

mutants were identified by restriction mapping: a loss of an 

Mscl site for CaM®^, and the introduction of a new Kpnl site 

for and the introduction of a new PstI site for 

Subdomain mutants- CaM^" was generated by cassette 

mutagenesis. The VU-1 gene was digested with StuI and Eagl 

to remove a 40 bp region including the coding region for 
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residues 90-101. The synthetic oligonucleotide cassette 

shown below was ligated into the Stul/Eagl- digested 

plasmid. 

5'CC TIC TCTCTG TTT GAG AAA GAG GGTGAG GGT AGG ATG AG 3' 
3'GG AAG AGA GAG AAA GTG TTT GTG GGA GTG GGA TGG TAG TGG GGG 5' 

The product contains a replacement of most of the amino 

acid sequence in calcium binding loop 3 (EF hand III) with 

the amino acid sequence in calcium binding loop 1 (EF hand 

I)(Fig.7). The third calcium-binding loop in EF hand III 

includes residues 93-104, and the resulting mutant includes 

the substitution of three amino acids within the C-terminal 

end of helix 5 (90-92/RVF) with sequence from helix 1 (17-

19/SLF)(Fig.7). Further, three amino acids (102-104/AAE) at 

the end of calcium binding loop 3 are not replaced with 

sequence from calcium binding loop 1 (29-31/TKE)(Fig.7). 

CaM^® was also generated by cassette mutagenesis by digestion 

of the VU-1 gene with EagrI and Hindi11 to remove a 41 bp 

region including the coding region for helix 6 (residues 

c 

105-111). The synthetic oligonucleotide cassette shown 

below, which includes the coding sequence for helix 2 was 

ligated into the Eagl/Hindlll - digested VU-1 gene. 

5'G GCCGOTGAA CTCGGCAGO GTT ATG GGG AGG GTTGGTGAA A 3' 
3' GGA GTT GAG GGG TGG GAATAG GGG TGG GAA GGA GTT TTG GA5 
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The product contains a replacement of helix 6(EF hand III) 

with helix 2 (EF hand I)(Fig.7). 

For the generation of CaM"', an Aatll site at 2617 in 

the vector sequence was removed in pVUCH-1 by using the 

QuikChange™ Site-Directed Mutagenesis Kit with the following 

primers: 

5'GTG CCA CCTGACGACTAA GAA ACCATTATT 3' 

3'CACGGTGGACTG CTG ATT CTTTGG TAATAA 5' 

The resulting plasmid was digested with Hindlll and Aatll to 

remove a 46 bp region including the coding region for helix 

7 (residues 118-128). The synthetic oligonucleotide 

cassette shown below includes the coding sequence for helix 

3, and was ligated into the Hindlll/Aatll - digested 

plasmid, generating CaM"'. 

5* AG CTT ACTGAA GCTGAACTG CAG GAC ATG ATT AAC GAA GTCGACGT 3' 
3' ATGA CTTCGACTTGAC GTCCTG TACTAA TTG CTT CAG C 5' 

The product contains a replacement of helix 7(EF hand IV) 

with helix 3 (EF hand II)(Fig.7). 

For the generation of CaM^^^ the pVUCH-1 plasmid (-Aatll 

site as described above) was digested with Aatll and Hpal to 

remove a 23 bp fragment including the coding region for 

residues 131-136. The synthetic oligonucleotide cassette 
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shown below was ligated into the Aatll/Hpal- digested 

plasmid, generating CaM^". 

5" CGACGGTAACGGC ACCATC 3' 

3'TG CAG CTG CCATTG CCG TGG TAG 5' 

The protein product encoded by the mutant has a substitution 

of residues 131 to 136 in calcium binding loop four with the 

sequence found between residues 58 to 63 in calcium binding 

loop 2 (Fig.7). Calcium-binding loop 4 includes residues 

129-140, and calcium-binding loop 2 includes residues 56-67, 

therefore the resulting mutant does not replace residues 

129(D) or 130(A) at the beginning of calcium binding loop 4 

with 56(D) or 57(V) from calcium binding loop 2 (Fig.7). In 

addition, the four amino acids (137-140/NYEE) at the end of 

calcium-binding loop 4 are not replaced with sequence from 

calcium-binding loop 2 (64-67/DFPE). 

For the generation of CaM"®, the BamHI site in the pTAC 

promoter of pVUCH-1 (Lukas et al., 1987) was changed to 

BglJJ by PGR. A segment (715 bp) of pVUCH-1 containing the 

pTAC promoter region and the CaM gene was amplified using 

the following primers: 

5'GGCGGATOG TAG TTAGGG ATG ATA AGG 3' 

5'GGAAGATGTGGG GTG AGG GAG GGATGG G 5' 
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The amplified fragment has a Bglll site introduced at start 

of the pTaC promoter and the BamHI site remaining at the end 

of the CaM gene. Bglll and BamHI have complementary ends, 

and the fragment was ligated into BaMHI cut pVUCH-1. The 

resulting plasmid was digested with Hpal and BamHI to remove 

a 43 bp region including the coding region for helix 8 

(residues 141-148). The synthetic oligonucleotide cassette 

shown below includes the coding sequence for helix 4, and 

was ligated into the Hpal/BamHI - digested plasmid. 

5' GATTTT CCG GAATTT CTG AACCTG ATG GCG CGCAAG TAG 3' 
3'CTA AAA GGCCTT AAA GAGTTG GAGTAG GGG GGG TTG ATG GTA G 5' 

The protein product of the mutant gene has the substitution 

of residues 137-148 with residues 64-75 from EF hand II. 

Thus, all of helix 8 is replaced with helix 4 as well as 

four residues (137-140/NyEE) within calcium-binding loop 

four being replaced with sequence from calcium-binding loop 

2 (64-67/DFPE). 

Alanine/threonine scanning mutants - Calmodulin mutants 

R106A, H107A, TllOA, TllOR, L112T, G113S, E114A, L116T, 

T117A, E119A, D122A, E123A, R126A, E127A, E139A, and double 

mutant R106A/H107A (Fig.8) were generated by QuikChange™ 

Site-Directed Mutagenesis Kit (Stratagene). Calmodulin 
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mutant R106A/E139A was generated by a EcoRl/Hindlll digest 

of pVUCH-l/R106A. The 355bp fragment including the residue 

106 was ligated into EcoRl/Hindlll cut pVUCH-l/E139A. 

All domain, subdomain and scanning mutants were confirmed by 

automated DNA sequencing on a Perkin Elmer Applied 

Biosystems 373 DNA sequencer at the University of Tennessee 

Molecular Biology Research Facility. Sequencing reactions 

were done with a Prism Dye Terminator Cycle sequencing kit 

(Perkin Elmer Applied Biosystems). 

Purification of calmodulin N-methyltransferase from sheep 

brain and rat testes. 

Calmodulin N-methyltransferase from sheep brain was 

purified through the calmodulin-Sepharose step by using a 

modification of previously described procedures (Rowe et 

al., 1986; Han et aJ., 1993). Five sheep brains (456 g) 

were homogenized with 3.5 volumes of cold 25 itiM Hepes-NaOH, 

pH 7.4, 4 mM p-mercaptoethanol, 0.25 M sucrose, 5 roM EGTA, 

0.1 mM PMSF. The homogenate was centrifuged at 11,000 X g 

at 4°C for 30 min. The supernatant fraction was removed and 

placed on ice while the pellets were reextracted in 1 volume 

of homogenization buffer and centrifuged as described above. 

The supernatant fractions were combined and brought to 35% 
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saturation with solid ammonium sulfate added slowly with 

stirring at 4°C. The mixture was stirred for 45 min, and was 

centrifuged at 15,000 X g for 30 min at 4°C. The supernatant 

fraction was saved and brought to 70% saturation with solid 

ammonium sulfate, stirred for 45 min, and was centrifuged at 

15,000 X g for 30 min. The pellet from the 35 to 70% 

saturation precipitation step was resuspended in 25 itiM 

Hepes-NaOH, pH 6.8, 0.1 mM EGTA, 4 mM P-mercaptoethanol, 0.1 

mM PMSF, and was dialyzed against 8 liters of the same 

buffer overnight at 4°C. The dialyzed sample was centrifuged 

at 15,000 X g for 30 min at 4°C. The supernatant fraction was 

applied to a phosphocellulose column (6 X 10 cm) which was 

equilibrated in 25 mM Hepes-NaOH, pH 6.8, 4 mM P-

mercaptoethanol, 0.01% [w/v] triton x-100, 0.1 mM PMSF 

(phosphocellulose column buffer). The resin was washed with 

phosphocellulose column buffer until the Aaso of the effluent 

was zero. The enzyme was eluted with phosphocellulose 

column buffer containing 0.5 M NaCl. CaCl2 was added to a 

final concentration of 1 mM, and the eluted sample was 

applied to a calmodulin-Sepharose column (1.5 X 3 cm) 

equilibrated with 20 mM Tris-HCl, pH 7.4, 0.1 M NaCl, 0.1 mM 

CaCl2, 0.05% (w/v) CHAPS, 4 mM P-mercaptoethanol, 0.1 mM 
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PMSF. The column was washed with 100 ml of the same buffer, 

followed by 200 ml of 20 mM Tris-HCl, pH 7.4, 0.6 M NaCl, 

0.1 mM CaCl2, 0.05% (w/v) CHAPS, 2 mM DTT, and 0.1 mM PMSF. 

The sample was eluted with 20 mM Tris-HCl, pH 7.4, 1 M NaCl, 

1 mM EGTA, 0.05% (w/v) CHAPS, 2 mM DTT. The fractions with 

calmodulin methyltransferase activity were pooled and 

concentrated by ultrafiltration on a Centricon-30 unit 

(Amicon). 

Calmodulin N-methyltransferase from rat testes was 

purified by a modified procedure of Rowe et al., (1986) and 

Han et al., (1993). Rat testes (40 g) were homogenized with 

3 volumes of cold 10 mM Hepes-NaOH, pH 7.4, 4 mM p-

mercaptoethanol, 0.25 M sucrose, 5 mM EGTA, 0.1 mM PMSF. 

The homogenate was centrifuged at 8,500 X g for 30 min. The 

supernatant fraction was removed and placed on ice while the 

pellets were re-extracted in 2 volumes of homogenization 

buffer and centrifuged as described, above. The supernatant 

fractions were combined and subjected to differential 

ammonium sulfate fraction as described above. After 

dialysis, the ammonium sulfate fraction (35-70%) was 

centrifuged at 100,000 X g for 30 min at 4°C. Triton X-100 

was added to a final concentration of 0.01% (w/v) and the 
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sample was applied to a Sephadex G-10 (6X5 cm) column 

equilibrated in 10 mM Hepes-NaOH, pH 7.4, 4 mM P-

mercaptoethanol, 0.01% (w/v) triton X-100, and 0.1 mM PMSF. 

The absorbance of the effluent was continuously monitored at 

280 nm. The fractions containing protein were combined and 

the resulting sample was applied to a 2.5 X 16 cm column of 

DEAE-cellulose (Whatman DE-53) equlibrated in the same 

buffer. The absorbance of the effluent was continuously 

monitored at 280 nm, and the non-binding protein fraction, 

which contains the calmodulin-N-methyltransferase was 

collected (120ml). Calcium was added to 2 mM and 

calmodulin-Sepharose was performed as described above. 

The fractions with calmodulin methyltransferase activity 

were pooled and concentrated by ultrafiltration on a 

Centricon-30 unit (Amicon). 

Purification of calmodulin-dependent enzymes 

Plant NAD kinase was purified through the 

polyethyleneglycol (PEG) step by using the procedure of 

Roberts et al. (1985). After PEG precipitation, the pellet 

was resuspended in (1/50 of homogenate volume) 50 mM Tris-

HCl, pH 7.0, 100 mM KCl, 3 mM MgClj, 0.2 mM CaCla, 20% (v/v) 

glycerol, 0.5 mM NAD, and 0.5 mg/ml leupeptin (DEAE wash 
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buffer), and was centrifuged for 15 min at 27,000 X g at 4°C. 

The supernatant was then applied to a DEAE-Sephadex A-50 

column (2.5 X 5 cm), and the column was washed with DEAE 

wash buffer until the absorbance at 280 nm was less than 

0.02. Calmodulin-dependent NAD kinase was eluted with 50 mM 

Tris-HCl, pH 7.0, 100 mM KCl, 3 mM MgCl2, 1 mM EGTA, 20% 

(v/v) glycerol, 0.5 mM NAD, and 0.5 mg/ml leupeptin. 

Calmodulin-dependent cyclic nucleotide 

phosphodiesterase (PDE) was prepared from sheep brain by a 

modification of the protocol of Sharma et al. (1981). Sheep 

brains (460g) were partially thawed at room temperature, and 

homogenized with 100 mM Tris-HCl, pH 7.5, 2 mM EDTA 

(homogenization buffer). The homogenate was squeezed 

through cheesecloth and the filtrate was centrifuged at 

10,000 X g for 20 min at 4°C. Pellets were re-extracted in 2 

volumes of homogenization buffer and the filtrate was 

centrifuged as described above. The supernatant fractions 

were combined, and p-mercaptoethanol and EGTA were added to a 

final concentration of 10 mM and 0.1 mM respectively. The 

sample was applied to a DEAE cellulose column (3 X 20 cm) 

which was equilibrated with 20 mM Tris-HCl, pH 7.0, 1 mM 

imidazole, 1 mM Mg acetate, 0.1 mM EGTA, 10 mM P-
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mercaptoethanol, and 0.05 M NaCl (DEAE column buffer). The 

column was washed with 200 ml of DEAE column buffer, and 

then was eluted with a linear (0.05 to 0.5 M) NaCl gradient. 

