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ABSTRACT. The C& titration of the®N-labeled mutant V136G calmodulin has been monitored using
IH—-15N HSQC NMR spectra. Up to a [€g/[CaM] ratio of 2, the C&" ions bind predominantly to sites

| and Il on the N-domain in contrast with the behavior of the wild-type calmodulin where the C-terminal
domain has the higher affinity for €a Surprisingly, the C&-binding affinity for the N-domain in the
mutant calmodulin is greater than that for the N-domain in the wild-type protein. The mutated C-domain
is observed as a mixture of unfolded, partially folded (site 11l occupied), and native-like folded (sites IlI
and IV occupied) conformations, with relative populations dependent on the][[CaM] ratio. The
occupancy of site Il independently of site 1V in this mutant shows that the cooperativity?ofuiiaing

in the C-domain is mediated by the integrity of the domain structure. Several NH signals from residues
in the C&*-bound N-domain appear as two signals during thé"Gi&ration indicating separate species

in slow exchange, and it can be deduced that these result from the presence and absence of interdomain
interactions in the mutant. It is proposed that an unfolded part of the mutated C-domain interacts with
sites on the N-domain that normally bind to target proteins. This would also account for the increase in
the C&" affinity for the N-domain in the mutant compared with the wild-type calmodulin. The results
therefore show the wide-ranging effects of a point mutation in a singte-iading site, providing details

of the involvement of individual residues in the calcium-induced folding reactions.

Calmodulin (CaM) is a calcium-binding protein that and IV), and the second two &aions bind to the N-domain
mediates many calcium-induced intracellular regulatory (sites | and Il) 8). The C&"-saturated form of CaM (holo)
events [, 2). Extensive structural information has been is conformationally distinct from the Cafree form (apo)
obtained for calmodulin in its Céa-free (apo) and Ca- (9—11). Activation of the majority of CaM-dependent
bound (holo) forms and for its complexes with target peptides proteins requires Caions. Saturation of the calcium-binding
(3, 4). The X-ray diffraction structure of GeCaM revealed  sijtes induces conformational changes in both domains that
a dumbell-shaped molecule, with its N- and C-terminal enable CaM to recognize and bind a multiplicity of target
domains (containing residues-¥5 and 76-148, respec-  peptides and proteins with high affinity,(12, 13). Interac-
tively) separated by a long interconnecting heli).(  tion of CaM with target sequences exploits the intrinsic
Subsequent solution NMR studies showed that the intercon-flexibility of the interdomain sequence to give complexes
necting sequence had considerable flexibility, and hence thewjith relatively compact structures, as reviewed by Crivici
domains can adopt different pOSitionS with reSpeCt to each and lkura (1) Enzyme activation by CaM genera”y appears
other €). Each globular domain contains two high-affinity  to involve C&* binding by both of its domains, although a
C&'-binding sites of the EF-hand (hefioop—helix) type  sequential domain-specific binding is seen in target interac-
(7). The first two C&" ions bind to the C-domain (sites Il tjons (13) and in the interaction with skeletal muscle myosin

light chain kinase 14).
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stabilities of CaMs with single point mutations at position 8 mass spectroscopy, and UV measurements.!Tiabeled

of each of the four calcium-binding loop sequences (sites I, protein samples used for the NMR studies were 6.7.20

II, Ill, and IV) have been studied by fluorescence and circular mM solutions of protein in 90% k0/10% D,O and 0.1 M
dichroism @9). Position 8 of each 12-residue calcium-binding KCI. The pH of the sample was adjusted to 6.8 (uncorrected
loop is a well-conserved isoleucine or valine residue. These for deuterium isotope effects).

highly conserved residues are part of the hydrophobic core peptide A 26-residue peptide encompassing the calm-
of either calmodulin domain and are involved in a structural odulin-binding region of the skeletal myosin light chain
link between the pair of calcium-binding sites in each domain kinase (sk-MLCK) (NH-KRRWKKNFIAVSAANRFK-
formed via a short antiparallgd-sheet. Hydrogen bonds  KISSSGAL-CQH) was purchased from the Department of

between position 8 residues on the?Gainding loops in  Biochemistry, Bristol University. The purity of the sample
sites | and Il on one hand, and between correspondingwas checked with mass spectroscopy.

residues in sites Ill and IV on the other, contribute to the  \wvR SpectroscopyThe nuclear magnetic resonance
stability of the structure of each pair of €abinding loops.  eyxperiments were performed on a Varian Inova 600 spec-
For the position 8 mutants where the isoleucine or valine is ometer over a temperature range of45 °C. Water

replaced by glycine, the mutation in site IV (residue 136) suppression was achieved using the WaterGate seqLag)ce (
has a much larger effect on the thermal stability of the protein ;, o1 of the NMR experiments. 2BH—15N HSQC spectra
than does the corresponding mutation in site I, Il, or llI were recorded at 2% typically using 2048« 64 data points.
(residues 27, 63, and 100, respectively). CD measurements,p 1415y HSQG-ROESY and 3D ROES¥HSQC @9)
showed that the loss of secondary structure of the apogpecira were recorded at 26 in the phase-sensitive mode
proteins could be completely restored by*Chinding for with a spin-lock time of 45ms and using 1024128 x 64

the calmodulins with single-point mutations in site I, Il, or complex data points. 3D NOESYHSQC and TOCS¥

I, but this was not the case for the site IV mutation. The HSQC spectra39) were acquired at 25C for the holo and
addition of C&" does not cause full recovery of the 554'caM(v136G) samples. The heteronuclear NOE spectra
secondary structure of CaM(V136G) even though the sto- a1 acquired using the method described by Kay et8). (

ichiometric association constants for Zainding to this Spectra were processed using NMRPig#) @nd analyzed
mutant are similar to those of the wild-type CalZb( 30). using NMRDraw (sofware written by F. Delaglio) and
_ The present work describes NMR studies of th&'€a  pejixgg.0 sofware (MSI Inc.). The NMR signal assignments
induced conformational changes for calmodulin with a {5 the mutant CaM(V136G) were made by analyzing 3D
V136G mutation in position 8 of the site IV calcium-binding NOESY-HSQC and 3D TOCS¥HSQC spectra and by
loop with the aim of elucidating the effect of this mutation comparison with the known assignments for the wild-type
on the conformation of the C-domain and the origins of the apo-CaM (M. Ikura, personal communication) and holo-CaM

C&*-induced refolding behavior for this site IV mutant. As
part of this study, a Ca titration of the'5N-labeled apo
mutant V136G CaM was carried out. Previous work had
shown that site-specific binding of &ato each of the four
C&'-binding sites of CaM can be monitored usitd—*°N
HSQC NMR measurement8@). The results reported here
show key features of the effects of the V136G mutation on
the structure, stability, and function of calmodulin as well
as revealing interesting insights into the foldingnfolding
process, the intradomain cooperativity for the calcium

binding, and interactions between the domains. Several recen
publications have drawn attention to interdomain interactions

in various CaMs31—38). In particular, in the case of yeast
CaM, where there is a defective fourth @4inding site,

an interdomain interaction modulating the overall conforma-
tion and its function has been recently postulatgd 38).

