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Picosecond to nanosecond dynamics provide
a source of conformational entropy for
protein folding

Andreas M. Stadler,*® Franz Demmel,” Jacques Ollivier® and Tilo Seydel®

Myoglobin can be trapped in fully folded structures, partially folded molten globules, and unfolded states
under stable equilibrium conditions. Here, we report an experimental study on the conformational
dynamics of different folded conformational states of apo- and holomyoglobin in solution. Global
protein diffusion and internal molecular motions were probed by neutron time-of-flight and neutron
backscattering spectroscopy on the picosecond and nanosecond time scales. Global protein diffusion
was found to depend on the a-helical content of the protein suggesting that charges on the
macromolecule increase the short-time diffusion of protein. With regard to the molten globules, a gel-like
phase due to protein entanglement and interactions with neighbouring macromolecules was visible due to a
reduction of the global diffusion coefficients on the nanosecond time scale. Diffusion coefficients, residence
and relaxation times of internal protein dynamics and root mean square displacements of localised internal
motions were determined for the investigated structural states. The difference in conformational entropy
AScons Of the protein between the unfolded and the partially or fully folded conformations was extracted from
the measured root mean square displacements. Using thermodynamic parameters from the literature and the
experimentally determined AS..¢ values we could identify the entropic contribution of the hydration shell
ASyqr Of the different folded states. Our results point out the relevance of conformational entropy of the

www.rsc.org/pccp

1. Introduction

Protein folding is a fundamental process in molecular biology.
The protein folding transition occurs from the fully unfolded
peptide chain via metastable and partially folded intermediates
towards the stable and native folded structure at the end of the
folding collapse." In the nucleation-condensation model of
protein folding the cooperative formation of secondary and
tertiary structures is a key aspect,” while in the diffusion-
collision model the diffusion of micro-domains and their collision
have central importance for protein folding kinetics.®> This
illustrates that motions in proteins are highly relevant for
protein folding. From a thermodynamic point of view, it is the
difference in the free energy AG between the unfolded state
and the folded state (AG = AGunfolded — AGfolded =AH — TAS)
that drives the folding transition along the folding pathway.
Weak van der Waals forces, hydrogen bonds, and, to a smaller
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protein and the hydration shell for stability and folding of myoglobin.

extent, screened electrostatic interactions contribute to the
enthalpic stabilization AH in proteins,* whereas the entropic
term TAS contains contributions both from the protein AScons
and from the hydration shell ASyq,. Internal protein dynamics
contribute importantly to the conformational entropy AScons of
the macromolecule as well as to the sampling of different
conformations during the folding process.

Localized fast diffusive motions of amino-acid side-chains
provide a source of conformational entropy AScons of the
macromolecule.” The conformational entropy content of the
amino-acid side-chains depends on the degree of folding and
on the compactness of the local environment.® Therefore,
amino-acid side-chain dynamics are relevant for the entropic
stabilization of the unfolded states as compared to the folded
native protein conformation. Motions in proteins are known to
span a wide time range from the femtosecond of fast bond
vibrations to the millisecond of slow and large domain motions.”
Protein side-chain dynamics, however, take place mostly on the
pico- to nanosecond time scale.® Internal localized protein
dynamics are not limited to fast side-chain motions, but extend
into the nanosecond time scale for slow motions of the protein
backbone or loops,” or of flexible and disordered regions.? Apart
from internal dynamics, proteins in solution also undergo
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global protein diffusion. Global diffusion depends strongly on
the size and shape of the protein as well as on interactions with
the environment. In dilute solution, protein—-protein interactions
are negligible, but are relevant for macromolecular diffusion at
higher concentrations.

Myoglobin (Mb) serves as a model system in the field of
biophysics'® as it is comparatively small, which allows us to obtain
an understanding of the underlying physical principles governing
its dynamical behaviour, and it is still sufficiently complex to show
typical protein behaviour. In the following context, the heme-bound
protein is termed holo-Mb. Apomyoglobin (apo-Mb) - myoglobin
without the heme group - is less stable than holo-Mb and can be
trapped in different folded, partially folded molten globules (MGs)
and unfolded states under equilibrium conditions depending on
the solvent conditions chosen.'*™ The structural and dynamic
properties of the different equilibrium folding states of apo-Mb
have been studied by NMR spectroscopy,"*™” SAXS'®'® and also by
FRET.?® In our recent work, we have investigated the fast
internal dynamics of apo- and holo-Mb on the time scale of a
few picoseconds using neutron spectroscopy.” However, further
information concerning the internal dynamics of different folded
states on the slower picosecond to nanosecond time scale and the
properties of global protein diffusion as a function of the degree
of folding is still missing.

Quasielastic incoherent neutron spectroscopy (QENS) is a well-
suited technique to measure the average dynamics of biological
macromolecules on the picosecond to the nanosecond time
scale.”” QENS measurements of protein solutions performed on
neutron spectrometers with high-energy resolution allow us to
determine internal protein dynamics and global protein diffusion
simultaneously. Mostly, proton dynamics are observed by QENS due
to the large incoherent scattering cross section of "H compared to all
other chemical elements. As protons are uniformly distributed in
proteins, QENS probes average protein dynamics. On the accessible
time scale of QENS, protons act as reporters for the dynamics of
chemical groups to which they are bound covalently.

In this article, we report on a comparative experimental
study on the dynamics of different folded structural states of
holo- and apo-Mb as a function of temperature that extends our
previous investigation on the fast picosecond dynamics.”* We
used high-resolution neutron time-of-flight and backscattering
spectroscopy to focus on slower picosecond to nanosecond
dynamics. The samples have been measured in the solution
state to allow for solvent induced effects and to enable reversible
thermodynamic properties. Global protein diffusion and internal
macromolecular dynamics could be separated from the recorded
QENS spectra. Detailed insight into the properties of the internal
dynamics of different folded states of the protein was obtained
from the recorded data.

