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Abstract: Interdomain motions of Ca?*-ligated calmodulin were characterized by analyzing the nuclear
magnetic resonance °N longitudinal relaxation rate R;, transverse relaxation rate R,, and steady-state
{*H}—1°N NOE of the backbone amide group at three different magnetic field strengths (18.8, 14.1, and
8.5 T) and four different temperatures (21, 27, 35, and 43 °C). Between 35 and 43 °C, a larger than expected
change in the amplitude and the time scale of the interdomain motion for both N- and C-domains was
observed. We attribute this to the shift in population of four residues (74—77) in the central linker from
predominantly helical to random coil in this temperature range. This is consistent with the conformation of
these residues in the calmodulin—peptide complex, where they are nonhelical. The doubling of the disordered
region of the central helix (residues 78—81 at room temperature) when temperature is raised from 35 to 43
°C results in larger amplitude interdomain motion. Our analysis of the NMR relaxation data quantifies subtle
changes in the interdomain dynamics and provides an additional tool to monitor conformational changes
in multidomain proteins.

Introduction Calmodulin is one of many multidomain proteins for which

Calmodulin (CaM) is a calcium-sensing protein that is highly the relative orientation of different domains is important for
conserved across the eukaryotds participates in numerous their physiological function. In solution, domain orientation can
ca*-dependent cellular regulatory processes that lead to be readily extracted from residual dipolar couplings by preparing
important physiological events including proliferation, motility, Protein samples in alignment media® This assumes that the
and cell cycle progression. Calmodulin has four calcium-binding relative domain 0r|entat|onl|s fixed or one average cor!formatlon
sites formed by a helixloop—helix motif, known as EF hands ~ ¢an represent the dynamic population of the domains. When
2 The X-ray structure of Xenopus Cakteveals a dumbbell- the domain orientation is dynamic, its behavior can be charac-
shaped molecule consisting of two globular domains connectedterized by careful analysis of NMR relaxation daté? Previ-
by a long central helix. In the crystal structure, the two domains ©Usly, we have shown that calmodulin tumbles anisotropically.
are in a trans-like orientation. Early studies by small-angle X-ray The overall rotational Q|ﬁu5|on of this prpteln was best descr.lbed
scattering' and NMR relaxatiorf indicated that the central helix ~ PY an axially symmetric model. In addition, we have determined
is flexible. The central helix has also been shown to have that each domain within calmodulin undergoes independent
temperature-dependent conformational variability in the crystal- diffusion at a faster rate than the overall tumbling of the protein.
line environment. This flexibility plays a crucial role for the ~ The interdomain motion of each domain was characterized
function of CaM? It dynamically modulates the relative distance Py @n order parameter and a time constant on the nanosecond
and orientation of the two domains upon calcium and ligand time scale. In this work, we probe the interdomain motion
binding. This allows CaM to adopt various conformations to Of C&"-CaM at several different temperatures using NMR
fit and interact with a broad spectrum of targets. relaxation data from multiple fields. The study of the temper-

- : : : : ature dependence of the amplitude and time scale of slow
|nstifﬁzorﬁﬁirzno;'?L(’s?ﬁzféia&?ﬂigﬂﬁry’ National Heart, Lung, and Blood  jnterdomain motions can in principle provide us with the

xLab(’)ratory of Chemical Physics, National Institute of Diabetes, information about the nature of the central helix that links the

Digestive and Kidney Diseases, National Institutes of Health. two domains.
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Material and Method

NMR Spectroscopy.The preparation of th&Xenopuscalmodulin
sample for NMR relaxation studies was described previotisfThe
220 uL NMR sample contained 1.6 mM uniformly°N-labeled
calmodulin, 8.0 mM CaGJ 100 mM KCI, 100uM NaNs, and 5% DO
at pH 6.36. NMR experiments at 21, 27, 35, and®@3wvere performed
on Bruker DMX 360, DMX 600, and DRX 800 spectrometers. All
spectrometers were equipped with a shieldga-pulsed field gradient
triple resonance 5 mm probe. States-TPPI quadrature detectign in
dimension was used for all experimeri and'H carrier frequencies
were set to 116.5 ppm and water frequency, respectively. NMR data
were processed using NMRPipeand analyzed with PIPP softwale.

