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Origin of the low-frequency modes of globular proteins
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The incoherent structure factor associated with the nonexchangeable hydrogen atoms of carbomonoxy myo-
globin at 80 and 200 K in a solvated sample has been computed from molecular dynamics simulations. The
evaluated mean square displacements are almost three times larger than the experimental ones. However, the
low-frequency band centered at 3 meV, observed in neutron scattering experiments, is reproduced. Evaluation
of the contribution to the spectrum from different protein shells and backbone and side chain atoms allows us
to propose that the low-frequency mode around 3 meV, which is a constant feature of all globular proteins, is
mainly due to the hydrogen atoms belonging to the inner shell, suggesting that this mode is intrinsic to the
protein itself.@S1063-651X~99!14110-2#

PACS number~s!: 87.15.2v, 87.14.Ee
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I. INTRODUCTION

Evidence of the existence of low-frequency motions
proteins in the picosecond time scale has been provided
ther by experiments or by simulative methods such as
lecular dynamics~MD! and normal mode analysis. Indica
tion of a low-frequency band came from Ram
experiments, which were able to detect a broad maximum
3.7 meV on a liophylized chymotrypsin sample@1#. A peak
at about 3.1 meV was then observed again with Raman s
troscopy on several globular proteins@2# and was confirmed
by neutron scattering experiments on polycrystall
lysozyme@3#. Actually, inelastic neutron scattering is a ve
accurate tool to investigate atomic dynamics in the pico
nanosecond time scale, probing both vibrational and di
sive motions. Inelastic neutron scattering data collected
low temperatures have shown the presence of a similar s
trum, characterized by a broad maximum in the incoher
dynamic structure factor at around 3.0 meV in trypsin inhi
tor, myoglobin ~Mb!, hemoglobin, lysozyme, and even re
blood cells@4–6#. At room temperature this band is burie
by a strong quasielastic scattering. The origin of the lo
frequency band at around 3 meV, which has been eviden
also in the far infrared transmission spectrum of d
lysozyme using synchrotron radiation@7#, is not yet well
understood.

In the past the protein low-frequency spectrum has b
interpreted as the overlap of the vibrational motion of
elastic sphere with characteristic frequencies inversely p
portional to the radius of the sphere@9,10# although this de-
pendence has not been confirmed experimentally@2#. Later
on, it has been suggested that the low-frequency mo
could be related to accordionlike modes ofa helices in the
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secondary structure of proteins@11# and their frequencies
have been calculated for several proteins in the 2.4–3.7-m
range.

A recent inelastic scattering study in the low-frequen
range of deuterated myoglobin and lysozyme at full and l
hydration has suggested that the band at around 3 me
mostly contributed by water-coupled librations of the si
chain groups, in particular, the polar ones that are depre
in the hydrated sample by strong hydrogen bond interacti
@12#.

In this context, MD simulations performed on Mb we
able to qualitatively reproduce the inelastic peak@13,14#, al-
though the peak was systematically shifted to lower frequ
cies by a factor ranging from 2 to 3. Possible explanations
this discrepancy have been suggested as the use of an
curate simulation model~force field!, or the different bound-
ary conditions of the experimental and the simulati
samples. In fact, the experiments are usually achieved
protein crystal powders with a certain amount of hydrati
water, while the simulations are usually performed on a
lution at virtually high concentration. Moreover, a strong d
pendence of the inelastic peak with the treatment of elec
statics has been observed@14#, in particular, concerning the
use of different truncated models to compute the electrost
interactions. It was noted that the same MD simulations u
to investigate the atomic fluctuations of Mb versus tempe
ture were able to reproduce qualitatively the glasslike tran
tion of Mb, but the atomic Debye-Waller factors computed
low temperatures exhibited values systematically larger t
the experimental ones, by a factor of 2 to 3, i.e., the sa
ratio observed for the shift in frequency.

