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ABSTRACT. To investigate the role of hydrophobic interactions involving methionine side chains in
facilitating the productive association between calmodulin (CaM) and the plasma membrane (PM) Ca-
ATPase, we have substituted the polar amino acid GIn for Met at multiple positions in both the amino-
and carboxyl-terminal domains of CaM. Conformationally sensitive fluorescence signals indicate that
these mutations have little effect on the backbone fold of the carboxyl-terminal domain of CaM. The
insertion of multiple GIn in either globular domain results in a decrease in the apparent affinity of CaM
for the PM-Ca-ATPase. However, despite the multiple substitution of GIn for four methionines at positions
36, 51, 71, and 72 in the amino-terminal domain or for three methionines at positions 124, 144, and 145
in the carboxyl-terminal domain, these mutant CaMs are able to fully activate the PM-Ca-ATPase. Thus,
although these CaM mutants have a decreased affinity for the CaM-binding site on the Ca-ATPase, they
retain the ability to fully activate the Ca-ATPase at saturating concentrations of CaM. The role of individual
methionines in modulating the affinity between the carboxyl terminus and the PM-Ca-ATPase was further
investigated through the substitution of individual Met with GIn. Upon substitution ofiland Met**

with GIn, there is a 5- and 10-fold increase in the amount of CaM necessary to obtain half-maximal
activation of the PM-Ca-ATPase, indicating that these methionine side chains participate in the high-
affinity association between CaM and the PM-Ca-ATPase. However, substitution of Gin fif Mstilts

in no change in the apparent affinity between CaM and the PM-Ca-ATPase, indicating that in contrast to
all other known CaM targets, MgP does not participate in the interaction between CaM and the
PM-Ca-ATPase. These results emphasize differences in the binding interactions between individual
methionines in CaM and different target enzymes, and suggest that hydrophobic interactions between
methionines in CaM and the binding site on the PM-Ca-ATPase are not necessary for enzyme activation.
Calculation of the binding affinities of individual CaM domains associated with activation of the PM-
Ca-ATPase suggests that mutations of methionines located in either domain of CaM can decrease the
initial high-affinity association between CaM and the PM-Ca-ATPase, but have little effect upon the
subsequent binding of the opposing globular domain. These results suggest that the initial associations
between CaM and the CaM-binding sequence in the PM-Ca-ATPase are guided by nonspecific hydrophobic
interactions involving both domains of CaM.

Calmodulin (CaM) functions to recognize the calcium contribute approximately one-half of the exposed hydropho-
signal in all eukaryotic cells, and is involved in the coordinate bic binding surface on each of the opposing globular
regulation of diverse target proteins involved in modulating domains, and the nonpolar thioether moiety has been
arange of biological responses, including neurotransmission,sggested to provide the necessary conformational flexibility
muscle contraction, glucose metabolism, cell proliferation, permit the high-affinity association between CaM and a

and gene. expre_ssionl,( 2). Upon calcium activation, range of different target proteins with little sequence homol-
hydrophobic binding surfaces are exposed on each of the . o . .
ogy (6—38). Thus, essentially all methionine side chains make

opposing globular domains,(4). Methionine side chains : . s .
pposing globu ins(4) on! ! I van der Waals contact interactions within the three high-

t Supported by National Institutes of Health Grant AG12993. resolution structures of CaM bound to peptides identical to

* Correspondence should be addressed to this author. Telephonethe CaM-binding sequences of CaM-dependent protein kinase
(785)-864-4008. FAX: (785)-864-5321. E-mail: TCSQUIER@ I h | in liaht chain ki MLCK
KUHUB.CC.EAGLE.EDU. o, smooth muscle myosin light chain kinase ( ), or

1 Abbreviations: CaM, calmodulin; CaMKI, calmodulin-dependent ~ skeletal MLCK ©@—11). However, the relative contribution

protein kinase |; CaMKII, calmodulin-dependent protein kinase II; AT [ ; o _
CaMKIV, calmodulin-dependent protein kinase IV: Cabxidatively of individual methionines in stabilizing the bound conforma;

modified CaM; EGTA, ethylene glycol bi§{aminoethyl ether)- tion is highly variable, and amino acid substitutions involving
N,N,N',N'-tetraacetic acid; ESI-MS, electrospray ionization mass spec- the insertion of glutamine for individual methionines dif-

trometry; HPLC, high-performance liquid chromatography; MLCK, . . L
myosin light chain kinase; PCR, polymerase chain reaction; PM, plasmaferem"’jIIIy alter the binding and activation of these three

membrane. different target enzymes by CaMZ). Furthermore, different
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hydrophobic interactions between CaM and various target overexpressed ik. coli strain JM109(DE3) (Promega), and
proteins may be involved in the binding and subsequent purified essentially as previously described using phenyl-

activation of target proteins18, 14). In this respect,
posttranslational modifications involving the oxidative modi-
fication of selected methionines within CaM (i.e., CgM
occur during normal biological aging, resulting in an altered
structural interaction between CagMnd the Ca-ATPase that
does not fully activate the PM-Ca-ATPase when bound to
CaMox (15—18). Since substitutions of GIn for specific Met
have been shown to reduce the ability of CaM to fully
activate MLCK and CaM-dependent protein kinade)(
these results suggest that the decrease in the ability of,CaM
to fully activate the PM-Ca-ATPase could be the result of
either (i) the loss of specific binding interactions involving

