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ABSTRACT Apo-calmodulin, a small, mainly «, soluble protein is a calcium-dependent protein activator. This article presents a
study of internal dynamics of native and thermal unfolded apo-calmodulin, using quasi-elastic neutron scattering. This technique
can probe protein internal dynamics in the picosecond timescale and in the nanometer length-scale. It appears that a dynamical
transition is associated with thermal denaturation of apo-calmodulin. This dynamical transition goes together with a decrease of the
confinement of hydrogen atoms, a decrease of immobile protons proportion and an increase of dynamical heterogeneity. The
comparison of native and unfolded states dynamics suggests that the dynamics of protein atoms is more influenced by their

distance to the backbone than by their solvent exposure.

INTRODUCTION
The protein folding problem

The importance of protein folding or the ability of a protein to
fold reliably into a predetermined conformation despite a near
infinite number of possibilities is, despite much research, still
poorly understood. It has long been known that the structure
of a protein is determined purely by the amino-acid sequence,
and the structure of the protein determines the function. By
extension, the function of a protein depends entirely on the
ability of the protein to fold rapidly and reliably to its native
structure. The protein folding problem has not yet been solved.
A complete understanding of protein folding requires the
physical characterization of both native and denatured states
and evaluation of the thermodynamic states of the system. In
the cell, proteins are synthesized in a linear way. However, for
most of them, their biological function is given by their
structure. Understanding the sequence-structure relationship is
thus essential for biology. This is the reason for which protein
folding and unfolding have been studied from many years (1—
7). Most studies are concerned with the structural and ther-
modynamic aspects of folding and unfolding. However, it has
been shown that protein internal dynamics has an influence on
protein activity (8—10) such that recently, some studies focus
on internal dynamics of native and denatured or unfolded
states (11,12). In this frame, this article presents a study of
dynamics of native and thermal unfolded apo-calmodulin.

Calmodulin: a good model system

Calmodulin is a small (17 kDa) soluble calci-protein that can
fix four calcium ions. Calcium fixation induces structural
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changes (13) and exposure of hydrophobic patches (14), al-
lowing calmodulin to fix to target peptides and to activate
them. That is why calmodulin is called the ‘‘ubiquitous in-
tracellular eukaryotic calcium signal receptor and enzyme
activator’” (15). The word ‘‘ubiquitous’ means that cal-
modulin intervenes in a lot of various cellular mechanisms as
the synthesis and the release of neurotransmitters, the regu-
lation of intracellular calcium concentration, the muscle
contraction, the cellular division, the cellular motility, etc.
(16,17). Calmodulin thus exists in two distinct forms: the
calcium free form, also called apo form, and the calcium
saturated one, also called holo form. Since the holo form has
been found to be exceptionally stable, holo-calmodulin
thermal denaturation study is nearly impossible. In fact,
holo-calmodulin can be exposed to temperatures higher than
90°C without any detectable change in its secondary or ter-
tiary structure (18). On the contrary, thermal denaturation of
apo-calmodulin has already been studied from a thermody-
namic point of view (15,19,20). Results about conformation
of native and denatured states are presented in an article to be
published (G. Gibrat, Y. Blouquit, C. T. Craescu, and M.-C.
Bellissent-Funel). As thermodynamic and structural aspects
of thermal denaturation of apo-calmodulin have been studied,
the next step was to study dynamics of thermal unfolded
states. Apo-calmodulin is fully unfolded at ~80°C. The dy-
namics of unfolded states will be compared to that of the
native state.

In that same unpublished article, it has been shown that, due
to its high charge, calmodulin has a good colloidal stability in
physiological-like pH (pH = 7.6) and ionic strength condi-
tions (50 mM Tris and 80 mM KCIl). It has also been em-
phasized that this colloidal stability was essential for studying
thermal denaturation. This aspect is much more crucial when
studying dynamics of native and especially thermal denatured
states using quasi-elastic neutron scattering (QENS). Indeed,
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this technique requires high protein concentration of ~80 g/L.
At such high concentrations, aggregation of thermal unfolded
proteins can easily occur, since thermal unfolding exposes
hydrophobic parts at the protein surface and increases the
volume occupied by the protein. It results in an increase of the
attractive part of the interprotein potential and a decrease of
the mean distance between proteins. The high interprotein
electrostatic repulsion in the case of apo-calmodulin solutions
with physiological-like pH and ionic strength avoids this
aggregation as shown later. This makes apo-calmodulin a
good system for studying dynamics of thermal denatured
states using QENS.