2. Material and methods
2.1 Sample preparation

Mb from equine skeletal muscle was obtained commercially
(product number M0630, Sigma Aldrich). Apo-protein was obtained
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by using the butanone method as described in the previous
work.*! To remove exchangeable protons, the dry protein powders
were dissolved in D,0 (99.9% atom D, Sigma Aldrich), incubated
for one day and lyophilized afterwards. The D,O exchanged
protein powders were then dissolved in different D,O buffers
((i and ii) 20 mM NaH,PO,/Na,HPO, at pD 4 and 6; (iii) 10 mM
DCl at pD 2; (iv) 10 mM DCI, 20 mM NaTCA at pD 2; (v) 10 mM
DCI, 100 mM Nacl at pD 2) at a concentration of approximately
5 mg mL~" and dialyzed against the corresponding D,O buffer
in excess volume (Slide-A-Lyzer dialysis devices, 3500 MWCO,
Thermo Scientific, Rockford, IL). The protein solutions were
concentrated to the concentrations used for neutron scattering
experiments (Vivaspin 3000 MWCO concentration units, Sartorius,
Goettingen, Germany). The pD of the filtered D,O buffer was
measured to verify whether the correct pD value has been achieved
in the concentrated protein solution. The pD was calculated by
adding 0.4 to the value measured on a normally calibrated pH
meter.>® Deuterated DCl and NaOD (99 atom%, Sigma-Aldrich)
were used for pD adjustment of the D,O buffers.

The protein concentration was measured using UV/vis absorption
spectroscopy (Nano-Drop 2000c, Thermo Scientific). The concen-
tration of the apo-Mb solutions was determined using the
calculated extinction coefficient E;o, = 8.25 at 280 nm from
the amino acid sequence using the ExPASy web server.”* Mb
was found to be in the oxygenated state, and the concentration
was determined using extinction coefficients of 13.9 and
144 mM ' em " at 542 and 579 nm, respectively, and a molecular
mass of 18.8 kDa as reported by Antonini and Brunori.”®

2.2  QENS experiments

The neutron scattering experiments were performed on the disc
chopper neutron time-of-flight spectrometer IN5%° at the Institut
Laue-Langevin (ILL) in Grenoble, France, on the neutron back-
scattering spectrometer IRIS*” at the ISIS spallation source at
the Rutherford Appleton Laboratory in Oxfordshire, UK, and on
the high-resolution neutron backscattering spectrometer IN16
at the ILL.?® On IN5, the incident wavelength was set at 10 Aand a
chopper speed of 12 000 rpm combined with a chopper ratio of
5/6 was used, which yielded an energy resolution of approximately
12 peV (full-width half-maximum FWHM). Data recorded on IN5
were analysed in the scattering vector range between 0.29 and
1.10 A™" and in the energy transfer range between —2 and
0.5 meV. The IRIS spectrometer is characterized by an energy
resolution of 18 peV (FWHM). Data recorded on IRIS were
analysed between 0.5 and 1.49 A~ and between —0.5 and
0.5 meV. The energy resolution of the neutron backscattering
spectrometer IN16 is 0.9 peV (FWHM). IN16 data were analysed
between 0.19 and 0.88 A~ and between —14.1 and 14.1 peV.
Resolution functions were measured using a 1 mm thick
vanadium slab. The individual spectra of the neutron detectors
were grouped and energy channels were binned for better
statistics for all instruments. Measured intensities were corrected
for energy-dependent neutron detector efficiency, normalized to
vanadium, and transformed into energy transfer and scattering
vector space. The measured intensities of the samples were divided
by the calculated sample transmissions. Multiple scattering
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corrections were not performed, as the transmissions of all
samples were above or close to 0.9. All samples were mounted
in flat Al cells with 1 mm thickness and were oriented at 135°
with respect to the incident beam. The sample holders were
sealed with In wire against vacuum. All protein samples and
buffer solutions received around 4 h neutron beam time on
IN5, 8 h on IRIS and 24 h on IN16 per temperature point.

For the QENS spectra of the protein solutions measured on
IN5 and IRIS the D,O buffers make a notable contribution.
Therefore, the measured spectra of the D,O buffers were sub-
tracted from the spectra of the protein solutions according to

(1 = ¢)-S(q,®)buter, 1)

where ¢ = v-c is the volume fraction of the protein with the
partial specific volume v of the protein and the measured
protein concentration c. The partial specific volume of proteins
is typically in the range between 0.70 and 0.75 mL g~ ',*® with
an experimentally determined average value of 0.73 mL g *.*°
The measured value of Mb is v = 0.74 mL g~ *,*° which is close to
the reported experimental average value. For the subtraction of
the D,0O buffers we used the reported value of Mb, but the
resulting protein spectra are not modified within the error bars
when the average value is taken instead.

With regard to the data measured on IN16, the contribution
of the empty Al sample holder was subtracted from the protein
solutions as the D,O buffers appear only as a flat background in
the limited energy transfer window. The D,O contribution was

accounted for during data analysis with a linear background.

S(q7w) = S(qyw)protein solution —

2.3 QENS data analysis

A description of the QENS technique can be found in the book
by Bée.*" The application of QENS for the study of biomolecular
dynamics is described in the book by Fitter, Gutberlet and
Katsaras.”

