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ABSTRACT: Calmodulin (CaM), the prototypical cal-
cium sensing protein in eukaryotes, comprises two
domains separated by a short flexible linker, which allows
CaM to assume a wide range of extended and compact
conformations. Here we use NMR relaxation measure-
ments to explore the role of the linker in CaM function
and dynamics. Using paramagnetic relaxation enhance-
ment (PRE) measurements, we examine the effect of
changes in the length and rigidity of the linker on the
transient association between the two domains of Ca**-
bound CaM (CaM-4Ca®*). We observe that transient
interdomain association, represented by an effective
molarity (M,g), is maximal for a linker extended by one
residue from the wild-type length and decreases for lengths
longer or shorter than that. The results can be
quantitatively rationalized using a simplified model of a
random coil whose two ends must be a specific distance
apart for an interaction to occur. The results correlate well
with the affinity of CaM-4Ca®" for a target peptide,
suggesting that the transient compact states adopted by
CaM-4Ca®" in the absence of peptide play a direct role in
facilitating target binding.

Intrinsically unstructured regions are found throughout the
proteome, where they perform myriad functions, including
serving as flexible linkers between structured protein domains.
The primary calcium-sensing protein in eukaryotes, calmodulin
(CaM), comprises two domains connected by a flexible linker.
Each domain contains two Ca**-binding sites and undergoes a
local structural rearrangement upon binding Ca®*, exposing a
hydrophobic peptide-binding patch within each; this forms the
basis of Ca®* signaling within the cell.' CaM displays
remarkable plasticity, including the adoption of a wide range
of structures over the course of its biological cycle and the
ability to bind hundreds of unique peptide sequences.” Ca**-
bound CaM (CaM-4Ca’") adopts a rigid, compact structure
when bound to target peptides,”* but assumes a more flexible,
extended conformation in the absence of peptide,” with its two
domains tumbling semi-independently of one another.®
Although flexible linkers often comprise regions of lower
sequence complexity and conservation than more rigid protein
segments, the CaM linker is highly conserved, and its length is
invariant (Supporting Information [SI] Figure S1). Thus, we
sought to elucidate how the length and flexibility of the linker
influence the biophysical and biological properties of CaM-
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4Ca®". We made a range of mutations in the central linker (SI
Figure S2) to change its length, including deletion of the central
residue (Thr79) to decrease its length by one residue (An =
—1) and insertion of 1 to 8 glycine residues between Asp78 and
Thr79 to lengthen it (An = +1 to +8). We also replaced the five
residues of the linker (Lys77 to Ser81) by five alanines
(“AAAAA”)—to make a more rigid linker—or by five glycine
residues (“GGGGG”)—to replace the linker by a different
flexible sequence. Measurements were also made on CaM with
the wild-type (WT) linker, as well as on the isolated N-terminal
(residues 1—76) and C-terminal (residues 81—148) domains.
We measured >N T, and T, values for several linker mutants
and calculated an estimated effective correlation time (z.) for
each domain (SI Table S1). As seen in Figure 1, 7, for CaM-
4Ca®" displays a clear trend, decreasing with increasing linker
length. The more rigid AAAAA mutant exhibits even higher 7,
values than the —1 mutant, while the GGGGG mutant exhibits
7. values similar to the +1 mutant (SI Table S1). A full
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Figure 1. Dependence of CaM-4Ca’* N- and C-terminal domain
tumbling on the length of the linker connecting the two domains. The
linker was lengthened by insertion of glycine residues and shortened
by deletion of Thr79. The effective correlation time (z.), estimated
from N T,/T,, is plotted for different linker lengths (An = 0 for wild-
type CaM). Values are shown for the N-terminal (black) and C-
terminal (blue) domains of peptide-free CaM-4Ca®" and for the N-
terminal (red) and C-terminal (green) domains of MLCK-bound
CaM-4Ca’. In the absence of peptide, the values of 7, are inversely
related to linker length, and the smaller C-terminal domain exhibits
more rapid tumbling. When bound to peptide, however, 7. is largely
independent of linker length. The 7, values of the isolated N- and C-
terminal domains (not shown) are 4.5 and 3.9 ns, respectively. The
uncertainties (+1 s.d.) in the values of 7. lie within the circles and are
given in Table S1 (SI).
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description of interdomain motion in CaM-4Ca** would
require a more comprehensive extended model-free approach,”
which is beyond the scope of the current work, although this
has been done previously for WT CaM (apo® and Ca®'-
bound®). Our results show that the two domains of CaM-4Ca**
tumble semi-independently of one another in solution (in
agreement with previous studies®”), and that as the length of
the linker is increased the domains become less constrained and
tumble more rapidly. The 7. values of the isolated Ca**-bound
domains, however, are significantly smaller than those of CaM-
4Ca*" with a +8 linker, indicating that the two domains are still
constrained by this extended linker. This behavior disappears
when CaM binds its target peptide from myosin light-chain
kinase (MLCK), as the 7. values of the CaM-4Ca**—peptide
complex are similar for WT and +8 linkers. Thus, peptide-
bound CaM-4Ca’" forms a more rigid structure, with the two
domains tumbling together as a single body.

