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ABSTRACT. The mechanism of long-range coupling of allosteric sites in calcium-saturated calmodulin (CaM)
has been explored by characterizing structural and dynamics effects of mutants of calmodulin in complex
with a peptide corresponding to the smooth muscle myosin light chain kinase calmodulin-binding domain
(smMLCKp). Four CaM mutants were examined: D95N and D58N, located #-Biading loops; and
M124L and E84K, located in the target domain-binding site of CaM. Three of these mutants have altered
allosteric coupling either between €abinding sites (D58N and D95N) or between the target- anttCa
binding sites (E84K). The structure and dynamics of the mutant calmodulins in complex with smMLCKp
were characterized using solution NMR. Analysis of chemical shift perturbations was employed to detect
largely structural perturbation®N and?H relaxation was employed to detect perturbations of the dynamics

of the backbone and methyl-bearing side chains of calmodulin. The least median squares method was
found to be robust in the detection of perturbed sites. The main chain dynamics of calmodulin are found
to be largely unresponsive to the mutations. Three mutants show significantly perturbed dynamics of
methyl-bearing side chains. Despite the pseudosymmetric locatiorfofliading loop mutations D58N

and D95N, the dynamic response of CaM is asymmetric, producing long-range perturbation in D58N and
almost none in D95N. The mutations located at the target domain-binding site have quite different effects.
For M124L, a local perturbation of the methyl dynamics is observed, while the E84K mutation produces
a long-range propagation of dynamic perturbations along the target domain-binding site.

Allosteric behavior has been found to exist in diverse stration using NMR relaxation methods of the large and
classes of proteins, such as transport proteihsenzymes heterogeneously distributed residual entropy in proteids-(
(2), chemomechanical energy transduc&)seceptors4), 16) raises once again the possibility that dynamic effects have
chaperoninsg), and signaling proteins}. Propagation of been adopted by proteins to carry out allosteric phenomena
the allosteric signal is usually associated with the protein (13). Indeed, it has been shown in several instances that
undergoing a largely structural response to the binding of significant changes in residual protein entropy (dynamics)
ligand to a regulatory site. Nevertheless, it has long been can result from a change in protein functional stafg (8).
admitted on theoretical grounds that changes in the distribu- Central to the concept of allostery has been a discussion
tion of thermal fluctuations about the mean structure could of pathways of energetic coupling, perhaps most exemplified
accompany a change in the functional state of a protein andby the analysis of allosteric regulation in hemoglobin where
thereby provide a reservoir of residual entropy that could, a highly mechanical model remains a dominant theh@. (
in principle, contribute to allosteric phenomena—(0). The participation of residual protein entropy in allosteric
Indeed, if a protein is treated as an ensemble of conforma-regulation raises the issue of whether pathways of dynamic
tional statesX1, 12), binding of the allosteric effector could  disorder exist in proteins and whether they have been used
not only stabilize a certain conformation with high affinity to provide free energy transduction. This concept also raises
for the active site ligand but could also change the “shape” the question of whether dynamically coupled sites need be
of the conformational distribution. The latter would be a structurally contiguous in the native structure to provide long-
purely entropic effect that, if significant, would contribute range energetic coupling or whether the effects can be
to the free energy of the bound state and manifest itself in a generally manifested in the ensemble of states of the protein
change of the dynamic behavior of the protein. However, (12).
although the possibility of allosteric regulation through  The basic parameters of coupled dynamics in proteins need
entropic (dynamic) mechanisms exists, a definitive example to be exposed to begin to distinguish these two views of
of such an allosteric mechanism remains to be fully il- effective long-range energetic coupling. We have initiated
luminated (3). The relatively recent experimental demon- such a study with the protein calmodulin. Here we use site-
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calmodulin (CaM) and a 21-residue peptide based on the
calmodulin-binding domain of the smooth muscle myosin
light chain kinase (smMLCKp) was chosen as a model
system. CaM is a small acidic protein of 148 amino acids,
which binds four C& ions in a highly cooperative manner
ensuring the “all-or-nothing” response to changes in the
intracellular calcium levels20). A unique feature of CaM

is that, while being a monomeric protein, it shows two
different types of allosteric behavior: (i) cooperativity
between calcium-binding sites and (ii) cooperativity between
its target- and calcium-binding sites. In the absence of
calcium ions, smMLCKp binding to CaM is negligible, while
in the presence of calcium it forms a very tight complex
having a dissociation constant of 1 ni41j. The allosteric
coupling between calcium- and peptide-binding sites is
reciprocal, with the C& binding affinity of CaM increasing
30—100-fold in the presence of sSmMLCK2Z%). Here we
examine the extent of variation of the fast dynamics of
calmodulin in complex with the smMLCKp domain in
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Since free CaM and its complex with smMLCKp are in slow
exchange and have distinct chemical shifts, dissociation of
the complex can be monitored by direct inspection of the
5N and/or'3C HSQC spectra. All NMR relaxation experi-
ments were carried out on the E84KmMLCKp samples
that were not older than 4 days, and no free E84K was
detected upon the completion of the experiments.

NMR Spectroscop)All NMR experiments were carried
out at 35°C on Varian Inova spectrometers operatindrat
Larmor frequencies of 750, 600, and 500 MHz. Site-specific
assignment of backbone and side chain methyl resonances
in the mutant CaM-smMLCKp complexes was accom-
plished using three-dimensional NMR experiments. Sequen-
tial assignments of the backborid, **Ca, °CS, and °N
were obtained from gradient-enhanced CBCA(CO)NH and
HNCACB spectra 26) with chemical shifts of wild-type
CaM—smMLCKp used as guideline®¥C and'H resonances
of the side chain methyl groups were assigned using C(CO)-
NH (27) and 3D-HCCH-TOCSY 8) experiments. Me-

response to point mutations that influence calcium and targetthionine methyl resonances were assigned using a two-

domain binding affinity.
MATERIALS AND METHODS

Sample PreparationMutants of the wild-type chicken

dimensional HMBC experiment2@). NMR data were
processed with nmrPip8Q) and assigned with Sparkg1).