The QENS spectra of internal protein dynamics can be
described by a model independent approach according to*”

Si(g,0) = Ao(g) x 0() +[1 — Ag(q)] X Lilg,),  (2)

where Ay(q) is the elastic incoherent structure factor (EISF),
which contains detailed information on internal protein motions
that are confined with respect to the length-time window of the
spectrometer. The Lorentzian L(q,w) effectively describes the
quasielastic broadening caused by internal diffusive motions in
the protein. It has the form of

I(q)

1
LI(%(D):E-M’

®)
where I'y(q) are the half-widths at half-maximum (HWHM).

Within the accessible time- and length scale of neutron
backscattering and time-of-flight spectrometers, the combination
of translational and rotational diffusion of proteins in solution
can be described effectively using one Lorentzian**~°

1 r
55l0.9) 3 Gt Pt ®
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The theoretical scattering function for proteins in solution is
the convolution of eqn (2) and (4) yielding

8(9,0) = {4o(q) x Lg(q,») + [1 — Ao(@)] X Lau(g,0)},  (5)
where

b I'(q) + I'i(q)
T (ho)? + [Talg) + Ii(g)]

LG+I (q7 (’U) = (6)
The scattering function S(g,w) plus linear background B(w)
was convoluted numerically using the measured instrumental
resolution function S..4(g,®) and fitted to each measured spectra
S(g,0)meas according to

Smeas(qrw) = [exp(_<xvib2>q2) X S(q’w) + B(w)] ® Sres(q)w)'
7)

The mean square displacements of fast vibrational motions
(x.ip?) were taken into account by a Debye-Waller factor.

3. Results and discussion
3.1 QENS experiments with protein solutions

A compilation of the different samples investigated by QENS in
this study is given in Table 1. The o-helical content of the
samples in heavy water buffer was measured by circular dichroism
and has been reported before.”’ Depending on the solvent
composition, unfolded, partially folded MGs, or folded con-
formations can be stabilized under equilibrium conditions.
On the high-resolution instrument IN16, all the listed confor-
mational states were measured at concentrations of 5-6% (w/v)
at a uniform temperature of 289.2 K. The high-energy resolution
AE = 0.9 peV of IN16 allows probing slow dynamics on a time-
scale up to approximately At = 1 ns (At = /i/AE). On IRIS and
IN5, temperature-dependent QENS experiments have been per-
formed on the acid denatured state of apo-Mb, a MG state and a
folded conformation, either the fully folded apo-Mb or the
heme-bound holo-Mb. The energy resolutions of IRIS and IN5
are 18 and 12 peV corresponding to the slowest observable
motions up to approximately A¢ = 40 and 60 ps, respectively.
Higher protein concentrations have been measured on IRIS
(6-8%) to reduce the required neutron beam time per sample,
while on IN5 lower protein concentrations (3-5%) could be used
due to the higher incident neutron flux and the large detector of
the instrument. We would like to mention that the protein
solutions of partially folded apo-Mb in the MG states had a

Table 1 a-Helical content measured by circular dichroism,?* unfolded (U),
folded (F), molten globule (MG) states, solvent composition and protein
concentration of the protein solutions investigated

a-Helical Solvent ¢ (IN16) ¢ (IRIS) ¢ (IN5)
content (%) State composition (mg mL™') (mg mL™ ") (mg mL ")
6 U apo-Mb pD 2 62 65 41
22 MG apo-Mb pD 2, 54 84 —
0.1 M NaCl
43 MG apo-MbpD4 54 — 32
54 F apo-Mb pD 6 50 . 48
66 F holo-Mb pD 6 56 56
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gel-like viscosity at 5% or above. The MGs remained completely
liquid at a concentration of 3%.

A selection of representative QENS spectra of unfolded,
partially folded MGs and folded conformations of apo- and
holo-Mb that have been measured on the instrument IN16 are
given in Fig. 1. In Fig. 2, exemplary QENS spectra of unfolded
acid denatured apo-Mb measured on IRIS and IN5 at small and
large scattering vectors are shown. The QENS spectra of the
protein solutions after buffer subtraction were analysed according
to eqn (7) containing one narrow Lorentz function for global
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Fig.1 QENS spectra of apo- and holo-Mb in different folded states
measured on IN16 at a scattering vector of g = 0.65 A, (A) Acid denatured
apo-Mb at pD 2 (6% a-helical content), (B) MG of apo-Mb at pD 4 (43%
a-helical content), and (C) native folded structure of holo-Mb at pD 6 (66%
a-helical content). The solid black line is the total fit to the spectra. The
red dotted line is a narrow Lorentzian for global protein diffusion and the
green dashed line a broad Lorentzian for the combination of internal and
global protein dynamics. The curves are convoluted with the instrumental
resolution.
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protein diffusion and one broad Lorentzian to account for the
combination of global diffusion and internal diffusive motions
in the protein. The used theoretical model provides a good
description of the measured QENS data of all investigated
samples measured on all the spectrometers used. In the following
sections, we present and discuss the results obtained by using
this simplified standard model**** (and references therein). We
begin with the section concerning global protein diffusion.

3.2 Global protein diffusion

The line-widths I'; of the narrow Lorentzian contain the relevant
information about global protein diffusion. The dependence of
I';(g) as a function of the scattering vector g of acid denatured
unfolded apo-Mb at pD 2 (6% a-helical content) measured on all
the neutron spectrometers used, is shown in Fig. 3, as an
illustrative case. The line-widths of all measured samples show
the expected behaviour of I'yj(q) = De.gg® with the effective
diffusion coefficient D& that describes the combination of
translational and rotational protein diffusion. Each spectrum
was fitted independently and no D.gg> behaviour was imposed
for the fit. This further corroborates the robustness of the
results. It has been shown that on the time-length window of
neutron time-of-flight and backscattering spectroscopy, rotational
diffusion yields D values that are about 30% larger than pure
translational centre-of-mass diffusion.**® The shape of the QENS
spectra due to the combination of rotational and translational
diffusion remains Lorentzian with a linear increase of I'y(q)
versus q*.>*° The line-widths measured on IRIS and IN5 at
the lowest temperatures deviate from the linear behaviour for
g” — 0. The explanation for this behaviour is the comparatively
large energy resolution of IRIS and IN5, which does not allow
resolving very narrow line-widths in the range of only a few pev
accurately.