METHODS
Sample realization

Human CaM cDNA was amplified by PCR, and inserted into the vector
pET24a (Novagen, Madison, WI) (between the Ndel and Xhol restriction
sites). The resulting plasmid was introduced into the strain BI21(DE3)/
pDIA17 to overproduce human CaM. The recombinant strain was grown in
2X yeast extract tryptone medium supplemented with kanamycin (70 pg/mL)
and chloramphenicol (30 ug/mL) to an absorbance of 1.5 at 600 nm, and then
overproduction was induced by isopropyl 3-D-thiogalactopyranoside (1 mM
final concentration) for 3 h at 37°C. The protein purification was performed
using three chromatographic steps including DEAE-TSK, phenyl-TSK, and
G25 columns (22). After lyophilization, the appropriate amount of protein is
solubilized in the chosen buffer to obtain the desired concentration. To
eliminate all the calcium present in the lyophilized powder, as well as all the
labile protein protons, the solution is dialyzed at least 4 h (per bath) in three
baths (with a volume 100 times larger than that of the solution) of D,0O buffer
with decreasing EDTA concentrations: 10 mM, 2 mM, and 500 uM. The
longer hydrogen exchange time reported by Tjandra et al. (23) is ~3 h, and
most of the exchange times reported by the same authors are shorter than 1 h.
One can assert that after 12 h the amount of residual labile protons in the
protein is <1%, and can be neglected. Then the concentration is determined
by measuring the optical density at 280 nm and the solution is diluted again
with the last dialysis bath to adjust the concentration. The last dialysis bath is
kept to be measured as a blank for the standard corrections required by the
different experiments.

Quasi-elastic neutron scattering
(QENS) experiments

Quasi-elastic neutron scattering experiments were carried out on MIBEMOL
spectrometer of the reactor Orphée (Laboratoire Léon Brillouin, CEA-
CNRS, Saclay, France), atA =5 A, with a resolution of 180 eV (full width
at half-maximum) in a Q-range lying between 0.5 A~ and 2.4 A~'. Apo-
calmodulin dynamics has been investigated by measuring QENS spectra of a
5.7 mM (86 g/L) apo-calmodulin solution in 50 mM D, 0 Tris buffer at pH =
7.6 (or pD = 7.6) with 80 mM of KCI and 500 uM of EDTA. Measurements
on apo-calmodulin and on the corresponding buffer have been carried out at
15°C, 50°C, and 70°C. Small angle neutron scattering (SANS) spectra of the
solution have been recorded at room temperature after the experiment to
check the presence of eventual aggregates. Since the protein concentration is
really high, the SANS spectra exhibit a huge structure factor but no evidence
of aggregates. Moreover, the solution was still transparent. All experimental
QENS spectra were corrected according to the usual way (11,24): detector
efficiency correction using vanadium, absorption correction and subtraction
of buffer and empty cell. The treatment and analysis have been performed
using the LAMP (25) and Qens_fit (26) programs.
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Quasi-elastic neutron scattering (QENS) theory

A description of quasi-elastic neutron scattering technique can be found in
Bée (27). For areview on its application to the study of protein dynamics, see
Smith (28). In this subsection, we will shortly recall some basic notions. In a
neutron scattering experiment, a sample is irradiated by a monochromatic
incident neutron beam, characterized by a wavevector /?i and an energy E; =
hw;, where 7 is the Planck constant. The neutrons are scattered by the sample
and exchange thus momentum and energy with the sample. The energy
transfer is fiw = hw; — hwg, where Ey = hwy is the energy of the scattered
neutrons. One defines the momentum transfer as Q = kf k,, with kf the
wavevector of scattered neutrons. In case of elastic scattering (i.e., iw = 0),
one gets |0] = O, = ((4)/A;)sin(6/2), with 6 the scattering angle and A;
the wavelength of the incident neutrons.

Coherent and incoherent scattering

Neutrons interact with the spin of the atom nucleus by strong interaction.
Since the spin state of the atoms nuclei can change after interaction with
neutrons, there are two kinds of scattering: the coherent scattering and the
incoherent scattering. The coherent scattering of neutrons is comparable to
light scattering or x-ray scattering and gives rise to interferences between
waves scattered by different atoms. Incoherent scattering does not give rise to
interferences, and depends only on the correlations between the position of
the /™ atom at time 7 and the position of the same atom at time . Coherent
and incoherent neutron scattering are characterized respectively by the
coherent and incoherent scattering length, b, and b;,.. An interesting point
for the study of dynamics of soft matter in general, and proteins in particular,
using neutron scattering is the balance of coherent and incoherent scattering
length of atoms constituting organic molecules. Indeed, as shown in Table 1,
hydrogen, that is, the main component of organic molecules, has a huge
incoherent scattering cross section oii° when compared to that of other
atoms. For a 10 g/L calmodulin solution, the incoherent intensity scattered by
the protein is ~3.10 7> cm ™", As shown in our unpublished results (G. Gibrat,
Y. Blouquit, C. T. Craescu, and M.-C. Bellissent-Funel ), relative to struc-
tural aspects of thermal denaturation of apo calmodulin, the coherent in-
tensity scattered by the native protein at Q = 0.2 A~" is equal to 1.5.1072
cm ! and decreases as Q~* for O values >0.2 A~!, leading to a value of the
coherent intensity as low as 3.107> cm ™' at Q = 1 A ~'. In the case of the
thermal denatured protein, the coherent intensity at Q9 = 0.2 A~ is equal to
6.107> cm ™! and decreases as 02, leading to a value of 1510 *cm 'atQ=
1 A='. Thus, in the Q-range of the QENS experiment, one can consider that
the scattered intensity is purely incoherent. The notation is /iy (Q, w). In fact,
Iinc(é, w) is largely dominated by the contribution of hydrogen atoms of the
protein that represents 99% of the total incoherent scattering cross section of
the protein.