The standard; andTy, pulse sequencéswere modified to include
WATERGATE 8 solvent suppression, pulsed-field gradients, and a
semiconstant time evolution periodtin® N continuous spin-locking
at 2500 Hz was used for dll, experiments. To minimize the effects
of sample heating or changes in NMR conditi®i), data were collected
in an interleaved fashion. Eight relaxation delays per experiment were
randomly chosen in a way such that a 90% drop in intensity was
obtained going from the shortest to longest delay. Relaxation times
were determined by fitting the delay dependent peak intensities to an
exponential function using the Powell nonlinear optimization or
Levenberg-Marquardt method? T, values were calculated from the
correspondingly,, T1, chemical shift values, spin-lock field strength,
and N carrier frequency. Error estimation was done by using 300
Monte Carlo simulation®

The NOE pulse sequence with water flip-back described by Grzesiek
and BaxX*was used for alf *H} —*N NOE measurements. NOE values
were calculated by taking the ratio of peak intensities from experiments
performed with and withoutH presaturation. The proton frequency
was shifted off-resonance by about 3 MHz during the presaturation

period for the unsaturated measurements. Saturated and unsaturatet®

(01 — on) is =172 ppm as reported; 2 and the unique axis is assumed

to align in the same direction as the-Ml vector. The form of spectral
density depends on the type of motion the NH bond vector experiences.
For a molecule that undergoes an axially symmetric overall tumbling
and has internal motions on two distinct time scales, where the slower
time scale is for describing domain motion, the Liparzabo approach
was used as described previously. Tiie) has the form

3
Jw) = ZAK{ S/ + W) +

S~ e @+ Worg A + (1 = §)ed(L + wWory )T}
with,
A, =0.75 sit o, A, = 3(sirf a)(cos @), A; = (1.5 cod a — 0.5Y
7, = (4D, + 2D.) 1, = (D, + 5Dp) 15 = (6D)

r =l + 1k, i =s,fandk=1,2,3 2
wherea is the angle between the-NH bond vector and the unique
axis of the rotational diffusion tensor ard and Dy, are the parallel

and perpendicular components of the diffusion tensor for the global
tumbling, respectively. An effective overall correlation time for axially
symmetric tumbling here is defined as= (2D, + 4Dp) . The slower

time constants and its associated order parame$@rin the extended
Lipari—Szabo approach are used to describe the interdomain motion.
Here, residues within the same protein domain are assumed to
experience the same domain motion, that is, with the same amplitude
and time constant. The fast internal motion parameterand S?
describe the local motion of the-N\H vector. Further simplification

n be made if we exclude residues that undergo large amplitude motion

spectra were acquired in an interleaved manner. The pulse train usec®" exhibit conformational exchange from analysis. Under such circum-
. S
for *H saturation utilized 162 pulses separated by 50 ms delays and Stance, an averageandS?is used for all the N-H vectors within the

was applied for a total of 2.2, 2.2, and 3.8 s in the 360, 600, and 800
MHz experiments, respectively.

