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The first elastic-inelastic neutron scattering experiments, per-
formed with hydrated myoglobin in 19891, created a new ap-
proach to protein dynamics and molecular simulations by open-
ing the temperature range.The goal was to separate different
kinds of motion including low temperatures by thermally stable
hydrated powders instead of solutions2. Two dynamic transition
temperatures were identified by the abrupt enhancement of hy-
drogen displacements at 150 K and 240, which was interpreted
as the onset of rotational jumps of side chains and water-coupled
translational motions1,3. Today, after 30 years of effort, combining
experiments with computer simulations, there is still no accepted
molecular model of protein structural fluctuations4-10. Instead,
phenomenological descriptions of dynamical heterogeneity are
forcefully promoted such as complex energy landscapes and the
softening of protein force constants6-10. This approach ignores the
potential of neutron scattering to provide molecular insight. We
propose a model of minimal complexity comprising the original
two basic types of molecular motions. The model density cor-
relation function of hydrogen fluctuations reproduces the com-
bined elastic-inelastic neutron scattering experiments within a
wide range of time scales, momentum exchange and temperature.
Protein fluctuations are studied in the time domain versus temper-
ature without the need to focus on dynamical transitions. In this
effective description of protein dynamics heterogeneity plays only
a minor role.

bioneutron scattering | protein dynamics | hydration water | methyl
rotation | energy landscapes

1) Introduction: hydrogen fluctuations
Hydrogens constitute nearly half of the atoms in proteins.

They mediate hydrogen 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
provides a more precise determination of hydrogen positions and
fluctuation amplitudes than x-ray crystallography, because the
hydrogen cross section is comparable to those of C, N and O11. A
particularly useful property of the proton is its large incoherent
cross section, about ten times above those of other atoms. 85
% of protein incoherent scattering results from hydrogens12.
Incoherent dynamic neutron scattering is a unique tool to record
time resolved the average displacements of single hydrogen atoms
on a sub- nanosecond time scale3,14: The scattering contribution
of hydration water in the powder can be kept as low as 4 %
with D2O12. Energy resolved spectra, Fourier-transformed to
the time domain, yield a hydrogen weighted density correlation
function of structural fluctuations. The first inelastic experiments
performed at subzero temperatures were published in 1989 with
dry and hydrated myoglobin, which created a new approach to
protein dynamics on a picosecond time scale1

. The goal was to
separate different kinds of motion by their temperature depen-

dence using thermally stable D2O- hydrated powders instead
of solutions. Another advantage of low hydration is to arrest
global diffusion, emphasizing the spectral contribution of internal
structural fluctuations, while hydrated proteins as in crystals are
still functional. Elastic scans versus the temperature revealed two
dynamical transitions by the abrupt enhancement of hydrogen
displacements above 150 K and 240 K. They were assigned to
rotational motions of side chains and water-coupled translational
displacements1,3. These experiments also stimulated a large num-
ber of low temperature MD simulations with proteins, which is
now a well-established procedure13.

Today, after 30 years of effort combining neutron scatter-
ing experiments with computer simulations, there is still no ac-
cepted molecular model of protein motions3-10. Our initial two-
component molecular approach was discarded. Instead, phe-
nomenological descriptions dominate, such as ‘complex energy
landscapes8,9, dynamical heterogeneity distributions6,7 and the
softening of overall protein force constants10. The phenomeno-
logical approach ignores the potential of neutron scattering to
provide molecular insight complementary to simulations. We
propose a model of minimal complexity, comprising the original
two basic types of molecular motions, which is shown to account
for the complete elastic-inelastic data set of hydrated and dry
myoglobin. Similar data exist for other hydrated proteins.

The main experimental quantity to be determined is the den-
sity self-correlation function characterizing the distribution
of single particle displacements within time t. For isotropic
powder samples only the magnitude of matters. In scattering
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Despite a combined theoretical and experimental effort for 30
years there is still no accepted model of molecular motions in
proteins. The molecular approach has been largely replaced by
phenomenological models such as energy landscapes, global
force constants and dynamic heterogeneity. We present a
minimal molecular model of hydrogen fluctuations in proteins,
which reproduced both elastic and inelastic neutron scattering
data covering a wide range of time scales, momentum ex-
change and temperature. Such an effective molecular descrip-
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function. It is also shown, why neutron scattering spectra are
not heterogeneous as postulated in a series of papers in PNAS
by Frauenfelder et al.
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Submission PDFFig. 1. mean square displacements (IN13, τres = 140 ps) of myoglobin
in various environments: dehydrated (red squares), hydrated (blue circles),
green triangles: per-deuterated glucose glass, green circles: D/ H-sucrose
glass10,2, blue diamonds: H-labelled per-deuterated PM fragments10, line:
calculated f vibrational displacements16. The onset temperatures at 150 K
(I) and 240 K (II) are indicated.