Sepharose CL-4B and weak anion exchange HPL13220).
The erythrocyte ghost PM-Ca-ATPase was purified from
porcine erythrocyte ghost membrang$)( Purified CaM and
erythrocyte ghost membranes were stored-@0 °C.
Construction of CaM MutantsThe recombinant plasmid
pEx1-CaM was incubated with a pair of complementary
oligonucleotides in which the appropriate ATG codons for
Met were changed to CAG for GIn, and through 16 rounds
of the polymerase chain reaction (PCR), individual methion-
ine codons were substituted with glutamine codons. Original
DNA templates were digested witbpnl prior to the
transformation ofe. coli IM109(DE3) cells with the PCR

methionine side chains necessary to induce enzyme activatiorproduct. Plasmids were purified from the transformed cells
or (i) differences in a range of binding interactions that result and subjected to automated DNA sequencing using the
from global conformational changes in CaMTo explore Biochemical Research Service Laboratory at the University
the possible role of alterations in specific hydrophobic of Kansas. The mass of the expressed mutant CaM was
binding interactions between individual methionines in CaM obtained using ESI mass spectrometry, as previously de-
in the activation of the PM-Ca-ATPase, we have used site- scribed (7, 20).

directed mutagenesis to generate CaM mutants in which Enzymatic AssaysThe calmodulin-dependent ATPase
variable numbers of methionines in both the amino- and activity associated with the PM-Ca-ATPase was determined
carboxyl-terminal domains of CaM were substituted with using the method described by Lanzetta and co-work&3s (
polar glutamine. An examination of the CaM-dependent for measuring phosphate release. The ghost membrane
activation of the PM-Ca-ATPase using these mutant CaMs protein concentration was determined by the Biuret method
reveals that although the majority of methionine mutations (23), using BSA as the standard. CaM concentration was
(with the exception of Mé#® — GIn'49) affect the binding determined using the Micro-BCA assay, where a stock
affinity between CaM and the PM-Ca-ATPase, that the solution of desalted CaM was used as a protein standg#d (
substitution of multiple glutamines for methionines in either = 3029 Mt cm™; 19). ATPase activity was measured at
domain of CaM does not affect the ability of CaM to fully 37 °C in a solution containing approximately 16 nM Ca-
activate the PM-Ca-ATPase at saturating CaM concentra-ATPase (i.e., 0.4 mg mt porcine erythrocyte ghost
tions. Thus, we find that (i) methionine side chains are not membranes) in 100 mM HEPES (pH 7.5), 0.1 M KClI, 5
critical to the ability of CaM to fully activate the PM-Ca- MM MgCl,, 0.1 mM EGTA, 0.44 mM CaG| 5 mM ATP,
ATPase at saturating CaM concentrations and (ii) 1ttés and 4uM A23187. The free calcium concentration was
not involved in binding to the PM-Ca-ATPase. These latter calculated to be 100M (24).

results are in contrast to CaM-dependent protein kinase II  Calculation of Free CaM Concentration$he concentra-

or smooth muscle MLCK, where significant changes in tio_n of free CaM was obtained from the following relation-
maximal enzyme activation were observed following sub- Ship:

stitution of some methionines with glutamind,(14). These

results indicate that CaM binds differently to the PM-Ca- \
ATPase, suggesting that interactions between methionine sidécaM]freez [CaM]iora —
chains and sequences within the CaM-binding sequence of

the Ca-ATPase are not essential for complete enzymatic

activation.

min) %
(Vmax - Vmin)
[PM-Ca-ATPase] (1)

where Vmax is the maximal calmodulin-dependent ATPase
activity, V is the observed ATPase activity at a defined
concentration of CaM, [CaM{.is the concentration of CaM

Materials PfuDNA polymerase, restriction enzymbigd free in solution, [Ca!\/lt],ta| is the total concentratio_n of CaM
andXba, and DNA endonucleasBpnl were obtained from  @dded to the solution, and [PM-Ca-ATPase] is the total
Stratagene (La Jolla, CA). Complementary oligonucleotides Pinding capacity of the erythrocyte ghosts for CaM, which
used for site-directed mutagenesis were obtained fromWas measured to be 40 pmol of CaM bound/mg of porcine
Genosys (Woodlands, TX). Phenyl-Sepharose CL-4B was €ythrocyte ghost2p).
obtained from Pharmacia (Piscataway, NJ). HEPES2- FIuorescen.ce Spgctroscopy Measuremeﬁteady-state
hydroxyethyl)piperazind¥-2-ethanesulfonic acid] and TRIS fluorgscence mtensﬂ@s were measpred using a Fluoro Max-2
free base [tris(hydroxymethyl)aminomethane] were pur- (Jobin Yvon Spex, Edison, NJ) equipped with a xenon lamp.
chased from Research Organics Inc. (Cleveland, OH). A Excitation was at 297 nm using 4 nm slit-widths on both
Micro-BCA protein assay reagent kit was obtained from the excitation and emission monochromators.

