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Cryogenic Nanoprobe SAXS

In Cellulo Analysis of Huntingtin Inclusion Bodies by
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Tobias Senkbeil,” Markus Osterhoff,') Michael Sprung,’ Vasil M. Garamus,
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Simon Ebbinghaus,

Huntington’s disease (HD) is one of nine neurodegenerative
disorders associated with an extension of polyglutamine (polyQ)
in proteins. In HD, the polyQ tract in the huntingtin protein is
extended beyond a threshold of 38 amino acids leading to the
formation of amyloidal structures in the cytoplasm and nucleus.
We investigated here the structure of Htt (Huntingtin) amyloid
fibrils in cellulo with nanoprobe small angle X-ray scattering. As
these measurements were performed under cryogenic con-
ditions, the information is obtained on the aggregates in their
natural, hydrated environment without the need of staining

1. Introduction

Huntington’s disease (HD) is caused by mutation in CAG
trinucleotide repeat in the gene IT15 coding huntingtin protein
{(Htt)."" Htt is ubiquitously expressed in cells. It is involved in
embryonal development and neurogenesis,” endocytosis, intra-
cellular trafficking and membrane recycling,™ but its molecular
function is not yet understood®” In healthy conditions, the
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and chemical fixation. We also could show the presence of
oligomer structures not visible in fluorescence microscopy.
Structural information on repetitive units inside of Htt inclusion
bodies was determined from the SAXS data and compared to
electron microscopy images. The results suggest that nanop-
robe cryo-SAXS can serve as powerful tool to investigate the
kinetics of amyloid aggregate formation inside cells and to
understand how fibril formation can be influenced by drugs
and other external stimuli.

exon-1 of Htt (Htt-ex1) encompasses a polyglutamine (polyQ)
tract between 1 and 37 glutamine, in disease conditions polyQ
units alter between 38 and 180 repeats.® Extended proteins
aggregate in cells leading to neuronal death and striatal
degeneration causing the disease symptoms of HD, including
chorea and dementia. The age of onset of the disease decreases
and aggregation accelerates with an increased number of polyQ
amino acids in Htt.

As a cure for HD is still missing, the understanding of the
Htt aggregation pathway on a molecular level is crucial to
derive novel therapeutic strategies. As such, small molecules
that interfere with the aggregation pathway to prevent
aggregation or to redirect aggregation towards non-toxic
species were developed for Htt”! and other amyloid forming
proteins like amyloid-p (AB) or tau.®'® For this strategy, precise
knowledge of the structure and morphology of the aggregates
in the cell is needed. Thereby, it is essential that this knowledge
is acquired by invivo methods since in-cell aggregation is
significantly different from what is expected from in vitro
measurements in dilute solution or solid matrix. Factors that
alter the in-cell aggregation mechanism compared to test tube
conditions include biological factors such as molecular chaper-
ones and physicochemical factors such as macromolecular
crowding.

Here we use X-rays to study amyloids with spatially resolved
small angle X-ray scattering (nano-SAXS) in cellulo on frozen
hydrated cells, without chemical staining or fixation. SAXS is an
established method to characterize the structure of biomole-
cules and cells and probes nanostructures with sizes from one
up to a few hundred nanometers."™ Protein structures can be
studied in solution™ and SAXS was capable to reveal the micro
fibril orientation in human bones,™™ to determine the antibiotic
action for Escherichia coli cells™ and to understand the
ultrastructure of melanosomes."™ Periodic structures in living
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nanodiffraction."® We applied nano-SAXS to detect the internal
amyloid structure of inclusion bodies and to estimate the size
of repetitive units within the aggregates for the first time in
cellulo. In addition to Q72 we compared Q25 transfected and
non-transfected cells to understand the structural difference
caused by the different polyQ lengths. While conventional
imaging methods rely on labeling or histological staining to
detect amyloid plaques, X-rays are intrinsically sensitive to such
periodic structures resulting from the secondary, tertiary and
quaternary structures of proteins. Staining and labelling are not
required for such X-ray experiments and the X-ray nanoprobe
experiment allowed to reveal the local distribution and the size
of amyloid structures within frozen-hydrated cells.

