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ABSTRACF

In the preceding paper (Lukas, Iverson, Schleicher, Watterson 1984
Pblat Physiol 75: 788-795), we reported that the amino acid sequence of
spinach calmodulin has at least 13 amino acid sequence differences from
vertebrate calmodulin. In the present study, we investipted the effect of
these amino acid sequence substitutions on the enzyme activator proper-
ties of vertebrate and plant calmodulins. Calmodulins from spinach and
the green alga Chinmydomon reinhardtii activate chicken gizzard
myosin light chain kinase in a manner similar but not identical to chicken
camodulin. In contrast, these calmodulins have very different NAD
kinase activator properties. The concentration required for half-maximl
activation of pea seedling NAD kinase by spinach calmodulin (3-4
nanomolar) is lower than the corresponding concentrations of chicken
(20 nanomolar) and Chlanydomona (40 nanomolar) lmodulins. How-
ever, the maximum level of activation obtained with Cklwydomonai
calmodulin is 4- to 6-fold higher than spinach or chicken calmodulin.
These data indicate that the limited stual heterogeneity among
calmodulins have differential effects on their biochemical activities.

In the preceding paper (12), we demonstrated that the amino
acid sequence of spinach calmodulin is highly conserved and
differs from the bovine brain calmodulin sequence (6, 22) in
only 13 of 148 residues. The high degree of structural homology
between plant and vertebrate calmodulin is paralleled by simi-
larities in certain biochemical properties. For example, the phos-
phodiesterase activator properties of a variety of plant calmodu-
lins, including those from spinach (21), barley (16), zucchini
(13), peanut (2), and the green alga Chlamydomonas (17), are
similar, if not identical, to the activator properties of vertebrate
calmodulin. In contrast, a substantial difference in the NAD
kinase activator properties of peanut and porcine brain calmod-
ulins has been reported (8). Thus, it appears as if the limited
amino acid sequence differences between higher plant and ver-
tebrate calmodulins may have important functional significance.

In the present study we have extended our investigation of
calmodulin structure and function by comparing the properties
of higher plant, vertebrate, and algal calmodulins as activators
of vertebrate MLCK2 and plant NAD kinase.
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2Abbreviations: MLCK, myosin light chain kinase; EGTA, ethylene
bis(oxyethylenenitrilo)tetraacetic acid; MOPS, 2-(N-morpholino)pro-
panesulfonic acid.

MATERIAIS AND METHODS
Materials. Pea seeds (Pisum sativum var Early Alaska) were

obtained from Ernest Hardison Seed Co., Nashville, TN. NAD
and NADP were obtained from Sigma Co. ATP was obtained
from Boehringer-Mannheim, West Germany. y-32P-ATP was
prepared as previously described (19). All other chemicals were
reagent grade.

Preparation of Proteins. Calmodulin was isolated from chicken
gizzard (5), spinach leaves (12), and Chlamydomonas reinhardtii
(17) essentially as previously described. In the case of higher
plant and algal tissues, calmodulin was extracted in the presence
of polyvinylpolypyrrolidone as described previously (16, 17) to
prevent protein modification by phenolic compounds. The pu-
rity of all calmodulin preparations was assessed by SDS-gel
electrophoresis and by amino acid composition analyses. MLCK
was purified from chicken gizzards by using the procedure de-
scribed by Adelstein and Klee (1). Gel electrophoretic analysis
of the purified MLCK preparation resolves one major protein
band (apparent Mr = 130,000) and two minor bands (apparent
Mr = 115,000 and 105,000). All bands bind to ['251]calmodulin
and show immunoreactivity with anti-MLCK antibodies (data
not shown).
Mixed light chains were prepared from bovine cardiac muscle

myosin by the method described by Blumenthal and Stull (4).
The regulatory light chain was purified by applying mixed light
chains (in 10 mM MOPS, 15 mm 2-mercaptoethanol, pH 7.0) to
an affigel blue (Bio-Rad) column that was equilibrated in the
same buffer. The column was washed, and regulatory light chains
were eluted with a linear gradient of 0 to 0.4 M KCl in 10 mM
MOPS, 15 mM 2-mercaptoethanol, pH 7.0.
NAD Kinase Extraction and Assay. NAD kinase was extracted

and partially purified using modifications ofpreviously described
procedures (8, 15). Two-week-old pea seedlings (100 g) were
homogenized in 300 ml of25 mm triethanolamine HCI (pH 7.5),
0.5% (w/v) polyvinylpolypyrrolidone, and 1 mm phenylmethyl-
sulfonylfluoride. The homogenate was squeezed through cheese-
cloth and centrifuged at 12,000g for 30 min. NAD kinase in the
supernatant was purified through the protamine sulfate and PEG
precipitation steps as described by Muto and Miyachi (15). The
precipitate obtained from the PEG step was dissolved in 50 mM
Tris HCI (pH 7.5), 100 mm KCI, 3 mM MgC92, 0.1 mM EGTA
and was passed through a 4- x 1-cm DEAE Sephadex A-25
column. The effluent contained NAD kinase activity that was
completely dependent upon Ca and calmodulin for activity. the
partially purified NAD kinase was stored frozen at -80°C until
use.
NAD kinase activity was assayed by a modification of the