Pierce (Rockford, IL). All other chemicals were the purest RESULTS

grade commercially available. The cDNA encoding chicken
CaM, provided by Professor Sam George (Duke University), The PM-Ca-ATPase contains an autoinhibitory domain
was subcloned into the expression vector pALTER-Ex1 near the carboxyl terminus that functions to block substrate
(Promega, Madison, WI) downstream form a T7 promoter, access or utilization26, 26). Upon binding CaM, there is a

EXPERIMENTAL PROCEDURES
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6 Table 1: Activation of PM Ca-ATPase by CaM Mutahts
5 [CaM]y2 ki k2
v 4l sample mutation sites (nM) (nM)  (nM)
f 3 CaM none 1.3 10 0.2
g 5 (0.6) 3 (0.1)
a- Q145 M145Q, YOOW 1.4 20 0.1
= 6 (0.6) (10)  (0.1)
5 5] Q124 M124Q, YOOW 7.0 40 0.3
> (0.6) (10) (0.2)
> 4 Ql44 M144Q, YOOW 13 70 0.2
< 3 2) (30)  (0.)
g, C-2Q  M144Q, M145Q, Y99W 8.4 50 0.3
< (0.6) (10) (0.1)
2 6 C-3Q M124Q, M144Q, 23 90 0.5
£ M145Q, YOOW 2 (30)  (0.1)
[:: N-2Q M71Q, M72Q, Y99W 5.8 50 0.1
4 (0.6) (10) 0.2)
3 N-4Q M36Q, M51Q, M71Q, 28 130 0.3
2] M72Q, Y99W 3) (30) (0.1)
a[CaM]y, is the CaM concentration necessary for half-maximal
[CaM],_ (M) activation of the PM-Ca-ATPask; andk; correspond to the dissocia-
free

tion constants for the sequential binding of the two globular domains
Ficure 1: Calmodulin-dependent activation of the PM-Ca-ATPase. of CaM and were obtained from a least-squares fit to the data in Figure
ATPase activity for wild-type CaM@®; solid line) is compared with 1, as previously describe®@).

mutant CaMs (Y99W) involving: (A) single methionine substitu-

tions in the C-terminus involving M124Q; dashed line), M144Q  gccurately reflect molecular interactions between CaM and

(O; short dashed line), and M145@Qi(dotted line); (B) multiple gjthar smooth muscle MLCK or CaM-dependent protein
methionine substitutions in the carboxyl-terminal domain involving Ki b (12 14 ting that the site-directed di
the substitution of GIn for Mét4and Met*s (i.e., C-2Q;a; dashed inase Ib (12, 14), suggesting that the site-directed modi-

line) or Met?4 Met!44 and Met* (i.e., C-3Q;a; dotted line); and fication of methionine to glutamine is an effective strategy
(C) multiple methionine substitutions in the amino-terminal domain  to identify the role of specific methionines in promoting the
involving the substitution of GIn for Mét and Met? (N-2Q; v; productive association between CaM and the CaM-binding

dashed line) or M&%, Met?, Met’,, and Met? (i.e., N-4Q;v; dotted e A
line). Lines represent the least-squares fit to the data, as previouslySequence within the PM-Ca-ATPase necessary for enzyme

described 30). ATPase activity was measured in the presence of activation. o _
0.4 mg mL2 porcine erythrocyte ghost membranes (i.e., 16 nM  Construction of Site-Directed Mutants of CaNight

PM-Ca-ATPase25) in 0.1 M HEPES (pH 7.5), 0.1 MKCI,5mM  mutants of CaM were constructed in which variable numbers
";"293?1%70; ’S“Y'C\,"CE\?VE eAr,e Ot}?: C”;'r\]"cecr?tgti% r:“(')\]’c' ﬂ(’)’uﬁﬂdc%" wag ©f methionines in either the amino- or the carboxyl-terminal
calculated usind eq 1 under Experimental Procedures. The freedom""!ns were SUbS“t.Uted with glutamlnes (T‘T"b'e 1). These
calcium concentration was calculated to be 100 (24). mutations involved (i) three mutants in which GIn was
separately substituted for three individual methionines in the
3-fold activation in the catalytic activity of the PM-Ca- carboxyl-terminal domain [i.e., M&* (M124Q), Met*
ATPase (Figure 1). The binding mechanism between CaM (M144Q), Met*> (M145Q)]; (ii) three mutants involving the
and a range of different target proteins, including the PM- substitution of multiple methionines in the carboxyl-terminal
Ca-ATPase, is thought to involve hydrophobic binding domain with glutamines involving two (i.e., Mét and
interactions that stabilize the CaM-binding sequence of the Met!45, C-2Q), three (i.e., Mét4, Met'*4 and Met*5, C-3Q),
target protein in a conformation that results in enzymatic or four (i.e., Met®, Met'?4 Met'*4, and Met*5 C-4Q)
activation ). Methionines within the binding clefts of CaM  methionines; and (iii) two mutants involving the substitution
represent approximately 46% of the binding surface, and areof multiple methionines in the amino-terminal domain
critical to the maximal activation of myosin light chain kinase involving two (i.e., Met! and Met? N-2Q) or four (i.e.,
and CaM-dependent protein kinase (6, 9—11). To define Met36, Met!, Met’!, and Met?% N-4Q) methionines. In all
the role of these hydrophobic interactions in the productive cases, mutants were also constructed in which Trp was
association between CaM and the PM-Ca-ATPase, we havesubstituted for Ty to introduce a fluorescence signal whose
used site-directed mutagenesis to substitute individual emission spectrum is sensitive to possible alterations in the
methionines with glutamines. The greater polarity of the tertiary structures of the carboxyl-terminal domain in these
glutamine side chain relative to methionine is expected to mutants (see below). The introduction of $gdoes not affect
decrease hydrophobic interactions that would normally the function of CaM (Figure 1), and the large spatial
stabilize the binding interaction between CaM and the CaM- separation between T#and all nine methionine side chains
binding sequence of the PM-Ca-ATPase that may be necesdin vertebrate CaM avoids ambiguities associated with the
sary for enzyme activation. Because GIn substitutions areinterpretation of the intrinsic fluorescence signals in native
not expected to alter the-helical secondary structur@¥), CaM that are dominated by T¥# and may therefore result
these mutations permit an assessment of the influence offrom alterations in short-range quenching interactions that
specific methionine side-chain interactions in the association result from the substitution of the proximal carboxyl-terminal
with the CaM-binding sequence of the PM-Ca-ATPase. methionines (i.e., Mét*or Met*9 with GIn (28). In contrast,
Furthermore, changes in the binding affinities between Tyr®® is greater than 12 A from any methionine side chain
mutant CaM species in which individual methionines were in the crystal structure of CaMb(29), suggesting that Trp
substituted with glutamine have been previously shown to at this position should accurately reflect global structural
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changgs that_may res_ult_from the substitution of individual T.p1e > Fluorescence Spectral Changes of*TipApo- and
glutamines with methionine. Calcium-Activated CaM Mutants