The effective diffusion coefficients measured on IRIS and
IN5 as a function of temperature are shown in Fig. 4(A) for the
different folded conformations. In the investigated small
temperature range, we find a linear increase of the diffusion
coefficients with temperature as expected for a Stokes-Einstein
temperature dependence. This also means that the proteins do
not significantly change the effective volume they occupy in this
regime. However, the D.g of apo-Mb at pD 6 (54% o-helical
content) deviate from linearity at 310 and 320 K. An explanation for
this behaviour is the onset of protein aggregation or oligomerisation
at higher temperatures, which reduces global protein diffusion. All
samples were prepared in our lab in Jilich a few days before the
neutron scattering experiments, and the apo-Mb sample (at pD 6)
was measured on the last day of the experiment. The aging process
might have contributed to the aggregation tendency at higher
temperatures. It is already evident from Fig. 4(A) that there is a
systematic decrease in D.g with the proteins being more folded for
data recorded on both spectrometers. To allow for a quantitative
and facilitated comparison of the results obtained from the spectro-
meters used, the D.y values determined on IRIS and IN5 were
linearly interpolated to 289.2 K and are plotted in Fig. 4(B) together
with the D.g determined on IN16 at 289.2 K.

This journal is © the Owner Societies 2016
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Fig. 2 QENS spectra of unfolded apo-Mb at pD 2 (6% a-helical content) measured on IRIS (A) at g = 0.50 A~ and (B) g = 1.44 A~%, and on IN5 (C) at
g =054 At and (D) g = 1.10 A~%. The sample temperatures are 303 K and 295 K for the shown IRIS and IN5 data, respectively. Empty symbols are the
experimental data. For clarity, only every fourth data point is shown for IRIS spectra and every fifth point for data measured on IN5. The solid black line
represents the total fit to the QENS spectra, the red dotted line is the narrow Lorentzian accounting for global protein diffusion, the green dashed line is
the broad Lorentzian caused by the combination of global diffusion and internal protein dynamics, and the blue dashed-dotted line accounts for the
linear background. All curves are convoluted using the instrumental resolution functions.

In the following section, we focus our discussion on the
properties of the global effective diffusion coefficients at
289.2 K as shown in Fig. 4(B). Due to the lower protein
concentrations of acid denatured apo-Mb at pD 2 (¢ = 3%)
and of the MG state at pD 4 (¢ = 4%) measured on IN5, the
diffusion coefficients determined are larger than the values of
the other samples investigated on IRIS and IN5, and remain at
a similar level irrespective of the degree of a-helical content.
The reason here is that hydrodynamic interactions slow down
global protein diffusion at higher protein concentration.?” In
the long-time limit of global protein diffusion observed by
dynamic light scattering, unfolded and MG states of apo-Mb
are characterized by slower protein diffusion due to the larger
structural expansion as compared to the native folded states.>'
On the other hand, the short-time limit of global protein
diffusion probed on IRIS and IN5 follows an inverse behaviour
for proteins at higher concentration (¢ > 5%): a reduced
diffusivity with the increasing degree of o-helical content. A
physical explanation for this behaviour would be that repulsive
interactions between charged proteins at pD 2 and 4 at high
concentrations increase protein diffusion in the short-time
limit. Indeed, charged colloidal spheres diffuse slightly faster
than non-charged spheres at the volume fractions explored
here.?” At lower protein concentration (¢ = 3-4%) charge inter-
actions seem to play a minor role.

With regard to the Doy measured on IN16, we obtain reduced
absolute values as compared to the IRIS and IN5 results. Global
protein diffusion of acid denatured apo-Mb is slightly faster
than the folded conformations, which is in agreement with
the observations described above. We find the D.g value of
holo-Mb measured on IRIS being a factor of 1.64 larger than
the corresponding IN16 result. After rescaling, the D¢ values

This journal is © the Owner Societies 2016

of acid denatured and folded apo-Mb determined on the
low-resolution spectrometers coincide with the IN16 results
(see the dotted line in Fig. 4(B)). The explanation here is that
the slow internal process in the protein (vide infra) interferes
with the narrow Lorentzian in the QENS spectra measured on the
lower-resolution instruments, which cannot discriminate both
processes accurately due to the lower energy resolution. As a result,
larger effective diffusion coefficients are obtained on IRIS and IN5.

A further remarkable observation is that the diffusivity of the
MG states measured on the high-resolution spectrometer is
strongly reduced as compared to the other protein solutions.
We would like to remind that the samples of the MG states had
gel-like properties. Previously, it was observed by high-resolution
neutron spectroscopy of concentrated protein solutions around
the denaturing temperature that protein denaturation results in
the formation of an entangled gel-like network with significantly
reduced global protein diffusion as compared to the native
folded state.® With regard to the MG states the reduced Deg
values also seem to be the signature for the onset of protein
entanglement of the partially folded proteins on the nano-
second time scale. Although the acid denatured state is even
fully unfolded, the higher charge of the protein increases protein
repulsion, which appears to prevent protein entanglement and
the reduction of global protein diffusion. With regard to the MG
state with 22% a-helical content we find a significant discrepancy
between the scaled IRIS and IN16 data. That observation
indicates that on the faster picosecond time scale probed on
IRIS the initial step of global protein diffusion is not sensitive to
protein entanglement, while on the slow nanosecond time scale
as observed on IN16 the individual proteins sense the presence of
the neighbouring macromolecules, which reduces global protein
diffusion.
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Fig. 3 Line-widths I'; of the narrow Lorentzian describing global protein
diffusion of the acid denatured unfolded apo-Mb at pD 2 (6% a-helical
content) measured on the neutron spectrometers used. Data measured on
(A) IN16 at a temperature of 289.2 K and at a protein concentration of 6.2%,

(B) IRIS at a nearly identical concentration of 6.5% and (C) IN5 at a lower
concentration of 4.4%.