2. Material and Methods
2.1. Cell Culture and Transfection

HelLa cells used in this study were a kind gift from the
Department of Biochemistry Il (Ruhr-Universitdit Bochum) and
were cultured in DMEM (Gibco, USA) supplemented with 10%
fetal bovine serum (Sigma Aldrich Chemie GmbH, Germany)
and 1% penicillin-streptomycin (Gibco, USA) at 37°C and
humidified atmosphere with 5% CO, using T-25 cell culture
flasks (Sarstedt AG & Co, Germany). At 80% confluence the cells
were transfected with 2 ug of DNA of IRES constructs containing
Htt-ex1 polyQ n-mCerulean and Htt-ex1 polyQ ,-mYFP™" with
different polyglutamine lengths (Q25, Q72). Lipofectamine 2000
(Life Technologies GmbH, Germany) was used as the trans-
fection reagent following the manufactures protocol. Then
6 hours post transfection the 7,500-10,000 cells were split and
seeded onto copper TEM grids covered with a carbon surface
with a 200 mesh (Quantifoil Micro tools GmbH). After splitting
cells were cultivated for another 12-16 hours prior to imaging.

2.2. Fluorescence Microscopy and Cryo-fixation

The different transfected cells were seeded onto TEM grids
membranes and allowed to adhere for 12h. After this
incubation time, cells were imaged using a Zeiss Axio Observer
Z1 (Zeiss Microscopy GmbH, Germany) fluorescence micro-
scope. Cells containing aggregates were identified using overlay
images of the FRET fluorescence channel (Emission range: 530-
600 nm) and the transmission channel. Immediately after
acquisition of the microscopy images, the liquid was blotted
from the TEM grids with cellulose paper (Whatman grade No. 1)
and the samples were plunge frozen"” in a mixture of 37%
liquid ethane and 63% liquid propane at liquid nitrogen
temperature. The cryogenically fixed samples were stored in
liquid nitrogen until the beamtime. For SAXS measurements,
suitable cells were selected based on light microscopic and
fluorescence microscopy images.
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SAXS measurements were carried out at the P10 beamline
(PETRA Ill, DESY), using the Gottingen Instrument for Nano
Imaging with X-rays (GINIX)"®*?*" equipped with a cryojet
(Cryojet, Oxford Instruments, UK) to maintain the sample at
100 K. Photons with an energy of 7.9 keV were focused on the
sample with a spot size of 300x300 nm?. The flux on the sample
was ~ 10" ph/s. Scattering patterns were collected with an
Eiger 4 M single photon counting detector (Dectris, Switzerland)
which recorded scattering vectors between 0.0045 A~" and
0.111 A~". To protect the detector from the direct beam, a
semitransparent beam stop was used. Spatially resolved scatter-
ing data was recorded by scanning the sample through the X-
ray focus. Different step sizes of 0.25x0.25 pm? 2x2 um? and
1x 1 um?* with an exposure time of 1 s were used. The step size
of 0.25x0.25 pm” revealed the highest spatial resolution but
was time consuming, the step sizes of 1x1 um? and 2x2 um?
revealed reasonable resolution while acquisition times were
shorter.

2.4. Calculation of SAXS Curves

To preview the spatially resolved scattering data, the average
scattering intensity of the entire g-range was used to calculate
phase contrast maps (Figure 1). Regions of interest (ROI) in the
STXM images were identified by correlation with light micro-
scopy and fluorescence images, and labelled as area 1, area 2,
and area 3. While area 1 contained aggregates, area 2 did not.
Area 3 is the supporting carbon membrane as background
reference. For Q25 cells that did not show aggregate formation,
similar intracellular regions of similar size were selected for
comparative analysis. Within the three regions of interest, the
scattering patterns were averaged and converted into scatter-
ing curves by radial averaging (see also extended explanation
in the supplementary material). This extraction was done by
using the IRENA macros®” for Igor Pro (Wavemetrics, Portland,
USA). The scattering vector g was calculated as g :‘%sin(ﬁ),
with 4 being the X-ray wavelength and 6 half of the scattering
angle. Before the analysis, the obtained SAXS curves were
normalized to the g-range between 0.06 A=' and 0.08 A~". In
this range, the SAXS curves showed a similar curve shape with
limited structural information. The final SAXS curves of Q25 Htt-
ex1 area 1 contain the averaged information of the ROIs of 8
single scattering patterns and Q25 Htt-ex1 area 2 the
information of 15 single scattering patterns. The final SAXS
curves of Q72 Htt-ex1 area 1 contains 12 single scattering
patterns and Q72 Htt-ex1 area 2 contains 8 single scattering
patterns (See S1).