In this paper we have simulated a solvated myoglo
sample in the isothermal-isobaric ensemble and treated
electrostatics with the Ewald summation method. The
namic structure factors calculated in this way are found
match in shape and energy the experimental data. How
the mean square displacements are still 2–3 times larger
the measured ones probably for the inaccuracy of the fo
field @15#.
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Analysis of our trajectories by considering the contrib
tion to the incoherent dynamic structure factor of selec
protons located in specific parts of the protein allows us
observe that the low-frequency band observed in glob
proteins is due to a dominant role of the side chain gro
that are not necessarily located in the external part of
protein. Our results allow us to reinterpret the observed
shapes in terms of protein intrinsic motions modulated by
interaction with the solvent.

II. COMPUTATIONAL METHODS

All MD simulations discussed in this paper have be
performed by using the programDL_PROTEIN @16#, a fully
parallel MD code suited to simulate biological molecule
Runs have been achieved on the parallel Origin 2000
T3E platforms of Cineca~Bologna, Italy!.

We have simulated a carbomonoxy myoglobin prot
embedded in 1513 water molecules plus 9 chlorine coun
ons. The adopted force field is the Charmm22 scheme@17#
by treating all atoms of the protein including aliphatic, i.
nonexchangeable, hydrogen atoms explicitly. Each atom
ries a Van der Waals interaction term with the Loren
Berthelot rules adopted to handle interatomic interactio
plus a partial charge. The Hamiltonian also presents b
angle and dihedral potential terms, plus a redefined Van
Waals interaction term on the short-range topological d
tance, in order to mime at best the chemical bonding. T
water molecules have been treated with the TIP3P w
model, as it is used in the Charmm22 parameter set.

The full connectivity and interaction terms of Mb hav
been generated by using the DLGEN utility embedded in
DL_PROTEIN package. The only modification to the standa
Charmm22 force field that we have adopted has been
elimination of the C2O2Fe2Npyrrolic dihedral potential on
the active site of Mb, since this contribution is ill defined f
a quadrupole of atoms with three of them often lying on
line, as for the C2O2Fe triplet @18#.

The system has been simulated within periodic bound
conditions with a proper treatment of electrostatics. T
long-range nature of the Coulomb potential can be hand
by the ad hoc Ewald summation method@19,20#. A very
efficient strategy to compute electrostatics within this fram
work is the real-space implementation known as the smo
particle mesh Ewald~SPME! method@21#, a numerical tech-
nique extremely efficient in its parallel implementation. T
Ewald method has been used with ana switching parameter
of 0.318 17 and the SPME method used 30330330 grid
points and a spline order of 8.

All nonbonding interaction terms have been cutoff b
yond a distance of 9 Å , with a shifted potential Van d
Waals interaction and further smoothed by a polynom
switching function in the range of 0.5 Å before the cutof

The Mb1 solvent system has been simulated in t
isobaric-isothermal (NPT) ensemble by using the Nose´-
Hoover style equations of motion@22# where the volume of
the system is allowed to fluctuate in an isotropic way. Co
pling between the coordinates and momenta and the the
statting and barostatting variables has been used with c
acteristic times of 0.5 and 5.0 ps, respectively, and
external pressure fixed at 1 atm.
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We adopted a time-reversible extension of the veloc
Verlet algorithm to integrate in time the equations of moti
@23# by using a single time step scheme with a integrat
time of 2 fs. All chemical bonds of our system have be
treated with holonomic constraints~in particular, the water
model is treated as a rigid body!. All constraints have been
satisfied by using the shake iterative procedure@24#, with
modifications in theNPT ensemble, as described in@23#.

The simulations presented here are part of a simula
protocol applied to study Mb in a wide range of tempe
tures, from 80 to 300 K, whose results will be publish
elsewhere. For each studied temperature we equilibrated
system for a period lasting about.30 ps depending on the
considered temperature. In the equilibration protocol
have run the system with different procedures~such as the
Berendsen and Nose´-Hoover equations of motion! in order to
accelerate the equilibration phase. Once the potential en
and volume of the system have shown a stationary beha
we have begun the true equilibrium run, with configuratio
dumped each 0.1 ps over a total simulation time of 220 a
230 ps at 80 and 200 K, respectively.

