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Abstract

The neutron scattering spectra of dry and hydrated myoglobin are analyzed in the time
domain based on a generic dynamic model with two principal components, rotational
transitions of side chains, mainly methyl groups and local translational diffusion of
non-methyl side chains. The significance of the fits is based on data covering a wide
range in time, momentum exchange and temperature. The spectra of three
spectrometers with overlapping energy range are Fourier transformed to the time
domain from 10-13 to 10s. In the hydrated case, regular exponential methyl group
reorientation is observed on a 10 picosecond time scale. In the dehydrated system this
process is slowed down by a factor of two and a further dispersion to even slower
correlation times occurs. The local diffusion of non-methyl side chains varies
strongly with the water content. It is absent in the dehydrated system. At full
hydration, the respective correlation times at 150 ps overlap with those observed for
hydration water, suggesting a close coupling. The translation-rotation model applies
the established theory of space time correlation functions successfully, which is
compatible with the idea of homogeneous quasi-elastic spectra. The temperature
dependent elastic intensity extrapolated to zero momentum exchange is derived from

the unavoidable effects of multiple scattering, independent of energy landscapes.



Introduction

The first article of this series was concerned with the neutron scattering analysis of
fast molecular motions in proteins derived from elastic scattering experiments'. In this
article we focus directly on inelastic scattering spectra transformed to the time
domain. Time domain intermediate scattering functions, de-convoluted from the
instrumental resolution function, are easier to interpret than spectra. It is also shown
how elastic and energy resolved experiments can be understood on a common basis.
Our method is exemplified with data measured with lyophilized and hydrated
myoglobin. Similar data sets exist for numerous other proteins!. Our goal is to
achieve an efficient molecular description in terms of principle components to
simplify the complex energy landscape.

The first dynamic neutron scattering experiments at subzero temperatures were
performed in 1989 with dry and hydrated myoglobin?. Two molecular processes could
be distinguished by their temperature dependence using thermally stable D2O-
hydrated powders instead of solutions®. In hydrated samples global protein diffusion
is arrested, emphasizing the spectral contribution of internal structural fluctuations.
Elastic scans versus the temperature revealed two dynamical transitions by the abrupt
increase of hydrogen displacements above 150 K and 240 K*7. With an analytical
model of the elastic scattering function, the processes were assigned to two-(or three)
state transitions of side chains (type 1) and water-coupled diffusion on a small scale
(type II)1*7. The type II transition, characterized as a cross-over of relaxation time
and instrumental resolution based on the inelastic spectrum, was denoted as a
‘dynamical transition’ because of its connection with the glass transition of hydration

water”®, The low temperature transition at 150-180 K was incorrectly characterized as



a de-trapping of rotational transitions related to the glass transition of hydration water.
Today, type II is still assigned to water coupled local diffusion, while type I was
shown to reflect mostly rotational transitions of the methyl groups®®33-37 In the
original model the two processes were convoluted sequentially, implying identical
scattering sites performing two kinds of motion.

Several attempts to derive analytical models from a structural classification of
hydrogen atoms and MD simulations have been published. Up to five components
were proposed”!2. However, the available data base and the many parameter fits were
not sufficient to establish conclusive results. In the “three classes of motion” paper by
Hong et al.” a wide frequency range combining three spectrometers is presented, but
the analysis is based a single averaged Q-value. Dellerue et al.!”> combine inelastic
neutron scattering experiments with analytical models and simulations. To represent
local diffusion, they use the Dianoux-Volino model of free diffusion inside a sphere.
Because of the limited Q-range of the Mibemol spectrometer they could not test the
validity of their model. The authors display simulated intermediate scattering
functions of main and side chain atoms, depending on the distance from the surface.
The first experimental intermediate scattering functions derived from Fourier
transformed time of flight spectra of hydrated myoglobin, were published in ref. (2).
A much improved Q-dependent intermediate scattering function of myoglobin
hydration water, indicating anomalous diffusion, was published in 1996'3. But a time
domain analysis is rarely performed. Often time domain simulations combined with
elastic scattering experiment®2’.