Van Hove formalism

In a QENS experiment, the scattered intensity / (é, w) is proportional to the
differential scattering cross section, d>c/dQdw. Since in our experiment the
scattered intensity is purely incoherent, the measured quantity, fi,c (Q,w)
is proportional to the incoherent differential scattering cross section,
(dzo'/dﬂdw)incv

I (é )oc do N ks UECS (Q ) )
inc , W d0dw inc* 277_/(‘ A inc y W),y
where
Sine (O =5 / Ye QR{(0)-1QR}0) ~iet

= / / G, (7, 1)e" S drds. )
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TABLE 1 Coherent and incoherent neutron scattering length,
in Fermi (1 fm = 10~'3 cm) of the main components of
organic molecules

Element C N (0] S H D
beon(fim) 6.65 936 580 2.85 —3.74 6.67
bine(fm) 0 199 0 0 25274  4.04
Tinc(barn) 0 0.5 0 0 80.26 2.05
Taps(barn) (at 1.8 A) 0 190 0 0 0.33 0

Sinc(é,w) is the incoherent dynamic structure factor, and is the space and
time Fourier transform of the van Hove self-correlation function, G (7, 1);
that is, simply the probability to find an atom at the position 7 and at the time
t, knowing that the same atom was at the position 7* = 0 at the time 7 = 0.
Thus, in a QENS experiment on proteins, one gets access to the individual
dynamics of hydrogen atoms of protein. Since hydrogen atoms are uniformly
distributed throughout the protein, they are a good probe of protein dynamics.

The incoherent dynamic structure factor

The measured incoherent scattering cross section is proportional to the in-
coherent dynamic structure factor, Sinc (é, w) (see Eq. 1). Since protein so-
lutions are isotropic, Sinc(é, w) depends only on the norm of Q, and will be
written as S;,.(Q, w). The analysis of QENS spectra requires a model for
Sinc(Q, w). In the quasi-elastic domain, the motions contributing to the in-
coherent dynamic structure factor are the diffusive ones (29). For proteins in
solution, these motions are the global translational and rotational diffusion
and the internal diffusive motions. It is generally assumed that these motions
are uncoupled. The incoherent dynamic structure factor can be written as

Sne(0,0) = ¢ T[S (0, ) @S (0, 0) ®S™ (0, )],
3)

where e~ Q/3 g called the Debye-Waller factor, and @?) is the mean-
square displacement. In the (Q, w) space, a diffusive motion is associated
with a normalized Lorentzian function, £(T,®) = (1/7) - T'/(I*+?) (in
the (7, 1) space; diffusive motions are associated with exponential relaxations
o ¢~ *M") with a half-width at half-maximum I'. There are exact expressions
for the incoherent dynamic structure factor associated with global translation
diffusion and rigid global rotation

diff 2
Sine (@, 0) = L3ir(DQ", w), )
Sie(Q; @) = Ln(2D;, 0), (5)
where D is the translational diffusion coefficient and D, is the rotational

diffusion coefficient. A model used to describe internal diffusive motions of
proteins (11,30,31) is given by

S (Q, @) = A(Q)8(w) + [1 = A(Q)]Lin(Tin(Q), ), (6)

where Lin(Iine(Q), w) is the Lorentzian function of internal motions of
protein and A is the elastic incoherent structure factor (EISF), a function that
describes the geometry of the motions. Finally, from Eqgs. 3—6, the model for
protein incoherent dynamic structure factor in the quasi-elastic region can be
expressed as

Sine (0, ) = eiQZ(uzmﬁdiff(DQz, 0)® L,(2D;, »)
®{A(Q)d(w) + [1 — A(Q)] Lin(T'n(Q), @)}
(7

The model given by Eq. 7 can be simplified. Indeed, for apo-calmodulin,
computer simulations give a rotational diffusion coefficient D, = 0.04 ns~"'
(32). NMR experiments (33) give rotational correlation times 7, of 6 ns,
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leading to a rotational diffusion coefficient D, = 0.03 ns~! (D, = 1/61,).
These two D, values correspond to a full width 2*I" of the associated
Lorentzian Lo (2D;, w) of 52 neV and 36 neV, respectively. Since the
resolution of the experiment is 180 weV, then Lo (2D, ) can be approx-
imated to a Dirac distribution 8(w), and the model becomes

Siue(Q,0) = ¢ “{A(Q) Lan(DQ, )
+[1 = A(Q))Lin(Ti(Q) + DQ*, )} (8)

By using appropriate models for A(Q) and for the linewidth I';,(Q) of
internal motions, it was possible to fit the whole S;,.(Q, w) spectra at once,
using the model of Eq. 8. Since this model is reduced to two Lorentzian
contributions, a step-by-step procedure, giving intermediate results, and thus
more controlled, has been preferred. To increase statistics, data at different
O-values (or angles) were summed into 10 different groups. At each Q-value,
grouped data have then been fitted with a sum of two nonnormalized
Lorentzian functions, centered at w = 0,

A, T,
Laite (Tair, @) = () X it

€))

o Fdiff + (,()27
) Ly + T
LT + T 0) = 2 (@) o (10
™ diff int T @

convoluted by the experimental resolution. The corrected experimental data,
Iin(Q, w), are thus fitted using

