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In Calmodulin—IQ Domain Complexes, the Ca**-Free and Ca**-Bound
Forms of the Calmodulin C-Lobe Direct the N-Lobe to Different
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ABSTRACT: We have investigated the roles played by the calmodulin (CaM)
N- and C-lobes in establishing the conformations of CaM—IQ domain
complexes in different Ca**-free and Ca**-bound states. Our results indicate a
dominant role for the C-lobe in these complexes. When the C-lobe is Ca**-free,
it directs the N-lobe to a binding site within the IQ domain consensus sequence.
It appears that the N-lobe must be Ca**-free to interact productively with this
site. When the C-lobe is Ca**-bound, it directs the N-lobe to a site upstream of
the consensus sequence, and it appears that the N-lobe must be Ca**-bound to
interact productively with this site. A model for switching in CaM—IQ _domain
complexes is presented in which the N-lobe adopts bound and extended
positions that depend on the status of the Ca®*-binding sites in each CaM lobe
and the compositions of the two N-lobe binding sites. Ca**-dependent changes
in the conformation of the bound C-lobe that appear to be responsible for
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directed N-lobe binding are also identified. Changes in the equilibria between extended and bound N-lobe positions may control
bridging interactions in which the extended N-lobe is bound to another CaM-binding domain. Ca*"-dependent control of
bridging interactions with CaM has been implicated in the regulation of ion channel and unconventional myosin activities.

hrough an interactome of at least 100 proteins playing
roles in essentially all biological functions, the Ca*'-
binding protein calmodulin (CaM) helps to orchestrate the
cellular response to a Ca** signal. CaM is comprised of globular
N- and C-lobes connected by a flexible tether sequence.'”>
Each lobe contains a pair of EF hand Ca®*-binding sites.*
Because of cooperativity within each pair of sites, (Ca**),-CaM,
with Ca** bound to the N- or C-lobe, and (Ca**),-CaM, with
Ca® bound to both lobes, are the major Ca**-bound species
produced.’ Although there is no broad consensus CaM-binding
sequence in proteins, a large class that includes unconventional
myosins, several ion channels, and modulators of small
GTPases bind CaM through IQ domains, which are commonly
identified on the basis of the consensus sequence, [IL,V]-
QuexxR[Gx]axx[R,K].™ Many CaM—IQ domain complexes
are maintained in the presence and absence of Ca**, a property
we have exploited to investigate the transitions between Ca’*-
free and Ca®*-bound forms of these complexes.'*™"?
Structural data suggest that Ca*'-free CaM makes at least two
types of complexes with IQ domains. One is compact, with
both N- and C-lobes bound to the IQ domain consensus
region.m’14 In the other, the N-lobe adopts a mobile, extended
position."*™'® The bound N-lobe conformation appears to
require a semiconserved G residue within the N-lobe binding
site.">'* In both types of Ca**-free complexes, the IQ domain is
in a helical conformation, and the CaM C-lobe is bound in a
parallel orientation (with respect to amino acid sequence) to a
site that includes the consensus “IQ”."*'>'® In structures that
have been determined for Ca®*-saturated CaM—IQ domain
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complexes, the C-lobe also is bound in a parallel orientation to
this site, but the N-lobe is bound to a site upstream of the IQ
domain consensus region.'”'® Because Ca**-free and Ca*'-
bound structures have not been determined for a single CaM—
IQ domain complex, it is unclear whether the N-lobe is able to
move from one binding site to another in response to changes
in the free Ca®* concentration.

We recently have investigated how Ca**-dependent switching
in a reference CaM—IQ domain complex is affected by various
amino acid replacements in the IQ domain.'®"® Our results
suggested a model in which the Ca**-free C-lobe and the Ca**-
bound C-lobe direct the N-lobe to different binding sites in an
IQ domain.'”" In this paper, we confirm and extend this
model on the basis of an analysis of the affinity contributions of
the CaM N-lobe in the reference complex and variants with
amino acid replacements in the two putative N-lobe binding
sites.