2.5. Analysis of SAXS Data
In order to extract structural information about the investigated

intracellular regions from the scattering curves, two different
methods of data analysis were applied: the Guinier-Porod
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Figure 1. Phase contrast microscopy (PCM), fluorescence microscopy (FM), and STXM images of the investigated cells with different Htt-ex1 aggregation
formation. (a) HeLa cells without Htt-ex1 (non-transfected), PCM and STXM (STXM: 0.5 pm x 0.5 um step size, 40 pm x40 pm image size). (b) HeLa cells with
Q25 Htt-ex1 but free of visible Htt aggregates, PCM, FM, and STXM (STXM: 2 um x 2 um step size, 28 pm x 18 um image size). (c) Hela cells with Q72 Htt-ex1
which form Htt aggregates, PCM, FM, and STXM (STXM: 1 umx 1 pm step size, 21 umx21 um). The location of aggregates in (c) becomes apparent in both,
PCM and FM images (aggregates are indicated by the yellow arrow). The red rectangle in the microscopy images indicates the area analyzed by microprobe
SAXS. The red and black circles in the STXM images show regions selected for a detailed SAXS analysis. Black circles (area 1) show areas with high scattering

intensity and red circles (area 2) indicate the cell body areas with lower scattering intensity.

analysis® and an indirect Fourier transformation method to

retrieve p(r)-distribution functions.”® Both approaches were
compared to enhance self-consistency of the data analysis and
to approximate size and shape of the Htt-ex1 aggregates. For
the analysis by the Guinier-Porod method, SAXS intensities
between 0.005 A~' and 0.03 A~' were considered. The g-range
was smaller than the recorded one in order to disregard very
large scattering vectors that were dominated by noise and to
cut out artifacts introduced by the beam stop at low g-values.
In the case of Q25 and non-transfected (NT) cells, it was
possible to fit the data by a simple Porod decay,”” which is
simply the slope of the curve. In the case of local intensity
increases below a certain g-value g, like in the case of the Q72
cells, a simple Porod-analysis could only be used for g > q;. Here
a generalized Guinier-Porod model® for nonspherical objects
was applied to model the data [Equations (1), (2)I:
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G _qZRZ
/(q)—EeXp<3_Sg for g < g, (m
I(q) =— forq >aq; 2

1
it g = [0 2,

I(g) is the measured scattering intensity, g the scattering
vector, D the Porod scale factor and d the Porod exponent, G is
the Guinier scale factor, R; is the radius of gyration of the
scattering object (radius gyration of cylindrical cross section for
rod-like or radius gyration of thickness for flat objects) and s a
variable that contains its shape information. In the case of
spherical objects, s values are equal to 0, while for non-spherical
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objects s=1 for rod or cylindrical structures and s=2 for
lamellar or plate like objects.

An alternative way to analyze the scattering data is a model
independent indirect Fourier transformation which allows to
calculate pair distance distribution functions-p(r).'”” To calculate
the p(r)-function directly from the scattering curves, the
PRIMUS/qt®" software was used, which is a part of ATSAS
software package.” To become able to consistently apply the
indirect Fourier transformation, the D,,,, values were iteratively
adapted to obtain the best fit of the experimental data and a
stable solution for the p(r)-function, being a linear combination
of K orthogonal functions ¢(s)"” between 0 and D, [Equa-
tion (3)1:

p(r) = Z i(r) @3)

