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ABSTRACT: The temperature dependences of the nano-
second dynamics of different chemical classes of amino
acid residue have been analyzed by combining elastic
incoherent neutron scattering experiments with molecular
dynamics simulations on cytochrome P450cam. At T =
100−160 K, anharmonic motion in hydrophobic and
aromatic residues is activated, whereas hydrophilic residue
motions are suppressed because of hydrogen-bonding
interactions. In contrast, at T = 180−220 K, water-
activated jumps of hydrophilic side chains, which are
strongly coupled to the relaxation rates of the hydrogen
bonds they form with hydration water, become apparent.
Thus, with increasing temperature, first the hydrophobic
core awakens, followed by the hydrophilic surface.

Proteins are dynamical entities that undergo a variety of
internal motions spanning multiple time and length scales.1

Neutron scattering has been widely applied to probe these
motions on pico- to nanosecond time scales. For example, from
elastic incoherent neutron scattering it is possible to extract the
average mean square displacement (MSD) of protein non-
exchangeable hydrogen atoms corresponding to motions that
enter the resolution time scale of the neutron instrument.2

The temperature dependence of internal protein dynamics
provides fundamental information on the corresponding energy
landscape. Previous elastic neutron scattering studies have
revealed two transitions in the temperature dependence of the
protein MSD.3,4 A first nonlinear increase appears at T = 100−
150 K and has been attributed to the activation of methyl group
rotations.5,6 This transition is independent of protein hydration.6

The second transition appears at T = 180−220 K and is
hydration-dependent, being driven by the translational diffusion
of water molecules on the protein surface.7−9 The higher-
temperature transition has also been detected by a variety of
other experimental techniques, such as Mössbauer spectrosco-
py,10 optical absorption spectroscopy,11 and X-ray diffraction.12

To understand further the molecular origin of the two protein
transitions, we performed elastic incoherent neutron scattering

on camphor-bound cytochrome P450 (P450cam)2 and carried
out molecular dynamics (MD) simulations to interpret the
results [see the Supporting Information (SI) for experimental
and simulation details]. We examined separately the scattering of
nonexchangeable hydrogen atoms in the protein arising from the
backbone and hydrophilic (charged and polar), hydrophobic,
and aromatic side chains (Figure 1a) and systematically analyzed
their individual contributions to the two protein transitions.
Using the high-flux backscattering (HFBS) spectrometer at

the National Institute of Standards and Technology (NIST) with
∼1 μeV energy resolution, corresponding to a time scale of ∼1
ns, we performed elastic incoherent neutron scattering experi-
ments on P450cam in both the dry powder form and in hydrated
powder forms with hydrations (h) of 0.05 and 0.4 g of D2O/g of
protein (hereafter denoted as “h = 0.05” and “h = 0.4”,
respectively). The average protein MSDs and the corresponding
variances σ2 (Figure S1 in the SI) were obtained by applying a q4

fitting algorithm presented previously.2 As shown in Figure 1b,
the first deviation from linearity of the protein average MSD as a
function of temperature was observed at T = 140−160 K, and in
the hydrated sample only, the second appeared at T = 180−220
K. In parallel with the experiments, MD simulations were
performed on both the dry and hydrated powder forms of
P450cam (Figure S2) at temperatures from 300 to 10 K at 10 K
intervals. The MSDs of nonexchangeable hydrogen atoms in the
protein calculated from the MD simulations on the 1 ns time
scale agreed quantitatively with the experimental data in the low-
T regime and were slightly higher than the experimental values at
higher temperatures (T > 180 K) by 25 ± 7 and 14 ± 6% for the
dry and hydrated P450cam, respectively (Figure 1b). Similar to
the experimental observations, the simulation-derived MSDs
exhibited one transition at T ≈ 150 K and another for only the
hydrated sample at T = 180−220 K. The ratio of the MSD slope
of hydrated P450cam to that of the dry sample at 220 K < T ≤
300 K obtained from the simulations was 1.53, in good
agreement with the value of 1.57 from the experimental data.
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Next, using the MD simulations, we investigated the
contributions to the two dynamic transitions made by different
residue types in the protein. TheMSD for rotations of the methyl
groups was calculated as the difference between the MSD of the
hydrogen atoms in the methyl groups from the original MD
trajectory and that of a trajectory with methyl rotations
removed.13 The methyl rotations were found to exhibit a
hydration-independent transition at T ≈ 150 K (Figure S3), in
agreement with previous interpretations.5,6 In contrast, the MSD
calculated for the protein backbone hydrogen atoms was found
to increase linearly over the entire temperature range in the dry
sample but to exhibit a clear transition at T = 180−220 K in the
hydrated system (Figure 2). A previous study of a glycine
polypeptide with only backbone hydrogen atoms showed a
similar hydration-dependent dynamical transition.14