Dynamics Analysis of Domain Motions The relaxation rates are
functions of the spectral density of molecular motion. Relaxation rates
1N Ry, R and{*H} —1°N NOE for an N-H interaction vector can be
expressed as

R, = d?[J(w,, — wy) + 33(Wy,) + 63(wy, + wy)] + c2I(wy)

R,

%d2[4J(O) + 3w, — ) + 33(wy) + 63(w,) +

6(w,, + wy)] + %CZ[SJ(WN) + 430)]

NOE = 1+ (63w, + wy) — Iy, — w)l~ (1)
VN Ry

whered? = (1/10)[(VH}/Nh)/(ZJTFBNH)]Z, = (2/15)[602N(0|| - UD)Z], his
Planck’s constantyn is the internuclear NH distance (0.102 nm);

is the gyromagnetic ratio of spin andoy, op are components of the
axially symmetrict>N chemical shift anisotropy tensor. The value for

(13) Tjandra, N.; Kuboniwa, H.; Ren, H.; Bax, &ur. J. Biochem1995 230,
1014-1024.
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Sciencel992 256, 632-638.

(15) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
Biomol. NMR1995 6, 277—293.
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19971 95, 214-220.
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(19) Grzesiek, S.; Bax, Al. Biomol. NMR1993 3, 185-204.

(20) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, BNBmerical
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same domain to simplify the optimization procedures. The criteria for
such exclusion are for residues with

NOE < 0.4
NOE < INOE[- 1.0*INOET,,

)
(2
T, < [T,0~ 1.0*T,Qpand (T,0- T,)/T,0> 3.0¢(T, — [T,0/T,0

where ‘N and “[Idp” stand for the average value and the standard
deviation of the corresponding physical quantity in the angle brackets.

Minimization and Fitting of Experimental Data. Once those
residues with motions significantly different from the bulk are excluded,
NMR relaxation data were fitted by minimizing the target error function
E:

E= -Z| (R = R 70t 3)
LLK

where R, , R, andaijx, are the experimental and theoretically
calculated relaxation data and the standard deviation of relaxation data
i (Ri, Ry, or NOE) at fieldj for residuek at temperaturé The effective
overall tumbling correlation times are constrained with the Stekes
Einstein equation,

4

in which 7 is the solvent’s viscosityk is the Boltzmann constant, is
the temperature in Kelvin, andis the solvated volume of the rotating
molecule. All datasets from four different temperatures are minimized

7. = nVIKT

(22) Boyd, J.; Redfield, CJ. Am. Chem. S0d.999 121, 7441-7442.

(23) Kroenke, C. D.; Rance, M.; Palmer, A. G.Am. Chem. Sod.999 121,
10119-10125.

(24) Lee, A. L.; Wand, A. JJ. Biomol. NMR1999 13, 101—-112.
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simultaneously with a total of 53 variables. One of these, when scaled

by the viscosity, determines the overall tumbling correlation times. The
rest describe the domain and fast motion of the N- and C-domain at

each temperature. Error estimation was achieved by using 200 Monte
Carlo simulations. The synthetic data sets were generated by adding
random errors to the experimental data. The random errors were
normally distributed with mean zero and variance equal to the estimated

experimental standard deviation. The resulting error bars for the

parameters turned out to be suspiciously small, consequently, the

statistical significance of the number of parameters used in the fitting
procedure was evaluated using reduced error an&fis.

Reduced Error Analysis. In general, the fit between a model and
experimental data improves with the number of adjustable parameters
We need to determine whether the reduction in the error function found
by introducing different fitting parameters at different temperatures is
statistically significant. To serve this purpose, the so-called reduced
error function?>26is defined a€,(m) = E(m)/(N — m), whereN is the

number of independently measured variables (here the total relaxation

times measured)n is the number of variables used in the fitting
procedure, andE(m) is the resulting error as defined in eq 3. If two
fitting procedures witimandm + k variable parameters are performed,
a test for the validity of addingterms can be carried out by calculating
the ratioF = [E(m) — E(m + K)J/[KE(m + k)].?°> A large F value
justifies the inclusion of the additional terms in the fit. A more stringent
measure involves the integral functidPg(F; k, N — m — k), which
represents the probability that the observed improvement innthe (

k) parameter fit over then parameter fit is obtained by chance. Typically

Pr values that are smaller than 0.01 are considered to be statistically
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significant. To be conservative in evaluating our fitting results, we use Figure 1. *™N relaxation data of Cd-calmodulin at 18.8 T. Squares, circles,

0.001 as a cutoff to determine whether the inclusion of more fitting
parameters is statistically significant.