This gives particular relevance to the present results for the

V136G CaM mutant, which also has a defective fourth'€a
binding site.

MATERIALS AND METHODS

Protein Expression and Purificatiomrosophila melano-
gasterwild-type CaM and the CaM(V136G) mutant were
expressed inEscherichia coliand purified as described
previously @6, 29, 30). The uniformly*>N-labeled proteins
were made by incorporating 99%N-labeled (NH),SO, as

(42, 43).

C&* Titrations A stock solution of 45 mM CagGin 90%
H,0/10% DO was prepared by dilution from a standard
volumetric solution (Merck). The CGatitrations were carried
out by monitoring amide NH signals #itl—'*N HSQC NMR
spectra recorded at 2&. For each titration point the required
aliquot of this stock CaGlsolution was added to the NMR
tube containing the calmodulin solution and mixed thor-
oughly. Allowance was made for dilution effects on adding
Ehe C&" solution. The initial concentrations of mutant CaM
were 1.20 and 0.77 mM for the uniformly and selectively
5N-labeled samples, respectively [the protein concentration
was calculated usingse = 2203 Mt cmt (29)]. A good
estimate of the [Cd]/[CaM] = 2 ratio could also be made
from the NMR spectra monitoring the stoichiometric titration
of C&" into the N-domain binding sites of the mutant CaM.
The addition of C&" to the NMR sample did not cause
significant changes in the pH of the sample. The?'Ca
titrations were repeated twice. The signal volumes were
calculated by using the optimization procedure for measuring
volumes in Felix98.0 sofware (MSI Inc.).

RESULTS

Mutant CaM(V136G) in the Absence of aThe *H—
5N HSQC NMR spectrum for th€N-labeled CaM(V136G)

the sole nitrogen source into the growth media. A sample of mutant in the absence of &a(apo) was acquired at 2%

selectively>N-lle-labeled CaM(V136G) was prepared by
incorporating 97%°N-lle into a growth media containing a

defined mixture of all of the other unlabeled amino acids.
The purities of the CaM samples were monitored by NMR,

and compared with the corresponding spectrum of apo wild-
type calmodulin. This comparison reveals that many of the
signals from C-domain residues in the two proteins have very
different chemical shifts while those from the N-domain
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Ficure 1: 2D H—1N HSQC spectra at 2%C in the absence of
calcium for the uniformly’>N-labeled mutant CaM(V136G). The
positions of some of the apo wild-type CaM displaced signals are
indicated on the spectrum.
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Scheme 1: Schematic Representation of SpecieB A
Detected by'H—15N HSQC Experiments in the
Calcium-Induced Refolding of the CaM(V136G) Mutant
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aThe hemispherically shaped segments indicate intatt-Biading
sites, and the zigzag segments indicate unfoldetf-Gmding sites.
An interdomain interaction is indicated by a zigzag segment overlapping
the hemispherically shaped segments. Species A corresponds to the
apo form, B and C represent species with partiadd"Qacupation, and
D is a species with full Ca occupation. The numbers under the bars
refer to the ranges of [C&)/[CaM] ratios for which these species were
detected.

of the™N-labeled CaM(V136G) mutant to be used to monitor
the C&" occupancy of the different site8€@). Particular
attention has been focused on the residues in position 8 of
the EF-hand loops of calmodulin. The amide NH group of
residue 8 is part of the peptide bond formed with the carbonyl
group of the position 7 residue, and this is the only backbone

residues are relatively unperturbed. Figure 1 shows thecarbonyl directly involved in binding to a €aion. The

spectrum for the apo-CaM(V136G) mutant with the positions
of some of the displaced C-domain signals from apo wild-

coordination of the calcium ion to this carbonyl group re-
sults in large deshielding effects of the position 8 back-

type CaM indicated on the spectrum. The affected signals bone amide'N nucleus, thus allowing it&°N shift to be
include those from residues D95, 1100, S101, and A102 from used as a sensitive probe of site-specifié¢'dzinding G0).

the site Il binding loop and residues G132, G134, N137,
Y138, and E139 from the site IV binding loop. THé—°N

In CaM(V136G), the position 8 residues are lle27 and lle63
for sites | and Il in the N-domain and 1le100 and Gly136

HSQC spectrum of the CaM mutant also shows several for sites lll and IV in the C-domain, respectively. Using the
narrow resonances at positions characteristic of unfoldedfact that three of these four residues are isoleucines?a Ca
residues. Measurements of heteronuclear Overhauser effectétration using 2D'H—**N HSQC NMR spectra on a sample
showed that these signals arise from nuclei having the of CaM(V136G) mutant containing selectivel$N-labeled
greatest mobility and are typical of residues in unstructured isoleucine residues has also been carried out. This sample

mobile regions of the protein. THel—'5N HSQC spectrum

of the apo mutant CaM prepared with selectit®-lle
labeling indicated that while the four lle residues in the
N-domain have chemical shifts expected for wild-type CaM,
the four lle residues in the C-domain have very different
chemical shifts from those of the wild type with values

was particularly useful for monitoring the lle27, lle63, and
[le100 residues because in some cases their NH signals
overlap other signals in spectra obtained with uniforffiy-
labeled samples.