3.3 Internal protein diffusive motions

The properties of internal diffusive protein motions can be
deduced from the broad Lorentzian of the QENS spectra. The
g-dependence of the line-widths I', provides information on the
relaxation times, jump-diffusion coefficients and residence
times of internal protein dynamics on the investigated time-
scales. Representative line-widths related to internal protein
dynamics of MG states of apo-Mb recorded on different neutron
spectrometers are shown in Fig. 5.

Line-widths I', extracted from measurements on the high-
resolution spectrometer IN16 - see Fig. 5(A) for the case of the
MG state of apo-Mb at pD 2 stabilized by 0.1 M NaCl - were
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Fig. 4 Effective diffusion coefficients of global protein diffusion of the
investigated structural states of apo- and holo-Mb. Error bars are within the
symbols. (A) Data obtained on the spectrometers IRIS (empty symbols) and IN5
(filled symbols) as a function of temperature. The a-helical content of the
native folded (F), partially folded molten globule (MG), and unfolded (U) states
is given in the legend. (B) Effective diffusion coefficients as a function of the
degree of a-helical content at a temperature of 289.2 K. The diffusion
coefficients of IRIS and IN5 shown in (A) were linearly interpolated to a
temperature of 289.2 K to allow a direct comparison with IN16 data. The
dashed line is a linear fit to the IRIS and IN5 data excluding the more diluted
solutions measured on IN5. The dotted line shows the scaled linear fit (dashed
line) such that the IN16 value of holo-Mb at 66% a-helical content is matched.
The scaled linear fit agrees with the IN16 results of the acid denatured and
native apo-Mb states, but reveals deviations of the MGs due to gel formation.

found to be independent of the scattering vector g indicative
of a localised dynamic process. Fig. 5(A) depicts the unbiased
fit results, without imposing any g-dependence. The IN16
QENS spectra were consequently described by a global fitting
approach using a g-independent line-width I',. The corre-
sponding relaxation times t = %/, as a function of the
a-helical content of the protein are given in Fig. 6(A). We find
arelaxation time of T = 200 ps for all samples being independent
of the secondary structure content of the protein. The observed
slow dynamic process could be, for example, attributed to the
reorientational motions of buried groups in the protein or the
slow rotational motions of side-chains. The slow relaxation time
of apo-and holo-Mb determined is similar to the previous results
on the dynamics of alcohol dehydrogenase (r = 160 ps),*® the LOV
photoreceptor protein SB1 in the dark- and light-adapted states
(r =170 and 150 ps, respectively),*® but appears to be larger than
that of the structurally related haemoglobin in red blood cells
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Fig.5 HWHM I, of internal protein dynamics of exemplary samples
measured on the spectrometers used. Apo-Mb at pD 2 with 0.1 M NaCl
(22% a-helical content) measured on (A) IN16 and (B) IRIS. (C) Apo-Mb at
pD 4 (43% a-helical content) measured on IN5.

(r = 121 ps),*® or also of the membrane protein bacteriorhodopsin
(r = 120 ps)."!

The I', recorded on IRIS and IN5 of the apo-Mb states showed a
g-dependent behaviour and could be described analytically by a
jump-diffusion mechanism. Fits were done in the g*range of 0.21-
1.12 A2 for IN5 data and 0.56-2.23 A~ for IRIS data according to

Dq2

I(q) = TM%O’

8)

with the jump-diffusion coefficient D and the residence time 7,
between jumps.’’ The quasielastic broadening of holo-Mb
could not be interpreted due to insufficient statistics. The
line-widths I', of the MG states at pD 2 stabilized by 0.1 M NaCl
(22% o-helical content) and at pD 4 (43% o-helical content)
determined on IRIS and IN5 are shown in Fig. 5(B) and (C)
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Fig. 6 Information on internal diffusive protein dynamics as deduced
from the line-shape analysis of the QENS broadening. (A) Average relaxation
times as a function of the a-helical content determined on IN16 at a
temperature of 289.2 K. The dotted line indicates an average value of 200 ps.
(B) Diffusion coefficients and (C) residence times of apo-Mb measured on IRIS
(empty symbols) and IN5 (filled symbols). The a-helical content of the native
folded (F), partially folded molten globule (MG), and unfolded (U) states is given
in the legend. The dotted lines in (B) and (C) are literature values of D,O
solvent.** The dashed line in (B) are diffusion coefficients of H,O solvent.*®

together with fits according to eqn (8). The constant plateau of
the HWHM at the smallest ¢>-values of the data at the lowest
temperature shown is caused by confinement effects of internal
dynamics.”* The determined jump-diffusion coefficients D are
plotted in Fig. 6(B) and the residence times between jumps 1,
in Fig. 6(C). The diffusion coefficients of H,O and D,O bulk
solvents*>** are also plotted in Fig. 6(B) and the residence times
of H,0/D,0 in Fig. 6(C). The residence times of H,O and D,0O
are reported to have similar values.**