15N longitudinal (T1) and transverseTg) relaxation time
constants and thg'H} -*>N nuclear Overhauser enhancement

CaM gene were constructed using a Stratagene QuickChangéNOE) were measured using pulse sequences employing two-
site-directed mutagenesis kit and suitable PCR primers. dimensional HSQC experiments for spectral resolut8). (

Purified expression plasmids were transformed into BL21-
(DES3) Escherichia colicells. Mutant proteins were overex-
pressed and purified following the protocol for the wild-
type CaM @3). Uniform *3C and**N labeling of CaM was
achieved by growingE. coli cells on minimal media
supplemented with 2 g/L of}C-6]-p-glucose and 1 g/L of
5NH,4CI (Cambridge Isotopes). For side chain relaxation

experiments, fractionally deuterated protein samples were

produced using minimal media containing 60%CD 2 g/L
of [*3C-6]-p-glucose and 1 g/L ofSNH,CI.

The smMLCKp peptide was overexpressed in BL21(DE3)
E. colicells as a fusion protein with thioredoxin and purified
as described previously24). The only modification made
to the published procedure was the removal of thrombin on
a p-aminobenzamidine column (Sigma) instead of a Q-
Sepharose column prior to the HPLC purification step. The

purity of the peptide was assessed by electrospray mass/ates for the decay of thed,

spectrometry and was typically95%.

Complexes between CaM mutants and smMLCKp were
formed under dilute conditions by titrating smMLCKp into
a 0.2 mM protein solution25). The complex was lyophilized
and resuspended in 92%,0, 8% DO to obtain the
following final NMR buffer conditions: 100 mM KCI, 6
mM CaCl, 10 mM imidazoled, (pH 6.5), and 0.02% NaiN
The final excess of peptide was-105%, and the concentra-
tion of the complex ranged from 1.1 to 1.3 mM. The complex
of E84K with smMLCKp was stable only for3—4 weeks,
after which partial dissociation of the peptide was observed.

1 Abbreviations: CaM, calcium-saturated calmodulin; LMS, least
median squares; LS, least squares; NOB} -°N nuclear Overhauser
effect; Qui and Qu?, Lipari-Szabo squared generalized order param-
eters for the methyl group symmetry axis and amideHNbond,
respectively; rmsd, root-mean-squared deviation; smMLCKp, peptide
based on the calmodulin-binding domain of the smooth muscle myosin
light chain kinase with sequence GSARRKWQKTGHAVRAIGRLS;
Ty, longitudinal relaxation timeT,, transverse relaxation time.

Twelve time points ranging from 0.021 to 1.2)Yand 7.8

to 147 ms ) were collected, three of which were duplicate.
Cross-peak intensities were used to quantify relaxation, and
the uncertainties of these intensities were estimated either
from duplicate measurements or the root-mean-square noise
level of the spectrum base level. The relaxation parameters
were measured at two field strengths, 500 and 600 MHz,
for E84K and D95N complexes, and one field strength, 500
and 600 MHz, for D58N and M124L complexes, respec-
tively.

The dynamics of the side chain methyl groups in protein
complexes was obtained by measuring longitudingl,D,)
and transverse AL,D,) relaxation rates of théH nucleus in
3CH,D isotopomers as described by Kay and co-workers
(33). Contributions from relaxation mechanisms other than
guadrupolar interactions were eliminated by correcting these
coherence. A total of 12 time
points (three of which were duplicate), ranging from 3.7 to
100 ms (JC.D,), 0.9 to 25 ms (IC,Dy), and 1 to 90 ms {C,)
were collected. Each time point represented a two-dimen-
sional**C-'H chemical shift correlation experiment with 88
complex points in the indirect dimensioAH relaxation
experiments were carried out either at one (600 MHz, M124L
and D58N) or two (500 and 600 MHz, E84K and D95N)
magnetic field strengths.

Relaxation Data Analysig\nalysis of relaxation data was
performed assuming an explicit analytical form of the spectral
density function in the “model-free” analysi84, 35). This
treatment produced (i) correlation time for the overall
rotational motionzn, (i) internal effective correlation times
for the local motionsre, and (iii) generalized order param-
eters,0?, related to the amplitudes of local motions. For
methyl groups, order parametéf can be approximated as
a product of two order parameter®,#, corresponding to
the rotation of the methyl group around its symmetry axis,
andO,ié, corresponding to the motion of the symmetry axis
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itself. Oai can be calculated @3%0.111, assuming perfect  with the conventional linear regression (LS) method, which
tetrahedral geometry of the methyl carb@b)( is based on the minimization of the sum of the squared

Two-parameter Lipari-Szabo fits were carried out using residuals, is its intolerance to outliers in describing the
in-house software. A spherically symmetric diffusion tensor underlying distribution of error. To overcome this problem,
was used in the calculations as described previously for thethe least median squares (LMS) method recently introduced
wild-type CaM—smMLCKp complex 18). A global fit of by Rousseeuw50) has been employed. Since the LMS
the backbone relaxation data produced the following values method has not been previously used in this context, we will
for rotational correlation times,: 7.9 ns (D58N), 8.2 ns  describe its basis and application in some detail here.
(D95N), 8.1 ns (M124L), and 8.2 ns (E84K). For the = The LMS analysis belongs to the so-called robust regres-
calculation of side chain order parametersl we chose to useSiOﬂ methods, which allow one to eliminate the influence of
7 Of 8.26 ns, the same value that was obtained for the wild- outliers on the final values of regression coefficients and
type CaM-smMLCKp. Usingzy, of 8.26 ns for the inter- obtain a reliable error estimate. LMS works by numerically
pretation of the backbone relaxation data produced the sameninimizing themedianof the squared residuals, instead of
order parameters within the experimental error for all four the sum. We used an LMS algorithm implemented in the
mutants. A quadrupolar coupling constant of 167 kHz was SYSTAT software package (Systat Software Inc.) and
used in the calculations36). The uncertainties of fitted oObtained regression coefficients and scale estimatehich
parameters were estimated using Monte Carlo methods. is analogous to the standard deviation in the conventional

linear regression. Defining a residual for a given experimental
RESULTS point asr; = y> — y" and the corresponding standardized