B MATERIALS AND METHODS

CaM binding data were generated using fluorescent protein
reporters containing IQ domain insert sequences derived from
neuromodulin. Similar reporters have been described in detail
previously.'***! The extent of fluorescence resonance energy
transfer (FRET) from a cyan fluorescent protein donor
(ECFP) to a yellow acceptor (EYFP) is decreased when
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CaM is bound to the insert.'>***' The inserts in two of the
reporters used here, B;q and EByq, are listed in Figure 1. Those
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Figure 1. IQ domains are found in proteins with diverse functions. A
logo representation of a hidden Markov model profile derived from
~3000 IQ domain sequences in the Pfam-A database is presented.*”*®
Each position is represented by a stack of one-letter amino acid
symbols. The total height of a stack is an indication of how well-
conserved that position is, and the height of each amino acid symbol in
a stack is an indication of its relative frequency. The individual amino
acid sequences listed below this profile correspond with the IQ
domains in several representative proteins and the insert sequences in
the Bjq and EByq reporters. Sequences are numbered in relation to the
I residue in the common IQ domain consensus sequence, [LL,V]-
QuxxR[G,x]xxx[R,K], which was used to identify the profiled
sequences. The region in italics in the B;qy sequence is a fluorescent
protein sequence, which is replaced in EB;y by the neuromodulin
sequence, KAHK. The structures presented in Figure 3A are for CaM
bound to the myosin SA, NaV 1.5, and CaV 1.2 domains listed here.

in the other reporters contain amino acid replacements in the
IQ domain as specified in the text and captions. Two mutant
CaMs were employed to delineate the effects of Ca** binding to
each CaM Iobe: N,CCaM (N,C), in which Ca®" ligands at
positions 31 and 67 in the N-lobe EF hand pair have been
replaced with Ala, and NC,CaM (NC,), in which the
homologous ligands at positions 104 and 140 in the C-lobe
EF hands have been replaced.'” We have previously established
the mutant EF hand pairs do not bind Ca** under our
experimental conditions.' In the absence of Ca**, both mutant
CaMs bind IQ domains with affinities and rate constants
essentially identical to those determined for native CaM.'™'?
Native and mutant CaMs and the C-lobe fragment (CaM
residues 78—148) were prepared as described previously.”>>*
Fluorescent reporters were prepared using a modified version
of the protocol described previously because the EBq reporter
was found to be susceptible to proteolysis.”> The following
modifications were made. (1) The six-His affinity tag was
moved to a C-terminal position, and (2) anion exchange
chromatography was performed after Ni** chelate affinity
chromatography. The eluate from the latter was dialyzed
against 25 mM Tris-HCl and 0.5 mM DTT (pH 8.0) and
applied to a Mono-Q_column equilibrated at 4 °C in the same
buffer. Reporter proteins were eluted using a 4%/mL linear
gradient against 25 mM Tris-HCI, 500 mM NaCl, and 0.5 mM
DTT (pH 8.0). Fractions containing the intact reporter were
identified on the basis of the ratio of the ECFP and EYFP
absorbances at 430 and 515 nm and verified by sodium dodecyl

sulfate gel electrophoresis. All of the results presented in this
paper were determined using reporters prepared in this manner.

We have previously determined Ky values for CaM complexes
with the N-terminally tagged B;q reporter, and variants with
A, R, and M replacements in the IQ domain at position 6."°
These determinations were repeated using the C-terminally
tagged versions of these reporters (Table 1). Moving the six-
His tag appears to have had no effect on their CaM binding
properties.