This pair distance distribution function can be considered as
histogram of the sizes of specific substructures that cause the
enhanced scattering signal.'? In the case of homogeneous
objects, the p(r) function contains the occurrence of all
interatomic distances within the investigated object with a
maximal distance D,,,, that corresponds to the diameter of the
particle (cross section diameter for rod-like or thickness for flat
particles). The shape of the p(r) function provides information
about the shape of the scattering objects and the distribution
of scattering length densities within them. From the p(r)
function, the radius of gyration (R;) of excess of scattering
length density within the particles (cylindrical cross section or
thickness) can be determined. The error bars in the p(r) function
represent error propagations performed via a series of Monte-
Carlo simulations which allow to add the standard deviations to
the points of the p(r) function as well as to the derived values
such as the radius of gyration and zero-angle intensity.

3. Results

To establish nanoprobe small angle X-ray scattering (nano-
SAXS) as a tool to study intracellular aggregation processes, we
overexpressed Htt-ex1 with different polyglutamine lengths
(Q25, Q72). We used exon-1 instead of the 3144 amino acid
long full length protein since exon-1 is sufficient to induce an
HD-like phenotype in transgenic mouse models.”® Htt-ex1 Q25
transfected cells showed no aggregates while Htt-ex1 Q72
transfected cells developed visible aggregates with an average
size of several um 12-16 hours post transfection (Figure 1 a-c).
To distinguish transfected from non-transfected cells, Htt-ex1
was labelled with a fluorescent dye. To preserve the cells for the
SAXS measurements, the samples were plunge frozen immedi-
ately after recording the microscopy images in a liquid ethane/
propane mixture and stored in liquid nitrogen."”?” During the
nano-SAXS measurements, a cryo-jet was used to keep the
temperature of the frozen hydrated samples at 100 K. With this
approach we were able to investigate the aggregates in a
frozen-hydrated state while conserving the intracellular struc-
tures. Among the advantages of cryofixation is that cells are
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embedded in amorphous ice without any crystallization of
water. Thus, the intracellular structures are maintained similarly
to their natural, hydrated condition. Another advantage of cryo
preparation is the minimization of structural changes due to
radiation damage (e.g. mass loss or bubble formation).” As the
amorphous ice layer reduces such effects, it is a frequently used
preparation method for the investigation of biological samples
like cells at synchrotron sources®™" and in electron
microscopy.B?3

In Figure 1 a-c, light microscopy images and fluorescence
microscopy images are shown. In addition, the panels contain
X-ray scattering contrast images that were calculated from the
average intensity of the scattering patterns. As the direct
transmission was blocked by a beam stop, the obtained images
contain similar information as conventional phase-contrast
scanning transmission X-ray microscopy (STXM) images. The
comparison of the phase contrast and fluorescence microscopy
images with the STXM data allows to identify regions contain-
ing Htt-ex1 aggregates (Figure 1 a—c). The fluorescence images
show a homogeneously distributed fluorescence signal in Q25
cells, while in Q72 cells the signal indicates the presence of
aggregated Htt-ex1 in highly localized positions. The regions
marked in Figure 1 a-c were used to extract the scattering
information. Therefore, all scattering patterns that were re-
corded within the marked areas of interest were summed up
and converted into a single scattering curve by radial averaging
of intensities. The scattering from cell-free parts of the
supporting carbon membrane was used for background
correction.

The obtained scattering curves are shown in Figure 2a, two
SAXS curves were obtained for each sample. The analyzed
regions of interest for area 1 are labelled non-transfected area
1, Q25 Htt-ex1 area 1, Q72 Htt-ex1 area 1 and for area 2 non-
transfected area 2, Q25 Htt-ex1 area 2, Q72 Htt-ex1 area 2. For
Htt-ex1 Q72 we detected an increase in the scattering intensity
between 0.01 A~' and 0.03A™" in both, area 1 and area 2,
compared to the non-aggregate forming controls (NT, Q25).
Scattering data for all samples were lacking a plateau at lowest
g values that indicates the absence of a Guinier region (Eq.1, s=
0). It allowed us to conclude that the size of the investigated
objects was larger than the captured g-range, i.e. >2m/q,,,=
1400 A. The obtained scattering signal was thus caused by parts
of whole aggregates or interfaces. The analysis was continued
with a determination of the parameter d (Equation 2) for the
entire curve or parts of it. In the case of NT cells (Figure 2a), the
whole curve can be approximated with a slope ~3.6 which
indicates scattering at interfaces of large, fractal-like objects. In
such a case, the ratio between the surface of the object (S) and
its linear size (/) is §~ 959

