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ABSTRACT Complementary neutron- and light-scattering results on nine proteins and amino acids reveal the role of rigidity
and secondary structure in determining the time- and lengthscales of low-frequency collective vibrational dynamics in proteins.
These dynamics manifest in a spectral feature, known as the boson peak (BP), which is common to all disordered materials. We
demonstrate that BP position scales systematically with structural motifs, reflecting local rigidity: disordered proteins appear
softer than a-helical proteins; which are softer than b-sheet proteins. Our analysis also reveals a universal spectral shape of
the BP in proteins and amino acid mixtures; superimposable on the shape observed in typical glasses. Uniformity in the under-
lying physical mechanism, independent of the specific chemical composition, connects the BP vibrations to nanometer-scale
heterogeneities, providing an experimental benchmark for coarse-grained simulations, structure/rigidity relationships, and engi-
neering of proteins for novel applications.
INTRODUCTION
Protein dynamics span from subpicosecond vibrations to
large domain motions occurring on the micro- and milli-
second timescales. And although functional motions in
enzymes are understood to be rate-limited by these large-
amplitude motions; it was recently demonstrated that subpi-
cosecond vibrational motions may play a crucial role in the
function of biomolecules, promoting enzyme-catalyzed
reactions (1), chemical barrier crossing (2,3), and proton
tunneling effects (4,5). Indeed, some transition states are
characterized by lifetimes on the order of tens of femtosec-
onds (3), comparable to the timescale of low-frequency col-
lective vibrations of proteins. It was even suggested in a
recent molecular dynamics study (6) that such motions facil-
itate large conformational translations. Protein function is
encoded in its structure, which defines the dynamics and
mechanical properties of the protein (7–9). Based on these
building blocks, we arrive at the diverse range of biological
materials, such as skin, bone, hair, titin, and spider silk, all
with highly specific mechanical properties casually assigned
to secondary structure (7–9). The a-helical motif, for
instance, provides mechanical stability to cells and plays a
fundamental role in biophysical processes involving me-
chanical signaling, whereas the b-sheets forming domains
that constitute silks, muscle tissue, and amyloid fibrils pro-
mote toughness and strength.

Proteins and glass formers share a wide range of dynam-
ical features (10), among which the boson peak (BP) has
been one of the most widely debated. The BP is a spectral
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feature in neutron and light scattering in the range~2–7
meV (~16–45 cm�1) found in proteins (11–18) and glasses
(19–26). It is connected to the vibrational density of states,
g(n), in excess of the expected Debye level (gD (n) f n2).
The BP appears in the energy range where the acoustic pho-
nons have a wavelength on the order of a few nanometers, a
typical lengthscale at which the continuum elastic descrip-
tion valid for crystalline systems breaks down in glasses
(27). Several studies have shown a strong correlation be-
tween the BP and acoustic modes in glass formers (27,28).
Despite these efforts, the microscopic origin of the BP is
still debated. Soft-potential models connect the BP to quasi-
local vibrational modes, which coexist and hybridize with
the sound waves at the BP energy (29–31). Another
approach relates the BP of a glass to the softened and broad-
ened (due to structural disorder) transverse acoustic singu-
larity of the relevant crystal (32). Random first-order
transition theory relates the BP to motions of domain walls
that separate cooperatively rearranging regions (33,34). And
yet other models ascribe the BP to structural heterogeneity,
which results in a spatial distribution of local elastic con-
stants (35–38), or to strong phonon localization within nano-
scale domains. These approaches relate the BP to the size
and properties of such heterogeneities (39–42).

There is an opportunity to use this heterogeneity approach
to overlap with structural biology. The secondary structures
of proteins are defined as the local spatial arrangement of
the peptide backbone, stabilized by interactions such as
hydrogen bonds and solvent exclusion. Typically, this is
described by well-defined motifs such as a-helices,
b-strands, turns, or loops. The lengthscale of secondary
structural units (~1�4 nm) is on the order of the nanoscopic
heterogeneities known in glasses.
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Microscopically, the BP in proteins is thought to contain
contributions from a range of collective vibrational modes.
These motions are distributed throughout the molecule
(12,13), including in the backbone and polar and nonpolar
side chains (12). Although these modes might be collective,
only a minority of the scattered intensity at the BP can be
connected to in-phase motions of secondary structural units,
as demonstrated by coherent-NS measurements of the BP in
green fluorescent protein (GFP) (43).