Today, after 30 years of effort combining neutron scattering experiments with
computer simulations, there is still no accepted model of molecular motions in

proteins®!'4-2%, Parallel to the molecular approach, phenomenological models prevail:



Proteins are pictured as partially disordered systems, which are controlled by complex
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energy landscapes'#!>, dynamical heterogeneity distributions!®!” and the softening of

overall protein force constants'®2°. In a series of PNAS publications, Frauenfelder et
al.'»15 postulate that neutron scattering spectra of complex systems have to be
heterogeneous, which would invalidate the well-established theory of Van Hove

52123 Moreover the well-known effect of a

space-time correlation functions
temperature dependent elastic intensity at zero momentum exchange is interpreted to
prove of the heterogeneous spectral model of energy landscapes. By time domain
analysis and multiple scattering calculations, we test some of the main assumptions of
this model.

The phenomenological approach ignores the potential of neutron scattering to provide
molecular insight complementary to simulations. Neutron scattering emphasizes the
hydrogens, which constitute nearly half of the atoms in proteins. They mediate H-
bridges in helices and take part in other nonbonding interactions of electrostatic and
van der Waals forces. Polar bonds play a critical role in enzyme catalysis, substrate
binding and proton transfer reactions. Main chain and side chain hydrogens contribute
to the stability of the protein secondary structure and mediate structural fluctuations.
Neutron diffraction yields precise hydrogen positions and fluctuation amplitudes in
excess to x-ray crystallography, since the hydrogen neutron cross section is
comparable to the carbon'!?*, A particularly useful property of the proton is its large
incoherent cross section, about ten times larger than those of other atoms. As a result,
85 % of the scattering amplitude of proteins reflects hydrogen atoms®*. Incoherent
dynamic neutron scattering is a unique tool to record time resolved the average
displacements of single hydrogen atoms on a sub- nanosecond time scale>'3: The

scattering contribution of hydration water in D20-hydrated powders can be kept as



low as 4 % ?*. Energy resolved spectra, Fourier-transformed to the time domain, yield
a hydrogen weighted density correlation function of structural fluctuations. We
employ high quality spectra combining three neutron spectrometers, which are
transformed to the time domain covering a wide Q-range. From this new data base
we derive a model of minimal complexity, comprising the original two principle types
of molecular motions?° .

The basic physical quantity to be determined in the case of proteins is the density self-
correlation function Gs( T , t) characterizing the distribution of single particle
displacements I within time t. For isotropic powder samples only the magnitude of
I matters. In scattering experiments one measures the intermediate scattering function
in momentum-space, which is the Fourier transform of the density correlation

function?!23;

(Ds(Qat) =< J.d3r'e7iers(F’t)>powder (1)

The resulting powder averaged intermediate scattering function ®s(Q, t) of N

hydrogen atoms is then given by 323

Q is the magnitude of the scattering vector, Q =4z /Asin(€/2), A denotes the
incoming neutron wavelength and 0 is the scattering angle relative to the incident
direction. In equ.(2) we indicate the moment expansion of the powder averaged
hydrogen displacement distribution Gs(r, t). The second moment, <Axi*(t) >, defines
the mean square displacement (MSD) of a specific site ‘i’ at time t. Expanding

®s(Q—0, t) in the “Gaussian” approximation yields the site averaged MSD:

<AxE>t = T<AxiZ>/N.