Dynamics Analysis of “Parallel Residues”Backbone N-H vectors
that are parallel to the unique rotational diffusion aR®issense only
motions perpendicular to thB, axis. In the case of C&ligated
calmodulin, the central helix contains these “parallel residues” (residues
from 65 to 77 and 82 to 90). They can be identified with their large
TJ/T, ratio*? These “parallel residues” are good sensors for probing
the “bending” and are insensitive to the “twisting” type of domain
motion. The dynamical analysis of “parallel residues” is similar to the
methodology described above for domain motion.

Relationship between the Effective Correlation Time and Dif-
fusion Constant in the Wobble-in-a-Cone Model For the diffusion
in the cone model, the relationship between the semicone ghgle
diffusion coefficient D, the order paramete&one and effective
correlation timers is given by the equatiéh

D, (1 — Snd7s = X*(1 + %) In[(1 + x)/2] +
(1= X)/2H[2(x — 1] + (1 — (6 + 8x — ¥ — 12¢ — 7xX)/24

With 0= 24(1+ %)

andx = cos3) (5)
Result

Initial Analysis. NMR relaxation datal;, T, and NOE of
C&"™-CaM at 21, 27, 35, and 4% for three different magnetic
fields 18.8, 14.1, and 8.5 T (Figure 1 shows the temperature

dependence of relaxation data at 18.8 T, and Figure 2 shows

the field dependence of relaxation data at°8) were fitted
using eqgs 1, 2, and 4 by minimizing the target error funcion

(25) Bevington, P. R.; Robinson, D. IRata reduction and error analysis for
the physical science2nd ed. McGraw-Hill: New York, NY, 1992.

(26) Tjandra, N.; Wingdfield, P.; Stahl, S.; Bax, A. Biomol. NMR1996 8,
273-284.

(27) Lipari, G.; Szabo, ABiophys. J.198Q 30, 489-506.

up triangles, and down triangles represent data at 21, 27, 35, ah@,43
respectively. (a) Longitudinal relaxation tinTg, (b) transverse relaxation
T, (c) steady-statéH}*>N NOE.
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Figure 2. 1*N relaxation data of Ga-calmodulin at 35C. Squares, circles,
and up triangles represent data at spectrometer frequency 800, 600, and
360 MHz, respectively. (a) Longitudinal relaxation tiffig (b) transverse
relaxationTs, (c) steady-staté'H} SN NOE.

120

given in eq 3. The average percentage errors were as follows:
1.6 (T1, 800 MHz), 1.2 T, 600 MHz), 3.8 T1, 360 MHz), 1.8
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12 . ; : . . motion parameters and the angiesand¢ have no significant

1 temperature dependende-(> 0.001). Using the same proce-
dure, we examined the fits from 21 to 4B3. Again, the trend
. of the slow motion order parameters is statistically significant
(F, PE = 35.92, 9.28x 1023 for N-domain and 64.90, 1.62
104 for C-domain). In addition, the dependence of slow motion
§ correlation timess is also significantf, Pe=7.27, 7.40x 1075
for N-domain and 6.78, 1.56« 10 for C-domain). This
| p indicates the trend of slow motion time constants from 21 to
6 < i 35 °C is not significant, but its sudden increase from 35 to 43
°C is significant. Consequently, we did a final fit by removing
00020 00025 0.0030 0.0035 the temperature_ dependenceyfDg, 0, ¢, 71, andS? from 21