Fractions were assayed for calmodulin-stimulated cyclic 

nucleotide PDE activity. Fractions containing high 

activities of calmodulin-dependent cyclic nucleotide 

phosphodiesterase were pooled and were dialyzed overnight at 

4°C against 10 mM Tris-HCl, pH 7.5, 0.1 mM P-mercaptoethanol, 

0.1 mM CaCl2, and 0.1 mM MgCl2. The dialyzed sample was 

lyophilized, and stored at -80°C. The lyophilized powder was 

reconstituted in nanopure water prior to assay. 

Enzyme assays 

Calmodulin methyltransferase activity was assayed as 

described by Han et al. (1993). The standard assay mixture 

contained 0.1 M glycylglycine-NaOH (pH 8.0), 0.15 M KCl, 2 mM 

MgCl2, 5 mM dithiothreitol, 0.01% (w/v) triton X-100, 12 |jM 

[^H]-AdoMet (1.6 jiCi), 1 mM CaCl2, and various amounts of 

calmodulin. The reaction was initiated by the addition of 

enzyme and the incubation was typically run for 20 min at 

37°C. The reaction was terminated by heating at 90°C for 3 

minutes. The samples were centrifuged in an Marathon 16 KM 

Fischer brand microfuge for 6 min and the supernatant 
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fractions were combined with 200 fj.1 of a 1:1 phenyl-Sepharose 

slurry equilibrated in 50 mM Tris-HCl, pH 8.0, 0.3 M NaCl, 

0.1 raM CaCl2. The mixture was vortexed and centrifuged in 

Marathon 16 KM Fischer brand microfuge for 3 minutes. The 

supernatant fraction was decanted and the collected resin 

was washed twice with 800 |J,1 of the same buffer. Calmodulin 

was eluted with 0.1 M NH4HCO3, pH 8.0, 2 mM EDTA and tritium 

incorporation was measured by liquid scintillation counting 

in a Beckman LS 3801 scintillation counter. The 

determination of kinetic parameters for the 

methyltransferase were derived under pseudo-first order 

conditions using calmodulin as the varied substrate and 

maintaining AdoMet at a constant concentration of 12 |j,M as 

previously described (Han et al., 1993). Apparent Kn, and V^ax 

parameters were determined by fitting the data to the 

Michalis Menten equation using double reciprocal plots, kcat 

was determined by using 38,000 as the molecular weight of 

the methyltransferase as previously described (Han et al., 

1993). 

Pea NADK activity was assayed as described previously 

(Roberts et al., 1985). PDE assays were done as described 

previously (Sharma et al., 1981). The NADK and PDE 
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activation curves were generated by best fits to the data 

using the following equation for calmodulin activation: 

V [CaM]" 

Vmax Ko.5+[CaM]" 

where v is the initial enzyme rate, Kq.s is the concentration 

of calmodulin for half-maximal activation. Vmax is the 

enzymatic rate at maximal activation, [CaM] is the 

concentration of calmodulin, and n represents the Hill 

coefficient. 

Assays for the inhibition of NADK activation by CaM^^ 

were done under standard assay conditions in 1 mM CaCla with 

various amounts of CaM®^ at several fixed concentrations of 

VU-1 calmodulin. The data were analyzed by constructing a 

Dixon plot and the Ki was determined using the following 

equation: 

1 Ko.5 ■•-•EKL-' 1 \ Ko.5 ^ [CaM'='^] + 1 + -
V Vmax Ki [CaM] V, ^ [CaM]^ 

Where v is the initial enzyme rate, Kq.s is the concentration 

of VU-1 for half maximal activation. Vmax is the enzyme rate 

at maximal activation, [CaM] is the concentration of VU-1 
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calmodulin, [CaM®^] is the concentration of CaM®'^, and Ki is 

the inhibition constant. 

Assays for the calcium dependence of NADK activation 

were done in 50 mM Hepes-NaOH (pH 7.5), 3 mM MgCl2, 3 mM 

EGTA, 3 mM ATP, 2 mM NAD, 0.1 mM calmodulin, and various 

CaCla concentrations that yielded a free calcium 

concentration ranging from 10'® to 10"® M calculated by using 

the Comic program as described previously (Han and Roberts 

1997). Calculated free calcium concentrations in the 

reactions were verified by quantitation with fura-2 

(Molecular Probes) as described in Grynkiewicz et al. 

(1985). All buffers and reagents were decalcified by 

chelex-100 (BioRad) resin treatment as described in Crouch 

et al. (1980). 

X-ray scattering 

Small angle X-ray scattering experiments were done in 

collaboration with Dr. Jill Trewhella at the Los Alamos 

National Laboratory by using the general approaches as 

previously described (Heidorn et al., 1988; Krueger et al., 

1997; Krueger et al., 1998). VU-1 and CaM^^ were prepared 

as described above. Calmodulin samples were concentrated in 

a centricon-10 to 10 mM and were dialyzed against 50 mM 

HEPES-NaOH pH 7.5. The CaM samples and buffer from dialysis 
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were sent to the facility at Los Alamos. X-ray scattering 

data were collected on VU-1 and CaM®^^ with Ca^'^-CaM alone and 

Ca^'^-CaM in complex with the MLCK (M13) peptide (Krueger at 

al., 1998). The Los Alamos facility uses a line source from 

a sealed X-ray tube that is driven by an Enraf Nonius 

generator. Data were recorded on an IBM-PC installed with a 

Nucleus PCA-8000 multichannel analyzer board. The scattering 

data from the protein molecules was calculated by 

subtracting a normalized buffer spectrum measured in the 

same cell. The scattering of X-rays from a homogeneous 

solution of monodisperse particles such as proteins can be 

expressed as: 

I(Q) = I /[p(r)-ps]exp(-zQ«r)dr I ^ 

where Q=(4Tcsin 0)/A, is the amplitude of the scattering 

vector (20is the scattering angle and X is the wavelength of 

the X-rays or neutrons), p(r)and ps are the scattering 

density for the protein and the solvent respectively, and 

the integration is taken over the volume of the particle. 

The scattering data were analyzed to determine the radius of 

gyration (Rg) and the P(r) function as previously described 

(Heidorn and Trewhella, 1988; Olah and Trewhella, 1994). 
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other analytical methods 

Protein concentrations were determined by the BCA assay 

(Pierce Biochemicals) using bovine serum albumin as a 

standard. SDS-polyacrylamide gel electrophoresis was done by 

using the method ofLaemmli (1970). Proteins were stained • 

with Coomassie Brilliant Blue G-250. Protein concentrations 

were determined by the method of Bradford (1976) or by the 

bicinchoninic acid method of Smith et al. (1985) using 

bovine serum albumin as the standard. 
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CHAPTER III 

RESULTS 

Analyses of the calitiodulin methyltransferase were conducted 

on two separate enzymes, from sheep brain (Han et al., 

1993) and rat testes (Rowe et al., 1986). Initial studies 

were done with the sheep brain enzyme, but during the 

course of these studies enzyme from testes was used because 

of the lack of availability of suitable sheep brain tissues 

as well as difficulties with previous purification 

protocols. A new procedure was devised (Table III) to 

obtain a highly purified preparation of the testes enzyme. 

Compared to previous procedures (Han et al., 1993), the new 

protocol introduced a gel filtration step and an anion 

exchange chromatography step on DEAE cellulose, prior to 

affinity chromatography on calmodulin-Sepharose. This 

modified procedure yielded an enzyme of comparable purity 

with superior yield (47% vs 1%). Kinetic analyses of both 

enzyme preparations showed comparable results with the 

various calmodulin proteins examined in this study. 

Effect of mutations in the methylation loop on 
methyltransferase recognition. 

The six amino acid LGEKLT (residues 112-117) loop-turn 

region between EE hands III and IV contains the site of 
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Table III. Recovery table for the purification of rat testes 
calmodulin N-methyltransferase. 

Total" Total % Specific Fold 
Protein Activity Recovery Activity Purification 

Step 

Crude 3.88 0.75560 100 
Extract 

30-60% 1360 2.83 73 2.1 
(NH4)2S04 ppt. 

Sephadex 6-10 553 2.94 75 5.32 7.6 

DEAE cellulose 48 1.86 48 38.7 55.3 
DE-53 

Calmodulin 0.36 1.84 47 5110 7300 
Sepharose 

^ Units are; total protein, mg; total activity, nmole/min; 
and specific activity, pmole/min/mg. 
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methylation, lysine 115 (Fig. 9). This loop sequence is 

highly conserved in all calmodulins (Roberts et al., 

1986b). To test whether this conserved six amino acid motif 

is required for calmodulin methyltransferase recognition, a 

series of mutations were performed as shown in Figure 9B. 

The leucines at position 112 and 116 were replaced by 

threonines resulting in polar substitutions at these 

positions. The charged glutamate at position 114 and the 

threonine at position 117 were replaced with an alanine 

(Fig. 9B). To test the role of the conserved flexible 

glycine at position 113 this residue was replaced by a 

small polar serine (Fig. 9B). This substitution will 

likely disrupt the bend of the loop that is facilitated by 

the phi psi angles ((|)/i|/ = 93°/l0°) that can only be adopted 

by a flexible glycine residue (Ramachandran and 

Sasisekharan, 1968). 

The desired effect is to introduce subtle mutations 

that do not result in global changes in the calmodulin 

structure, but rather to probe for specific sites involved 

in methyltransferase recognition. To test whether 

calmodulin function was affected, the mutants were tested 

for their ability to activate two calmodulin dependent 
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enzymes, NAD kinase and cyclic nucleotide PDE. Dose 

dependent activation curves were generated for each 

calmodulin and from these two parameters were determined: 

the maximal level of activation and the Kq.s (concentration 

required for half-maximal activation). All methylation loop 

mutants fully activated cyclic nucleotide PDE with similar 

Ko.5 values, with the exception of L116T, which showed a 

two-fold lower K0.5 (Fig. 10, Table IV). Similarly L112T, 

G113S, and E114A showed essentially indistinguishable NAD 

kinase activation curves compared to from VU-1 calmodulin 

(Fig. 11, Table IV). L116T and T117A actually showed an 

enhanced activation of NADK, activating the enzyme to 130% 

(SE ±5.20) and 154% (SE +14.2) of the level obtained with 

VU-1 calmodulin (Fig. 11, Table IV). Similar to PDE, 

L116T showed a 3-fold lower K0.5 value for the activation of 

NAD kinase (Table IV). The data suggest that substitutions 

for these highly conserved residues in the methylation loop 

do not significantly alter their ability to activate 

calmodulin-dependent enzymes. 

The mutations in the methylation loop showed varied 

effects on lysine 115 methylation. Mutations in residues 

flanking the site of methylation (E114A and L116T) showed a 

drastic effect on methylation and neither could serve as 

69 



180 

160 

140 

r—^ 

^ •t-H C2 
*s 

C5\ 
O 

W o 

? ^ cx c 

120 

100 

80 

60 

40 

20 

B. 

[CaM] nM 
100 1000 

180 

160 

140 

c4j fe 

•S: c 
-H "S 
U S 

o 

W "o 
? S cx c 

120 

100 

80 

60 

40 

20 

10 

[CaM] nM 
100 1000 

Figure 10. Activation of PDE by mutant calmodulins L112T, 
6113S, E114A, L116T, and T117A. Activation of PDE by VU-1 

(•) compared with A. L112T (O), G113S (A), E114A (A),and B. 
L116T (■) and T117A (□) . All assays were done in 1 mM CaCl2. 
Error bars show the S.E. and the absence of error bars 
indicates the error is smaller than the symbols. 
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Table IV. Activation parameters of calmodulin-dependent 
enzymes by calmodulins with mutations in the methylation 
loop. 

CaM PDE % (CaM) b NADK % Ko, 
(CaM)

Ko.5 .5 

maximal maximal 

rate® rate 

VU-1 100 69 (±1) 100 2.6 (±.2) 

L112T 105 89 (±1) 94 2.0 (±-1) 

G113S 100 71 (±1) 99 2.6 (±•2) 

E114A 99 9775 (±11) 3.0 (±.1) 

L116T 96 38 (±7) 130 1.0 (+.2) 

T117A 105 63 (±1) 154 3.0 (±•2) 

® % maximal rate: maximal activation of enzymes (PDE or NAD 
kinase) by calmodulins standardized to VU-1 calmodulin 
(100%). 

^ Concentration of calmodulins (nM) giving half 
maximal activation. The S.E. value is shown in parentheses. 
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Figure 11. Activation of NAD kinase by mutant calmodulins 
L112T, 6113S, E114A, L116T, and T117A. Activation of NAD 

kinase by VU-1 (•) compared with A, L112T (O), G113S (A), 

E114A (A),and B. L116T (■) and T117A (□) . All assays were 
done in 1 mM CaCl2. Error bars show the S.E. and the absence 
of error bars indicates the error is smaller than the 
symbols. 
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a substrate for the methyltransferase either in the 

presence (Fig.12, Table V) or absence of calcium (Table 

VI). A similar result was observed with G113S which could 

not serve as a substrate for the methyltransferase under 

any condition (Figs. 13B & 14B, Tables V & VI). Overall, 

the data suggest that the highly conserved residues on 

either side of lysine 115, and the invariant glycine at 

position 113 are necessary for methyltransferase 

recognition and methylation. 

In contrast, L112T showed substrate activity that was 

influenced by the binding of calcium. In the presence of 

calcium, L112T was very similar to VU-1 with respect to 

methyltransferase kinetics (Fig. 14A, Table V). However, 

apo-L112T CaM shows a 4.5 fold reduction in catalytic 

efficiency (kcat/Km=l.74 X 10^) compared to VU-1 calmodulin 

(kcat/Km=8.18 X 10^) (Fig. 13A, Table VI). This difference 

suggests that the binding of calcium restores the ability 

of this mutant to be recognized by the methyltransferase. 

