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Abstract The temperature-dependent resonance-line
broadening of HET-s(218-289) in its amyloid form is
investigated in the range between 110 K and 280 K. Sig-
nificant differences are observed between residues in the
structured hydrophobic triangular core, which are broad-
ened the least and can be detected down to 100 K, and in
the solvent-exposed parts, which are broadened the most
and often disappear from the observed spectrum around
200 K. Below the freezing of the bulk water, around 273 K,
the protein fibrils are still surrounded by a layer of mobile
water whose thickness decreases with temperature, leading
to drying out of the fibrils.

Keywords Solid-state NMR - Low-temperature - Line
broadening - Fibrils - Protein - HET-s
Introduction

Solid-state NMR is the primary method for atomic-reso-
lution structure determination of amyloid fibrils (Wasmer
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et al. 2008; van Melckebeke et al. 2010; Lu et al. 2013;
Shi et al. 2015; Tuttle et al. 2016; Colvin et al. 2016; Walti
et al. 2016). However, its inherently low sensitivity some-
times limits its applicability to complex systems. If the line
widths observed in NMR spectroscopy were temperature
independent, the sensitivity could be increased by lowering
the sample temperature, thereby exploiting beneficial fac-
tors such as a higher Boltzmann polarization and a lower
thermal noise. With the application of dynamic nuclear
polarization (DNP), one could even gain further in the sig-
nal-to-noise ratio, up to a factor of 660. (Can et al. 2015)
Unfortunately, starting at the freezing temperature of the
solvent water, one typically observes a significant broaden-
ing of the protein resonances (Linden et al. 2011; Siemer
et al. 2012). This effect compromises most benefits of an
increased signal strength. Nevertheless, successful DNP
studies of amyloid fibrils were reported. (Debelouchina
et al. 2010; Bayro et al. 2011; Debelouchina et al. 2013;
Nagaraj et al. 2016).

The process leading to line broadening in proteins is not
yet fully understood. One mechanism involved is the freez-
ing out of motional processes between conformations with
similar energy (Henzler-Wildman and Kern 2007) which
are then observed separately, leading to heterogeneous
line broadening (Linden et al. 2011). Above 200 K it has
been observed that proteins retain a significant amount of
liquid-like water around them which stays mobile long after
the freezing of the bulk solvent in the sample (Siemer and
McDermott 2008; Siemer et al. 2010, 2012). The conser-
vation of this mobile water layer might have an influence
on the line-broadening behavior observed, in particular for
the solvent-exposed residues. A further mechanism is the
presence of motion with correlation times corresponding
to the inverse MAS or rf frequency, or intermediate chemi-
cal exchange between conformations. (Bajaj et al. 2009).
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The typically monotoneous increase of the linewidth with
decreasing temperature however indicates that the for-
mer machanisme is dominant in proteins. In this work, we
observe and analyse the total linebroadening.

The model system used for this study consists of amyloid
fibrils from the prion domain of HET-s, HET-s(218-289),
from the filamentous fungus Podospora anserina. HET-s
is a functional amyloid and induces a phenomenon known
as heterokaryon incompatibility, which is a mechanism of
self/non-self recognition that prevents a merging of geneti-
cally incompatible fungal colonies by the induction of cell
death (Glass and Dementhon 2006; Saupe 2011).

The structure of HET-s(218-289) has been determined
by solid-state NMR. It is described by a long p-solenoid

with two windings formed from one monomer (Wasmer
et al. 2008; van Melckebeke et al. 2010). The amino-acid
sequence with arrows that indicate the position of the
B-strands is shown in Fig. lc. Schematically, the fibril
is described by a long cylinder (typically micrometers
long) with a hydrophobic center and partially charged and
mainly hydrophilic surface in contact with water as shown
in Fig. 1b. The only non-hydrophobic residues in the core
are the polar residues threonine 233 and serine 273, which
assist in the stabilization of the turn between two p-sheets
by the formation of side-chain hydrogen bonds. All other
polar or charged residues face to the outside of the fibril
and are mostly located in solvent-accessible areas. The two
windings of p-strands are interconnected via a more flexible

