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Abstract Single cysteine mutants of calmodulin,
Cam(S38C) and Cam(N111C), have been specifically
labelled with Alexa488 maleimide to study the effects of
calcium on the structural dynamics of calmodulin com-
plexed with 1Q3, 1Q4 and 1Q34 target peptide motifs of
mouse unconventional myosin-V. Using phase fluo-
rometry, the time-resolved anisotropy shows well-sepa-
rated global and segmental correlation times. The
calcium-sensitive global motion of either calmodulin
domain can be independently monitored in domain-
specific interactions of either apo- or Cay.calmodulin
with 1Q3 or 1Q4 peptides. C-domain interactions pre-
dominate, and apo-N-domain interactions are unex-
pectedly weak. The 1:1 complex of Cay.calmodulin with
1Q34 behaves as a compact globular species. The results
demonstrate novel dynamic aspects of calmodulin-1Q
interactions relating to the calcium regulation of motility
of unconventional myosin.
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Introduction

Calmodulin is a small, ubiquitous calcium-binding pro-
tein with M, =16 kD, which functions as a regulatory
and Ca-signal transducer in many eukaryotic cells. It is
composed of two homologous domains, each domain
binding two Ca ions in a pair of EF-hand binding mo-
tifs. The two domains are linked by a sequence which
appears a-helical in crystal structure, but which NMR
shows to be flexible in solution. The structures of several
complexes of Cay.calmodulin with typical (basic, am-
phipathic a-helical) target peptides are well established,
and collectively emphasize that this flexibility is central
to the versatility of calmodulin interaction with a variety
of target proteins (Crivici and Tkura 1995).

The myosin family of motor proteins (Cope et al.
1996) have a general structure comprising: (1) the cata-
lytic S1 motor domain, which has an actin-activated
ATPase activity, (2) the a-helical regulatory region of
the heavy chain, with attached light chains (e.g., the
ELC and RLC of muscle myosin-II) and (3) a specific
terminal structure, which, in muscle myosin II, is a long
coiled-coil region involved in forming the myosin thick
filament. Myosin V is a dimeric myosin with a motor
region, regulatory region and coiled-coil tail, to which is
attached a globular domain with membrane-binding
functions. The motor is processive, taking multiple steps
along F-actin before detaching (Mehta et al. 1999;
Walker et al. 2000). The regulatory region of members
of the myosin family contains copies of a consensus 1Q
motif, IQxxxRGxxxR (Houdusse et al. 1996), to which
light chains bind. In myosin V, calmodulin serves as the
light chain, binding to six concatenated IQ sequences
which, while homologous, have individual sequence
characteristics. Myosin-V isolated from brain contains
multiple apo-calmodulin molecules (Collins et al. 1990),
and functional recombinant myosin-V requires the



co-expression of calmodulin (Homma et al. 2000). In
mouse, it appears that all the myosin-V light chains may
be calmodulin (Wang et al. 2000); alternatively (e.g., in
chicken), one or more light chains may be species-spe-
cific ELC molecules, interacting at I1Q1 or 1Q2 (De La
Cruz et al. 2000), with calmodulin as the light chain for
the other 1Q sequences. We have therefore studied typ-
ical calmodulin interactions with the central target
peptides from mouse myosin-V, namely the 1Q3, 1Q4
and 1Q34 sequences (Bayley et al. 2002).

Currently, no detailed structure is available for the
complex of apo-calmodulin with an 1Q sequence pep-
tide. The structure of the regulatory fragment of scallop
myosin (Iwdc.pdb) shows the ELC and RLC bound to
two 1Q-motifs in the helical regulatory segment of my-
osin II (Houdusse and Cohen 1996). A model (1aji.pdb;
Fig. 1) was derived from this structure for the interac-
tion of apo-calmodulin with the IQ sequence of brush
border myosin I, BBM-I (Houdusse et al. 1996). The
calmodulin is modelled by analogy with scallop ELC,
with the apo-C-domain in the “semi-open” conforma-
tion and the apo-N-domain in the “closed’ form, as seen
by NMR (Swindells and Ikura 1996). The orientation of
the peptide is reversed compared to that in the complex
of Ca,.Cam with the target peptide from skeletal muscle
MLCK (ledl.pdb) (Crivici and Tkura 1995; Houdusse
and Cohen 1996). A structure of apo-calmodulin with
the 1Q12 sequence of myosin V has been reported to
conform to the proposed model (laji.pdb) (Houdusse
et al. 2000).