Fluorescence Measurements and Analysis of Binding
Data. A Photon Technologies International (Monmouth
Junction, NJ) QM-1 fluorometer operated in photon counting
mode was used for all fluorescence measurements. Mono-
chromator excitation and emission bandwidths were ~2.5 nm.
All binding experiments were performed at 23 °C. The
standard experimental buffer contained 25 mM Tris (pH 7.5),
100 mM KCl, and 100 pg/mL BSA. Binding isotherms were
generated by successive additions of CaM or the C-lobe
fragment ligand to a stirred 2 mL quartz cuvette containing
10—100 nM reporter. Nominally Ca**-free conditions were
produced by including 3 mM BAPTA. Saturation of functional
Ca’" binding sites in native or mutant CaMs and the C-lobe
fragment was in general effected by adding CaCl, to buffers and
CaM stock solutions to produce a final free Ca** concentration
of ~250 uM. Ca*" saturation was verified by adding ~1 mM
CaCl, at the end of each binding experiment. With complexes
expected to have very low Ca** binding affinities because of
strongly negative energy coupling, experiments were performed
at a free Ca®" concentration of ~3 mM.

Fractional decreases in reporter fluorescence emission at
525 nm (430 nm excitation) are directly proportional to
fractional saturation of the IQ domain inserts in these
constructs. The fractional reporter response is formally defined
as (Fpy — F)/(Fpax — Fuin), where F corresponds to the
fluorescence emission at 525 nm measured after each addition
and F_,, and F_;, correspond to the fluorescence of the free
and ligand-saturated reporter, respectively. Apparent Ky values
were derived using hyperbolic or quadratic binding equations as
we have described previously.'>** Reported values are the
means of estimates derived from three to five independent data
sets. Errors are expressed as the standard error of the mean
(SEM). The difference between two values is considered
statistically significantly if the p value derived using an unpaired
t-test is less than 0.0S.

B RESULTS

Recent structural and biochemical observations suggest that in
Ca’*-saturated CaM—IQ domain complexes the CaM N-lobe
binds a site upstream of the IQ domain consensus region.'”'”'®
The IQ domain insert in EB,q therefore contains the upstream
neuromodulin sequence, KAHK, that is absent in B,q, which in
effect replaces a fluorescent protein sequence (YKGT) in the
latter (Figure 1). Ca®-saturated CaM binds EB;y 100 times
more tightly than B,q, consistent with an interaction between
the N-lobe and the KAHK sequence (Table 1).

However, this modification also increases the affinity of the
Ca**-free CaM complex (Table 1). This implies an interaction
with the C-lobe, because structural data suggest that in Ca*'-
free complexes the N-lobe binds a site within the IQ domain
consensus region. This effect is largely preserved when the A
and H in the KAHK sequence are replaced with E residues,
suggesting that it involves one or both of the K residues
(Table 1). An examination of several structures determined for
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Table 1. Ky Values for Reporter Complexes with CaM and C-Lobe Fragment Species”

Ky (uM)
reporter NC N,C, N,C, N,C, C C,
Biq 225 +0.10 3529 + 1.58 12.07 + 0.46 2.90 + 0.11 38.56 + 2.09 10.56 + 0.49
EBiq 0.12 + 0.02 1.56 + 0.11 0.39 + 0.07 0.032 + 0.004 1.64 + 0.19 0.39 + 0.04
EBIQA'7E,H'6E 0.26 + 0.06 4.35 + 046 2.66 + 0.44 147 £ 0.19 4.86 + 0.58 226 + 0.18
BIQGéA 476 + 0.32 898.81 + 253.37 2.59 + 0.21 0.79 + 0.04 1144 + 0.75 2.19 + 0.1§
BIQGéR 5.23 £ 0.39 6.18 + 0.26 0.89 + 0.11 0.32 + 0.01 6.04 £ 0.55 0.95 + 0.09
BIQGGM 27.04 + 1.59 78545 + 166.02 2.05 £ 0.18 0.38 + 0.03 23.01 + 1.1§ 1.52 + 0.19