The threonine to alanine mutation at position 117 (T117A) 

showed little effect on methyltransferase activity either 

in the presence or absence of calcium compared to VU-1 

(Figs. 13C & 14C, Tables V & VI). 
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Figure 12. Methylation of E114A and L116T. Pseudo-first-

order,methyltransferase kinetics comparing VU-1 (•), 
E114A(0), and L116T (A) at a constant concentration of S-

adenosylmethionine(12 |aM). Calmodulin is the varied 
substrate as described in the materials and methods, and the 
assay was carried out under standard conditions in 1 mM 

CaCla. Means ± S.E. are shown. 
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X

Table V. Kinetic parameters^ of the methylation of loop 
mutant calmodulins in the presence of calcitxoa. 

Oo 
\—1 

X 

CaM Km*' (nM) VVmax ^ kcat ° kcat /Km 
(nmol/min/mg) (s"') (s"' M"^) 

VU-1 144 (±28.3) 32.6 (±1.7) .0205 14.2 

L112T 232 (±29.8) 34.4 (±1.6) .0217 9.35 X 10^ 

G113S 

E114A 

L116T 

T117A 148 (±35.2) 33.0 (±2.3) .0208 14.1 

Assays were performed under standard conditions in the 
presence of 1 mM calcium and 0.15 M KCl. 

^Data for the calculation of Km and Vmax were derived from 
double reciprocal plots of l/[CaM] vs 1/Vmax under a constant 
saturating concentration of [AdoMet]. 

° kcat was calculated using 38 000 as the molecular weight of 
the enzyme. 
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Table VI. Kinetic parameters^ of the methylation of loop 
mutant calmodulins in the presence of EDTA. 

Vmax ^cat 
(nmol/min/mg) 

CaM Km'' (nM) V 
>-cat /K„ 

(S"') (S"' 
/

M"^) 

VU-1 231 (±74.7) 30.0 (±3.2) .0189 8.18 X 10^ 

L112T 523 (±81.4) 14.4 (+1.6) .0091 1.74 X 10^ 

G113S 

E114A 

L116T 

T117A 314 (±59.1) 30.1 (+2.1) .0190 6.12 X 10^ 

^Assays were performed under standard conditions in the 
presence of 1 mM EDTA and 0.15 M KCl. 

^Data for the calculation of Km and Vmax were derived from 
double reciprocal plots of l/[CaM] vs 1/Vmax under a constant 
saturating concentration of [AdoMet]. 

kcat was calculated using 38,000 as the molecular weight of 
the enzyme 
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Figure 13. Me'thyla'blon of L112T, 6113S, and T117A In EDTA. 
Pseudo-first-order methyltransferase kinetics comparing VU-1 

(•), L112T (A), G113S(A) and T117A (■) at a constant 
saturating concentration of S-adenosylmethionine (12 |j,M) . 
Calmodulin is the varied substrate, and the assay was 
performed under standard conditions in 1 mM EDTA. Means ± 
S.E. are shown. 
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Figure 14. Me-thylation of L112T, 6113S, and T117A in CaCla. 
Pseudo-first-order methyltransferase kinetics comparing VU-1 

(•), L112T(A), G113S(A) and T117A (■) at a constant 
saturating concentration of S-adenosylmethionine (12 |a.M) . 
Calmodulin is the varied substrate, and the assay was 
carried out under standard conditions in 1 mM CaCl2. Means ± 
S.E. are shown. 
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Domain exchange mutations in calmodulin and their effect on 
methyltransferase recognition. 

The previous section showed that the conseirvation of 

certain residues in the six amino acid loop are important 

for methyltransferase recognition. Previous work has shown 

that the carboxyl terminal lobe alone is sufficient for 

methyltransferase recognition and methylation (Han et al., 

1993) and it remains unknown whether structural elements 

outside of the methylation loop unique to the carboxyl 

terminal lobe are essential for recognition. Calmodulin 

has internal symmetry between the amino terminal and 

carboxyl terminal lobes, including the presence of a six 

amino acid loop (LGQNPT) in the amino terminal lobe that is 

located at a position similar to the methylation loop in 

the carboxyl terminal lobe (Fig. 15). A comparison of the 

backbone structure of the two loop regions (residues 39-44 

and 112-117) shows that they are superimposable with a 

root-mean-square difference of 0.33 A (Fig. 16). Taking 

advantage of the symmetry and structural similarity between 

the two lobes, the methylation loop sequence was engineered 

into the loop region between EF hands I and II in the amino 

terminal lobe. 
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Figure 16. Comparison of the backbone structures of the 
loop~turn regions in the N— and. C—terminal lobes. The 
methylation-site loop (LGEKLT, residues 112-117 shown in 
black) of the C-terminal lobe and its symmetrical loop 
region (LGQNPT, residues 39-44 shown in gray) of the N-
terminal lobe are shown apart (A) and superimposed (B). 
The two structures superimposed with a root-means square 
difference of 0.33A. The images were generated using 
Silicon Graphics Indigo system and Insight II software. 
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VU-3 calmodulin (Roberts et al., 1986, Roberts et al., 

1992) was used as the starting point for the generation of 

the mutant CaM®'^. Since it has arginine instead of lysine 

at residue 115, it is not methylated by the calmodulin 

methyltransferase (Roberts et al., 1986, Oh & Roberts, 

1990). The sequence of the methylation loop (LGEKLT) of the 

carboxyl terminal was placed in the loop of the amino 

terminal lobe by substitution of coding region for QNP 

(residues 41-43) with EKL by cassette-based mutagenesis. 

The effects of this mutation on calmodulin function were 

tested. The EKL substitution showed a complex effect on 

calmodulin activator activity. Both VU-1 and CaM®^ 

activated PDE to the same extent, with CaM^^ showing only a 

slight shift in the concentration required for half-maximal 

activation (Kq.s (caM)) / (FiS- 17A, Table VII). This suggests 

that the three substitutions within this loop in the amino 

terminal lobe have little effect on PDE activator 

properties. In contrast, CaM®^ showed essentially no 

activation of NADK (Fig. 17B, Table VII). Further, CaM®^ 

was a poor methyltransferase substrate and showed no 

detectable methylation (Fig. 18). Thus, the substitution 

of the methylation loop sequence at an analogous position 

in the amino terminal lobe was not adequate to confer 
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Figure 17. Enzyme activation of CaM®^ Enzyme activation of 
VU-1 (•) or CaM®^^ (O) calmodulin. A. Activation of PDE; 
B. Activation of NAD kinase. All assays were done in 1 mM 
CaCl2. Error bars show the S.E. and the absence of error 
bars indicates the error is smaller than the symbols. 
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Table VII. Activa-bion parameters of calmodulin-dependent 
enzymes by mutant calmodulins in -the loop-turn region of -the 
amino-terminal lobe. 

CaM PDE % NADK % 
maximal maximal 

rate® rate 

VU-1 100 54 (±4.2) 100 1.8 (±.07) 

Caiy[EKL 2QQ (±7.8) 0 0 

Q41E 97 85 (±9.0) 36 i.8 (±.06) 

N42K 101 67 (±7.4) 80 0.8 (±.12) 

P43L 101 66 (±8.8) 57 2.3 (±.06) 

® % maximal rate: maximal activation of enzymes ( PDE or 
NADK) by calmodulins standardized to VU-1 calmodulin (100%) 

^ Concentration of calmodulins (nM) giving half 
maximal activation. The S.E. value is shown in parentheses. 
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Figure 18. Methylation of Methyltransferase kinetic 

comparisons of VU-1 (•) or (O) calmodulins. Pseudo 
first order methyltransferase kinetics in constant 

saturating concentration of S-adenosylmethionine (12 jiM) and 
calmodulin as the varied substrate. All assays were done 
in 1 itiM CaCl2. Error bars show the S.E. and the absence of 

error bars indicates the error is smaller than the symbols. 
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methyltransferase recognition, even though the two loops 

have a similar conformation (Fig. 16). 

To investigate whether the loss of activation of NADK 

by CaM^^^ is the result of an inability of NADK to bind to 

the calmodulin, the ability of CaM^^^ to antagonize the 

activation of NADK by VU-1 calmodulin was tested (Fig. 19). 

CaM^^^ is indeed able to inhibit the activation of NADK by 

VU-1 calmodulin showing a Ki = 4 nM ± 0.25. Thus, CaM^^^ 

binds NADK, but this binding event is non-productive and 

does not lead to the activation of the enzyme. Since the 

activation of NAD kinase by wild type calmodulin has a 

similar affinity (Kq.s = 2.6 nM, see Table VII), the 

findings suggest that the mutation does not affect the 

affinity of CaM^^^ for the enzyme. 

Previous studies have shown that VU-3 (R-115) is a 

potent activator of NADK (Roberts at al., 1986b, Roberts at 

al., 1992). Thus, the aberrant NADK activator activity of' 

CaM^^^ appears to be due to the substitution of EKL at 

residues 41-43 and not due to the presence of R-115. To 

further define which residue(s) are important for the 

activation of NADK, three calmodulin mutants with single 

amino acid substitutions (Q41E, N42K, P43L) in the loop 
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Figure 19. Interaction of with NAD kinase A. The 
activation of NADK by 100 nM VU-1 CaM in the presence of 
increasing amounts of CaM^^^ is shown. The inset shows a 
Dixon plot of the activation of NAD kinase in the presence 

of fixed concentrations of VU-1: 1 nM (•), 5 nM (O), and 10 
nM (A) and increasing amounts of CaM^'^^. All assays were 
done in 1 itiM CaCl2. Error bars show the S.E. and the absence 

of error bars indicates the error is smaller than the 

symbols. 
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region were generated and analyzed (Fig. 20, Table VII). 

Of the three mutants, Q41E showed the largest effect, 

activating the enzyme to only 36% (Fig. 20, Table VII) of 

the level obtained by VU-1. P43L activates NAD kinase to 

57% of the level of VU-1 calmodulin (Fig. 20, Table VII), 

and N42K showed the least effect on NADK activation (80% of 

wild type). The data show that the inability of the CaM®^^ 

to activate NADK is the cumulative effect of the three 

substitutions, and is not due to any single amino acid 

change. 

Further evidence suggesting that the conformation of 

CaM^^^ binds to its targets similar to wild-type calmodulin 

comes from X-ray scattering measurements (Fig. 21). 

From the scattering data, the radius of gyration (Rg) was 

calculated for VU-1 and CaM®^^ in the presence of calcium, and 

calculated for CaM®^^ in the presence of calcium with a 

saturating amount of the MLCK-I peptide (derived from the 

calmodulin binding site of skeletal muscle MLCK, Blumenthal 

et ai., 1986). The Rg for Ca^^-bound CaM^^^ (22.4 ± 0.4) and 

VU-1 CaM (21.3 ± 0.3) are identical within the standard 

error. The Rg value for CaM®^^ complexed to the M13 peptide 
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Figure 21. P(r) functions from X-ray scattering data for
VU-1 CaM and CaM®®^. P(r) functions for VU-1 CaM (red),

(blue) and with peptide (clear) based on the
CaM-binding sequence from skeletal muscle MLCK (MLCK-I).
The length distribution, P(r), is the frequency of vectors
connecting small-volume elements within the entire volume
of the particle weighted according to their X-ray
scattering power. X-ray data were collected on a small-
angle X-ray scattering station at Los Alamos as previously
described (Heidorn and Trewhella, 1987).
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(17.5 ± 0.3) showed a significant change, suggesting that the 

structure has become more compact. Thus similar to previous 

measurements with wild type calmodulin and calmodulin-binding 

peptides (Krueger at al., 1997), CaM^^^ showed a similar 

conformational change upon binding to a target peptide. 

Overall, the data from NAD kinase activation, inhibition and 

X-ray scattering strongly suggest that the affinity and 

conformation of CaM^^^ with targets is not altered compared to 

VU-1 calmodulin. However, a secondary interaction that is 

necessary for the activation of some target enzymes, such as 

NAD kinase appears to be lost. 

Production and analysis of EF hand exchange mutants 
and 

The results of studies with mutations in the 

methylation loop and with indicate that the sequence 

of the loop (residues 112-117) is important, but not 

sufficient for methylation. By taking advantage of the 

internal symmetry of calmodulin, a strategy involving the 

exchange of EF hands in the carboxyl-terminal lobe with the 

homologous EF-hands in the amino-terminal lobe was done to 

identify areas in addition to the loop region that may be 

required for methyltransferase recognition. and 

Ca]yii232 constructed by generating a cassette containing 
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EF hand I or EE hand II by PGR, and replacing the coding 

regions for EF hands III or IV in VU-1 calmodulin (Fig. 

22). 

Based on previous structural work (Babu at al., 1988; 

Chattopadhyaya at al., 1992; Kuboniwa at al., 1995; Zhang 

at al., 1995) EF hands I and II are remarkably similar in 
V 

backbone structure and amino acid sequence to EF hands III 

and IV respectively. However, the possibility exists that 

the complete substitution of whole EF hand structures 

within calmodulin could effect the folding and activity of 

the protein. To test this, the activation and calcium 

binding properties (as a function of calcium dependent 

activation) of and were examined. 

activated PDE to the same extent as VU-1 calmodulin (Fig. 