We divided the side chains into charged [Arg, Lys, seven
doubly protonated His (17, 21, 80, 176, 308, 337, and 355), and
all Asp and Glu except the protonated Asp297 and Glu3662,15],
polar (Ser, Thr, Asn, Gln, Cys, Tyr, protonated Asp297 and
Glu366, and all His except the seven doubly protonated ones),
hydrophobic (Ala, Leu, Ile, Val, Met, and Pro), and aromatic
(Phe and Trp) residues. For all of these calculations, the methyl
rotations were removed. The nonexchangeable hydrogen atoms
from the charged and polar side chains exhibited closely similar
MSD versus T profiles (Figure S4) and were therefore combined
into one class, denoted as “hydrophilic”. Of the total of 2520
nonexchangeable hydrogen atoms in P450cam, 17.4, 31.5, 44.7,

and 6.4% belong to the backbone and the hydrophilic,
hydrophobic, and aromatic side chains, respectively.
The MSDs calculated for the above classes of residue are

plotted in Figure 2. Interestingly, in the dry protein and at T ≤
220 K in the h = 0.4 hydrated protein, the hydrophilic residues
exhibited a lower average MSD than both the hydrophobic and
aromatic residues. The gradient of MSD versus T was computed
over three temperature regimes (see Table S1 in the SI). Below T
≈ 150 K, the MSD slopes in the hydrated h = 0.4 protein were
similar to those in the dry protein. However, above T ≈ 220 K,
the slopes increased by factors of 1.5−5 upon protein hydration
(Figure 2), with the hydrophilic side chains exhibiting the largest
increase, from 3.79 × 10−3 to 1.86 × 10−2 Å2/K. Hence, the
hydrophilic residues have the strongest hydration dependence.
This finding is consistent with an earlier study of tyrosine
residues (categorized here as hydrophilic) in bacteriorhodopsin,
which were found to exhibit MSDs smaller than the average for
the entire membrane in the intermediate-T regime (120−250 K)
but larger than the average in the high-T regime (T > 250 K),
with the corresponding slope being greater than those for both
isoleucine and leucine residues.16

To characterize further the temperature-dependent dynamics
of the different residue types, we decomposed the motions of the
hydrogen atoms in the protein following the method in ref 13. In
this approach, scatter plots of individual hydrogen atom
trajectories are represented as clusters corresponding to energy
wells. Hydrogen atoms diffuse locally within the wells and jump
between them. The number of energy wells (minima) averaged
over the hydrogen atoms revealed that after exclusion of the
methyl rotations, the hydrophobic side chains still exhibit a low-T
transition at T = 100−150 K, a temperature range similar to that
observed for the onset of methyl rotations (Figure 3a).
Moreover, this transition is nearly hydration independent. In
contrast, the hydrophilic side-chain jumps are activated at a
higher temperature (T ≈ 160 K) and are strongly dependent on
protein hydration above T ≈ 220 K. Overall, in both the dry and
hydrated samples, hydrogen atoms in the hydrophilic side chains
undergo fewer jumps than those in the hydrophobic groups. The
aromatic side chains follow the hydrophilic side chains for
temperatures below T ≈ 220 K but do not exhibit the hydration-
driven high-T effect.
The jump distances of the nonexchangeable hydrogen atoms

are similar to those calculated in a previous study of lysozyme and

Figure 1. (a) X-ray crystal structure of P450cam with hydrophilic,
hydrophobic, and aromatic residues colored in blue, purple, and green,
respectively. The heme and camphor are represented in licorice. (b)
MSDs of P450cam in h = 0.4 and h = 0.05 powder calculated from MD
simulations at 1 ns compared with those obtained on the HFBS
spectrometer with 1 μeV resolution. Red dashed lines are linear fits to
the experimental data for h = 0.05 protein atT < 100 K and both h = 0.05
and hydrated h = 0.4 protein at 220 K <T≤ 300 K. Inset: Experimentally
measured elastic intensities used to extract the protein MSDs.

