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ABSTRACT. Calmodulin is an essential €abinding protein involved in a multitude of cellular processes.
The calmodulin sequence is highly conserved among all eukaryotic species; calmodulin from ti& yeast
cerevisiae (yCaM) is the most divergent form, while still sharing 60% sequence identity with vertebrate
calmodulin (vCaM). Although yCaM can be functionally substituted by vCaM in vivo, the two calmodulin
proteins possess significantly different®Cainding properties as well as abilities to activate vertebrate
target enzymes in vitro. In addition, it has been observed that certain properties of the N-terminal and
C-terminal domains of Ca-yCaM differ depending on whether they are in the context of the whole
protein or isolated as half-molecule fragments. To investigate the structural basis for these differing
properties, we have undertaken nuclear magnetic resonance (NMR) studies on yCaM and the two half-
molecule fragments representing its two individual domains, yTrl(residu@®)land yTr2 (residues
75—-146). We present direct evidence that the two domains 8f-@&aM interact via their exposed
hydrophobic surfaces. Thus, the?Cdound form of yCaM exists in a novel compact structure in direct
contrast to the well-established structure ofGaCaM comprised of two independent globular domains.

Calmodulin’s role as a Ca-signal transduction protein
depends on its ability to couple the transient fluxes of
intracellular C&" levels to the regulation of various target
proteins and thus cellular processés-4). The protein
accomplishes this by linking its €&binding process to the

Ca&*-binding Glu at the 12th position is a GIn and (2) a one
amino acid deletion within the €abinding loop. A second
notable difference between yCaM and vCaM is that the
former displays cooperativity of €abinding among all three
sites, whereas vCaM displays cooperativity only between the

conformational change it undergoes that exposes a hydro-two EF-hand motifs that make up the N-terminal or C-
phobic surface with which it interacts and regulates a numberterminal domains9q, 12).

of its target proteinsg). The structure of calmodulin must,
therefore, be optimized to act as a?Gaignal transduction

yCaM is also distinguished from vCaM in its functional
abilities as it is less effective at activating the target proteins

protein in a number of pathways, suggesting that the aminoof vCaM in vitro despite the fact that vCaM can replace
acid sequence of this protein has evolved to an optimal state.yCaM in vivo (8, 13, 14). For example, Cd-yCaM activates
Indeed, the sequence of calmodulin is distinguished by a highmyosin light chain kinase only to~13% of maximum
degree of conservation among all eukaryotic species. Theactivity, and a 1000-fold molar excess of g CaM is
sequences from all vertebrate species are identical, while theyrequired for maximal activation of phosphodiesterase. Mu-

are still greater than 90% identical when all multicellular
eukaryotes from insects to plants are conside®d The
most divergent form of calmodulin is from the budding yeast
S. cereisiae with 60% sequence identity and even higher
sequence homologys( 7).

As a reflection of its sequence divergence, yCalidplays
certain biochemical properties that are distinctly different
from vCaM. Most notable is the fact that yCaM binds only
three C&" ions instead of the four seen in all other
calmodulins 8, 9). Results from mutagenesis, limited pro-

tagenesis and protein hybrid experiments suggest that the
inability of the EF-hand site IV to bind Cais responsible
for Ca*-yCaM’s inability to activate C&#-vCaM'’s target
enzymes 15).

Functional differences between yCaM and vCaM are likely
to arise from structural differences in the?Cdound form
of the two proteins. Ca-induced changes in the circular
dichroism (CD) spectra of yCaM provided the first indication
of such a differencel(, 13). The addition of C& to vCaM
causes an increase in ellipticity, while Tdinding to yCaM

teolysis, and NMR studies established that EF-hand site IV causes a decrease. Although increases in the ellipticity at

is unable to bind Cd (9—11), presumably a consequence
of two amino acid sequence differences: (1) the invariant
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222 nm are usually associated with increasetielical
content, it can also indicate a reorientation of helical
secondary structural elements. This is especially true in the
case of calmodulin, since a comparison of the structures of
apo-vCaM and Cd-vCaM do not reveal any net increase
in helical content but instead show a reorientation of the
helices from an antiparallel arrangement in the apo form to
a perpendicular arrangement in the?Ghound form (6,