The NMR spectral changes for lle27 and Ile63 (sites |
and 1) occur in moderately slow exchange on the NMR

typical of unfolded residues. Two of the latter residues are chemical shift time scale leading to separate signals corre-

in the C&"-binding sites Il and IV (lle100 and 1le130) and
two are in helices (lle85 and 1le125).

sponding to C&-bound and CH-free species¢N shift dif-
ferences of 16.55 and 4.73 ppm for 1le27 and lle63, respec-

From this analysis, it can be concluded that the N-domain tively). This behavior contrasts with that of wild-type cal-

of the mutant CaM retains the fold found in wild-type apo-
CaM, while the C-domain does not [its €abinding sites

Il and IV being unfolded as well as some of its helical
structure (species A in Scheme 1)]. Upon addition of'Ca

modulin, for which the NMR spectral changes for lle27 and

lle63 occur in moderately fast exchange on the NMR chem-
ical shift time scale leading to signals with averaged chemical
shifts for the nuclei exchanging between?Gaound and

part of the C-domain becomes refolded, and 2D exchangeCea*-free species but with contributions to their line widths
experiments have been used to assign the narrow signals tdrom the exchange proces#4j. The difference in exchange
specific unfolded residues by connecting them with assignedbehavior for the N-domain sites between wild-type and
signals in the folded C-domain by magnetization transfer (see mutant calmodulins is surprising since their N-domains are

later).
Occupancy of EF-Hand Calcium-Binding Sites in Mutant
CaM(V136G) The sensitivity of SN chemical shifts of

identical (as are the C&induced shifts). The different
behavior can be seen in Figure 2, which shows the NH
signals for 1le63 in théH—'N HSQC spectra recorded at

specific residues to the binding of calcium to EF-hand loops different [C&*]/[CaM] ratios for apo wild-type CaM (Figure

allows a Ca&" titration using 2D'H—*N HSQC NMR spectra

2A) and for the apo-CaM(V136G) mutant (Figure 2B).
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Ficure 2: Contour plots of the 11e63 signals in the 2B—1N HSQC NMR spectrum recorded at [C#[CaM] ratios between 0 and 5
for (A) 1°N-labeled wild-type CaM showing fast exchange and @){lle]-CaM(V136G) showing moderately slow exchange. Two forms
(163b0 and 163b1) were observed for the?Ghound form of the mutant CaM(V136G) at a [CH[CaM] ratio of 2. The data for (A) was
taken from ref30.

The NMR spectral changes for 1le100 and Gly136 (sites 10 ddoondEm @ @B @ @
Il and IV, respectively) for the mutant CaM also occur in 0
slow exchange on the NMR chemical shift time scale leading
to separate signals corresponding to two C-domai#"Ca
bound species [Ca(l, II, 1ll) and Ca2*(l, II, I, IV)] and a
C-domain Céa'-free species [C4(l, 1I)]. The mutant C-
domain C&"-free species appear to be mostly unfolded (as
discussed above), whereas the C-domaitt ®aund species [Ca*}[CaM]
with both sites occupied appears to be folded since the signalsFicure 3: Calcium occupancy of EF-hand calcium-binding sites
for certain residues in calcium-binding sites Ill and 1V are for the mutant CaM(V136G) obtained from the®Cditration *H—
found at spectral positions similar to those in the spectrum N HSQC spectra. Site | is from lle2, site Il from Ile63 (J),

" - - . site 1l from [le100 ©), and site IV from Gly136+). The values
of Ca'-bound wild-type CaM. As with the behavior are the sums of the normalized volumes of the position 8 signals

observed for 1le100 and Val136 in the wild-type CaM, the for the different C&*-bound species as reported in Figure 4. For
1N nuclei for 11le100 and Gly136 are greatly deshielded upon residues lle27, lle63, and lle100, the signal volumes were measured

Ca&* binding to sites Il and IV of the mutant calmodulin.  from the spectra of thé*N-lle-labeled CaM(V136G) and for the

The C-domain of the Ga-bound species with only site Il residue Gly136 from the spectra of the unlforr_fﬂM-IabeIed CaM-
L . . o (V136G). The curves are normalized accordindotd(ltota)max for

occupied is partially unfolded. The Ile100 signal monitoring residues lle27 and 1le63. The normalization of the lle100 and

the C&* blndlng at site Il for this latter Species has been Gly136 signals is described in the text.

assigned by magnetization transfer experiments with the

previously assigned 1le100 signal in the ,&2aM species 8 C&"-bound signals for the different species were used in

(see later). order to plot occupancy curves for each calcium-binding site

The data analysis involved measuring the volume of each at different calcium concentrations.

peak of interest at each point in the titration. The volumes  Figure 3 shows the normalized calcium occupancy curves

of the signals from residues in position 8 of EF-hand loops for sites |, II, 1ll, and IV as a function of the [C&)/[CaM]

in sites I, I, lll, and IV of C&"-bound calmodulin were ratios. The curves corresponding to signals from N-domain

measured, and the changes in volume were normalized andsites | and 1l (lle27 and lle63, respectively) increase steeply

plotted as a function of the [€§/[CaM] ratio (see Figure between [C&])/[CaM] ratios of 0 and 2, and at a [€]/

3). An outstanding feature observed in #é&-5N HSQC [CaM] ratio of 2 each shows a site occupation approaching

NMR C&* titration spectra of the CaM(V136G) mutant is 100%. This behavior contrasts strongly with that observed

the appearance of signals for different?Gaound species  in H—'°N HSQC spectra of wild-type CaM where added

in slow exchange (see below). In particular, atIg4CaM)] C&* first perturbs 1le100 and Val136 in the C-domain sites

ratios between 3 and 18, lle27 and 1le100 each show twolll and IV (8, 30, and references thereirffor the mutant

C&"-bound signals (namely, lle27b1 and lle27b2, lle100b1 CaM, the curves corresponding to signals from the C-domain

and 11e100b2) (see Figures 4 and 5). The 1le100b1l signalssites Il and IV (1le100 and Gly136, respectively) increase

correspond to the Ga&CaM species C with sites |, Il, and gradually as the calcium is added and not in a parallel

Il occupied, and the Ile100b2 signal corresponds to the fashion, with site Il binding C& ions before site IV. The

folded Ca-CaM species D with its site IV binding loop in  curve corresponding to site Il starts at a {4 CaM] ratio

the wild-type-like conformation. For 1le27 and 1le63 the b1 of ~2 and at a [C&]/[CaM] ratio of 7 reaches 8@ 10%

signal also includes the G&aM species B with only sites  of full site Ill occupation. The occupation of site Il was