method of Wang and Kaplan (20) as described by Muto and
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Miyachi (15). The assay mixture contained 3 mm ATP, 2 mM
NAD, 1 mM CaCI2, 10 mM MgC12, 50 mM KCI, 50 mM Tris HCI
(pH 8.0), and various amounts of calmodulin. The assay was
initiated by the addition of NAD kinase, and incubation was
carried out at 37°C for 30 min. The assay was terminated by
boiling for 5 min and the NADP produced ws measured by the
method of Apps (3).
Assay of MLCK Activator Activity. Enzyme activity was de-

termined by the incorporation of 32p into the regulatory light
chain of cardiac muscle myosin. Reaction mixtures (50 ul final
volume) contained 45 AM light chain, 25 mM MOPS (pH 7.0),
10 mm magnesium acetate, 0.2 mm CaCl2, 7.5 mM 2-mercapto-
ethanol, 1 mM [y-32P]ATP (150 cpm/pmol), and 1.5 nm chicken
gizzard MLCK. The assays contained varying amounts of cal-
modulin from chicken gizzard, spinach or Chlamydomonas as
indicated in the legend to Figure 1. Some assays also contained
1 mm EGTA as indicated. Reactions were initiated by the addi-
tion of [y_-32P]ATP and transfer to a 30C water bath. Aliquots
(25 ul) of the reaction mixtures were removed after 20 min and
spotted onto squares of phosphocellulose paper. The squares
were allowed to dry for 2 min and were then washed in 75 mM
H3PO4 (five washes, 5 min each, 10 ml/square). The squares
were washed once in 95% ethanol, dried, and suspended in
Betafluor (National Diagnostics, NJ) for determination of radio-
activity.

Protein Determination. Protein concentration was determined
by the method of Lowry ( 11) using BSA as a standard. Calmod-
ulin concentration was determined by amino acid composition
(18).

RESULTS AND DISCUSSION

The ability of various calmodulin preparations to activate
MLCK was examined (Fig. 1). The specific activity ofMLCK in
the presence of Ca with no added calmodulin is 20 nmol of
phosphate incorporated into myosin light chains/min-mg pro-
tein. In the presence of EGTA, the specific activity of the kinase
is 13 nmol/min-mg protein. At saturating concentrations of
vertebrate calmodulin, the activity reaches 980 nmol/min mg
protein. This value is in agreement with that obtained by Adel-
stein and Klee for turkey gizzard MLCK (1). Neither spinach
calmodulin nor Chlamydomonas calmodulin is able to activate
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FIG. 1. MLCK activator activities of chicken gizzard, spinach, and
Chlamydomonas calmodulins. Assays were performed as described in
"Materials and Methods." The effects of increasing concentrations of
calmodulin from chicken gizzard (A), spinach (0), and Chlamydomonas
(U) on the incorporation of 32p into the regulatory light chain of cardiac
myosin are shown. Each point is the average ofduplicate determinations.
The error bars show the range of values obtained. The absence of error
bars indicates that the range is smaller than the size of the symbol.

MLCK to the same specific activity obtained with vertebrate
calmodulin. The maximal activity of MLCK obtained with
saturating concentrations of spinach and Chlamydomonas cal-
modulin is approximately 20% less than that obtained with
vertebrate calmodulin. There also are minor but reproducible
differences in the amount of the various calmodulins required
for half-maximal activation of MLCK. Half-maximal activation
ofMLCK is obtained between 0.2 and 0.4 nm for all calmodulins
tested.
The same calmodulin preparations used in the MLCK acti-

vator assays were tested for NAD kinase activator activity. In
contrast to the data obtained with myosin light chain kinase, the
differences in the NAD kinase activator properties of spinach,
Chlamydomonas, and vertebrate calmodulin are more striking.
The concentration of spinach calmodulin required for half-
maximal activation of NAD kinase is 3 to 4 nM (Fig. 2A). This
concentration is significantly lower than the corresponding val-
ues obtained for vertebrate (20 nM) and Chlamydomonas (40
nM) calmodulin (Fig. 2, A and B). Algal, higher plant, and
vertebrate calmodulins are also readily distinguishable by the
degree of NAD kinase activation observed with saturating con-
centrations of calmodulin. The highest activation ofNAD kinase
was obtained with Chlamydomonas calmodulin (Fig. 2B) while
the maximum activations obtained with spinach and vertebrate
calmodulins were 4-fold and 6-fold lower, respectively (Fig. 2, A
and B). The activation ofNAD kinase by the three calmodulin
preparations is completely inhibited by the substitution of 1 mM
EGTA for calcium in the assay.
The 5- to 6-fold difference between the concentrations of

