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Secondary structure and rigidity in model proteins†

Stefania Perticaroli,‡§ab Jonathan D. Nickels,‡§ac Georg Ehlers,‡d Hugh O'Neill,‡ef

Qui Zhang‡ef and Alexei P. Sokolov‡*abc

There is tremendous interest in understanding the role that secondary structure plays in the rigidity and

dynamics of proteins. In this work we analyze nanomechanical properties of proteins chosen to

represent different secondary structures: a-helices (myoglobin and bovine serum albumin), b-barrels

(green fluorescent protein), and a + b + loop structures (lysozyme). Our experimental results show that

in these model proteins, the b motif is a stiffer structural unit than the a-helix in both dry and hydrated

states. This difference appears not only in the rigidity of the protein, but also in the amplitude of fast

picosecond fluctuations. Moreover, we show that for these examples the secondary structure correlates

with the temperature- and hydration-induced changes in the protein dynamics and rigidity. Analysis

also suggests a connection between the length of the secondary structure (a-helices) and the low-

frequency vibrational mode, the so-called boson peak. The presented results suggest an intimate

connection of dynamics and rigidity with the protein secondary structure.
Introduction

Proteins are hierarchically organized biomolecules, with the
primary amino acid sequence arranged in characteristic
secondary structures, such as a-helices, b-strands, turns and
loops. These in turn are folded and assembled to assume a
characteristic three-dimensional structure that is closely related
to the protein's function, dynamics, and mechanical proper-
ties.1,2 Understanding the intrinsic rigidity of single structural
components of proteins, such as a-helices or b-sheets, is crucial
to disentangling the relationships between structure, mechan-
ical properties, dynamics, and function in biological systems.
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There are numerous examples of elastic properties casually
assigned to secondary structure, such as the a-helix motif,
which is widely found in the cytoskeleton, hair, hooves and
wool.3 It is also the protein structural element that most
commonly crosses biological membranes4 and plays a funda-
mental role in imparting mechanical stability to cells. a-Helix
proteins also participate in processes involving mechanical
signalling5 and signal transduction.6 Collagen is a related
example. Thanks to its tough and robust brous structure made
of arrays of triple le-handed helices, collagen is able to easily
dissipate large elastic energy during deformation and is char-
acterized by a global mechanical stiffness, as measured by a
Young's (or elastic) modulus (E) of 1.5–10 GPa.7 Proteins con-
taining a large content of the b-sheet motif also show remark-
able mechanical properties.7–9 The b-sheet motif is the
predominant secondary structure in muscle tissue,3 amyloids
and beta-solenoid protein nanotubes,10 silk11,12 and insulin
amyloid brils.13 Spider and silkworm silk can be composed of
more than 50% b-sheets.11 Insulin amyloid brils and spider
silk, hierarchical architectures of highly organized and densely
packed H-bonded b-sheets,12,13 have been shown to have
Young's moduli of 3.3 GPa,13 and 1–40 GPa,7,14 respectively, at
room temperature, approaching that of many engineered inor-
ganic materials.7

However, the mechanical rigidity of native protein molecules
has not been systematically investigated as a function of the
secondary structure. In fact, quantitative results are limited to a
few single-molecule techniques such as atomic force microscopy
(AFM)15,16 and molecular dynamics (MD) simulations2,15,17 that
have focused on model systems such as single domain brils or
amyloids, probing the mechanical response under external stress
Soft Matter
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Fig. 1 The elastic modulus for the four dry proteins studied versus the boson
peak frequency (vBP) at 295 K. In both cases, the a-proteins appear to be less rigid
than those containing b-structures. Inset: atomic mean squared displacement
(hr2i) for dry and hydrated proteins at T ¼ 295 K as estimated by neutron scat-
tering. GFP exhibits the smallest hr2i.
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conditions. It is difficult to generalize these ndings to native
proteins due to restrictions in the geometry of the molecular
attachment and the necessity of limiting surface effects or inter-
actions between individual structures.16 In these studies
mechanical properties have usually been probed at room
temperature and along only one axis.18 Moreover, such pulling
experiments intrinsically change the underlying energy land-
scape, meaning that measured elasticity values may not accu-
rately reect the native state. The results of these studies raise an
interesting question: if the energy of H-bonds is comparable for
both a- and b-structures, why do b-sheets have such strong
resistance against rupture, reaching the strength of covalent
bonds, and exceeding that of a-helices by an order of
magnitude?18