We previously demonstrated that, in the absence of target
peptide, CaM-4Ca*" samples a wide range of conformational
space, including a small population of states (5—10%) where
the two domains are in close contact; some of these
conformations resemble the peptide-bound structure and may
play a direct role in target peptide binding.'® Such sparsely
populated states are invisible to conventional structural biology
techniques, but they can be directly probed using paramagnetic
relaxation enhancement (PRE).'"" Because CaM-4Ca’" inter-
domain motion takes place in the fast exchange regime on the
PRE time scale and because the distances between the domains
are shorter in the minor species than in the major one, the
footprint of these minor compact states are observed in the
PRE profile of the major species of CaM-4Ca*"."* The exquisite
sensitivity of the PRE arises from the large magnetic moment of
the unpaired electron and the (r®) dependence of the
transverse PRE rate (I',), resulting in extremely large I, values
at short distances."!

Due to their unique ability to unlock these otherwise
invisible states, we have used PREs as a direct measure of
transient interdomain association in CaM-4Ca®>*. CaM was
tagged with the paramagnetic nitroxide spin label MTSL at
position 128 (as this position gave the largest interdomain
PREs'?), and PREs were measured for CaM-4Ca** with various
linker mutations. PRE data for both interdomain PREs
(originating from the tag in the C-terminal domain and
observed on protons in the N-terminal domain) and intra-
domain PREs (originating from and measured on the C-
terminal domain) were obtained. The intradomain PREs show
the same trend as 7., increasing when the linker is shortened
and decreasing when it is lengthened (Figure 2). In contrast,
the interdomain PREs show a far more interesting trend. The
interdomain PREs decrease when the linker is shortened by one
residue and increase when the linker is lengthened by one
residue; however, further increases in linker length show a
general trend of decreasing interdomain PREs (Figure 2). (This
trend is not completely smooth, as the +3 and +4 linkers give
larger interdomain PREs than the +2 linker.) The equivalent
PREs further decrease for a mixture of the isolated N- and C-
terminal domains. The AAAAA mutation caused a marked
decrease in interdomain PREs, indicating a more rigid linker,
whereas the GGGGG mutation caused only a slight increase in
interdomain PREs, probably because the WT linker already
behaves as a random coil (SI Table S1).