The dynamic incoherent structure factor has been
tained by first computing the self-part of the intermedia
scattering function, defined as

I ~q,t !5
1

N (
i 51

N

^exp@ iq•r i~ t !#exp@2 iq•r i~0!#&, ~1!

where the sum runs over the class of atoms taken into
count andN is the number of atoms of the given class.
particular, we have divided the protein into different she
and in the backbone and side chain atoms~as described in
the next section!. The positions of the protein atoms hav
been subtracted by spurious rototranslation contributi
with the procedure described in@25#, in order to observe only
the protein intrinsic dynamic contribution to the spectra. T
I (q,t) has been averaged over ten different directions of
vectorq in order to achieve a spherically averaged quant
as experimentally measured. The intermediate scatte
function has been computed for a total correlation time
25.6 ps, and Fourier transformed in time to obtain the in
herent dynamic structure factorSinc(q,v) and symmetrized
by the factor exp@(2\v/2kBT)# to satisfy detailed balance
The time correlation functions have been Fourier tra
formed without introducing any filtering procedure. Artifac
or aliasing effects due to the finite time correlation leng
have shown not to be significant in the part of the spec
under investigation.

III. RESULTS AND DISCUSSION

Figure 1 reports the incoherent dynamic structure fac
of myoglobin, calculated at a fixedq51 Å 21 and at two
different temperatures, namely, 80 and 200 K, together w
the one calculated from a previous simulation at 100 K@13#
and the experimental data taken from the work of Diehlet al.
at 150 K. The curve at 80 K in this plot has been rescaled
the reference temperature of 200 K upon the assumption
at 80 K the protein dynamics is harmonic. In this regime t
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FIG. 1. Sinc(q,v) of Mb computed at q
51 Å 21. The scattering function at 80 K in this
plot has been rescaled to the reference tempe
ture of 200 K by multiplication by the Bose an
Debye-Waller factors derived in the harmonic a
proximation as described in the text. The expe
mental data from Diehl et al. @12# for
D2O-hydrated Mb~350 water molecules per pro
tein! at 150 K are reported as triangles. The sc
tering function obtained from the MD data o
Loncharich and Brooks@13# at 100 K and for Mb
hydrated with 884 water molecules is also r
ported for comparison~full circles!. Inset: un-
scaled incoherent dynamic structure factor at
K at different scattering vectors.
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spectrum may be rescaled to higher temperature by using
formula @8#

ST
harm~q,v!5

\2q2

2mv
g~v!n~v,T! f ~q,T!, ~2!

whereg(v) is the density of states,n(v)51/(exp(\v/kBT)
21) is the Bose factor,f (q,T)5exp(2^Dx2&Tq

2) is the
Debye-Waller factor, and̂Dx2&51/3N( i^Dr i

2& is the isotro-
pic average of the mean square displacement. The scatt
function at 80 K has been upscaled by multiplying the c
culated spectrum by the ratioS200

harm(q,v)/S80
harm(q,v)

5n(v,200)f (q,200)/n(v,80)f (q,80). The mean square dis
placementŝ Dx2&T are equal to 0.129 and 0.021 Å2 at 200
and 80 K, respectively, as computed for the nonexchan
able hydrogen atoms from the MD simulations. The obtain
values differ by a factor of 3.4 and 2.3 from the experimen
ones~0.038 and 0.009 Å2) at 200 and 80 K, respectively, a
derived from the work of Dosteret al. @6#. The ratio of the
Debye-Waller factors are thus equal to 0.90 and 0.97 fr
simulations and experiments, respectively, at the scatte
vector considered. However, it must be kept in mind that
scattering experiments were carried out at different temp
tures and in a system less hydrated than in the simulat
~350 and 1500 water molecules per atom in the experim
and in the simulations, respectively! implying that a direct
comparison between the powders samples, as used in ex
ments, and the concentrated solution, as used in MD, mus
considered with care as it will be discussed in the followi
of this paper.