For transfected cells (Figure 2 b and ), the situation is more
complicated and the two different g-ranges in the Q25 and the
Q72 curves were analyzed as two separate Porod-decays and
different slopes were obtained (Table 1). Q25 curves show a
slope d of 3.3 and 3.5 at g values between 0.005 A" and
0.01 A" and d=4.0 for larger g values. This can be interpreted
as Q25 cells scattering at length scales larger than ~300 A from
fractal surfaces of large objects and at length scales smaller

© 2020 The Authors. ChemSystemsChem published by Wiley-VCH GmbH



Chemistry

Articles E“mlzs |
. European Chemica
ChemSystemsChem doi.org/10.1002/syst.202000050 Societies Publishing
a I non-llransfected arlea 1 Table 1. Summary of the results of the Porod analysis for the different cell
GuiQier g‘;‘;':;"ﬁemd:'eaz types and regions of interest. d values are the Porod exponents either for
(et ex area
100 J \ Q25 Ht ox aren 2 the full curve or for g > gq;.
—— Q72 Htt ex area 1
Q72 Htt ex area 2 Sample d; d;
non-transfected area 1 3.6+0.1
= 104 Parod non-transfected area 2 3.5+0.1
© Q25 Htt-ex1 area 1 3.3+0.1 4.0+0.1
= Q25 Htt-exlarea 2 35+0.1 4040.1
g Q72 Htt-ex1 area 1 2.1+0.1 4.0+0.1
Q72 Htt-ex1 area 2 2.1+£0.1 4.0+0.1
1 .-
0,1 7 than 100 A from objects with smooth and well defined
i e 0,02 0,03 interfaces (slope 4, classical Porod behavior). Thus, sma?II objects
- 4 with sizes of ~100 A form larger objects with fractal interfaces
Scattering vector g[A”] . ) s )
and so-called primary particles build the larger fractal objects.
1000 : . : Q72 curves show a slope d of 2.1 at g between 0.005 A~ and
b Porod analysis | —— Q25 Htt ex area 1 0.01 A~ and d=4.0 for larger g values. A slope of 2.1 suggests
Q25 Htt ex area 2 scattering from objects like volume fractals or scattering from
1004 large, flat objects with diameters larger than 1400 A. For length
scales less than 100 A, scattering arose from smooth and sharp
— surfaces. Q72 curves show a rather clear transition of the d
z - values from 4 to 2.1, while the change from 4 to 3.3/3.5 in Q25
g T is less pronounced.
= In order to derive structural and size information from this
Guinier region with enhanced scattering intensity, a Guinier-
1 Porod (GP) approach was used. The scattering curves of non-
transfected cells (NT) and of Htt-ex1 Q25 transfected cells are
well described by Porod'’s law, i.e. the exponential slope of the
0,1 ; . , SAXS-curves. In the case of the Q72 cells, a simple Porod model
0.004 0,01 0,02 0,03 was not appropriate to describe the shape of the curve due to
Scattering vector g [A”] an additional scattering contribution at g ~0.013 A~'. Latter
was considered by applying the GP model which provides in
1000 . ; . addition to the Porod decay a Guinier function that describes
c Porod analysis Q72 Htt ex area 1 such an additional scattering contribution. From the analysis,
Q72 Htt ex area 2 radius of gyration R, and s values are obtained (Table 2) which
o0 characterize the scattering contribution in terms of size and
shape, respectively.
—_ The parameter s obtained from the GP model helps to
= estimate the shape of the scattering object and typically
S 10+ . . . s
= spherical shapes yield s=0, rod-like or cylindrical structures s=
= 1, and lamellar structures s=2.? For both areas of Q72, s
values of 2 were obtained which suggests the presence of flat,
14 lamellar structures. The Ry, (radius gyration of thickness) values
for these structures were determined as R,=56 A for Q72 Htt-
ex1 area 1 and for area 2 R,=49 A. Assuming homogeneous
0,1 , . . and flat particles, the thickness T was calculated as
0,004 0,01 0,02 0,03
Scattering vector q [A"]
Table 2. Summary of the results for the Q72 transfected cells after fitting a
Figure 2. (a) SAXS curves of Hela cells: NT (non-transfected) without Htt-ex1, Gu!nler—Porod (GP,) model. s-values 'ln'dlcate th? shape of the scattering
Q25 and Q72 Htt-ex1, used in the size analysis by Guinier-Porod and p(r) objfects as dete.rmlned from the Guinier analysis. R,(GP) resembles the
functions. (b), (c) Porod analysis of area 1 and area 2 in Q25 and Q72 cells. radius of gy.ratlon. a3 obtal?ed from the GP model and T(GP) the
Each curve is separated into two regions. Whereas the Porod slopes in both correspgndlng thickness of the structures. For both areas s=2 were
parts of the Q25 curves deviate slightly, it deviates strongly in the case of determined.
Q72. The additional contribution was accounted for by the introduction of a Sample s R;,(GP) [A] Thickness T(GP) [A]
Guinier-contribution. All curves used in the analysis are presented in the <
supporting information Figure S2. Q72 Htt-ex1 area 1 2 56+1 193+3
Q72 Htt-ex1 area 2 2 49+1 169+4
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Figure 3. P(r) functions calculated from I(g) of Q72 Htt-ex1 transfected cells for cell area 1 (aggregate region) and cell area 2 (aggregate free region).