. ) ) . residual ad; = ri/o, the points withf; >2.5 are identified
A central goal is to establish how the dynamic properties \ore as outliers.

of calmodulin change in response to mutations introduced

at functionally important site; and Whethgr these.changesa given parameter is often heterogeneous, which makes the
are correlated with changes in the allosteric behavior of the jyengification of outliers difficult. This is particularly true

protein. The selection of mutants that can provide an insight ¢ ihe generalized order parameter. To incorporate experi-

into the mechanism of allosteric coupling between the \,enta) uncertainty into the outlier analysis, we multiplied
calcium- and target-binding sites was greatly facilitated by o standardized residuals by the probability that= 2.5:
prior investigations of a variety of aspects of CaM function.

The C&"-binding loops 87—43) and the target-binding site F, =1 x P(|f;| = 2.5) (D)
(22, 44—47) have been extensively examined using site-
directed mutagenesis. Four mutants with well-characterized Assuming that an experimental point can be represented by
calcium- or target-binding properties were selected: D58N, a Gaussian centered @t®, with a standard deviation equal
D95N, E84K, and M124L. D58N and D95N belong to’Ga to the experimental uncertainty, P(|fi| = 2.5) is calculated
binding loops Il and IIl of the N- and C-terminal domains, as the area under this Gaussian that falls to the right (left)
respectively. M124L and E84K are located in the peptide- of the ¢* + 2.50) value. This treatment is essentially
binding site. All four mutants were studied in complex with  analogous to applying a step function with the step coordinate
Ce&" and a 21-residue peptide based on the calmodulin-of (* 2 55). This procedure filters out the borderline
binding domain of the smooth muscle light chain kinase cases and identified true outliers in all four mutant GaM
(SmMLCKp) @8, 49). The subnanosecond dynamics of the smMLCKp complexes.
backbone and side chains of the mutant complexes were | s was also used to identify chemical shift outliers and
measured using®N and ?H relaxation techniques. The was based on the chemical shift displacement, calculated as
obtained order parameters and internal effective correlation P > . .
times were compared with the wild-type data, reported é\t; O\' fAtHh:l(ﬁN(ﬁg%H)nb;’;’:f;e7;':](3)&'5 thii ?gé%ﬂa(%?Ne)uc

; . - , HN)
previously by this laboraton]). For convenience, hereafter chemical shift difference between the mutant and the wild-

the wild-type protein will be referred to as CaM, while the | . F ¢ chemical shift disol
calmodulin mutants will be designated by their one-letter type complexes in ppm. For a set of chemical shift displace-
ments, the one-dimensional LMS analysis yields the follow-

mutation codes. . . . ;
Identification of Significant Structural & Dynamic Per- ing equation for the standardized residui)(

In some cases, the experimental uncertainty associated with

turbations: Least Median Squares AnalysiBetection of A; — medA,
significant changes in NMR parameters is often not a P = K (2)
straightforward exercise, especially for those parameters such 1.4826x mjedAJ- — mkedﬁk|

as the chemical shift that are exquisitely sensitive to small

structural and dynamic variations such that a rather noisy The coefficient 1.4826 in the denominator takes into account
baseline response is present. Here we seek to identify thethe relationship between the median and the standard
residues with perturbed structural (largely via the chemical deviation under the assumption that the data points are

shift) and/or dynamic (largely via the generalized order normally distributed. As before, the data points itk 2.5
parameter) properties using the parameters of the wild-type gre identified as outliers.

complex as a reference. Such perturbed residues are referred Chemical Shift Perturbation Caused by Mutatiors-

to here as outliers. though the chemical shift is a composite parameter that can
The most commonly employed method for detection of potentially reflect both the structural (static) and the dynamic

perturbed residues using NMR-derived parameters is to character of the protein, in stable complexes such as those

undertake a linear regression analysis. A general problemstudied here, the former contribution is generally dominant.
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Ficure 1: Chemical shift-based identification of structural perturbations in the €stMLCKp complex introduced by the D95N mutation

in calmodulin. (A) Standardized residuals calculated using one-dimensional LMS (red) and LS (yellow) analpdedbtross-peak
displacementf\ in the D95N-smMLCKp complex. Dotted lines represent the.5 interval of the standardized residuals. The amide
groups that have absolute values of the residuals greater than 2.5 are considered to be chemical shift outfiirdH (Bjoss-peak
displacement\ in the D95N-smMLCKp complex. The amide groups that are identified as outliers by the LMS analysis are colored blue.
Positions of the calcium-binding loops are indicated by the solid bars. Fifteen and four outliers were identified by LMS and conventional
LS analyses, respectively.

In contrast, the generalized order parameter is formally a participate in C&" coordination (N97, Y99, and E104), and
measure of motion on a very fast time scale. The chemical helix F.
shift diSpIacementA for different mutant CaM—smMLCKp S|m||ar|y, in D58N_5mMLCKp, the most perturbed

complexes were analyzed to assess structural perturbationgegions are Ca-binding loop Il and helix D. In addition, three
caused by the mutations. A common theme that emergesresidues of loop I, T26, 127, and T28, experience large
from this analysis is that the largest amide chemical shift changes in amide chemical shifts. These amino acids are
perturbations occur in the vicinity of the mutation, and they spatially close to the mutation site, while being far from it
are mostly confined to the domain (N- or C-terminal) where in the primary sequence. In M124ismMLCKp, the chemi-

the mutation occurs. This is illustrated in Figure 1, which cal shift differences are the largest in helices F and G, and
shows (A) standardized residuals and (B) cross-peak dis-residues D80 and D133.