17). X-ray scattering measurements indicate tha&t"§&CaM
exists in a more compact conformation than thé'cfeee
form, in contrast to what is known about the structure of
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Ca*-vCaM (18). Both X-ray scattering and NMR relaxation
measurements of €avCaM indicate an extended bilobular
protein conformation in which the two domains tumble inde-
pendently of one anothet 9, 20). Ca&*-vCaM'’s conforma-
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except that (1) the wash and elution buffers for the second

Phenyl-Sepharose column were those used in the yTrl and
yTr2 protocol, and (2) a G75 Sephadex sizing column and

a Chelex column were used as above. UnifortiNlabeled

tion becomes more compact only when it is bound to a vTrl and vTr2 were prepared by growing the cells in MOPS

peptide representing its binding site on a target enzy2tie (

buffer supplemented witH®NH,Cl (24). NMR samples

A number of observations have revealed that certain contained either 0.5 mM or 1.0 mM protein dissolved in

properties of the N-terminal and C-terminal domains of'€a
yCaM differ depending whether they are in the context of

90%H,0/10%D,0 containing 50 mM imidazole, 100 mM
KCI, pH 6.1. C&" was added to the NMR samples to a final

the whole protein or isolated as half-molecule fragments. For concentration of 5SmM.

example, the dissociation constants fof Gzinding to yCaM
range from 2.0 to 5.@M, versus 1.2 and 13.0M for the
N-terminal fragment and 5;2M for the C-terminal fragment
(9, 21). In contrast, it is well established that the?Ghinding
affinities for each pair of EF-hand motifs in vCaM are the

NMR SpectroscopNMR spectra were acquired at 2€
on a Bruker DMX-500 instrument, unless otherwise noted.
IH-15N HSQC spectra were collected with 256 and 16
scans pet;. For line-width measurements, an HSQC with
600 t; increments was collected. Spectral widths of 6410

same whether in the context of the whole protein or isolated Hz for the'H dimension, 1216 Hz for th&®N dimension in

as a half-molecule fragment?). Context-dependent €a
binding properties of yCaM and context-independert'€a

the C&*-free spectra, and 1470 Hz for tH& dimension in
the Ca&™-bound spectra were used. OlH-1SN HSQC

binding properties of vCaM are also apparent from spectral spectrum contained the expected number of cross-peaks,

perturbations observed in 1B NMR C&" titrations of

yCaM, vCaM, and their respective half-molecule fragments.

For example, the His 107 peak from whole yCaM displays

whereas the published backbone assignments 8f-ZErl
are incomplete, necessitating reassignment of 111N
HSQC spectrum?b). Complete backbone NH assignments

slow-exchange behavior, whereas in yTr2 the His 107 peakwere made (with the exception of the first three residues)

titrates in the fast-exchange regin@ @1). For vCaM, it
has been shown that the fast-exchange behavior of th

based on a 20H-1N HSQC-TOCSY and &H->N 3D
eNOESY—HSQC (collected at 750 MHz on a Bruker

N-terminal domain peaks and the slow-exchange behaviorDMX750).

of the C-terminal domain peaks exist in both the whole vCaM
protein and the half-molecule fragmeng2).

Given the overwhelming evidence for biochemical, func-
tional, and structural differences between?GgCaM and
Cé&'-vCaM, we undertook NMR studies on €ayCaM to

investigate the structural basis for the differing properties.

