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ABSTRACT: To investigate the structural linkage between the opposing globular domains in vertebrate
calmodulin (CaM), we have constructed a CaM mutant (CaW)Xeficient in the last four amino acids
between Mét*®> and Lys“8 at the carboxyl terminal. Circular dichroism and fluorescence spectroscopic
measurements were used to detect changes in the average secondary and tertiary structuré®irCamMXx
comparison to full-length CaM. Complementary measurements of the maximal calcium-binding stoichi-
ometry and ability to activate the plasma membrane (PM)&BPase permit an assessment of the
functional significance of observed structural changes. In comparison with native CaM, we find that
CaMX5 exhibits (i) a large reduction in-helical content, (ii) a dramatic decrease in the average spatial
separation between the opposing globular domains, (iii) the loss of one high-affinity calcium-binding
site, and (iv) a diminished binding affinity for the PMCa—ATPase. Thus, the sequence near the carboxyl
terminus functions to stabilize high-affinity calcium binding at one site and facilitates important
intramolecular interactions that maintain CaM in an extended conformation. However, despite the large
conformational changes resulting from deletion of the last four amino acids at the carboxyl terminal,
CaMX!5 can fully activate the PMCa—ATPase. These results indicate that target protein binding can
restore the nativelike structure critical to function, emphasizing that the structure of the central helix is
not critical to CaM function under equilibrium conditions. Rather, the central helix functions to maintain
the spatial separation between the opposing domains in CaM that may be critical to high-affinity binding
and the rapid activation of the PMCa—ATPase, which are necessary for optimal calcium signaling.
Thus, following initial association between CaM and target proteins, structural changes involving the
carboxyl-terminal sequence have the potential to play an important role in triggering the structural collapse
of CaM that facilitates the rapid and cooperative binding of the opposing globular domains with target
proteins, which is important to high-affinity binding and rapid enzyme activation.

Calmodulin (CaM) plays a key role in cellular regulation 12). The structural coupling between the opposing globular
by virtue of its calcium-dependent activation of numerous domains of CaM is disrupted at low ionic strengf. (Thus,
target proteins, including the plasma membrane (PM)yCa small changes in specific molecular interactions that normally
ATPase involved in the maintenance of the calcium gradient stabilize the central helix may function as a molecular switch
necessary for intracellular signaling))( CaM contains two  that has the potential to promote the ordered binding of CaM
globular domains separated by an extended central helixto target proteins4, 13—-17). It is, therefore, of interest to
located between G and Ph& (Figure 1) @). Calcium- identify the intramolecular interactions within CaM that
binding functions to alter interhelical angles betweeheli- modulate the stability of the central helix and define the
cal elements within each globular domain, resulting in the spatial separation between the opposing globular domains
exposure of hydrophobic-binding sites that mediate CaM in CaM. In this respect, it is interesting that substantial
binding to a range of different target proteind—6). At interdomain interactions have been observed in both verte-
physiological ionic strengths, the central helix adopts con- brate and yeast CaM that function to reduce the calcium
formationally distinct structures in apo- and calcium-saturated affinity of CaM, which are modulated by the sequence near
CaM that function to alter the Stokes radi 7). Under the carboxyl terminus9, 18, 19. Since the fourth high-
these conditions the opposing globular domains are structur-affinity calcium-binding site is absent in yeast CaM (Table
ally coupled, and intermediate conformations associated with 1), the enhanced structural interactions between the opposing
partial calcium occupancy have been observed§, 9. domains may, in part, be the result of differences in
Upon-binding target proteins the central helix becomes interhelical contact interactions that normally function to
conformationally disordered, permitting the two globular stabilize calcium-activated CaM in the open form and which
domains to bind to CaM-binding sequences in a diverse arraymodulate interdomain interactionS)( Consistent with this
of target proteins with variable recognition sequendds—( interpretation, elimination of calcium-binding site 4 by site-

- : _ directed mutagenesis enhances the structural coupling be-
AGB%%%C.)rted by the National Institute of Health Grants AG12993 and {\v.een the opposing globule}r domains Dmosop.hiIaCaM.
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the four-helix bundle in the carboxyl-terminal domain and
the hydrogen bond between Tfand GI#? (Figure 1) @,
5, 26, 3).

To identify the effect of deleting the last four amino acids
at the carboxyl terminal on the structure of CaM, we have
used circular dichroism (CD) and fluorescence spectroscopy
to identify alterations in the secondary and tertiary structure
of CaM. To measure possible conformational changes of the
Carboxyl central helix, Lef® and TyP°® were respectively substituted
terminus with Cys and Trp (Figure 1). Side chains of [f8and TyP°®
residues are not involved in target recognition, and this
mutant CaM has previously been shown to fully activate the
PM—Ca—ATPase {). Therefore, when fluorescence reso-
nance energy transfer (FRET) is used, the spatial separation
can be measured between $rand a suitable chromophore
(i.e., AEDANS) bound to Cy8. We report that deletion of
Met'45>-Lys'® results in (i) a large decrease te-helical
content, (i) a substantial decrease in the spatial separation
between Trf® and AEDANS bound to Cy8 and (iii) the
loss of one high-affinity calcium-binding site, suggesting that
the structure that is normally assumed upon calcium binding

o . - _ to site 4 is critical in maintaining calcium-activated CaM in
E;ﬂf:téa CF;;bI\EIJe¥ﬁ:lera;\évlg]t?\lgeppégti;?c?nghgftg%%o?egg zﬁgﬁt%argum an extended conformation.. I_—|owever, while these structural
spheres) are indicated relative to the four high-affinity calcium- changes decrease the affinity between CaM and the-PM
binding sites (black spheres). Ribbons represent the protein Ca—ATPase, deletion of Mét>Lys'#® has no effect on the
backbone of CaM, while arrows represent antipargiledheet  maximal CaM-dependent activation of the Pi@a—ATPase.

elements. The side chains of @wand Ty#38 and the associated ; ; ; ;
hydrogen bond between these amino acids are illustrated. Coordi-These later results are consistent with earlier examples in

nates are taken from Brookhaven Protein Data Bank file 2g).(  Which target protein binding has been shown to restore
lllustration was created using MolScrifi5). native-like structural interactions necessary for enzyme

activation 32—34).

elimination of calcium-binding site 4, and (iii) vertebrate

CaM following oxidative modification of a methionine EXPERIMENTAL PROCEDURES

located near the carboxyl terminal (i.e., Métor Met45) ) ) ]

exhibit alterations in the conformational coupling between ~ Materials. HEPES {-[2-hydroxyethylpiperazinéy-[2-

the opposing domains and often function as poor activators ethansulfonic acid]) and TRIS free base (tris[hydroxymethyl]-
of CaM-dependent vertebrate enzymes, including the-PM aminomethane) were purchased from Research Organics Inc.
Ca—ATPase 22—28). These results suggest that the struc- (Cleveland, OH). Chelix 100 was 'obtalned from_ Sigma (St.
tural coupling between the opposing globular domains in Louis, MO). 1,5-IAEDANS [5-((((2-iodoacetyl)amino)ethyl)-
calcium-activated CaM is modulated by the conformation @mino)naphthalene-1-sulfonic acid] was obtained from Mo-
near the carboxyl terminal, which may be functionally lecular Probes, Inc. (Eugene, OR). T4 DNA ligase and T4
important. Therefore, to explore the possible role of structural DNA polymerase were obtained from Promega (Madison,
interactions involving the sequence near the carboxyl ter- WI). 5-Phosphorylated complementary oligonucleotides used
minal o-helix in modulating interdomain interactions in CaM, for site-directed mutagenesis were obtained from Macromo-
we have used site-directed mutagenesis to delete the last foulecular Resources (Colorado State University, Ft. Collins,
amino acids (i.e., M5-Thrl46-Alal4"-Lys!49) in the carboxyl CO). Phenyl-Sepharose CL-4B was obtained from Pharmacia
terminal domain through substitution of a stop codon in place (Piscataway, NJ). A micro BCA protein assay reagent kit
of codon encoding Mé&5. These amino acids are highly was obtained from Pierce (Rockford, IL). cDNA encoding
variable among different CaM isoforms (Table 1), and the chicken CaM was subcloned into the expression vector
side-chain and main-chain atoms associated with the four PALTER-Ex1 (Promega, Madison, WI), overexpressegin
residues at the carboxyl terminal have the largest temperaturecoli strain JM109(DE3) (Promega, Madison, WI), and
factors in the crystal structures of calcium-activated CaM purified essentially as previously described using phenyl
(2, 29. Furthermore, while Mét> is conserved among Sepharose CL-4B and weak anion exchange HR35236).
different CaM sequences, it is not involved in the activation Site-directed substitutions of Tr— Trp®*® and Le§® —

of the PM-Ca—ATPase 80). Thus, the major effect of  Cys®, the insertion of a stop codon, and chemical derivati-
removing the carboxyl-terminal four amino acids is expected zation of Cy&° with IAEDANS were done as previously
to involve the destabilization of the carboxyl-terminal described 7). Masses of purified CaM and CaM mutants
o-helix, located between T4 and Th#*¢ (2), which has  were confirmed by ESI-MS, as previously describ@6)(

the potential to alter helical interactions within the carboxyl- Erythrocyte ghost membranes containing the FG&—
terminal domain and disrupt important intramolecular inter- ATPase were purified from porcine blood, essentially as
actions critical to the structural coupling between the previously described3). Purified CaM and erythrocyte
opposing globular domains that may involve, for example, ghost membranes were stored-at0 °C.
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Table 1: Comparison of Carboxyl-Terminal Amino Acid Sequences for CaM Isoforms