“The insert sequences in Bjq and EBq are listed in Figure 1. Representative binding data for the B;q and EByq reporters are presented in Figure 2.
The amino acid replacements present in the variant reporters are specified. N and C refer to the N- and C-lobes, respectively, in intact CaM or in the
C-lobe fragment (residues 78—148). A subscript x indicates a lobe with a disabled EF hand pair, and a subscript 2 indicates that two Ca* ions are
bound to the lobe. The standard experimental buffer contained 25 mM Tris (pH 7.5), 100 mM KCl, and 100 pg/mL BSA. Nominally Ca**-free
conditions were produced by inclusion of 3 mM BAPTA. A free concentration of ~250 M was employed for most characterizations performed in
the presence of Ca?*. Characterizations of the low-affinity N,C, complexes with BIQGSA and BIQGéM were performed at a higher free Ca®*
concentration of ~3 mM. At the end of each experiment performed in the presence of Ca’*, saturation of the available Ca**-binding sites was verified

by adding additional aliquots of a CaCl, solution. Further details are provided in Materials and Methods.
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Figure 2. Data for binding of intact CaM and C-lobe fragment to Bjq and EByq reporters. Data are presented for Biq (A and B) and EBq
(C and D) binding to the following: Ca**-saturated CaM (), Ca**-saturated C-lobe fragment (@), N,C, CaM (), Ca**-free CaM ([]), Ca**-free
C-lobe fragment (O), and N,C, CaM (A\). Apparent K; values derived from fits (—) of these and similar data to standard binding equations are

listed in Table 1. Additional details are provided in Materials and Methods.

CaM—IQ domain complexes indicates that either could interact
with the C-lobe."*'>™"® These observations point to a general
difficulty with amino acid substitutions as probes of protein—
protein interfaces: They often have multiple effects.

Defining the N-Lobe Affinity Contributions in CaM—IQ
Domain Complexes. To confirm and extend our switching
model, it was necessary to compare the specific affinity con-
tributions of the N-lobe in reference and variant CaM—IQ
domain complexes. These contributions were defined by
calculating the ratios of Ky values for reporter complexes with
intact CaM and a tryptic fragment (residues 78—148) containing
only the C-lobe (Table 2).*~*” Although in principle a similar
analysis could be performed using an N-lobe fragment, this was
not attempted because in many instances this lobe appears to
make no significant contribution to affinity. The K; values
derived for IQ domain complexes with Ca**-free and Ca**-bound

forms of intact CaM and the C-lobe fragment are listed in
Table 1. These demonstrate that K; values for the C-lobe
fragment are significantly affected by several amino acid
replacements in the putative N-lobe binding sites. These effects
cancel when the specified K ratios are calculated.

Although the CaM lobes appear to behave independently
when CaM is free in solution,”"'**® they must by definition
interact when both participate in a peptide or target protein
complex.'”* Indeed, an interaction between the lobes is clearly
demonstrated by the large decreases in affinity seen when Ca**
is bound solely to the N-lobe in the CaM complexes with the
B,oG°A and B,(G°M reporters (Table 1). Apparent N-lobe
affinity contributions necessarily include direct and indirect
interactions between the lobes. However, this does not prevent
us from defining and comparing N-lobe contributions.

dx.doi.org/10.1021/bi201300v | Biochemistry 2011, 50, 10061—10068
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Table 2. Ratios of the K; Values for Reporter Complexes with the C-Lobe Fragment and Intact CaM*

Ky ratio
reporter C/NC C/N,C, C,/N,C, C,/N,C,
B 17.06 + 1.21 1.09 + 0.07 0.88 + 0.07 3.64 £ 0.22
EBjq 14.04 + 2.62 1.06 + 0.15 0.99 + 0.21 11.83 + 1.90
EB,A'E,HE 18.64 + 4.66 111 + 0.17 0.85 + 16 1.54 + 024
BIQGﬁA 240 + 0.23 0.013 + 0.004 0.85 + 0.09 2.75 + 0.23
BIQGéR 1.1§ + 0.14 0.98 + 0.10 1.06 + 0.17 298 + 0.31
BIQGéM 0.85 + 0.07 0.03 + 0.01 0.75 £ 0.12 4.03 + 0.58

“These ratios define the affinity contributions of the N-lobe in the complexes with intact CaM. A value of 1 indicates no contribution; a value
significantly greater than 1 indicates a positive contribution (increases affinity), and a value significantly less than 1 indicates a negative contribution

(decreases affinity).