Iinc(Q; w) = [Ldiff(rdiff(Q)a w) + Lim(rdiff(Q)
+Tiw(Q), 0)|®R(w) + B(Q) X w + C(Q)
(11)

with B(Q) X @ + C(Q) as background. This fitting procedure gives ['gis, Line,
and the areas of the two Lorentzians Ay, and A, for each Q-value. The
identification of Eqs. 8 and 11 gives

Ldiff(rdiff; w) o e_Q2<uz>/3A(Q)£diff (DQza w)a (12)

Lin(Tar + Ty @) ¢ P [1 = A(Q)] L1 (Tan(Q)
+ DO’ w). (13)

Debye-Waller factor and
mean-square displacements

By identifying Eqs. 8 and 11, one gets the Debye-Waller factor, e/ 3
that is extracted from the areas of the two Lorentzians, At and Ap,, :

int

DW(Q) = ¢ T o A (0) + A, (0).  (14)

However, it can also be obtained in a more direct way, before any fit of the
QENS spectra. Indeed, if one integrates the Eq. 7, one gets

/ S0, @)de = ¢ 20 / AQ)L(DQ w)

+ (1 -A(Q)L(Tin(Q) + DQ’, )]dw.
(15)

Since £(I', w) are normalized Lorentzians, [ £(I',w)dw = 1. This leads to

/ Sine(Q, w)dw = ¢ T, (16)

The Debye-Waller factor is thus directly proportional to the quasi-elastic

intensity, f‘hm‘ <1 mev Jinc (0, w)dw, that can be easily computed, without any
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fit and data grouping. This procedure allows us to get a model-independent
determination of the mean-square displacement.

The elastic incoherent structure factor (EISF)

The EISF is a function describing the geometry of the internal motions. By
identification of Eqs. 8 and 12, EISF can be obtained at each Q value, as

— ALdiﬁ (Q )
ALdiff (Q) + 'ALim (Q) '

A biological system is characterized by a broad distribution of correlation
times. The internal dynamics of the system is at the origin of the quasi-elastic
signal that is well described by a single Lorentzian, i.e., a single correlation
time as shown in Results and Discussion. Because of the finite resolution of
the spectrometer, long correlation times contribute to a very narrow signal in
energy centered about the elastic peak and are indistinguishable from it. It
becomes therefore necessary to take into account a fraction p of protons seen
as immobile at the resolution of the instrument (i.e., on a 5-ps timescale). The
(1 — p) remaining protons fraction contribute also to the elastic peak through
the pseudo-EISF, Ay(Q), that can be seen as the form factor of the con-
finement volume of mobile protons. Finally, EISF can be expressed as

EISF(Q) = A(Q) = p + (1 = p)Ai(Q). (18)

An appropriate model for Ay(Q) is given by the model of Volino and Dianoux
(34), that has been successfully applied to describe the internal motions in
proteins (11,24,30,31,35). This model considers atoms diffusing freely
inside spheres of radius a with a diffusion coefficient Dy, and leads to
the expression for Ao,

EISF(Q) = A(Q) (17)

3, (Qa)>2 19)

ae = (V5"

with j, a spherical Bessel function of the first kind: j; (x) = sin x — x cos x/x.
Using this pseudo-EISF, Eq. 18 becomes

B157(@) = 4(0) =p+ (1) (VU)o

Ty has the following properties:
D

sph
2
a

Fim(Qa) == DsthZ fOr

[(Qa) = 433 for Qa<m

Qa > m. 21

Distribution of sphere radii

Proteins are complex systems, with long-chain residues as lysines or argi-
nines, short-chain residues as alanine or glycine, and aromatic residues as
phenylalanines or tyrosines. Roughly speaking, hydrophilic residues are
exposed to solvent, while hydrophobic ones are buried in the protein interior.
Thus, the dynamic behavior of protein protons is not expected to be homo-
geneous. As an example, Dellerue et al. (36) have shown for C-phycocyanin
that the confinement radii of backbone protons and of side-chain protons
were different. They have also shown that the confinement radii depend on
the distance from the protein center of mass.

To describe the heterogeneity of protein protons dynamics, we have to
consider an ensemble of spheres radii, and not a single sphere radius.
Therefore, a model with a distribution of sphere radii, P(a), will account more
reliably for dynamics of proteins. The EISF (Eq. 20) becomes

4@ =p+(1-p) [ P@ [‘”é‘“} w @
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Instead of a Gaussian distribution, we have chosen a lognormal one,
defined as

1 y ,(ln<a/2c)>2 23)
= — e 25 )
sv2ma

where ¢ is the median of the distribution, and s the variance in the natural
logarithmic space. The mean of the distribution, w, and the standard
deviation, o, can be obtained as

P(a)

u=ce

o=u\e —1. 24)