The observed type of motions on the picosecond time-scale
has been attributed to rotational and librational motions of
amino acid side-chains along the C-C bonds.**> More recently,
we have attributed the observed dynamics to the jumps of amino-
acid side-chains mostly located on the surface of the protein.***®
We find no significant variations of the jump-diffusion coefficients
of apo-Mb between the different folded states. The diffusivity of
internal protein motions on the picosecond time-scale agrees
well with the values of H,O bulk solvent. The diffusion coefficients
of D,0O buffer, which was used as solvent for the neutron scattering
experiments, are significantly lower than those of internal protein
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dynamics. This is also consistent with the results found for other
proteins (see e.g. ref. 47 and references therein). This demonstrates
that internal diffusive motions in proteins on the picosecond time-
scale are governed by H-bonding and depend weakly on the
secondary structure content. However, significant variations are
observed concerning the residence times of internal protein
dynamics. The 7, of all protein samples are clearly larger than
the values of bulk solvent. At low temperatures, the residence
times of the folded apo-Mb seems to be increased as compared to
the MGs and the unfolded states. The observation indicates that a
larger secondary structure content and a higher local compactness
of the structure confine an amino-acid residue in its location, and
increases the time the side-chain spends in its initial position. This
behaviour is also visible in the measured root mean square
displacements (RMSDs) (vide infia).

Activation energies E, were determined from the temperature
dependence of the jump-diffusion coefficients and residence
times by using the Arrhenius equation. The E, values determined
are summarized in Table 2.

Within the statistical errors the activation energy extracted
from the jump-diffusion coefficients is similar for all the
investigated structural states (mean value of 12.5 + 0.7 k] mol )
measured on both neutron spectrometers. The 7, at the two
highest temperatures determined on IRIS might be overestimated,
which changes the activation energies to smaller values. We find
larger deviations of the E, determined from the residence times of
the different samples: using the data of IN5 an average value of
19.6 & 3.2 k] mol ™" is obtained, while for the proteins measured
on IRIS we find an average value of 10.4 + 0.4 k] mol " in the
whole temperature range (17.0 + 0.8 k] mol ' in the restricted
temperature range of 283-303 K). The determined values are well
in the range of activation energies of internal protein dynamics in
haemoglobin (9.5 k] mol " from jump-diffusion coefficients at
100 peV instrumental resolution)*® and free and inhibited
acetylcholinesterase (9.4 and 14.5 k] mol " from MSDs at 50 peV
resolution)*® or heat denatured bovine serum albumin (12 and
18 k] mol~* from the residence times of side-chain and back-
bone dynamics, respectively, at 3.5 peV resolution).*”

3.4 Localized internal protein dynamics

Information about the amplitude of internal protein dynamics
was obtained from the EISF. The measured EISF could be
described analytically according to*°

Aofg) = e (1 - p) + p, 9)

Table 2 Activation energies of internal protein dynamics

View Article Online
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where (x*) is the MSD of internal protein dynamics and p the
fraction of H-atoms that move slowly and appear to be immobile
within the accessible observation time of the neutron spectro-
meter. A compilation of EISFs measured on the instruments
IRIS and IN5 with fits according to eqn (9) is presented in Fig. 7.

Due to lower counting statistics, the EISF could not be
determined accurately from data measured on the high-

resolution spectrometer IN16. The obtained RMSD +/(x?) and
the fractions of immobile H-atoms p are plotted in Fig. 8. It is
important to stress that the RMSD and p values depend on the
energy resolution of the neutron spectrometer. Therefore, a
quantitative comparison is strictly only applicable for data sets
recorded on neutron spectrometers with the same resolution.
The RMSDs extracted from measurements on IN5 are found to
be larger than those obtained on IRIS, which is expected, as the
energy resolutions of both instruments are different (12 vs.
18 peV FWHM). On IN5, lower protein concentrations have
been measured compared to IRIS, which might point out that
molecular fluctuations are suppressed at the investigated con-
centrations on IRIS. The strong increase in the RMSD going
from IRIS to IN5 is nevertheless unexpected as no significant
molecular crowding interactions are expected for all the mea-
sured protein concentrations, which might influence internal
molecular dynamics.

The folded apo- and holo-Mb conformations are found to be
significantly less flexible than the partially and unfolded con-
formations, which is in agreement with the previous results on
the fast dynamics on the time scale of a few picoseconds.’" A
priori, one would assume that the fully unfolded states of apo-
Mb at pD 2 would be more flexible than the partially folded
states of apo-Mb at pD 4 and at pD 2 with 0.1 M NacCl. The
experimental data obtained from both experiments show that
this is not the case on the accessible time scales of IRIS and
IN5, with the MGs states having nearly similar or even higher
flexibility than the acid denatured state. The slope of RMSD vs.
temperature is also flatter for the acid denatured state than the
MG states being indicative of stronger internal forces in the
fully unfolded protein. An explanation could be that repulsive
interactions of charged amino-acid residues in the acid dena-
tured state restrict molecular motions to smaller amplitudes
and also lead to stronger internal forces. Less charged residues
at pD 4 or a smaller screening length due to the 0.1 M NaCl
content would therefore result in larger amplitudes of motions
and a softer structure, albeit the secondary structure content is
larger in the MGs than in the acid denatured state.

Spectrometer Sample o-Helical content (%) E, from D (k] mol ") E, from 7, (k] mol )
IN5 apo-Mb pD 6 54 12.3 + 0.4 17.2 + 0.8
apo-Mb pD 4 43 11.7 £ 0.2 23.2 £ 0.6
apo-Mb pD 2 6 13.6 + 0.3 18.3 £ 0.7
IRIS apo-Mb pD 2 0.1 M NaCl 22 12.5 £ 0.8 10.6 + 1.0¢ (17.6 £ 3.9b)
apo-Mb pD 2 6 125+ 1.4 10.1 £ 1.6 (16.4 * 5.6%)

“ Determined over whole temperature range. ” Limited temperature range 283-303 K.
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Fig. 7 EISF determined on (A) and (B) IRIS, (C) and (D) IN5. The sample temperatures are (A) 284 K, (B) 320 K, (C) 283 K and (D) 313 K. The a-helical
content of the native folded (F), partially folded molten globule (MG), and unfolded (U) states is given in the legend.
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Fig. 8 RMSD and fraction of immobile H-atoms p determined on IRIS and IN5. (A and B) The results obtained on IRIS. (C and D) Quantities measured on
IN5. The a-helical content of the native folded (F), partially folded molten globule (MG), and unfolded (U) states is given in the legend. The solid lines are

linear fits to guide the eye.