Figure 2. Decomposition of the MSD of protein nonexchangeable
hydrogen atoms into contributions from the backbone and the
hydrophilic, hydrophobic, and aromatic side chains. Methyl rotations
have been removed. Inset: ratios of MSD-vs-T slopes at h = 0.4 and h =
0.05 in the temperature regime 220 K < T ≤ 300 K.
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are also hydration-independent.17 Furthermore, the jump
distances are similar for hydrogen atoms of different residue
types (see Figure S5b). The radius of gyration (Rg) of a scatter-
plot cluster for an individual hydrogen atom corresponds roughly
to the accessible radius of the corresponding energy well. The
average Rg values of the scatter-plot clusters of nonexchangeable
hydrogen atoms in the different residue types are shown in
Figure 3b. All of the residue types were found to exhibit a
hydration-dependent transition at T≈ 180 K, with a significantly
stronger hydration dependence observed for the hydrophilic
residues. At 300 K, the ratios of Rg at h = 0.4 to that at h = 0.05
were 1.26, 1.12, and 1.09 for the hydrophilic, hydrophobic, and
aromatic groups, respectively.
For the transition observed at T ≈ 150 K in the hydrophobic

side chains, further analysis revealed that this originates mainly
from jumps of hydrogen atoms in the proline side chains (see the
inset for Pro in Figure 3a). The five-membered ring in proline
can adopt two distinct conformations, down-puckered (Cγ-
endo) or up-puckered (Cγ-exo), which are roughly equally
populated in protein crystal structures.18 The energy barrier is∼3
kcal/mol in the CHARMM force field, and the strain in the Cγ−
Cδ−N angle potential has been suggested to be the principal
barrier between these two conformations.19 Similarly, quantum-
chemical calculations have estimated the barriers for the proline
puckering transition in water to be 3.1 and 3.0 kcal/mol for the
trans and cis conformers, respectively.20 This energy barrier is
closely similar to that for methyl rotations (∼3 kcal/mol),13,21,22

consistent with the presence of these jumps on similar time scales
and temperatures as methyl rotations.

Jumps of nonexchangeable hydrogen atoms in aromatic
phenyl rings and the methylene groups (−CH2−) that are not
in proline side chains enter the 1 ns time window at higher
temperatures (T = 160−220 K) (Figure 3a). Example hydrogen
jumps in Ile and Arg side chains due to dihedral transitions
involving the −CH2− group are shown as insets in Figure 3a.
Similar motions were observed in other side chains of those
residues that contain−CH2− groups, such as Leu, Met, Lys, Glu,
and Asp. Jumps of hydrogen atoms in aromatic phenyl rings are
illustrated in Figure S5a. This jump also arises from dihedral
angle rotations related to the −CH2− group in the side chain.
To quantify the relative contributions of the above protein

motions to the low-T transition, we compared the total MSD for
jumps of nonexchangeable hydrogen atoms with those of the
methyl rotations and the proline puckering, all quantities being
weighted by the corresponding number of hydrogen atoms
involved (see the SI for details). The results showed a ∼0.38 Å2

increase in the total MSD of hydrogen jumps from 100 to 220 K,
to which methyl rotations contributed ∼0.32 Å2 and proline
puckerings ∼0.04 Å2 (Figure S6). Hence, methyl rotations
contribute ∼85% and proline puckerings ∼10% to the low-T
transition, with the remaining ∼5% arising from hydrogen
motions in aromatic phenyl rings and those −CH2− groups not
in proline side chains. In a previous experimental study of
homomeric polypeptides,14 motions of non-methyl groups (the
phenyl ring and methylene groups) were indirectly inferred to
contribute 10−20% to the low-T transition, a fraction similar to
the present results.
To understand the origin of the lowerMSDs of the hydrophilic