In this work, we report the insights gained from observa-
tions of the BP in several proteins and amino acids,
analyzing both peak position and spectral shape. Our anal-
ysis reveals a trend of increasing BP frequency with
increasing rigidity of the predominant secondary structure
of the protein, with random coils being softer than a-helices
and b-sheets being the most rigid structure we studied.
There also appears to be a surprising universality of the
spectral shape of the BP for all the proteins and even the
amino acid mixtures studied here. The spectral shape of
the BP in proteins is essentially the same as what has
been observed in a wide range of glass formers (23). We
interpret these results in terms of the nanoheterogeneities
model proposed for glasses (39–42). The correlation length-
scales (x¼ 1.8–2.4 nm) estimated in this approach appear to
be comparable with the size of secondary structural ele-
ments, such as the length of a-helices and of b-sheets (16).
RESULTS AND DISCUSSION

We have used both neutron scattering (NS) and depolarized
light scattering (LS) experiments to measure the BP in dry,
lyophilized protein powders at 170 K and 295 K. The NS
experiments were performed on the Cold Neutron Chopper
Spectrometer (44) at the Spallation Neutron Source (SNS)
at OakRidgeNational Laboratory (OakRidge, TN). Detailed
descriptions of the NS, depolarized LS, and complementary
measurements using Brillouin, Fourier transform infrared
spectroscopies, and refractive index data are provided in
FIGURE 1 (a) NS spectra in the BP region presented as the spectral density fo

ized at the high-frequency tail. (b) NS spectra of b-casein (gray stars), BSA (blue

and b-sheet secondary structures. Solid black lines present the fit using Eq. 1. (c)

serve as a guide for the eye. Experimental points at 170 and 295 K are shown for

The error bars are the uncertainties provided by the fit. To see this figure in col
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the Supporting Material and previous work (16). We chose
seven model proteins to isolate secondary structures found
in native proteins: b-sheets (concanavalin A (CON) and
immunoglobulin G (IgG)), b-barrel (GFP), aþb structure
(lysozyme (LYS)), a-helices (myoglobin (MYO) and bovine
serum albumin (BSA)), and intrinsically disordered proteins
(b-casein (CAS)). The relative content of each secondary
structure for the model proteins, as defined by mass fraction,
is reported in Table S1 in the SupportingMaterial. To test the
sensitivity of the BP to chemical composition, as well as the
presence of the polypeptide backbone and particular second-
ary structure, we also analyzed two amino acid mixtures that
reproduce the amino acid compositions of GFP and BSA (aa-
GFP and aa-BSA, respectively; for details, see Table S2). The
secondary structures of all the proteins and the absence of
polypeptide chain in the aa-mixtures were directly confirmed
by Fourier transform infrared spectroscopy measurements of
the amide region (1400–1700 cm�1) (Fig. S1).
BP position

Fig. 1 a shows the NS spectra of seven different proteins,
together with the aa-GFP mixture, at 170 K in the spectral
density formalism, In(n), for both depolarized LS and NS
data. Depolarized LS spectra correspond to the energy-
loss side, and therefore the expression used to obtain the
spectral density was

ILSn ¼ IðnÞ
n � ½nBðnÞ þ 1�; (1)

where I(n) is the measured intensity and

nBðnÞ ¼ ½expðhn=kTÞ � 1��1
; (2)

is the Bose-Einstein occupation number.
NS spectra were collected in the energy-gain side,

although they are shown here with a positive energy axis
r the seven dry proteins and aa-GFP mixture. The spectra have been normal-

diamonds), and IgG (teal hexagons) representative of random coil, a-helix,

BP frequencies obtained from the NS data plotted versus temperature. Lines

all samples, and additional points at 220, 250, and 280 K are shown for GFP.

or, go online.