placementA (in *H ppm) for all assigned amide groups i Eg4k—smMLCKp is different from the other three
the DI5SN-smMLCKp complex. The results of one- mutants in that the changes in chemical shifts brought about
dimensional LS and LMS analyses, shown in yellow and py the mutation are not localized to a particular region in
red, respectively, are contrasted in Figure 1A. Since the the C-terminal domain but are distributed throughout the
N-terminal domain of the D95NsmMLCKp complex  protein. Figure 2 shows a plot of (A) standardized residuals
experiences little chemical shift perturbations, this creates aand (B) cross-peak displacemeat (in *H ppm) for all
situation close to “exact-fit”, where at least half of the data assigned amide groups in the E848mMLCKp complex.
points satisfy the exact equation used for the fit. As a result, Large changes up to 081 ppm are observed for helices D
the LMS scale estimate given by the denominator of eq 2 and E and the loop region between them, while the rest of
becomes very small giving rise to large values of the the residues are moderately but still appreciably perturbed.
standardized residuals. Comparing the LS and LMS methods,LMS identifies 22 outliers, including 6 long-range ones,
one concludes that LMS emphasizes the outliers, whereaswhile LS identifies only 7 local perturbations.

LS analysis masks them by incorporating all data points  The crystal structure of the VU-1 E84K mutant of
(including the outliers) into the calculation of the standard calmodulin in complex with an RS20 peptide has been
deviation. As a result, 15 outliers are identified by LMS, determined 22). VU-1 CaM differs from chicken CaM in
compared to only four identified by LS analysis. The amide 10 amino acid residue$1), and the RS20 peptide has an
groups identified as outliers in the LMS analysis are colored identical sequence to smMLCKp with only minor differences
blue in Figure 1B. The largest changes in the chemical shifts at the C and N-termini. Superposition of the E84RS20
are observed for loop Ill, especially for the amino acids that crystal structure (PDB code 1vrk) onto the structure of
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Ficure 2: Chemical shift-based identification of structural perturbations in the €atMLCKp complex introduced by the E84K mutation

in calmodulin. (A) Standardized residuals calculated using one-dimensional LMS (red) and LS (yellow) analpdedbtross-peak
displacements\ in the E84k-smMLCKp complex. Dotted lines represent the.5 interval of the standardized residuals. The amide
groups that have absolute values of the residuals greater than 2.5 are considered to be chemical shift outfiirdH(Bjoss-peak
displacement\ in the E84k-smMLCKp complex. The amide groups that are identified as outliers by the LMS analysis are colored blue.
Positions of the CaM helices are indicated by the solid bars. Twenty-two outliers are identified by LMS, compared to only seven outliers
identified by conventional LS. (C) Squared displacement of backbone atoms between the wild-typs@sUCKp (PDB code 1cdl) and
E84K—RS20 (PDB code 1vrk) structures mapped onto the structure of-GaMMLCKp. The structure of the peptide is not shown. A
blue—white—red color gradient is used to represent the range of squared atom displacements fron20Ttheaverage rmsd for backbone
atoms of residues-5146 of calmodulin is 0.94 A. The results of superposition of the €EaMMLCKp and E84K-RS20 structures are in
general consistent with amide chemical shift data, where helix E and the loop between helices E and D can be identified as the most
perturbed protein regions.

chicken calmodulin in complex with smMLCKp (PDB code group chemical shifts are quite significant for the E84K
lcdl (21)) using main chain atoms of residues %46 of complex, especially for those methionine residues that line
calmodulin gave a root-mean-square deviation (rmsd) of 0.94the peptide-binding site and are known to make extensive
A. The three-dimensional structure of CaMmMLCKp, contacts with the hydrophobic residues of smMLCHKR)(
color-coded according to the squared displacement of The D58N-smMLCKp complex represents an intermediate
backbone atoms between CaldmMLCKp and E84K- case, where the chemical shift perturbations are localized to
RS20 complexes, is shown in Figure 2C. The major C&'-binding loop | (T26, 127y), loop Il (163y), and helix
deviations from the wild-type structure occur in helix E, the C (152y, 1529, V55yR, and V5%S). The D95N-smMLCKp
loop between helices E and D, and the N- and C-termini. methyl region was essentially indistinguishable from that of
Overall, this is consistent with the backbone chemical shift the wild-type complex. In M124£smMLCKp, in addition
data, where the end of helix E and the-B loop are the to the mutated site, three methyl groups had significantly
most perturbed regions in the protein. perturbed chemical shifts: L10R, M10%, and M144.
Methyl groups of the calmodulin side chains responded Backbone Dynamics of Mutant ComplexBse dynamics
to the mutations as well. Regions &iC HSQC spectra  of main chain N-H bond vectors of calmodulin in the wild-
correlating®®C and'H chemical shifts of methyl groups are type and mutant CaM complexes were measured using three
shown in Figure 3 for two mutant complexes, E84K and !°N-relaxation parameterdy, T,, and NOE. Using the two-
D58N. For comparison, the CadsmMLCKp spectrum is  parameter Lipari-Szabo formalism and an isotropic diffusion
shown in black in the same figure. The changes in the methyl tensor, we obtained order parameteds %) and effective
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L] with the outliers are minor and do not exceed 0.07 in absolute
E84K-smMLCKp 01635 values.
The only exception is the amide group of R74 in the
o é E84K—smMLCKp complex, for which the difference be-
M72 Mz ® tween the mutant and wild-type order parameters is 0.093.
161 M7 6 Inspection of the E84KRS20 structure (PDB code 1vrk)
g -9’ M144 0 revealed that, compared to the wild-type CabimMLCKp
= Q % ’9 @ complex, the side chain of R74 is rotated toward the protein
0181 o o0 &;73 and its N—He group forms a hydrogen bond to the carbonyl
A Mas " of residue 70. Although the backbone hydrogen-bonding
' 185y 00 pattern is similar in both complexes, the presence of an extra
201 vese wm;H/o hydrogen bond could in principle restrict the mobility of the
R74 amide group in the mutant complex. The fact that we
0‘,.:0 o &Wg;o do not find any large perturbations of backbone dynamics
22 | i . o‘{f‘@ 0 _a e in mutant complexes is not surprising, considering that very
20 15 10 0.5 little differences were observed in the backbone dynamics
[ Gy 135 of C&"-saturated and smMLCKp-bound calmodulit8),
Side Chain Dynamics of Mutant Complexisrelaxation
methods were used to study the dynamics of methyl-bearing