Here we present experimental studies based on light and
neutron scattering spectroscopy that quantify the stiffness of
proteins with different secondary structures in their native
states. We analysed four proteins: myoglobin (MYO), bovine
serum albumin (BSA), lysozyme (LYS) and green uorescent
protein (GFP), chosen to represent particular protein secondary
structures. The rst two systems are a-proteins, with BSA (Mw �
62.6 kDa) being almost 4 times larger than myoglobin (Mw �
17.8 kDa). GFP (Mw � 25.8 kDa) is an 11-stranded b-barrel, and
lysozyme (Mw � 14.3 kDa) is a globular protein containing both
a and b domains as well as a signicant fraction of turns and
loops (Table 1). Brillouin, depolarized light, and neutron scat-
tering experiments were carried out in a wide temperature range
(100–298 K) on dry and hydrated proteins. Our analysis reveals
higher rigidity of GFP (protein containing b-structures) in both
dry and hydrated states. This difference appears not only in a
higher elastic modulus (Fig. 1), but also in more depressed
dynamics on the picosecond time scale (inset Fig. 1), and in a
higher frequency of the collective vibrations, the so-called
boson peak. In addition, the presented analysis suggests a
connection between the length scale of the secondary structure
and the frequency of the boson peak in proteins.
Materials and methods
Samples

Lysozyme from chicken egg white, bovine serum albumin and
myoglobin from equine heart were purchased from Sigma-
Aldrich. GFP was provided by the Bio-deuteration Lab of Oak
Ridge National Laboratory.19 All the proteins were dialyzed and
lyophilized before use. The hydration level of h� 0.4 (h¼ grams
of water/grams of protein) was obtained through isopiestic
Table 1 Relative content of each secondary structure in the model proteins
studied, as defined bymass fraction. This information has been extracted from the
pdb files of the proteins (1GFL; 1LYZ; 3V03; 1DWT)

Alpha Beta Loop and turn

GFP 12% 53% 35%
LYS 37% 5% 58%
BSA 77% 0% 22%
MYO 80% 0% 20%

Soft Matter
equilibration of the powder with water vapour in a closed
chamber. For refractive index, Brillouin, and depolarized light
scattering measurements the solvent used was H2O, whereas
D2O was used for the neutron scattering experiments.
Refractive index

The refractive indexes of all the samples were measured using a
Bausch and Lomb Abbe-3L refractometer (sodium lamp, l ¼
589 nm) at 25 �C (see Table S1 in ESI†). Typical uncertainties are
of the order of �5%.
Brillouin

Polarized Brillouin spectra (Fig. 2) were measured using a
Sandercock tandem Fabry–Pérot interferometer in back-scat-
tering geometry with a solid state laser (Coherent Verdi-2) and a
wavelength of 532 nm. A d ¼ 4 mm mirror separation (free
spectral range 37.5 GHz) and a 30 mW incident power on the
sample were used. The samples (pellets of �17–20 mg weight,
�5 mm diameter and �0.7 mm thickness) were sealed between
two sapphire windows, placed in an optical cryostat (Oxford
instrument 9146) and equilibrated for at least 30 minutes at
each temperature before measurements. All spectra where
collected for 1–2 hours, going from the highest (298 K) to the
lowest temperature (100 K).