FIGURE 2 Correlation between frequency of the BP and rigidity of

different secondary structures of proteins. Order of increasing rigidity:

random coil < a-helix < b-sheet. Results obtained from NS data on dry

powders at 170 K. To see this figure in color, go online.
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for comparison to LS spectra; consequently, In(n) was calcu-
lated according to the equation

INSn ðnÞ ¼ IðnÞ
n � nBðnÞ: (3)

The NS spectra used for this presentation were summed over
all measured Q (0.5–5 Å�1), because no significant Q
dependence of the spectral shape was observed, and subse-
quently normalized at the high-frequency tail (16). There is
an increase in the frequency of the BP going from b-casein
to aa-GFP, indicating a progressive stiffening of the systems.

To quantitatively compare the BP frequency, nBP, for the
different samples, we fit the spectral densities of the samples
according to the expression (16)

InðnÞ ¼ A

n2 þ n20
þ B � exp

2
6664�

�
ln

n

nBP

�2

2W2

3
7775þ y0; (4)

where the first term accounts for the quasielastic scattering
contribution approximated by a Lorentzian function with
width n0 and amplitude A, and the second term describes
the BP in terms of a lognormal function (24) of width W
and amplitude B. This procedure was used for both NS
and LS data sets. In the case of NS data, the background
parameter y0 was 0. This parameter was left free in the
case of LS to account for possible photoluminescence
contribution. Representative fits are shown in Fig. 1 b for
the various structural classes, intrinsically disordered
(CAS) and a- (BSA) and b-proteins. The temperature evo-
lution of nBP for all samples measured with NS are plotted
in Fig. 1 c. LS data are consistent with NS results, and the
nBP from LS is reported together with the NS data at 295
K in Fig. S5. We observe the same trend in the rigidity of
the proteins at each temperature, going from disordered pro-
tein to a-helices to b-structures, with the amino acid mixture
appearing the most stiff: CAS < MYO < BSA < LYS <
CON < GFP < IgG < aa-GFP (Fig. 1 c). This correlation
is presented in the context of the secondary structure in
Fig. 2. Both b-sheets and b-barrels are more rigid structural
units than a-helices, consistent with our previous work con-
ducted on four model proteins (16). Lysozyme with a- and
b-structures appears to have moderate rigidity between a-
and b-structures; and finally casein, with its intrinsically
disordered structure, is the softest protein observed in this
study.

In a previous investigation (16), it was suggested that the
microscopic reason for the higher rigidity of the b-barrel
GFP might be related to its higher number of hydrogen
bonds per residue relative to the a-helices in MYO and
BSA. Here, the expanded data set, including b-sheet pro-
teins (CON and IgG), allows us to point out that high rigid-
ity appears to be a general property of b-structures and not
exclusively an effect of extra mechanical stability due to the
barrel configuration. This expanded data set also allows for
more definitive comment on the proposed elastic global
model (45). We present the molecular masses and the hydro-
dynamic radii (RH) of the proteins in Table 1 (46–51) and
Fig. S6. According to the elastic global model (45), the
BP position should scale with the inverse RH. Our results
(Table 1) clearly demonstrate that the BP position does
not scale with the size of the biomolecule, illustrating the
shortcomings of this model.

The inclusion of a disordered protein, b-casein, in this
data set is significant in two ways: first in the context of
the biological and nanomaterial relevance, and second as a
link through which we can compare our results to the BP
properties of random-coil structures of synthetic polymers.
It is clear that the relative softness of the BP in CAS is
consistent with the large plasticity of intrinsically disor-
dered proteins due to their lack of rigid folded structure,
which allows these proteins to interact with many different
targets (52).

Fig. 3 a presents depolarized LS spectra of dry aa-mix-
tures representing the composition of GFP and BSA (aa-
GFP and aa-BSA), again as spectral density at 170 K and
295 K. The BP is clearly observed for both aa-mixtures,
as was anticipated by Diehl et al. (11), and recently demon-
strated by Schirò et al. (53) for an aa-mixture representing
the composition of myoglobin. At each observed tempera-
ture, the BPs of aa-BSA and aa-GFP appear to be superim-
posable; suggesting that the position and shape of the peak
are not sensitive to the change in composition of amino
acids for these two samples (compositions shown in Table
S2). Fig. 3 b presents a comparison of the NS spectra of
aa-GFP (solid lines) and the protein GFP (symbols) at 170
K. This is not the same comparison of amino acids as in
Fig. 3 a, but a comparison of the aa-mixture to the protein
with the same chemical composition. The BP of the
Biophysical Journal 106(12) 2667–2674