23A, Table VIII), however the Ko.5(caM) for the activation is 

two-fold higher (Table VIII). activated PDE to only 

52% (±2) of the level of VU-1 calmodulin. and 

also show a lower NADK activation, activating the enzyme to 

66%(±4) and 79% (±2) of the level obtained with VU-1 

calmodulin (Fig. 23B, Table VIII). 
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Figure 23. Enzyme activation of and CaM^"^ The 
enzyme activator properties of VU-1 (•), (O), and 

(A) are shown. Activation of A. PDE or B. NAD kinase 

in 1 mM CaCl2 with varied calmodulin concentration. Error 

bars show the S.E. and the absence of error bars indicates 

the error is smaller than the symbols. 
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Table VIII. Ac-bivation paramebers of calmodulin-dependenb 
enzymes by EF hand domain exchange mubanb calmodulins. 

CaM PDE % NADK % 
maximal maximal 

rate^ rate c 

VU-1 100 54 (±4.2) 100 i.s (±.07) 90 

98 98 (±6.9) 66 i.i (±.10) 120 

52 72 (±10.1) 79 0.7 (±.05) 148 

^ % maximal rate: maximal activation of enzymes ( PDE or 
NADK) by calmodulins standardized to VU-1 calmodulin (100%). 

^ Concentration of calmodulins (nM) giving half 
maximal activation. The S.E. value is shown in parentheses. 

° Concentration of calcium (nM) giving half maximal 
activation of enzyme NADK in the presence of a constant 

amount of calmodulin (0.1 )J.M). 
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The results shoj/ that the substitution of entire EF 
hands does slightly affect the level of activation. 

However, enzyme activation requires two functional, folded 

lobes of calmodulin (Ikura et al, 1992; Meador at al., 

1992), and the activation data strongly suggest that the 

replacement of EF hands III and IV with their homologous EF 

hands from the amino terminal lobe does not result in a 

drastic change in calmodulin structure/function. This is 

also supported by the calcium-dependence data (Fig. 24). 

NAD kinase activation by VU-1, and showed a 

similar dependence on free calcium, with Kq.s (ca2+) values 

between 90-150 nM (Fig. 24, Table VIII). Calcium-binding 

to calmodulin involves positive cooperativity between EF 

hand pairs (reviewed in Klee et al., 1988). From the fits 

of the data in Fig. 24, similar Hill co-efficients [nva-i= 

3.6(± .7); ni2i4=3.8 (± 1.3); ni232 =2.7 (± .5)] were 

determined. Thus, the substituted EF hands apparently fold 

and pack properly with the adjacent EF hand (III or IV) in 

the carboxyl-terminal lobe since calcium-binding properties 

remain relatively unchanged. 

In contrast to the modest effects on calcium binding 

and enzyme activation, neither nor serve as a 

substrate for methylation by the calmodulin. 
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Figure 24. Calciiun-dependent activation of NAD kinase by 
CaM^^" and CaM"^^ The enzyme activator properties of VU-1 
(•), (O), and (A) are shown. Activation of 
NADK by 50 nM of each calmodulin with varied concentrations 
of free calcium by using the EGTA/Ca"^^ buffering system 
described in the Materials and Methods. Error bars show 

the S.E. and the absence of error bars indicates the error 

is smaller than the symbols. 
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methyltransferase (Fig. 25). Together with the data for 

CaM^^, these findings indicate that amino acid residues 

unique to both EF hands III and IV are required for 

recognition by the calmodulin methyltransferase. 

Production and analysis of sub-domain exchange mutations of 
calmodulin 

Results from experiments with and showed 

that structural elements unique to both EF hands III and IV 

(and not found in homologous EF hands I and II) are required 

for methyltransferase recognition. EF hands are formed from a 

helix-loop-helix motif (Fig. 1). In an effort to identify the 

critical regions within EF hands III and IV necessary for 

methyltransferase recognition subdomain mutants were generated 

that contain substitutions of the helices or calcium binding 

loops of EF hands III and IV with the sequence from the 

homologous regions of EF hands I and II. Fig. 26 shows an 

alignment of the symmetry-related EF hands and the range of 

residues that were replaced in the subdomain mutants. A 

cassette-based mutagenesis approach that relies on internal 

restriction sites in the VU-1 gene (Roberts et al., 1987) was 

used. Thus, the range of residues sometimes overlapped with 

other structural elements (e.g., CaM"® has replacements in both 
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A. 

CaMF-^ CaM?® 
Ca?"loop 1 

HELIX 1 HELIX25k sle * 5k 

EF hand I ERKEAISLF-DKDGDGTITrKE- LGTYMRS 
ELKEAIRVF-DKDGNGFISAAE-LRHVMTNIEF hand III 

HELIX5 Ca=Moop3 HELIX6 

CalsP' CaMP® CaldP® 

HELIX3 Ca?* loop2 HELIX4 

EF hand II LGQNPT-EAELQDMINEV-DA5iGNGTIDFPE-FLNLMARK 
EF hand IV LGEKLT-DEEVDEMCREA-DVpgdgqvInyee-FVQVMMAK 

HH.IX7 Co?'loop4 Ha.lX8 

B. 

ResiduesMutant Wild-type Residues Mutant 
replaced substitutedsec[uence sequence 

in from 

K-terminus C-terminus 

CaM^^^ 90-101 RVF-DKDGNGFIS 17-28 SLF-DKDGDGTIT 

CaM®® 105-111 LRHVMTN 32-38 LGTVMRS 

CaM^' 118-128 DEEVDEMIREA 45-55 EAELQDMINEV 

CaM^" 131-136 DGDGQV 58-63 DGNGTI 

CaM®® 137-148 NYEE-FVQVMMAK 64-75 DFPE-FLNLMARK 

Figure 26. Organization of subdomain calmodulin mutants. A. 
Alignment of the amino acid sequence in the carboxyl-
terminal lobe (EF hands III and IV) with the homologous 
sequence in the amino-terminal lobe (EF hands I and II) is 
shown. The boxed areas represent sequence in the carboxyl-
terminal lobe that were replaced with the symmetry related 
sequence from the amino-terminal lobe for the generation of 
subdomain mutants: CaM^", CaM"®, CaM"'^, CaM^", CaM^®. B. The 
position and sequence of the residues replaced in wild type 
(VU-1), and the resulting sequence in the subdomain mutant 
calmodulins. 
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helix 8 as well as part of calcium binding loop 4). However, 

for the sake of simplicity, the mutants were named for the 

subdomain structural element that was most affected by the 

substitution (Fig. 26). 

The enzyme activator properties of the subdomain mutants 

are summarized in Table IX. All subdomain mutants activated 

PDE similar to VU-1 (wildtype) calmodulin with mutants CaM^^ 

(89.6% ± 3) and (81.3% ± 3) in EE hand IV showing a 

slight reduction in maximal activation (Table IX). Further, all 

subdomain mutants activated NADK similar to VU-1 calmodulin 

with the exception of CaM^® which showed a reduction in maximal 

activation (66.3% ± 2) (Table IX). Interestingly, a similar 

decrease (66.0% ± 4) was observed with a mutant 

calmodulin that has EF hand III (helix 5 - Ca^"^ binding loop 3 -

helix 6) replaced with EF hand I (helix 1 - Ca^"^ binding loop 1 

- helix 2). This suggests the decrease in maximal NAD kinase 

activation observed with is a result of the sequence 

substitution in helix 6. 

Methyltransferase kinetics of subdomain mutant calmodulins 

All subdomain mutants have been evaluated as substrates 

for the methyltransferase. During the analysis of the mutants 

it became clear that they showed different kinetic parameters 

depending on whether calcium was present or not. Therefore, 
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Table IX. Activa-bion parameters of calmodulin-dependent 
enzymes by subdomain mutanb calmodulins 

CaM PDE % NADK % 
maximal maximal 

rate^ rate 

VU-1 100 58 (± 1.2) 100 2.6 (± .15) 

106 70 (± 2.8) 103 1.9 (± .31) 

CaM"® 97.3 50 (± 2.2) 66.3 1.2 (± .40) 

CaM"'' 89.6 68 (± 1.4) 95.0 1.5 (± .67) 

CaM^^^ 81.3 59 (± 1.5) 97.2 2.3 (± .34) 

CaM"® 99.0 59 (± 1.6) 94.5 2.8 (± .23) 

® % maximal rate: maximal activation of enzymes (PDE or NAD 
kinase) by calmodulins standardized to VU-1 calmodulin 
(100%). 

^ Concentration of calmodulins (nM) giving half 
maximal activation. The S.E. value is shown in parentheses. 
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the kinetics for each calmodulin mutant were determined 

separately both in the absence of calcium 

(i.e., presence of EDTA as a calcium chelator), and under 

saturating calcium conditions. 

Methylation kinetics of apo-CaM 

The two subdomain mutant calmodulins, CaM^® and CaW'"'', 

with changes adjacent to the methylation loop, showed the 

most substantial affects on the rate of calmodulin 

methylation (Figs. 27 & 28). CaM^^ did not serve as a 

substrate for the methyltransferase at any concentration 

tested (Fig. 28, Table X). CaM^® was a poor substrate for the 

methyltransferase, with the enzyme showing a kcat/Km ratio 

(0.238 X 10^ s~^ M"^) that is 20-fold lower than that observed 

with VU-1 (4.89 X 10^ s"^ M"^) (Fig. 27, Table X). 

The other subdomain mutants exhibited a smaller effect 

on methyltransferase recognition (Table X). The CaM^^^ mutant 

showed a reduced Vmax (17.0 nmol/min/mg) (Fig. 29, Table X) 

compared to VU-1 calmodulin (27.3 nmol/min/mg). Similarly, 

CaM^® showed a reduction in Vmax (19.7 nmol/min/mg) and a 3-

fold increase in Km (1350 nM ± 14.1)(Fig. 30, Table X). 

Thus, all three subdomain elements in EF hand IV affect 

methyltransferase recognition of apo-CaM, with the helix 7 to 
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Figure 27. Methylation of apo-CaM®® Methyltransferase 
kinetic comparisons of VU-1 (•) and CaM^® (A) are shown. 
Pseudo first order methyltransferase kinetics in constant 
saturating concentration of S-adenosylmethionine (12 |j,M) and 
calmodulin as the varied substrate in 1 mM EDTA. Error 
bars show the S.E. and the absence of error bars indicates 
the error is smaller than the symbols. 
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Figure 28. Methylation of apo-CaM®^ Methyltransferase 
kinetic comparisons of VU-1 (•) and CaM''^ (A) are shown. 
Pseudo first order methyltransferase kinetics in constant 

saturating concentration of S-adenosylmethionine (12 pM) and 
calmodulin as the varied substrate in 1 mM EDTA. Error 

bars show the S.E. and the absence of error bars indicates 

the error is smaller than the symbols. 
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Table X. Kinetic parameters^ of the methylation of subdomain 
mutant calmodulins in the presence of EDTA. 

CaM Km" (nM) VVmax kcat" kcat /Km(nmol/min/mg) (S"') (S~^ M"^) 

VU-1 352 (±13.4) 27.3 (±1.4) .0172 4.89 X 10^ 

652 (±43.1) 33.3 (±2.2) .0209 3.25 X 10^ 

CaM"® 505 (±9.34) 2.01 (±0.39) .0012 0.238 X 10^ 

CaM""' 0 0 0 

CaM^^^ 117 (±4.13) 17.0 (±3.1) .0107 9.14 X 10^ 

CaM"® 1350 (±14.1) 19.7 (±1.3) .0124 0.918 X 10^ 

Assays were performed under standard conditions in the 
presence of 1 mM EDTA and 0.15 M KCl. 

^Data for the calculation of Km and Vmax were derived from 
double reciprocal plots of l/[CaM] vs 1/Vmax under a constant 
saturating concentration of [AdoMet]. 

° kcat was calculated using 38,000 as the molecular weight of 
the enzyme. 
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Figure 29, Methylation of apo-CaM^^ Methyltransferase 
kinetic comparisons of VU-1 (•) and CaM'^" (■) are shown. 
Pseudo first order methyltransferase kinetics in constant 
saturating concentration of S-adenosylmethionine (12 |aM) and 
calmodulin as the varied substrate in 1 mM EDTA. Error 
bars show the S.E. and the absence of error bars indicates 
the error is smaller than the symbols. 
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Figure 30. Methylation of apo-CaM®® Methyltransferase 
kinetic comparisons of VU-1 (•) and CaM^® (□) are shown. 
Pseudo first order methyltransferase kinetics in constant 
saturating concentration of S-adenosylmethionine (12 |aM) and 
calmodulin as the varied substrate in 1 mM EDTA Error bars 
show the S.E. and the absence of error bars indicates the 
error is smaller than the symbols. 
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3 mutant CaM^^ (i.e., the a-helix adjacent to the methylation 

loop) showing the largest effect. 

In contrast, the substitution of calcium-binding loop 3 

showed the least affect on methyltransferase kinetics (Fig. 

31, Table X), with CaM^" showing about a 2-fold increase in 

Km (652 ± 43), but a kcat value (.0209 s"^) very similar to 

wildtype VU-1 CaM (.0172 s"^) (Fig. 31, Table X). Thus, the 

inability of apo-CaM^^^^ to serve as a substrate for 

methylation stems from the substitution of helix 6 with helix 

2 from EF hand I. 