I and Il occupied. The sums of the volumes of the position estimated by considering the lle100b1/lle100b2 and lle27b1/

Volumes

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
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Ficure 4: Calcium titration plots (28C) for lle27b1 @), lle27b2

(»), 1le63b0 @), lle63bl (), lle100bl @), lle100b2, ©), and
Gly136b ¢) with the normalized volumes monitoring the relative
concentrations of the different €abound species. For residues
lle27, 1le63, and 1le100, the signal volumes were measured from
the spectra of théN-Ille-labeled CaM(V136G) and for the residue
Gly136 from the spectra of the uniformi§N-labeled CaM(V136G).
For the N-domain residues lle27 and lle63, the curves were
normalized according thyd(liota)max The normalization of curves
for the C-domain residues lle100 and Gly136 is described in the

text. The estimated standard deviations on the volume measurement

are £5%.

lle27b2 signal intensity ratios (which are proportionalg [
p4] and [(p2 + ps)/pa4], respectively, wher@;,, ps, andp, are
the fractional populations of species with sites | and I, sites
I, II, and lll, and sites I, 1I, 1ll, and IV occupied). The curve
for Gly136 (shown in Figure 3) corresponding to occupation
of site IV starts at a [Cd]/[CaM] ratio of 3 and at a [CH]/
[CaM] ratio of 7 reaches 28 10% of site IV occupation.
At a [C&t]/[CaM] ratio of 18 the site IV occupation rises
to 55+ 10% and site Il occupation is still incomplete.
Mutant CaM(V136G) Species Present in Solution at
Different [Ca&t]/[CaM] Ratios. As well as providing an
overall view of the calcium-binding behavior of the CaM-
(V136G) mutant (see above), the Lditration using 2D
IH-N HSQC NMR spectra of thé*N-labeled CaM-
(V136G) mutant provides information about the exchange

Fefeu et al.

The different species detected between’[E8CaM] ratios
of 0—40 are shown in Scheme 1.

(i) [Ca?']/[CaM] Ratios between 0 and.ZThe changes
in the NMR spectra observed when®avas added up to a
[Ca2t])/[CaM] ratio of 2 were limited almost exclusively to
N-domain residues of the protein. Initially, there was only
one signal for C&-free 11e63 (lle63f). Upon addition of
calcium, a signal for Cd-bound 1le63 (lle63b0) emerged
for a C&"-bound conformation at a [€§/[CaM] ratio of
0.3. A second signal for Ca-bound Ile63 (lle63b1) in slow
exchange with the previous &€abound 1le63 (lle63b0)
appeared at a [G8)/[CaM] ratio of 1. This signal, at the
known position for C&-bound Ile63, continued to increase
up to a [C&']/[CaM] ratio of 2.2 and then remained constant
until the end of the titration. The intensity of the lle63b0
signal decreased after the lle63bl signal emerged and
disappeared at a [€g/[CaM] ratio of 2.2. Multiple signals
were also observed for other residues of the N-domain. A
good example is provided by Gly33 where the NH signal
from Gly33 is observed in an isolated region of the spectrum
and also showed multiple signals between J@/§CaM]
ratios of 0-2. The fact that N-domain residues present two
signals in slow exchange strongly suggests that there is an
interaction between the €abound N-domain and the
extended unfolded conformation of the C-domain (this is also
fully consistent with the observed affinity of €afor the
N-domain being greater for the mutant protein than for the
wild type). By analogy with the wild-type calmodulin
behavior, binding calcium to sites | and Il of the N-domain
in the mutant protein would be expected to change the
N-domain conformation from a closed to an open conforma-
tion, exposing its hydrophobic cord,(11). The multiple
signals observed for the €abound Ile63 could correspond
to two conformations of the Ca-bound N-domain binding
to residues of the unfolded chain of the C-domain (i.e.,
signals b0 and b1 correspond to two different conformations
of species B in Scheme 1). A comparison of the titration
curves for 1le27 and 1le63 (see Figure 4A,B) strongly
suggests that for 1le27 only one of these species (the bl
signal) has been detected (the 1le27 signals at thes€]jCa
[CaM] ratios are much broader than those for Ile63). Further
evidence for this suggestion is that two signals are seen for
Gly33 in this part of the titration. It should be noted that the
signals for lle27 above a [€§/[CaM] ratio of ~2 indicate
full occupancy of site 1.

(i) [Ca?']/[CaM] Ratios between 2 and.3At a [C&')/
[CaM] ratio of 2, the N-domain sites | and Il approached
saturation with calcium. At a ratiof @ a signal had started
to emerge for the site 11l Ga-bound 11100 (lle100b1l) in
slow exchange with the apo signal for 11le100 (lle100f), the
signals being connected to each other by observing exchange
cross-peaks in the NOESY and ROESY spectra (not shown).
This behavior is consistent with the exchange between
Ca-CaM and CgCaM species in which the N-domain sites
are C&" saturated and site Ill is Cafree or C&" bound,
respectively (species B and C in Scheme 1). The 1le100b1
signal has also been assigned by magnetization transfer
experiments with the 1le100b2 signal in the mutanj-CaM

between the different species present in solution at different species that has the same chemical shifts as in the wild-type

[Cat])/[CaM] ratios. Figure 4 shows the normalized curves
for the position 8 residues from their different dound
forms present in solution at different [E&¥[CaM] ratios.

CaM (see Figure 6).
(iii) [Ca?')/[CaM] Ratios between 3 and 4@\t a [Ca&']/
[CaM] ratio of 3.3 the second signal for calcium-bound
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FIGURE 5: 2D IH—15N HSQC spectrum of uniforml§®N-labeled CaM(V136G) at 25C at a [C&']/[CaM] ratio of 7. The assignments of
several residues to signals corresponding to the differefit-Baund species are indicated in the spectrum. For site I, I, and Il residues,

the Ca-CaM signals are designated as bl and the @M signals are designated as b2. For site IV residues, th&€ &M signals are
designated as f (Ca free) and the CaCaM signals are designated as b {Chound).