Species 121

148

Homo sapiens (human)

Bos taurus (cow)

Drosophila melanogaster (fruit fly)

Stichopus japonicus (sea cucumber)
Renilla reniformis (sea pansy)

Metridium senile (sca ancmonc)

Triticum aestivum (wheat)

Spinacia oleracea (spinach)
Daucus carota (carrot)

Solanum tuberosum L. (potato)

Leaf mustard

Caenorhabditis elegans

Ciona intestinalis

Macrocystis pyrifera

Phytophthora infestans

Achlya klebsiana
Dictyostelium discoideum

Pleurotus cornucopiae (mushroom)
Toxoplasma gondii

Acanthamoeba

Trypanosoma cruzi oo

Tetrahymena pyriformis

Stylonychia lemnae

Saccharomyces cervisiae (yeast)
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aNonidentical amino acids in CaM isoforms are indicated, while identical residues are denoted by d&shesderlined amino acids in
vertebrate CaM correspond to calcium-binding ligands. * indicates the absence of the corresponding amino acid in the sequence of CaM from

Saccharomyces cesiae

Enzymatic Assay§€aM concentration was determined by
the micro BCA method, as previously describ&d. (The

the free calcium concentration was maintained at/BDto
fully saturate the calcium-binding sites of the Pi@a—

erythrocyte ghost membrane protein concentration wasATPase. The concentration of CaM was maintained at 0.36

measured using the Biuret meth@®B), using BSA as the
standard. Rates of ATP hydrolysis for the erythrocyte-PM
Ca—ATPase were determined in a solution containing
approximately 16 nM CaATPase (i.e., 0.4 mg/mL porcine
erythrocyte ghost membranes) in buffer A [100 mM HEPES
(pH 7.5), 0.1 M KCI, 5 mM MgC}, 0.1 mM EGTA, 5 mM
ATP, and 4uM A23187] at 37°C by measuring phosphate
release, as previously describ&9); Free calcium concen-
trations were calculated, as previously describ&@.(To
assay the CaM-dependent activation of PE@a—ATPase,

1 Abbreviations: BSA, bovine serum albumin; CaM, calmodulin;
CD, circular dichroism; ESI-MS, electrospray ionization mass spec-

trometry; FRET, fluorescence resonance energy transfer; HPLC, high-

performance liquid chromatography; HW, full width at half-height of
a Gaussian distance distribution; 1,5-IAEDANS, 5-((((2-iodoacetyl)-
amino)ethyl)amino)naphthalene-1-sulfonic acid; IPTG, isopropyl thio-
p-D-galactosideKs,, Stern-Volmer quenching constarkg, bimolecular
collisional quenching constant; NATA-acetylt -tryptophanamide?,
steady-state polarization; PMCA or PNCa—ATPase, erythrocyte
plasma membrane Ca\TPaser,,, apparent distance between donor
and acceptor chromophores;, initial anisotropy at time zeroRay,
average distance between donor and acceptor chromophgidBLC
retention time;7, mean fluorescence lifetime Zoiz;; [@[) average
fluorescence lifetime= Zoiri¥Zoiti; t;, HPLC retention time;g,
rotational correlation time.

uM to assay the calcium-dependent activation of P&~
ATPase, which fully saturates the CaM-binding sites on the
PM—Ca—ATPase.

Equilibrium Dialysis The stoichiometry of calcium bind-
ing to CaM was determined using 1.0 m&CaC} (20 000
cpm/nmol) equilibrated with 12M CaM (0.2 mg/mL) using
a 1-mL dialysis cell separated by a dialysis membrane with
a molecular weight cutoff of 10 000 Da in a buffer containing
100 mM HEPES (pH 7.5), 0.1 M KCI, and 1 mM Mggl
essentially as previously describ&f); Prior to equilibration,
incubation with Chelix 100 resin was used to prepare apo-
CaM.

Determination of Free CaM ConcentratiorEie concen-
trations of CaM free in solution were obtained from the
following relationship,

(V- Vmin)
(Vmax ~ Vinin)

where Vmax is the maximal calmodulin-dependent ATPase
activity, Vmi is the CaM-independent ATPase activityijs

the observed ATPase activity at a defined concentration of
CaM, [CaM}eis the concentration of CaM free in solution,

[CaM]free= [CaM]totaI - X [PMCA]total (1)
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[CaM]wta is the total concentration of CaM added to the
solution, and [PMCA}a is the total binding capacity of the
PM—Ca—ATPase in erythrocyte ghosts for CaM. The PM
Ca—ATPase is the only high-affinity CaM-binding protein
in erythrocyte ghosts, which have previously been shown to
bind 40 pmol of CaM per mg of proteir2¥).

Determination of Binding Affinities between CaM and the
PM—Ca—ATPase.The CaM-dependent activation of the

PM—Ca—ATPase by CaM was used to estimate the apparent

affinities between the opposing globular domains of CaM
and the CaM-binding sequence of PI@a—ATPase. This
analysis takes into account that CaM contains two binding
domains that must both associate with binding sites within
the CaM-binding sequence of the PNMa—ATPase to
enhance enzyme activity. Initial binding between CaM and
target proteins, including the PMCa—ATPase, involves the
association of the carboxyl-terminal doma#i(49. There-
fore, the concentration of the amino-terminal domain of CaM
(i.e., CaMN) available for binding is equal to that of the
carboxyl-terminal domain of CaM (CaMC) bound to the
PM—Ca—ATPase (PMCA). Consideration of this binding
mechanism permits one to write the following binding
equilibria:

PMCA + CaMC= CaMCPMCA
WhereK . — [PMCA]; e X [CAMCl e
d [CaMC-PMCA]
and

CaMCPMCA + CaMN = CaMCPMCA-CaMN

oy [CAMCPMCA] x [CaMNJe,
W a2 = CaMC-PMCA-CaMN]

®3)

It should be noted that the structural linkage between the
opposing globular domains in CaM implies that the effective
concentration of the amino-terminal domain (i.e., [CaM]

is determined by the concentration of CaM that is bound
through the carboxyl-terminal domain to the Pi@a—
ATPase (i.e., [CaM&MCA]). For this reason, [CaMC
PMCA] = [CaMN]see This equality implies thaKq, can be
rearranged to the following form:

_ [CaMC-PMCAJ
42 [CaMC-PMCA-CaMN]

(4)

Now, since activation of the PMCa—ATPase requires
association of both domains, this implies the following
relationship:

[PMCA] active:
[PMCA]total
[CaMC-PMCA-CaMN]
[PMCA];,ee-+ [CaMC-PMCA] 4+ [CaMC-PMCA-CaMN]

(®)

Since [CaMCPMCA] <« [CaMC-PMCA-CaMN] (42), the
above relationship can be further simplified:

[PMCAlctve [CaMC-PMCA-CaMN]
[PMCAl,y  [PMCA];e + [CAMC-PMCA-CaMN]

(6)

Yin et al.

Now, upon substitution one can express the CaM-dependent
activation of the PM-Ca—ATPase in terms of known
variables, taking into account that under conditions where
the opposing domains of CaM are connected that [GaM]
equals [CaMClee

[PMCA] o X [CaM];o

PMCAactive= KdI2 S Kd2 (7)
PMCA{otal 1+ [PMCA]f,ee X [CaM]free2
KdI2 x Ky

The concentration of unbound PMCA (i.e., [PMG#A) can

be expressed in terms of [CaM®1, Kaz, and [PMCA]otal
upon further substitution and a consideration of the conserva-
tion of mass, where

[PMCA]free:
2 12
1+ 4 x [CaM]free 2X [PMCA]totaI
K,y x K
14 1d 22d )
2 x [CaM[e
K1d2 x Kog

The calmodulin-dependent activation of the PMa—
ATPase can therefore be fit to eq 7, which takes into account
the sequential and ordered binding mechanism of CaM with
the Ca-ATPase 42). In this equation, [CaML. is the
concentration of CaM not bound to the PNa—ATPase.
[PMCA]iota and [PMCA}ee respectively represent the total
concentration of the PMCa—ATPase and the concentration
of the Ca-ATPase with no CaM boundK;4 corresponds to
the dissociation constant for binding of the carboxyl-terminal
domain of CaM to the CaATPase anKyq is the apparent
dissociation constant for the amino-terminal domain of CaM,
ignoring the large increase in the effective concentration of
the amino-terminal domain resulting from the initial associa-
tion of the carboxyl-terminal domain to the €EATPase T,

42).