1H-15N HSQC spectra of Ca-yCaM indicated the presence

IH-1°N HSQC Titration Experiment3itration experiments
were performed on 0.5 mM NMR samples 6N-labeled
Ca&"-yTrl or C&™-yTr2 by recording a series of 2B4-15N
HSQC spectra in the presence of increasing amounts of
unlabeled C&-yTr2 for theN-yTr1 titration experiment,
unlabeled C&-yTrl for theN-yTr2 titration experiment,
and unlabeled CGa-vTr2 for the 1>N-yTrl control experi-

of chemical exchange broadening, making a conventional ment. Up to 18 mole equiv of unlabeled yTr2 were added

NMR analysis of C&'-yCaM challenging. Therefore, we

during the®™N-yTr1 titration; 14 mole equiv of unlabeled

used half-molecule fragments representing the two individual yTrl were added during théN-yTr2 titration; and 17 mole

domains of yCaM, yTrl (residues-T6) and yTr2 (residues

equiv of unlabeled vTr2 was added in tH&l-yTrl control

75—146) to probe the structural differences between the experiment. The protein samples and the stock solution of

isolated domain fragments and the wholeeGaCaM. Our

the unlabeled domains were prepared in the same NMR

NMR data indicate that the structures of the two domains in buffer to maintain buffer conditions throughout the titration.

the Ca"-bound form are indeed different depending on
whether they are isolated half-yCaM fragments or in the
context of the whole yCaM protein. We present the first

Fitting of Chemical Shift Perturbations to Binding G
The chemical shift changes of fast exchanging yTrl peaks
were fit using the program Xcrvfi2g) (PENCE/MRC group

direct evidence that this structural difference is due to an Joint Software Centre). The total chemical shift difference

interaction between the two domains of2GgCaM and
suggest a functional significance for the interaction.

MATERIALS AND METHODS

Sample PreparatiorExpression and purification protocols
for yCaM, yTrl, and yTr2 have been describ&). (When
purifying yTrl and yTr2, the wash buffer for the second
Phenyl-Sepharose column consisted of 50mM Tris, pH 7.5
10mM C&*, and 800mM (NH).SOy, and the elution buffer
consisted of 50mM Tris, pH 7.5, 50mM EGTA, and 800mM

was set as the chemical shift difference between thé-Ca
yTrl peaks in the presence of 0 equiv of unlabeled yTr2,
the beginning point of the titration experiment and the
corresponding Ca-yCaM peak, the putative end point of
the titration experiment. This value was held constant during
the fitting. Only data from peaks whose corresponding'€a
yCaM peaks were unambiguous were used in the analysis.

"RESULTS AND DISCUSSION
As a first step toward determining the structure of yeast

(NH4)2SOs. A G75 Sephadex sizing column step was added calmodulin, we collected NMR spectra®tN-labeled yCaM,

to remove high molecular weight contaminants. The purified
protein was passed over a Chelex column to remove trac
amounts of C&. Uniformly !*N-labeled proteins were

yTrl, and yTr2. The!®N-labeled fragments provide an
eopportunity to detect structural differences between the
isolated domain fragments and the whole calmodulin protein.

prepared by growing the cells in M9 medium supplemented For example, consistent with the published structures of

with 1°NH,4CI. The constructs for vCaM, vTrl, and vTr2 were
a generous gift from M. She&3¥). Expression and purifica-

vCaM revealing two noninteracting globular domains linked
by a central, flexible linkerX6, 27, 28), *H-'>N heteronuclear

tion of these proteins followed previously described protocols single quantum coherence (HSQC) spectra of the two half-
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FiGURE 1: SuperimposedH-1°N HSQC spectra of whole yCaM
(magenta) and its half-molecule fragments, yTrl(cyan) and yTr2

(blue), in the apo state (a) and the?Gaound state (b). All spectra
were taken on NMR samples containing 0.5 mM protein. The few

Biochemistry, Vol. 39, No. 15, 20001227

molecule fragments of vertebrate calmodulin, vTrl and vTr2,
recapitulate théH-15N HSQC spectrum of the intact vCaM
molecule: virtually all peaks of vTrl and vTr2 superimpose
on the corresponding peaks in the vCaM spectrum (data not
shown). This close spectral correspondence holds for both
the apo and CGd-bound forms of vCaM. As shown in Figure
la, the spectral correspondence between the half-molecule
fragments and the intact protein holds for apo yCaM. In
contrast, théH->°N HSQC spectra of Ca-yTrl and C&"-

yTr2 do not superimpose well on that of&a/CaM (Figure

1b), indicating that the individual domains are different in
the context of the whole CayCaM protein.