The Brillouin spectra were tted to the damped harmonic
oscillator model

IðvÞ ¼ A
GLUL�

v2 � UL
2
�2 þ ðGLvÞ2

þ y0 (1)

where UL is the frequency and GL is the width of the longitu-
dinal modes, and A and y0 are free parameters. At each
temperature both the energy loss and the energy gain peaks
were tted and their parameters averaged.20
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Representative Brillouin spectrum of dry GFP (symbols) and the fit using
eqn (1) (solid lines). Inset: Brillouin spectra for dry GFP at four different
temperatures.
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Depolarized light scattering and neutron scattering

Depolarized light scattering spectra (Fig. 3a) were measured in a
backscattering geometry with a Jobin-Yvon T64000 triple
monochromator in the frequency range n � 8–520 cm�1 and
with a resolution of �0.5 cm�1. A Lexel-95 Krypton-ion laser
with a wavelength of 647.1 nm and 10–20 mW incident power
on the sample was used as an excitation source. Depolarized
light scattering measurements were performed between 170
and 298 K on samples prepared in the same fashion as the
Brillouin measurements.

To verify the reproducibility of the data, measurements at
the initial temperatures were repeated aer the lowest
temperature was reached. No detectable differences were
noticed in the spectra, conrming also that the hydration level
wasn't changed during the experiment. Further conrmation of
the absence of loss of mass has been made by weighing the
sealed sample cell at the beginning and at the end of the
measurements. Strong uorescence prevented the depolarized
light scattering measurements in hydrated myoglobin. We were
Fig. 3 (a) Depolarized light scattering spectra of the boson peak region for hydrate
(5). Neutron scattering spectra in the boson peak region presented as the spectral de
and 295 K (c). The spectra have been normalized at the high frequency tail; the sol

This journal is ª The Royal Society of Chemistry 2013
able to measure only the depolarized light scattering of dry
myoglobin at high temperature, using the green laser (532 nm)
to minimize the uorescence contribution.

The neutron scattering experiments were carried out in the
Cold Neutron Chopper Spectrometer (CNCS) at the Spallation
Neutron Source (SNS)21 with an incident energy of 3 meV and an
elastic resolution of �50 meV (�20 ps). The experimental setup
provided access to a Q range from 0.2 to 4 Å�1 and a wide energy
range up to �20 meV (�0.05 ps). All exchangeable hydrogen
atoms in the proteins were exchanged to deuterium by dis-
solving the proteins in 99.9% D2O at 10 mg ml�1, for �8 hours
at 4 �C, and then lyophilizing and repeating this process twice.
Measurements were performed on dry samples and on protein–
D2O samples at 295 and 170 K for LYS, BSA and MYO samples
and at 5 different temperatures for the GFP (295, 280, 250, 220,
170 K). 100–200 mg of protein samples (dry weight) were used in
order to achieve transmission higher than 90% and avoid
signicant multiple scattering contribution. Further details of
measurements, sample preparation and data treatment con-
cerning the mean squared displacements of the GFP samples
can be found in ref. 22.

Both depolarized light scattering and neutron scattering
spectra are presented as spectral density In (Fig. 3). Analysed
neutron scattering data correspond to the energy gain side of
the spectra, therefore the spectral density has been calculated as

INS
n ¼ IðvÞ

vnBðvÞ ; (2)

where I(n) is the measured intensity and

nB(n) ¼ [exp(hn/kT ) � 1]�1, (3)

is the Bose–Einstein occupation number.23 Depolarized light
scattering spectra were measured in the energy loss side, and
consequently the spectral density was calculated by24

ILSn ¼ IðvÞ
v½nBðvÞ þ 1� : (4)

To estimate the boson peak frequency nBP the light and
neutron scattering spectra were tted to the following
expression:20
d GFP presented as the spectral density; the black line represents the fit using eqn
nsity for dry (empty symbols) and hydrated (closed symbols) proteins at 170 K (b)
id lines represent the fit using eqn (5).
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InðvÞ ¼ A

v2 þ v02
þ B exp

2
6664�

ln
v

vBP

� �2

2W 2

3
7775þ y0; (5)

where the rst term represents the quasielastic scattering
component approximated by a Lorentzian function with the
width n0 and amplitude A, and the second term describes the
boson peak in terms of a lognormal function of width W and
amplitude B. In the case of neutron scattering data the
parameter y0 ¼ 0.