The fraction of immobile H-atoms p is attributed to slow
moving residues that are located in the hydrophobic core of the
protein being shielded from the solvent,**° and we find
general features of the measured samples being independent
of the energy resolution of the instruments. For all the investigated
conformations of apo-Mb, we find a decrease of p with tem-
perature, which is expected, as higher temperature enhances
internal protein dynamics. With regard to holo-Mb, p increases
with temperature, which might be related to the fact that the
EISF could be determined only in a smaller scattering vector
range than for the apo-Mb samples, and the extracted p-values for
holo-Mb are slightly too large at higher temperatures. Therefore,
we discuss only the p-values averaged over all temperatures.

This journal is © the Owner Societies 2016

The folded conformations of holo- and apo-Mb are char-
acterised by the largest p-values. We find average values of
p = 0.63 for holo-Mb and p = 0.48 for apo-Mb at pD 6. For the
acid denatured state, quasi-identical values of p = 0.39 and 0.40
are determined from IRIS and IN5 data, respectively. This
observation is in agreement with the molecular picture that
the removal of the heme-group allows water molecules to enter
into the heme-pocket,*® thus increasing the solvent accessible
surface area of the protein. Denaturation of the protein destabilises
the hydrophobic core of the folded protein and allows solvent
molecules to interact with the otherwise shielded hydrophobic
residues. On the other hand, the MG states are characterised by
smaller fractions of immobile H-atoms than the unfolded state.
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The average values are nearly identical for both MG states with
p = 0.32 for apo-Mb at pD 2 with 0.1 M NaCl and p = 0.31 for
apo-Mb at pD 4. Although the MGs of apo-Mb were found to
have a larger secondary structure content and a higher compactness
than the acid denatured state,* the experimental data concerning
their dynamic properties show that they are highly dynamic
objects as also observed before for pressure induced MG states
of acetylcholinesterase.”® The measured fractions of immobile
H-atoms point out that solvent molecules can penetrate into the
hydrophobic core of the MG states facilitating fast dynamics on
the picosecond time-scale.

3.5 Conformational entropy of the protein and of the
hydration layer

The knowledge of RMSDs allows the determination of the
difference in conformational entropy AS.onr between two protein
conformations. In this study, we consider the acid denatured state
of apo-Mb at pD 2 as a reference of the unfolded state of apo-Mb.
The difference in conformational entropy ASeoy¢ is then given as®*>3

(xa?)(T)

ASeont(T) = 3R1In (T

(10)

where (x,*)(T) and (x{*)(T) are the MSDs of the unfolded and
folded conformations at temperature 7, respectively, and
R = 8.3144 ] mol™* K ! is the gas constant. The ASqon¢ value
needs to be interpreted on a per residue basis.

The experimentally determined AS.on¢(T) profiles of the
partially and fully folded conformations of apo- and holo-Mb
are plotted in Fig. 9(A) as a function of temperature. In general,
larger AS.ons values are found for more folded conformations.
The difference in conformational entropy is close to or below
zero for the MG states, which is an obvious result as the RMSDs
of the acid denatured state are found to be similar or larger
than the corresponding values of the MGs. A remarkable result
is the parabolic shape of the AS.on¢(7) profiles most clearly
visible for the native holo- and apo-Mb states at pD 6. The
parabolic profile is reminiscent of the parabolic shape of the
thermodynamic free energy difference AG(T) = AH — TAS
between the unfolded and folded states of proteins, where AH
is the enthalpic component and AS is the contribution due to
entropy. The maxima of ASq,n¢(T) are shifted to lower temperatures
from holo-Mb via apo-Mb at pD 6 to the MG states, which is also
the case for the thermodynamic AG(T) profiles.*" It is important to
note here that AG, AH and AS are thermodynamic quantities that
contain the contributions of both the protein and the hydration
layer, e.g. AScons and ASyyq, for the entropic contributions. The
entropy difference AS(T) can be calculated as a function of
temperature using the Gibbs-Helmholtz equation

As(r) =2 ac, m(l), (11)

T Tm
where AC,, is the heat capacity and AH the enthalpy at the melting
temperature T, determined from calorimetric measurements.

Thermodynamic parameters were taken from the literature
(Twm: 81, 61, 60 °C; AH: 615, 222, 63.3 k] mol ™" K™'; ACp: 11.9,
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Fig. 9 (A) Difference in conformational entropy AS.ons between the acid

denatured state of apo-Mb and the protein in the investigated partially
folded and folded states as obtained from egn (10). The a-helical content
of the native folded (F), partially folded molten globule (MG), and unfolded
(U) states is given in the legend (empty symbols IRIS, filled symbols IN5
data). The dotted lines are AS = AS.ons + AShyqr calculated from the
thermodynamic parameters T, AC, and AH. (B) Difference in conformational
entropy AShyar = AS — AScon¢ related to water molecules of the hydration
shell and protein motions that are out of the time window of the neutron
spectrometers. The solid lines in (A) and (B) are polynomial fits of second
order and serve as a guide to the eye.