These structures and models indicate that changes
in the dynamics of calmodulin are central to the
functioning of this versatile regulatory molecule, which
has been the subject of previous spectroscopic investi-
gations. The fluorescence anisotropy of the total emis-
sion of two intrinsic (C-domain) tyrosine residues of
bovine calmodulin has previously been studied using
time-domain (Bayley et al. 1988; Torok et al. 1992) and
frequency-domain measurements (reviewed in Anderson
1991). In the present work, the domain-specific fluores-
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Fig. 1 Schematic diagram of the structural model of apo-calmod-
ulin (white ribbon) bound to the chicken brush border myosin-1 1Q
peptide, residues 654-686 (grey ribbon) (laji.pdb, Houdusse et al.
1996). The 1Q residues (spacefilled, 1662 and Q663) are seen to be in
contact with the C-terminal domain of the apo-calmodulin.
Positions 38 and 111 of the two cysteine mutations used in this
work are indicated

123

cence labelling of recombinantly expressed Drosophila
calmodulin mutants is used to examine Ca” " -dependent
differences in the dynamic behaviour of the two domains
of intact calmodulin in the interactions with 1Q3, 1Q4
and the double-length 1Q34 peptide sequences.

Materials and methods

Two single-substitution cysteine mutants, calmodulin-S38C and
calmodulin-N111C, were formed by standard methods using the
calmodulin construct as previously described (Browne et al. 1997).
The proteins were expressed in Escherichia coli and purified using
phenyl sepharose hydrophobic chromatography as described for
wild-type and mutant calmodulins (Browne et al. 1997). The mo-
lecular mass of the purified mutants was confirmed by mass
spectrometry. Each protein was reacted for 20 min at pH 7 with a
three-fold excess of the fluorescent probe Alexa488 maleimide
(Molecular Probes, Ore., USA), and the labelled product separated
by gel filtration. Synthetic N-Ac and C-amide protected 1Q3, 1Q4
and 1Q34 peptides were purchased from the University of Bristol
(UK) and characterized by HPLC, optical spectroscopy and mass
spectrometry (Browne et al. 1997; Martin and Bayley 2002).

Fluorescence lifetime and anisotropy measurements were per-
formed by phase-fluorometry (Beechem et al. 1991), using cal-
modulin with Alexa488 attached to either the N- or C-domain.
Excitation was at 450 nm by frequency doubling of the pulse-
picked (4 MHz) emission at 900 nm of a Spectra Physics Tsunami
Ti:sapphire mode-locked picosecond laser. Emission was observed
via a monochromator at 530 nm with 8 nm bandpass, with an ISS
multi-frequency fluorimeter operating from 4 to 200 MHz, using
fluorescein as a lifetime standard (4.0 ns). Steady-state measure-
ments were also made on an ISS photon-counting fluorimeter.

All spectroscopic measurements were performed at 21 °C in
25 mM Tris (pH 8.0) containing 100 mM KCI and either 1 mM
EGTA (for apo-calmodulin) or I mM Ca>* (for Ca4.calmodulin),
using a calmodulin concentration of 1 pM. The peptide affinity for
formation of 1:1 complexes of apo-Cam with either 1Q3 or 1Q4 was
estimated as K43<20 nM by fluorescent titrations using the 1Q3
peptide Trp emission (Martin and Bayley 2002). A peptide:Cam
molar ratio of 1.1 was used to generate the equimolar complexes of
1Q3 or 1Q4 with apo- and Cay.Cam.

Data analysis was performed with Globals software (Labora-
tory of Fluorescence Dynamics, Urbana, I1l., USA). Lifetimes were
analysed with one or two components; the data (4-200 MHz) were
generally well fitted with a single exponential decay (fractional in-
tensity >95%), with t=4.0+0.1 ns. Anisotropy analysis used a
single 7 and always required two correlation times, ¢1 (global ro-
tation) and ¢2 (<0.3 ns; fast probe rotation), with fractional in-
tensities f1 and f2. The fast motion is interpreted as tumbling in a
cone of half-angle 6, using /1 =[%cos0(1 + cosf)]* (Kinosita et al.
1977). Thus 0~25-50°, for 0.4 <f2<0.7. The value of ry, was fixed
at 0.38, as measured for CamlllA+Ca®* at =15 °C in glycerol
(Bayley PM, Anson M, unpublished work). Fitting was by
Marquardt algorithm to minimize ¥, and applying rigorous con-
fidence limits such that only individual ¢1 and f1 values with limits
of < =+5% were accepted. The standard deviations reported in
Table 1 are those for independent measurements on different
samples and in different experimental sessions over a period of
several days. An increase in either ¢1 or f1 indicates a decrease in
the rate or increase in the amplitude of the slower motion. The
confidence limits on ¢1 are somewhat larger than desired, due to
some correlation between values of ¢p1 and /1 in the fitting. We also
calculate the product, Z=f1x¢1, representing the contribution of
the global rotation to the integrated area of the rotational corre-
lation function, {r(z)=ZfirOexp(—t/¢;)}. The value of Z can be
compared with the calculated value of ¢1 for purely Brownian
rotation of the protein (or complex), taken as an equivalent hy-
drated sphere, which is 7.2 ns for Cam-1Q3 or Cam-1Q4, and 8.4 ns
for Cam-1Q34.
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Table 1 Time-resolved fluorescence anisotropy of 1:1 calmodulin-IQ peptide complexes, analysed as a two-component system