Native and mutant CaMs were expressedtircoli straln _ TEGTA T calcium
JM109(DE3), and except for C-4Q all mutants were purified , - , ,
using phenyl-Sepharose hydrophobic chromatography and scamMp\Is 1'221'2“(;1 ’1;:5(;2) 0'3:3:?;1 Agasxl(irz)
weak anion exchange HPL reviously descri a - : : :
2(?)?Tr?e a?bili?y %f?hg%ajorig/, oall‘sthpe%a?\bljsrgu?ants tgﬂ;ajin(d Q144 L1001 3562 113+001  352+2

n i 124 0.814+0.01  354+2  1.1940.02  351+2

to the phenyl-Sepharose resin in a calcium-dependent manner c-2qQ 0.87+0.01 351+ 2 1.264 0.02 351+ 2
indicates that the structural changes associated with calcium- C-3Q 0.73£0.01  355+2  1.26+£0.02 35442
activation are retained, suggesting that these site-directed N-2Q 1.02£0.03  353£2  0.99+£0.01  356+2
mutations do not result in large global alterations in the 1.00+£0.01  353£2 0974001  356+2
tertiary structure of CaM. Thus, it is possible to investigate ~ °Experimental conditions involved gM CaM in 0.1 M HEPES
the contibuton of ndividual methionine side chains with &9, 01N 06 01 Y EGTA 1 e beence or pescrce
respect to the activation of the PM-Ca-ATPase. The inability o hoth excitation and emission monochromators. Intensity represents
of C-4Q to bind to the hydrophobic resin suggests that it the integrated area of each spectrum, and the errors are from two
would have a weak binding affinity for target proteins, and separate measurements. Temperature was% Samples are as
this mutant was not studied in any additional detail. These described in Table 1.
latter results are consistent with previous suggestions regard-
ing the importance of the carboxyl-terminal domain in CaM muscle MLCK or CaM-dependent protein kinase)lican
in promoting the productive association between CaM and be explained in terms of the loss of specific binding
target proteins§). interactions in the crystal structuréd), indicating that the

The possibility that methionines in CaM may be oxida- structural interactions between CaM and these target proteins
tively modified during the purification of CaM has the are similar to those of the native structures. Thus, alterations
potential to compromise the ability to activate the PM-Ca- in the apparent binding affinity between CaM mutants and
ATPase 16, 17, 25). We have therefore used electrospray the PM-Ca-ATPase are expected to provide an accurate
ionization mass spectrometry (ESI-MS) to measure the measurement of the relative role specific methionines in CaM
average mass of all CaM mutants, confirming the site- play in the activation of the PM-Ca-ATPase.
directed mutations and ensuring that no posttranslational CaM-Dependent Actation of the PM-Ca-ATPaselhe
modifications occur during purification. A single ion current ability of CaM mutants to activate the PM-Ca-ATPase was
corresponding to the average mass of all CaM mutants within assessed to determine the role of methionines in the amino-
3 Da of the expected mass, was observed for all mutants,and carboxyl-terminal domains in the productive association
indicating that any observed alterations in function are the and activation of the PM-Ca-ATPase. Upon substitution of
result of the introduced site-specific amino acid substitutions Met*>with GIn, there was no difference in the concentration-
rather than possible oxidative modifications that may occur dependence of the CaM-dependent activation of the PM-
during purification. Thus, these mutant CaMs can be used Ca-ATPase relative to that observed for native CaM (Figure
reliably to investigate the role of individual methionines in  1A; Table 1). In contrast, substitutions of either Méor
promoting the activation of the PM-Ca-ATPase. Met***with GIn result in a respective 5- and 10-fold increase