Notwithstanding the above-mentioned differences
scattering function at 80 K shows a broadband centere
about 3 meV that reproduces in shape and energy the ex
mental one. Upon increasing the temperature the band is
resolved, as also experimentally found@5#, because of the
increasing intensity of a broad quasielastic contribution. T
data show that the curves at 80 and 200 K overlap in
high-frequency regime, i.e., above.10 meV. The inset of
Fig. 1 reports theq dependence of the scattering function
he

ing
-

e-
d
l

g
e
a-
ns
ts

eri-
be

e
at
ri-
ss

e
e

t

80 K, which is found to be proportional toq2 for low q, as
expected for incoherent scattering.

To our knowledge this is the first time that the low
frequency band calculated from a MD trajectory reprodu
in shape and energy the experimental results; in fact, ex
sive simulations previously reported performedin vacuoand
at different degrees of hydration were able to qualitativ
reproduce the neutron scattering spectra but a shift tow
lower frequencies of 1.222.5 meV was always observe
@13,14# as it is shown by the curve represented by full circ
in Fig. 1, which represent theSinc(q,v) calculated from a
previous MD simulation@13#. The reason for such a discrep
ancy was attributed to a too soft force field and/or to t
different boundary conditions used in the experiments~crys-
tal powders for neutrons and hydrated or solvated sam
for MD! and/or truncation of the electrostatic interactio
@14#. Of these three possible causes, the absence of per
boundary conditions corresponds to simulate a system
zero pressure, such that artifacts can be induced on the s
tural and dynamical properties of the protein. Concerning
electrostatics, the use of a truncated Coulombic interac
induces a fictitious structure and dynamics on the sys
@26# and, in particular, a typical shift to lower frequencies
the dynamic properties of proteins@27,28#. In this context the
authors of@14# have tried to improve the quality of the com
puted spectra by using either a distance-dependent diele
constant or a switched cutoff of the potential, but in all t
investigated cases a complete agreement for the inela
band could not be found.

In our simulations we used the standard Charmm22 fo
field together with full electrostatics and theNPT ensemble
to establish the proper density in order to assess if the m
match with the experimental spectra could be due to the
adequacy of the microscopic model itself. The presented
sults indicate that the reasons for the previous mismatc
the dynamical properties must not be found in the choice
the force field, but in the simulation conditions. On the oth
hand, we again observe a deviation of the mean square
placement by a factor of 3 between experiments and si
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FIG. 2. Sinc(q51 Å 21,v) contributions
from different shells of the hydrogen atoms b
longing to the inner~dotted line!, intermediate
~dashed line!, and external ~dot-dashed line!
shell. The weighted average over shells is a
reported~solid line!.
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lations. This discrepancy is not cured by a full treatment
electrostatics and/or the use of periodic boundary conditi
and it is likely to be due to the inaccuracy of the empiric
force field.

The observed overdamping of the mean square displ
ments does not necessarily imply that the match of
hereby reported spectra with experiments is accidenta
particular, regarding the 3-meV band. In fact, based on
harmonic model as expressed by Eq.~2!, the mean square
displacements only enter the incoherent structure factor
rescaling globally the intensity of the spectra at given sc
tering vector. The approximation of a frequency-independ
Debye-Waller factor has also been previously shown to h
for proteins in the range of temperatures under investiga
@5#. Therefore, a correction of the microscopic model th
reproduces the true ruggedness of the potential surface w
eventually rescale the intensity and unlikely shift the 3-m
band, as it corresponds to slow and delocalized modes~15–
25-ps timescale!.