CamX Cam38A ¢1(ns)* Cam38A f1° Zss Caml11A ¢l(ns)® Caml11A f1° Zu
Apo-CamX 3.37+0.49 0.36 1.21 3.88+0.29 0.41 1.59
Apo-CamX +1Q3 3.63+0.21 0.37 1.34 5.83+0.01 0.40 2.33
Apo-CamX +1Q4 428+0.11 0.33 1.41 5.29+0.5% 0.46 2.43
CamX + Ca>* 5.15+0.33 0.52 2.68 5.05+0.09 0.53 2.68
CamX + Ca>* +1Q3 6.03+0.40 0.61 3.68 6.63+0.30 0.68 4.51
CamX +Ca?" +1Q4 6.83+0.4* 0.55 3.76 7.11£0.30 0.69 4.90
CamX +Ca?* +1Q34 8.13+0.30 0.69 5.61 8.42+0.40 0.68 5.72

41 is the slower (global) rotational relaxation time (mean=+s.d., n=3; *single value % confidence limits, n=1)
°f1 is the fractional amplitude; ¢2( < 0.3 ns) reflects fast segmental motion, with cone half-angle from 28° to 47° for f1=0.69-0.33) (the
parameter Z= ¢1xf1 for each data set; see Materials and methods)

Figure 1 was prepared with Swiss Pdb Viewer [http://
www.expasy.ch/spdbv/ (Guex and Peitsch 1997)].

Results

The choice of positions for the attachment of the labels
was based on the X-ray and NMR structures of Ca4.-
Cam with skMLCK or smMLCK peptides. Residues 38
and 111 are in homologous positions in the two do-
mains, which are themselves related by gene duplication.
These residues are symmetry-related residues on the
external surface of the Caz.Cam—skMLCKpeptide
complex (Barth et al. 1998). Their locations on the
proposed structure for the apo-Cam complex with an 1Q
sequence (laji.pdb; Fig. 1) shows that the two probes
should sample potentially significantly different spatial
and dynamic environments. Alexa488 has advantages
for anisotropy studies of being a photostable fluoro-

phore with high quantum yield and sensitivity. The in-
dependence of fluorescence emission maximum and
lifetime to experimental conditions makes this fluoro-
phore highly suitable for measuring rotational correla-
tion times of proteins in the range 5-50 kD (¢p=2—
20 ns).

Typical results of anisotropy measurements are
shown in Fig. 2 and Table 1. All measurements of the
time-resolved anisotropy show the presence of a fast
correlation time ¢2 (<0.3 ns), attributed to the inde-
pendent segmental motion of the fluorescent probe, and
a well-resolved major component ¢1, corresponding to a
more global motion.

The observed value for ¢1 of <4 ns for the labelled
apo-proteins is significantly faster than the rotational
correlation time expected for apo-calmodulin, consid-
ered as a spherical globular protein of 16.5 kD molec-
ular mass (~6.6 ns at 25 °C in water). Calmodulin is
expected to show complex hydrodynamic properties,
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Fig. 2 Typical experimental
traces of differential frequency
response curves for holo-
Cam38-Alexa488 (a, phase; b,
modulation) and holo-Cam111-
Alexa488 (¢, phase; d,
modulation) for the protein
alone (squares), in the presence
of the 1Q3 peptide (triangles)
and in the presence of 1Q34
peptide (circles). The lines show
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given its two-domain structure, with limited contact
between the domains in both the presence and absence
of Ca®" (Finn et al. 1995; Kuboniwa et al. 1995; Zhang
et al. 1995). For both apo-Cam111A and apo-Cam38A,
¢1 is close to the value of ~3.5 ns calculated for a single
spherical domain of mass 8-9 kD, implying motion
virtually independent of the other (unlabelled) domain.
The rotational mobility of apo-C-domain (Cl111-la-
belled) is decreased by peptide 1Q3 or 1Q4, indicating
that the C-domain is the primary site of interaction,
consistent with fluorescence and CD studies (Martin and
Bayley 2002). By contrast, the values of ¢p1 and f1 for the
apo-N-domain (C38-labelled) are significantly less af-
fected by binding either peptide, and remain close to the
value for a single domain (studies of complexes of apo-
calmodulins + 1Q34 were excluded owing to their insol-
ubility).