Tertiary Structures of CaM Mutant®rior to a consider-  in the amount of CaM necessary for half-maximal activation
ation of the effects of the site-directed substitution of any of the PM-Ca-ATPase, suggesting that these hydrophobic
amino acid on protein function, it is important to ensure that side chains normally stabilize the association between CaM
the mutation does not have a deleterious effect on proteinand the PM-Ca-ATPase. However, the maximal CaM-
structure. We have therefore assessed possible global changetependent activation of the PM-Ca-ATPase was unchanged
in the structure of the carboxyl-terminal domain of CaM by these site-directed substitutions of GIn for Met, suggesting
mutants whose apparent affinity for the PM-Ca-ATPase is that decreased hydrophobic interactions between individual
diminished through a consideration of the fluorescence methionines and the CaM-binding sequence do not affect
emission spectrum of TP which has previously been the productive association between CaM and the PM-Ca-
shown to be sensitive to the structural uncoupling of the ATPase necessary for enzyme activation. These latter results
opposing globular domains of CaMs(@). Changes in the  are in contrast to previously reported decreases in the ability
fluorescence intensity of some CaM mutants suggest thatof CaM to fully activate other target proteins upon substitu-
the substitution of methionines by glutamines can result in tion of either Met?* or Met*4with GIn (12, 14), suggesting
alterations in the local environment around ®r{lable 2). that in comparison to either smooth muscle MLCK or CaM-
However, irrespective of the amino acid substitution, there dependent protein kinasexdl(whose high-resolution struc-
are no significant differences in the fluorescence emission tures between CaM and peptides corresponding to the CaM-
maximum (Table 2), which is sensitive to alterations in the binding sequences of these proteins are available) there are
protein fold 81). These latter results are consistent with the substantial differences with respect to the binding mecha-
observation that all CaM mutants are able to fully activate nisms between CaM and the PM-Ca-ATPase.
the PM-Ca-ATPase (see below), and indicate that the To further investigate the role of methionine side chains
substitution of Met— GIn does not substantially alter the with respect to the productive interaction between CaM and
tertiary structure of the carboxyl-terminal domain of CaM. the CaM-binding sequence in the PM-Ca-ATPase, we have
Furthermore, previous measurements of the magnitude ofused site-directed mutagenesis to substitute multiple me-
the changes in the apparent affinity between CaM and targetthionines with glutamines in the carboxyl-terminal domain
proteins with known crystal structures (i.e., either smooth of CaM. Irrespective of the number of methionines in the
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carboxyl-terminal domain of CaM, there is no diminution earlier suggestions that the initial association between CaM
in the maximal CaM-dependent activation of the PM-Ca- and target peptides is guided by nonspecific interactions
ATPase (Figure 1B). The substitution of Nt Met'44, and involving both domain elements in CaN3%).
Met!4® (i.e., C-3Q) with GIn results in an 18-fold increase
in the amount of CaM necessary for half-maximal activation DISCUSSION
of the PM-Ca-ATPase (i.e., [CaM)), indicating that the Summary Methionine side chains in CaM stabilize the
losses of hydrophobic interactions involving methionine side association between calcium-activated CaM and the PM-Ca-
chains are additive (Table 1). Likewise, the substitution of ATPase, as indicated by the increased concentrations of CaM
two (i.e., Mef* and Met? N-2Q) or four methionines (i.e.,  necessary for activation of the PM-Ca-ATPase upon substi-
Met®, Met’!, Met’l, Met’?, N-4Q) in the amino-terminal  tution of GIn for the majority of the methionines in either
domain of CaM results in a 4- and 20-fold increase in the amino- or the carboxyl-terminal domains of CaM (Figure
[CaM]y, but does not alter the maximal CaM-dependent 1). However, while substitution of GIn for Met at positions
activation of the PM-Ca-ATPase observed at saturating CaM 124 and 144, respectively, results in a 5- and 10-fold increase
concentrations (Figure 1C). Thus, while hydrophobic interac- in the amount of CaM necessary for half-maximal activation
tions involving methionine side chains within each of the of the PM-Ca-ATPase, substitution of M&t with Gin
globular domains of CaM are involved in binding to the (Q145) does not alter the apparent affinity between CaM
CaM-binding sequence of the PM-Ca-ATPase, other side- and the PM-Ca-ATPase (Table 1). Thus, in contrast to other
chain interactions between CaM and the CaM-binding known target proteins (i.e., smooth muscle MLCK, CaMKIl,
sequence are sufficient for enzyme activation at saturatingand CaMKIV), Met*does not contribute to the hydrophobic
CaM concentrations. interactions that stabilize the complex between CaM and the
Determination of Binding Affinities between the CaM PM-Ca-ATPase. CaM can fully activate the PM-Ca-ATPase
Domain and the PM-Ca-ATPasehe initial binding interac- upon substitution of the multiple methionines with the polar
tion between CaM and many target proteins, including the amino acid glutamine (Figure 1). Thus, productive binding
PM-Ca-ATPase, involves the high-affinity association of the of CaM to the PM-Ca-ATPase does not require hydrophobic
carboxyl-terminal domain of CaM with a CaM-binding interactions between methionine side chains in either globular
sequence in the Ca-ATPase that contains a highly conservedlomain of CaM and the CaM-binding sequence of the PM-
aromatic amino acid residued,(32). Enzyme activation  Ca-ATPase. In contrast, single methionine substitutions with
results from the subsequent association of the amino-terminalglutamine can result in substantial decreases in the maximal
domain of CaM with a specific binding site, which is aided extent of CaM-dependent activation for other target proteins
by the reduced volume available for diffusion of the amino- (i.e., smooth muscle MLCK, CaMKI, CaMKIl, and CaMKIV)
terminal domain after the binding of the carboxyl-terminal in the presence of saturating CaM concentratidi® (4).
domain @0, 33, 34). Therefore, to quantify the influence of  Thus, the PM-Ca-ATPase may be unique, since interactions
glutamine substitutions for individual methionines with between methionines in CaM and the binding sites on the
respect to the ability of CaM to activate the PM-Ca-ATPase, Ca-ATPase are not critical for the activation of the PM-Ca-
we have analyzed the CaM-dependent activation of the PM- ATPase.
Ca-ATPase to determine the binding affinities of the oppos- Hydrophobic Interactions and Target Recognitiofhe
ing globular domains for the binding sites on the PM-Ca- indole ring within the CaM-binding sequence of a range of
ATPase (Table 1). For CaM binding to the PM-Ca-ATPase, different target proteins, including the PM-Ca-ATPase, has
the dissociation constants indicate that following high-affinity been suggested to represent an important recognition site
association of the carboxyl-terminal domain of CaM with associated with CaM bindin@(8, 32, 39, 40). Upon initial
the PM-Ca-ATPasek{ = 10 + 3 nM), the amino-terminal  binding of the carboxyl-terminal domain of CaM to the
domain of CaM rapidly associates as a result of the increaseindole ring in the CaM-binding sequence of the target protein,
in effective concentratiorkf = 0.2+ 0.1 nM). It should be  the proximity of the amino-terminal domain to the CaM-
noted that the actual dissociation constant for the amino- binding sequence has been suggested to facilitate rapid
terminal domain upon correction for the reduced volume binding to a range of different target proteins that facilitates
available following association of the carboxyl-terminal enzyme activation33, 34, 41). Methionine side chains within
domain to the PM-Ca-ATPase is approximately one million each of the hydrophobic binding clefts in CaM have been
times larger than that determined from this calculati®® (  suggested to be critical to the ability of CaM to bind and
34). Thus, it is apparent that modest changes in the affinity activate a range of different target proteins whose CaM-
of the amino-terminal domain of CaM will have little effect binding sequences possess little sequence homoRdy; (
on the equilibrium binding constant (i.&g), and that the 12, 36). However, while CaM binding is known to stabilize
low affinity of the amino-terminal domain prior to association the o-helical conformation of a range of different CaM-
of the carboxyl-terminal domain ensures the ordered binding binding sequence®{-11, 42), it has been unclear whether
between the opposing globular domains of CaM with the hydrophobic interactions between methionine side chains and
PM-Ca-ATPase necessary for enzyme activation. Upon the CaM-binding sequence of the PM-Ca-ATPase are neces-
fitting the activation data obtained using the various CaM sary for enzyme activation. Previous results indicate that the
mutants, we find that the primary effect of the substitution substitution of individual methionines with glutamines results
of methionines with glutamines in either domain of CaM is in a decreased apparent affinity between CaM and smooth
to decrease the initial association (ilg),between CaM and  muscle MLCK, CaMKI, or CaMKII that correlates with the
the PM-Ca-ATPase (Table 1). Thus, methionines located in number of hydrophobic contact interactions between
both amino- and carboxyl-terminal domains of CaM con- methionine side chains in CaM and side chains within these
tribute to high-affinity binding. This result is consistent with  target sequenced?, 14). In some cases (e.g., Q124), there