The relative atomic mean squared displacements, hr2i, were
extracted from the elastic intensity of the neutron scattering
experiment according to the standard Gaussian approximation
method:25

INSðQ;TÞ
INSðQ;T ¼ 0Þ ¼ e�

1
6hr2iQ2

: (6)

The elastic intensity, Iel(Q), was dened as the integrated
intensity �30 meV from the central line (�10 ps).21 hr2i was then
extracted by t of the plot of the natural logarithm of the
normalized intensity versus Q2 over a Q range of 0.5 to 2.1 Å�1.
In this study we use 170 K as the low temperature reference.
Results and discussion

Brillouin scattering is the inelastic scattering of light by elastic
sound waves propagating in a medium.26,27 The Brillouin
spectra of transparent powders exhibit a characteristic broad
band with a high-frequency cut-off (Fig. 2). These spectra
represent the scattering at various angles between 0 and 180
degrees,28 caused by multiple reections and refractions.20,28 It
has been demonstrated that the cut-off frequency UL corre-
sponds to the highest possible scattering angle (180 degree, i.e.
back-scattering) and can be used to estimate the longitudinal
sound velocity cL:28

cL ¼ ULl

2n
; (7)

where n is the refractive index of the medium, and l is the
incident wavelength. Fit of the Brillouin spectra (Fig. 2) provides
an estimate of the longitudinal sound velocity in the samples.

The temperature dependence of the longitudinal sound
velocities obtained for the dry and hydrated samples of all
proteins studied are presented in Fig. 4a and b. The values
obtained for the longitudinal sound velocity of the proteins are
in good agreement with the recent Brillouin neutron scattering
data by Paciaroni et al.,29 collected on a perdeuterated dry
sample of maltose binding protein (a/b-protein) at room
temperature. These studies revealed a high-energy mode that
propagates over tens of angstroms with a speed of 3780 � 130
m s�1, becoming over-damped for Q values greater than 0.8 Å�1.
Additionally, quasilongitudinal sound velocities were measured
for hydrated tetragonal hen egg-white lysozyme crystals at room
temperature using Brillouin light scattering spectroscopy by
Speziale et al.27 The measured sound velocities range between
2120 � 30 m s�1 along the [001] direction and 2310 � 80 m s�1
Soft Matter
along the [110] direction, in good agreement with our ndings
for hydrated proteins. Using the sound velocity data we esti-
mated the Young's modulus, E, assuming elastic isotropy, as in
Tachibana et al.,30 and applying the relation:31

E ¼ ð1þ sÞð1� 2sÞML

ð1� sÞ ; (8)

where s is Poisson's ratio and ML is the longitudinal modulus:

ML ¼ rcL
2, (9)

where r is the density of the system. Using density data reported
in the literature for the crystalline forms of our proteins (Table
S2†), and assuming Poisson's ratio s� 0.33 (ref. 27) (Table S3†),
we calculated the isotropic Young's moduli as a function of
temperature and hydration (Fig. 4c and d).

Neutron and light scattering spectra also provide informa-
tion about vibrational spectra and fast conformational uctu-
ations (Fig. 3). The latter appear as a broadening of the elastic
line known as quasielastic scattering, QES (Fig. 3b and c). The t
of the spectra provided estimates of the boson peak frequency,
allowing us to analyse its hydration and temperature depen-
dence (Fig. 5). The frequency of the boson peak decreases with
temperature in all proteins, but the effect is more pronounced
in hydrated biomolecules. This reects a soening of the
protein with increasing temperature and hydration.