A lognormal distribution appears to be more appropriate than a Gaussian one
to describe dynamics of protein protons at the resolution of our experiment.
According to the energy resolution and the Q-range of our experiment, the
motions investigated occur in the picosecond timescale and in the A length-
scale. These motions corresponds to methyl rotation and side-chains libra-
tions (37). Carpentier et al. (38) has shown that the radius of the sphere of
diffusion of a hydrogen atom along an aliphatic chain fixed at one end
increases linearly with distance from the fixed end. The motions of hydro-
gens bound to the n™ carbon (starting from the fixed end) of the aliphatic
chain are not independent of the motions of the hydrogens bound to the i
carbon, i < n. In fact, the motions of the protons bound to the n™ carbon are
the product of the motions of all the carbon atoms between the fixed end and
the n™ carbon. A lognormal distribution results if the variable is the product
of a large number of independent, identically distributed variables, while a
Gaussian distribution results if the variable is the sum of a large number of
independent, identically distributed variables. Thus a Gaussian distribution
appears inadequate to account for side-chain proton motions, while the
choice of a lognormal distribution appears more reasonable. Moreover, in the
case of a lognormal distribution, P(a = 0) = 0. Since an atom diffusing inside
a sphere of null radius is an immobile atom, P(a = 0) accounts for a
proportion of immobile protons. But there is already a parameter in the EISF
to account for the proportion of immobile protons: p. In other terms, the
proportion of immobile protons p and foz 7/ Qmas P(a)da both represent
the same atoms that are immobile (at the resolution of the spectrometer).
In the case of a Gaussian distribution (P(a) = (1/v/2s) X e’<“’c)2/252),
fo2 / Qe P(a)da is a non-null function of ¢ and s. Therefore, when using a
Gaussian distribution in the Eq. 22, there is a strong correlation between p, ¢,
and s that makes the fit of the EISF difficult. Using a lognormal distribution
this problem disappears, since f()z"/Q"‘“* P(a)da ~ 0.
The obtained EISF have thus been fitted with the expression

p

AlQ +(1-p) / BRIV
s C = —_ e e 25
P P 0 SV2ma
S
3. (Qa) 2
X h—} da. 25)
Qa

RESULTS AND DISCUSSION

Quasi-elastic neutron scattering measurements have been
performed at three different temperatures: 15°C (native state),
50°C (C-terminal domain unfolded, N-terminal domain in-
tact), and 70°C (both domains unfolded). As mentioned in
the Introduction, the high charge of calmodulin at physio-
logical pH prevents aggregation during thermal unfolding
even at concentrations as high as ~90 g/L. The structure of
protein solutions has already been investigated by small angle
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neutron scattering (SANS) (G. Gibrat, Y. Blouquit, C. T.
Craescu, and M.-C. Bellissent-Funel, unpublished). In Fig. 1,
the SANS spectrum of the 86 g/L solution used for QENS
experiment is compared to that of a 5 g/L solution. Both so-
lutions are cooled down to room temperature after heating up
to 70°C. The SANS spectra are normalized to protein con-
centration. We notice that there is no increase of intensity at
small Q-values. Thus, there is no aggregation, even at 86 g/L.
The normalized intensity at 86 g/L is even lower than that at
low concentration, demonstrating that there are strong inter-
protein repulsive interactions within the protein solution. The
absence of aggregation during thermal unfolding is essential
for proper studies.

Debye-Waller factors and
mean-square displacements

The evolution of the logarithm of the quasi-elastic intensity
as a function of Q7 for the three temperatures is plotted in Fig.
2. As expected, one gets a linear behavior from which the
mean square displacements () have been deduced. One can
notice that the evolution of the mean-square displacement is
not linear as a function of temperature (in K) (see Table 2).
This means that there is a transition in the dynamic behavior
of apo-calmodulin between 15°C and 70°C. This dynamical
transition can be naturally correlated to the thermal unfolding
described previously, since at 15°C apo-calmodulin is native
and at 70°C it is almost completely unfolded. Thus, thermal
unfolding of apo-calmodulin is not only a structural transi-
tion, but also a dynamical one.

Internal motions: EISF and linewidth of
internal motions

To determine the nature of this dynamical transition, one has
to examine more precisely the temperature behavior of

-1.0
© ® vpp50 —_—
%o
oo%g,
PR ."““n._-hﬂﬁ_
X
-
a0
=
-2.5 s
=
I
¥ e
-3.0 f-‘
o cooled down apo-calmodulin, C=5 g/L ?
= cooled down apo-calmodulin, C=86 g/L
-3.5 : :
-2.0 -1.5 -1.0 -0.5
log;((Q)
FIGURE 1 log () versus log;o(Q) representation of SANS spectra of

apo-calmodulin cooled down to room temperature after heating up to 70°C,
at 5 g/L (@) and at 86 g/L (O).
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9.6

> ° 15C
°

In[S(Q,w=0)]

QAT

FIGURE 2 Guinier representation of quasi-elastic intensity, S(Q, w = 0),
or, more precisely, f‘hm‘sl mev Jinc (@, @)dw of apo-calmodulin at several
temperatures: O, 15°C; >, 50°C; and [, 70°C. (Solid lines) Linear fits
leading to the mean-square displacement (u%). The calmodulin concentration
was 86 g/L.