Ile100 (llel00b2) appeared in slow exchange with the an additional calcium-bound signal (b2 signals): these
previous C&"-bound Ile100 signal (Ile100b1) and with the include Lys21, 1le27, Thr29, Val35, and Leu39 (calcium-
apo lle100f signal (see Figure 4). The new lle100b2 signal binding loop I) and Asn60 and Asp64 (calcium-binding loop
is at the known position of [le100 in the spectrum of wild- 1I). The fact that several N-domain residues gave two signals
type Ca-CaM. Simultaneously with the appearance of this corresponding to different calcium-bound forms of the
peak, a new signal emerged at a {g4CaM] ratio of 3.3 C-domain indicated that in at least one of the forms there is
that can be assigned to the mutated residue Gly136 in itsan interaction between the two domains. It is proposed that
Ca&*-bound form at 9.86 ppm/113.31 ppm f&i*H)/(*°N). this involves the CH-bound N-domain interacting with

It is worth noting that there is an appreciable deshielding of C-domain residues in the unfolded Cdree site IV (see
the *H nuclei for both 1le100b2 and Gly136b compared species C in Scheme 1). Upon binding calcium to site 1V,
with 1le100bl and Gly136f; such deshielding5f is an the mutant CaCaM can adopt a nativelike conformation
indication that the intradomais-sheet hydrogen bonds (species D); by analogy with wild-type CaM,(42) it is
involving the two position 8 residues in the C-domain have inferred that there is no direct interaction between the folded

been formed on going from the site IV unfoldeds&zaM domains in this state.
(species C) to the site IV folded G&aM species (species Conformational Exchange Cross-Peak&xchange be-
D in Scheme 1). tween signals arising from the same residue in different

Above this [C&]/[CaM] ratio of 3.3, many other C-  species was detected using ROESYSQC experiments to
domain signals appeared at their known positions for wild- distinguish between magnetization transfer effects arising
type Ca-CaM, indicating the presence of a Maound from dipolar relaxation and from conformational exchange
species of the mutant CaM(V136G) with its calcium-bound (Figure 6). Since dipolar and exchange ROESY cross-peaks
site 1V binding loop folded with a conformation similar to  have opposite phase4q), this is a straightforward method
that of wild-type CaM (species D in Scheme 1). This can be for linking signals in conformational exchange arising from
seen for other residues corresponding to calcium-binding loopthe same residue.

IV, such as (NH,) signals for residue GIn135, and also for In the ROESY-HSQC spectra obtained for the CaM-
residues corresponding to the N-domain, such as the NH of(V136G) mutant the presence of exchange cross-peaks
Gly33 at 8.53 ppm (signal G33b2). This signal was in slow indicated slow exchange on the NMR time scale between
conformational exchange with signal G33b1 at 8.75 ppm. It the different species containing two (sites | and II), three
can be seen in Figure 5 that several N-domain residues havdsites |, Il, and Ill), or four (sites 1, Il, lll, and 1V) calcium
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FiIGURE 6: A region of the 2D'H—15N HSQC-ROESY spectrum of the selectivelyN-lle-labeled mutant CaM(V136G) at a [E¥
[CaM] ratio of 7 and 25°C showing the exchange signals enclosed in boxes.

ions at different [C&]/[CaM] ratios. The narrow signals  [CaM] ratio of 7 was investigated by NMRH—*N HSQC
from the unfolded parts of the C-domain were present during spectra were collected at’® intervals over the temperature
the whole titration but decreased in intensity as thé"Ca range increasing from %C to 45°C and then cooling to 5
concentration increased. No exchange cross-peaks weréC. The temperature dependences of the intensities of the
detected between N-domain signals and the narrow signalscalcium-bound NH signals from residues lle27, Asp64,
from residues in unfolded regions, consistent with the picture 1le100, and Gly136 in their Ca-bound positions (lle27b1,
that the N-domain is fully folded in both its €afree and 127b2, Asp64bl, Asp64b2, lle100bl, lle100b2, and Gly136b)
its C&"-bound states throughout the calcium titration. are shown in Figure 7. Similar patterns of intensity changes

At a [C&"])/[CaM] ratio of 7, ROESY-HSQC experiments ~ Were obseived for other residL_Jes in corresponding regions
carried out with the mutant protein showed that even at this Of the protein. Asp64 was examined rather than lle63 because
high concentration of calcium there were narrow signals from the latter does not show separate bl and b2 signals at a
an unfolded conformation in exchange with signals from [Ca&*]/CaM ratio of 7.
residues in a folded form of the C-domain. Signals from  The temperature dependences of the signals plotted in
Ca&*-bound site IV residues, such as signal Gly136b, Figure 7 can be used as typical examples illustrating the
continued to show exchange with an unfolded signal temperature behavior of N- and C-domain residues.
(Gly136f) even up to a [Cd]/[CaM] ratio of 18. This is a (i) The N-domain residues lle27 and Asp64 each give
reflection of the fact that under these conditions a substantialrise to NH signals in two positions (signals bl and b2) at 5
amount (704 10%) of the site IV binding loop remains  °c and a [C&"]/[CaM] ratio of 7, and these are in slow
unfolded. At a [C&']/[CaM] ratio of 7, exchange cross-peaks exchange over the complete temperature range studied.
were also detected between Signals of site Il residues, SUChThe N-domain is fu”y folded at this calcium concentra-
as 1le100 in its C&-bound conformations (lle100bl and tjon. Both residues showed a very similar temperature
lle100b2). However, no exchange cross-peaks were detectejependence. As the temperature was raised, the b1 signals
involving site 11l unfolded signals even though 20 10% (from the Ca-CaM species B and G&aM species C)
of the site Il unfolded form was eXpeCted to be still present. increased whereas the intensity of b2 Signais (from the
The 1le100b1 and lle100b2 Signals were broad, and eXChang%a‘i_CaM Species D) decreased and had disappeared com-
signals with a small amount of site IIl unfolded form would  pjetely at 45°C. This is consistent with the unfolding of the
be difficult to detect. Ca*-bound C-domain with increasing temperature and the