Binding of Ca’" to form either Ca,.Cam38A or
Cay.Caml11A causes an increase in both ¢1 and f1, the
fraction of the slow global rotational component (which
is also indicated by the integrated product, Z=/f1¢1).
The values of ¢l for Cay.CaM are still significantly
smaller than expected for the global tumbling of the
whole molecule. Larger values have been reported from
NMR relaxation measurements, albeit at significantly
higher concentration [1.5 mM Cay.calmodulin at pH 6.3
(Barbato et al. 1992)]. The Ca’*-induced conforma-
tional transition changes the relative spatial arrange-
ment of the helices, including the last helix of the
N-domain and the first helix of the C-domain (Finn
et al. 1995; Kuboniwa et al. 1995; Zhang et al. 1995),
although the intervening residues are flexible (Barbato
et al. 1992; Persechini and Kretsinger 1988). The results
therefore reflect an increase in the effective total
hydrodynamic mass.

The hydrodynamic properties of the complex of
Cay.CaM with 1Q target peptides show a further marked
increase in ¢1 and f1 for both Cas.Cam-1Q3 and Cay.-
Cam-1Q4 complexes. 1Q3 and IQ4 have quite similar
effects with a given labelled calmodulin; complex for-
mation results in similar dynamics of the labelled
N-domain of Ca4.Cam38A and the labelled C-domain
of Ca4.CamlllA, with ¢1 in the range 6-7 ns,
approaching the rotational correlation time (7.2 ns)
calculated for an approximately spherical particle with
the total mass of the complex, ie. M,~18 kD. The
interaction of either labelled Cas.CaM with the double-
length 1Q34 peptide shows increased values of f1 (0.68),
indicating more restricted probe motion, and values of ¢
1 (8.1-8.4 ns) corresponding to the global rotation of a
particle with the total mass (~20-21 kD) for a CaM-
1Q34 complex with 1:1 stoichiometry. The maximum
value of Z observed for CaM-1Q3 /1Q4 (4.9/7.2) and 1:1
CaM-1Q34 (5.72/8.4) is 68% in both cases. Thus, under
these limiting conditions, while either fluorescent probe
retains a significant amount (32%) of fast segmental
motion, the value of the slow correlation time ¢1 indi-
cates that rotational coupling of the two domains is
effectively complete. Measurements as a function of the
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Fig. 3 Titration of 1Q34 (1 uM) with Cas.CaM111-Alexa488
studied by steady-state fluorescence polarization (Pss) and time-
resolved fluorescence anisotropy (¢1 and f1); pH 8, 1 mM Ca>",
25 °C. Plots of Pss and ¢1 have been scaled for comparison with f1

CaM/IQ34 ratio are shown in Fig. 3. All three param-
eters, ¢1, f1 and Pss (steady state polarization), are
observed to conform to a 1:1 stoichiometry.

Discussion

Using a single fluorescent probe in homologous posi-
tions within two domains of calmodulin, the observed
real-time fluorescence anisotropy decay corresponds to a
fast process, typical of the independent segmental rota-
tion of the probe, which occurs irrespective of the do-
main to which it is attached, and with an amplitude
corresponding to a cone half-angle of ~47°. This fast
process is accompanied by a slower process, corre-
sponding to a more global rotational diffusion of the
protein itself. The value of the rotational correlation
coefficient increases progressively with the binding of
Ca’" and peptides as ligands (Table 1). These results
show that the rotational dynamic properties of an indi-
vidual domain can be distinguished from that of the full
molecular mass. Effects on these structural dynamics are
observed which are specific to either domain in terms
of the sensitivity to the apo (Ca-free) versus holo
(Ca-bound) state of calmodulin, and also to the binding
of the 1Q target peptides. In the apo state of calmodulin,
both domains show global rotation corresponding to a
single domain; however, there is a significant distinction
between the dynamic properties of the two domains of
apo-calmodulin in the complexes with 1Q3 or 1Q4 pep-
tide. The C-domain shows decreased motion indicative
of a greater effective hydrodynamic mass, whereas the
N-domain appears relatively unrestricted in its motion.
This result is consistent with the observed dominant
effect of the C-domain in the peptide interactions, and
the measured low affinity of the isolated apo-N-domain
with either 1Q peptide (Martin and Bayley 2002). It also
shows that the N-domain of calmodulin retains consid-
erable diffusional freedom in the complex involving
either 1Q-peptide sequence and apo-calmodulin.