Methylation kinetics of Ca^"^-CaM 

In the presence of calcium, all subdomain mutants with the 

exception of CaM^® exhibit kinetic parameters similar to VU-1 

CaM (Table XI). When CaM^® is used as a substrate a decrease 

in Vmax (7.25 nmol/min/mg) and a shift in Km (475 nM ± 10) were 

observed compared to VU-1 (Vmax = 28.9 nmol/min/mg, Km=151 nM ± 

15) (Fig. 32, Table XI). The methyltransferase still showed 

a large (13-fold) reduction in catalytic efficiency with CaM^® 

(kcat/Km = .970 X lO"* s"^ M"^) compared to VU-1 (kcat/Km = 12.1 X 

10^ s"^ M"^) (Table XI). However, in the presence of calcium, 

the other subdomain mutants show almost a normal interaction 

with the methyltransferase (Fig. 33, Table XI). 
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Figure 31. Methylation of apo-CaM^^ Methyltransferase 
kinetic comparisons of VU-1 (•) and CaM'^" (O) are shown. 
Pseudo first order methyltransferase kinetics in constant 

saturating concentration of S-adenosylmethionine (12 pM) and 
calmodulin as the varied substrate in 1 mM EDTA. Error 

bars show the S.E. and the absence of error bars indicates 

the error is smaller than the symbols. 
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Table XI. Kinetic parameters^ of the methylation of 
subdomain mutant calmodulins in the presence of calcium 

CaM kJ' (nM) V"max kcat kcat /Km 
(nmol/min/mg) (S"') (S-' M"^) 

vu-1 151 (+15.1) 28.9 (±0.89) .0182 12.1 X 10"* 

154 (±20.4) 29.2 (±1.1) .0184 11.9 X 10^ 

CaM"® 475 (±9.73) 7.25 (±1.0) .0046 .970 X 10^ 

CaM""' 262 (±70.4) 31.7 (±2.7) .0200 7.63 X 10^ 

CaM^^^ 153 (±13.4) 27.7 (±0.77) .0175 11.4 X 10^ 

CaM"® 200 (±20.9) 28.7 (±1.7) .0181 9.05 X 10^ 

^Assays were performed under standard conditions in the 
presence of 1 mM calcium and 0.15 M KCl. 

^Data for the calculation of and Vmax were derived from 
double reciprocal plots of l/[CaM] vs 1/Vn,ax under a constant 
saturating concentration of [AdoMet]. 

® kcat was calculated using 38,000 as the molecular weight of 
the enzyme. 
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Figure 32. Methylation of Ca^'^-CaM®® Methyltransferase 
kinetic comparisons of VU-1 (•) and CaM^® (A) are shown. 
Pseudo first order methyltransferase kinetics in a constant 

concentration of S-adenosylmethionine (12 |J,M) and calmodulin 
as the varied substrate in 1 mM CaCl2. Error bars show the 
S.E. and the absence of error bars indicates the error is 

smaller than the symbols. 
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Figure 33. Methylation of Ca^'*'-CaM°", -CaM®', -CaM^",and 
-CaM®® Methyltransferase kinetic comparisons of VU-1 (•), 

aH7 ,CL4 /iH8CaM^" (O), CaM"' (A) , CaM^"" (■) , CaM"" (□) are shown. 
Pseudo first order methyltransferase kinetics in a constant 
concentration of S-adenosylmethionine (12 |liM) and calmodulin 
as the varied substrate in 1 inM CaCia. Error bars show the 
S.E. and the absence of error bars indicates the error is 
smaller than the symbols. 
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This is particularly striking with mutant CaM®^ which is not a 

substrate for the methyltransferse in the absence of calcium 

(Table X). Where calcium was present, the catalytic 

efficiency of the enzyme with CaM^^ (kcat/Km = 7.6 X 10^ s"^ M"^) 

was almost restored to,the level of VU-1 CaM (kcat/Km = 12.1 X 

10^ s~^ M"^)(Fig. 33B, Table XI). Similarly, when either CaM^^^ 

or CaM^® was used as a substrate in the presence of calcium, 

the catalytic efficiency (kcat/Km = 11.4 X 10^ s~^ M~^, and 

kcat/Km = 9.05 X 10^ s~^ M~^) increased to almost that of VU-1 

(Fig. 33C & D, Table XI). Overall, the data suggest that, 

with the exception of CaM"®, calcium binding restores the 

ability of the calmodulin mutants to be recognized by the 

methyltransferase. In the case of CaM"®, a fundamental change 

occurs in calmodulin resulting in a loss of interaction 

between CaM and the methyltransferase regardless of whether 

calcium is present or not. 

Site-specific substitutions of EF hands III and IV 
residues: effect on methyltransferase recognition. 

The most substantial effects on methyltransferase 

activity were observed with subdomain mutants CaM"® and 

CaM"^. These two a-helices flank the methylation loop 

region and are present on the same face of the carboxyl-
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terminal lobe as lysine-115 (Babu et al., 1988). Together, 

these observations suggest that residues in both helix 6 

and helix 7 are critical for methyltransferase activity. 

Mutagenesis involving single amino acid substitutions 

within these helices was carried out to attempt to identify 

specific residues important for methyltransferase 

recognition. 

Residues in specific positions of helix 6 and 7 in 

the carboxyl-terminal lobe that differ from the amino-

terminal lobe are shown in Fig 34. Based on the crystal 

structure (Babu et al., 1988; Chattopadhyaya et al., 1992) 

and NMR analysis (Kuboniwa et al., 1995; Zhang et al., 

1995) most of these residues are exposed on the surface. 

Alanine scanning mutagenesis was performed to determine the 

effect of altering these surface charge residues on 

methyltransferase recognition. 

Effect of point mutations'in helix 6 (EF hand III) 

The CaM^® mutant has 4 residues substituted with residues 

I 
from helix 2 (Fig. 34): R106, H107, TllO, and Nlll which 

are replaced with G106, T107, RllO and Sill, respectively. 

Nlll to S is likely not a|significant substitution since 

this change is observed in naturally occurring calmodulins. 
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such as Dictyostelium calmpdulin (Marshak et al., 1984) 

that are normal N-methyltransferase substrates (Rowe et 

al., 1986). However, the other residues are highly 

conserved among calmodulin sequences. Calmodulin mutants 

R106A, H107A, double mutant R106A/H107A, TllOA, and TllOR 

were generated and their abtivator properties assessed 

(Table XII). 

Similar to CaM"®, the PDE activator properties of the 

mutants were not any different from VU-1. Interestingly, 

similar to the and CaM"® mutations, certain point 

mutants in the helix 6 region also showed a significantly 

lower NAD kinase activation (Table XII). In particular, the 

substitutions at position 110 showed lower activation 

(Table XII, TllOA = 65% ± 5.6; TllOR = 83% ± 2.7). 

However, in contrast to CaM"® the point mutants showed 

only a modest effect on me,thyltransferase activity. In the 

absence of calcium, TllOA (21.1 nmol/min/mg) and TllOR 

(22.3 nmol/min/mg) gave only slightly lower activities 

compared to wild type VU-1 calmodulin (29.3 nmol/min/mg) 

when assayed at 3iaM CaM concentrations (Table XIII). All 

other mutants in this regipn gave activities essentially 
I 
I 

identical to VU-1 calmodulin in their apo-state. 
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Table XII. Activation parameters of calmodulin-dependent 
enzymes by calmodulin mutants with siibstitutions in helix 6. 

(CaM)PDE % ic (CaM) b NADK %CaM Ro.5 Ko.5 
maximal maximal 

rate® rate 

1 

1 

VU-1 100 6i9(± 1.1) 100 2.6 (± .15) 

R106A 102 63(± 1.2) 90 2.5 (± .14) 

H107A 101 72(± 1.1) 92 2.4 (± .28) 
+1 

1—1R106A/H107A 104 77(± 1.2) 89 2.4 (± .02)ov 

TllOA 104 83(± 1.4) 65 2.3 (± .26) 

TllOR 98 1.0) 83 2.5 (± .10) 

® % maximal rate: maximal activation of enzymes ( PDE or 
NAD kinase) by calmodulins' standardized to VU-1 calmodulin 
(100%). ! 

^ Concentration ofi calmodulins (nM) giving half 
maximal activation. The S.jE. value is shown in parentheses. 
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Table XIII. Comparison of the methylation of calmodulins 
with single amino acid substitutions in helix 6 of EF hand 
III. 

Activity® Activity 
•(nmoi/min/mg) (nmol/min/mg)

CaM 

EDTA CaCl, 

VU-1 29.,3, (±0..44) 28.,8 (±1.1) 

R106A 28.,7' (±1..2) 28.,4 (±1..6) 

H107A 29..2! (±1..1) 29.,2 (±1..6) 
1 

R106A/H107A 25.1. (±1..4) 27.,9 (+1..8) 

TllOA 21.,1. (±1..4) 24..4 (±0.,73) 

TllOR 22.,31 (±1..2) 29..0 (±2..7) 

^Assays were performed in the presence of a standard amount 
of calmodulin (3|aM) that is approximately 30 times the Km 
for VU-1 calmodulin. Assays were performed under standard 
conditions (see materials and methods) in 0.15 M KCl, and 
either 1 mM EDTA or 1 mM CaCl2. The S.E. value of three 
determinations is shown in' parentheses. 
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In the presence of calcium! all mutants serve as substrates 

for the methyltransferase jwith activities essentially 

identical to VU-1 (Table XIII). Overall, these results 

suggest that the reduced ability of CaM"® to serve as a 

substrate for the methyltransferase is due to a combination 

of more than one amino acici substitution in helix 6. In 

addition, it shows that th,e removal or alteration of 
\ 

surface charge residues on; helix 6 does not appear to 
I 

affect interaction of either apo-CaM or Ca^'^-CaM with the 

enzyme. 
I 

Effect of mutations in helix 7 and Ca^"^ binding loop 4 (EF 

hand IV): 

I TJ*7 

The substitution of helix ;3 for helix 7 in mutant CaM 

cannot be methylated in it|s apo-form, however recognition 

is recovered in the presehce of calcium. One possible 

interpretation of this obs^ervation is that there are key 

surface residues in helix 7 important for methyltransferase 

recognition of apo-CaM, However, upon binding calcium, 

additional residues (e.g. hydrophobic residues) become 
j 

exposed that allow calmodu'lin to bind the 
i 

methyltransferase. In support of this, Han et al. (1993) 

found fundamental differences between apo-CaM and Ca^'^-CaM 

as methyltransferase substrates. Helix 7 possesses a high 
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density of negatively charjged residues (55% of all residues 
i 

are glutamate or aspartatei. Fig. 34) that might play an 
j 

important role in methyltransferase recognition. To 
I 

investigate further the roie of these charged residues in 

the recognition of calmodulin by the methlytransferase a 

series of charge to alanine mutations were generated. 

I 

Adjacent to the non-EF hand turn in each lobe of 

calmodulin is a cluster of' negatively charged residues 
I 

(DEE/118-120 in the carboxyl-terminal lobe and EAE/45-47 in 

the amino-terminal lobe).| The role of these clusters in 

calmodulin function was previously addressed by the 

generation of charge reverjsal mutations in which the 

conserved glutamates or aspartates were converted to 

positively charged lysine |(Weber et al., 1989; Shoemaker at 

al., 1990). One of these mutants, VU-12 possesses a 

substitution of negatively charged residues DEE (118-120) 
I 

with three lysines in helix 7 adjacent to the methylation 
I 

loop. As shown in Fig. 35, VU-12 is a poor substrate for 
I 

the methyltransferase. in the presence of calcium, the 

methyltransferase activit^j was 8-fold lower for VU-12 (3.6 

nmol/min/mg) compared to yu-1 (28.8 nmol/min/mg), and in 

the.absence of calcium it 'was 30-fold lower for VU-12 (0.93 

nmol/min/mg) compared to VU-1 (29.0 nmol/min/mg). 
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Figure 35. Methylation of VU-1 aind VU-12. The enzyme was assayed 
under standard conditions in the presence of constant 

calmodulin concentrations (3 |iM). Assays were performed in 
presence of 1 mM calcium or the absence of calcium (1 mM 
EDTA). Error bars show thejS.E. of the mean from triplicate 
measurements 
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To further investigate the role of charged residues, E119, 
I 

E120, D122, E123, R126, E127, and E139 were mutated to 

alanine. All mutants activated PDE in a manner 

indistinguishable from wildtype (Table XIV). Most mutants 

activated NAD kinase similar to VU-1 CaM, although a slight 

reduction in maximal activation was observed in mutants 

E127A (69% ± 2) and R126A (75% + .6) compared to VU-1 

(Table XIV). 

The results of charge'to alanine scanning mutants on 

the activity of the methyltransferase are shown in Table 

XV. Similar to the subdomain mutants, the largest 

differences were observed in their apo-forms. The most 

significant decrease in methyltransferase activity was 

observed with E120A (4.5 nmol/min/mg) to about 15% that of 

VU-1 (29.0 nmol/min/mg) (Table XV). A significant decrease 

in activity was observed with mutant calmodulin E127A to 

(13.3 nmol/min/mg) 46% that of VU-1(Table XV), and with 

mutants D122A (17.0 nmol/min/mg), R126A (16.7 nmol/min/mg), 

and E139A (16.3 nmol/mg/mg) to about 60% that of VU-1 

(Table XV). The effect of these mutations on 

methyltransferase activity was less apparent in the 

presence of calcium, with only modest reductions observed 

in CaM mutants D122A, E127A, and E139A (Table XV). 

I 
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Table XIV. Activa-tion parazaeters of calmodulin-dependent 
enzymes by charge bo alanine mutant calmodulins in EF hand 
IV. 

CaM PDE % iKQ_3(CaM)b NADK % 
maximal " maximal 
rate® rate 

VU-1 100 69 (±1.1) 100 2.6 (± .15) 

E119A 106 81 (±1.4) 98 2.1 (± .19) 

D122A 100 63 (±1.2) 96 2.6 (± .10) 

E123A 102 68 (±1.0) 103 3.1 (± .15) 

R126A 99 60 (±1.2) 75 2.6 (± .03) 

E127A 102 62 (±1.1) 69 2.6 (± .10) 

E139A 104 68 (±1.5) 94 4.0 (± .36) 

^ % maximal rate: maximal activation of enzymes (PDE or NAD 
kinase) by calmodulins standardized to VU-1 calmodulin 
(100%). 