Fig. 2. Wide range density correlation function of dry and hydrated
myoglobin at 300 K and Q = 2 Å-1, combining the spectral information of
two instruments, IN13 (squares) and IN10 (full circles). Full line: fits to equ.3-
5 adjusting the time constants,τrot = 10 (±1) ps, τtrans= 145 (±10) ps and δ2=
0,11 (±0,015) Å2. Dashed lines: effect of different Q-values.

experiments one measures the intermediate scattering function in
momentum-space, which is the Fourier transform of the density
correlation function14,15:

(1)

The resulting powder averaged intermediate scattering function
Φs(Q, t) of N protein sites has the following structure 2,15:

(2)

Fig. 3. Time domain density correlation function Φs(Q, t) of myoglobin-
D2O (0,35 g/g) derived from spectral data of the back-scattering spectrometer
IN13 at various Q values. The red lines are the predictions of the TR model
with δ2= 0,11 ( ± 0,02)A2, τrot≅ 11 (±2)ps and τtrans ≅.155 (±20) ps at 270 K.
The dashed lines are the predictions of the Brownian oscillator of equ.5.

where Q is the magnitude of the scattering vector,
, λ denotes the incoming neutron wavelength and

θ is the scattering angle relative to the incident direction. Equ.
2 defines the moment expansion of the hydrogen displacement
distribution Gs(r, t), with <△xi

2(t) > as the mean square
displacement (MSD) of a specific site ‘i’ at time t. Expanding
Φs(Q→0, t) in the “Gaussian” approximation yields the site
averaged MSD: <△x2>t = Σ<△xi

2>/N. Temperature dependent
MSD scans were measured for numerous proteins under
different environmental conditions. Fig. 1 summarizes some
essential results for myoglobin3:

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 move10. By contrast,
with myoglobin embedded in a fully deuterated glass, D-glucose,
a strong nonlinear enhancement of the MSD(T) appears at 150
K2.

Surprisingly, dehydrated myoglobin exhibits nearly the same
MSD temperature dependence as myoglobin in the deuterated
glass3. 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 D2O-
hydrated myoglobin, two transition temperatures at 150 K (type
I) and 240 K (type II) are recorded, suggesting two well sepa-
rated 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 surface1,3. Since
the scattering fraction of hydration water (D2O) 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
but noisier MSD scans with two transitions at the same temper-
atures as hydrated myoglobin. By contrast, if the per-deuterated
fragments are specifically labelled with protonated, but methyl-
free residues, the type I transition is missing, although type II
at 240 K is still occurs10. This implies, that type I displacements
reflect mostly the methyl side chains3,4. Then Type II by contrast
may involve prominently polar residues near the surface. But an
indirect effect of hydration on the mobility of nonpolar, non-
methyl side chains cannot be excluded.

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

2 www.pnas.org --- --- Footline Author

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272



Submission PDF

Fig. 4. a): Elastic scattering profiles of hydrated myoglobin (0,35 g/g)
normalized at 10 K, back-scattering spectrometer IN13 at τres= 140 ps and
fits to equ.5-6 by adjusting τrot(T) and τtrans(T) with δ2= 0,1 Å2 kept fixed
(full line). b) Decomposition of the elastic scattering functions of hydrated
myoglobin at τres = 140 ps and 270 K according to the TR-model, the full
lines are predictions of equs. 4 and 6.

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

Based on results in fig. 1, we propose a bimodal distribution
of sites associated with two kinds of processes3: (I) internal rota-
tional transitions and translational displacements (II). Process I
has been identified with methyl group rotational transitions, while
the nature of the second component may be characterized as a
localized translational motion. The resulting bimodal correlation
function then has the form:

(3)

σI denotes the fractional cross section of the type I sites.
Equ. (3) must be complemented by global diffusion at water

contents above h = 0,4 g/g . According to the neutron structure
of myoglobin about 25 % of the total number of hydrogens are
organized in methyl groups11, thus σI = σm ≅ 0,25.