Analysis of N-Lobe Affinity Contributions. An initial
validation of this method of analysis is seen in the Kj ratios for
Ca**-free CaM complexes with Biq and variants with A, R, and
M replacements at position 6 (Table 2). Structural data suggest
that a G at this position allows the N-lobe to bind, while
the replacements interfere sterically with binding.'3~'%*
Consistent with this, in the CaM complex with Bjq, the
N-lobe contributes an ~17-fold affinity enhancement. This is
essentially eliminated by the amino acid replacements which
lower the Ky ratio to ~1. A small N-lobe contribution may
remain in the complex with BIQG(’A (Table 2). The N-lobe
contributions in the Ca**-free CaM complexes with Bg, EBq,
and EBIQA_7E,H_6E, which all have a G at position 6, are
essentially identical. This is consistent with the idea that the N-
lobe binds a site that includes position 6 and does not bind
upstream of the IQ domain consensus region (Table 2).

We have previously proposed that when the C-lobe is Ca**-
bound and the N-lobe is Ca**-free the latter adopts an extended
position.'® Consistent with this, K, ratios for all the reporter
complexes with N,C, CaM are ~1, suggesting that the N-lobe
makes no significant affinity contribution (Table 2). Thus,
when Ca’* binds the C-lobe, the Ca®* appears to shift the Ca**-
free N-lobe into an extended position, if it has not already
adopted one due to the absence of a G at position 6. We have
previously shown that the resulting decrease in the affinity of
the complex lowers the Ca** binding affinity of the C-lobe due
to negative energy coupling.'* In most cases, the CaM C-lobe is
expected to bind Ca** with higher affinity than the N-lobe, so an
intermediate Ca®*-bound form with an extended Ca*-free N-lobe
is likely to predominate under equilibrium conditions.'"">

The N-lobe contributes an ~4-fold affinity enhancement in
the Ca**-saturated CaM—B,q complex, and the A, R, and M
replacements at position 6 have little or no effect. This is
consistent with binding of the N-lobe to a site upstream of the
IQ domain consensus region.'”'® Extending the neuromodulin
sequence into this putative upstream site significantly increases
the affinity contribution of the N-lobe, and E substitutions at
positions —7 and —6 appear to eliminate any contribution
(Table 2). These observations indicate that the N-lobe can
adopt extended positions in both Ca**-saturated and Ca**-free
CaM-IQ domain complexes. This originally was suggested by
transient kinetic data demonstrating that a CaM-binding
peptide accelerates the dissociation rate for a Ca**-saturated
CaM—IQ_domain complex."" For this to occur, the peptide
must participate in an intermediate bridging complex with one
of the CaM lobes.""

In some of the complexes with N,C, CaM the N-lobe
appears to make no significant affinity contribution (Table 1).
This suggests that when the C-lobe is Ca**-free the Ca**-bound

N-lobe adopts an extended position. Given the marked
sensitivity of the Ca®*-free N-lobe interaction to replacements
at position 6, it is not surprising that this interaction is also
disrupted when Ca*" is bound to the N-lobe. An intermediate
Ca**-bound state with an extended Ca*"-bound N-lobe is likely
to be important when the free Ca®* concentration is rapidly
increased because the N-lobe binds Ca** much faster than the
C-lobe."!

The striking negative affinity contributions of the Ca®'-
bound N-lobe in the complexes with BIQG6A and BIQGéM
presumably involve interactions between the open hydrophobic
cleft in this lobe and the A or M in the IQ domain at position 6
(Table 2). Because of negative energy coupling, millimolar free
Ca® concentrations are required to produce these states, so
they are not physiologically relevant. However, their occurrence
suggests that the Ca’*-bound N-lobe is unable to interact
productively with its putative upstream binding site unless the

C-lobe is Ca**-bound.