^ Concentration of calmodulins (nM) giving half 
maximal activation. The S.E. value is shown in parentheses. 
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Table XV. Methyltransferase activity with charge-»alanine 
and VU-12 mutant calmodulihs in EF hand IV. 

Actjivity® Activity 
CaM 

(ranol/itiin/mg) (nmol/min/mg) 

EDTA CaCl, 

VU-1 29.0 (±0.15) 28.8 (±0.06) 

VU-12 0.93 (±0.13) 3.60 (±0.29) 
1 

E119A 29.1' (±4.4) 28.9 (±0.03) 

E120A 4.5 (± .62) 34.9 (±2.5) 

D122A 17.O' (±1.5) 21.1 (±1.5) 

E123A 28.7 (±2.3) 28.8 (±0.61) 

R126A 16.7 (±1.3) 28.8 (±3.4) 

E127A 13.3 (±1.9) 19.3 (±1.2) 

E139A 16.3 (±1.5) 23.2 (±1.8) 

^Assays were performed in the presence of a standard amount 
of calmodulin (3 |iM) that is approximately 30 times the Km 
for VU-1 calmodulin. Assays were performed under standard 
conditions (see materials .and methods) in 0.15 M KCl, and 
either 1 mM EDTA or 1 mM CaCl2. The S.E. value of three 
determinations is shown in parentheses. 
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This recovery is similar to what is observed when CaM^"' is 

I 

used as a substrate in the, presence of calcium. The E to A 

mutations at 119 and 123 had a minimal effect on 

methylation of lysine 115. 1 Overall, the data suggest that 

the conservation of residues 118,120,122,126, and 127 in 

helix 7 is important for optimal calmodulin 
I 

methyltransferase recognition. 
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CHAPTER IV 

DISCUSSION 

Calmodulin is trimethylated at lysine 115 in most 

eukaryotic cells by a lysine N-methyltransferase that 

utilizes S-adenosyl methiohine as a co-substrate. Previous 

studies have shown that a tryptic fragment containing 

residues 78-148 is sufficient for methyltransferase 

recognition and lysine-115 methylation with kinetic 

properties indistinguishable from intact calmodulin (Han et 

al., 1993). Thus, the residues that comprise the 

recognition site for calmodulin methyltransferase are 

localized solely in the carboxyl-terminal lobe of the 

molecule. In the present study, as discussed below, 

specific residues within the methylation loop-turn sequence 

as well as within EF hands III and IV appear to be required 

for the specificity of the calmodulin methyltransferase. 

Determinants for methylation in the methylation loop. 

I 

The loop region (LGEKLT/ residues 112-117) is highly 

conserved among calmodulins (Roberts et al., 1986), and 

provides a 90° hairpin turn between EF hands III and IV. 

The turn is facilitated by G-113 ((t)/\|/ = 93°/10°, 
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Chattopadhyaya et al., 1992), which explains the high 

conservation of a flexible'glycine at this position. 

In the calcium-saturated structure of calmodulin the 

loop conformation appears to be stabilized by three 

hydrogen bonds between the backbone amide nitrogens of G-

113 and E-114 and the backbone carbonyl oxygens of M-109 

and T-110 in helix 6 of EF hand III (Chattopadhyaya et al., 

1992). Further stabilization comes from the side chain of 

L-116 that is imbedded in the core of the carboxyl terminal 

lobe, forming hydrophobic interactions with residues on the 

hydrophobic faces of the heilices from EF hands III and IV 

(Babu et al., 1988). As a result, the backbone of the loop 

region in Ca^'^-CaM has a temperature factor which is lower 

than the more flexible regions of calmodulin (e.g., central 

linker and a-helices 1 and 8) although not as low as the 

calcium-ligated loops or internal a-helices (Chattopadhyaya 

et al., 1992). In contrast, the methylation loop in apo-

calmodulin appears to be more dynamic, showing greater 

flexibility (Zhang et al., 1995; Malmendal et al., 1999). 

In both structures, lysine 115 is solvent-exposed 

(Chattopadhyaya et al., 1992; Babu et al., 1985; 1988; 

Kuboniwa et al., 1995; Zhang et al., 1994; 1995), and does 

I 
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not appear to form contacts with any other part of the 

calmodulin structure. 

The methylation loop contains the unique site of 

methylation (K115), and is; a logical place to start 

identifying residues important for methyltransferase 

binding and recognition. The present study shows that 

three residues are essential for methylation of lysine-115: 

glycine-113, glutamate-114, and leucine-116. The 

substitution of these residues results in little effect on 

calmodulin functional properties, but the ability of these 

mutants to serve as substrates for the methyltransferase is 

lost. This effect was observed regardless of the calcium 

concentration suggesting that both Ca^'^-CaM and apo-CaM are 

affected. 

Based on the structural features of the loop region, 

some possible roles for thpse residues in methyltransferase 
I 

interaction can be suggested. For example, the replacement 

of leucine-116 with the more polar threonine could affect 

the interaction of this residue with the hydrophobic core. 

This could alter packing interactions among the 14 

hydrophobic side chains that make up the hydrophobic core 

of the carboxyl-terminal Ibbe. This in turn could alter the 

positioning of the methylation loop as well as other 

: 129 



structural features in adjacent a-helices. However, the 

I 
activation properties of the mutant, which require the 

hydrophobic surface of the;carboxyl-terminal lobe (Ikura et 
i 

al., 1992; Meador et al., 1992; 1993), are not affected. 

Thus, any influence on the loop region is apparently 

subtle, selectively affecting methyltransferase binding. 

While it is clear that the side chain of leucine-116 is 

inserted into the core of the carboxyl-terminal lobe, it is 
I 

important to consider that'this residue also has 

substantial flexibility and mobility based on relaxation 

measurements (Zhang et al.,i 1995; Malmendal et al., 1999; 

Evenas et al., 1999). Thus, it is also possible that the 

conformation of leucine-116 might change upon binding the 

methyltransferase, and that it participates directly in the 

interaction with the enzyme. 

The substitution of the negatively charged, solvent-

exposed glutamate 114 with the uncharged alanine also 

abolishes lysine 115 methylation. In previous work (Han et 

al., 1993), it was shown that high ionic strength blocks 

the interaction of calmodulin with the methyltransferase. 

Thus, it was proposed that jelectrostatic interactions might 

help stabilize the interactiion of calmodulin with the 

methyltransferase. Thus, the removal of the negatively 
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charged, surface-exposed glutamate at position 114 may have 

eliminated a point of contact for the enzyme. 

In addition to the residues flanking lysine-115, the 

invariant glycine at position 113 is necessary for 

methyltransferase recognition. As discussed above, this 

glycine is required to facilitate the turn between EF hands 

III and IV. The substitution of a serine likely alters the 

conformational flexibility of the loop. This loss of 

flexibility might prohibit;the residues within the loop 

from adopting an orientation suitable for methyltransferase 

binding and catalysis. Another likely outcome of the 

serine substitution is that the hairpin turn between EF 

hand III and IV is no longer formed since serine cannot 

usually assume the <))/v|/ angles necessary to generate the 

turn (Ramachandran and Sasisekharan, 1968). The packing of 

the helices (in particular,helix 6 and 7) may be altered. 

However, this mutant activated PDE and NAD kinase normally, 

suggesting that any altered conformation of these a-helices 

I 

is not severe enough to affect calmodulin activator 
1 

function. 

While the substitutions at 113, 114, and 116 were 

defective regardless of calcium binding, the leucine-112T 

mutation showed a selective effect on apo-CaM. In the 
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absence of calcium, the substitution of leucine-112 with a 

more polar threonine resulted in a 4.5-fold reduction in 

the catalytic efficiency of the methyltransferase. L112 is 

more buried in the apo-fo2rm of calmodulin (Fig. 36). A 

conversion to threonine might disrupt the packing of the 

hydrophobic core in apo-calmodulin. This is particularly 

important to consider since in the absence of calcium, 

calmodulin folding and stability are more labile (Martin 

and Bayley, 1986; Zhang et al., 1995; Kuboniwa et al., 

1995). The mutation L112T could result in a change of 

organization in the residues (L116T, E114A, G113S) 

necessary for methyltransferase binding and catalysis that 

is restored in the presence of calcium. 

Unlike the other substitutions within the methylation 

loop the substitution of alanine for threonine-117 did not 

significantly affect methyltransferase activity. Threonine 

117 has a solvent exposed side chain (Babu et al., 1988; 

Chattopadhyaya et al., 1992), the conservation of which is 

apparently not required for methylation. 

While residues L112, G113, E114, and L116 in the 

methylation loop (LGEKLT/112-117) appear to be important 

for methyltransferase recognition, it is clear from the 

findings with CaM®^ that other structural determinants are 
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also required. The mutation resulted in the placement 

of the methylation loop sequence between EF hands I and II 

in the amino-terminal lobe in a conformation predicted to 

be identical to the methylation loop in the carboxyl-

terminal lobe of native calmodulin (Fig. 16). The peptide 

backbone .of EF hands I and II compared to EF hands III and 

IV shows a high degree of similarity in both the calcium 

saturated (rms deviation= 0.751 A, Babu et al., 1988) and 

apo (rms deviation = 2.00 A, Kuboniwa et al., 1995) states. 

Further, the loop/turn sequence (residues 39-45) shows an 

identical hydrogen bond network and interaction with the 

hydrophobic core as the methylation loop (Chattopadhyaya et 

al., 1992). Thus, in CaM®^ the methylation loop sequence 

is presumably placed within an environment that shares high 

similarity to its position in wild type calmodulin. The 

inability of the enzyme to methylate CaM^^ strongly 

suggests that additional determinants outside of the loop 

region that are unique to EF hands III and IV are necessary 

for methyltransferase recognition. 

Determinants for methylation in EF hands III smd IV. 

In mutants CaM^^" and EF hands III and IV in 

the carboxyl-terminal lobe are replaced with EF hands I and 

II respectively. Neither of these mutants could searve as a 
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substrate for the calmodulin methyltransferase in either 

their calcium-saturated or apo-fonns. EF hands I and II in 

the amino-teimiinal lobe fold and pack in a manner similar 

to EF hands III and IV in the carboxyl-terminal lobe. Both 

structures consist of an antiparallel four a-helix bundle 

with hydrophobic residues from the four helices (helix 

1,2,3,&:4 in the amino-terminal lobe and helix 5,6,7,and 8 

in the carboxyl-terminal lobe) interacting to form a 

hydrophobic core (Chattopadhyaya at al., 1992; Babu at al., 

1988). Each core is composed of 14 hydrophobic side chains 

originating from identical positions in each lobe. There 

are small differences between the structures of the two 

lobes, particularly in their apo-forms, but overall their 

similarity and structural symmetry is remarkable. Thus, 

the substitution of one EF hand with a symmetrically 

related EF hand is predicted to form the same packing 

interactions with its partner EF hand. 

The current study shows and are 

functional, and still retain the ability to activate 

calmodulin-dependent NAD kinase and PDE (Cobb et al., 

1999). In addition calcium-dependent activation of NAD 

kinase indicates that the calcium-binding ability and 

cooperativity of and is similar to wild-type 
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VU-1 CaM. Similarly, a previous study by Persechini et 

al. (1996b) also showed that the substitution of homologous 

EF hands between the amino and carboxy terminal lobes 

produce folded, functional calmodulin proteins that bind 

four ions with high affinity, similar to wild-type 

calmodulin. Further, they showed that the exchange of EF 

hand I for III and EF hand II for IV resulted in 

calmodulins that could activate nitric oxide synthase, 

smooth muscle myosin light chain kinase, and skeletal 

muscle myosin light chain kinase (albeit to a lesser 

degree). This suggests that the substituted EF hand from 

the amino-terminal lobe interacts with .the other EF hand in 

the carboxyl-terminal lobe yielding a folded, high affinity 

calcium binding pair (Kretsinger, 1980). Based on these 

observations, it is proposed that and are 

missing specific structural determinants that are required 

for methylation, but that the loss of methylation is not 

due to a gross misfolding of the mutant proteins. 

To identify further the regions within both EF hands 

III and IV that are important for methyltransferase 

recognition, subdomain and single amino acid mutations were 

generated in the carboxyl-terminal lobe. EF hands are 

formed from a helix-loop-helix motif (Strynadka & James, 
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1989), and the subdomain mutants were designed to exchange 

a particular helix or calcium-binding loop from EF hand III 

or IV with sequence from the homologous positions in EF 

hand I and II. 

Subdomain and point mutants in EF hand III 

The replacement of EF hand I for EF hand III in CaM^^" 

results in the substitution of helix 1 (EFKEAFSLF) for 

helix 5 [ELKEAFRVF/(84-92)]. This region of EF hand III is 

almost completely conserved in with the most notable 

change in sequence occurring at position 90 with an R to S 

substitution. To narrow down which structural changes in 

CaM^^" are responsible for the loss of its ability to be 

methylated, two subdomain mutants and CaM^® were 

generated. CaM^" possesses the exchange of the three 

residues at the end of helix 5 [RVF/(90-92)] with sequence 

from helix 1 [SLF/(17-19)]. In addition, the first nine 

residues of calcium binding loop 3 are replaced with 

sequence from calcium binding loop 1. The 

methyltransferase kinetics using CaM'^" were not 

significantly different than VU-1 suggesting that the loss 

of methylation with is not due to substitutions in 

helix 5 or calcium binding loop 3. 
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In contrast to the results of CaM^", the data with 

CaM^® suggests that the exchange of helix 2 for helix 6 

significantly contributes to the loss of methyltransferase 

recognition in CaM^^". Helix 6 is located adjacent to the 

methylation loop (Babu at al., 1988; Chattopadhyaya at al., 

1992; Kuboniwa at al., 1995; Zhang at al., 1995) and one 

jpossible interpretation is that there might be points of 

contact between this helix and the methyltransferase. This 

hypothesis was addressed by generating individual amino 

acid substitutions in helix 6, and examining their effects 

on methyltransferase recognition. 