Most bio-neutron scattering studies up to date deal with elastic scattering
experiments!. Temperature dependent MSD scans were measured for numerous
proteins under different environmental conditions. Fig. 1 summarizes some essential
results for myoglobin®: Vibrational displacements are characterized by a linear MSD
temperature dependence. A prominent example is provided by myoglobin embedded
in a D-exchanged hydrogenated sucrose glass, suggesting that vitrified proteins do not
move!®!1?. By contrast, with myoglobin embedded in a fully deuterated glass, D-
glucose, a strong nonlinear enhancement of <Ax>>(T) at 150 K appears>. Strikingly,
dehydrated myoglobin exhibits about the same MSD temperature dependence as

myoglobin vitrified in a per-deuterated glass>.
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Fig. 1: MSD (IN13, zres = 140 ps) of myoglobin in various environments®>:
dehydrated (red squares), hydrated (blue circles), green triangles: per-deuterated
glucose glass, green circles: D-H-sucrose glass!®!?, blue diamonds: H-labelled per-

deuterated PM fragments®é, violet diamonds: & of TR model, thick line: predicted



methyl group displacements®, thin line: calculated f vibrational displacemen?2¢, The
onset temperatures at 150 K (1) and 240 K (11) are indicated.

The type I transition at 150 K is thus attributed to the onset of protein internal
motions, which are not sensitive to changes of the protein environment. By contrast,
with D20-hydrated myoglobin, two transition temperatures at 150 K (type I) and
240 K (type II) are recorded, suggesting two well separated molecular processes.
Since the second transition (type II) does not occur without water, these motions were
assigned to protein displacements related to a wet protein surface>’. Since the
scattering fraction of hydration water (D20) amounts to less than 5 %, type II motions
characterize the indirect effect of hydration on structural fluctuations. Experiments
performed with “wet” per-deuterated purple membrane fragments yield similar,
noisier MSD scans with two transitions at the same temperatures 150 and 240 K. By
contrast, if the per-deuterated purple membrane fragments are specifically labelled
with protonated, but methyl-free residues, the type I transition is missing, although
type II at 240 K is still occurs'®!?. This indicates, that type I displacements reflect
mostly methyl side chains>¢. Then Type II by contrast must involve prominently polar
residues near the surface. An indirect effect of hydration on the mobility of nonpolar,
non-methyl side chains by swelling effects cannot be excluded. With too much
solvent, type I is missing and melting of D20 interferes with type II 2’. With cryo-

28,29

solutions protein diffusion has to be accounted for Only a single dynamic

transition at ~200 K is observed with Mdssbauer spectroscopy, recording the motions
of the heme iron. It was assigned recently to type 11, depending strongly on the solvent

viscosity !,
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Fig. 2: Displacement distribution functions of dry (red, 300 K) and hydrated
myoglobin versus displacement r and the temperature.

The second moment reflects only the low Q part of the elastic scattering function. By
inverting equation (1), the powder averaged displacement distribution Gs(r, t) could be
reconstructed from @s(Q, t), in principle. A valuable method uses elastic scans, which
approximate the ®(Q, t = Tres) at the fixed resolution time of the spectrometer: Fitting
the experimental elastic scattering functions using a series of Gaussians as with the

dynamical heterogeneity approach!®:!”

, a powder averaged displacement distribution
4nr’G(r, tres) could be constructed for myoglobin®. Fig. 2 shows the essentially
bimodal distribution function and its evolution with the temperature. Below 200 K
only one maximum is observed reflecting vibrational motions. Above 200 K, two
peaks at r = 0,5 A and 1,5 A appear. The second maximum (type I) occurs in
hydrated, but also in dehydrated (red) and glassy protein environments. It accounts for
the low temperature enhancement of average hydrogen displacements above 150 K.
The maximum, reflecting small scale displacements, vibration and local diffusion,
appears only with hydrated proteins as the red curve shows. It is connected with the

onset of un-harmonic displacements above 240 K. This suggests the involvement of

polar side chains near the protein surface of type II.