Sinc(Q, w). The Fig. 3 shows examples of quasi-elastic spectra
fitting, for the two extreme temperatures, 15°C and 70°C, and
for two Q-values: 1 A" and 2 A~'. From the examination of
this figure it appears that: Firstly, the EISF, given by the
ratio Ay (0)/(AL,: (Q)+ AL, (0)) (Eq. 17), decreases
obviously with Q. Indeed, since the EISF is given by Eq. 20,
it must decrease with Q in the adapted Q-range. Secondly, the
two Lorentzians, Lg;er and Ly, are wider at high temperature
than at low temperature, meaning that motions are faster at
high temperature than at low temperature. Finally, the EISF is
lower at high temperature than at low temperature, for the two
Q values, indicating a decrease of p and/or an increase of (a)
when increasing temperature.

To be more quantitative, one must examine the parameters
given by the fit of S;,.(Q, w) using the model of Eq. 8. The
obtained values of I';,; and I'y;¢r at the three temperatures are
plotted as a function of O in Figs. 4 and 5. The experimental
EISF is plotted as a function of Q in Fig. 6 and compared with

TABLE 2 Parameters of the model for protein dynamics

T(°C) 15 50 70
TCK) 288 323 343

W A? 0.291 = 0.003  0.387 = 0.006  0.567 = 0.006
Dyans (cm® s)) (6.5 + 0.4).1077 (252 = 1.5).1077 (44.1 + 2.0).107’
0y (A% 13.8 = 0.3 151 =03 16.6 = 0.3

Dy (cm® 57 (230 = 20).1077 (315 = 30).1077 (390 = 30).10~’
p 0.56 = 0.03 0.25 *+ 0.03 0.05 = 0.03

I, 0.07 = 0.02 0.84 = 0.03 237 % 0.04
4733 (A% 7.0 = 0.4 0.9 = 0.4 0.2 * 04

The mean-square displacement (), the translational diffusion coefficient
Dians> the mean volume of spheres ((47)/3){a)’, the fraction of immobile
protons p, the polydispersity index of spheres volume /;,, the most probable
volume of sphere ((47)/3)a’, and the mean diffusion coefficient inside the
spheres Dipp.

Biophysical Journal 95(11) 5247-5256
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the fits using Eq. 25, at the three temperatures. The inset of
Fig. 6 shows the corresponding lognormal distributions. The
parameters deduced from the analysis of S;,.(Q, w) are
summed up in Table 2. It appears that the mean volume of
spheres in which hydrogen atoms diffuse ((47/3)(a)’) and
proton diffusion coefficient (Dpy) increase, do so with tem-
perature: the mean volume ((47/3){a)’) increases from 13.8
A® in the native state up to 16.6 A* at high temperature, and
the diffusion coefficient (Dypp,) increases from 230. 1077 cm?¥
s up to 390.1077 cm?/s. At the same time, the fraction of
immobile protons, p, decreases from 0.56 at low temperature
down to almost zero (0.05 * 0.03) at high temperature. A
value of 0.5-0.6 for the fraction of immobile protons is
common for native proteins in solution at low temperature
(~20°C) (30,31). An almost 0 value for denatured protein in
solution had already been found by Russo et al. (11). Another
indication of the decrease of the confinement can be found in
Fig. 4. Indeed, at 15°C, one gets a flat behavior for I’ as a
function of Q, but at 70°C, I';,,, increases at high Q-values. If
one refers to Eq. 21, it means that at 70°C, some protons
diffuse in spheres with radius a > 7/Quax (Omax is the
maximum Q-value of the experiment; 2.4 A™" in our case).
Indeed, atoms diffusing in spheres with radius a<mr/Qax
lead to a flat behavior for ', in the Q-range Q < Q,.x- This

160

—_ compiete model
140t translational diffusion T=288K
- - internal dynamics
120
3 100
< 8o
Il
=2
& 60
40
20
-1.5 -1.0 -0.5 0.0 0.5 1.0
w(meV)
— complete model
1201 translational diffusion T=28§K
- - internal dynamics Q:ZA'l
100
3 80
[
-
]
Il 60
=3
w
40
20
0
-1.5

Gibrat et al.

high-Q increase of Iy, at high temperature is thus coherent
with the fact that the radii distribution at high temperature
takes non-null values for high radius values. When increasing
temperature, and when the protein unfolds, protein protons
are less confined than in native state, leading to an increasing
number of hydrogen atoms diffusing faster and exploring a
larger volume. The remaining fraction of immobile protons
of 5% could correspond to some nonlabile protons of the
residual secondary structures. At high temperature, most of
proton appears mobile, at the resolution of the spectrometer,
180 peV. Thus, not surprisingly, protons are more mobile in
unfolded state than in native state. This mobility increase
upon unfolding has already been reported for both backbone
(39) and side-chain atoms (40).