A comparison of the sequence in helix 6 of wild type 

calmodulin [LRHVMTN/(105-111)] with the substituted 

sequence in mutant CaM^® [LGTVMRS] reveals no change in the 

hydrophobic residues that are involved in the packing of 

helix 6 with the other helices in the carboxy-terminal 

lobe. The possibility that key surface residues in helix 6 

are important for calmodulin interaction with the 

methyltransferase was therefore addressed. Residues R106 

and H107 were ideal candidates since electrostatic 

interactions have been proposed to be important for 

methyltransferase-calmodulin association (Han at al., 

1993). However, three calmodulin mutants R1D6A, H107A, and 
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the double mutant R106A/H107A showed that the removal of 

these charged residues caused little effect on 

methyltransferase activity. This suggests that neither 

R106 nor H107 are essential for methyltransferase binding 

and catalysis. 

Another possible reason why methyltransferase activity 

is reduced in CaM^® could be the introduction of a bulky 

charged arginine residue for threonine at position 110 in 

wild type calmodulin. However, the point mutant TllOR was 

essentially identical to wild type calmodulin as a 

methylation substrate. Thus, the loss of methyltransferase 

activity in CaM^® is not a result of an arginine introduced 

at position 110. 

The only other mutation in helix 2 relative to helix 6 

is the substitution of a serine for an asparagine at 

position 111. This conservative substitution is present in 

some naturally occurring calmodulins such as that found in 

Dictyostelium discoideum (Marshak at al., 1984). 

Calmodulin isolated from Dictyostelium is not methylated in 

vivo (Marshak at al., 1984) but is a good in vitro 

substrate for the methyltransferase (Rowe at al., 1983; 

Rowe at al., 1986). This suggests an NlllS mutation would 

not significantly disrupt methyltransaferase recognition. 
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Overall, the data suggest that the loss of 

methylation in CaM^® is not the result of a substitution in 

one specific amino acid, but that the conservation of the 

entire sequence in helix 6 is necessary for 

methyltransferase recognition. In the presence of calcium 

a superimposition of the backbone of helix 6 (residues 102-

114) and helix 2 (residues 29-41) (Fig. 37A) shows a highly 

similar conformation with a rms deviation of 0.13 A (Fig. 

37B). Further, the crystal structure shows that helix 2 

forms a packing structure with other a-helices in the 

amino-terminal lobe that is very similar to helix 6 in the 

carboxyl-terminal lobe (Babu et al., 1988; Chattopadhyaya 

et al., 1992; Zhang et al., 1995; Kuboniwa et al., 1995). 

Differences between the two helices are mostly in surface-

exposed residues (Fig. 37), the side chains of which do not 

have any obvious stabilizing interactions with other 

residues in calmodulin (Babu et al., 1988; Chattopadhyaya 

et al., 1992). 

In the absence of calcium there is a significant 

deviation between helix 2 and 6 (rms deviation = .72A) with 

a kink at glutamate 31 in helix 2 that is missing from 

helix 6 (Fig. 38) (Zhang et al., 1995; Kuboniwa et al., 
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1995). However, since shows defective methylation in 

both Ca^"^- and apo-structures, this difference alone is 

inadequate to account for defects associated with CaM^®. 

Since the effects of single mutants in helix 6 are not 

additive, perhaps the substitution of the entire helix 6 

with helix 2 in CaM^® causes an unexpected change in the 

conformation that disrupts the methyltransferase binding 

site in both the apo- and calcium-bound states. However, 

such a change in conformation is likely to be subtle since 

the calcium-binding and enzyme activation properties of 

calmodulin mutants CaM^^" and CaM^® are only modestly 

affected. 

Subdomain and point mutants in EF hand IV 

To attempt to narrow down the regions in EF hand IV 

that are necessary for calmodulin methylation, three 

subdomain mutants were generated CaM^', CaM^", and CaM"®. 

Unlike CaM^®, all subdomain mutants in EF hand IV showed 

normal methylation kinetics in the calcium-saturated state 

but altered kinetics in the apo-state. The substitution of 

helix 3 for helix 7 (CaM^') showed the most significant 

result with essentially no methylation in the absence of 

calcium. Methyltransferase activity with apo-CaM^^^ or apo-
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CaM^® showed a kcat that was reduced by approximately two 

fold. 

Since the apo-CaM^^ mutant showed the most significant 

effect on the methylation rate, and because helix 7 is 

found adjacent to lysine 115 on the same face of the 

carboxyl-terminal lobe, additional mutagenesis was 

performed to identify residues involved in 

methyltransferase recognition. In CaM^', the sequence in 

helix 7 [DEEVDEMIREA/(118-128)] is replaced with the 

sequence from helix 3 [EAELQDMINEV]. An examination of 

helix 7 shows that this region possesses an extremely high 

number of acidic side chains (6 out of 11 residues). These 

residues provide a surface-exposed patch of negative charge 

on the carboxyl-terminal lobe, adjacent to lysine-115 

(Weber et al., 1989, Fig. 39). As discussed above, ionic 

interactions have been proposed to be important in the 

interaction of apo-CaM with the calmodulin. 

methyltransferase (Han et al., 1993) and with other apo-CaM 

target proteins such as neuromodulin and neurogranin (Van 

Hooff et al., 1988; Baudier et al., 1991; Urbauer et al., 

1995, Tsvetkov et al., 1999). 

The importance of a conserved charge cluster in helix 

7 for methyltransferase recognition is evident from the 
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Oil 3

R126

■123
■114

KllS1.116D122

■119 D118

Figure 39. Space filling model of the carboxyl-terminal
lobe of Ca^"*"-CaM. X-ray crystal structure of the carboxyl-
terminal (residues 77-148) lobe of Ca^"^-CaM (Babu at al. ,
1988) . The hydrophobic residues (yellow) are exposed after
the binding of calcium. KllS and other charged residues in
helix 7 and the methylation loop important for recognition
are highlighted in red (negatively charged) and blue
(positively charged) . Hydrophobic residues in the
methylation loop (L116 and L112) important for
methyltransferase activity are colored in green. Glycine
113 (pink) allows the 90° turn in the loop-turn region.
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results with VU-12 [DEE(118-120)/KKK]. This mutation 

results in a charge reversal in helix 7 adjacent to the 

methylation loop and neutralizes nearly half of the 

negative electrostatic potential surface on the carboxyl-

terminal lobe (Weber et al., 1989). VU-12 CaM was a poor 

substrate for the methyltransferase suggesting that this 

negative charge cluster adjacent to lysine 115 is important 

for the CaM/methyltransferase interaction. Also, in 

contrast to CaM , methyltransferase activity remained low 

(8-fold reduction) when VU-12 was tested as a substrate in 

the presence of calcium. This suggests that the 

conservation of charge in residues 118-120 of helix 7 may 

be important for methyltransferase recognition even after 

calcium binds and the hydrophobic cleft of calmodulin 

opens. 

In contrast to VU-12, E119A is methylated normally. 

This suggests that the loss of negatively charged E119 is 

not responsible for the poor kinetics observed with VU-12. 

In addition, E118 and E120 are more exposed on the surface 

of calmodulin (Babu et al., 1988), and the large decrease 

in methylation observed with calmodulin mutant E120A 

suggests that the charge on this residue is important for 

methyltransferase recognition. 
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The alanine scanning mutagenesis of charged residues 

in helix 7 showed more subtle effects on methylation rates. 

As was the case with CaM^"', the alanine scanning mutants 

showed higher methylation rates under conditions of 

saturating calcium. However, in their apo-states decreased 

methylation rates were observed with E120A (15%), D122A 

(50%), R126A (50%), and E127A (67%) compared to wild type 

VU-1 calmodulin. Overall, the data suggest that specific 

surface charge residues in helix 7 may contribute to the 

interaction of methyltransferase with apo-CaM. In 

addition, the complete loss of methyltransferase activity 

in apo-CaM®^ appears to be a cumulative effect involving the 

change in sequence of more than one conserved surface 

residue. 

Methyltransferase recognition: apo- and Ca^'^-calmodulin 

Based on the studies performed here the mutants 

fall into three classes: 1. Those that affect methylation 

of both Ca^"^-CaM and apo-CaM; 2. Those that affect 

methylation of apo-CaM only, and 3. Those that show no 

effect on methylation at all. With respect to residues 

that are important for the methylation of both apo and Ca^"^-

CaM, the conservation of the methylation loop residues and 

the acidic cluster at 118-120 appear to be important for 
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enzyme recognition. An examination of this region in 

calmodulin shows that it is located on a ridge in the 

carboxyl-terminal lobe, and that the conformation of this 

part of the structure is the same in apo- and Ca^"^-CaM (Fig. 

36) These residues may provide points of contact with the 

active site of the methyltransferase or, in certain cases, 

(e.g. G113) might enable a conformation that allows optimal 

binding. 

Besides these mutations, other substitutions show a 

selective effect on the methylation of apo-CaM. The 

differences between apo-CaM and Ca^'^-CaM methylation are 

intriguing, and suggest that the site of interaction with 

the methyltransferase may change once calcium is bound. A 

different apo- or Ca^'^-CaM-methyltransferase interaction is 

supported by previous findings (Han et al., 1993; Morino et 

al., 1987; Pech et al., 1994; Wright et al., 1996) that 

show different kinetics for apo-CaM and Ca^'^-CaM 

methylation, and different sensitivities to ionic strength 

and ligand binding. For example, the methylation of apo-

calmodulin shows sensitivity to increasing ionic strength 

and Ca^'^-CaM does not (Han et al., 1993). Further, In the 

presence of calcium, ligands or peptides that bind the 

hydrophobic cleft block the interaction of the 
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methyltransferase with calmodulin (Han et al., 1993). 

However, there is no effect of these reagents on the rate 

of apo-calmodulin methylation (Han et al., 1993). 

Two different conformations are adopted in calmodulin: 

1. Closed (when hydrophobics are sequestered to interior of 

protein) or 2. Open (when hydrophobic side chains are 

exposed after the binding of calcium). In apo-CaM a closed 

conformation is assumed, and the carboxyl-terminal lobe 

consists of a tightly packed four a-helix bundle (Kuboniwa 

et al., 1995; Zhang et al., 1995). The two helices of each 

EF hand are in an antiparallel (128°-137°) orientation 

relative to one another. Figure 36 shows that apo-CaM has 

few exposed hydrophobic residues and many charged residues 

on the surface, predominantly in helix 7 (Kuboniwa et al., 

1995; Zhang et al., 1995). Based on the substitutions of 

the charged residues in this region of calmodulin, 

electrostatic interactions between the methyltransferase 

and apo-CaM may help contribute to binding/orientation of 

the calmodulin substrate. This is similar to the proposed 

mechanism of apo-CaM binding to its target proteins such as 

neuromodulin (Chapman et al., 1991) in which electrostatic 

interactions are predominant. 
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The binding of calcium induces a conformational 

change resulting in almost perpendicular interhelical 

angles (86°-101°) in the EF hands, adopting an "open state". 

This rearrangement results in the exposure of a pronounced 

hydrophobic pocket (see yellow surface in Fig. 36) on the 

surface of calmodulin that is reduced or absent in the apo 

state (Kuboniwa at ai., 1995; reviewed in Ikura 1996). 

How do these changes in structure lead to differential 

recognition of the two calmodulin forms? Examination of 

apo- and Ca^'^-CaM suggests that residues in the methylation 

loop and helix 7 that are essential for methylation do not 

change drastically after the binding of calcium (Fig. 36). 

However, the interhelical angles within each EF hand change 

significantly, exposing the hydrophobic core, with amino 

acids in the methylation loop and helix 7 forming a cluster 

of charge (predominantly negative) adjacent to the cleft 

(Figures 36 &39). The extensive hydrophobic surface on 

calmodulin, which is present after calcium binds, might 

provide additional interactions with the methyltransferase. 

This could explain why reagents, such as drugs and 

peptides, that interact selectively with the hydrophobic 

cleft might sterically block the binding of the 

methyltransferase to Ca^"*"-CaM (Han at al, 1993). 
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While potential sites of interaction have been 

identified by the mutagenesis studies performed here, 

considerable work remains in defining the site in 

calmodulin for methyltransferase recognition. First, the 

data suggest that some of the subdomain/domain 

substitutions result in conformational changes that disrupt 

methyltransferase interactions. Structural analyses of 

these mutants may provide insight into how these changes 

disrupt the conformation surrounding the methylation site. 

Further, these analyses may provide information on 

similarities and differences in how the EF hands in 

calmodulin interact. It is interesting to note that while 

similarities exist between EF hands I/II and III/IV there 

are differences in structure (Zhang et al., 1995; Kuboniwa 

et al., 1995) as well as function (Minowa and Yagi, 1984; 

Linse et al., 1991; Elshorst et al., 1999). Finally, these 

mutants could aid in the analysis of other apo-CaM-

interacting proteins (e.g. neuromodulin, IQ domain 

proteins) and may help identify the sequence in CaM 

necessary for interaction. Further, it is essential that 

the methyltransferase be characterized structurally. While 

this enzyme has been purified (Han et al., 1993) virtually 

nothing in known regarding its catalytic mechanism and 
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structural features that confer specific calmodulin 

binding. 