220 230 240 250

Fig.1 a Schematic representation of the structure of HET-s(218-
289) fibrils (Protein Data Bank ID 2KJ3). Eight p-sheets are form-
ing two windings (grey and black) of a p-solenoid. The fibrils consist
of a clearly structured triangular hydrophobic core, solvent-exposed
residues and more flexible turn regions. Residues are color coded as
follows white, hydrophobic blue and red, positively and negatively
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charged; green, polar. b A fibrillar stack of six consecutive individual
molecules (indicated by changing color), which are formed by the
two windings. ¢ Amino-acid sequence of the prion domain of HET-
5(218-289) excluding the histidine tag at the C-terminus. Arrows are
indicating regions of p-sheet folds.(Wasmer et al. 2008; van Melck-
ebeke et al. 2011)
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Fig. 2 a Proton spectra of HET- (a)
s(218-289) at temperatures
between 100 and 280 K with

an inset that shows the drop of
water signal between the non-
frozen and frozen state. With
the freezing of the bulk water,
the intensity of the mobile

water signal drops immediately 240 K
to roughly 30% of the initial 280 K 225 K
value (signal integral). The 270K NN
lowering temperature causes 40 20 0 -20 204 K
the mobile water content to 195 K
steadily decrease until the water 181 K
becomes unobservable around —\ 171K
220 K. b'3C cross polarization o
spectra of HET-s(218-289). An 164 K w
increasing line broadening of ot N 156 K MM
the one-dimensional spectrum TN 145 K J\w
with decreasing temperature is N\
observed. Experimental details 136 K MM
are given in Table S1 S N 127 K
B
100 K ; )
40 20 0 -20 200 150 100 50 0
5 ("H) / ppm 5 (1%C) / ppm

loop region. Previous studies have given a detailed picture
of the solvent accessibility of the individual residues in the
fibril (van Melckebeke et al. 2011). Basically all outward-
facing residues are solvent exposed and the corresponding
exchangeable sidechain protons show chemical exchange
with water (Lesage and Bockmann 2003; van Melckebeke
etal. 2011).

At temperatures significantly below freezing, a liquid
water component remains in protein samples and has been
observed for various types of proteins such as spider silk,
SH3, Ubiquitin, Crh, and for anti-freeze proteins (van Beek
et al. 1999; Lesage et al. 2008; Siemer et al. 2010, 2012;
Linden et al. 2011).

Materials and methods
Sample preparation

[®C,N] uniformly labeled HET-s(218-289) was
expressed as described in (Balguerie et al. 2003). The
fibrillization was performed in H,O at pH 7.5 and 10 mM
Cu(Il)-EDTA was added to shorten T;-relaxation times
(Wickramasinghe et al. 2009). The protein was filled into
a Bruker 1.3 mm MAS rotor via ultracentrifugation for
45 min in a Beckmann Coulter Optima L-90K centrifuge
at 134,000 g using a home-made filling device (Béckmann
et al. 2009).

Spectroscopy

All measurements were then carried out on a Bruker
AVANCE III wide-bore spectrometer at a proton resonance
frequency of 600 MHz. A Bruker 1.3 mm low temperature
MAS probe with a temperature range from 100 K to room
temperature was used in combination with a Bruker LT-
MAS Cooling System for bearing, drive and sample cooling
air. The temperature was calibrated with a sample of KBr
powder (Thurber and Tycko 2009). All experiments were
carried out at an MAS spinning frequency of 40 kHz. The
cross-polarization field strengths were adjusted to 100 kHz
on protons and 60 kHz on carbon. An adiabatic passage
was used with a tangential shape on the proton channel
with A = 40 kHz and a contact time of 500 ps (Hediger
et al. 1995; Ernst and Meier 2010). During the acquisition,
XiX proton decoupling was applied at a field strength of
100 kHz (Tekely et al. 1994; Detken et al. 2002). The Bc
homonuclear correlation experiments used the DREAM
sequence (Verel et al. 2001) with A = 16 kHz. DREAM
is an efficient first-order recoupling sequence that works
well at 40 kHz spinning, where DARR-transfer is already
severly attenuated. The decoupling strength was increased
to 170 kHz during the DREAM period of 4 ms. The maxi-
mum t; and t, times were 10 and 15 ms, respectively, the
interscan delay 3 s. A summary of acquisition and process-
ing parameters is given in Table S1 in the supplementary
material.