side chains in both the dry protein and the h = 0.4 hydrated
protein at T ≤ 220 K relative to those of the hydrophobic and
aromatic residues (Figure 2), we analyzed hydrogen bonds
formed between the hydrophilic side chains and the neighboring
protein residues and hydration water. There are 202 hydrophilic
residues in total in P450cam. In the dry-protein simulations, each
hydrophilic side chains forms ∼1.8 hydrogen bonds on average
with neighboring protein residues, and these hydrogen bonds
appear to be stable over the entire temperature range (Figure
S7a). A previous study of charged residues in P450cam also
revealed stable salt bridges (32 out of the total of 53 ionic pairs)
in the protein.23 These salt-bridge and hydrogen-bonding
interactions significantly restrict the motions of the hydrophilic
side chains, which are important in regulating substrate
binding.22,23 Furthermore, in the dry and h = 0.05 proteins, the
hydrophilic side chains form an average of ∼0.8 hydrogen bonds
with the small amount of hydration water, which itself exhibits a
lower MSD at T ≤ 220 K as a result of the arrest of water
translational degrees of freedom near the glass transition
temperature, Tg ≈ 170 K25,27 (Figure S7b). In contrast, the
hydrophobic and aromatic residues clearly make no hydrogen-
bonding interactions with the hydration water. Analysis of the
simulations of the h = 0.4 hydrated protein similarly showed
stabilization of the hydrophilic side chains at T ≤ 220 K by the
hydrogen-bonding interactions with neighboring residues and
hydration water. Consequently, the hydrophilic side-chain
hydrogen atoms undergo fewer jumps and localized diffusion
of smaller magnitude, as shown in Figure 3, leading to lower
MSD values than for the hydrophobic and aromatic residues.
To understand the strong hydration dependence of the

dynamics of the hydrophilic side chains at high T, and especially
their jumps, we compared the MSDs of the hydration water in
the dry and hydrated P450cam simulations with kR, the rate
constant for relaxation of the hydrogen bonds formed between

Figure 3. Temperature dependences of (a) the average number of
clusters per hydrogen atom and (b) the average cluster radius of gyration
calculated for nonexchangeable hydrogen atoms in different types of
residue. The insets in (a) show example jumps of nonexchangeable
hydrogen atoms in Pro, Ile, and Arg side chains, as labeled.
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the hydrophilic side chains and the water molecules. The kR
values were calculated as the reciprocals of the average relaxation
times (τR) determined from the decay of the hydrogen-bond
correlation function c(t) = ⟨h(t)h(0)⟩/⟨h⟩, where h(t) is a
hydrogen-bond population operator with a value of 1 if a given
donor−acceptor pair is hydrogen-bonded at time t and zero
otherwise, and ⟨···⟩ denotes the ensemble average over all
donor−acceptor pairs.7,24 As shown in Figure 4, atT > 180 K, the

hydration water underwent significantly greater translational
dynamics in the hydrated h = 0.4 simulation than in the h = 0.05
simulation. Concurrently, there was a clear transition in the
hydrogen-bond network relaxation rate at T ≈ 220 K in the
hydrated h = 0.4 protein that was not present in the dry protein.
This coincides with the hydration-dependent transition in jumps
of the hydrophilic groups observed in Figure 3a. This finding
agrees with the results of previous studies showing that the onset
of protein dynamical transitions largely depends on the
fluctuations of protein−water hydrogen bonds25,26 and that
transitions in the kR of hydrogen bonds between hydration water
and the entire protein and in the protein MSD occur
concomitantly at T ≈ 220 K;7,27 furthermore, it pinpoints the
effect of the protein hydration dependence as being primarily on
the hydrophilic groups and not the hydrophobic or aromatic
groups.
In conclusion, analysis of the temperature dependence of

different classes of amino acid residue has revealed the following
picture of changes in nanosecond protein dynamics with
increasing temperature. As the temperature is increased from
the harmonic regime (T < 100 K), proline puckering transitions
and methyl rotations are activated. Jumps of nonexchangeable
hydrogen atoms in the non-proline methylene groups and
aromatic phenyl rings enter the 1 ns time window at T = 160−
220 K. For T ≤ 220 K, protein flexibility arises from the
hydrophobic and aromatic residues, which are dynamically
activated, in contrast to the hydrophilic residues, the dynamics of
which are suppressed as a result of stable hydrogen bonding
interactions with the neighboring protein residues and hydration
water. As T is further increased, at T ≈ 180−220 K, strongly
hydration-dependent increases in the localized diffusion of
protein nonexchangeable hydrogen atoms and jumps in the
hydrophilic side chains are found. Finally, the jumps in
hydrophilic side chains are strongly coupled to the relaxation
rates of the hydrogen bonds formed with hydration water.
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Figure 4. Plots of MSD vs T for hydration water in the h = 0.4 and h =
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