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 axis3,14:

(4)

Fig. 5. Arrhenius plot of the fitted correlation times, τrot: black diamonds:
elastic scans, open circles: alanine dipeptide5, red triangles:τrot, from fit of
IN6 spectrum of dry myoglobin, τtrans: black circles: elastic scans, blue and red
circles: τhyd , hydration water5,19, dashed line: τres = 140 ps (Instrument IN13)

Fig. 6. : elastic intensity Sel(Q = 0, T) from fits of the data in fig. 4 (opencircles)
and A(T): calculations of the second scattering intensities (full line), red dots:
reconstructed elastic intensities at zero Q of dry GFP by Frauenfelder et al.8 .

By contrast, type II describes the translational displacement of
residues confined by a quasi- harmonic potential, which we ap-
proximate by an over-damped Brownian oscillator17:

(5)
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δ2 =<△x2>trans denotes the translational mean square displace-
ment, which is apart from the time constants, the main free
parameter of the model. At long times,

Φtrans(Q, t>> τtrans) turns into a Gaussian elastic scattering
function:

(6)

From now on, equs. 3 – 5 are denoted as the “TR model”.
b) Time domain analysis of hydrogen fluctuations
The first experimental test of the TR model will be performed

with time domain data derived from a combination of two back-
scattering spectrometers of IN10 and IN13. Fig. 2 compares the
experimental and model density correlation function of dry and
hydrated myoglobin at Q ≅ 2 Å -1 on a logarithmic time scale. A
single fast process (type I) is observed for the dehydrated case,
which settles to a long time plateau around 0,8. Fits with the TR
correlation function reproduce the correct plateau value for Q
= 2 Å -1­, with the methyl structure factor and the partial cross
section of 0,25 as input. At Q = 1 Å-1 a much smaller decay is
predicted.

This result is compatible only with the methyl group rotation.
A much lower plateau is expected if other side chain or main chain
transitions interfere.

The fit yields a rotational correlation time, τrot= 10 (±2) ps.
The barrier to methyl group rotation in proteins is 12 kJ/mol.

With a pre-factor of 10-13s one obtains 11 ps consistent with the
result above.

In the hydrated case, the same fast component appears, but
in addition a second process emerges at much longer times. The
full line shows the prediction of the TR model at Q = 2 Å-1.
The resulting time constants are: τrot = 10 (±2) ps and τtrans =
140 (±15) ps. This result confirms the MSD analysis of fig. 1 with
two well separated onset temperatures. For a slightly larger Q at
2.5 Å -1

, a much too strong decay is obtained, which illustrates the
sensitivity of the method.

c) Displacement distribution from momentum exchange ex-
periments

In fig. 3 we present an extended Q-range but slightly reduce
the time window, since long times and large Q value are techni-
cally not compatible.

The fits with the TR model work quite well using the cor-
relation times determined above as input (fig. 2). The MSD is
adjusted, yielding, δ2 = 0,11 (±0,02) Å2

.

The Brownian oscillator (equ. 5) yields a too strong Q-
dependence. This suggests that the spatial displacement distribu-
tion is adequately reproduced by the TR model.

d) Elastic backscattering experiments with D2O-hydrated
myoglobin

The IN10 back-scattering spectrometer (ILL, Grenoble)14

has an energy resolution of 1 μeV at λ = 6 Å, combined with a
moderate Q-range up to 2 Å-1. The IN13 back-scattering spec-
trometer is famous for its large Q-range up to 5 Å -1 at a resolu-
tion of 7 μeV. Taken together both spectrometers cover a time
window of 20 to 600 ps. The elastic intensity was determined
using a fixed energy window method (τres = 140 ps) with the
backscattering spectrometer IN1314. With 350 mg of hydrated
sample the neutron transmission was close to a tolerable 90 %.
Raw data were corrected for detector response and cell scattering.
The elastic scattering curves, shown in fig. 5a, were normalized at
the lowest temperature, but not at each temperature separately.
To unravel the dynamic aspects of elastic scattering, we have
introduced the method of “elastic resolution spectroscopy”5,18,
where the resolution function is varied. In the simplest case of a
δ-correlated resolution function4, the normalized elastic intensity

versus Q reproduces the time correlation function at fixed time
τres of the spectrometer:

Sel
N(Q) ≅ Φs(Q, τres) (7)

Thus by fitting the elastic scans at fixed time t = τres by ad-
justing τrot(T) and τtrans(T) one derives dynamic information from
elastic data. Since we are interested only in average correlation
times, we discuss the simplest model here. But fits taking into
account the Gaussian resolution function of IN13 have also been
performed3,5.