T = R,*V/12,%59 resulting in T=193 A for area 1 and T=169 A
for area 2. In Table 2, values for s, R, and T are summarized.

An alternative way to analyze the scattering data and to
obtain additional information about the shape of the aggre-
gates is the calculation of a pair distance distribution function
using an indirect Fourier transformation (IFT) method as
implemented in PRIMUS/qt?” from the ATSAS software
package.” p(r) was calculated under the assumption of flat,
monodisperse particles as derived from the GP analysis and as a
result, profiles p(r) of the scattering objects with bimodal
distribution were obtained (Figure 3). From the p(r) curves, the
radius of gyration of thickness (R;;) and D,, values were
obtained (Table 3). For Q72 Htt-ex1 aggregates (Q72 Htt-ex1
area 1) a radius of gyration of Ry (p(r) =57 A was determined
and for the regions lacking visible aggregates (Q72 Htt-ex1 area
2) Ryy(p(r)=52A. Both values are very similar to the ones

Table 3. Ry, T and D,,, values derived from the Indirect Fourier Trans-
formation analysis. For the calculation, a flat shape of the aggregates has
been assumed.

obtained from the GP analysis. The iteratively determined
maximal distances D,,,, within scattering objects are 194 A and
189 A, respectively. Thus, GP-analysis and p(r)-function indicate
the presence of flat objects with thicknesses of ~190 A. Here it
is important that D,,, is the thickness of the objects “visible” in
this SAXS experiment. Whole agglomerates on the micrometer
length scale as visible in the phase contrast and fluorescence
microscopy images are much too large for the g-range
accessible by SAXS.

4, Discussion

The analysis using Porod's law fits the slope of the scattering
curves and provides the exponent d which contains information
about the internal organization of the sample in the inves-
tigated field of view. In general, Porod exponents close to d ~4
are typical for homogeneous objects with a smooth and sharp
surface, while decreased d values indicate a granulation of the
surface and/or the internal structures.®”' In Figure 4, the d-
values for different object shapes are illustrated. For the non-

Rrg(P(r) [A] T(P(r)) [A) Dirgr [A] transfected cells, the analysis of the scattering data using
Q72 Hitt-ex1 area 1 58+1 199+5 194 Porod's law resulted in d values of 3.5 (Table 1). The Q25 and
Q72 Htt-ex1 area 2 5241 180+5 189