Temperature Dependence of Calmodulin Stabilithe stability of the C&*-bound N-domain over this temperature
thermal stability of the mutant CaM(V136G) at a f[CH range R9).
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1.00 Y was raised, reflecting a reduction in the amount of the folded
osod 7 A 4 C-domain present in solution (the £8aM species). As the
8 ool A A temperature was increased, the equilibrium between the
g a4 A calcium(lll,1V)-bound folded form of the C-domain (species
9 %499 A A D) and the calcium(lll)-bound partially unfolded form of the
0.20 1 4 A A C-domain (species C) was shifted toward the partially
0.00 T T T £ unfolded conformation. The calcium(lll,IV)-bound folded
0 10 20 30 40 C-domain conformation of the mutant (V136G) as monitored
100 by signals lle100b2 and Gly136b disappeared completely at
T e . " u 40 °C. In contrast, the Ca-bound C-domain of wild-type
@8 = CaM only undergoes complete unfolding at temperatures
£ 00919 o g = " above 90°C (29). The complete reappearance of the mutant
S 0404 ] o CaM C-domain signals as the temperature is lowered
020 1 B g g indicates that the temperature-induced unfolding transition
0.00 " " - : - of the C-domain is fully reversible2@).
¢ 10 20 % 0 Complex of V136G CaM with @a and a sk-MLCK
1.00 Peptide The *H—*N HSQC spectrum of the complex of
0ol 100 15N-labeled V136G CaM formed with the sk-MLCK 26-
é 060 4 residu_e peptide at a [_@%}/[CaM] ratio of 7 at 25°C showed.
2 0l o o chemical shifts s_lmlla_r to those for the correspo_ndlng
> ° g o bt ¢ o . complex formed with wild-type CaM and showed no signals
0201 ° corresponding to unfolded residues. This indicates that for
0.00 y T T T this CaM-peptide complex the wild-type and mutant
0 10 20 30 40 proteins have the same (or very similar) folded conformation.
1.00 This confirms the earlier study of Browne et &9{ ,who
@ 080 G136 noted that the site IV mutant adopts a folded conformation
E 060 in the presence of calcium and the sk-MLCK peptide. Other
2 g0 b S calmodulin calcium-binding site mutants (involving the
020 | X x conserved bidentate glutamate ligand at loop position 12)
000 . ' * X ' have al'solbeen shown to recover the foldled structure only
0 10 20 0 © upon binding sm- or sk-MLCK target peptide®4( 26).
Temperature(°C) DISCUSSION

Ficure 7: Temperature dependence plots for signals from residues + Rindi indi -
lle27bl @), lle27b2 (), Asp64bl W), Asp64b2 (1), lle100b1 .Eaz B'gd'&ghto gaM(Vlfst)g.hz E'”d'”g 01; Céh to
(@), le100b2 ©), and Gly136b#) in their C&"-bound conforma- wild-type CaM has been well studied by several techniques.

tions measured using a uniformiN-labeled sample of CaM-  In NMR experiments, the chemical shifts of the amidhd
(V136G) at a [C&']/[CaM] ratio of 7. The data for Gly136f were  signals of the residues in position 8 of each of the fol*Ca
not included becaus:e this S|gnql overlaps the Gly134 signal. The binding loops have been shown to be site-specific probes
curves were normalized according @d(lota)max for Ca* binding 30). By following the evolution of these

(i) The 1le100 C&*-bound b2 signals (from the G&aM si_gnals throughout a Ca titration, one can _monitor the
species D) decreased on increasing the temperature whereddnding of C&™ at each of the four binding sites.
the bl signal (from the GaCaM species C) increased  For wild-type CaM, the C& ion has a higher affinity for
initially but decreased above 3. This is consistent with ~ the C-domain sites (lll and IV) than for the N-domain sites
the behavior observed for the N-domain residues. The lle100(l and 1I) (8). The binding to the C-domain sites usually
signal for Ca-CaM species B (not monitored) would increase results in slow-exchange conditions for the free and bound
with increasing temperature, thus explaining the decrease insignals while the binding to the lower affinity N-domain sites

signal intensity for [le100b1 above 3C. results in fast exchang8(@). Measurements of the stoichio-
(iii) The C-domain residue Gly136 showed two signals in Metric association constants for wiId-type_Ca}M ano[ its tryptic
slow exchange between its €zbound (folded) and Ca- fragments {9, 47) showed that the stoichiometric €a