The spectral differences observed between the isolated
half-molecule fragments and intact<ayCaM could be due
to (1) differences in the structures of the globular domains
outside the context of the full protein or (2) the presence of
interdomain interactions in CayCaM that are lost in the
isolated fragments. To test for the latter possibiltBy-lab-
eled C&™-yTrl was titrated with increasing amounts of un-
labeled C&-yTr2. The reciprocal experiment was performed
with N-labeled Ca™-yTr2 and unlabeled C&-yTrl. In each
case, significant spectral perturbations were observed (Figure
2). Cross-peaks dfN-labeled C&™-yTr1 shift progressively
with increasing amounts of €ayTr2. Similar behavior is
observed for side chain resonances in the spectrum as well
as backbone cross-peaks. A superposition of the spectrum
of Ca&t-yCaM on the C&-yTrl H-15N titration series
reveals that the Ca-yTrl peaks shift toward whole €a
yCaM peak positions (Figure 2a), indicating that the presence
of high concentrations of CayTr2 in a sample of C4-
yTrl mimics the state of the N-terminal domain in the intact
protein.

As illustrated in Figure 2bf, the spectral perturbations
observed when unlabeled €ayTrl is added td°N-labeled
C&"-yTr2 occur in the slow exchange regime. Cross-peaks
disappear from the spectrum, while new cross-peaks simul-
taneously appear at their final chemical shift position and
continuously increase in intensity with increasing amounts
of Ca*-yTrl. Similar to the C&-yTr1 titration, virtually
all of the new Ca'-yTr2 peaks appear at €ayCaM peak
positions. Thus, these titrations provide direct evidence that
the N-terminal and C-terminal domains of TgCaM
interact, possibly inducing conformational changes within
each domain.

As the affinity between Ca-yTrl and C&"-yTr2 must
be the same in both titration experiments, the observation
of fast exchange for yTrl and slow exchange for yTr2 must
arise from larger chemical shift perturbations experienced
by the C&"-yTr2 peaks relative to those experienced by
Ca&"™-yTrl peaks 29). The behavior of individual peaks bear
this out: for example, Gly 131 differs in its spectral position
in the spectra of Ca-yTrl and of C&"™yCaM by 191 Hz
vs a difference of only 42 Hz for Gly 59, the analogous
residue in the N-terminal domain.

The high protein concentrations {02 M) used in NMR
experiments along with the known hydrophobic nature of
the C&"-bound form of CaM raised concerns about the
specificity of the interactions revealed in the NMR titrations.

superimpose on peaks in the whole apo yCaM spectrum are from
those residues near the new N- and C-termini of the half-molecule
fragments, consistent with the spectral effects from the expected

peaks in the spectra of the half-molecule fragments that do not helix-fraying.
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FIGURE 2: Superimposed regions of thd-15N HSQC spectra from thEN-labeled C&"-yTrl(a) and®>N-labeled Ca"-yTr2 (b—f) titration
experiments. In all panels, the corresponding region from the spectrum of whéfeyCaM (magenta) is also superimposed. Panel a
consists of identical regions from th-15N HSQC spectra ofN-labeled C&"-yTr1 titrated with O (cyan), 4 (blue), and 17 (red) equivalents

of unlabeled C&-yTr2. Arrows in panel a highlight the direction of the chemical shift perturbations as well as point to the corresponding
Ca&t-yCaM peak. Each panel oftf consists of identical regions from tR&l-15N HSQC spectra of°N-labeled Ca"-yTr2 (blue) titrated

with 0 (b), 4 (c), 7.5 (d), 10 (e), and 14 (f) equivalents of unlabeled"@arl. Dashed boxes highlight peaks that either disappear or
appear during the titration.