Calmodulin Activation of Plasma Membrane Ca-ATPase Biochemistry, Vol. 38, No. 41, 19993659

are corresponding decreases in the CaM-dependent activatiomesult of global structural changes that alter the binding
of smooth muscle MLCK, CaMKI, CaMKIl, and CaMKIV  mechanisms between CaM and target proteins. Similar
(12, 14), suggesting that hydrophobic contact interactions decreases in the extent of enzymatic activation of some target
between methionine side chains and CaM-binding sequencesnzymes are observed upon chemical cross-linking of the
in target proteins can be important to the mechanism of isolated amino- and carboxyl-terminal CaM domains with a
enzyme activation. In the case of the PM-Ca-ATPase, the flexible linker (49), suggesting that global structural changes
substitution of the majority of the methionine side chains in that alter the spatial arrangement of the opposing globular
the amino- or carboxyl-terminal domains of CaM results only domains of CaM may result in an altered binding interaction
in changes in the apparent affinity between CaM and the that fails to induce enzyme activation. The current results
PM-Ca-ATPase, with no change in the maximal extent of suggest that the substitution of polar glutamine for methion-
activation. Thus, interactions between methionine side chainsine has no effect on the ability of CaM to fully activate the
in CaM and the CaM-binding sequence of the PM-Ca- PM-Ca-ATPase, indicating that hydrophobic binding interac-
ATPase are not critical to inducing structural changes within tions between CaM and the CaM-binding sequence of the
the CaM-binding sequence involved in the activation of the PM-Ca-ATPase are not necessary for enzyme activation.
PM-Ca-ATPase, and appear to be primarily involved in Thus, a decreased ability to activate the PM-Ca-ATPase
modulating the affinity of CaM binding. Thus, the suggestion would necessarily involve the loss of other binding interac-
that methionine side chains in the carboxyl-terminal domain tions between CaM and the CaM-binding sequence that may
of CaM form a hydrophobic anchor critical to protein be the result of global conformational changes.
activation is not true for the PM-Ca-ATPase. These results Conclusions and Future DirectionsThe hydrophobic
are consistent with earlier suggestions that the majority of interactions between CaM and the PM-Ca-ATPase involved
the interactions that define the binding specificity between in binding and enzymatic activation are distinct from those
CaM and the CaM-binding sequences in target proteins described for other CaM-dependent enzymes. Thust*fMet
associated with enzyme activation do not necessarily involve plays no role in binding, and methionine side chains are not
hydrophobic interactions3{, 38). critical to the maximal CaM-dependent enzymatic activation