/T (CPIK) to 43°C and using only ones for temperature from 21 to 35

) - ) o ) °C. This is the maximum number of parameters that can reliably
Figure 3. Optimized effective overall correlation times. Open circles be extracted from the experimental data. The results are given
represent the values obtained from fitting data sets at 21, 27, 35, &t@ 43
simultaneously by imposing Stokeinstein equation on the effective  in Table 2, and the temperature dependence of the parameters
overall diffusion rate. Solid squares are values calculated by treating data describing slow interdomain motion is shown in Figure 4. The
set at each temperature separately. effective overall tumbling correlation times are 11.55, 9.87, 8.12,
and 6.88 at 21, 27, 35, and 48, respectively (Figure 3). The
slow correlation time for the N-domain is 2.47 ns from 21 to
35°C and changes to 3.29 at 4@, and for the C-domain, the
correlation time is 2.95 ns from 21 to 3& and increases to
4.26 at 43°C. The slow interdomain motion order parameter
drops from 0.79 to 0.77, 0.77, and 0.68 from 21 to°€3for
the N-domain, and for the C-domain, it decreases from 0.72 to
0.70, 0.68, and 0.53. The order parameter of the C-domain at
43 °C corresponds to a semicone angle of.36o ascertain
whether this value is not physically unreasonable, we carried
MHz), 3.1 (T, 600 MHz), 4.6 T1, 360 MHz), 2.5 T, 800 out rigid body rotations of the N-domain about an axis passing

MHz), 3.3 (T2, 600 MHz), 4.8 T», 360 MHz), 5.5 (NOE, 800 throu . . ;
gh the center and oriented perpendicular to the central helix,

DAHZ)’ 6.'3 (N?E’ 600 MHz), an(Ij 13.']9 (('i\IOE’ 3d60 MHZ) at_d43 keeping the C-domain fixed. The rotation was stopped when

C. Residues from 1 to 77 are classified as N-domain resi ues’any atom in one domain is within 2.5 A away from the other

and 82 to 148, as C-domain residues. The optimized effective y * .\ The N-domain was then twisted in & iBcrement,

o;/_erall gorrel;nfo;l?tl;nes a(;e4él.39, 9'7.3’ ?83 and 5.94 ns and the same rotation was performed. Finally, the rotation axis
(Figure 3) at 21, 27, 35, an  respectively. However, we . o¢ moved about the central helix in a’liBcrement, and the

_notlced thathahthe h|ghe][ ten:_peraturfes thelopt|m|zat|on IreSUItsbending and twisting procedures were repeated. The smallest
In a very shallow error function surface along parameters .y m angular excursion of 160vas obtained. For a

ar_1drs, and thus these cannpt be_ found u_nlquely. To cwc_umvent symmetric system, this corresponds to an allowed semicone
this, we used the Stoke&instein equation to constrain the angle of 40

parameters describing overall tumbling and to obtain a more
reliable estimate of the time scale of slow domain motions. The Discussion

viscosity of water is used throughout the calculations. The fitting  In this paper, we have analyzed the backbéfé¢ NMR
results are given in Table 1. Standard deviations of the fitted relaxation parametef®, T», and NOE at 21, 27, 35, and 4@
parameters were estimated using a Monte Carlo approach. Weand at 18.8, 14.1, and 8.5 T of calmodulin. Our key result is
found the standard deviation to be small. However, this method the significant drop in the slow order parameter from 35 to 43
does not take into account the possible shallowness of the°C, indicating an unexpected increase in the amplitude of
minimum which can lead to large correlations among the values interdomain motions. The simplest explanation is that the
of the parameters. A more reliable evaluation of statistical flexibility of the central helix increases. Specifically we suggest
significance of the fitted parameters can be obtained using that the disordered region of the central helix (residuesgig