chicken and spinach calmodulin required for half-maximal ac-
tivation is consistent with that observed by Jarrett et al. (8) with
peanut and porcine calmodulins. However, in contrast to the
results in our study, Jarret et al. (8) found no apparent differences
in the maximal activation of NAD kinase by higher plant and
vertebrate calmodulins. Algal calmodulin was not tested. Al-
though the reason for this discrepancy is not known, it may be
related to differences in the enzyme preparation used. The puri-
fication and characterization ofNAD kinase are necessary before
an understanding of these differences can be obtained.
Amino acid sequence analyses of spinach (12) and Chlamy-

domonas (17) calmodulins indicate that they share a high degree
of structural homology with vertebrate calmodulin, but also have
a limited number of unique amino acid substitutions. Despite
these structural differences, spinach and Chlamydomonas cal-
modulins activate cyclic nucleotide phosphodiesterase (17, 21)
and MLCK in a manner similar to that of vertebrate calmodulin.
These results indicate that highly conserved regions of the cal-
modulin molecule are involved in the activation, or that struc-
tural changes in the protein can occur without significant alter-
ation ofMLCK or cyclic nucleotide phosphodiesterase activator
activities. However, the differences in the activation of NAD
kinase by the same calmodulin preparations indicate that these
limited structural differences can influence the functional prop-
erties of the protein. It remains to be determined whether NAD
kinase utilizes a functional domain on the calmodulin molecule
that is distinct from those utilized in phosphodiesterase orMLCK
activation, or whether NAD kinase interacts at the same sites as
MLCK and phosphodiesterase but has a stricter structual re-
quirement for activation. A previous example of how limited
amino acid sequence changes in calmodulin can result in modi-
fied protein binding properties has been reported by Van Eldik
and co-workers (7), who demonstrated that single amino acid
substitutions can result in substantial decreases in immunoreac-
tivity of calmodulin with certain anti-calmodulin antibodies.

It could be argued that the differences observed in the NAD
kinase activator properties of the three calmodulin preparations
may be the result of modification by secondary metabolites or
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FIG. 2. NAD kinase activator activities of chicken gizzard, spinach,
and Chlamydomonas calmodulins. NAD kinase activity was assayed as
described in "Materials and Methods." A, Activator curves for spinach
(@)and chicken gizzard calmodulins (A). B, Activator curves for spinach
(0) and Chlamydomonas (a) calmodulins. Each point is the average of
duplicate determinations. The error bars show the range of values ob-
tained. The absence of error bars indicates that the range is smaller than
the size of the symbol.

proteases during their extraction and isolation. As previously
described (12, 16, 17), the protocols used for the extraction and
isolation of plant and algal calmodulin were designed to prevent
modification by secondary metabolites. In addition, the calmod-
ulins used in these studies have been extensively characterized,
including by amino acid sequence analyses, and evidence of
modification was not obtained (12, 17, 18, 21). Finally, we have
recently discovered that calmodulin from the microorganism
Dictyostelium discoideum activates NAD kinase in a manner
similar to that of Chlamydomonas (14). Thus, if the activation
differences are the result of the modification of calmodulin
during extraction and isolation, these modifications are not
readily detected and are common to calmodulins from plant and
non-plant species.

Differences in the activator properties of calmodulins from
different organisms have been observed with calmodulin-sensi-
tive enzymes other than NAD kinase. Kakiuchi et al. (9) reported

a guanylate cyclase activity in Tetrahymena which was stimu-
lated by Tetrahymena calmodulin but not by vertebrate or
invertebrate calmodulins. Recently, Klumpp et al. (10) demon-
strated a calmodulin-sensitive guanylate cyclase activity in Par-
amecium. They found that the enzyme was stimulated by verte-
brate, higher plant, Tetrahymena, and Paramecium calmodulins,
but not by Dictyostelium calmodulin.
The results summarized here and in the accompanying report

(12) demonstrate that the limited number ofconservative amino
acid differences between vertebrate and plant calmodulins can
have functional significance. The work presented here, combined
with previous reports from other laboratories (8-10), suggest that
certain enzymes are selective in their interactions with different
calmodulins, and emphasize the importance of detailed struc-
tural analyses of different calmodulins and the proteins with
which they interact.

Acknowledgments-We would like to thank Dr. Linda Van Eldik for her
comments and criticisms regrding this manuscript and Penny Stelling and Diana
Smithson for their typing assistance.