Our lab has previously demonstrated the use of heterologousan intrinsic property of the calmodulin molecule that is
proteins to establish the specificity and functional signifi- independent of the total protein concentrati@g)( Conse-
cance of proteirrprotein interactions observed by NMBQ quently, the close match between the meastednd the

31). Addition of the vertebrate analogue, TasTr2, to1°N- frective local ion vield ) lecular bindi
labeled C&*-yTr1 did not perturb thaH-1°N HSQC spec-  © ective local concentration yields an intramolecular binding

trum, even at high concentrations (data not shown). This €quilibrium in which a significant proportion of €ayCaM
result establishes that the interaction betweett @arl and molecules will exist with their domains interacting in vivo

Ca&t-yTr2 is remarkably specific. as well as in vitro, making this intramolecular interaction
To distinguish between an intramolecular or intermolecular physiologically relevant.
interaction between N- and C-terminal domairsl-**N Chemical shift perturbation mapping is widely used to

HSQC spectra were collected of €ayCaM at 1.2 mM and - P, : : : L :

0.25 mM. All peaks in the two spectra superimpose and their g}l;_nggl \t;\l/r;d[[r;ge;l:srse ";SF;S::EF;;}Z{?;E m;eéfggggiﬁi’m

Iine \_Nidths.are indistinguishable, indicating that the interac- of Ca2+—.yTr1, (see Meth,ods) 0 define its binding surface with

tion'is ngt mtermole.culi':lr (dat.a.not showh). the C-terminal domain. Although a majority of CayTrl

Tf estimate the binding affinity between TayTrl and  ,ooyq display measurable chemical shift perturbations, a

Ca"-yTr2, chemical Sh'ﬁ perturbations of €*a_yTr_l peaks subset of peaks exhibit significant intensity loss early in the

were plotted asa fun<_:t|on of [@by‘_l’rZ]. Each b'”d"?g CUIVE " titration. The resonance broadening indicates that these peaks

1’/";3;2 g; gi'énﬂ& ?z'goﬁictlg 2'2&3\?;2%%?:} y'ﬂ?\;g‘g of experience the largest chemical shift changes among &t Ca

residues located in the .fou%-helices of Cé*-yTrlg Intrigu- yTrl peaks, and thus, the corresponding residues are likely
' to comprise the binding interfac83, 35). By these criteria,

ingly, calmodulin’s flexible central linker is predicted to . . e
: : residues that comprise the binding interface of'Garri
local effect trat f the t lobular .
produce a local effective concentration of the two globular oy 1 -"op™y 5 "ala 15, Phe 16, Ala 17, Leu 18, Phe 19,

domains of 15 mM, making this high “ligand” concentration o
ns g this high g I Leu 32, lle 55, Phe 68, lle 63, and Met 72, indicating that

the interaction between domains is hydrophobic in nature.
2The averagé™N line width for the spectra were 13.3 Hz vs 14.1  \when mapped onto the structure of a model based on the

Hz, at the lower and higher protein concentrations, respectively, and . . L
no single peak’s line width varied between the two spectra by more N-terminal domain of C&-vCaM, the majority of these

than 2 Hz. residues define a contiguous surface (Figure 3). Interestingly,
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FicUrRE 3: Model of the proposed C&ayTr2 binding site of Ca-yTrl. A structural model of Ca-yTrl was constructed based on the

X-ray structure of C&-vCaM (1CLL). Side chains of residues that differ between vCaM and yCaM were substituted with the yCaM
residue. Residues corresponding to peaks whose intensities decreased by greater than 50% after the addition of 1 equivalent of unlabeled
Ca&"-yTr2 are highlighted in red on the protein molecular surface and are noted in the text. The worm backbone (right) and molecular
surface (left) are in identical orientation. These figures were created using SPOCK. (J. A. Christopher, Department of Biochemistry, Texas
A&M University, College Station, TX).
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yTrl titration. These residues follow and precede Phe 19
and Leu 32, both of which are in the binding site for’Ga
yTr2. Our data suggest that €ainding and the interdomain
interaction are linked in yCaM, consistent with the observa-
tion that C&" binding is weaker in the isolated half-molecule
yCaM fragments than it is in the intact proteffil). A similar
observation was made in parvalbumin where two fragments
comprising the AB domain and the two EF-hand site-CD
EF domain form a noncovalent complex possessing higher
C&" affinity than the individual fragments38).