The results of the analysis of the Brillouin data (Fig. 4) reveal
a connection of protein rigidity to its secondary structure.
Proteins containing a-helices (BSA, MYO) are soer than the
protein composed of the b-sheet motif (GFP), and the protein
containing both a- and b-structures (lysozyme) shows interme-
diate rigidity. Dry proteins have a Young's Modulus ranging
from �7 GPa (MYO) to �13 GPa (GFP) which soens slightly
with temperature. Hydrated protein powders are more rigid
than dry samples at lower temperature and have the same
relationship between the protein secondary structure and
rigidity. However, they soen signicantly with increases of
temperature above �170–200 K, and become soer than dry
samples at room temperature. It is interesting that the largest
protein, BSA, shows signicantly less variation between dry and
hydrated states and with temperature. In the hydrated state, at
temperatures over 250 K BSA even appears to have higher sound
velocity than would be anticipated from the trend of the other
proteins. It is not obvious whether the size of BSA plays any role
in this deviation, as a comparison of the ratio of hydrophilic to
hydrophobic residues and exposure to water for BSA is similar
to those of the other proteins. Analysis of literature data on a
broader set of biomolecules is consistent with the observed
correlations between the protein secondary structures and
rigidity (see Table S4† that includes literature data for different
proteins).

The QES intensity of neutron and light scattering spectra
represents the amplitude of fast picosecond uctuations
occurring in the proteins.32,33 The spectra in Fig. 3b and c clearly
show that dry samples have a stronger quasielastic contribution
at 170 K than the hydrated samples. Yet at 295 K the trend is
reversed with the hydrated proteins having a higher QES
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Longitudinal sound velocity (cL) as a function of temperature for (a) dry and (b) hydrated samples from Brillouin measurements. Young's modulus data
calculated for dry (c) and hydrated (d) proteins using the parameters in Table S2† and assuming Poisson's ratio ¼ 0.33.
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intensity than the dry samples. This is in agreement with many
earlier studies,22,33–35 and is explained by the strong interactions
with hydration water that suppress dynamics of biomolecules at
low temperature, while plasticizing the dynamics at higher
temperatures. This low/high temperature picture of relative
Fig. 5 Boson peak frequencies obtained for all the dry (left panels) and hydrate
experiments. The error bars are the uncertainties provided by the fit.

This journal is ª The Royal Society of Chemistry 2013
rigidity between dry and hydrated proteins is consistent with
our results for longitudinal sound velocity and elastic modulus.
This result is also in agreement with the temperature depen-
dence of the atomic mean squared displacements obtained
independently by neutron scattering experiments in GFP.22
d (right panels) samples from light (a and b) and neutron scattering (c and d)

Soft Matter
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In the context of this work, it is interesting that the quasie-
lastic intensity in the studied proteins shows a consistent trend
with respect to their secondary structures: the spectra of
b-protein GFP shows the weakest QES, as well as the smallest
mean squared displacements on a �30 ps timescale, as
measured by neutron scattering (inset in Fig. 1), while the
spectra of a-proteins MYO and BSA exhibit signicantly higher
QES (Fig. 3b and c). This difference persists in both the dry and
hydrated states, and at low and high temperatures. Lysozyme
has relatively high QES, comparable to that of a-proteins,
especially in the hydrated state. This is consistent with Diehl
et al. who presented neutron spectra of dry lysozyme and
myoglobin samples.33 They concluded that the high QES
intensity of lysozyme is related to the high fraction of loop
regions in the molecule, which might have larger amplitudes of
motion especially in the hydrated state.

Our observations on these four model proteins suggest the
possibility that secondary structure not only controls overall
rigidity, but also inuences the amplitude of fast conforma-
tional uctuations in proteins. In fact, previous neutron data
obtained by Gaspar et al. for proteins in aqueous solutions36

appear to be consistent with our ndings. They showed that a
model b-sheet structure was more rigid and showed smaller
quasielastic intensity relative to a-helices on the tens of pico-
seconds timescale. It seems, however, that the loop regions
might contribute signicantly to the QES intensity. The micro-
scopic reason for the higher rigidity of the b-structure is not
obvious, but it might be related to the higher number of
hydrogen bonds per residue in the GFP b-barrel in comparison
to the a-helices in MYO and BSA (see Table S5 in the ESI†).

