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During the past decade or so, there has been intense interest

in the .glassy behavior_ of proteiAsProteins exhibit several ¢ rent generation force field&;4 which has serious repercus-
properties in common with glassé¥Here we focus on two. The  jons for protein dynamics calculations. We show here that these

firstis the sharp increase in atomic mean-squared displacementsyiscrepancies are largely due to a poor representation of the
at the transition temperature, which has been detected in severalnyironment, and not the force fields.

proteins by various experimental techniqdesThe second is Remarkably, individual protein molecules possess the complex-

“ ” 1 4
_thel so-called "boson pe_hak ' 3Ibr°afd feature Sround 25 0{;\ ity required to exhibit cooperative dynamics similar to those
'nﬁ_aﬁt'c neutron sgatterl gan lfOW' requgmcy amalmds?ec_da, (Lbserved in simpler glass-forming liquids and polynfef@is
which appears to be a general feature of supercooled liquids an similarity may be traced to the existence of multiple minima on
polymer glasse$These properties have been popular targets for

X X i " _the energy landscagelhe protein/glass analogy is important to
attempts at reproduction and interpretation by molecular dynamics ye, 6|0 "ot only because it constitutes a fascinating example of
(MD) simulation. Several groups using different force fields have

failed t Gtativel d both th litud d complexity, but also because of its possible relevance to protein
alled 1o quantitative ¥_1£eprp uce bo € amplitudes and f,nction, and potential exploitation in structural biology and
frequency distribution$! 4 This has been attributed to a flaw in biotechnology®® Several proteirfs-1were shown to be inactive
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below their dynamical “glass” transition temperatures, and this
suggests a connection between the dynamics activated at the
transition and function. Below the transition temperatued &0

K), the mean-squared displacements increase linearly Tviah

in a harmonic solid, and at the transition there is a sudden increase
signaling the activation of additional anharmonic and diffusive
motions. On the basis of the temperature and hydration depen-
dence of the boson peak, its origin in proteins has been attributed
to water-coupled, correlated side chain librati8ihis explana-

tion suggests that the boson peak has a different origin in proteins
and other glass-forming substances.

We show results from several simulations of the dynamical
transition in Figure 1a. They generally exhibit a transition at
roughly the right temperature, but the amplitudes in every
simulation reported to date are significantly overestimated
compared to neutron data. (Two reports claimed to quantitatively
reproduce the transitiorf;'8but they erroneously compared heavy
atom amplitudes from simulation to H atom amplitudes from
experiment.) The problem has been attributed to the harmonic
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motion because it appears that when the Townear increase is
removed, the remainder agrees well with the neutron Hata. 0.03
Simulations have generally overestimated the Toslope by more
than a factor of 2. For an oscillatonirlC= kgT/k, wherekg is
Boltzmann’s constant arklis the force constant. Thus, a factor
of 2 overestimation of the slope/idldT = kg/k, implies that
the effective force constant is a factor of 2 too small, i.e. the
potential is intrinsically too “soft”.

Nearly all of the studies cited modeled the powder samples
used in neutron experiments by simulating a protein/water
“cluster”, a single protein molecule with a shell of water, in 0.00
isolation, with open boundari€s4 (the exceptions are a three 0 2 4
molecule “supercluster”, which was also simulated with open E [meV]
bpundal_rleé? and a Concef‘tr"’.‘t.ed solution §|mulaﬂ©nCIu§ter Figure 2. Incoherent neutron scattering spectra from MD simulations
simulations also_lead_ to S|gn|f|_cant errors in the q[strlbutlons of of RNase (1 meV& 8 cnrl), broadened with a Gaussian (fwhm 0.250
low-frequency vibrational motions at low. Specifically, the meV) and scaled to a commdh= 300 K.
boson peak predicted by cluster simulations invariably occurs at
too low energies#10 cnmY) and is too structured compared to

neutron scattering dat&'* (A recent simulation of a frozen  pe the origin of the long-standing discrepancy between neutron
myoglobin solution led to some improvement in the appearance scattering and MD results. We tentatively attribute part of the
of the boson peak, but the relevance of this simulation to neutron remaining discrepancy to insufficient equilibration at temperatures
experiments on powders is questionable, especially since thepelow 300 K. This possibility was investigated in a cluster
mean-squared displacements were much too large in this simulasystem2 A small reduction of the amplitudes was obtained at
tion.’) We demonstrate here that the errors in the frequency |ow T after slow cooling from room temperature, although the
distribution, which again have been blamed on the force field, values were still a factor of 2 larger than the neutron results.
are also due to a poor representation of the environment. A more realistic representation of the environment also greatly
We present our preliminary analysis of the protein dynamics improves the frequency distributions. The environmental depen-
in MD simulations of Ribonuclease A (RNase) in cluster, crystal, dence is clearly evident in th§Q,E) plotted in Figure 2. The
and powder environments. Our crystal and powder simulations 150 K crystal result displays a broad boson peak centered at about
include protein-protein interactions and mimic bulk effects 3 meV, in excellent agreement with neutron scattering spectra of
through periodic boundary conditions. The hydration levels are several hydrated proteiti&*at a similar temperature. This is a
similar to those used in the neutron scattering experiments to dramatic improvement over the 150 K cluster result, in which
which we compare our results. Details of the calculations the peak is shifted and too structured, as in previous cluster
may be found elsewhef@.The present results are based on simulationst34In fact, the dynamics of the loW hydrated cluster
analysis of 3.5 ns cluster and 1.5 ns crystal trajectories at five more closely resembles that of the highdry powder. The
temperatures, and a 200 ps dry powder trajectory at 300 K. modification of the position and shape of the boson peak observed
Incoherent neutron scattering spec®®,E), were computed as  experimentall§® upon dehydration and raising the temperature
Fourier transforms of the single particle densitensity time are also well reproduced by our 300 K dry powder result. This is
correlation functio' for the nonexchangeable H atoms, and the first time that the temperature and hydration dependence of
powder averaged over several randomly choQevectors. The the boson peak in proteins have been accurately reproduced by
spectra were broadened with resolution functions appropriate for MD simulation.
comparison with corresponding neutron scattering data.<fiie The remarkable agreement of our crystal and powder spectra
were determined in the same way as the neutron results, fromwith neutron data demonstrates that current generation force fields
the Q? dependence of the elastic intensity of resolution broadened are capable of accurately predicting the distribution of low-
spectra (fwhm 1QeV)JS5 frequency motions in proteins on the ps time scale. The temper-
We have been able to more accurately reproduce the dynamicalature dependence of the amplitudes on the 100 ps time scale in
transition with our crystal simulations (Figure 1b). This shows our crystal simulations is in much better agreement with neutron
that the crystal is a good model for the experimental samples. data than all cluster simulations, suggesting that the force field
The room T amplitude is now correct, and the remaining is not the origin of previously noted, longstanding discrepancies.
discrepancy from the neutron data appears to have a differentln conjunction with our previous analysis of water dynanits,
origin than that suggested by cluster simulation results, becausethe present results demonstrate the utility of crystal simulations
the deviation in the harmonic regime (below 200 K) does not for quantitatively elucidating the glassy behavior of hydrated
increase with temperature. Thus, a systematic underestimation ofproteins and their associated water molecules at the atomic level.

the effective force constants in the force field does not appear to )
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