Determinants for activation of NAD kinase 

In addition, the present study sheds new light on 

residues important for the activation of NADK. CaM^^ does 

not activate NADK but is a potent antagonist of activation 

by wild type calmodulin, suggesting binding but not 

activation of the enzyme. Calmodulins with antagonist or 

partial agonist activities with other calmodulin-dependent 

enzymes have been generated via chemical modification of 

calmodulin with norchlorpromazine (Newton et al., 1983), 

the production of troponin C/calmodulin chimeras (George et 

al., 1990; Van Berkum & Means 1991; George et al., 1993; Su 

et al., 1994; Su et al., 1995), by EF hand duplication 

within calmodulin (Persechini et al., 1996a; Persechini et 

al., 1996b), and by truncation of specific hydrophobic 

residues, particularly within the amino terminal lobe (Chin 

et al., 1997). 

From these observations, it has been proposed that 

calmodulin activation of enzymes follows a two step 

mechanism : 

step 1: [Ca^*]4-CaM + enzymeinact [Ca^*]4-CaM*- enzymeinact 

step 2; [Ca^'^]4-CaM + enzymeinaot [Ca^*]4-CaM - enzymeact 
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This model, originally proposed by Blumenthal and Stull 

(1982) for smooth muscle MLCK, suggests that two separate 

interactions are required for enzyme activation. First, a 

high affinity interaction between the hydrophobic surface 

of the carboxyl- and/or the amino terminal lobe of 

calmodulin with key hydrophobic side chains of the 

calmodulin- binding peptide takes place (Figs. 5 & 40). 

This results in the amino- and carboxyl-terminal lobes of 

calmodulin converging, forming a hydrophobic channel that 

surrounds the peptide (Fig. 40) (Meador et al., 1992; Ikura 

et al., 1992; reviewed in Ikura et al., 1996). 

The formation of this high affinity complex ([Ca^'^]4-

CaM - enzymeinact)is followed by additional specific 

interactions between calmodulin and the enzyme that lead to 

• 9 * an active complex ([Ca'^]4-CaM - enzymeact)• The nature of 

these interactions is not yet defined but is proposed to 

involve several short range contacts between calmodulin and 

the enzyme (Chin et al., 1997). Based on mutagenesis, two 

sets of interactions leading to activation are proposed 

(discussed in Chin et al., 1997; summarized in Table XVI). 

One set of interactions are nonpolar in nature and involve 

specific residues in the hydrophobic cleft, particularly in 
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Table XVI. Residues iiaplica'bed for fhe activafion of 
calmodulin-dependen't enzymes 

Enzyme Residues Location Ref. 

Nitric Oxide T34, S38 Helix 2 a 

Synthase L112 Helix 6 a 

Myosin LC kinase E14 Helix 1 b 

(sm) T34, S38, L32 Helix 2 b,g 
TllO, L112 Helix 6 c 

K115 Methylation loop c 

M51, V55 Helix3 g 
_M71 Helix4 g 

NAD kinase K30, M36, G40 Helix 2 d 

Q41, N42, P43 Loop e 

TllO currentHelix 6 
study 

K115 Methylation loop f 

a. Su et al., 1995; b. VanBerkum and Means, 1991; c. Su at 
al., 1994; d. Lee et al., 1997; e. Cobb et al., 1999; f. 
Roberts et al., 1986; 1992; g. Chin et al., 1997. 
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the amino terminal lobe (Chin at al., 1996; 1997). 

Presumably, these additional interactions are required for 

removal of the auto-inhibitory region (Kemp at al., 1996) 

from the catalytic cleft of calmodulin-dependent enzymes 

(Chin at al., 1996). However, a second set of interactions 

(George at al., 1990; VanBerkum and Means, 1991; George at 

al., 1993; Su at al., 1994; 1995; Klee at al., 1998; and 

Cobb at al., 1999) map to the hydrophilic surface-exposed 

regions that do not occur at the calmodulin-peptide 

interface. Many of these map to an area known as the 

"latch domain". This region is formed upon peptide binding 

(Figs. 40 & 41) by helix 2 of EE hand I interacting with 

helix 6 of EF hand III, linking the two lobes of calmodulin 

in a "latch" (Meador at al., 1992). 

Besides the identification of residues involved in 

"activation" of NADK, these mutagenesis studies show that 

each enzyme has a differential sensitivity to mutations 

(summarized Table XVI). A clear example of this in the 

present work is the finding that mutations that abolish NAD 

kinase activation showed no effect on PDE activation. As 

discussed in the introduction, the available structures for 

calmodulin bound to peptides of various target proteins 

showed considerable diversity 
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H«lix

40 43

115

"V

Helix

Figure 41. Structure of Ca^^-peptide-bound calmodulin
showing the latch domain and adjacent regions important for
NAD kinase activation. Space filling model of the NMR
structure of the peptide (shown in orange and comprising
the CaM binding domain of smMLCK) bound form of Ca^"^-
calmodulin (Ikura et al., 1992). Helix 2 (light blue) in

the amino-terminal lobe and helix 6 (pink) in the carboxyl-
terminal lobe come together upon binding peptide, forming
the "latch domain". Residues in CaM important for the
activation of NAD kinase are primarily located on the same
face of the molecule as the "latch" and are shown: in dark

blue (K30, GQNP/40-43 of the amino terminal lobe) and green
(TllO and K115 of the carboxyl terminal lobe).
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(Ikura et al., 1992; Meador et al., 1992; 1993; Osawa et 

al., 1999, Elshorst et al., 1999), and it follows that the 

latch residues required for activation may be different. 

Along these lines from the present study, as well as 

earlier work, it is clear that NAD kinase is distinct from 

other calmodulin-target proteins in terms of interactions 

that control activation. Some of these residues appear to 

be on the latch surface. For example, by using a chimeric 

approach with soybean calmodulin (SCaM-1) and a calmodulin-

like protein (SCaM-4), residues within helix 2 in EF hand I 

were implicated as being important for activation of the 

NAD kinase (Lee et al., 1997). In particular, mutations in 

residues K30E, M36I, and G40D were found to be disruptive, 

indicating that these positions in CaM are important for 

maximal activation of NAD kinase (Lee et al., 1997). 

Similar to our work with CaM^^, these substitutions showed 

an additive effect, suggesting that multiple interactions 

between the enzyme and calmodulin result in activation. 

The present study shows that additional residues in 

the loop/turn region between EF hands I and II adjacent to 

helix 2 also play a critical role in activation. The 

substitutions of QNP (residues 41-43) to EKL in CaM^^ are 

predicted to assume the same backbone structure (Fig.16), 

158 



suggesting that the defect is likely not due to a 

disruption of calmodulin conformation in this region. 

Since these residues are localized close to the latch 

domain (Fig. 41), it is possible that they form part of the 

structure that is required for activation of NAD kinase 

upon calmodulin binding. Among the residues in the QNP 

triad, Q41E appears to exert the greatest effect on 

activity, suggesting that the introduction of a negative 

charge for the conserved amide at position 41 affects NADK 

activation. Additionally, the replacement of the 

conserved, relatively rigid proline-43 residue with 

leucine, a larger branched hydrophobic residue, also shows 

a significant decrease in activation. Evidence for the 

importance of residue 43 in calmodulin function also comes 

from genetic studies of Drosophila melanogaster in which a 

point mutation of P-43 to L in calmodulin results in 

enhanced lethality and abnormal behavioral characteristics 

(Nelson et al., 1997). Since these substitutions do not 

seem to affect the overall backbone structure of the loop-

turn region in Ca^'^-CaM (Babu et al., 1988; Chattopadhyaya 

et al., 1992), the defect is likely related to an inability 

to assume an activation-competent structure after binding 

to NAD kinase. 
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As described in the introduction, the use of mutant 

calmodulins (e.g. VU-3) that selectively hyperactivate NAD 

kinase in transgeneic plants has been instructive in the 

analysis of its function in vivo in plant defense responses 

(Harding et al., 1997; Harding and Roberts, 1998). Based 

on the current study CaM^^ may be useful as a potential 

antagonist of NADK for similar in vivo studies 

Besides the findings with CaM^^/helix 2 mutants, 

residues in helix 6 and in the methylation loop may also be 

involved in enzyme activation. In previous work it was 

shown that the activation of NAD kinase was drastically 

reduced by methylation of lysine-115 (Fig. 41) while 

binding was relatively unaffected (Roberts et al., 1986; 

Roberts unpublished). However, the present work shows that 

the substitution of other residues surrounding lysine 115, 

including the conserved glycine-113, showed no ill effects 

on NAD kinase activation. The L116T and T117A mutations 

actually showed a slight increase on NAD kinase activation. 

Thus, in the methylation loop (residues 112-117), only the 

modification of lysine-115 appears to inhibit NADK 

activation. 

There are a few features of this particular target-

enzyme interaction that are unique. First, trimethylation 
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of lysine-115 does not influence the activation of other 

calmodulin-dependent enzymes (Roberts et al., 1984; 1985; 

19B6b; Putkey et al., 1986). Second, the substitution of 

lysine-115 with other amino acids has no effect on NAD 

kinase activation (Roberts et al., 1986; 1990). A 

substitution of a threonine for lysine-115 was shown to 

reduce the activation of MLCK (Su et al., 1994). This 

suggests that position 115 also influences this CaM-

dependent enzyme, but in a different manner. Finally, 

unlike the other siibstitutions in the latch domain, this 

post-translational modification is naturally occurring and 

is regulated in vivo (Oh and Roberts, 1990; Oh et al., 

1992). Thus, this switch from agonist to partial 

agonist/antagonist may be a mechanism for selective 

regulation of NAD kinase. 

Although the effect is not as pronounced, CaM^® and 

also showed a lower activation of NAD kinase. Based 

on site-specific mutations, this defect appears to be the 

result of substitution of TllO (Fig. 41). This result 

complements previous work (Su et al., 1994) that showed 

substitution of position 110 resulted in a reduced 

activation of MLCK with little effect on binding. 
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Figures 40 and 41 show a model highlighting the 

location of residues that have been shown to affect NAD 

kinase activation but not binding. Based on the proposed 

collapsed structure of calmodulin with the calmodulin-

binding site peptide, it appears as if these residues are 

present on the surface of the "latch" (helices 2 & 6) as 

well as on the two symmetrical non EF hand turns adjacent 

to these helices (Figs. 40 & 41). These residues are 

proposed to interact with as yet undetermined regions with 

NAD kinase resulting in activation. As a further note, the 

peptide shown in Figures 40 and 41 is derived from smooth 

muscle MLCK. We do not yet have a structure for the NAD 

kinase peptide nor its structure in complex with 

calmodulin. Such a structure would enable a clearer 

picture of these residues in complex with NAD kinase. 

Based on this study and previous work, it is clear 

that the activation of calmodulin-dependent enzymes 

proceeds by more than a simple one step removal of an 

"autoinhibitor" from the catalytic cleft of the enzyme 

(Kemp et al, 1996). Additional, undefined interactions are 

required to achieve activation. The nature of these 

interactions is vague since the crystal structure of a 

calmodulin/calmodulin-dependent enzyme activation complex 
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has yet to be solved. However, support for the proposal 

that activation involves a change in structure of the 

complex comes from X-ray and neutron scattering experiments 

of calmodulin in complex with MLCK with and without 

substrates (Krueger at al., 1997; 1998). 

Scattering data is dependent on the geometric shape of 

the molecule, and measurements are extremely sensitive to 

conformational changes (Trewhella 1997). Small-angle 

scattering is most powerful when used as a complementary 

tool with other Structural techniques such as NMR and X-ray 

crystallography that provide key structural information. 

When combined with high-resolution structural data small-

angle scattering can be key to understanding biomolecular 

mechanisms (Trewhella 1997). 

Trewhella and colleagues have investigated the 

interaction of Ca^'^-CaM with a catalytic fragment of MLCK 

(Krueger et al., 1997; 1998). Based on these studies, a 

model was proposed showing that upon binding substrates 

(i.e., active conformation of the kinase) the orientation 

of calmodulin relative to the MLCK changes, lending support 

to an additional interaction between bound calmodulin and 

the enzyme in the active state (Krueger et al., 1998). 

Once inhibition is released by CaM, the kinase can bind and 
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close about the substrate in order to bring together the 

chemical constituents required for catalysis. Accompanying 

closure of the catalytic cleft within the MLCK is a 

movement of the CaM and MLCK centers-of-mass toward each 

other. In addition, the orientation of calmodulin relative 

to MLCK changes so that its N-terminal sequence interacts 

with the kinase surface (Krueger et al., 1998). 

In the current study X-ray scattering experiments have 

been used to show that in solution the shape and structure 

of CaM^^^ is identical to wild type calmodulin in the 

absence of peptide. This provides further support that the 

replacement of QNP (41-43) for EKL (114-116) does not 

affect the overall structure of calmodulin or the initial 

binding of calmodulin to target enzymes. 

Future work to determine how calmodulin activates NAD 

kinase should include further analysis of the enzyme, and 

calmodulins interaction with the enzyme. NAD kinase needs 

to be cloned, and the CaM-binding site in NAD kinase needs 

to be identified. In addition, the interaction of 

calmodulin with this binding site needs to be determined, 

and compared with other CaM-peptide models. Ultimately, to 

identify residues important for NAD kinase activation, the 

structure of NAD kinase in complex with wild type CaM and 

164 



with antagonistic CaM (i.e. CaM^^^) needs to be compared. 

Further study of CaM^^^, and other calmodulins that form 

non-productive complexes with target enzymes, will 

hopefully yield insight into the nature of "activation" vs 

"antagonist" interactions. 
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