Calculation of Apparent Calcium Affinitieghe relative
affinities and possible cooperative interactions between
individual calcium-binding sites were assessed by fitting the
data to the following equation:

Y:[AX

Y equals the calcium-dependent response, which is equal to
either the calcium-dependent ATPase activity (Figure 4A)
or calcium-dependent changes in the fluorescence quantum
yield of Trp®® (Figure 6C).Ymax is the maximal change in
the ATPase activity or fluorescence signialy andky, are

the apparent calcium dissociation constanisand n, are
coefficients that are related to the cooperativity of enzyme
activation or the fluorescence response, Afglan amplitude
weighting factor. WhemA = 1, eq 9 reduces to the Hill

Y, X [CEET™

Y, X [CEET]™

" CE T X Ymax T Minimum  (9)
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equation. We emphasize that calcium-dependent changes in - 100
the fluorescence response of ¥jare not expected to be A 2 i leo
linear with respect to calcium binding, and as a result there 2
is no precise relationship between the absolute value of
and the number of ligand-binding sites. -
Circular Dichroism Spectroscopgircular dichroism (CD) i

fi qeo

OD278

i {40

(%) Jusipein

20

spectra were measured at 2& using a Jasco J-710 T \—-—‘J [P
spectropolarimeter (Jasco Corporation, Tokyo, Japan) and a 0 10 20 30 40
temperature-jacketed spectral cell with a path length of 10 Retention Time (min)

cm. The apparenti-helical content was determined using
the program Contin, as previously describd8)( 16705 G
Fluorescence Measurementteady-state or frequency- B C
domain lifetime and anisotropy measurements involved either
the 333-nm output from a Coherent Innova 400 argon ion
laser (Santa Clara, CA) to excite AEDANS labeled at€ys
or the tripled output (297 nm) of a Ti:sapphire laser
(Coherent, Mira 900) tuned to 891 nm, whose frequency was
reduced to 5 MHz using a Coherent pulse picker (model T
9200), to excite Tri?, as previously described?)( The 06680 16690 16720 16760 16220 16270 16320 16370
emitted fluorescence intensity was respectively detected after Mass (Daltons)
a monochromator centered at 346 nm (8 nm band-pass) or &gyre 2: HPLC separation and ESI-MS identification of CaM.
Schott long-pass GG400 filter. Samples containgt¥iiCaM (A) Separation of wild-type vertebrate CaM (dotted line) and
in buffer B [0.1 M HEPES (pH 7.5), 0.1 M KCI, and 0.1 Cf«';tl\/l(«:g\N"gX“IS(tsOlid |}ne) élltf)dl (B, t?) aSZO_Ciated F(Sé-)Ms_lzprtfa
i after deconvolution of multiply charged ions o wild-type
Fllorescence Ifetme. and anisoltopy deoays were fit to  CaM and (€) CaMEMX: corespanding fo a Cab mutan
; . ) involving the delection of the four carboxyl-terminal amino acids
sum of exponentials using the method of nonlinear least (j.e., Me#4s.Thri46-Alal4-Lys48) and substitution of Ty — Trp®®
squares, assuming frequency-independent errors in the phasend Le® — Cy<¥, as described in the text. Experimentally, CaM
delay and modulation of 0°2and 0.005 as previously Was separated using weak anion exchange HPLC, aneglsf
described in detail7). Alternatively, in the case of fluores- ~ S@M or CaMCWSX4%in 0.2 mM EGTA and 2% NEHCO; (pH

fer (ERET d 8.8) was trapped, desalted, and then directly infused (on-line) into
cence resonance energy transfer ( ) measurements, daig” Autospec EQ mass spectrometer, essentially as previously
was also fit to a model that assumes a uniform Gaussiandescribed 26).

distribution of distances characterized by an average donor

acceptor separatior{,) and half-width (HW) 7, 44-46), mass for wild-type CaMt{ = 22 min) is 16 705+ 3 Da

where the probabilityP(r) of a particular spatial separation (Figure 2B), consistent with the theoretical average mass

F 16271

Relative Intensity

between donor and acceptors expected for vertebrate CaM expressedEn coli (i.e.,
5 16 705.4 Da). A lower mass species (i.e., 16 693 Da)

P(r) = exp{— }(r Rav) ] (10) corresponds to a charge-induced fragmentation artifact relat-
2 ing to the mass spectrometric conditior6)( The similar

retention time { = 22 min) of the first peak observed for
the truncated clone suggests that a single stop codon
engineered at position 145 was insufficient to fully terminate

The standard deviation of the distribution) (is related to
the half-width of the distribution, wher@equals HW divided

by 2.354. the transcription of the CaM gene. We have therefore
RESULTS collected the second peak= 28 min), which has an average
mass of 16 288t 3 Da that is consistent with the expected
Expression and Purification of Calmodulin Mutants. average theoretical mass of 16 285.8 Da for CAMEX 145

mutant CaM (CaMX*) lacking the last four amino acids (Figure 2C). Additional resolution of the primary structure
Met*>-Thri46.Alal4’-Lys'4® at the carboxyl terminal was was obtained from a consideration of the tryptic peptides
constructed through the substitution of a stop codon at the obtained from CaM@W?®® and from CaMCW9X5 (t, =
position encoding Mét5. To investigate the structure of 28 min), which for the majority of peptides are identical for
the central helix, additional mutants involved the substitu- the two mutants. However, using reversed-phase HPLC, the
tion of Tyr®® — Trp® (Y99W) and Le&® — Cys*® (L69C) retention time of the tryptic peptide associated with the
for full-length CaM (CaMC°W?®°) or truncated CaM  carboxyl-terminal proteolytic fragment shifts from 79 min
(CaMC¥W?°X149 (Figure 1). All CaM species were ex- for native CaMC°W®° to 105 min upon deletion of M&t-
pressed irE. coliand purified using the calcium-dependent Lys!®in CaMCW9X 145 (data not shown).

changes in the hydrophobic interactions between CaM and Calcium-Dependent Mobility Shifts Obsed Using SDS
phenyl-Sepharose CL-4B followed by weak anion exchange PAGE The relative mobilities of apo- and calcium-saturated
HPLC (35). A single peak with a retention timegj of 22 CaM using SDSPAGE have previously been shown to
min was observed and collected for both wild-type CaM and provide a sensitive indication of conformational differences
CaMCW?° (Figure 2). However, two peaks were resolved resulting from either site-directed amino acid substitutions
for the sample containing either CaNfXor CaMCAW9X 145, or post-translational modification®7, 47, 48. Wild-type
with retention times of 22 and 28 min. To identify these CaM and CaM@W*° exhibit similar mobilities using SDS
species, we have used ESI mass spectrometry. The averageAGE in both their apo- and calcium-saturated forms,
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+EGTA +1 mM Ca"

——
'—-—'-.

1 2 3 4 5 6

Ficure 3: SDS-PAGE electrophoretic separation of CaSamples
correspond to &g of wild-type (lanes 1 and 3), CaM&N\* (lanes

2 and 5), or CaM@W?X145 (lanes 3 and 6) in the presence of 10
mM EGTA (lanes 1+3) or 1 mM CaC} using 15% (m/v) SDS
PAGE (76).

suggesting that substitution of L&u— Cys® and TyP® —
Trp%* does not perturb the calcium-dependent structural
changes normally associated with calcium activation (Figure
3). This latter result is consistent with earlier data, demon-
strating that wild-type CaM and CaM&V®° have similar
calcium affinities and fully activate the PMCa—ATPase
with similar CaM-binding affinities 7). However, while the
relative mobility of CaMCW9X4> in the apo form is
similar to that of wild-type CaM and CaM@&N*®°, there is a
substantial decrease in the mobility of calcium-saturated
CaMCPW?X 145 relative to full length CaM. These results
suggest that deletion of Még-Lys!*® results in substantial
conformational differences following calcium activation.

Calcium-Binding Stoichiometryro address whether con-
formational differences observed for Calff@/*°X4° fol-
lowing calcium activation may arise from the loss of a high-
affinity calcium-binding site resulting from the deletion of
Met**>-Lys'48 we have measured the stoichiometry of
calcium binding using*®*CaCb and equilibrium dialysis.
Using wild-type CaM, we find that 3.4 0.4 mol of calcium
bind/CaM, consistent with the presence of four high-affinity
calcium-binding sites2). In contrast, 2.4+ 0.1 mol of
calcium bind per mole of CaM@W?®°X'45 indicating the
loss of one high-affinity calcium-binding site upon deletion
of Met!*>-Lys!8,

Calcium-Dependent Actation of the PM-Ca—ATPase
Possible alterations in the functional properties of
CaMCPW?X 145 were assessed from a consideration of the
ability to activate the PMCa—ATPase. Previous measure-

Yin et al.