It should be noted that analysis of rigidity on slower, nano-
second timescales might be more complicated. The contribu-
tion of motions independent of rigidity, such as methyl group
rotations, dominate the spectra at these times.37 MD simula-
tions suggest that only a fraction of the dynamics in this time-
scale show a sensitivity to rigidity38 and the exclusive analysis of
elastic neutron scattering data can produce different results.39

In contrast to the Brillouin light scattering, which detects
propagating sound waves with wavelengths in the order of
�100 nm and frequencies of �10 GHz,27 the boson peak
vibrational modes are on the sub-picosecond time scale and
localized to a region of a few nm. The boson peak is therefore
thought to provide information about local elasticity on a
smaller length scale. It is a characteristic feature in neutron and
light scattering spectra of glass-forming systems. In this case
the frequency, vBP, is usually ascribed to a characteristic size of
elastic constant uctuations x � 2–3.5 nm,40 or to so poten-
tials41 in the disordered structure. A similar peak has been
found in both Raman and neutron scattering spectra of all
protein powders, in both dry and hydrated states, at a frequency
of �16–32 cm�1.33–35 The microscopic nature of the boson peak
vibrations in proteins remains unknown, although it is thought
that these modes might play a crucial role in the function of
biomolecules due to the large amplitude of atomic displace-
ments caused by the low-frequency vibrations.

What is known for proteins is that the collective harmonic
vibrations associated with the boson peak are distributed
Soft Matter
through the whole protein;34,35 and that the backbone, polar and
non-polar side-chains all participate.35 Moreover, these vibra-
tions are strongly coupled to the low frequency motions of
hydration water.35,42 Yet, it is unclear from the literature if the
atoms in the entire protein are moving coherently in these
modes; or if the boson peak comes from modes involving
displacements of groups of atoms, individual amino acid resi-
dues, secondary structures, and/or domains.43

We now consider our experimental results in the context of
several models previously proposed to explain the origin of the
boson peak. In our analysis we will use the elastic modulus
estimated using Brillouin scattering data, although elastic
behaviour at the microscopic and nanoscopic (protein) length
scale might differ. The Elastic Global Model44 connects nBP to the
inverse of the radius of the protein, R, according to the formula

~v ¼ 1

2cR

ffiffiffiffi
E

r

s
; (10)

where c is the speed of light in a vacuum, E is Young's modulus,
and r is the mass density.

The data from both light and neutron scattering clearly shows
that the frequency of the boson peak is not related to the size of the
protein: BSA and MYO have very similar nBP, although their
diameters differ by more than 1.5 times. This result contradicts
the earlier ideas of the Elastic Global Model.44 The boson peak
frequency, however, again exhibits the same trend with respect to
the secondary structure of the proteins (Fig. 5): the two a-proteins
MYO and BSA have the lowest nBP, while the b-protein GFP has the
highest nBP, and lysozyme with a- and b-structures is in between.
This trend is visible in both sets of NS and LS data; in the LS case,
differences in nBP between the proteins in the hydrated state are
less pronounced relative to the neutron data. This can be related to
the fact that light scattering intensities depend not only on the
vibrational density of the states but also on the light-to-vibration
coupling coefficient, and are also affected by background uo-
rescence. Moreover, in hydrated proteins NS data for nBP are more
relevant due to the relatively low contributions of D2O. Our result
suggests that the boson peak frequency in proteins is sensitive to
secondary structure and raises the possibility that the origin of this
feature includes modes based on secondary structure elements.
Such an explanation is supported by previous literature, such as
Brown et al.,45 who showed that the boson peak was connected to
the coherent vibrations of adjacent, strongly coupled residues.

It is then logical to consider the model for the low frequency
vibrations of polymers, the so-called longitudinal acoustic
modes.46,48,49 The low-frequency Raman peak was assigned to
the symmetric, longitudinal, accordion-like motions of the
extended zig-zag carbon backbone. In this way a polymer
molecule can be approximated by a continuous elastic rod,
whose frequency is inversely proportional to the length of the
chain, L, according to the equation46

~v ¼ 1

2cL

ffiffiffiffi
E

r

s
: (11)

In another approach, Chou, working with the Raman spectra
of proteins, considered the secondary structure as a relevant
This journal is ª The Royal Society of Chemistry 2013
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parameter and suggested that the low frequency motions are
related to the internal deformation of secondary structures,
such as the accordion-like modes of a-helices50 and b-sheets,51

and breathing motions of b-barrels.51 Specically, by approxi-
mating the a-helix to a spring of length L, Chou predicts a
frequency of