TABLE 1 Model parameters

nBP (meV) Molecular mass (kDa) RH (nm) x (nm) Average length or width (nm)

MYO 2.32 (5 0.14) 17.8 2.12 (46) 2.29 a-helices: 2.05

BSA 2.52 (5 0.12) 62.6 3.4 (45) 2.20 a-helices: 2.14

CON 2.80 (5 0.14) 104 3.84 (47) 2.16 b-sheets: 2.50

IgG 2.94 (5 0.07) ~160 5.51 (48) 1.77 b-sheets: 1.48

GFP 2.84 (5 0.08) 25.8 2.48 (49) 1.91 b-barrel diameter: 2.40 (50)

LYS 2.57 (5 0.14) 14.3 2.05 (46) 1.91

CAS 2.21 (5 0.06) 25 16 (51) 2.39

aa-GFP 4.31 (5 0.09) 0.075�0.204 — 1.85

aa-BSA — 0.075�0.204 — 1.81

BP frequencies (nBP), obtained from NS data on dry powders at 170 K, are listed together with values of the correlation lengthscale, x, estimated using Eq. 5,

the molecular mass, hydrodynamic radius (RH), average diameter of the b-barrel, and average length of the a-helices or average width of b-sheets of the

molecules. The last two parameters were obtained from the PDB structures of the proteins (1DWT; 3V03; 1LYZ; 2YZ4; 1IGT; and 1GFL). The uncertainties

for nBP (reported in parentheses) were the errors provided by the fit (Eq. 4). (Inset) Cartoon representations of MYO, CON, and GFP show the correlation

between x and the size of secondary structural units. To see the cartoon representations in color, go online.
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aa-mixture of GFP is found at higher frequency than is the
BP of the protein GFP. This observation indicates that the
aa-mixture is a stiffer system relative to the folded protein
of the same chemical composition. The example of small
molecules of mono- and polyalcohols demonstrates the
importance of hydrogen bond density, with the frequency
of BP increasing at higher hydrogen bond densities (54).
It is also known that the number of backbone H-bonds per
residue is <1 for a folded protein (16), suggesting a poten-
tial increase of two H-bonds per residue from the carboxyl
and amino groups that are free from the peptide backbone.
In this way, we can attribute higher BP frequency in amino
acid mixtures to an increase in the number and collective
strength of H- bonds per residue.

This difference in rigidity is also supported by Brillouin
LS measurements in the GHz frequency range, which
show that the longitudinal sound velocities obtained for
aa-GFP are higher than those observed for GFP in the entire
temperature range investigated (100�295 K) (Fig. S4).

Finally, we want to make a brief comment regarding the
BP feature in hydrated proteins. It has been observed
(11,12,15,16,18) that the position of the BP in different pro-
teins shifts to higher frequency upon hydration, reflecting
strong protein-water hydrogen-bonding interactions, and a
general increase of rigidity in the system. We demonstrated
in our previous work that the trend of increased rigidity with
protein secondary structure is preserved in the hydrated state
(16). Moreover, both light and NS experiments (55,56)
consistently demonstrate that the low-frequency vibrations
in protein powders and solution show remarkable similar-
ities. Therefore, the conclusions drawn for protein powders
should be considered relevant to proteins in solution.
BP spectral shape

We now shift our focus to the discussion of the spectral
shape of the BP for the proteins and amino acid mixtures
studied. To analyze peak shape, we normalized the NS
Biophysical Journal 106(12) 2667–2674
spectral density data to the frequency of the maximum
(nBP) and to the intensity of the BP (IBP). This is shown
for all dry samples at 170 K in Fig. 4. Interestingly, in
this presentation, the spectral shape of the BP appears to
be universal for all the seven proteins and the aa-GFP
mixture measured with NS. This observation is also valid
for the spectra measured at different temperatures (170 K
and 295 K; Fig. S7 a) and hydration levels (dry and h ¼
0.4, where h is the ratio between grams of water and grams
of protein; Fig. S7 b).