D58N-smMLCKp

-

4

@
o side chains in the mutant calmodulin complexes. Generalized
0 o order parameters of the methyl group axis4?) and internal
16 0 5, effective correlation times for all spectrally resolved methyl
E o sites were obtained. The differences between the mutant and
Q. o » ® e @9 . .
~ § 0 o L the wild-type O, order parameters are plotted against
18 0 & calmodulin methyl group in Figure 4.
- o 2° o C&"-binding loop mutants, D58N and D95N, despite
2 fmﬁ being symmetric in the position of the mutation, show a

201 ' o completely different dynamic response. Within experimental
error, the D95N mutation produces hardly any disturbance

g 8 g in the dynamics of the CaM methyl groups. In contrast, the

221 Lo oveR, D58N mutation induced significant changes in the dynamics
2.0 1-51 1.0 0.5 of methyl-bearing side chains both in the vicinity of the

H (ppm) mutation and in regions distant from the mutation site. In

Ficure 3: Chemical shift-based identification of structural pertur-  the target-binding site mutants, the M124L mutation induced
bations in the CaMsmMLCKp complex introduced by various g |arge increase in CaM side chain motion, which was mainly

mutations in calmodulin. Shown are superpositions of'#e'H b . . .
chemical shift correlation maps for the wild-type CalmMLCKp confined to the region of mutation. The E84K mutation

(black) and E84K-smMLCKp (red); wild-type CaM-smMLCKp  resulted in large changes in the methyl group dynamics
(black) and D58N-smMLCKp (green). Many methyl groups throughout the entire protein sequence.
throughout the E84ksmMLCKp complex, including all methion- The least median squares (LMS) analysis described in
ines, experience large chemical shift changes as a result of thedetail above was used to identify methyl groups whose
mutation. D58N-smMLCKp is a more moderate case, where . S ! .
chemical shift perturbations are localized to?Gainding loops | dynamics are significantly perturbed relative to that in the
and Il and helix C. wild-type complex. Results of the LMS fit are shown in
Figure 5 for the E84K-smMLCKp (A) and D95N-smML-
internal correlation timesz{) for all spectrally resolved CKp (B) complexes, giving examples of the most and the
protein sites. We then compared these values with the wild- least dynamically perturbed complexes. The generalized
type data reported previously8). order parameters of the mutant complexes are treated as
dependent variables, and the difference between the fit and
the experimental value is termed a residyal he residuals
are standardized by dividing them by the scale estimate
and then multiplying by the probability for the absolute value

In all four mutant complexes, the majority of amide groups
do not experience significant changes in their dynamic
properties compared to those of the wild-type complex. The

average value of the order parameterzdlfferences.be.tween[o exceed 2.5. The standardized residudisare mapped
the wild-type and mutant complexé&On°LJis zero, within - 4 the crystal structure of the CaMsmMLCKp complex

the experimental error. Within a given pair of order parameter ;, Figure 6. The scale estimate which reflects variability
sets corresponding to the wild-type and mutant complexes, yithin a set of residuals, is given for each mutant complex
the standard deviation calculated usingx# truncated data i the corresponding panel of the figure. It is interesting to
sets is either comparable to or smaller than the error in note that thes values vary among the mutant complexes,
[AOn+’LJA 2D LMS analysis applied t¥N order parameters  the extremes being E84ksmMLCKp with o = 0.039 and
produced the following set of outliers: F68 in D95N; F65 D95N-smMLCKp with o = 0.016. Since identification of

in DS8N; F92 and R74 in E84KsmMLCKp; and no outliers  outliers involves the standardization procedure, the same
in M124L. Since the order parameters of wild-type and value off corresponds to different absolute values of the
mutant complexes are very close, the scale estimaite order parameter changes in different mutants. Hence to be
rather small. As a result, the absolute differences associatedjualified as an outlier in the E84KsmMLCKp complex, a
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Ficure 4: Identification of dynamical perturbations in the CaldmMLCKp complex introduced by various mutations in calmodulin.
Difference between methyl group symmetry axis order parametds,?) of the mutant and wild-type smMLCKp complexes. The error

bars are calculated as a sum of individual absolute errors of the corresponding mutant and wild-type order parameters. Outliers identified
by LMS analysis are labeled with asterisks. Three patterns of perturbation in the side chain methyl dynamics are observed: almost no
perturbation in D95N-, mostly local in M124L-, and long-range in D58N- and E8d&MLCKp complexes. Note that the vertical and
horizontal scales in the M124L graph are different from those in the other three graphs.

methyl group has to experience a larger absolute change inmethyl group to the mutation site, and (ii) no specific
its order parameter than in the D95NMMLCKp complex. dlrectlon in which the order parameters change, i.e., both

of |r| 2.5 and are labeled with asterisks in Figure 4.  Comparison of the internal effective correlation times of
Table 1 lists the outliers, thefrvalues, and the distances to mutant and wild-type smMLCKp showed that differences
the mutation sites for each CaM mutant. From the data of larger than 10 picoseconds (ps) are scarce and no additional
Table 1, we conclude that there is (i) hardly any correlation outliers were revealed, with one exception. In the D58N
between the extent of methyl dynamics perturbation, reflected smMLCKp complex, two methyl groups, T26and 163),

in the values off, and the distance from the perturbed show fairly large changes in theig values, 26.3 ane-11.2
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1.0F illustrated by thé®N relaxation studies of calbindi®4¢) and

A cytidylyl-transferase §5). The observed range of order
| parameters and hence motional amplitudes is usually much
larger for protein side chaind §). Partial deuteration3Q)
and/or varioug®C-labeling approaches6—58) are normally
employed to select a single relaxation pathway in methyl or
methylene groups. Methyl relaxation studies have been
employed to examine the dynamical consequences of the
binding of peptide ligand by the SH2 domain of phospho-
lipase C B9), calmodulin (8), Cdc42H signal transduction
protein (L7), and PDZ domaing0). In all cases, the dynamics
of the side chains were perturbed by ligand binding and, in
the case of the PDZ domain, a qualitative correlation between
altered dynamics80) and statistically coupled residuesl
was observed. Long-range perturbation of the side chain
methyl dynamics by mutations was demonstrated recently
00F, . v ey for protein L 62) and eglin C 63). In eglin C, the
0.0 0.2 0.4 0.6 0.8 1.0 perturbation pattern was interpreted as forming contiguous
Olaxis (CaM/smMLCKp) surfaces within the protein.