Methods

Previous dynamic neutron scattering experiments performed with the spectrometers
IN6, IN10 and IN13 at the ILL in Grenoble were reanalyzed. The frequency domain
spectra are transformed to the time domain'3. Taken together this new analysis covers
a large Q-range up to 5 A", combined with a time window ranging from 0,1 to 1000
picoseconds. The recorded dynamical structure factor, S(6, hw), versus scattering
angle 0 and energy exchange hw, is first recalculated at a constant Q format,
S(Q, hw), which is then symmetrized by the detailed-balance factor. The time
domain correlation function ®@s(Q, t) is determined numerically by turning the Fourier

integral of S(Q, ®) into a sum of discrete points using the experimental spectrum
S(Q, wj):

®,(Q,t)= hjdwe‘”‘S(Q,a)) =7 Aw-Ze”"f*S(Q,a)i) 3)

To avoid aliasing effects the smooth spectra S(Q, wj) are interpolated with a

. . . V4 .
maximum number of n data points according to t, =n-—— (FFT), where ®max is the

cut-off frequency of the spectrum. As a consistency check the transformed result is
back-transformed to the frequency domain. To de-convolute the data from the
resolution function, a time domain low temperature spectrum of Mb-D20 at 100 K
was determined. The elastic intensity was collected using a fixed energy window
method  (tres = 140 ps) and the back-scattering spectrometer IN132!. With 350 mg of
D20 hydrated horse myoglobin (h = 0,35-0,38 g/g), the neutron transmission was
close to a tolerable 90 %. Raw data were corrected for detector response and cell

scattering.



Results
a) Definition of the translation-rotation model (TR)

Motivated by the results of fig. 1 and 2, we propose a bimodal distribution of sites
associated with two kinds of motions: (I) internal rotational transitions and local
translational diffusive displacements (II). Thus a bimodal correlation function of
principle components is assumed:

CDS(Q,t)= o, -, (Q,t)—l—(l—(f, )~CD”(Q,'[) 4)
o1 denotes the fractional cross section of the type I sites.
Equ. (4) must be complemented by a term accounting for global protein diffusion, if
the degree of hydration exceeds 0,4 g/g or in solution.
According to the neutron structure of myoglobin!'! 25 -28 % of the total number of
hydrogens are organized in methyl groups, thus o1 = om= 0,25 -0,28.
More specifically, type I motions are defined by a three site jump model of methyl

groups reorienting by 120" jumps about their three-fold symmetry axis?':
1 . .
© Q1) = 31+23,Q)+2- (1= [y (Q))-exp(-t/ 7, ) (5)

(@) =sin(QV3 -r)/(Qv3 1)

is the zero order Bessel function, where r = 1,03 A is the length of the C-H bond.
Exponential relaxation or a single barrier height is assumed for simplicity. Note that
Trot = TMet/3 and that the EISFmet(Q) = @(Q, t >> Trot) is not Gaussian.

By contrast, type II processes involve small local displacements of residues confined
by a quasi- harmonic potential, which is approximate by an over-damped Brownian

oscillator3!-32;

CDtrans (Q’ t) = CXp{— Q 252 ' (1 - CXp(— t/ Tirans ))} (6)
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&? =<Ax*>tans denotes the translational mean square displacement, which is apart from
the time constants, the main free parameter of the model. At long times,

Durans(Q, t>> Twans) turns into a Gaussian elastic scattering function;
2 2
q)trans (Q’t >> Tirans ) = CXp(— Q 0 ) (7)

The TR-model with two principal components is defined by the equations 4 — 6.

b) Time domain analysis

Fig. 3 displays the combination of the transformed intermediate scattering functions
of dry and D20 hydrated myoglobin at 300 K. The initial decay at 0,1 picoseconds
reflects the vibrational dephasing of the Boson peak, which differs for dry and
hydrated myoglobin*. We focus on the over-damped regime above 1ps, where the
correlation functions have been normalized.