@ Springer



J Biomol NMR (2017) 67:51-61

-1

10
T/

Fig. 3 Chemical exchange between the protein protons and its
mobile water layer shown at 272 K and 233 K. After a double CP step
(see inset) only protein polarization remains for =0 and the water
signal builds up during 7 due to chemical exchange with the pro-

Results

A significant amount of the total mass of a solid-state
protein sample at ambient temperature consists of
mobile, liquid-like water. For the highly viscous fibrillar
HET-s(218-289) sample prepared by sedimentation in an
ultracentrifuge, the water component amounts to around
75% of the total sample mass as determined by the

0
&§(H)/ppm  -10

tein sidechains followed by spin diffusion. With the shrinking of the
mobile water layer towards lower temperatures less returning signal is
observed. After long enough waiting times relaxation leads to a decay
of all observed resonances

weight loss upon lyophilization. In general, upon appli-
cation of MAS, which leads to centrifugation with over
10%%g (Bockmann et al. 2015) two water pools can be
distinguished (Bockmann et al. 2009): a supernatant pool
in the center of the rotor, and a pool of water interact-
ing with the protein. For the samples described here, the
supernatant pool was minimized in mass by using a high
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Fig. 4 Carbonyl and aliphatic regions of a DREAM spectrum of HET-s(218-290) at room temperature and 40 kHz MAS. The figure contains
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the labels for the cross peaks that have been evaluated in more detail during this study
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Fig. 5 DREAM spectra of 280 K 270 K 240 K
HET-s(218-289) at different
temperatures illustrating the . 2 &y . . ® . o, ®
general tendency of the reso- £ 20 SE‘:. ,.‘*. o e Q,‘... . Ny [ 3K | \“ “
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centrifugation frequency and prolonged sedimentation
times during rotor filling (see “Materials and methods”).
Figure 2a shows the one-dimensional proton spectra
of HET-s(218-289) for temperatures between 280 and
100 K. The total signal is a superposition of the protein
and the water proton resonances. Between room tempera-
ture and 270 K (enlarged in the inset) the signal intensity
of water reduces drastically with the freezing of the bulk
solvent. However, the mobile water component does not
vanish entirely. Although the remaining water signal is
hard to separate from the protein signal, one can esti-
mate that the remaining integrated signal still adds up to
roughly 30% of that at room temperature even if the peak
amplitude of the water signal reduces by 91%. The signal
of ice, with its large dipolar couplings, is too broad to be
detected in Fig. 2. The remaining mobile water is in direct
contact with the protein as demonstrated by the presence of
chemical exchange between the protein (via exchangeable

60 40 20
6(™*C) / ppm

sidechains) and the liquid water: proton magnetization was
prepared on the protein exclusively using a cross-polariza-
tion filter shown in the inset of Fig. 3 and the growing back
of the water resonance in the mixing time t, due to chemi-
cal exchange with the protein sidechains, was observed on
a millisecond to second timescale (Lesage and Bockmann
2003; Lesage et al. 2008; van Melckebeke et al. 2011). The
remaining protein signal and the growing in of a water line
are detected via proton NMR as shown in Fig. 3. The water
resonance reached its maximum intensity after 60 ms at
272 K. Finally, T, relaxation leads to a decay of all reso-
nances. The strong water line appearing proofs that the
liquid water is in contact with the protein. With decreas-
ing temperature, the amount of mobile water gradually
decreases and its resonance broadens until it becomes dif-
ficult to distinguish the water signal from the protein sig-
nal at around 220 K. The results at 233 K, in Fig. 3b, still
show chemical exchange even at this temperature. The

@ Springer
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Fig. 6 1D slices from the 2D Ala228CB,Ca Ala237CB,Ca Thr233Ca,CB 11e231Cd1,Cy1 Ser273Ca,CB
spectra of Fig. 5 (direct dimen-
sion) are given in blue lines and A 280K
the best fit to the data as red
line. All residues shown in this
figure point to the inside of the
fibril (see Fig. 1) and show a
noticeable resilience against line
broadening. The fits have been
omitted where not meaningful 270 K
anymore ; r
wvv-w‘\a\ rw« W‘W r—~4 W&V‘W‘ %YA Atv\rw 260 K
T ,‘*J—L\{M vAA-&DV\/ﬁVA' 250 K
MUWW oy | s v‘“ﬁ\\fﬂ* WWL\(?'A‘“ “"‘W\/\,r"“ 240K
ﬁﬁw ‘vﬁ"\a‘\/,’«v 225 K
MVW v S UF’W WVLW fw‘ukw 204 K
V w«ww 195 K
181K
~ , \ / ““ , W\/ 171K
W‘\/av-wv \ ’ w Wv 164 K
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\/ \/ VV N 145K
W\/ \ / \z\’ e Y w136 K
DRI S \, \AY/ 127 K
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| | L | ) L | ) | | L | |
30 20 30 20 10 70 60 50 20 10 60 50
5("%c)/ppm 5("°c)/ppm 5("°c)/ppm 5("°c)/ppm 5("°c)/ppm