6.5, 0.82 k] mol " for holo- and apo-Mb at pH 6 and apo-Mb at
PH 2 0.1 M NaCl, respectively), see ref. 21 and references
therein. The values of apo-Mb at pH 4 are not known. The
AS(T) curves of folded holo- and apo-Mb (66% and 54%
a-helical content) and of the MG state stabilised by 0.1 M NaCl
(22% a-helical content) are plotted in Fig. 9(A) in comparison to
AScont(T). The quantities AS and AS.q,r are different as AScone is
derived from the extent of protein fluctuations without the
contribution of the hydration shell. The entropy difference
between the unfolded and the folded states that is related to

This journal is © the Owner Societies 2016
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the contribution of water molecules in the hydration layer of
the protein can be determined by

AStyar(T) = AS(T) — AScone(T). (12)

The ASyyq, values of the different structural conformations of
apo- and holo-Mb are plotted in Fig. 9(B). One should note that
the experimentally determined ASyy, values are not only
related to hydration water, but also contain a contribution
from slow protein motions that are out of the accessible time
window of the neutron spectrometers. Water molecules in the
hydration layer of the folded proteins are found to be more
disordered and mobile than in the unfolded state, which leads
to negative ASyyq, values. With the decreasing degree of protein
folding the hydration layer becomes less mobile and for the MG
state it is even more ordered than in the unfolded acid
denatured apo-Mb, which is visible from the general increase
of ASphyar. The physical reason is that water molecules form
ordered structures around solvent exposed hydrophobic amino-
acids.>® With the decreasing o-helical content, hydrophobic
residues from the protein core become more exposed to solvent,
which is also visible from the experimentally determined fractions
of immobile H-atoms, and thus induce ordering of the hydration
shell. That observation is in agreement with studies on hydration
water dynamics of folded and intrinsically disordered proteins
that reported reduced motions of the hydration layer around the
intrinsically disordered protein.”” Interestingly, we observe tem-
perature dependent ASyyq, profiles. At point ASpq{(T,) = 0, the
entropic contribution of hydration water of the folded conforma-
tion equals that of the hydration layer around the unfolded state
and is even smaller at higher temperatures. The intersection
temperature Ty is shifted to lower temperatures for the less folded
apo-Mb states. That behaviour is related to the interplay of two
phenomena: (i) melting of the ordered water structures around the
hydrophobic residues of the unfolded state at higher temperatures,
and (ii) a simultaneous increase of ordered water molecules in the
hydration shell of the folded states. An explanation for (ii) might be
that water molecules can progressively interact with hydrophobic
residues in the core of the folded structures at higher temperatures,
which induces ordering of the hydration shell.

4. Conclusions

Protein dynamics is of great importance for protein folding, as the
polypeptide chain needs to explore the accessible conformational
space during the folding transition. In this manuscript, we present
an investigation on the global and internal dynamics of Mb with
respect to the secondary structure content of the protein by
neutron spectroscopy. The degree of folding is found to have a
significant impact on global and internal protein dynamics. An
increase in the charge of the macromolecule accelerates global
protein short-time diffusion, while a gel-like phase of the MGs at
the investigated protein concentrations reduces the overall
diffusion on the slow nanosecond time scale. The fully folded
protein conformations are found to be significantly less flexible
with a higher fraction of immobile H atoms than the partially and

This journal is © the Owner Societies 2016

View Article Online

Paper

unfolded conformations. The experimental data concerning the
internal motions of the MGs demonstrate that they are highly
dynamic objects. With regard to internal diffusive protein motions,
we find no significant variations of the jump-diffusion coefficients
or relaxation times between the different folded states.

The most relevant thermodynamic quantity concerning protein
folding that can be determined from the neutron scattering
experiments is the difference in conformational entropy AScons
between two specific structural states. Only few methods are able
to determine AS.ns experimentally. NMR, for example, allows
determining residue resolved information on the picosecond to
nanosecond time scale in terms of the order parameter, which is
related to an entropy contribution. Neutron scattering, on the
other hand, is a direct method that probes average protein
dynamics on the time scale accessible by a neutron spectrometer. As
all dynamic processes contribute to AS.qnf, the average information
provided by neutron scattering is actually not a drawback.

In our article, we determined AS.,,r between the acid
denatured state, which is considered as a reference for the fully
unfolded state, and the partially and fully folded conformations
as a function of temperature. We find parabolically shaped
profiles AS.on¢(T) mostly visible for the folded conformations
reminiscent of the shape of the thermodynamic free energy
difference AG(T). A further important question is, on which
time scale the strongest contribution of conformational motions to
ASconf 18 occurring. In a previous study investigating protein
dynamics on the fast time scale of a few picoseconds we found a
linear correlation between AS..nr and the secondary structure
content,”! whereas in the present study we find the ASq, of the
MG states of apo-Mb being similar or below that of the acid
denatured states. A general conclusion, therefore, is that the
strongest contribution of localised molecular motions detectable
by neutron scattering to AS..n¢ comes from protein fluctuations
acting on the fast picosecond time scale.

Thermodynamic experiments allow the determination of AS,
which contains both the contribution of the protein (AS.,s) and
that of the hydration shell (AShyqr). Using thermodynamic para-
meters from the literature and the experimentally determined
AScont values as input we could determine the ASyyq, of different
folded states of the protein. While the hydration layer of the MG
state is found to be slightly more ordered than that of the acid
denatured unfolded state, mobile and disordered water molecules
in the hydration layer of the folded states make a significant
contribution to the entropic stabilisation of the folded structures.
At higher temperatures, the hydration layer around the folded
states becomes less mobile and more ordered than in the unfolded
state, which provides a source for the entropic stabilisation of the
unfolded state and facilitates protein unfolding.
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