To derive biophysical meaning from the above results, we
converted the interdomain PREs into values of effective
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Figure 2. Dependence of CaM-4Ca*" intra- and interdomain PREs on
linker length. Experimental PREs (circles, error bars = 1 s.d.) were
measured for CaM-4Ca?" with the nitroxide spin label at A128C. (A)
Intradomain PREs. (B) Interdomain PREs. The data are presented as
scatter plots with the PRE value for CaM with the WT linker shown
on the x-axis and the PRE value for CaM with various linker mutations
shown on the y-axis. The infinity symbol (c0) indicates experiments
performed on a mixture of the separate N- and C-domains without a
linker (i.e., approximating CaM with an infinitely long linker). In each
case, the slope of a best-fit line through the origin is given (red). The
uncertainties in the values of the slope m are less than 7% in all cases
except for those for the individual domains (SI Table S2). A dashed
line corresponding to a slope of m = 1 is also displayed for reference.
The magnitude of the intradomain PREs is inversely related to linker
length, as longer linkers lead to faster tumbling domains (Figure 1).
Interdomain PREs display a more complicated behavior.

molarity (M,s) and compared these to values of effective
concentration (conc,;) calculated from a theoretical model.
The full details of this procedure, which follows the framework
described by Krishnamurthy et al.,'> are described in SI. Mg is
a measure of the enhanced interdomain association brought
about by connecting the two domains by a linker and is given

by:

Meff = Mind(rgm/riznd - 1) (1)

where T is the total interdomain PRE (intermolecular +
intramolecular) observed for CaM-4Ca®* with a particular
linker, and T is the intermolecular PRE observed between the
N- and C-terminal domains of CaM in different molecules. M, 4
is the concentration of CaM (always 0.3 mM in this study).
The PREs observed for CaM-4Ca** arise from both inter- and
intramolecular interactions (SI Figure S3), which we assume
are of the same nature on the basis of the correlation of the
PREs (Figure 2 and SI Table S2)."° By definition, M,¢ follows
the same trend as the interdomain PREs, first increasing to a
maximum value of 147 mM at An = +1 and then gradually
decreasing to 0 mM (for separate domains without a linker).
The empirical Mg values were fit to an equation describing
the effective concentration, conc.g of two points at the ends of
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a random coil, where an interaction only occurs when they are
separated by a specific distance d (Figure 3 and SI Figure $4):'*
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Figure 3. Dependence of CaM-4Ca* interdomain association on
linker length can be largely explained by a simple random coil model.
Empirical values of effective molarity (M, circles) were calculated
from interdomain PRE data for CaM-4Ca®* with different linker
lengths. These data were fit to eq 2, describing the theoretical values of
effective concentration (conc,g) of two points at the end of a random
coil linker, where the interaction only occurs when the two points are
separated by a defined distance. The best-fit line is shown in red (units
of mM). A graph of the pre-exponential portion of the equation is
shown in green (units of mM), and the exponential portion is shown
in blue (dimensionless). The red line is the product of the green and
blue lines.

where N, is Avogadro’s number and p is a constant that takes
into account both the excluded volume occupied by the protein
and the orientational requirements of the interaction. The root-
mean-square distance (rmsd) between the ends of the random
coil is given by:

<r2>1/2 = 1,/C(ny + An) 3)

where [ is the length of each unit of the chain (fixed to 3.8 A for
the length of the backbone of one amino acid residue). The
number of units in the WT linker is given by n, (ie., the linker
of a given molecule contains n = n, + An units). The
characteristic ratio C is a measure of the rigidity of the linker
and is fixed here to 2, the value for polyglycine."”® The pre-
exponential term of eq 2 (Figure 3, green line) describes the
inverse cube dependence of conc. on linker length. The
exponential term (Figure 3, blue line) describes the require-
ment that the two ends of the random coil only interact at a
distance d, causing a steep increase in conc. as the linker
length increases from zero, leveling off as it becomes much
longer than d.