peak maximum is reached after 20 ms. A fit of the water
buildup and decay curves shows characteristic buildup and
decay times of 20 and 390 ms at 272 K and 8 and 550 ms
at 233 K. Here the buildup corresponds to the chemical
exchange process, the decay to 7 relaxation.
One-dimensional '3C CP-MAS spectra as a function of
temperature are given in Fig. 2b. As observed earlier for
crystalline proteins (Linden et al. 2011) and in glasses (Sie-
mer et al. 2010), the spectral resolution decreases rather
monotonously with temperature. There is no sudden step-
like broadening taking place while changing the tempera-
ture as is the case when going from 280 to 270 K where the
majority of the water freezes in a phase transition as evi-
denced by the proton spectra of Fig. 2a. As the bulk water
freezes, the protein is still surrounded by a rather large

@ Springer

amount of mobile water. Upon further lowering of the tem-
perature, the spectral resolution gradually decreases. Even
in the region below 220 K, where proton spectra do not
indicate any mobile water in the sample, further changes
in the spectrum, in particular in the methyl region, are still
observed.

To obtain site-specific information on line broaden-
ing, 2D DREAM spectra (Verel et al. 2001; Westfeld et al.
2012) were recorded at different temperatures. Figure 4
shows the carbonyl and aliphatic region of a DREAM spec-
trum of HET-s(218-289) taken at room temperature. The
13 labeled peaks indicate spectrally unambiguous reso-
nances that will be followed in detail below. They were
chosen because of their location in the structurally well-
defined part and because they can be followed over the
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Fig.7 1D slices from 2D Lys229Cy,Cd

spectra (along direct dimension) Ser227Ca,Cp  Ser263Ca,CP Glu265CB,Ca +

are given as blue lines the cor- Lys270Cy,Cd

responding fits as red lines. All v o\

residues shown in this Figure 280 K

point to the outside of the fibril

(see Fig. 1) and show a strong

line broadening within the first

40 K after freezing. The fits

have been omitted where not

meaningful anymore \ 270 K
Ve o WW
e PO e 250K
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65 60 55 50 60

entire temperature range without significant overlap from
other crosspeaks (vide infra).

Figure 5 shows examples of HET-s(218-289) DREAM
spectra at nine different temperatures between 280 and
100 K. The resolution of the spectrum decreases gradu-
ally with lower temperature as already witnessed by the
1D spectrum. Still, until 240 K many resonances can be
resolved. It is also evident that different residues react dif-
ferently to a change in temperature. There is no indicatioon
for additional signals (e.g. from the loops found as flexible
at room temperature (Siemer et al. 2006; van Melckebeke
et al. 2010)) appearing in the low-temperature spectra but
they may be hidden by overlap.

1D slices from 2D DREAM spectra for different
temperatures are shown in Fig. 6 for Ala228, Ala237,
Thr233, Tle231 and Ser273 which point to the inside of
the fibril as seen in Fig. 1. We note that these resonances

8(130

w
o
N
o

50 40 30
)/ ppm 5(*%c)/ppm

N

0
5("°c)/ppm

can be observed over the entire temperature range down
to 100 K even if they do indeed broaden with decreasing
temperature.

Figure 7 shows the 1D slices for residues Ser227,
Ser263, Glu265 as well as Lys229 and Lys270 which point
to the outside of the fibril. In these cases, the resonances
broaden significantly already at the freezing point of the
bulk water and almost vanish around 240 K. Indeed the
least square fitting procedure has difficulties to find a peak
in some of the low temperature data.In these cases, the fit is
omitted from the figure.

In Fig. 8 the resonances of Ala247 and 248, which are
both located at the start of the flexible loops as well as
GIn240, which is located in a semi-hydrophobic pocket
(see Fig. 1) are displayed. They show an intermediate
broadening behavior between inside and outside residues,
more similar to the inside residues though.