This result suggests a universal origin of the BP in pro-
teins. Chemical composition, connectivity of the constituent
amino acids, 3D structure, and local rigidity do not appear to
affect the spectral shape, but there are systematic differences
in the peak position and amplitude.

A universal shape of the BP has also been reported for a
series of oxide, chalcogenide, metallic, superionic, and low-
molecular weight organic glasses (23–25). It was demon-
strated that different chemical composition, chemical bond
type (metallic or covalent), and short-range order of these
various glass formers did not affect the spectral shape of
the low-frequency vibrational density of states of glass for-
mers. How do our observations of universal shape fit into the
current understanding of the BP? Soft potential models as-
sume that sound waves are coupled to local oscillators,
which are produced by double-well-like soft potentials.
The parameters of the soft potentials are chosen to have a
broad statistical distribution predicting that local oscillator
frequencies will follow g(n) f n4 on the low-frequency
side of the peak, and g(v) f n on the high-frequency side.
Structural-disorder models (36) predict the same g(v) f n

on the high-frequency side, whereas the low-frequency
part of the peak comes from elastic scattering of soundlike
waves by disorder in elastic constants of the medium, rather
than from the anharmonic interactions. Unfortunately, our
data do not provide enough information to validate these
models, as relaxations of the proteins (quasielastic scat-
tering) obscure a clear evaluation even at low temperature.



FIGURE 3 (a) Depolarized LS spectra of the BP region for dry aa-GFP

and aa-BSA presented as the spectral density, In, at 170 K and 295 K. (b)

NS In spectra of dry aa-GFP (lines) and GFP (symbols) at 170 K. To see

this figure in color, go online.

FIGURE 4 Universal shape of the normalized BP for the seven proteins

and the aa-GFP mixture. The NS spectral densities were scaled to BP posi-

tion and intensity. To see this figure in color, go online.

FIGURE 5 Universal shape of the reduced g(n)/n2 for glasses and pro-

teins. As2O, Mg70Zn30, and (AgI)0.65-(Ag2OþB2O3)0.35 spectra are from

studies by Malinovsky and colleagues (23,24), and B2O3 spectra are from

Engberg and Wischnewski (26). To see this figure in color, go online.
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Fig. 5 illustrates g(n)/n2 from NS experiments in the n/nBP
coordinate for a selection of proteins in this work and
glasses in previous publications (23,24,26). It is clear that
the BP of proteins and glasses exhibit the same universal
spectral shape upon normalization, indicating a common
microscopic origin of the underlying dynamics. This
suggests that the BP shape cannot be strongly associated
with the specific chemical composition of the systems, but
must be ascribed to more general features common to
glasses and proteins. One such feature, recognized by
different types of models, is the presence of elastic hetero-
geneities on the nanometer lengthscale. In fact, our observa-
tions of universal shape of the BP upon normalization are
consistent with the framework proposed in nanoheterogene-
ity models. From this perspective, the BP is described as the
collection of vibrations arising from heterogeneities in
elastic constants within the glass with a characteristic
lengthscale of a few nanometers. According to these
models, the spectrum of the excess vibrational density of
states is determined by the spatial distribution of fluctua-
tions in the elastic constants of the amorphous structure.
The universal shape of the spectral feature can be related
to the universality of this distribution. The distribution can
be modeled with a lognormal function (24). Assuming an
acoustic-like nature of the BP vibrations, we can gain
some understanding of the characteristic size or correlation
lengthscale, x, of such nanoheterogeneities through the rela-
tion (39,42)
Biophysical Journal 106(12) 2667–2674
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x ¼ S � cT
nBP

; (5)

where nBP is the BP frequency, cT is the transverse sound

velocity, and S is a constant defined by the shape and ampli-
tude of the nanoscale heterogeneities.

By combining our measurements of sound velocity and
the BP from LS (Supporting Material) as described in Perti-
caroli et al. (16), we applied the nanoheterogeneities model
to all the proteins and aa-mixture samples to estimate this
correlation lengthscale, x (Table 1). We do not exclude the
potential validity of other interpretations of the BP. We
have chosen to proceed using a heterogeneity model to
obtain the physical lengthscale of elastic heterogeneities,
which is a common feature across a wide range of different
models (33,34,38–42).