(ns)
<

T
©
1

(T, 800 MHz), 2.7 T2, 600 MHz), 7.4 T2, 360 MHz), 4.9
(NOE, 800 MHz), 6.1 (NOE, 600 MHz), and 8.6 (NOE, 360
MHz) at 21°C; 1.7 (T, 800 MHz), 3.2 T, 600 MHz), 3.6 Ty,
360 MHz), 1.3 T2, 800 MHz), 2.3 T2, 600 MHz), 4.2 T, 360
MHz), 3.2 (NOE, 800 MHz), 5.3 (NOE, 600 MHz), and 8.2
(NOE, 360 MHz) at 27°C; 2.1 (T1, 800 MHz), 3.4 1, 600
MHz), 2.0 (T1, 360 MHz), 1.4 T2, 800 MHz), 2.4 T, 600
MHz), 5.3 (T2, 360 MHz), 1.3 (NOE, 800 MHz), 5.1 (NOE,
600 MHz), and 8.4 (NOE, 360 MHz) at 35; 2.7 (T, 800

reduced error analysis. doubles in size on going from 35 to 48 because residues
Statistical Significance of the Temperature Dependence.  74—77 partially “melt”. The implied relatively low propensity
To check the dependence between 21 anti35ve systemati- of residues 7477 for the helical conformation is consistent

cally removed the temperature dependence of each parametewith the fact that when calmodulin is complexed with its target
separately and used only one instead of three fitting variables peptide, not only residues 781 but also residues 747 adopt

for three temperatures for the rotational diffusion anisotropy nonhelical conformations7:14 The fact that the resonances of
(Dy/Dp), the orientation of diffusion axis with respect to residues 7481 in the HSQC spectrum have disappeared at 43
molecular framef and ¢, the fast motion parameters and °C implies the existence of an exchange process on the
$?, and slow interdomain motion parametetsand S2. The microseconermillisecond time scale. Thus it is possible that
only dependence we found to be statistically significant is that at this temperature there are at least two calmodulin populations
of S2 (F, PE = 9.76, 6.06x 1075 for N-domain and 9.22, 1.03  with different conformations of the central helix that interconvert
x 1074 for C-domain). The rest of the parameters such as fast on the microsecondmillisecond time scale. Since our analysis

11382 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003
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Table 1. Dynamical Parameters of Ca2*-CaM Derived from NMR Relaxation Data (Data at Four Temperatures and Three Fields Were
Fitted Simultaneously Using Extended Lipari—Szabo Approach and Imposing Stokes Equation on the Overall Tumbling)

21°C 27°C 35°C 43°C
N C N C N C N C
7(ns) 11.86+0.02 10.13+0.02 8.33+0.01 7.06 £0.01
Dy/Dy 1.64 +£0.02 1.66 +0.02 1.61+0.02 1.70 £0.03
6 (deg) 68+ 1 69+ 1 69+t 1 67+ 1 67+t1 64+1 70+ 2 58+ 2
¢ (deg) 98+ 1 149+ 1 91+1 145+ 1 93+ 1 141+ 1 89+ 1 139+ 2
75(Ns) 24+ 0.1 2.7+ 0.1 2.9+ 0.1 3.2+ 0.1 25+0.1 3.1+ 0.1 4.5+ 0.3 4.6+ 0.1
S2 0.77+ 0.002 0.70£ 0.002 0.75+ 0.003 0.68t 0.002 0.75t 0.003 0.66+ 0.003 0.62+ 0.009 0.50+ 0.008
7t (PS) 942 8+1 1441 16+ 1 1441 16+ 1 2742 2242
S 0.864+ 0.002 0.84+ 0.002 0.86+ 0.002 0.84+ 0.001 0.87 0.003 0.85+ 0.002 0.85+ 0.002 0.844+ 0.002
Table 2. . Dynamical Parameters of Ca2™-CaM Derived from 0.028 — I : : T
NMR Relaxation Data (Data at Four Temperatures and Three — 1@
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Figure 5. Slow interdomain motional parameters for calmodulin assuming
wobble-in-a-cone model. Open squares and solid circles represent data for
N- and C-domain, respectively. (a) Diffusion coefficients in the cone, (b)

b semicone angles.

effective correlation times increase when the order parameter
4 is lowered. Qualitatively, this is a reflection of the fact that the
more restricted the motion, the shorter the time required for
the N- or C-domain, viewed as rigid bodies, to explore the
available conformational space.