@ Springer
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Fig. 8 1D slices from 2D spectra (along direct dimension) given
as blue lines and best fit as red lines. The two alanine residues are
located at the beginning of the long loop (see Fig. 1), the glutamine in
the hydrophobic pocket formed between the fibril core and the C-ter-
minus. The line width of these residues remains relatively narrow to
low temperature. The fits have been omitted where not meaningful
anymore

To further quantify these observations, all cross peaks
marked in Fig. 3 have been evaluated in terms of line width
(FWHH) and peak intensities as obtained by fitting the
one-dimensional traces through the cross-peak maxima by
a Gaussian function (see red traces in Figs. 6, 7, 8). The
results of the fits are displayed in Fig. 9 where the residues
are grouped according to their topology into (a) outside res-
idues: Ser227, Lys229, Ser263, Glu265, Lys270, (b) inside

@ Springer

Fig. 9 Line width and peak intensity obtained from the fits in Figs. 6,
7, 8 as a function of temperature grouped according to their topol-
ogy into a outside residues: Ser227, Lys229, Ser263,Glu265,Lys270,
b inside Residues: Ala228, 11e231, Thr233, Ala237, Ser273, ¢ heli-
cal-conformation residues at the beginning of the long loop in HET-
s(218-289), namely residues Ala247, Ala248 and d the hydrophobic
pocket residue GIn240. e individual broadening behavior illustrated
via the schematic illustration the structure of HET-s(218-289). The
figure part f shows a schematic drawing of the protein surrounded by
mobile water and ice after freezing and the successive shrinking of
the mobile water layer as it is indicated by the data

Residues: Ala228, Ile231, Thr233, Ala237 and Ser273, (¢)
helical-conformation residues just before the beginning of
the long loop in HET-s(218-289), namely residues Ala247,
Ala248 and (d) the hydrophobic pocket residue GIln240.
Their position in the structure is also indicated in Fig. 9.

Discussion and conclusion

Categorizing the residues into the groups according to their
position in the structure, clear differences are observed:

i. Inside residues: the resonances from residues that point
into the core of the fibril broaden comparatively little
in the temperature region from 280 to 200 K. For these
parts, the resonances remain visible with a line width
below 2 ppm down to 140 K, e.g. for Ala228CpCa, or
even down to 100 K as for Ala237CpCa. Ser237Ca-Cf
remains visible down to 200 K. At these temperatures
no mobile water is detected in the NMR spectrum
(Fig. 2a). All the inside residues show little change at
the freezing point of the bulk of the solvent water.

ii. Outside residues are all characterized by a significant
increase of the line width between 280 K and 270 K
where most of the water freezes. Between 230 and
250 K, the line width reaches 2 ppm and the reso-
nances become unobservable. These residues are sensi-
tive to the changes in hydration shell and broaden sig-
nificantly with the appearance of an ice phase even if
there is still liquid water available in the system.

iii. Alanine residues in a-helical conformation before the
beginning of the flexible loop. They behave similarly
to the inside residues and seem to be shielded from the
influence of the surrounding water.

iv. Q240 in the semi-hydrophobic pocket: this resonance
does hardly broaden over the entire temperature range
observed,

The molecular structure plot in Fig. 9e summarizes the
findings for the temperature-dependent broadening behav-
iors of all residues investigated in detail. Residues with a
weak temperature dependence are marked in blue, while
residues which exhibit a strong temperature dependence
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in line width are marked in yellow. It is evident that the  indeed highly influenced by the gradual loss of mobile
temperature-dependent line broadening of individual resi-  water around the fibril, which is visualized in the schematic
due is systematically weaker for non-solvent-exposed resi-  drawing in Fig. 9f by mobile water and ice surrounding the
dues. This indicates that the initial broadening process is  fibril. With decreasing temperature the mobile water layer
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diminishes, as indicated in the Fig. 9f. It should be noted
that fibrils can bundle and the water may not be evenly dis-
tributed. No dry contacts have, however, been found and
each fibril is enclosed by water. (van Melckebeke et al.
2011) It is interesting to note that similar broadening of res-
onances is observed upon lyophilization, and it is tempting
to ascribe some aspects of the line broadening in our fibril-
lar sample as caused by a freeze-drying effect where more
and more water is recruited into the ice phase.
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