In the hydrated case, the decay of the correlation function covers at least three

decades, which is difficult to interpret without assistance of a theoretical model.
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Fig. 3: Density correlation function of dry and hydrated myoglobin at 300 K and Q =
1,95 A1, combining the spectral information of three instruments as indicated, h =
0,35 g/g (blue), h < 0,05 g/g (red). Full line: fits to equs.4 - 6 adjusting the time
constants, zrot = 9 (£1) ps, mrans= 145 (#10) ps and &= 0,11 (#0,015) A2. Dashed
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line, type I only, red triangles and squares: dehydrated myoglobin, red line: type I fit,

mot = 18 (#2) ps, om =0,25, black line: fit to a stretched exponential, exponent: 0,7

The full line shows the prediction of the TR model at Q = 1,95 A"! to be accurate.
Alternative predictions at Q = 1 and 2,5 A" deviate strongly, illustrating the
sensitivity of the model. The methyl group relaxation is well represented by an
exponential decay (short dash), leading to a Q-dependent long-time plateau at 0,8. The
Brownian oscillator correlation function is non-exponential. Its long time value is
given by equ. 7. We derive two well separated components with time constants at

Trot = 9 (£1) ps and Tuans = 145 (£15) ps. This result confirms the analysis of figs. 1
and 2 displaying two well separated onset temperatures and displacement distribution
maxima. The barrier to methyl group rotation in proteins amounts to12 kJ/mol>33-37,
With a pre-factor of 10"13s one obtains 11 ps, compatible with the interpretation of
type L.

The second time constant Tians Overlaps with experimental correlation times of
protein hydration water (fig. 6), supporting a polar origin of type II. By fitting IN10
spectra of myoglobin-D20 in the frequency domain, we derive a linewidth
corresponding to Tuans = 150 (£10) ps. A mean square displacement parameter of
82=0,11 (+0,015) A? is deduced. The alternative fits show the variation of om = 0,24
to 0,28, accounting for further methyl-like transitions.

In the dehydrated case, the second decay of type II is significantly reduced as
expected. Most important, drying slows down methyl group reorientation by more
than a factor of two. The fit to equ. 5 yields Trot(dry) = 18 (£ 2) ps. We have checked
this result by a spectral analysis of dry and hydrated myoglobin using IN6 and IN10.
We obtain trot(hydrated) = 8,5 ps and 19 (% 2) ps for the dehydrated case, similar to
the time domain results. Interestingly, the TR model fits disagree with the data at
intermediate times = 50 ps. The fit to a stretched exponential with a stretching
exponent of 0,7 and o= 25 ps can account for the full time range. Dehydration thus
induces a dispersion of methyl side chains with increased barrier in a more compact
rigid environment. However, the important long time plateau value of 0,8 is

identical with the hydrated case, supporting the assignment to methyl groups only.
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Mb-D20O, 270 K, IN13
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Fig. 4: Time domain density correlation function @s(Q, t) of myoglobin-D20 (0,35
0/g) ( IN13) at various Q values. The red lines are the predictions of the TR model
with &= 0,11( #0,02)A?, zrot =11 (#2)ps and zrans =155 (#20) ps at 270 K. The
dashed lines are the predictions of the Brownian oscillator of equ.6.
Fig. 4 shows the intermediate scattering function of hydrated myoglobin covering an
extended Q-range up to 4,8 A at a slightly reduced time window. The fits to the TR
model are conclusive, if we use the correlation times determined above as input
(fig. 3). The MSD is adjusted, yielding, &= 0,09 (+0,02) A2 The Brownian
oscillator (equ. 6) would predict a much stronger Q-dependence. The quality of the fit,

indicates, that the TR model reproduces the spatial distribution of displacements
rather well.

c) Temperature dependent dynamics from elastic scans

The elastic scattering profiles, measured with hydrated myoglobin are shown in fig.
Sa, normalized at the lowest temperature of 10 K. To unravel the dynamic aspects of
elastic scattering in a transparent manner, we have introduced the method of “elastic
resolution spectroscopy”'’, where the resolution function is varied. In the simplest

case of a 8-correlated resolution function!, the normalized elastic intensity versus Q

accurately reproduces the time correlation function at fixed resolution time:

13



Elastic Scattering Function

®(Q,t,T)

elastic fraction

02 . . . —
0 < 10 15 20 25

QA

Fig.5 a): Elastic scattering profiles of hydrated myoglobin (0,35 g/g) normalized at
10 K, back-scattering spectrometer IN13 at zes= 140 ps and TR-fits by adjusting
ziot(T) and zrans(T) with = 0,1 A2 kept fixed (full line).