The increase of the proportion of mobile protons and of
the mean volume of spheres is associated with an increase
of the polydispersity of the spheres volumes and a decrease of
the volume of the most probable sphere. This can be easily
understood if one considers three different populations of
protons: the first one is mobile in the native state (protons far
from the backbone), the second one appears immobile in the
native state but mobile in unfolded states (protons of the
backbone and those close to the backbone), and the third one is
immobile even in unfolded states (backbone protons belong-
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FIGURE 3 Quasi-elastic spectra of apo-calmodulin at two Q-values, 1 A~" and 2 A~! and two temperatures, 15°C and 70°C. (Solid lines) The fit of the
complete model (Eq. 12). (Dashed lines) Lorentzian describing internal motions (L;,). (Dotted lines) Lorentzian describing translational diffusion (Lg;¢r). The

calmodulin concentration was 86 g/L.
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FIGURE 4 Width T, of the Lorentzian function describing internal
motions, L;,, of apo-calmodulin as a function of Q2 at several temperatures:
O, 15°C; >, 50°C; and O, 70°C. (Solid lines) Fits in the region
0 < Q < /{a) leading to the diffusion coefficient Dy, (see Eq. 23).

ing to the 10% of secondary structure that still exists at high
temperature (41)). The assignment of the three populations is
suggested by the results of Carpentier et al. (38). It has been
shown that, for an aliphatic chain fixed at one end, the radius of
the sphere inside which hydrogen atom diffuses increases
linearly with the distance to the fixed end. From NMR ex-
periments, Song et al. (42) also report that atoms of the
backbone are less mobile than the atoms of lateral chains.
When unfolding apo-calmodulin, we have found a decrease of
the proportion of immobile protons, p, a slight increase of the
mean volume explored by protons, ((47/3)(a)’, and a huge
increase of the polydispersity index of explored volumes, I,
(from 0.07 at 15°C to 2.37 at 70°C).
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FIGURE 5 Width Ty of the Lorentzian function describing global
translational diffusion, Lg;, of apo-calmodulin as a function of Q7 at several
temperatures: O, 15°C; >, 50°C; and [, 70°C. (Solid lines) Linear fits
leading to the diffusion coefficient D,. The resolution of the experiment was

90 weV (HWHM).
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FIGURE 6 Elastic incoherent structure factor (EISF) of apo-calmodulin
as a function of Q at several temperatures: O, 15°C; >, 50°C; and [, 70°C.
(Solid lines) Fits using Eq. 27, leading to the immobile protons proportion p,
the mean radius of spheres in which hydrogen atoms diffuse (@), and

the polydispersity index of spheres volumes, I, = (1/{a%) — (a2)/{a))’. The
inset shows the lognormal distributions of sphere radii given by the fit of
the experimental EISF.

We can give the following interpretation of these results.
When the protein unfolds, the two first populations of protons
diffuse faster and explore a volume higher than in the native
state. The protons of the second population appear now as
mobile, but should explore a volume lower than that of the
first population, since they are assumed to be closer to the
backbone, and thus to the fixed end (making an analogy with
the immobilized alkyl chains of Carpentier et al. (38), the
a-carbon can be assimilated to the fixed end of lateral
chains). The increase with temperature of the polydispersity
of explored volumes reflects the occurrence of the second
mobile protons population. Indeed, as one considers only one
distribution of sphere radii, one cannot distinguish between
these two populations at high temperature, and the parame-
ters given in Table 2 are thus an average over these two
populations (formally, one fits two distributions with a single
one). To explain the decrease of the most probable volume
explored, one has to consider that the volume explored by the
second population in the unfolded state is lower than the
volume explored by the first population in the native state.
For more clarity, this mechanism is schematized in Fig. 7.
These considerations are able to explain why there is a de-
crease of the population of immobile protons and a slight
increase of the explored mean volume, as well as the decrease
of the most probable volume explored and the huge increase
of polydispersity index of the volumes explored.

The strong increase of the polydispersity of the volume of
spheres in which atoms diffuse upon unfolding suggests that
the dynamics of protein atoms is more influenced by their
distance to the backbone than by their solvent exposure. In-
deed, if the exposure of solvent to the residue determined

Biophysical Journal 95(11) 5247-5256
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FIGURE 7 Schematic representation of the assumed behavior of the protons populations. (A) Native state. (Blue) Radii of sphere of the different populations.
(Black) Fitted model, including a proportion p of immobile protons, and a lognormal distribution of sphere radii. (B) Unfolded state. (Red) Radii of sphere of
the different populations. (Dashed blue line) Radii of sphere of the different populations in native state. (Black) Fitted model, including a proportion p of

immobile protons, and a log-normal distribution of sphere radii.

dynamics, the dynamics of the unfolded state should be more
homogeneous than that of the native state, since in unfolded
state, there is no surface and interior: all residues get exposed
to solvent. It does not mean that the solvent exposure to the
residue does not influence the dynamics. It means that even if
both solvent exposure and distance from the backbone in-
fluence the dynamics, the distance from the backbone plays
a more important role. This is in agreement with the work
of Dellerue et al. on native C-phycocyanin protein (36). By
combining molecular dynamics simulation and quasi-elastic
neutron scattering, the authors account for huge differences
in dynamics between backbone and side-chain atoms. They
also report smaller differences in dynamics as a function of
distance to the center of mass of the protein, i.e., between
protein surface and interior. Differences in dynamical be-
havior of backbone atoms and side-chain atoms have also
been reported by Song et al. (42), using NMR:

““Overall, these results are indicative of a view where
the polypeptide chain acts as a relatively rigid and
highly constrained scaffold while the attached (methyl-
bearing) side chains are less restrained, more liquidlike,
and moving across smaller barriers.”’