We obtained a reasonable fit of the PRE-derived M4 data to
eq 2 (Figure 3, red line) with p = 0.016 + 0.002,d = 11.3 + 0.5
A, and ny = 3.05 + 0.19. The constant p acts primarily as a
scaling factor, but its small value (1) likely represents the
requirement of the two domains to be precisely oriented to
interact (p = 1 if the ends of the linker are two discrete points
with no orientational dependence).'” The value of d represents
the distance between the ends of the random-coil linker (and
not, for example, the distance between the interacting

9650

domains). Since the value of d comes from a simplified
model, one must be cautious about overinterpreting the result.
However, the best-fit value of d is very similar to the distance of
11.5 A between the backbone nitrogen atom of Lys77 and the
carbonyl carbon atom of Ser81 (a reasonable interpretation for
the two ends of the linker) in the NMR structure of CaM-
4Ca® bound to the skeletal muscle MLCK peptide (PDB
2BBM),” although a shorter distance (7.3 A) is observed in the
crystal structure of CaM-4Ca* with the smooth muscle MLCK
peptide (PDB 1CDL).* That n, was best fit to ~3, compared
with the length of five residues observed by NMR,® could
indicate that the linker is not as flexible as modeled (i.e., C < 2),
that only the three central residues (Asp78, Thr79, Asp80) are
totally flexible, or that additional factors are missing from the
simple model. Regardless, the goodness of the fit and the
reasonable values of the fitted parameters indicate that, despite
its high level of simplicity, the random-coil model employed
here describes the behavior of the CaM linker reasonably well.

To explore the role of transient CaM-4Ca*" interdomain
association further, we measured the affinity of wild-type and
linker mutant CaM-4Ca** for the MLCK peptide using
fluorescence anisotropy. These measurements were conducted
under conditions of slightly higher temperature (37 °C vs 27
°C), lower pH (5.5 vs 6.5), and lower salt (0 mM vs 100 mM
KCl) compared with the NMR conditions to lower the affinity
from an equilibrium dissociation constant (Kp) of 10—30 pM
(SI Table S1) to a Kp of ~400 pM (Table 1, SI Figure SS),

Table 1. Dependence of Target Peptide Affinity on the
Length and Composition of the CaM Linker

CaM linker Kp (pM)
-1 579 £ 27
0 (wild type) 426 + 22
+1 320 + 16
+8 746 + 34
AAAAA 780 + 37
GGGGG 387 £ 19

thereby permitting more accurate and reliable estimation of Kp,
values. The peptide contained an N-terminal S-carboxy-X-
rhodamine (SROX) fluorescent label for greater sensitivity over
intrinsic tryptophan fluorescence. Peptide affinity exhibited the
same dependence on linker length as the interdomain PREs;
the maximum affinity (smallest Kj,) was measured for the +1
linker. Although the changes in affinity were small, they agree
well with the interdomain PRE results.

The decrease in peptide affinity upon shortening the CaM
linker agrees with previous findings. In one study,'* the activity
of CaM-dependent enzymes was tested in the presence of
CaM-4Ca*" with deletions of Glu84 (An = —1), Glu83-Glu84
(=2), and Ser81-Glu84 (—4) (deletions adjacent to, but not
within, the flexible linker). These mutations caused an increase
in the Michaelis—Menten constant Ky, (i.e., a decrease in CaM
activity) for the three enzyme variants tested; the effect ranged
from 2- to 7-fold. In another study,"® deletions of 2 or 3
residues within the flexible linker increased the Ky of some
enzymes 2—18-fold, while another was unaffected. Larger
deletions of 5 and 8 residues caused much larger increases in
Ky, as well as significant decreases in maximum activity.

Our results, however, go further, demonstrating biphasic
behavior. A small lengthening of the linker increases transient
interdomain association, but this interaction progressively
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decreases as the linker is then further extended. Such behavior
has been observed and modeled in other systems,'>'®'” and
here the overall trend can be explained by a simple random-coil
model (Figure 3). More pertinently, the agreement shown here
between transient interdomain association and target affinity
suggests that compact sparsely populated states of CaM-4Ca**
play a direct role in facilitating target binding.
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