ATPase Activity

1x10°  1x10™

(M)

10°
[ Calcium ]

free

1.04
0.81
0.61
0.4
0.2
0.0

ATPase Activity

1x10™ 1x10° 1x10° 1x107 1x10°

[CaM] . (M)

FIGURe 4: Functional activation of the PMCa-ATPase. Rates
of ATP hydrolysis of the PM-Ca—ATPase were measured in
the absenced) or presence of either wild-type CaMO) or
CaMC WX 14> (@) in the presence of either 0.36V1 CaM (A)
or 30uM free calcium (B) at 37C, as described in Experimental
Procedures. Experimental curvespanel Awere obtained from a
least-squares fit to eq 9 assumiAg= 1.0. The least-squares fit
for CaM wasky = 6.8+ 0.1 x 100" M andn= 2.6+ 0.1 (©O), for
CaMCAW99X 145 wasky = 3.0+ 0.1 x 10 Mandn=1.9+ 0.1
(@), and for the PM-Ca—ATPase alone waky = 2.4+ 0.4 x
106 M andn = 0.9 + 0.2 (0). Experimental curves ipanel B
were obtained from a least-squares fit to eq 7, where for GaM (
Ki1=10+03x 108MandKgp =4 £+ 1 x 10°1°M and for
CaMC WX 145 (@) Ky =9+ 2 x 108 M andKgp =3+ 1 x
10719 M.

length CaM one observes a 4-fold increase in the calcium
concentration necessary for half-maximal activation of the
PM—Ca—ATPase in the presence of saturating concentra-
tions of CaMCW?°X1% (i.e., ky = 3.0 £ 0.1 uM). There
is a corresponding decrease in the Hill coefficient &
1.9 + 0.1), consistent with the loss of one high-affinity
calcium-binding site.

CaM-Dependent Actation of the PM-Ca—ATPase
To further investigate the functional effects of deleting

ments have demonstrated that the calcium-dependent activaMet!*>Lys'*8 we have measured the CaM-dependent activa-

tion of the PM-Ca—ATPase by wild-type CaM and
CaMC®W?®® are virtually identical, indicating that the
substitution of Lef® — Cys® and TyP® — Trp®*® has
essentially no effect on CaM function. Prior to binding CaM,
the calcium-dependent activation of the PKla—ATPase

can be described by assuming a single class of calcium-

binding sites with a dissociation constakg)(of 2.4 + 0.4
uM and a Hill coefficient u) of 0.9 £ 0.2 (Figure 4A).
This result is consistent with the fact that the PRa—
ATPase has a single high-affinity calcium-binding s48)(
The addition of saturating concentrations of CaM results in

tion of the PM-Ca—ATPase by CaM@&W?°X4 (Figure
4B). In comparison to native CaM, whek§CaM],, = 1.7+

0.6 nM, half-maximal activation of the PMCa—ATPase
requires 8-fold more CaM@WX145 (K[CaM]y, = 14.4+

0.8 nM). CaM has previously been shown to bind to the
PM—Ca—ATPase in a sequential and cooperative manner,
where the high-affinity binding of the carboxyl-terminal
domain induces structural changes within the CaM-binding
sequence to facilitate binding of the amino-terminal domain
(42). Thus, the shift in the CaM-dependent activation of the
PM—Ca—ATPasetoward higher concentrations of CENEX 145

an increase in the apparent calcium affinity and enhancedcould be the result of either (i) a decreased affinity between

cooperativity ks = 0.68+ 0.01uM; ny = 2.6 + 0.1), with
a corresponding 5-fold activation of the PNCa—ATPase.

the carboxyl-terminal domain of CaM&V°9X145 and the
PM—Ca—ATPase or (ii) alterations in cooperative interac-

The observed increase in cooperativity is presumably ations between binding sites on the opposing domains of

reflection of cooperative interactions associated with calcium
binding to CaM in the presence of the PMa—ATPase.

A similar level of enzyme activation is observed for
CaMCW9X 45 indicating a retention of function following
deletion of Met*>-Lys'48 However, in comparison to full-

CaMCW?9X 5 that result in a diminished binding affinity
between the amino-terminal domain and the CaM-binding
sequence of the PMCa—ATPase relative to that observed
using native CaM. To distinguish between these possibilities,
we have fit theCaM-dependent activation of the P&ba—
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ATPase by CaM&W?X5to eq 7 in Experimental Proce- = 0]A B

dures, which explicitly considers binding interactions be- 3 £

tween both of the opposing globular domains of CaM in the 5 g [
activation of the PM-Ca—ATPase 42). In comparison to B 061 @f 1 o
full-length CaM Kg1 = 1.0+ 0.3 x 108 M; Kgp = 4 + 1 g o8] & |1 i

x 10719 M), there is a 9-fold increase in the dissociation - 10 . 1 7
constantbetween the carboxyl-terminal domain of CEMIEX 14 PR g B I
(Kgz = 9 4+ 2 x 1078 M) with little or no change in the = Ll Mw 1 %f
subsequent binding affinity of the amino-terminal domain h . : : 1.2 i —
(Kg2 = 3 &£ 1 x 1071° M). These latter results suggest that 20220 200 2400 2100 200 230 240
structural changes within the carboxyl-terminal domain are Wavelength ( nm ) Wavelength ( nm )

responsible for the shift toward higher concentrations in the Fgure 5: Circular dichroism spectra. Experimental data corre-
CaM-dependent activation of CaM®Vv°X14°. However, the  sponding to CaME&W® (O) or CaMCGaW?2X 145 (@) in the presence
ability of micromolar concentrations of CaM®V99X45 to of either 1 mM EGTA (A) or 0.1 mM Ca(Cl@. (B). Lines

; indi correspond to least-squares fits obtained using the program Contin
fullly at(; tlvatg tdhe P(Ij\A—bCa;AITE’ ase :cns}lg%t_es H;acti structu:al (43) to estimatex-helical content for CaMCW and CaM¥, which
alterations induced by deietion o ys 0€s no were respectively determined to be 633% and 31+ 1% for

result in any alteration in the ability of CaMX to bind apo-CaM and 66t 3% and 35+ 1% for calcium-saturated CaM.
and activate the PMCa—ATPase, suggesting that target Experimental conditions involved 2M CaM in 10 mM Tris—

protein binding rescues the native-like conformation of CaM. HCI (pH 7.5), 0.1 M KCIQ, 1 mM Mg(CIQy),, and the indicated
This latter result is consistent with earlier results in which amounts of either EGTA or Ca(Clj at 25°C.
normal binding interactions between conformationally altered
CaM mutants have been shown to be restored upon binding Estimation of Calcium-Binding Affinitiehe fluorescence
to target proteins32—34). intensity associated with T¥phas previously been demon-
Circular Dichroism Measurements of Secondary Structure. strated to be sensitive to calcium binding to sites in the
The four amino acids between M&tand Lys“@are expected  amino- and carboxyl-terminal domaing) (and provides a
to stabilize the carboxyl-terminal-helix between Ty and convenient means to assess possible changes in the structural
Thr#6, which represents about 6% of thehelical content coupling between the opposing globular domains of CaM
in CaM (2). In addition, proximal interactions involving this  resulting from deletion of Mét>-Lys'*® Since Tr° is
helix may function to stabilize both the four-helix bundle substituted for Ty# in wild-type CaM, whose carbonyl group
within the carboxyl-terminal domain and the central helix contributes to calcium-binding site 3 in the crystal structure
(Figure 1) @, 5. Therefore, CD spectroscopy was used to of CaM (2), it is likely that Tr° preferentially senses high-
determine the effect of deleting the four amino acids at the affinity calcium binding at this site. The quantum yield of
carboxyl-terminal of CaM on the-helical content. There  Trp® in CaMCPW?°X145 is substantially less than that of
is a small decrease in the ellipticity of CaM following CaMC*W?*° prior to calcium binding (Figure 6), suggesting
calcium binding, consistent with earlier suggestions that that there are substantial conformational differences. How-
calcium binding results in a reorientation of secondary ever, following calcium binding, the fluorescence quantum
structural elements with respect to one anotf#—-63). yield of Trp®® is very similar for both CaM&W?° and
Fitting the data indicates that calcium-activated C&C° CaMCAW99X 145, These results indicate that calcium binding
contains approximately 66 3% a-helix, which is consistent  restores the native conformation in the vicinity of calcium-
with the crystal structure2( 29. One observes a large binding site 3 and that the large decrease-inelical content,

increase in the molar ellipticity for CaM@&N°X4%in com- apparent from the CD spectra in Figure 5, arises as a result
parison to that for CaM&W?® for both apo- and calcium-  of the destabilization of a spatially distant portion of CaM.
saturated CaM (Figure 5), suggesting that deletion of-#et Additional information concerning possible differences in
Lys*® results in a substantial decrease in théelical the structural coupling between calcium-binding sites in the
content. Fitting the data for CaM&NV°9X145 following amino- and carboxyl-terminal domains of CaM is possible