Our data provide direct evidence of an interaction between
the two globular domains of CayCaM, suggesting that the
protein exists in a collapsed or compact state. This is in
contrast to the extended state of?GaCaM with its two
independent domainsl9). Other examples of proteins
possessing four EF-hands that exist in a collapsed rather than
extended state include sarcoplasmié'@ainding protein and
recoverin 89, 40). We note that, like yCaM, these proteins

FiGURE 4: Titration curves for Ala 15, Val35, Val57, and Phe 65 each have at least one nonfunctionaPChinding site. It

from the *N-labeled C&"™-yTrl titration experiment. Titration
curves display the change in the chemical shift oft€>N HSQC
peak corresponding to the given residue as a function of increasing
unlabeled C&-yTr2. The line drawn through the experimental
points is the fitted binding curve obtained from xcrvfit.

has been shown that (1) the presence of an EF-hand site that
is unable to bind Cd hinders the ability of a two-site domain

to undergo the conformational change to the open state, and
(2) binding of a target peptide can induce a conformational

this binding surface partially overlaps with the hydrophobic change to the open statl( 42). Therefore, the functional
pocket used by Ga-vCaM to bind to target peptides and significance of the interdomain interaction in TyCaM

small drug molecules3g, 37). In addition, the fact that
residues of the binding interface arise from all fouhelices
within the N-terminal domain may explain why spectral

may involve stabilization of the open conformation of a
domain that includes a nonfunctional asite. This hy-
pothesis is consistent with the decreaseti ®anding affinity

perturbations are observed throughout the entire domain. exhibited by EF-hand site 11l (site IV is nonfunctional) in
Asp 20 and Glu 31, the first and last liganding residues yTr2 compared to whole yCaM2(). Because the confor-

of Ca*-binding loop I, also broaden out early in the?Ca

mational change from the closed to open state is linked to
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C&" binding, the lower C#& affinity of the C-terminal half

of yCaM is likely to be accompanied by a compromised

ability to convert to the open stat)( A destabilized open

state in the C-terminal domain is consistent with the larger

chemical shift perturbations experienced by?Cglr2

relative to C&™-yTrl during the respective titrations. We
propose that Ga-yTr2 undergoes a larger structural change

as a result of the interdomain interaction becaus® @arl
is close to if not already in the open €zabound conforma-
tion, while C&*-yTr2, with its single functional Ca-binding
site, is not.

The results presented here clearly show that the structure
of C&*-yCaM must be significantly different from that of

Ca&t-vCaM, since the two domains of €ayCaM interact

to yield a collapsed state. Our working model consisting of

a compact conformation for €ayCaM in which the open

state of the C-terminal domain is stabilized via favorable
interactions available on the hydrophobic surface of the open
conformation of the N-terminal domain provides some
structural insight on previously published circular dichroism
and X-ray scattering data that have suggested that tfie Ca

bound structure of yCaM differs from that of vCaM§
21). The prevalence of this compact state oCaCaM

raises intriguing questions about the mechanism of action
of yCaM with its C&"-dependent target proteins, since the
interdomain interaction site appears to overlap with the

putative target proteins binding site, as identified irF'Ga
vCaM. This observation may explain why €ayCaM is

significantly less effective at binding and activating vCaM's
target protein, since the competition between the binding of

a vCaM target and the interdomain binding in?GgCaM

could lower the apparent affinity. The physiological conse-

guences of this novel CayCaM conformation will be

revealed as the structures and mechanisms of bona fife Ca

dependent target proteins from yeast are revealed.
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