b) Decomposition of the elastic scattering function of hydrated myoglobin at 270 K
according to the TR-model, the full lines are predictions of equs.5 and 6. Red

squares: lysozyme, HFBS®:34

SelN(Q) = CDs(Q, Tres) (8)

Thus by fitting elastic scans versus momentum exchange at fixed time Trs by
adjusting Trot(T) and tuans(T) in equs. 4 - 6, yields the requested dynamic information.
At the next level of approximation the time functions in equ. 5 and 6 are replaced by a

convolute with the exact resolution function of the spectrometer!. For the methyl
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group this analysis has been performed with dehydrated myoglobin, resulting in a
prediction of the MSD(T) shown in fig. 1°. In the present context this procedure
works rather well already at the level of equ. 8. The most striking result is the absence
of dynamical transitions: The fitted MSD parameter, &> = 0,1 A? is almost

independent of the temperature as demonstrated in fig. 1.

As an example, fig. 5 b) shows a decomposition of the elastic scan at 270 K into a
Gaussian (Brownian oscillator) and the methyl incoherent structure factor based on
the TR model. Note the limited Q-range of the HFBS spectrometer, which is often
cited in the context of methyl rotation**. Equally important, the resulting correlation
times Trot(T), displayed in fig. 6, compare well with those determined independently
by a spectral analysis of dehydrated myoglobin and the methyl side chain of alanine
dipeptide'. The methyl barrier in the hydrated case is 11 (+ 1) kJ/mol, the pre-

exponential amounts to 1,6 10137,

type Il i
94 ) &
hydration 1\
water L\
A
8 e
2 4 6 8

10007 K1

Fig. 6: Arrhenius plot of the fitted correlation times, zot: blue squares: TR model fit,
open circles: alanine dipeptide?, blue circle: spectral analysis of hydrated myoglobin,
IN10, red squares: fit of IN6 spectrum of dry myoglobin, zrans: red triangles: TR
model fit, blue and black circles: mya , hydration water®®, dashed line: zres = 140 ps
(Instrument IN13)
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Also, the translational correlation times, Twans(T), superimpose within experimental
error with those derived for protein hydration water by neutron spectroscopy'®. The

type Il barrier is 17 (1) kJ/mol with a pre-exponential of 7,5 10 2 s’
d) Multiple scattering

The analysis presented above assumes that each neutron on its passage through the
sample is scattered only once. In real experiments at a usual transmission near 90%
about 17 % of the neutrons are scattered twice?!?>26, Although multiple scattering is
significant, it is rarely taken into account, because corrections are involved. Elastic-
elastic second scattering events yield the dominant contribution due to the large
dynamical structure factor of proteins at @ = 0. The second scattering is
approximately angle independent, which leads to an extra intensity at Q = 0. Since the

elastic intensity decreases with temperature rise, multiple scattering also
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Fig. 7: Multiple scattering derived from extrapolation of the elastic intensity (fig. 5a)
to Q = 0 of hydrated myoglobin and (red points) of dehydrated GFP*4, full line:
second scattering calculation assuming only elastic-elastic scattering from an infinite

flat cell.
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decreases. As a result, one always observes with elastic scans an extra intensity at Q =
0, which is decreasing with the temperature: Sei(Q = 0, T). Therefore elastic scattering
profiles, not fig. 5a, are often normalized at each temperature and Q = 0. Several
examples are given in ref.(14), which are incompatible with single scattering theory,
violating particle conservation. This discrepancy has recently been used as a main
argument against conventional scattering theory. In fig. 7 we display the elastic
intensities derived from data presented partially in fig. 5a), which were extrapolated to
Q = 0. It shows the effect of a temperature dependent zero Q elastic intensity. Also
shown are our calculations of the second order scattering for an infinite plane slap
sample according to the method of Sears 2!. The calculated elastic-elastic second
scattering curve reproduces the experiment rather well except at high temperatures,
where quasi-elastic scattering dominates. Also shown are the reconstructed elastic
intensities at zero Q of the green fluorescent protein 43, Given the uncertainties of
their extrapolation procedure and the unknown transmission, the agreement is

striking. Multiple scattering is thus a valid explanation for the GFP results. Before
energy landscapes come into play, one has to correct first for the unavoidable multiple

scattering effects and, by the way, the finite instrumental resolution, as shown above.
Discussion