LITERATURE CITED

1. ADELSTEIN RS, CB KLEE 1982 Purification of smooth muscle myosin light
chain kinase. Methods Enzymol 85: 298-308

2. ANDERSON JM, H CHARBONNEAU, HP JONEs? RO MCCANN, Mi CORMIER
1980 Characterization ofthe plant nicotinamideadenine dinucleotide kinase
activator protein and its identification as calmodulin. Biochemistry 19:
3113-3120

3. APPs DK 1970 The NAD kinases of Saccharomyces cerevisiae. EurJ Biochem
13: 223-230

4. BLUMENTHAL DK, JT STULL 1980 Activation of skeletal muscle myosin light
chain kinase by calcium and calmodulin. Biochemistry 19: 5608-5614

5. BURGESS WH, DK JEMIOLO, RH KRETSINGER 1980 Interaction ofcalcium and
calmodulin in the presence of sodium dodecyl sulfate. Biochem Biophys
Acta 623: 257-270

6. BURGESS WH, M SCHLEICHER, LJ VAN ELDIK, DM WAmRSON 1983 Com-
parative studies of calmodulin. In WY Cheung, ed, Calcium and Cell
Function, Vol 4. Academic Press, New York, pp 209-261

7. FOK KF, LU VAN ELDIK, BW ERICKSON, DM WArRSON 1981 Synthetic
peptides that define an immunoreactive site of calmodulin. In DH Rich, E
Gross, eds, Peptides: Synthesis-Structure-Function. Pierce Chemical Co., pp
561-564

8. JARRETT HW, T DASILVA, MJ CORMIER 1982 Calmodulin activation ofNAD
kinase and its role in the metabolic regulation of plants. In DA Robb, WS
Pierpoint, eds, The Uptake and Utilization of Metals in Plants. Academic
Press, London, pp 205-218

9. KAKIUCHI S, K SOBUE, R YAMAZAKI, S NAGAO, S UMEKI, Y NOZAWA, M
YAZAWA, K YAGI 1981 Ca2l'dependent modulator proteins from Tetrahy
mena pyriformis, sea anemone, and scallop and guanylate cyclase activation.
J Biol Chem 256: 19-22

10. KLUMPP S, G KLEEFELD, JE SCHLUTZ 1983 Calcium/calmodulin-regulated
guanylate cyclase of the excitable ciliary membrane from Paramecium. J
BiolChem 258:12455-12459

1 1. LOWRY OH, NJ ROSEBROUGH, AL FARR, RJ RANDALL 1951 Protein measure-
ment with the Folin phenol reagent. J Biol Chem 193: 265-275

12. LUKAS TJ, DB IVERSON, M SCHLEICHER, DM WATTERSON 1984 Structural
characterization of a higher plant calmodulin. Spinacia oleracea. Plant
Physiol 75: 788-795

13. MARME D 1982 The role of Ca2l in signal transduction of higher plants. In PF
Wareing, ed, Plant Growth Substances 1982. Academic Press, London, pp
419-426

14. MARSHAK DR, M CLARKE, DM ROBERTS, DM WArRSON 1984 Structural
and functional properties ofcalmodulin from the eukaryotic microorganism
Dictyostelium discoideum. Biochemistry 23: 2891-2899

15. Muro S, S MIYACHI 1977 Properties of a protein activator of NAD kinase
from plants. Plant Physiol 59: 55-60

16. SCHLEICHER M. TJ LUKAS, DM WATrERSON 1983 Further characterization of
calmodulin from the monocotyledon barley (Hordeum vulgare). Plant Phys-
iol 73: 666-670

17. SCHLEICHER M, TJ LUKAS, DM WATrERSON 1984 Isolation and characteriza-
tion of calmodulin from the motile green alga Chlamydomonas reinhardiii.
Arch Biochem Biophys 229: 33-42

18. VAN ELDIK IJ, DM WAmRSON 1979 Characterization of a calcium-modu-
lated protein from transformed chicken fibroblasts. J Biol Chem 254: 10250-
10255

19. WALSETH T, R JOHNSON 1979 The enzymatic prepation of[a-32Pjnucleoside
tnphosphates, cyclic ['2PJAMP, and cyclic ['3PJGMP. Biochim Biophys Acta

20. WANG TP, NO KAPLAN 1954 Kinases for the synthesis of co-enzyme A and
triphosphopyridine nucleotide. J Biol Chem 206: 311-325

2 1. WATFERSON DM, DB IVERSON, J VAN ELDIK 1980 Spinach calmodu-
lin:isolation characterization, and comparison with vertebrate calmodulins.
Biochemistry 19: 5762-5768

22. WATTERSON DM, FS SHARIEF, TC VANAMAN 1980 The compete amino acid
sequence of the Ca?'-dependent modulator protein (calmodulin) of bovine
brain. J Biol Chem 255: 962-975

798

I

I

I

I