B DISCUSSION

Structures of Ca**-free and Ca*-saturated CaM complexes with
different IQ domains suggest that while the C-lobe remains
bound in a fixed orientation, the N-lobe can bind a site
encompassing position 6 in the IQ domain consensus region,
adopt an extended position, or bind a site upstream of the IQ
domain consensus region.'”'*~'7 Because Ca**-free and Ca*'-
bound structures have not been determined for a single CaM—
IQ domain complex, it is unclear whether the N-lobe actually is
able to move from one binding site to another, although this is
implied.

This paper attempts to address two questions: (1) Can the
N-lobe move from one binding site to another in response to
changes in the free Ca®* concentration? (2) If so, then what are
the roles of the two CaM lobes in this process? Our results
suggest that the N-lobe does indeed move from one binding
site to another. More importantly, they further suggest that the
C-lobe plays a dominant role in this process. When Ca’*-free,
the C-lobe directs the N-lobe to a binding site in the IQ
domain consensus region; when Ca®"-bound, the C-lobe directs
the N-lobe to a site upstream of this region.

A Model for Ca**-Dependent Switching in CaM
Complexes. Results from this laboratory and others are
embodied by the model presented in Figure 3B. In this model,
the Ca?'-free C-lobe directs the N-lobe to site N?, which
includes position 6 in the IQ domain consensus, while the
Ca?*-bound C-lobe directs the N-lobe to site N', which is
upstream of the IQ domain consensus region. Our results
suggest that the equilibria between bound and extended N-lobe
positions depend upon the compositions of the N' and N sites

dx.doi.org/10.1021/bi201300v | Biochemistry 2011, 50, 10061—10068
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Figure 3. Model for Ca’"-dependent switching in CaM—IQ domain
complexes. (A) Structures of CaM bound to IQ domains from myosin
SA, NaV 1.5, and CaV 1.2 (see Figure 1) represent three model states
as indicated.">'>'” The N- and C-lobes of CaM are colored blue and
red, respectively, and bound Ca’* ions are depicted as green spheres.
The IQ domain sequences are also colored green. Position 6, which
contains a semiconserved G, is denoted with an orange arrow. (B) The
N- and C-lobes in CaM are colored blue and red, respectively, and
bound Ca’* ions are denoted with empty circles. The N site includes
position 6. The N' site is upstream of the consensus IQ domain region
and in EB includes the KAHK sequence (see Figure 1). The C-lobe
is assumed to be bound in a fixed orientation to site C, which includes
the consensus IQ amino acid pair. For the sake of clarity, the N, C,
and N? binding sites for the N-lobe are depicted as discrete segments.
However, as seen in panel A, the CaM lobes actually interact with
overlapping sites on opposing faces of the IQ domain helix. The
extended N-lobe is mobile.'>"'

and whether Ca** is bound to the N-lobe. The B-N%,C state is
unlikely to be produced under physiological conditions, hence
the dashed arrows leading to and from it. The C-lobe is
assumed to be bound in a fixed orientation to site C, which
includes the “IQ” amino acid pair. This is consistent with the
structures we have discussed, and the fact that the C-lobe does
not appear to dissociate during transitions between its Ca*'-free
and Ca**-bound states."" For the sake of clarity, the N, C, and
N? sites are represented as discrete segments, although the
CaM lobes actually bind overlapping sites on opposing faces of
the IQ domain helix (Figure 3A). The vertical dashed lines in
Figure 1 correspond with approximate divisions between the
core residues in the three binding sites. Although depicted as
fixed, the extended N-lobe is clearly mobile."*'

Because the C-lobe usually binds Ca®>" with higher affinity
than the N-lobe, under equilibrium conditions the B-NC, state

is likely to be the predominant intermediate between Ca*'-free
and Ca’*-saturated states.'”> However, under transient con-
ditions, the B-N,C state is likely to become significant because
the N-lobe binds Ca* ions faster than the C-lobe. In fact,
transient kinetic data suggest that significant amounts of this
state are produced when the free Ca®* concentration is rapidly

increased to >10 uM, which easily can occur in excitable
cells, 3136

How Do the Ca?*-Bound C-Lobe and Ca**-Free C-Lobe
Direct the N-Lobe to the N' and N? Sites? A structural
comparison of the Ca**-saturated complex between CaM and
the IQ domain from the CaV 1.2 channel and the Ca**-free
complex between CaM and IQ domain 1 from myosin SA is
presented in Figure 4. It suggests that the orientation of the first