The order parameters and effective correlation times that
describe the motion of the N- and C-domain are somewhat
4 different. This is not unexpected since the molecule is asym-
metric. However, it is not straightforward to provide quantitative
explanations for the differences. Consider, for example, the fact
thatzs is smaller for the N-domain. At first sight, this appears
inconsistent with the fact that the N-domain has more amino
Figure 4. Slow_intgrdomain motional parameters for calm_odulin. Op_en acids and has a larger volume. However, as described above,
?;‘)“grﬁf‘efggrzcr’#gtg':;'ig)rig:f:g?igie‘tﬁ%g.N' and C-domain, respectively.p, the amplitude and the rotational rate contribute to the

effective correlation time. Indeed, as shown in FigureD3,

assumed a single conformation at 43, the resulting order ~ for the N-domain is smaller.
parameters are likely to be effective ones. The N—H bond vectors of “parallel residues” (residue-65
Similar to the interdomain order parameter, an abrupt increase74 on the N-domain and 820 on the C-domain) point along
in slow correlation time is observed. The fact that the correlation the helix axis and are insensitive to rotations about this axis.
time for slow interdomain motion actually increases between Using the same approach as that used for “domain residues”,
35 and 43°C might at first sight seem inconsistent with we analyzed the dynamics of the “parallel residues”. Since these
increased flexibility. However, it must be remembered that N—H vectors will sense only the perpendicular component of
is an effective correlation time that depends on both the the overall tumbling, the overall correlation time we obtain for
amplitude and “rate” of the motion. Specifically if, within the the “parallel residues” should correspond to Di(§ of the
framework of the cone mode&? andrs are used to obtain the  overall tumbling for the whole molecule. Indeed, the fitted
diffusion coefficient describing interdomain motion, this dif- correlation time is within 5% of the 1/ value of the
fusion coefficient does indeed increase with increasing temper- “domain residues”. The calculated order parame&gs? for
ature as shown in Figure 5. Thus the dramatic changgfaim the N-domain (0.80, 0.79, 0.78, and 0.70 at 21, 27, 35, and 43
35t0 43°C is due to the drop of the order parameter or increase °C, respectively) are essentially the same as the corresponding
in the B8 angle value. For a fixed diffusion coefficient, the S?values for the “domain residues”. However, ®g.£ values

2 n L 1 1 1
290 295 300 305 310 315 320
Temperature (K)
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for the C-domain (0.77, 0.76, 0.76 and 0.59 at 21, 27, 35, and authors had no clear explanation for this, and it is tempting to
43 °C, respectively) are higher than those of the “domain suggest that it was due to the same physical process that we
residues” indicating that the C-domain can undergo a twisting described here. In this study, by analyzing NMR relaxation data
motion about the helix axis. at multiple fields, we found that the amplitude and correlation
Traditionally, the thermostability of calmodulin has been time of interdomain motion had an unexpected temperature
studied using scanning microcalorimetry and circular dichroism dependence. We attributed this to a transition from helix to coil
(CD) in the far and near UV regions. Virtually all previous states of a few residues of the central helix linker. The sensitivity
studies using such conventional techniques showed tifdt Ca of NMR relaxation to such subtle changes suggests that this
calmodulin is thermodynamically stable up to 90 or in the type of analysis should prove useful in the study of other
presence of high concentration denaturation reagents such asnultidomain proteins.
urea and guanidine hydrochloride without indication of unfold-
ing of the central helix or the two domaif%:3° A notable Supporting Information Available: 15N relaxation data for
exception is the CD data from Martin et al. (1986) which showed calmodulin at three fields (18.8, 14.1, and 8.5 T) and four
a subtle transition occurring between 35 and 45°C .31 These temperatures (21, 27, 35, and 43). This material is available
free of charge via the Internet at http://pubs.acs.org.
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