calcium activation indicates that there is approximately=35  from a consideration of the calcium dependence of changes
1% a-helical content. Thus, deletion of the carboxyl-terminal in the quantum yield of Ti§5. The fluorescence response of
four amino acids results in a large decrease in the secondaryTrp® in CaMC*®W® is biphasic, consistent with previous
structure of CaM@W?9X %5 indicating that there are global results that have demonstrated a structural coupling between
structural changes resulting from the absence of normal calcium binding to sites in the amino- and carboxyl-terminal
stabilizing interactions involving the carboxyl-terminal se- domains of CaM§, 9, 3). In vertebrate CaM the calcium-
quence. Calcium binding results in a similar increase in the binding sites in the carboxyl-terminal domain are known to
apparenta-helical content of CaMEW9X1 to that ob- have a higher calcium-binding affinity in comparison with
served for full-length CaM (i.e., CaM@N®°). These results  the sites in the amino-terminal domaib-57). Therefore,
indicate that CaM adopts a new structure following deletion the sensitivity of the quantum yield of T¥xo both classes

of Met!*>Lys'48that preserves calcium-dependent structural of calcium-binding sites suggests that global structural
changes involving secondary structural elements that arechanges are sensed in the vicinity of ¥rpipon calcium
normally associated with calcium binding in native CaM. occupancy of sites in either the amino- or carboxyl-terminal
Thus, deletion of the last four amino acids in the carboxyl- domains. The calcium-dependent change in the quantum
terminal domain results in large structural changes that ariseyield of CaMC?W?®° can be adequately described by eq 9,
as a result of the loss of stabilizing interactions between theseinvolving two terms that are individually similar to those in
side chains and other structural elements in CaM. the Hill equation. The first class of calcium-binding sites
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Ficure 6: Calcium-dependent changes in the fluorescence intensity
of Trp%. Fluorescence emission spectra are shown for the apo-

(dotted line) and calcium-saturated (solid line) forms of C&M°

(A) and CaMCW?°X145 (B). Calcium-dependent spectral changes

in the maximal fluorescence intensity (F) relative to that observed

in the presence of 5 nM free calciurg) of CaMCAW9X 145 (@)

and CaMC®W?° (O) are shown in panel C, where lines represent

the least-squares fit to eq 9 in Experimental Procedures. Fitting

parameters for CaM@W9X145areA = 0.12+ 0.03,ky; =6 + 4

x 108M, n; =0.94+ 0.6,k = 1.1+ 0.1 x 10°°M, andn, =

4.2+ 0.4. Fitting parameters for CaM&V®° areA = 0.06+ 0.03,
1=2+2x108M, N =08+ 04,kiz=54+0.1x 105

M, andn, = 8 + 1. Experimental conditions involved:fM protein

in 0.1 M HEPES (pH 7.5), 0.1 M KCI, 0.1 mM EGTA, and

sufficient CaC} to yield the indicated free calcium concentration,

which was directly measured as previously descrit&). (

(ka1 = 20+ 20 nM; n; = 0.8+ 0.4) is associated with a 3%

Yin et al.

concentrations, TAJ is responding to concerted structural
changes involving both CaM domains.

In comparison to CaM®W*, we find that CaMEGWWX 145
also exhibits biphasic fluorescence changes associated with
two classes of calcium-binding sites. The higher affinity class
of site(s) has a comparable affinity to that observed for
CaMC*W?*° and results in a similar reduction in fluorescence
intensity to that of full-length CaM (i.eky; = 60 + 40 nM,;
n. = 0.9 £ 0.6), suggesting that there are no intrinsic
differences with respect to the mechanisms of calcium
activation in the vicinity of calcium-binding site 3. The value
associated with the exponent in the fitting equation to the
high-affinity class of calcium-binding sites is much less than
the positive Hill coefficients obtained from direct measure-
ments of calcium binding for full length CaM, which have
previously indicated the presence of positive cooperativity
between the high-affinity class of calcium-binding sitg8)(
Since alterations in the fluorescence quantum yield of*Trp
directly report structural changes in the vicinity of calcium-
binding site 3, these results suggest that occupancy of
calcium-binding site 3 may function to induce binding to
site 4 in native calmodulin. Consistent with this latter
interpretation, observed changes in the fluorescence intensity
of Trp®® associated with occupancy of the high-affinity class
of calcium-binding sites are similar in CaM®v*®® and
CaMCPW?9X 15 although one calcium-binding site (presum-
ably site 4) is lost in CaMX*. However, in contrast to the
similar fluorescence responses associated with high-affinity
calcium binding to CaM&W?® and CaMCWX5, in
comparison to full-length CaM occupancy of the lower-
affinity class of calcium-binding sites (i) results in a large
enhancement in fluorescence intensity, (ii) occurs at a lower
calcium concentration, and (iii) exhibits a reduced cooper-

decrease in fluorescence. Calcium occupancy of a secondanativity (i.e.,kss =114+ 1 uM; n, = 4.2+ 0.4). The enhanced
class of binding sites results in an additional 8% decrease incalcium-binding affinity relative to full length CaM suggests

fluorescence intensityk{, = 54 + 10 uM; n, = 8 £+ 1)

that structural interactions involving the carboxyl-terminal

(Figure 6C). These results are consistent with previous sequence normally function to reduce the calcium-binding
measurements in which occupancy of the lower affinity class affinity. This result is consistent with earlier measurements
of calcium-binding sites in the amino-terminal domain, with obtained using yeast CaM where deletion of amino acids

an apparent affinity of approximately 40M, have been
shown to induce global structural changés §, 9, 21, 54,
58). Thus, the computed dissociation constants (kg.and

ksz) obtained from a consideration of calcium-dependent
changes in the fluorescence of Ttpre expected to provide

133-148 also results in an enhanced calcium-binding affinity
(19). With respect to differences in the calcium concentration
necessary for half-maximal activation of the PIX@a—
ATPase by CaM (Figure 4) relative to that needed for the
titration of calcium-binding sites in CaM (Figure 6C), it is

an accurate assessment of their relative calcium affinities, apparent that the presence of the P8a—ATPase reduces
since they reflect global structural changes resulting form the concentration of calcium necessary for activation of CaM
calcium occupancy of the low- and high-affinity calcium- and the associated increase in the transport activity of the
binding sites. In contrast, the actual values of the exponentsPM—Ca—ATPase to a larger extent for CaMCW relative to
(n) provide only a qualitative index of the structural coupling that observed for CaM¥*® (Figure 4B). These results indicate
between calcium-binding sites and are not expected tothat additional steps not apparent from a consideration of
reliably indicate the number of sites associated with either the calcium-dependent activation of isolated calmodulin are
class of calcium-binding sites, since changes in the quantumimportant with respect to activation of the PNCa—ATPase,
yield of Trp®® result from structural changes in the proximity which includes calmodulin binding and the structural changes
of Trp®. In this latter respect, the substantially larger that result in the activation of the PMCA. Indeed, changes
exponential coefficientr;) associated with calcium oc- in the structural coupling between the opposing globular
cupancy to the lower affinity class of calcium sites relative domains in CaMX* revealed in Figure 6C must be
to the high-affinity class of siteqn() in CaMC*®W?° is not overcome to induce the enzyme activation demonstrated in
an indication of differences in the number of calcium-binding Figure 4.

sites. Rather, these results suggest that occupancy of all four Fluorescence Lifetime Measuremer@hanges in the pre-
calcium-binding sites is needed to induce highly cooperative exponential amplitudes of the three major fluorescence
structural changes involving many intramolecular interactions lifetimes associated with individual tryptophans in proteins
in the vicinity of Trp°. Therefore, at higher calcium can reveal additional details regarding localized secondary
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Table 2: Lifetime Data for Tr{f in the Absence (D) and Presence
— L Los (D—A) of AEDANS Covalently Bound to Cy82
o 60- - z
8 L Los 8_ T1 T2 T3 fb
o 401 - ;:_, sample o (ns) (ns) o3 (ns) (ns) yxr?
2 "z +EGTA
£ 201 1] S [0z 3 CaMCaW99¢
- ’ D 0.27 11 023 32 050 59 40 15
g e S g _ ' 0.0 (0.04) (0.1) (0.07) (0.07) (0.03) (0.1) (0.1)
ode = ecee,, B E Oagcyl,"‘-,w_ D—A 0.29 1.1 030 38 041 58 38 15
9 o] T T T (0.01) (01) (0.02) (02) (001 (01) (0.1)
E : — Diém . CaMCPaW® X145
@ T D 024 02 040 17 036 48 25 11
& o tafecee (0.08) (0.1) (0.04) (0.1) (0.04) (0.1) (0.2)
ko] D—-A 0.29 0.6 044 21 027 46 23 09
£ e (0.02) (0.1) (0.01) (0.2) (0.03) (0.2) (0.1)
-% T T + Calcium
; 2 onge ®Zoe.s CamCowe2 e
R M a5 D 0.39 13 045 26 016 80 29 16
S (0.08) (0.1) (0.05) (0.3) (0.03) (0.5) (0.1)
10 100 D—-A 044 12 041 25 015 73 26 22
(0.03) (0.1) (0.02) (0.1) (0.01) (0.3) (0.1)
- Frequency (MHZ). "
Ficure 7: Lifetime-resolved fluorescence intensity decays fo®Trp D 036 01 033 24 031 72 31 13
The frequency response of the phase skift®) and modulation (0.01) (0.1) (0.01) (0.2) (0.01) (0.1) (0.1)
(@, m) for Trp®® is shown for CaM@W93X145in the absenced, D-A 055 05 037 1.6 008 57 1.3 09