In this work, we constructed four diagnostic mutants of
chicken CaM. Two of the mutations, D95N and D58N, were
located in the CH-binding loops of CaM, while the other
two, E84K and M124L, belonged to the peptide-binding site.
The backbone dynamics of these mutants in complexes with
Ca* and smMLCKp was found to be virtually indistinguish-
able from that of the wild-type complex. In contrast, for three
of these mutants the dynamic properties of methyl-bearing
side chains were found to be very different compared to those
of the wild-type complex. Both local and long-range
perturbation of the methyl dynamics exist. This behavior does
not correlate with chemical shift perturbations imposed by
the mutations.

Three of the calmodulin mutants selected for this study,
D58N, D95N, and E84K, have an altered allosteric behavior
0.0k comparable to that of the wild-type protein. The?Ghinding
0.0 02 o4  os 0.8 1.0 and MLCK activation properties of the mutants are sum-

O%axis (CaM/smMLCKp) marized in Table 2. We seek to understand whether side
chain dynamics plays a role in the mechanism of propagation

FiGURe 5: Methyl axis order parameterays, of the E84K- of the allosteric signal. In this section, the spatial pattern

smMLCKp (A) and D95N-smMLCKp (B) complexes versus those . .
of the wild-type CaM-smMLCKp complex. The least median formed by t.he dy”?‘m'ca”}’ p(_arturbed. methy_l groups 1S
squares (LMS) fit is shown with a solid line. Outliers identified by compared with the biochemical information available for the

the LMS analysis are colored red. The value of the intercept was calmodulin mutants.

not forced to zero in the LMS analysis to account for possible RN : . n
systematic differences caused by the uncertainties in global cor- ,Caz Binding Site Mutants: D58N and D9SNihe C#&
relation time. Since the average value of tg;? is the same for binding mutants were chosen based on the work of Walters-
all mutant and wild-type complexes within the experimental error, son et al. 87), who characterized calcium binding properties
forcing the constant to zero produced an essentially identical setof intact mutant proteins and their N- and C-terminal
of outliers. domains. D58 and D95 are located in loops Il and Il of
CaM and participate in Ca coordination by donating one
ps. These groups are located in the vicinity of the mutation carboxylate oxygen. It was found that pseudosymmetric
site and are labeled in yellow in Figure 6B. Predictably, in mutations produced quite different responses. The D58N
the M124L—smMLCKp complex, twod methyl groups of ~ mutation increased both the overall affinity of C#inding
L124, when compared to the M124roup, experience large  and the cooperativity between the?Cdinding sites of the

0.8

T

0.4

O%axis (E84K CaM/smMLCKp)

0.2

0.8

06+

O%axis (D95N CaM/smMLCKp)

0.2+

7e changes of 34.6 and 39.1 ps. N-terminal domain. The D95N mutant had an opposite effect
on the calcium binding properties and the cooperativity of
DISCUSSION the C&*-binding sites of the C-terminal domain.

Changes in protein dynamics in response to covalent The analysis of chemical shift and relaxation data for the
modification, mutation, or ligand binding can be monitored D58N— and D95N-smMLCKp complexes leads to the
using measurements of the NMR relaxation parameters ofconclusion that there is not a symmetric structural or dynamic
the protein backbone and side chaih8, 63). The dynamic response to these mutations. The perturbation of the amide
response of the protein backbone to ligand binding is nicely chemical shifts was more pronounced for the D58N
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0=0.039 L395s 396

L'|"40 L1168r

FiGure 6: (A—D) Standardized residuafs mapped onto the three-dimensional structure of €akiMLCKp (PDB code 1cdl) using a
blue—white—red color gradient to represent the range;dfom —5.00 to +5.00. The values of scale estimateare given at the bottom

of each panel. Mutated residues are shown in stick representation and are labeled. The peptide structure and calcium atoms are displayed
in green. In C, the value of L124) is mapped onto the Ccarbon of M124 using an average for the two methyl groups of L124. The
individual f values for the two L124 methyl groups are given in Table 1. In DS8MMLCKp, two methyl groups with perturbed are

shown in yellow.

Table 1: Methyl-Bearing Amino Acid Residues of Mutant Calmodulin with Perturbed Amplitudgg?( of Fast Motion

E84K D58N M124L D95N
CaM methyl fa Db, A CaM methyl f D,A  CaM methyl f D,A caMmethyl D, A
L180S —3.90 21.0 A153 —5.56 19.3 A88j3 —2.96 16.8 163y 3.58 31.%
L395R 3.89 13.6 152 5.67 11.9 L10B6R —3.50 4.3
L390S 2.60 15.5 V55R 6.93 11.4 L116R 4.66 4.2
M71e —-3.10 9.7 V5%S 7.36 9.9 L124a —18.4 N/A
M72¢ —4.05 115 Al128 —4.57 36.9 L124b —16.3 N/A
M76¢ 270 6.2 Ate, pS
VI1yR —3.69 13.2 T2¢ 26.3 8.2
L1160R 2.96 26.3 163 —-11.2 9.9
M145¢ 4.06 12.2

a Standardized residuals calculated according to écDlstances from the methyl carbon of the perturbed residue anaf €84 in E84K, G/
of D58 in D58N, G of M124 in M124L, and @ of D95N. ¢ Distances measured in the E84RS20 crystal structure (PDB code 1vrRDistances
measured in the CaMsmMLCKp crystal structure (PDB code 1cdt)Methyl groups of L124 were not stereospecifically assigned in the mutant
complex.

smMLCKp complex and included residues of loops | and 127y experienced appreciable chemical shift changes (see
Il, suggesting that minor structural adjustments of the Figure 3B).