The TR model with only two principal components can reproduce the experimental
data of hydrated myoglobin remarkably well, supporting the idea of an efficient
description of protein dynamics. This success is partially the result of two
components, which are well separated in the time and space. This leaves little room
for alternative fits. No evidence of further components due to nonpolar side chains

and the main chain was found at this level.

It took more than 10 years until the important role of the methyl group in neutron
scattering spectra of proteins was recognized. In 2001, the fast component of the
intermediate scattering function of hydrated myoglobin at room temperature was
assigned to methyl rotation’. Since the time domain data, comparable those of fig. 3,
were derived from elastic scattering spectra, the relevance of the resolution function in
the dynamical transitions was established!>’. An extensive analysis of displacement
distributions in proteins was published in 2005°, where type I was definitely identified

with methyl group rotation. Roh et al.3*, published slightly later an assignment of an
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non-harmonic MSD onset at 100 K to methyl rotation. Their onset temperature is
rather low, compared to 150 K (140 K, IN10) of the type I transition®*. Commercial
preparations sometimes contain acetate and thus fast rotating acetyl groups, which

cannot be easily removed.

The first temperature and hydration dependent simulation of methyl groups in proteins
was published in 2002 by Curtis et al.’3, suggesting, that in the dry case rotation is
almost arrested. In the experiment, such transitions are observed, although the
transition rates are slowed down significantly. Furthermore, the dispersion of
correlation times, deviating from exponential decay suggests a barrier distribution,
which is not present in the hydrated case. Dehydration leads to a more compact and
rigid structure, which can differ between sites. A distribution of methyl barriers in
lyophilized proteins with different structure was reported, applying a similar elastic
analysis as in ref.(5)*¢. Methyl groups in proteins have also been observed by other
methods like NMR?’. But the type II water-coupled motions were first discovered by
neutron scattering®. Hydration water induces swelling, decreasing the local viscosity
and, most important, dynamical heterogeneity. The relevance of type Il motions
suggests a viscoelastic coupling of density fluctuations of hydration water and polar
protein residues. This effect is better characterized as plasticization than by “slaving”.
Simulations suggest a mutual relaxation of the protein-solvent hydrogen bond
network via solvent translational motion®>. The postulate of heterogeneous quasi-

elastic spectra!®!3

is not confirmed by our space-time analysis. We derive time
constants of molecular processes, which are well established in the literature by other
methods. If the spectra would be inhomogeneous, the TR model would fail. Our
results thus provide no case against scattering theory3®. The temperature dependent
elastic intensity at zero momentum exchange has to be assigned mostly to multiple
scattering and does not support the landscape approach. We also exclude the idea of
a change in the protein force constants at the dynamical transition temperature'®. In
the TR model both transitions are removed by accounting for structural relaxation and
a finite energy window h /tres (fig. 1). This model unifies elastic scattering, as
described in the first article,! and time domain neutron scattering using a principle
component analysis. With an improved data base, it may become possible to identify

further dynamic components. Acknowledgements: I appreciate the assistance of the

instrument scientists Winfried Petry and Bernhard Frick.
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Fig. S1: Geometry of the sample cell and definition of the coordinate system used to perform the
calculations. Only two scattering events are shown, the relevant parameters are given in the text.
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Fig. S2: Transmission factors of the single and double scattered neutrons versus scattering angle

for a slap cell which is oriented at 45° relative to the incident beam.
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