The major effect of substituting glutamines for the of the PM-Ca-ATPase. However, methionine side chains are
methionines in either the amino- or the carboxyl-terminal critical in defining the affinity of the interaction between
domain of CaM is to reduce the initial binding interaction CaM and the PM-Ca-ATPase, and upon substitution of
(i.e., ki) between CaM and the PM-Ca-ATPase, which has multiple methionines with glutamine in either the amino- or
previously been suggested to primarily involve elements the carboxyl-terminal domains of CaM, there is a similar
within the carboxyl-terminal domain8( 33, 34). The reduction in the binding affinity between CaM and the PM-
secondary binding of the opposing globular domain (k#,, Ca-ATPase necessary for enzyme activation. Future studies
which results in enzyme activation, is relatively insensitive aimed at understanding the mechanism of activation of the
to the substitution of glutamines for methionines in any of PM-Ca-ATPase by CaM will require direct measurements
the CaM mutants (Table 1). The large decreases in theof the structural transitions in CaM and the CaM-binding
affinities between the C-3Q and N-4Q mutants of CaM sequence of the PM-Ca-ATPase that result in enzymatic
relative to native CaM for the CaM-binding sequence of the activation.
PM-Ca-ATPase suggest a role for methionine side chains in
both globular domains in mediating the initial binding of ACKNOWLEDGMENT
CaM to the PM-Ca-ATPase. The ability of these mutants to
fully activate the PM-Ca-ATPase at saturating CaM con-
centrations is therefore consistent with the suggestion that
distinct molecular interactions may be involved in the binding
and activation of different target proteins by Calj (3,
36, 39, 43). However, since the binding of CaM to target
peptides involves a fast association step and a slower
rearrangement ste@9), it is also possible that methionine
side chains are critical to the stabilization of intermediate
structures associated with enzymatic activation of the
PM-Ca-ATPase. Furthermore, methionines have been sug-
gested to play an important role in the stabilization of the
open conformation of the binding clefts in CaM)(
suggesting that it is also possible that the substitution of
multiple methionines in either domain with glutamines results
in a reduction in the fractional time each domain spends in
the open conformation necessary for target association,
resulting in a reduction in the binding affinity.
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We thank Diana J. Bigelow for insightful discussions and
Samuel George for providing a cDNA clone for vertebrate
CaM. We furthermore appreciate the constructive criticisms
received from the reviewers of the manuscript.

REFERENCES

1. James, P., Vorherr, T., and Carafoli, E. (1998nds Biochem.
Sci 20, 38—42.

2. Nelson, M. R., and Chazin, W. J. (1998)@almodulin and
Signal Transductior{Van Eldik, L., and Watterson, D. M.,
Eds.) pp 1764, Academic Press, San Diego.

LaPorte, D. C., Wierman, B. M., and Storm, D. R. (1980)
Biochemistry 193814-3819.

.Zhang, M., Tanaka, T., and Ikura, M. (199%t. Struct. Biol
2, 758-767.

5.Babu, Y. S., Bugg, C. E., and Cook, W. J. (1988)Mol.
Biol. 204, 191—-204.

. O'Neil, K. T., and DeGrado, W. F. (199Q)ends Biochem.
Sci. 15 59-64.

Gellman, S. H. (1991Biochemistry 306633-6636.

3.

6

7.
8.

have been reported that result in an inability to activate target
enzymes fully in the presence of saturating CaM concentra-
tions (L2—14, 36, 44—48), it has been unclear whether these
functional effects are due to the selective loss of specific
binding interactions involved in enzyme activation or the

Crivici, A., and lkura, M. (1995Annu. Re. Biophys. Biomol.
Struct. 24 85—-116.
9. lkura, M., Clore, G. M., Gronenborn, A. M., Zhu, G., Klee,
C. B., and Bax, A. (1992%cience 256632—638.
10. Meador, W. E., Means, A. R., and Quiocho, F. A. (1992)
Science 2571251-1255.



13660 Biochemistry, Vol. 38, No. 41, 1999

11.
12.
13.
14.
15.

16.

17.
18.
19.
20.
21.
22.
23.

24.

25

26.

27.

28.

20.

30.

Meador, W. E., Means, A. R., and Quiocho, F. A. (1993)
Science 2621718-1721.

Chin, D., and Means, A. R. (1996)Biol. Chem271, 30465~
30471.

Chin, D., Soan, D. J., Quiocho, F. A., and Means, A. R. (1997)
J. Biol. Chem272, 5510-5513.