N-terminal C&*-binding loops could play a role in the The outlier analysis of the D95NsmMLCKp side chain
observed changes in the intradomain allosteric response. ThQJynamics produced only one perturbed methyl groupy )63
same holds for the carbon and proton chemical shifts of |ocated 31 A away from the mutation site in C#inding
methyl groups. While methyl chemical shifts of the D9SN |oop 1. The AO,y& value is only 0.09 for this methyl group
smMLCKp complex were virtually indistinguishable from (see Figure 4B); nevertheless, it is identified as an outlier
those of the wild-type complex, in D58NsmMLCKp, both due to the small value of scale estimat&58N—smMLCKp
methyl groups of V55 and 152 as well as 2863y, and showed both local and long-range perturbation of the methyl
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Table 2: Binding and Activation Properties of CaM Mutants
I. Ca® binding properties of D58N and D95N CaM mutants

Mutant Ki, 10° (M) Ko, 106 (M)? Ref.

1.55 £0.08 11.5+0.3
(316 £0.13)°  (3.98 0.16)
1.41+0.03 3.63+0.11
(2.824014)  (28.2+1.4)

D58N, N-terminal domain®

37

D95N, C-terminal domain®

II._smMLCK activation and smMLCKp binding properties of M124L and E84K CaM mutants
% maximum

Mutant Kaet (nM)° smMLCK K'coZ" (uM)° Kp (nM) Ref.
activation
1.9 8142
0.8) (100 +4) “47)
M124L# _ _
42.7+£16.3 67.5+£8.5 (44)
(40.4 +13.7) (100.0 #5.6)
50+0.4 ~10 0.69 £ 0.02 6.8+52
E8dK (1.4 40.7) (100) (0.17 #0.02) (3.5+1.9) (22)

III._Ca”" binding properties of E84K CaM mutant

Mutant Ky (uM)" Ky (uM)" K3’ (uM)" Ky (uM)" Ref.
E34K 16.6 + 4.0 23.4+43 111.3+4.1 454+45

(15.0 2.0) (13.040.9) (82.448.4) (102.0 £9.2) 22)
E84K +  5.1%19 32+1.0 46+13 5.8+0.6
RS20 0.4 £0.1) (2.540.2) 0.8 £0.02) (1.1£0.1)

aK; andK; are the macroscopic binding constants for the first and second binding events in either the N- or the C-terminal domairt b-CaM.
and C-terminal domains were obtained using proteolytic fragmentation of CaM with trypiild-type CaM data are italicized and given in
parentheses.K,. is the apparent CaM activation constant defined as the concentration of CaM required to achieve half-maximum activity of
smMLCK. ¢K¢ 2t is the apparent Ca-binding constant for the interaction of €awith the CaM-smMLCK complex.fKp is the dissociation
constant for the E84KRS20 complex, where RS20 is a peptide virtually identical to smMLCHKpifferences between the two sets of data
reported for M124L are due to different assay conditions and smMLCK substtatpsre macroscopic Cadissociation constants in the absence
and presence of RS20 peptide.

group dynamics. The following observations can be made Target-Binding Site Mutants: M124The M124L mutant

about the perturbed methyl groups from Figure 6 and Table was chosen based on several mutagenesis studies aimed at

1 understanding the role of nine methionine residues in target
(i) The perturbed methyl groups, with the exception of recognition and activation by calmodulird4—47). In

A158 and A128, are located within 12 A of the mutation  particular, the importance of M124 was highlighted by the

site. study of the M124Q mutant, which was found to reduce the

(ii) Four of the perturbed methyl groups are located within calmodulin activity toward three CaM-dependent kinases by
5 A of the target peptide side chain atoms: A1¥55yR, 20—35% @6). In addition, itsKa values, i.e., CaM con-
V55yS, and A128. centrations required for the half-maximum kinase activation

(i) Five of the perturbed methyl groups either im- 9reatly exceeded those for the wild-type CaM. Compared
mediately precede or belong to the?Gainding loops: T2¢ 0 M124Q, the M124L mutation represents a milder pertur-
(loop 1), 1635 (loop 1), V55yR, V55y'S (loop Ill), and A128 bation, which changes the shape and flexibility of the mutated
(loop V). side chain but does not change its hydrophobicity so much.

(iv) In general, the perturbed methy! groups are located The_ act_ivity of the M124L mutant toward inta_ct myosin Iight
in different structural elements of the D588MMLCKp chain kinase was found to be 68% of the wild-type protein,
complex and do not appear to form any specific pattern.  While theirKac values were almost identicad4).

On the basis of these data, we conclude that?d-6mding In our experiments, the M124L mutation produced a
mutant with larger structural changes brought about by the mostly local effect on both the structure and the dynamics
mutation (D58N) produced a more pronounced local and of the M124L—smMLCKp complex. Changes in the amide
long-range response in its side chain dynamics. There is noand methyl group chemical shifts were largely limited to the
clear quantitative correlation between the absolute changesnutation site and helices F and G. Analysis of the M124L
in either O or 7 and the methyl group chemical shifts. smMLCKp side chain dynamics produced five outliers: two
However, all perturbed methyl groups in D58SMMLCKp, methyl groups of L124, L103R, L11&R, and A8% (Table
with the exception of A1B and A128, show appreciable  1). As evident from Figure 4, the largest change®iné,
peak displacements on tA&-'H correlation map. —0.487 and—0.431, are experienced by two methyl groups
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of L124. The same holds for the L124 values, which
increased by 34.6 and 39.1 ps in the M12HmMLCKp
complex. Such large changes are not surprising as methyl
dynamics parameters of two different residues types, leucine
and methionine, are being compared. The three remaining
perturbed methyl groups, L10R, L116R, and A8,
experienced much smaller change©ini#. A883 is located
16.8 A away from the mutation site, whereas other methyl
groups are located withi5 A of the mutation site (Table
1). As far as contacts with the peptide are concerned, all
methyl groups, except L1B®, are located witlmi 5 A of
the smMLCKp side chains. There is no indication that the
dynamics of the calcium-binding sites is affected by this
mutation.