free (unfolded) positions (Gly136b and Gly136f, respec- binding constants for C-domain binding are about five times
tively). As the temperature was increased, the intensity of larger than those for the N-domain. These characteristics
the Gly136b signal for the Gaaturated species D decreased result in the C&-binding curves of the two domains
and disappeared completely at 4D, whereas the intensity ~ overlapping significantly, with the Ca binding to the
of the Gly136f signal from the unfolded form increased with N-domain starting before all of the sites in the C-domain
increasing temperature (quantitative measurements were no@re occupied30, 47).
made because of overlap with Gly134f). The present NMR studies show that the calcium-binding
The V136G mutation reduces the stability of the C-domain behavior of the mutant CaM(V136G) contrasts with that of
and apparently decreases its affinity for?Cat higher wild-type CaM in two important aspects. First, Calearly
temperatures. For example, the Asp64b2 and Gly136b binds initially to the N-domain sites, and there is a decrease
signals, reflecting the calcium(lll,1V)-bound folded confor- in the C&"-binding constant for both site Il and site IV
mation (species D), decreased in intensity as the temperaturecorrelating with the structural destabilization of the C-domain
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in the mutant CaM. Second, in contrast to wild-type CaM 1V, the presence of the hydrophobic side chain of the residue
behavior, the NMR signals (lle27 and Ile63) used to monitor in position 8 appears to be essential for ensuring the integrity
C&" binding to the N-domain of CaM(V136G) show slow- of the domain structure that promotes the correct fold for
exchange conditions between “Cdound and CH-free binding of C&" to site IV in the C-domain. The fact that
species, indicating that the €abinding is tighter than to  Ca&" appears to bind to site IV only in the presence of an
the N-domain of the wild-type CaM (assuming that the on- occupied site Ill implies that there could be some cooperative
rates have not changed). This observation is surprising sincebinding in the mutant. This would be consistent with the
the N-domain sequence is identical in both the wild-type and presence of the cycle of cooperative interactions connecting
the mutant calmodulins, and therefore one would expect thethe C&" ions across thgs-sheet as indicated by thid
Cé&*-binding behavior of this domain to be identical in the chemical shift evidence for hydrogen bonding involving the
two proteins if there are no interactions between the domains.lle100 NH (to the Gly136 €O group) and the Gly136 NH
The increased affinity of the N-domain sites explains why (to the 1le100 G=O group) on forming the mutant G&€aM
the stoichiometric association constants fof'dainding to species (Figure 5).
V136G are similar to those of the wild typ29). It is known Insights into the Folding Process of CalmodulResidues
that the C&" affinity of CaM sites is increased substantially in position 8 of each of the four calcium-binding loops (127,
by interactions with target peptide43 48), and similar 163, 1100, V136) are highly conserved in the calmodulin
interactions between the folded N-domain and unfolded parts superfamily of proteins and form part of the hydrophobic
of the C-domain would offer an explanation for the increased core of the N-domain (127, 163) and the C-domain (1100,
C&*-binding affinity of the N-domain sites in the mutant. V136). A study of the site-directed mutagenesis of residue
As was found in the wild-type CaM, €abinds to the Vall36 offers a possible method for dissecting out the
C-domain of the mutant in slow exchange, indicating that contribution of the valine side chain to the stability and
the dissociation rate constants could be fairly similar in the folding of calmodulin. Identifying situations in which incor-
two proteins. However, the €aassociation rates may also rect as well as correct folding of a polypepetide chain occurs
be very different because these require formation of the can provide important information about the factors influenc-
folded state of the C-domain before aan bind. ing the efficient attainment of the closely packed fully folded
Intradomain Cooperatiity of C&" Binding The binding structure for the native protein. NMR is a useful method for
of two C&" ions to each pair of EF-hands in the N- and examining the conformations of unfolded and partly folded
C-terminal domains of wild-type calmodulin has been found proteins.
to show positive cooperativitydy and references therein). For the Ca"-free state of the mutant V136G calmodulin,
Two sets of interactions play crucial roles in bringing the the!H—N HSQC spectrum shows that the mutation gives
paired EF-hands together and result in the folding of the rise to an unfolded C-domain at 2&. This indicates the
domain. One involves formation of the hydrophobic core of importance of the hydrophobic side-chain contacts between
each domain, for which the hydrophobic side chain of the the two residues in position 8 for the structural stability of
residue in position 8 appears to be very important. The otherCaM. This mutation has a significant influence on the
interaction involves stabilization of the cycle of cooperative formation of the hydrophobic core involving the C-domain
interactions across thg-sheet upon Ca binding to both polypeptide chain, indicating that formation of these side-
paired sites &, 49), when the backbone=€0 and N-H chain interactions provides a central mechanistic step in the
groups of the residue in position 8 are involved in forming folding of each calmodulin domain.
hydrogen bonds between the strands. The V136G mutation The addition of C&" to the apo mutant calmodulin has
of the position 8 residue is a good probe for assessing thetwo effects. Initially, C&" binds to the nativelike N-domain
different influences of these two sets of interactions since (species A in Scheme 1) and thus changes its conformation
this mutation alters the capacity of this residue to contribute from a “closed” apo state to an “open” holo state, exposing
to the hydrophobic core but does not remove its capacity to the hydrophobic pocket of the domain that is known to bind
form a cycle of cooperative interactions connecting th&"Ca to hydrophobic “anchors” of calmodulin-binding target
ions across th@-sheet. protein sequencedl,(9—11). Subsequently, the addition of
For the mutated C-terminal domain, lowered affinities were more C&" induces folding of the calcium-binding loops in
deduced from the NMR experiments for both of the C- the C-domain of the mutant CaM. WhenZ&inds to both
domain C&"-binding sites as compared with the wild-type sites Ill and IV, it shifts the population of molecules toward
C-domain sites. The fact that both sites in the mutated the fully native-like folded conformation (species D in
C-domain have lowered affinities indicates the strong Scheme 1). However, even at high ratios of {g4CaM]
interdependence of the Eaaffinities with the local structural  of up to 18 only about 55% of the mutant calmodulin has
stability of the paired binding loops. The NMR results also the native-like folded conformation (with sites I, Il, 1ll, and
clearly show the formation of the site Il calcium-occupied [V occupied), and this coexists in solution with partially
species (species C in Scheme 1) preceding the formation ofunfolded forms of the C-domain. This slow exchange
the Ca-CaM species (species D), suggesting a reduction in behavior between C&free and C&-bound forms of the
the apparent cooperativity relative to wild-type CaM. No C-domain suggests that the intrinsic affinity ofZdor the
evidence was found for site IV binding calcium in the folded C-domain is relatively high in the mutant (the overall
absence of calcium binding to site Il (the only detected affinity being low because of the much reduced on-rate).
C-domain NMR signals correspond to species with site Ill Starovasnik et al.31) have interpreted similar slow-exchange
occupied or sites Il and IV occupied but none for species behavior for C-domain signals in €aitrations of the E140Q
having only site IV occupied). Although the V136G mutation calmodulin mutant in terms of a slow conformational change
has not removed any of the calcium-liganding groups of site induced by the CA binding.
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The mutated C-domain, lacking the hydrophobic cluster Recent urea-induced unfolding experiments based on CD
that appears to be fundamental for ensuring its correct nativeand UV measurements on apo wild-type Céb4) indicate
folding, is observed as a mixture of different conformations interactions between the folded N-domain and the unfolded
ranging from extended to nativelike folds (corresponding to C-domain in an equilibrium unfolding intermediate. In the

the occupation of sites | and Il, sites I, Il, and Ill, and sites presence of Cd ions, a species involving interactions of
I, Il, Ill, and 1V). The population of the fully folded formin  the unfolded N-domain and the folded (holo) C-domain
this mixture (species D) increases as the?’[QfCaM] ratio occurs as an intermediate in the urea unfolding. The existence

increases. It was found previously by CR9[ that even a  of such an intermediate depends critically on the relative
100-fold molar excess of €agives only a partial restoration  affinities of C&* for the two domains (for wild-type CaM,
of the mutant C-domain to the wild-type conformation, and C&* binds more tightly to the C-domain than to the
recent work shows that this persists up to~a0*-fold molar N-domain). In the case of the V136G mutant, stoichiometric
ratio (S. R. Martin, L. Masino, and P. M. Bayley, unpublished C&"-binding constants, based on optical spectroscopic
results). Hence, some incompletely folded forms of the CaM- measurements, did not resolve the relative affinities of the
(V136G) mutant are evidently still present at very high mutant C-domain and the nonmutated N-domaig).(The
[CaT]/[CaM] ratios. present NMR work has unequivocally shown that the
Interaction between the Two Domaintn wild-type N-domain binds_ calcium With_ a h_ig_her_ affinity than the
Ca-CaM in solution, the two domains are known to have a mutant C-domain and that this affinity is greater than the

degree of orientational freedom with respect to each other Wild-type N-domain in wild-type CaM. These effects,
(6, 50) and to present a larger radius of gyration than together with the detection of the resonances associated with