Table 1 also provides a comparison between the sizes of
the proteins and the average sizes of the secondary structure:
length of the a-helices, size of b-sheets, and diameter of the
b-barrel. As already mentioned (16), x does not scale with
the size of the proteins. The correlation length obtained
for BSA and MYO is very close to the average length of
the a-helices, and the estimate of x for GFP is similar to
the diameter of the b-barrel. We note that x in other b-struc-
tures seems to correspond to the width of the b-sheet (Table
1, inset). In fact, IgG, although larger than concanavalin A,
is characterized by the narrowest b-sheets and presents a
smaller x compared to CON, whose strands are arranged
in wider sheets. We also notice that the softest disordered
protein, CAS, has the largest correlation length, x ~
2.4 nm, whereas the stiff H-bonded aa-mixtures have x ~
1.8 nm. Finally, the correlation length of the mixed-motifs
protein, lysozyme, probably results from the combination
of all three secondary structural units forming the molecule,
as we would expect to see in other mixed proteins. It is
important to note that the dimensions of protein secondary
structures agree well with the lengthscale predicted for
nanoscopic heterogeneities. Beyond this, we again note
the trend in the local rigidity of these secondary struc-
tures/nanoscopic heterogeneities, with b-structures appear-
ing generically more rigid than a-structures, which are in
turn more rigid than the unstructured regions (Fig. 2).
This does tend to support the heterogeneity models, with
proteins providing an excellent experimental system with
well-defined nanometer-scale heterogeneities. However,
recent studies of collective dynamics in GFP using coherent
NS of fully deuterated GFP reveal that in-phase motions of
secondary-structural elements contribute less than half of
the scattered intensity at the BP (43). This folded protein
differs from synthetic polymers and some molecular glass-
forming materials, where coherent NS revealed strong in-
phase collective motions of neighboring structural units in
the low-frequency vibrational modes (19–22). This may
relate to the lack of higher-order structure in these materials
relative to the complex folded structure seen in proteins.
Biophysical Journal 106(12) 2667–2674
CONCLUSIONS

Our results provide insight into collective vibrations, illus-
trating the role of size and rigidity of the protein secondary
structure in determining the timescale of such dynamics.
We have analyzed the position and spectral shape of the
BP in proteins as a function of secondary structure. We
observe that the BP position is sensitive to the rigidity of
the predominant secondary structure, i.e., random coil <
a-helix < b-sheet. The subpicosecond collective vibrations
in proteins, the so-called BP, occur on timescales associated
with chemical barrier crossing and proton tunneling effects,
and they play a crucial role in facilitating large confor-
mational translations. Moreover, there is evidence that the
spectral shape of the BP is universal not just among proteins,
but among a wide range of glass formers. This is to our
knowledge the first demonstration that the BP of proteins,
amino acid mixtures, and glass formers potentially share a
physical origin; independent of chemical composition. Our
interpretation in terms of the nanoheterogeneities model
illustrates the connection of the BP and secondary-structural
elements such asa-helices andb-sheets. Our findings suggest
that the BP in proteins behaves in a manner similar to that
seen in glassymaterials. This analysis connects the frequency
of the collective low-frequency vibrational excitations in
proteins to the size and rigidity of their secondary structure,
similar to heterogeneity models, which predict that the prop-
erties of heterogeneities influence the BP in glasses.

These results contribute to the fundamental understand-
ing of the interplay between protein structure and dynamics
at the vibrational timescale. This observed relationship
(b-sheets are more rigid than a-helices, which are more
rigid than disordered proteins) is based on a clear experi-
mental result. Going forward, this provides the community
with time- and lengthscales of these motions of basic protein
structures. Furthermore, there are tantalizing implications
for those interested in the design and development of novel
protein-based materials. Our findings may be useful in the
engineering of bio-inspired structures using secondary
structures as building blocks with specific mechanical rigid-
ities to create new architectures that mimic and exceed the
properties of biological systems.
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