The observation that, in the M124smMLCKp complex,
the perturbation of side chain dynamics is mostly localized
to the site of the mutation has led us to modify the criteria
for mutant selection. We speculated that target-binding site
mutants with an altered calcium activation profile of MLCK
were most likely to experience long-range perturbations in
the side chain dynamics of their target domain complexes.

Target-Binding Site Mutants: E84Kiochemical char-
acterization of allosteric behavior in the E84K mutant of
VU-1 CaM in complex with RS20, a peptide derived from
MLCK and virtually identical to smMLCKp, motivated us
to study the dynamics of the E846mMLCKp complex.
Since VU-1 CaM is isofunctional with vertebrate Cab#y,
we believe that the findings of Mirzoeva et &2j hold for
the E84k-smMLCKp complex used in our study.

The E84K mutation considerably reduced calmodulin
activity toward MLCK, increasing th&,. 3.6-fold (Table
2). C&" binding studies in the presence of target peptide,
RS20, produced a 4-fold increase in the apparent calcium
binding constant K 22*) for the mutant protein. At the

same time, in the absence of the target domain, the calcium-

binding properties of E84K and wild-type CaM were
indistinguishable, pointing to the fact that the change in the
calcium-dependent enzyme activation was not due to the
change of calcium binding activity of E84K. In the presence
of saturating calcium, the peptide binding constants were the
same for the mutant and wild-type protein within the
experimental error. Taken together, these observations poin
to E84 as having a special role in the transduction of the
allosteric response from the target- to the calcium-binding
site in complexes with the MLCK, which is consistent with
the observation that the E84K mutation mostly affects the
first and last calcium binding steps.

To gain an insight into the mechanism of allosteric
coupling, Mirzoeva et al.22) solved the crystal structure
of the E84K—RS20 complex. As discussed in the results
section and shown in Figure 2C, the rmsd between the mai
chain atoms of calmodulin in mutant and wild-type com-
plexes is rather small with the changes in structure mainly
localized to helix E, and the N- and C-termini of CaM. This
is consistent with the amide chemical shift data obtained here
for the E84Kk-smMLCKp complex. In contrast, the methyl
chemical shift region, part of which is shown in Figure 3, is
rather uniformly perturbed throughout the CaM sequence.
As pointed out by Mirzoeva et al2p), in the wild-type
CaM—smMLCKp, the side chain of E84 forms hydrogen
bonds with R808 and R812 (corresponding to R12 and R16,
R15 and R19 to PDB code 1vrk and our nomenclatures,

n
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CaM helix E

RS20 peptide

FiIGURE 7: A cartoon of the EB4K RS20 structure (PDB code 1vrk)
showing the relative position of calmodulin helix E and the RS20
peptide. The structures of helix E in the wild-type and E84K
complexes are superimposed and shown in purple and orange,
respectively. The mutated side chain is shown in stick representation
and is labeled. In the E84KRS20 complex, the side chain of K84
rotates away from the peptide. The values of standardized residuals

i are mapped onto methyl carbons using the same color gradient
as in Figure 6. Since in VU-1 CaM position 71 is occupied by
leucine, the standardized residuiabf M71e is mapped onto the
leucined methyl groups. The peptide side chains that are within 5
A of the perturbed methyls are shown in ball-and-stick representa-
tion

respectively) of the MLCK-derived peptide. In the E84K
RS20 complex, the mutated side chain rotates away from
the peptide (see Figure 7), losing its hydrogen bonds with
arginines. Overall, there were no indications that the structure
of calcium-binding sites was affected by the E84K mutation.

The outlier analysis of the dynamics revealed that among
the four mutants, E84KsmMLCKp has the largest value
and hence the largest variability in itéD,,’ data set. Nine
methyl groups, four of which were methionine residues,
M71e, M72¢, M76¢, and M14%, were identified as outliers
(Table 1). A common theme among the perturbed methyl
groups is that, with the exception of LA8, they are in close
proximity (within 5 A) to the peptide side chains. All peptide
side chains located withi5 A of theperturbed methyl groups

re shown in ball-and-stick representation in Figure 7. The
argest number of methyl contacts is observed for the
following two peptide residues: V11, which is in close
proximity to L3®R, L39S, and VI9¥R; and R16, which
is close proximity to M7% (L71 in VU-1 CaM), M7%, and
M76e. It is evident from Table 1, Figure 6A, and Figure 7
that perturbed methyl groups, while being essentially clus-
tered around the peptide, are as far from the mutation site
as 26 A, making E84K the clearest case of long-range
perturbation of the methyl group dynamics among the four
mutants. Perhaps the only obvious connection with calcium
binding is that the mutation is located in helix E, which
precedes calcium binding loop Ill. In addition, perturbed
methyl groups V9%R and L1®S immediately precede
calcium-binding loops | and IlI.

CONCLUSIONS

From the analysis of side chain dynamics and chemical
shift data, it appears that the E84&mMLCKp and D95N-
smMLCKp complexes represent two extreme cases, where
fairly significant structural changes resulted in an appreciable
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perturbation of the side chain dynamics and vice versa. In 19
the case of E84KsmMLCKp, structural and dynamic
factors seem to work in concert to produce the observed
allosteric response.

If one chooses to classify the pattern of observed side chain
perturbations, there is one case where the perturbation is 5;
negligible (D95N), two cases where it is long-range (D58N
and E84K), and one case where it is mostly local (M124L).
While interpreting the side chain perturbation patterns as
pathways or networks of energetic connectivity appears
tempting, the lack of dynamic information about aromatic

20

22

side chains and methylene groups makes it difficult to make 23

this kind of generalization. Our study of methyl dynamics
in four diagnostic calmodulin mutants showed that the

dynamic response to mutations need not be symmetric and 24.

varies from local to long-range.

25.
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