Figure 4. Differences between the Ca?*-bound and Ca**-free C-lobe
that appear to direct the N-lobe to the N' and N? sites in CaM—IQ
domain complexes. The structures shown are for the Ca**-saturated
CaM complex with the IQ domain from the CaV 1.2 channel'” and
the Ca**-free complex with IQ domain 1 from myosin SA."> The side
chains of the consensus I and Q amino acids in the two structures
are aligned, which also aligns the IQ domain helices (green). The
coordinates for Ca**-free (yellow) and Ca**-bound (cyan) CaM are
presented as a-carbon tracings. Bound Ca*" ions are depicted as green
spheres. The N' and N sites in the IQ domains and the flexible tether
connecting the two CaM lobes are indicated. The C-lobes (residues
78—148) of both structures are seen in all four panels. In panels A and
C, only the Ca**-bound N-lobe is visible, while in panels B and D, only
the Ca*'-free lobe is visible. In panels C and D, the views in panels A
and B have been rotated 180° about their vertical axes. Arrows indicate
differences in the conformations of the Ca**-free and Ca®*-bound
C-lobes that appear to be determinants of directed N-lobe binding
(see the text).

helix in the C-lobe and the position of the loop between the two
EF hands in this lobe are determinants of directed N-lobe binding.

To identify these apparent determinants, we aligned the side
chains of the consensus I and Q amino acids in the IQ domains
in these structures, which also aligns the two IQ domain helices

dx.doi.org/10.1021/bi201300v | Biochemistry 2011, 50, 10061—10068
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(green). The coordinates for Ca’*-free (yellow) and Ca*'-
bound (cyan) CaM are presented as a-carbon tracings. The
Ca**-free and Ca**-bound C-lobes (residues 78—148) in the
two structures are visible in all four panels. In panels A and C,
only the Ca?*-bound N-lobe is visible, while in panels B and D,
only the Ca**-free N-lobe is visible. As indicated by the arrows,
in the presence and absence of Ca*", the orientation of the first
helix in the C-lobe changes by ~45° which places the
attachment point for the flexible tether nearest to the N* or N*
site. This appears to help direct N-lobe binding by controlling
its range of motion with respect to the IQ domain. In panels C
and D, the views in A and B have been rotated 180° about their
vertical axes. The arrows indicate another difference between
the Ca’*-bound and Ca*-free conformations of the C-lobe,
which is a change in the position of the loop between the EF
hands. When the C-lobe is Ca**-free, the C-lobe appears to
block access to the N site, leaving only the N* site available. As
noted in Results, the dramatic negative contributions of the
Ca**-bound N-lobes in the complexes between N,C, CaM and
BIQG‘SA and BIQG6M support the idea that the N-lobe cannot
access the N site when the C-lobe is Ca*'-free.

What Defines an IQ Domain? The biochemical and
structural observations we have discussed suggest that the
defining characteristic of the IQ domain family is the presence
of site C, which has the consensus sequence [LL,V]QuxxR. IQ
domains in which the N-lobe interacts with neither, one, or
both of the N' and N? sites clearly exist, so domains containing
these additional sites appear to represent subfamilies. The basis
for conservation of the [IL,V]QxxxR consensus is evident in
the many Ca*'-free structures for CaM or myosin light chain
complexes with IQ domains that have been deter-
mined.'¥!¥%3% In all of these, the consensus I is inserted
into a narrow hydrophobic cleft in the C-lobe, or its light chain
homologue, and the consensus Q is coordinated by the loop
connecting the two EF hand pairs. The consensus R also
interacts with this loop.