0O) and in the presence®( M) of AEDANS bound to Cy%.
Experimental conditions involved @V CaMCsW9X145in buffer

B in the absence (A) or in the presence (B) of 0.2 mM GacCl
Lines represent the experimental fit to a three-exponential decay.
Weighted residuals are shown below the frequency-domain data
for various models which, from top to bottom, correspond to one-,
two-, three-, and four-exponential fits to the data. Weighted residuals

correspond to the difference between the experimental data and

the calculated fit divided by the standard error of the individual
measurements, which was assumed to bé arl 0.005 for the
phase and modulation data, respectively.

structural changes, as the relative contribution of different
rotomers of tryptophan has been demonstrated to be differ-
ently constrained by side-chain interactions within different
protein secondary structure(Q, 61). We have therefore
measured the fluorescence lifetime intensity decay of°Trp
in apo- and calcium-activated CaNfRv®® and CaMCW?°

X145 using frequency domain fluorescence spectroscopy
(Figure 7). As previously described for a range of different
proteins, the intensity decays of PPpn either CaMCW?°

or CaMCW?°X 145 can be adequately described as a sum of

to CaMC®W?®° the individual lifetime components in

CaMCPW® X145 become somewhat shorter (Table 2), Figure 7. Emission was detected at 350 nm. Additional details are

0.01) (0.1) (0.01) (0.1)

(0.01) (0.2) (0.1)

a Average amplitudesof) and lifetimes ¢;) obtained from three-

exponential fits to frequency domain data for the time-dependent

intensity decayl(t), for Trp*® in the absence (D) and presence+{B)
of AEDANS bound to Cy&, assumind(t) = 3 oie™. P 7 = SoiT;.

¢ Data from ref7. Errors represent standard error of the mean for three
to four measurements. Experimental conditions inclugd/6CaM in
buffer B in the absenceEGTA) or in the presenceHCalcium) of

0.2 mM CaC}. Temperature was 2%C.
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three exponentials, as indicated by the weighted residualsg,; qe g: solvent accessibilities of Tt Stern-Volmer plots of
that are randomly distributed about the origin. In comparison Trp® for apo- (A) or calcium-activated (B) CaM8V* (O) or
CaMCWX 145 (@). Experimental conditions are as described in

suggesting differences in the local environment. However, Provided in the legend to Table 3.

there are substantial differences in the pre-exponential
amplitudes (i.e.qy; Table 2), which is a reflection of large

rearrangements of helical elements result in a reduced

differences in conformational constraints associated with the solvent accessibility of TyP following calcium activation
(29, 62, we find that the solvent accessibility of PPocated
at the analogous position in CaNfRv*° becomes smaller

side-chain dynamics of tryptopha®Qj. Since Tr° replaces
Tyr?, which is greater than 12 A from any side chains in

following calcium activation (Figure 8, Table 3). A similar
reduction in the solvent accessibility of PPps observed in
CaMC¥W?9X145 upon calcium activation, indicating that
calcium-dependent structural changes are preserved in the
carboxyl-terminal domain. However, relative to Cafi\@®°
there is a substantial decrease in the solvent accessibilities

the carboxyl-terminabt-helix located between T34 and
Thr#6in the crystal structure2( 29, these results provide
additional support that deletion of MétLys!*® results in
global structural changes involving the entire carboxyl-
terminal domain.

Solkent Accessibility Additional resolution of changes
in the conformation around This possible through a  of Trp® for both apo- and calcium-activated CaR@/29x 14,
consideration of the solvent accessibilities of *Prip the suggesting that deletion of MétLys!*® results in global
collisional quencher acrylamide. In agreement with high- structural changes within the entire carboxyl-terminal domain
resolution structural data that suggests conformational that induce the formation of a more closed structure.
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Table 3: Stern-Volmer Quenching Consténts

@0 Ko — kg(M's™) kelkq
sample (nsy (M~1ye x 10794 (freey
+EGTA
CaMCaW9° 504+0.1 17.6+0.3 3.52+-0.09 0.60+ 0.02

CaMC®WX14 39+ 0.5 10.0+0.1

+Calcium
CaMCW99 48+0.1 11.6+£0.1 2.42+0.05 0.41+0.01
CaMCOW9X 15 594 0.3 4.5+0.1 0.76:0.04 0.13£0.01

2.6+0.3 0.44£0.05

a Protein conformational changes are revealed by changes in solvent

accessibility of the water-soluble quencher, acrylamide, t8°TmgCaM.

b @= Soit 4y it (see Table 2)¢ Stern-Volmer quenching constant
(Ksy) is obtained from monitoring the T fluorescence emission
change at 352 nm, whefe/F = 1 + K, [acrylamide].4 Bimolecular
quenching constank{) equalsKs,/[Z[] ¢ Solvent accessibility normalized
to N-acetylt+-tryptophanamide (NATA) in solution, whetg(NATA)

= 5.9 x 10° M~ s71 (74). Sample conditions are as described in the
legend to Figure 7.

Alternatively, enhanced interactions between opposing do-
mains could account for the reduced solvent accessibility.
Spatial Separation between Opposing Globular Domains

Yin et al.
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Yeast CaM adopts a more compact structure in comparisonFicure 9: Steady-state measurements of fluorescence resonance

to vertebrate CaM, and conformational interactions between
the opposing domains are associated with calcium binding
to either yeast CaM or mutants @rosophila that lack
calcium-binding site 4 X8, 19, 21, 63 64). Since
CaMCWX 5 also lacks one high-affinity calcium-binding
site, it is of interest to determine whether deletion of
Met!4>-Lys'4® results in large changes in the proximity

energy transferFluorescence intensities of ®ffor apo- (A, B)

and calcium-saturated (C, D) Ca§f@/®® (A, C) or CaMCAW?9X145

(B, D) in the absence (solid line) and in the presence (dotted line)
of the FRET acceptor AEDANS. Experimental conditions are as
described in the legend to Figure 7. Spectra were arbitrarily
normalized to unity for apo-CaM@®N®° in the absence of bound
AEDANS. Excitation was at 297 nm using a Xenon lamp, and all
slit widths were set at 4 nm. Temperature was’€5

between the opposing globular domains. To measure the
spatial separation between the two opposing domains InFRET efficiency that would result from a significant popula-
CaM, we used a pair of chromophores at sites near thetion of chromophores with a doneacceptor separation less

opposite ends of the central helix, located betweeri"Glod
Phé?, that have overlapping absorption and fluorescence
emission spectra. T?hserves as a fluorescence resonance
energy transfer (FRET) donor, while AEDANS bound to
Cys acts as a FRET acceptor (Figure 1). The modified CaM
can activate the PMCa—ATPase fully, suggesting that
AEDANS labeling results in minimal structural or functional
perturbations¥). In the calculation of the apparent spatial
separation Iy between the opposing ends of the central

than 0.5x Ry (i.e., less than 11 A). There is a substantial
increase in FRET for calcium-activated CaM, which in-
creases from 13 3% for native CaM to 64+ 4% upon
deletion of the carboxyl-terminal four amino acids. These
results indicate that deletion of MétLys® results in a
smaller average doneiacceptor separation between chro-
mophores located on the opposing globular domains near
the ends of the central helix, which for calcium-activated
CaM decreases from an apparent spatial separatigh ¢f

helix, we have assumed that the orientation between donor30 + 1 A for CaMC®W® to 20 + 1 A for CaMCs W9

and acceptor chromophores is motionally averaged fe.,
= 2/3). As previously discussed, the multiple absorption

(Table 4). A similar decrease in the apparent spatial
separation between these chromophores is observed for apo-

transition dipoles and small steady-state polarization valuesCaM. However, from these results it is unclear whether the

associated with AEDANS coupled with the rapid rotational

smaller average spatial separation between the opposing

dynamics of these chromophores on the nanosecond timedomains in CaM@W?®9X1#5 is the result of the disruption
scale suggest that errors in the calculation of distancesof the central helix, which would result in the dynamic

between Trf? and AEDANS bound to Cy%8 on either
CaMCPW9 or CaMCOW99X 145 are no larger tha3 A (see
below) (7, 44, 46, 6%.