~v ¼ 1

2pc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k þ K*

rL=3

s
(12)

where r is the mass per unit length of the spring, K* is the
bending force constant and k depends on the number of resi-
dues in the a-helix and on the stretching force constant.52

For the b sheet case, the same author considers a vibration
system consisting of strands of mass M, and springs (hydrogen
bonds, HBs) whose mass is negligible. The obtained accordion-
like vibration occurs at frequency

~v ¼ 1

pc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3lk

mðmþ 1ÞM

s
: (13)

l is the number of HBs (¼ n + 1, where n is the number of
residues in each chain), m is the number of constituent chains,
and k is the stretching force constant of a hydrogen bond.50

Finally, by connecting the edges of the strands and springs
model of the b-sheet, Chou derived a model for the b barrel,
whose breathing motion has a characteristic frequency given by

~v ¼ 1

pc

�
sin

p

m

� ffiffiffiffiffiffi
lk

M

r
(14)

where m represents the number of rods, M is the total mass, l
the number of HBs and k is the stretching force constant of a
hydrogen bond.51

Table 2 compares the nBP results obtained from the analysis
of neutron and light scattering spectra to the frequencies pre-
dicted from the continuous elastic rod model and Chou's
models. The models were applied to each secondary structural
component (a-helix or b-sheet) of the proteins. The length of
a-helices was dened as the distance from the rst to the nal a
carbon in each helical unit (using structures from PDB). The
averaged values for each protein are presented in Table 3.
Values of nBP calculated from the continuous elastic rod model
(eqn (11)) agree well with the light scattering data for MYO and
BSA, while deviating strongly for LYS which has short a-helices
and b-sheets, and a signicant amount of loop regions (Table 1).
So, it is possible that this model gives good estimates for the
frequency of Raman modes for proteins with strongly
Table 2 Boson peak frequencies: observed at room temperature for dry proteins w
rod and Chou's models. Error of the fit reported

nBP obs. NS (cm�1) nBP obs. LS (cm�

GFP 18 � 1.0 23 � 0.5
LYS 16 � 1.0 23 � 0.5

BSA 14.5 � 1.0 19.5 � 0.5
MYO 12.5 � 1.5 18 � 0.5

This journal is ª The Royal Society of Chemistry 2013
dominating secondary structures. Chou's models for accordion-
like motions of a-helices and of b-sheets50-52 are systematically
larger for MYO and BSA and a strong difference appears for LYS
(Table 2). We want to emphasize that lysozyme is characterized
by a substantial loops portion which is not taken into account
by these models. It is worth mentioning that these models were
optimized for light scattering on long helices/chains,40,49 and no
correction for the light-to-vibration coupling coefficient53 was
performed. On the other hand, Chou's prediction for the
breathing mode of GFP, a b-barrel with 109 HBs,54 gives a nBP

�17 cm�1, which agrees with the neutron scattering data. So,
while Chou offers a reasonable interpretation of nBP in a
b-barrel, the model of accordion-like motions for a-helices is
not supported by our data. Chou correctly recognized that the
model does not take into account the effects of the immediate
surroundings of a given structure. In the case of the b-barrel the
surrounding environment would be less of a factor. This might
be the reason for the good agreement of the model's prediction
and the observed boson peak frequency for GFP (Table 2).