The use of the Nose´-Hoover equations of motion to
sample the isobaric-isothermal ensemble could in princ
affect the time-dependent properties of the systems, and
sumably those of the protein itself, due to the coupling
tween the system positions and momenta with the piston
thermostat degrees of freedom. In order to test the qualit
the computed dynamic properties we have carried ou
simulation of Mb in the microcanonical ensemble~NVE! at
80 K for 150 ps, and at the same density as obtained in
NPT ensemble. The scattering function evaluated from t
simulation superimposes remarkably well with the one
tained in theNPT ensemble, thus excluding the occurren
of dramatic artifacts in theSinc(q,v) in the range of frequen
cies under investigation (.1 meV) even by using a pisto
coupling time of 5 ps (.0.8 meV).

In order to elucidate the origin of the broadband at 3 m
and its possible relation with the surrounding solvent
have carried out an analysis of the MD data distinguish
protons belonging to the interior, intermediate, and exter
regions of the protein. To this purpose the protein has b
divided into three shells comprised in the radii$0.0,8.2% Å
f
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for the first shell,$8.2,16.5% Å for the second shell, and
beyond 16.5 Å for the third shell. The inner, intermedia
and external shells contain 106, 546, and 352 nonexcha
able hydrogen atoms, respectively. The choice of the r
was made in order to avoid as much as possible the pres
of solvent-accessible atoms in the intermediate and in
shells. On the other hand, each shell contains a substa
amount of both the backbone and side chain atoms. The s
tering function of the protons from the inner, intermedia
and external shell evaluated at 80 and 200 K are reporte
Fig. 2 without any rescaling to a common temperature. T
reportedSinc(q,v) for each shell is an intensive quantity a
defined by Eq.~1!. This implies that the plot of Fig. 2 report
the contribution to the spectrum per hydrogen atom and
total scattering function reported therein is a weighted av
age of the shell’s spectra.

It is interesting to notice that at 80 K the protons from t
external shell contribute mostly to the ultralow modesE
,1 meV while the protons of the inner region, i.e., the on
far away from the solvent, provide a contribution larger th
those of the external and intermediate regions forE
.1 meV. Such a result correlates well with the experimen
findings that at low temperature a dry myoglobin sam
~related to our inner core! exhibits a larger inelastic scatte
ing at.3 meV than the hydrated one~related to our externa
shell! @12#. Moreover, the experimental result that dry M
does not exhibit a large shift of the low-frequency band va
dates the comparison of the spectra obtained from simula
of a hydrated sample with the experimental one obtained
a sample having a lower degree of hydration.

At 200 K a broad, poorly defined band at around 3 m
arises equally from the protons of all shells. When consid
ing the quasielastic region atE,2 meV, the external pro-
tons, i.e., those in contact with the solvent, provide a stron
scattering that almost completely masks the inelastic con
bution at higher frequencies, similarly to the experimen
data indicating that at high temperature the dry sample sh
smaller quasielastic scattering than the D2O hydrated sample
@12#. At 200 K the high-frequency contribution of the inne
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FIG. 3. Sinc(q51 Å 21,v) of the hydrogen
atoms belonging to the backbone~dotted lines!,
side chain ~dashed lines!, and backbone1side
chain~solid lines!, evaluated for the inner~upper
panel!, intermediate~central panel!, and external
shell ~lower panel! respectively, at 80 K.
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and external shells cross above.3 meV where the high-
frequency contribution from the inner part becomes predo
nant, in agreement with the experimental data that show
overdamping of the hydrated sample in the high-freque
range.

In order to better investigate the contribution of the d
ferent atoms belonging to the three above-mentioned sh
the Sinc(q,v), separately calculated for the backbone a
side chain nonexchangeable hydrogens at 80 and 200
have been reported in Figs. 3 and 4, respectively. The cu
show that in each shell the side chain atoms contrib
mostly to the spectra in all the frequency range and at b
temperatures, in agreement with previous MD results on
at 300 K@29#. Moreover, the backbone and side chain ato
show similar characteristic frequencies, even when consi
ing the fine structure of the spectrum, with a difference o
in the relative amplitudes. From the data we observe that
side chain and backbone contributions to the total scatte
function is shell and temperature dependent. The ratios o
intensities contributed by the side chain and the backb
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evaluated around 3 meV was found to be 1.9, 1.8, and 1.
80 K and 2.0, 2.0, and 1.7 at 200 K, for the internal, inte
mediate, and external shells, respectively.