As we have noted, a G at position 6 in the N site is a major
determinant of whether the N-lobe binds this site with signifi-
cant affinity (Figure 1). A basic residue at position 10 also
appears to participate in this binding interaction.'>** The latter
position appears better conserved than position 6 (Figure 1).
Because N” sites lacking a G at position 6 do not appear to bind
the N-lobe with significant affinity (Table 2), it is surprising
that the two positions are not similarly conserved. Indeed, the
IQ domains in adenylate cyclase 8, KV 7.1 K, and NaV 1.5 IQ
domains are consistent with linkage between these positions as
they lack both the G at position 6 and the basic residue at
position 10 (Figure 1). Furthermore, the NaV 1.6 IQ domain,
which retains the G at position 6, also retains a basic residue at
position 10 and so should have a functional N site (Figure 1).
This apparent discrepancy may arise from the fact that the IQ
domains used to build the HMM profile presented in Figure 1
were identified using the common IQ domain consensus:
[LL,V]QuxxR[G,x]xxx [R K], which includes the N? site.

The N' site appears to be relatively degenerate, compared
with the C and N? sites. This is not surprising because only
the Ca®*-bound N-lobe appears to bind this site (Figure 1).
The open, Ca**-bound conformations of the CaM lobes are
notable for the promiscuity of their interactions with amino
acid sequences that have little in common besides basic
amphipathic character and therefore defy reduction to a
consensus pattern.37’38

Implications for CaM-Dependent Regulation. The
switching model we have proposed includes seven distinct
states. In any given CaM—IQ domain complex, the states that
predominate depend upon the compositions of the N' and N*
sites. Movements of the N-lobe between bound and extended
positions in accordance with this model may control bridging
interactions between this lobe and additional CaM-binding
sequences. Bridging interactions have been proposed to play roles
in the regulation of voltage-gated Ca®>" and K* channels, ™%
adenylate cyclase 8,** and unconventional myosins.*> These
are also necessary intermediates in the transfer of CaM to and
from putative CaM storage proteins such as neuromodulin and
neurogranin. !

The extended Ca**-bound N-lobe in the B-N,C state, which
our results suggest occurs in all CaM—IQ domain complexes
when the free Ca®* concentration is increased rapidly, is a likely
participant in bridging interactions. Consistent with such a role,
in a structure of CaM bound to the gating domain in Ca*'-
activated SK channels, the N-lobe forms a bridging interaction
in which the Ca®*-bound N-lobe interacts with one domain
while the Ca?*-free C-lobe interacts with another.*® In CaM—IQ
domain complexes in which the B-N',C, state follows the
B-N,C state, bridging interactions with the latter are presumably
short-lived. This may be the case in CaV 1.2 channels, whose N*
sites have sequences that allow the B:N',C, state. Bridging
interactions initially formed with the B-N,C state are
presumably longer-lived in NaV channels because their N’
sites contain acidic side chains, which should inhibit formation
of the B-N',C, state (see Figure 1).
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Bl ABBREVIATIONS

CaM, calmodulin; C-lobe and N-lobe, C-terminal and N-
terminal lobes in CaM, respectively; By, fluorescent reporter
containing an IQ domain sequence derived from neuro-
modulin; BIQGﬁA, BIQGﬁR, and BIQG6M, variants of By with
A, R, and M, respectively, substituted for the G at position 6;
EBqg, extended version of Bjy in which the additional
neuromodulin sequence, KAHK, has been added on the N-
terminal side of the IQ domain insert; EBIQA_7E,H_6E, variant
of EBjq with E substitutions at positions —6 and —7; N,CCaM
(N,C), mutant CaM with E*!A and E%’A substitutions in the N-
lobe EF hand pair; NC,CaM (NC,), mutant CaM with E'™®A
and E'A substitutions in the C-lobe EF hand pair; BAPTA,
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N"-tetraacetic acid; di-
bromo-BAPTA, 1,2-bis(2-amino-5,5"-dibromophenoxy)ethane-
N,N,N',N'-tetraacetic acid; ECFP, variant of green fluorescent
protein with peak emission at 476 nm; EYFP, variant of green
fluorescent protein with peak emission at 527 nm.
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