As aresult of our experiment, to correctly describe protein
dynamics, one has to consider at least three populations of
protons (and surely more). Due to the experimental uncer-
tainties and to the limited number of Q-values, such fits with
several radii distribution would be meaningless.

The distribution of sphere radii

Table 3 gives the number of nonlabile protons of each rank,
for each amino-acid type, and for the whole calmodulin. A
proton bound to backbone is counted as a zero-rank proton. A
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proton linked to the first carbon of the lateral chain, just after
the carbon « is counted as first rank proton. A proton linked
to the second carbon is counted as second-rank proton, etc.
For apo-calmodulin, zero-rank and first-rank protons repre-
sent 51% of all protons. According to Carpentier et al., these
protons must explore lower volumes than higher rank pro-
tons. They must also correspond to the 56% of immobile
protons in the native state. Mobile protons must be higher
rank protons (second-, third-, and fourth-rank protons).
Lognormal distribution results when the variable (described
by the distribution) is the product of a large number of in-
dependent factors. The use of a lognormal distribution is
therefore not completely justified. However, the motions of
protons of second-, third-, and fourth-rank protons are not
independent, and the use of a Gaussian distribution would be
even less justified.

Global motions

Native apo-calmodulin has a hydrodynamic radius of 2.5 nm
(43). According to the Stokes-Einstein relation (D, = kT/
67 nR}), one gets a diffusion coefficient of 5.9.10~7 cm?/s at
15°C (viscosity of heavy water at 15°C: np,o = 1.44 cP) that
is in good agreement with the value of (6.5 + 0.4). 10~ cm?/s
reported in this work (from Fig. 5 and see Table 2). At high
temperature, one has found a radius of gyration of 3.2 nm. If
we assimilate unfolded apo-calmodulin to Gaussian chain,
that leads to a hydrodynamic radius of 2.6 nm (R,/R, = 1.241
(44)), and thus to a diffusion coefficient of ~20.1077 cm?/s
at 70°C. Here we found a value of (44 + 2) .10~ cm?/s. The
agreement is not as good as that for the native state. But the
width of the Lorentzian associated with the diffusion, Iy is
quite low and at the limit of the resolution, such that the value
of diffusion coefficient obtained is not precise. One can also
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TABLE 3 Gives the number of nonlabile protons of each rank,
for each amino-acid type, and for whole calmodulin

Residue Rank 0 Rank 1 Rank 2 Rank 3 Rank 4 Occurrence

Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
Tle

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
Occurrence 183 263 279 100
Fraction 21% 30% 32% 6% 11%
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A proton bound to backbone is counted as a zero-rank proton. A proton linked
to the first carbon, after the carbon «, is counted as the first-rank proton. A
proton linked to the second carbon after the carbon « is counted as the second-
rank proton, and so forth. Special cases: all protons of prolines are counted as
zero rank. All protons of aromatic cycles are counted as belonging to the same
rank: i.e., that of the first carbon of the cycle. Nitrogen and sulfur atoms are
taken into account in the same way as the carbon atoms for establishment of
ranks. All OH, NH, and NH, hydrogens are assumed to be labile.

notice that, in the unfolded state, the width ' is not per-
fectly linear with Q. This pleads in favor of another as-
sumption to explain the observed discrepancy at high
temperature: the model of Brownian diffusion is less justified
in the unfolded state than in the native one. In other terms, the
assumption of absence of coupling of translational diffusion
and internal motions is well justified for compact proteins,
but is less adapted to polymerlike objects, which are highly
flexible and do not diffuse like rigid objects. Analogous
difficulties in describing unfolded protein internal dynamics,
due to the coupling of global and internal motions, are re-
ported by Wirmer et al. (45).

CONCLUSION

The use of QENS has allowed us to exhibit a dynamical
transition associated with thermal denaturation of apo-
calmodulin. This dynamical transition goes with an increase
of the protein picosecond-timescale dynamics, and with a
decrease of the confinement of hydrogen atoms. Moreover, it
appears that thermal unfolding is associated with an increase
of the mean volume explored by atoms, but also with a
decrease of the most probable volume explored and a con-
siderable increase of the polydispersity of the picosecond-
timescale dynamics of protein atoms. This suggests that the
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distance of atom to protein backbone plays a more important
role than the solvent exposure to the residue, or the fact that
the residue belongs to protein surface or interior in deter-
mining atom dynamics in proteins. However, this experiment
also shows that to properly describe the dynamics of apo-
calmodulin, one has to consider several distributions of radii
of spheres, and thus several distributions of atomic dynamic
behavior corresponding to several classes of atoms. Data with
higher statistics and with more Q-values are required to use
such models. Moreover, data at higher Q-values would be
useful to validate the model used here. Indeed, the major dif-
ferences between all different possible models, with Gaussian,
lognormal, or other distributions, and considering atoms dif-
fusing inside spheres or diffusing on spheres, or considering
other kind of atom motions, are expected to lie at high
Q-values. Finally, in the unfolded state, almost all protons of
apo-calmodulin are mobile at a resolution of 180 weV,
whereas, in the native state, only ~45% of them are mobile.

We thank Jean-Marc Zanotti, who helped us in performing QENS exper-
iments on the MIBEMOL spectrometer of Reactor Orphée of Laboratoire
Léon Brillouin.
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