structural uncoupling of the opposing domains, or the
adoption of a unique structure bringing the opposing domains
into closer proximity. To address this latter question, we have

In all cases the presence of AEDANS decreases theused the frequency domain intensity decays of*Tip the

fluorescence intensity of TP (Aem &~ 350 nm). There are

absence and presence of AEDANS bound to®@ysresolve

corresponding increases in the fluorescence emission ofthe conformational heterogeneity between chromophores

AEDANS (Aem~ 490 nm), indicating the presence of FRET
(Figure 9). Likewise, in the presence of AEDANS, the
frequency response of THds shifted toward higher frequen-
cies, indicating that the average fluorescence lifetime is
reduced (Figure 7). The FRET efficiencies calculated from
the reduction in the mean lifetime are virtually identical to

located on the opposing globular domains (Figure 7). These
data are typically analyzed in terms of a uniform Gaussian
distribution of distances with an average spatial separation
(Ry) and half-width (HW) (Table 4). This model has

previously been successfully used to describe the confor-
mational heterogeneity of a range of different macromol-

that calculated from steady-state measurements (Tables 2 andcules, including CaM7, 44-46, 58. Furthermore, the
4). Thus, no static component is present in the measuredobserved conformational heterogeneity within the central
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Table 4. Spatial Separation between *frand AEDANS Bound to Cy82

sample 74 (NS) Zda (NS) E%® R (A) rap? (A) Raf (A) HWe (A) AR
+EGTA
CaMCe99d 4.0 3.8 7 23.8 37 38 <16 21
(0.1) (0.1) 1) 0.1) @) (3743)
CaMCOWX 145 2.5 2.3 9 21.1 31 29 10 1.4
0.2) (0.1) (6) (0.1) ) (28:330.2) (2-13)
+Calcium
CaMCeyyood 2.9 2.6 15 22.6 30 31 <10 1.8
(0.1) (0.1) ?) 0.1) ) (3632)
CaMCsOW99X 145 3.1 1.3 64 221 20 17.7 3.6 2.2
0.1) (0.1) @) 0.1) @) (17-418.0) (3.1-4.0)

a Distance obtained from fluorescence resonance energy transfer (FRET) measurements befivaad APDANS attached at C§%&in CaM.
b Observed energy-transfer efficiendy)(is obtained as
_ _ 6
Ta~Tax(1-f) R
T.x f T 6 6
Tg X T Ry + Fapp
E is the corrected fluorescence resonance energy-transfer efficiency that takes into account the incomplete labeling of AEDARG.at fays
= 0.914 0.02),74 is the mean lifetime of Ti{Y, T4 is the mean lifetime of Ti{Y in the presence of AEDANS at C§sR; is the Faster critical
distance that is obtained under a given set of experimental conditigpis the apparent spatial separation betweerf°lapd AEDANS at Cy%.
¢ Average donoracceptor separatiorRf,) and associated half-width (HW) assuming a uniform Gaussian distribution of distances between donor
and acceptor chromophores (see eq 10 in Experimental Procedures), where indicated errors (in brackets) were obtained from a global analysis of

errors, as depicted in Figure 10. Errors in other parameters are standard errors of the mean for three independent meafatnien@aMCwW°
are taken from ref.

E=1-

115 T Al B lifetimes (i.e.,rapp Table 4). Thus, irrespective of the model
! used to analyze the data, deletion of the carboxyl-terminal
XZ s \/ . / four amino acids results in a substantial decrease in the
o U average spatial separation between chromophores near the
100 [P — — ends of the central helix, corresponding teBA for apo-
115 T C D CaM and 16-13 A following calcium activation. Thus,
2 P deletion of Met*>-Lys**® and the associated loss of one high-
Xt » H , affinity calcium-binding site in CaM&W?9X45 results in
1.05 the stabilization of conformationally distinct structures that
100 bring the opposing globular domains into closer proximity
20 25 30 35 40 5 10 15 in comparison to full-length CaM.
R, (A) Half Width (A ) Hydrodynamic Properties of CaMMeasurements of the

FiGURE 10: Depiction of error surfaces for Gaussian distance rotational dynamics of CaM provide a sensitive measure of
distribution modelParameter values were obtained from a simul- the structural coupling between the opposing globular

taneous fit to more than three independent data sets to recover the(':iomains. At 25C the rotational correlation times associated

average spatial separatioR,(; A and C) and half-width (B and : . . . .
D) for a model involving a Gaussian distribution of distances With the independent rotational motion of the amino- or

between donor (T8 and acceptor (i.e., AEDANS covalently —carboxyl-terminal domains of CaM are approximately
bound to Cy®) for CaMC*%W?*? (dotted line) and CaMEW99X 145 6—7 ns, while the rotational correlation time associated

(solid line) for apo- (A, B) and calcium-saturated (C, D) CaM. jth the overall rotational motion of the entire molecule

Experimental values (i.eR., or half-width) were incrementally : -
adjusted, and all other parameters were allowed to vary in the least-'> approximately 112 ns {3, 58, 67, 6§ Therefore,

squares analysis, essentially as previously descrifgd The additional information regarding possible changes in the
horizontal line corresponds to the statistic for one standard  Structural coupling between the opposing globular domains
deviation. Experimental conditions are as described in the legendresulting from deletion of the four carboxyl-terminal amino
to Figure 7. acids in CaMCGWX*%is possible through the measurement
of the rotational dynamics. We have therefore measured the
helix of full-length CaM is consistent with earlier NMR differential phase and modulated anisotropy of AEDANS
results, which also indicate the presence of considerablebound to Cy® in CaMCW?°X 145 at 20 frequencies between
conformational heterogeneity 3, 66. 2 and 100 MHz (Figure 11). The frequency response of both
Upon fitting the fluorescence intensity decay data in Figure apo- (data not shown) and calcium-activated forms of
7 to a model that assumes a uniform Gaussian distanceCaMC*W®9X145 can be adequately described by two rota-
distribution between donor and acceptor chromophores, wetional correlation times. The longer rotational correlation time
find that the structures of both apo- and calcium-activated (i.e., ¢, ~ 12 ns) is associated with the global rotational
CaMCAW9X 145 are conformationally distinct. In both cases, motion of both apo- and calcium-activated CaF) énd is
the half-widths (HW) associated with the Gaussian distance very similar for CaMCW?®® and CaMCW?°X145 (Table 5).
distribution are comparable or smaller than that observed The amplitude term associated with the relative contribution
for CaMC*®W?®°® (Figure 10, Table 4). Furthermore, the of overall protein rotational motion to the total anisotropy
average donoracceptor distanceR(,) for both apo- and decay (i.e.gro) is increased upon deletion of the last four
calcium-activated CaM are analogous to the results obtainedamino acids at the carboxyl terminal, suggesting an enhanced
assuming a single population of don@cceptor distances  structural coupling between the opposing globular domains.
calculated from the decrease in the mean fluorescenceln contrast, the rate of segmental rotational motion of
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Z 104 A Table 6: Rotational Dynamics of T¥pin CaM?
é 8—- 9 sample P Gifo  ¢1(NS)  afo P (NS) %2

3 6] +EGTA
bl ] CaMCHPWo9 ¢ 0.21 0.08 1.2 0.20 (130 0.8
& 4 (0.01) (0.02) (0.2) (0.01)
£ 1 CaMCHOWSX145  0.11 0.09 1.2 0.08 01110 4.1

o 27 (0.01) (0.01) (0.1) (0.01)

@ 0 b+——— "+ ——— Ty +Calcium

5] 54 CaMCHOW9 ¢ 0.24 0.06 11 0.22 020 1.2
T p{esesencnsesend 0 4@ (0.01) (0.02) (0.3) (0.02)
§ -5 4 CaMCHOWSX145  0.216 0.02 4 0.20 [20 45

i MR (0.005) (0.01) (1) (0.01)

§ 0154 2Indicated values and associated standard errors of the mean (in
Z i parentheses) for three independent measurements were obtained from
g a two-exponential fit to frequency-domain data, essentially as described
< 0.10 in the legend to Table %.Bracketed values were held fixed in the
-g‘ data analysis, as described in the téXdata obtained from ref.

= ] Experimental conditions are described in the legend of Figure 7.