Finally we test the non-continuous model proposed by Duval
et al.40,55 to interpret the boson peak of the glass-forming
systems. In this model the glass is described as a network dis-
rupted by disordered defects. The boson peak arises from
vibrations localized in these nano-heterogeneities that compose
the glass. It follows then that the low-frequency vibrational
spectra will carry information about the characteristic size and
relative stiffness of these local heterogeneities. By combining
observations of the boson peak and sound velocity measure-
ments it is possible to estimate the characteristic correlation
length scale x assuming an acoustic-like nature of the boson
peak vibrations according to:40,55

x ¼ s
cT

vBP
; (15)

where nBP is the boson peak frequency, cT is the transverse
sound velocity, and S is a constant that depends on the partic-
ular mode. Assuming a Poisson's ratio of s ¼ 0.33 (see Table
S3†) gives an estimate of cT¼ cL/1.98. For a spherical particle the
parameter S for the lowest frequency mode is s ¼ 0.8.40,55

Table 3 lists the room temperature values of x together with
the molecular weights and the hydrodynamic radii of the
proteins, the average length of the a-helices, and the diameter
of the b-barrel. The x values estimated using eqn (15) are smaller
than the average distance from surface to surface for all the
samples investigated. The resulting characteristic lengths for
the protein boson peak are therefore reasonable in the context
ith neutron (NS) and light scattering (LS), and calculated for the continuous elastic

1)
nBP continuous elastic
rod model (cm�1)

nBP Chou's
models (cm�1)

17
a-Helices 37 a-Helices 30

b-Sheets 47
20 24
20 23
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Table 3 Values of the correlation length scale x listed together with the molecular weight (Mw), hydrodynamic radius (RH), average length of the a-helices of the
molecules and the average diameter of the b-barrel. The last two parameters have been obtained from the pdb files of the molecules

Mw (kDa) RH (nm)
x dry 298 K
(nm)

Average length
of a-helices (nm)

Average diameter
of b-barrel (nm)

GFP 25.8 2.4846 1.91 — 2.4 (ref. 47)
LYS 14.3 2.0545 1.91 1.23 —
BSA 62.6 3.444 2.20 2.14 —
MYO 17.8 2.1245 2.29 2.05 —
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of this model. Moreover, our results again conrm that x

doesn't scale with the molecular weight; it is about two times
smaller than the size of the protein. However, the correlation
length obtained for BSA and MYO is very close to the average
length of the a-helix. The a-helices of lysozyme (1.23 nm) are
shorter than those of BSA and myoglobin but the presence of
the b-sheets and substantial contribution from loops compli-
cates the picture and a combined contribution of all the struc-
tural units has to be expected. The estimated characteristic
length scale for GFP does appear close to the diameter of the b-
barrel (Table 3). Further studies would be appropriate to unravel
the elementary vibrating units for proteins containing b-struc-
tures as well as loop and disordered regions. We also note that
the boson peak in proteins is very broad (Fig. 3) reecting the
broad distribution of possible modes and length scales.

Although the entire presented study is based on powder
samples, we expect that the results obtained for the boson peak
in hydrated proteins might be extended to solutions.56,57 The
hydration level h ¼ 0.4 is usually considered to be sufficient for
full development of protein activity and dynamics.32,58 Thus the
conclusions formulated for hydrated proteins might be relevant
when considering proteins in solution.

Conclusions

While it is important to acknowledge that this work has focused
on only four model proteins, the presented study reveals a
potential connection between secondary structure, rigidity and
dynamics in proteins. From Brillouin scattering we see that the
studied a-proteins have lower elastic moduli than those domi-
nated by the b motif. This trend is also observed in the
frequency of the boson peak, and in the quasielastic neutron
scattering intensity, which are sensitive to molecular rigidity. It
is visually summarized in Fig. 1 which illustrates the increase in
stiffness going from the a-protein myoglobin to the b-structured
GFP. The high rigidity of the b-barrel GFP system is also
consistent with the estimates of atomic mean square displace-
ments estimated from neutron scattering (inset of Fig. 1). A
microscopic reason for higher rigidity of beta structures is not
clear, but it might be related to the higher number of H-bonds
per residue. Our analysis also presents evidence related to the
microscopic origin of the boson peak vibrations in proteins. We
have excluded the molecular size dependence of the boson peak
by comparing two a-proteins of substantially different molec-
ular weight. Instead, we reveal a possible relationship of the
boson peak frequency and the sizes of secondary structures.
Soft Matter
Results for lysozyme, however, suggest that disordered loop
regions play an important role in the dynamics and complicate
analysis of the role of secondary structures.
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