This procedure works reasonably well. The most striking
result is the absence of dynamical transitions. The fitted MSD
parameter δ2 ≅ 0,1 Å2 is almost temperature independent.

Equally important, the resulting correlation times τrot(T),
displayed in fig. 5, compare well with those determined inde-
pendently by spectral analysis of dehydrated myoglobin and the
methyl side chain of alanine dipeptide5.

Finally, the translational correlation times τtrans(T) superim-
pose within experimental error with those derived for hydration
water by neutron spectroscopy5,19. This indicates that hydration
water and polar protein residues move together on the same time
scale by mutual interaction.

e) 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 transmission near 90% about 17 % of the
neutrons are scattered at least twice. Although multiple scattering
is significant, it is generally ignored. Most significant are elastic-
elastic second scattering events due to the large dynamic structure
factor of proteins at ω = 0.

Multiple scattering is approximately independent of Q16,
which produces an extra intensity at Q = 0. Since the elastic
intensity decreases with temperature increase, multiple scattering
also decreases. As a result, one always observes with elastic scans
an extra intensity at Q = 0, which is temperature dependent:
Sel(Q = 0, T). This is why data are usually not only normalized
to a low temperature scan but also at each temperature at Q
= 0 separately. Several examples are given by Frauenfelder et
al.8. This effect is of course incompatible with single scattering
theory, it would violate particle conservation. This discrepancy is
now used as a main argument by Frauenfelder et al. to discard
conventional scattering theory8.

In fig. 6 we display the elastic intensities derived from fits to
the TR model of the data presented in fig. 4a), which were extrap-
olated to Q = 0. It shows the effect of a temperature dependent
zero Q elastic intensity. Also shown are extensive calculations
of the second order scattering for an infinite slap sample based
on the theory of Sears14. The calculated A(T) 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 of
Frauenfelder et al.8. Given the uncertainties of the extrapolation
procedure and the unknown transmission, the agreement is strik-
ing. Multiple scattering is thus a valid explanation for the GFP
results. Before energy landscapes come into play one has to first
correct first for the unavoidable multiple scattering effects.

3. Discussion
I am surprised, how smoothly this minimal TR model can repro-
duce the complete elastic-inelastic data set of myoglobin, apply-
ing well established single scattering theory. The main reason is
of course that we use a valid concept and second, one is dealing
with two processes, which are well separated in time and Q-
space. So there is little space left for alternative interpretations.
We have chosen the time domain to show that the postulate of
inhomogeneous neutron scattering spectra by Frauenfelder et al.
is meaningless. Otherwise we could not have derived time con-

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

4 www.pnas.org --- --- Footline Author

477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544



Submission PDF

stants, which are well established in the literature by numerous
experiments.

The two kinds of motions of the TR model were identified in
earlier functional studies: Flash photolysis experiments of ligand
binding to myoglobin reveal, that internal ligand displacements
are entirely decoupled from the solvent similar to type I above,
this includes even the final binding step of CO to the heme.
However, ligand exchange processes across the protein-solvent
interface vary with the solvent viscosity similar to type II20,21.
Moreover, multiple flash experiments demonstrate, that hetero-
geneous non-exponential kinetic of ligand binding to myoglobin

turn into homogenous and exponential processes above the glass
temperature at 200 K22. From a functional point of view myo-
globin is thus dynamically homogeneous at room temperature.
Arieh Warshel, co-nobel prize winner in chemistry of 2013, argues
that “the complex energy landscape is not the reason of the
catalytic power of proteins, flexibility is interfering with rate accel-
eration, catalysis requires rigid stereo-chemical structures“23. This
applies to the catalytic step specially, since the substrate/product
exchange between protein interior and solvent requires a solvent
coupled structural flexibility of type II.
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