Ca-CaM—peptide complexesld). Hence, any interactions the intermediate species observed as a function of theJCa
between the folded domains of Wild—typezaéaM are likely [CaM] ratios, provide evidence for the interaction of the holo
to be relatively unspecific. In Gatitration experiments with ~ N-domain with the mutant C-domain in CaM(V136G).
wild-type calmodulin there was no indication that the _ Nakashima etal3/) have reported evidence that in yeast
chemical shifts of NMR signals from residues in one domain €M the N--and C-domains interact with each other and

infl d by C4 binding to the other d ir30). influence the C# -binding affinities in the whole molecule:
Were Influenced by inding to the other domair80) the yeast CaM only binds three €dons and has a defec-

In the present work on mutant CaM(V136G) there is clear 4o fourth C&* binding site that may be involved in the
experimental evidence for an interaction between the N- and; . .40 main interactiord(7, 38). From NMR studies of inter-
C-domains at intermediate levels of calcium saturation. 4.tions between half-molecule fragments of2Ghound
Several N-domain residues show an additional signal in slowyeast CaM, Lee and Klevit3g) have obtained direct evi-
exchange with the original signal in the spectra of the jonce that the two domains interact via their exposed
calmodulin mutant at [Ca]/[CaM] ratios between 1.6 and  pyqronhobic surfaces. Several other studies of interdomain

40. Itis clear from the presence of two signals arising from eractions in various CaMs and mutants have also been
N-domain residues that the environments of these res'duesreported 81-36).

are sensitive to the conformational change of the C-domain Comparison with Other Position 8 MutantBrowne et
occurring when C# binds to the C-domain. As the temper- 5 tond that for calmodulins with similar mutations at the
ature is lowered, the intensities of the N-domain b2 signals ,ihear position 8 residues in loops I, 11, and 11l (namely, 127G,

increase in parallel with the intensities of C-domain signals 163G, and 1100G, respectively) the addition oPCaestores
assignt_ad to the folded _form (b2 for site_ Il and b for site the native fold 29) as judged by near- and far-UV CD. This
IVV). This supports the view that the b2 signals of the N-do- 5 ot the case for CaM(V136G), since although the addition
main are reflecting the presence of a folded C-domain which of c2+ yields the native fold to some degree, it is unable to
no longer has the capability of providing an interdomain ¢y displace the equilibrium to the completely folded form
interaction with the N-domain (species D in Scheme 1).  eyen at ratios of [C&]/[CaM] up to 100. This behavior can
Earlier studies 13, 48) showed that for wild-type calm-  be rationalized in terms of the interdomain interactions
odulin the calcium affinity of both domains is enhanced by described above. For the V136G CaM, the unfolded site IV
interactions with calmodulin-binding target proteins. It is EF-hand has been shown to interact with thé @sound
plausible that similar interactions generally involving a N-domain, and this would result in stabilizing the unfolded
combination of hydrophobic and basic residues could be form of the mutant which does not have the correct fold for
responsible for the increased €affinity of the N-domain binding C&*. This interdomain interaction would appear to
of the mutant calmodulin as compared with the wild type. be favored when one is dealing with a C-terminal EF-hand
This could arise, for example, from interactions of the site and a C-terminat-helix (residues 139148) (as for site
N-domain with hydrophobic side chains from the unfolded 1V) rather than an internal EF-hand (as for site Ill in the
regions of the C-domain or from direct interactions involving 1100G CaM mutant). This would offer an explanation for
basic residues on the N-domain with acidic residues in the the V136G mutant being more resistant to refolding in the
unfolded C-domain. Since the V136G mutation destabilizes presence of Ca than is the 1100G mutant.
the whole hydrophobic core of the C-domain, itis likely that  In contrast to the CaM(V136G) mutant, both position 8
there are a number of residues potentially available for N-domain mutants 127G and 163G have been observed to
hydrophobic interaction with the N-domain. Addition of completely refold on addition of Ca This may reflect the
the sk-MLCK peptide to the mutant CaM results in only the greater probability of domain unfolding due to the proximity
Ca-CaM fully folded form being present, and this is of residue 136 to the C-terminus of CaM and the greater
consistent with the interdomain interactions being replaced stability of the N-domain compared to the C-domain in apo
by interactions with the target sk-MLCK peptide. wild-type CaM 61—54).
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Concluding Remarkd'he NMR measurements presented
here for the V136G calmodulin mutant provide a more
detailed account of the molecular events that occur during
folding than do similar measurements on wild-type calm-
odulin. The individual domains of wild-type calmodulin fold
and unfold rapidly in apparently two-state reactions, with
no observable intermediate states (S. R. Martin, L. Masino,
C.-R. Rabl, and P. M. Bayley, in preparation). The loss of

folding of the mutated C-domain incomplete, allowing ac-
cess to a wealth of molecular events that normally cannot
be parametrized. The detailed nature of the observed NMR
data provides insights into a whole range of dynamic
processes and interactions defining the conformational
landscape for this calmodulin mutant in solution that can-
not be obtained by any other method. In the present work,
the use of the whole CaM molecule rather than the indi-
vidual domains has proved to be particularly interesting for
this type of study since the effects of the point mutation on
domain—domain interactions could be investigated. Remark-
ably, this single-point mutation of the C-domain increases
the Ca&" affinity of the nonmutated N-domain and also
stabilizes an unfolded state of the protein. The results of this
study can be extended for the interpretation of the molec-
ular processes underlying the overall behavior of related
mutants 29).
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