By contrast, in addition to the increase in ¢1 due to
the effect of Ca>" on calmodulin itself, the results show
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that there is a further increase in ¢1 (and Z1) on for-
mation of the holo complex with either 1Q3 or 1Q4.
These results, reflecting an increase in the effective total
hydrodynamic mass, imply an increase in the extent of
hydrodynamic coupling of the two domains. For Cay.-
Caml11A complexes, the value of ¢1~7 ns corresponds
to a total mass of ~18 kD (cf., calculated 18.6 kD). For
Ca4.Cam-38A complexes, the smaller value of f1 sug-
gests that the labelled N-domain probe may sample a
different dynamic environment from C-domain, possibly
reflecting the less restrictive constraint on interactions of
the closed conformation of this domain, as implied by
the structure laji.pdb (Fig. 1).

These results are relevant to several aspects of cur-
rent ideas of the role of Ca®" in the regulation of the
motor activity of unconventional myosins (reviewed in
Geeves 2002). Firstly, the concatenated IQ region is
considered to be an integral structural element, stabi-
lized by light chain binding and determining the step
size and speed of the motor. The observed weakness of
binding and the greater dynamic range of the apo-N-
domain is therefore surprising, in view of the projected
mechanism of calmodulin action. This involves the
general principle of both domains of apo-calmodulin
being bound to an individual IQ sequence by both its
domains, in order for the 6IQ region to act as a
structural element in the “lever-arm™ of unconven-
tional myosin I and V. Secondly, the motility of myosin
I and V is potentially regulated via the Ca®"-induced
dissociation of calmodulin (Collins et al. 1990; Homma
et al. 2000; Inoue and Ikebe 2001; Zhu et al. 1996,
1998). However, the present results show no evidence
for the implied Ca®"-induced dissociation of these la-
belled Cam-IQ target peptide complexes. Similar results
were also found for the enhanced affinity of IQ pep-
tides for calmodulin in the presence of Ca’* (Martin
and Bayley 2002).

Finally, the hydrodynamic properties of Cay.Ca-
mll11A and Cay-Cam38A with the double-length 1Q34
peptide confirm the equimolar stoichiometry, as observed
by direct titration (Fig. 3). The fact that this complex
shows hydrodynamic properties consistent with a 20 kD
mass indicates that it comprises one molecule each of
calmodulin and the 1Q34 peptide, and not some multiple
thereof, consistent with analytical ultracentrifugation of
the complex of wt-Cay.CaM with 1Q34 (Martin and
Bayley 2002). The observed correlation time indicates a
compact structure, supporting the view on purely steric
grounds from studies of wt-Cam that it is unlikely that
the 1Q34 target peptide in such complexes could adopt a
continuous o-helical conformation. However, the con-
tinuous helix containing the 6IQ region complexed with
apo-calmodulin appears to be a necessary structural
requirement to maintain the function of myosin-V
(Mehta et al. 1999; Walker et al. 2000). In addition, the
fact that the double-length 1Q34 peptide (i.e., 21Q’s)
binds to a single calmodulin, due principally to the sub-
stantial Ca>"-dependent increase of the affinity of the
calmodulin N-domain for an IQ motif, indicates a lower

stoichiometry (compared to one apo-calmodulin per 1Q
motif). This would also rationalize why Ca”" causes the
loss of one (or more) calmodulins from the 1Q region of
unconventional myosins, as noted above.

On the basis of these results we conclude that, in
general, interactions of calmodulin with proteins con-
taining 1Q motifs appear likely to comprise a variety of
molecular mechanisms as regards their Ca’>" sensitivity
and domain specificity. The results suggest that the
properties of the concatented 1Q sequences of uncon-
ventional myosins and their attached apo-calmodulin
molecules may well include different and complementary
contributions from individual IQ sequences. This, to-
gether with possible interactions between adjacent cal-
modulin binding sites, may therefore help to account for
the diversity of motility and regulatory properties within
this structurally related family of motor proteins.
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