Chin, D., Winkler, K. E., and Means, A. R. (1997) Biol.
Chem 272, 31235-31240.

Michaelis, M. L., Bigelow, D. J., S¢heich, C., Williams, T.
D., Ramonda, L., Yin, D., Huhmer, A. F., Yao, Y., Gao, J.,
and Squier, T. C. (1996)ife Sci. 59 405-412.

Gao, J., Yin, D. H., Yao, Y., Sun, H., Qin, Z., Scteich, C.,
Williams, T. D., and Squier, T. C. (1998iophys. J. 74
1115-1134.

Gao, J., Yao, Y., Yin, D., Biesiada, H., Williams, T. D., and
Squier, T. C. (1998Biochemistry 379536-9548.

Yin, D., Kuczera, K., and Squier, T. C. (199G8hem. Res.
Toxicol. (submitted for publication.)

Strasburg, G. M., Hogan, M., Birmachu, W., Thomas, D. D.,
and Louis, C. F. (1988). Biol. Chem. 263542—548.

Hthmer, A. F., Gerber, N. C., de Montellano, P. R., and
Schineich, C. (1996 Chem. Res. Toxicol., #84—491.

Niggli, V., Penniston, J. T., and Carafoli, E. (197P)Biol.
Chem. 2549955-9958.

Lanzetta, P. A., Alverez, L. J., Reinsch, P. S., and Candia, O.
(1979) Anal. Biochem100, 95-97.

Gornal, A. G., Bardawill, C., and David, M. (1949) Biol.
Chem. 177751-766.

Fabiato, A. (1988Methods Enzymoll57, 378-417.

.Yao, Y., Gao, J., and Squier, T. C. (19%®pchemistry 35

12015-12028.

Carafoli, E., Kessler, F., Falchetto, R., Heim, R., Quadroni,
M., Krebs, J., Strehler, E. E., and Vorherr, T. (1999)n.
N.Y. Acad. Sci671, 58—68.

Richardson, J. S., and Richardson, D. C. (198®radiction

of Protein Structure and the Principles of Protein Conforma-
tion (Fasman, G. D., Ed.) pp 657, Plenum Press, New York.
Kilhouffer, M. C., Kubina, M., Travers, F., and Haiech, J.
(1992) Biochemistry 318098-8106.

Chattopadhyaya, R., Meador, W. E., Means, A. R., and
Quiocho, F. A. (1992)). Mol. Biol. 228 11771192.

Sun, H., Yin, D., and Squier, T. C. (199B)ochemistry(in
press)

31.
32.
33.
34.
35.
36.

37.

38.
39.
40.
41
42.
43.
44.
45,

46.

Yin et al.

Creighton, T. E. (1993proteins: Stuctures and Molecular
Properties,2nd ed., W. H. Freeman and Co., New York.
Chapman, E. R., Alexander, K., Vorherr, T., Carafoli, E., and
Storm, D. R. (1992Biochemistry 3112819-12825.
Persechini, A., McMillan, K., and Leakey, P. (1994)Biol.
Chem 269, 16148-16154.

Persechini, A., Gansz, K. J., and Paresi, R. J. (1996)
Biochemistry 35224-228.

Ehrhardt, M. R., Urbauer, J. L., and Wand, A. J. (1995)
Biochemistry 342731-2738.

Edwards, R. A., Walsh, M. P., Sutherland, C., and Vogel, H.
J. (1998)Biochem. J331, 149-152.

Afshar, M., Caves, L. S. D., Guimard, L., Hubbard, R. E.,
Calas, B., Grassy, G., and Haiech, J. (1994Ylol. Biol. 244
554-571.

Wintrode, P. L., and Privalov, P. L. (1997)Mol. Biol. 266,
1050-1062.

Taok, K., and Trentham, D. R. (1994Biochemistry 33
12807-12820.

Yuan, T., Weljie, A. M., and Vogel, H. J. (199B)ochemistry
37, 3187-3195.

. Persechini, A., and Kretsinger, R. H. (1988)Biol. Chem.

263 12175-12178.

Pfeheur, B., Munier, H., Mispleter, J., Barzu, O., and Craescu,
C. T. (1992)Biochemistry 31229-236.

Persechini, A., Gransz, K. J., and Paresi, R. J. (1996)
Biochemistry 35224-228.

Kink, J. A., Maley, M. E., Preston, R. R., Ling, K. Y., Wallen-
Friedman, M. A., and Kung, C. (199@ell 62, 165-174.
Kosk-Kosicka, D., Bzdega, T., Wawrzynow, A., Watterson,
D. M., and Lukas, T. J. (1998iophys. J62, 77-78.

Meyer, D. F., Mabuchi, Y., and Grabarek, Z. (1992Biol.
Chem 271, 11284-11290.

. Ling, K. Y., Maley, M. E., Preston, R. R., Saimi, Y., and Kung,

C. (1994)Eur. J. Biochem222, 433-439.

. Mukherjea, P., Maune, J. F., and Beckingham, K. (1996)

Protein Sci 5, 468—-477.

. Persechini, A., Jarrett, H. W., Kosk-Kosicka, D., Krinks, M.

H., and Lee, H. G. (1993Biochim. Biophys. Acta 1163
309-314.

BI1991152D