The backbone hydrogens at 80 K have a similar beha
in all the considered regions with a low-amplitude minimu
at .1 meV, culminating in an inelastic peak at.3 meV,
comparable in intensity. The contribution of the side cha
atoms is strongly shell dependent, decreasing in intensity
E.1 meV when going from the internal to the extern
shell. Moreover, a transfer of modes from the inelastic pe
to the lower-frequency region is visible when going from t
internal to the external shells.

The differential contribution of the side chains belongi
to the three shells indicates that the interaction of the ex
nal side chain atoms with the solvent decreases the inten
of the 3-meV band. Such a damping effect could be sol
addressed to the soft electrostatic and hydrogen bond in
actions that occur between the external polar side chain
water, as already suggested from the neutron scattering
vestigation@12#.
FIG. 4. Sinc(q51 Å 21,v) as in Fig. 3 but at
200 K.
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Previous MD simulations on Mb@14# showed that
the inelastic peak was damped and shifted to hig
frequencies upon increasing the hydration level. T
authors suggested that the icelike arrangement of the so
inhibited the protein global motion. In our case we
not observe any frequency shift of the 3-meV ba
on going from the internal to the external shell, i.
from a dehydrated to a hydrated environment. On the o
hand, the presence of water produces a local damping o
side chain aminoacids located on the external region of
macromolecule, indicating that the damping effect due
hydration is a truly electrostatic effect, influencing the pr
tein atoms in contact with the solvent. In fact, our resu
indicate that the presence of water produces a local dam
on the side chain displacement of the amino acids locate
the external region of the macromolecule. The differe
strength of the intraprotein versus protein-water hydrog
bonds is likely to be responsible for the observed behav
since the contribution to the spectrum is strictly related to
accessibility of the amino acids to the solvent. Our stu
unambiguously indicates the existence of underdamped
localized low-frequency modes associable to the internal
trix of the protein as partially predicted by normal mo
analysis@9#.

At 200 K the backbone hydrogens still exhibit som
vague reminiscence of the inelastic peak at.3 meV, par-
ticularly in the inner shell. The high-frequency motion loo
quite independent on the shell while the quasielastic con
bution is larger in the external than in the inner shell. Sim
larly to the behavior observed at 80 K a transfer of modes
from the high- to the low-frequency region when going fro
the internal to the external shell is again observed. At 20
the contribution of the side chain and backbone atoms
more similar among shells than at 80 K. Such a similar
could be either a thermal effect intrinsic to the protein
may reflect a more complex interplay between the prot
and the solvent.
c.
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IV. CONCLUSIONS

Our results indicate that the band at around 3 meV
served in several proteins is mainly contributed by the
drogen atoms of the lateral chains of the protein inner reg
while the ultralow modes are due mostly to the exter
shell. Such a phenomenon is evident at 80 K and can
interpreted by considering the existence of collective mo
contributed by the lateral chains buried from the solvent. T
contribution to the peak at 3 meV is damped and transfer
to ultralow frequencies upon going from the internal to t
external shell, because of the interaction between the ex
nal amino acids and the solvent. Such a damping effect
described by a previous MD simulation of Mb as a functi
of hydration@14# and was experimentally detected by a ne
tron scattering study on hydrated and dehydrated Mb@12#.
At 200 K when the solvent around the protein has alrea
melted in a supercooled liquid state@30#, the inelastic region
is equally contributed by all shells while prevalent low a
ultralow modes from the side chain of the external shell
observed, again exhibiting the solvation effect.

In conclusion, MD data show that the inelastic band
due to soft modes intrinsic to the protein in itself, whic
prevail in the inner core. Experiments can be designed
order to highlight this effect in proteins of a different siz
and a different degree of hydration.
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