. 0.05 _ _

] 5 Complementary measurements of the rotational dynamics
& 0. of Trp%, whose carbonyl group is expected to function as a
2 .5 » calcium-binding ligand within calcium-binding site 3, permit

10 ' 100 an assessment of local structural changes within the carboxyl-
terminal domain resulting from deletion of the four carboxyl-
terminal amino acids. We have therefore measured the
Ficure 11: Rotational dynamics of CaM. Frequency respon®es (  frequency response of T¥at 20 frequencies between 5 and

O) and associated two-exponential fits (lines) of the differential 90y 145
phase (A) and modulated anisotropy (B) for AEDANS bound to 250 MHz for CaMCW®X ™ (data not shown). An adequate

Cy<°in CaMCPW9X 145 (@, solid line) or CaMEWe® (O, dotted fit to the data requires two rotational correlation times,
line). Weighted residuals (Wt. Res.) represent the difference associated with the segmental rotational dynamics of Trp
between experimental and calculated data, normalized by the(¢,) and the global rotational motion of CaM) (Table 6).
frequency-independent errors in the differential phase and modu- gecause of the short excited-state lifetime of T 2—4

lated anisotropy, which were respectively assumed to beahd . . . .
0.005. Excitation was at 333 nm, and the emitted light was collected ns), the value of the longer rotational correlation time is

after a Schott GG400 long-pass filter. Experimental conditions are PoOrly determined. Therefore, in the determination of the
as described in the legend to Figure 7. rotational dynamics of Trp we have assumed the value for
¢» measured using AEDANS bound to Cy¢Table 5). We

find that the segmental rotational dynamics of *Prgre very

Frequency (MHz)

I:Zkli/llg 5: Rotational Dynamics of AEDANS Bound to €y similar in apo-CaM for CaMEW and CaMEAN9X 145
(Table 6). However, upon calcium activation the segmental

sample P Gro  ¢1(nS) Gfo  ¢2(ns) x° rotational dynamics of T in CaMCP®W9X 45 becomes

+EGTA much slower than that observed in Caf\¥*°, indicating

CamCweet (8'88513) (8-382) (é-g) (8-882) ﬁ) 05 that the environment around Pfpbecomes motionally
CaMC WX 45 0,096 0154 . _ 11 26 festricted. These latter results are consistent with the large
(0.003) (0.005) (0.1) (0.004) (1) decrease in the solvent accessibility of ®rppon calcium
Calcium activation in CaMCW?°X145 compared with CaM&w*°
CaMCswWoe b 0073 0114 19 0076 12 06 (Figure 8, Table 3). Thus, in conjunction with other data
(0.001) (0.003) (0.2) (0.003) (1) (see above), these results suggest that calcium binding results
CaMC*W®X™5 0.088 0114 13 0104 12 43 | g collapsed structure in which additional steric restraints
(0.002) (0.002) (0.1) (0.001) (1) result from structural interactions between the opposing

?Indicated values and associated standard errors of the mean (indomains that function to restrict the rotational dynamics of
parentheses) for three independent measurements were obtained fronﬂ]-rpgg in CaMCsAW99X 145
a two-exponential fit to frequency-domain data collected for AEDANS )
bound to Cy®, where the time dependence of the anisotropy decay, D|SCUSSION

r Isr US4 e %?), 1q is the limiting anisotr in th .
a(tt))s’ei?:l:aaosf ?ggt;;?ional di%fﬁsioé; ;restrtleerotat:ongalacosrfetlgtri)gn tirLees, Summary of ResultsVe have e_XPreSS_ed and purified a
and g is the associated pre-exponential amplituBeis the steady- ~ CaM mutant (CaM@WX145) deficient in the carboxyl-
state polarization? Data obtained from ref. Experimental conditions terminal four amino acids between M®t and Ly§43,
are as described in the legend to Figure 7. allowing the investigation of the structural linkage between
the carboxyl-terminal sequence and other secondary and
AEDANS bound to Cy® (i.e., ¢y) is increased upon deletion  tertiary structural elements within CaM. Deletion of the four
of Met*>Lys'*8 as indicated by the shorter rotational carboxyl-terminal amino acids results in the loss of one high-
correlation time (Table 5). These latter results suggest thataffinity calcium-binding site and a large decrease in second-
deletion of the last four amino acids at the carboxyl terminal ary structure (Figure 5), bringing the opposing globular
results in structural changes within the amino-terminal domain of CaMCW?X**into closer proximity following
domain that reduce steric constraints associated with thecalcium activation (Figure 10, Table 4). The conformational
segmental rotational motion of AEDANS. heterogeneity observed between the opposing domains in
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CaMCPOW?X 145 s comparable to that of CaM@V®°, as However, while CaM isolated frorBaccharomyces cer-
evidenced by the narrow half-width of the Gaussian distance evisiae deficient in calcium-binding site 4 poorly activates
distribution (Figure 10). In addition, the rotational dynamics CaM-dependent enzymes from vertebrates and mutations in
of the opposing globular domains remain structurally coupled, calcium-binding site 4 that block calcium binding (i.e., 8fu

and there is a 3-fold reduction in the solvent accessibility of — GIn'*°or Lys!*%) in DrosophilaCaM have previously been
Trp%* in calcium-activated CaM@W?°X45 compared with  shown to result in an inability to activate the PNMa—
full-length CaMC®W?®° (Tables 3-5; Figures 9 and 11). ATPase 22—24), CaMC®W?®9X1 can fully activate the
Thus, deletion of Mét>Lys™8 results in the formation ofa ~ PM—Ca—ATPase (Figure 4). This result can be understood
new and stable conformation that probably involves direct by the fact that binding to target proteins can restore calcium
contact interactions between the opposing globular domains.binding for some calcium site mutations (i.e., 8fiAla'49),

CaMCPW?X1%5is able to fully activate the PMCa—ATP- consistent with the ability of this latter CaM mutant to fully
ase, albeit with a reduced apparent affinity (Figure 4). Thus, activate the PM-Ca—ATPase 82, 33). This latter observa-
in the presence of the PMCa—ATPase CaM@W9SX 145 is tion is furthermore consistent with previous reports in which

able to assume the normal conformation necessary forthe structure and function of conformationally altered CaM
enzyme activation, consistent with earlier examples in which molecules resulting from elimination of any of the four
the conformation of structurally modified CaM mutants have calcium-binding ligands are restored to varying extents upon
been shown to adopt native-like structures upon binding to binding to peptides corresponding to the CaM-binding
target proteins32—34). The reduction in the binding affinity =~ sequence of skeletal myosin light chain kinase. Furthermore,
between CaM@W®X14% and the PM-Ca—ATPase is there is a correlation between the ability of target peptides
consistent with the loss of specific binding interactions or, to restore native-like structure with the functional activation
alternatively, may be the result of competition between of skeletal myosin light chain kinase by these mutant CaM'’s
binding interactions involving the opposing globular domains (20, 34. Therefore, since CaM@N*°X45retains the ligands
in CaMC*W99X 145 and the CaM-binding sequence of the associated with calcium binding in site 4, the ability to fully
PM—Ca—ATPase. activate the PM-Ca—ATPase suggests that Calff@/o9x145
Relationships to Praous StudiesThe opposing domains  binding to the PM-Ca—ATPase promotes the productive
in calcium-activated CaM are connected by a metastableinteractions necessary to restore the native-like structure
o-helical structure that is disrupted upon binding to target necessary for function and to restore calcium binding.
peptides 2, 7, 10-13, 29, 58, 69, 70 The flexibility of the Conclusions and Future DirectiongVe have identified a
central helix has been suggested to enable the amino- andtructural linkage between the four amino acids at the
carboxyl-terminal domains of CaM to recognize variable carboxyl terminal and the opposing globular domains of
binding sequences in target proteingl( 79. Oxidative CaM, which are critical in maintaining calcium-activated

modification of a carboxyl-terminal methionine (M&tor CaM in an extended conformation. Enhanced interaction
Met!45) or deletion of the carboxyl-terminal four amino acids between the opposing globular domains in Cafiz°9X 145
(Figure 4) alters the structure of the central hel,( 26, does not impair the ability to fully activate the PNCa—

28). These results suggest that the carboxyl-terminal sequencéATPase under equilibrium conditions, emphasizing that
plays a structural role in maintaining the spatial separation alterations in the average conformation of the central helix
between the opposing domains so as to either prevent theare not critical to function. However, the reduced affinity
formation of stable interdomain interactions or restrict the between CaM&W?X14 and the PM-Ca—ATPase does
relative positions and orientation of the two domains in CaM suggest that the maintenance of CaM in an extended
for optimal target recognition. Consistent with this sugges- conformation may function to minimize structural interac-
tion, a direct structural coupling between the opposing tions between the opposing domains and facilitate high-
globular domains of CaM are mediated by the structural affinity binding to the PM-Ca—ATPase. These results
features associated with calcium-binding site 4 located nearsuggest that the native conformation of the carboxyl-terminal
the carboxyl terminusd( 18, 19, 63, 64 Likewise, enhanced  domain may be necessary for the rapid association of CaM
interactions between the opposing globular domains of with a range of different target proteins necessary for rapid
calcium-binding site mutants &frosophilaCaM have been  intracellular signaling. Future studies should be directed at
observed, where mutations in calcium-binding site 4 have identifying specific structural interactions that are important
the most deleterious structural consequences and result irin the stabilization of the central helix and their possible role
the most substantial functional effects with respect to the in mediating the rapid collapse of CaM around a range of
activation of different CaM-dependent target enzymes, different target proteins.

including the PM-Ca—ATPase 21, 24. Thus, primary ACKNOWLEDGMENT
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