ChemSystemsChem 2021, 3, 2000050 (6 of 10)
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Q72 SAXS curves contained two different Porod slopes (Fig-
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d

=4

a=3 d

2

Figure 4. Schematic illustration of d values for different object shapes. d-values of 4 at large g are typical for objects with smooth and sharp interfaces. A
decrease of d to values between 3 and 4 signifies granulation of the interface of the objects - the surfaces shows additional structure, e.g. roughness. d-
Values of 2 are typical for small objects like proteins which can form flat sheet like structures or Gaussian chains, here a Guinier plateau might occur in the

SAXS curves.

ure 2). In Q25 Htt-ex1 area 1 and 2 the slope d increased from
3.5 at g between 0.004 A" and 0.01 A~' to d=4.0 for larger q
values between 0.01 A~' and 0.03 A~ without a noticeable
Guinier plateau. d-values of 4 at small g-values indicate the
presence of larger structures® or surface fractals with sharp
interfaces which are part of structures outside of the measured
range. Such structures could be larger aggregates such as those
visible in light microscopy images (Figure 1). The analysis of the
Porod slopes shows that the transfection of the Hela cells with
Q25 and Q72 induces a transition from a homogeneous interior
of the cells towards the formation of intracellular, granular
objects.

In both, area 1 and area 2 of the Q72 transfected cells, the
slope of the curves d increased from 2.1 between 0.004 A" and
0.01 A" up to 4.0 for larger g-values between 0.01 A~ and
0.03 A", d-values of 2 can indicate the presence of structures
like lamellae or flat discs (Figure 4). In addition to the
determination of the d-values, the GP analysis provides R, and s
values. From the obtained s values of 2, we deduced that the
investigated intracellular structures in Q72 Htt-ex1 area 1 and
Q72 Htt-ex1 area 2 are dominated by flat, lamellar objects.
Based on this result, the analysis of the p(r) function was done
assuming flat and monodisperse particles and a bimodal
distribution was obtained (Figure 3). The bimodal distribution
could indicate aggregation of the flat objects into two distinct
slab thicknesses. The p(r) analysis provides information about
the thickness of the flat structures but not about the size of
entire objects as the g-range of the SAXS experiment is limited.
Both, GP and p(r) analysis provide radii of gyration of thickness
of the flat, lamellar objects which were 56 and 49 A for the GP
analysis which agreed very well with the values of 58 and 62 A
obtained by the p(r) analysis. From these numbers, the thick-
ness of the flat, lamellar objects can be calculated to be
~190 A. The obtained data can be interpreted in such a way
that flat structures were formed out of stacked B-sheets during

ChemSystemsChem 2021, 3, 2000050 (7 of 10)

www.chemsystemschem.org

the formation of Huntingtin aggregates with thicknesses of
/190 A. These flat structures can further agglomerate to form
multilayers as indicated by the p(r) analysis. This aggregation
pathway derived from the SAXS results is illustrated in Figure 5.
Stacked B-sheet structures could be part of amyloidal inter-
mediates (oligomers) which are often discussed in literature as
a primer contributor to neuronal cell death.®

Even in the areas where the Q72 Htt-ex1 cells did not show
obvious aggregate formation, a scattering contribution be-
tween g ~0.01 and g ~0.012 A" was observed that was not
present in the Q25 Htt-ex1 cells. While scattering curves
measured from the Q25 Htt-ex1 cells were well described by a
simple Porod decay, the modeling of the Q72 regions lacking
obvious aggregates required the consideration of a Guinier-
contribution. Our data suggests that even in those regions of
Q72 cells where aggregates are not fully established and not
yet visible in light microscopy, pre-formed lamellar structures
are already present. From the Guinier-Porod analysis Ry (GP)=
49 A was obtained and from the pair-distribution analysis
Rr4(p(r)) =52 A and D,,,, =189 A were obtained for Q72 area 2.
In the case of Q72 area 1, R;,(GP) show an R;,=56 A and the
pair-distribution analysis R,(p()= 57 A and D,,=199 A
(Table 2 and 3). Based on these values and assuming a flat
shape, the thickness T of the particles was calculated as
T =R;,*V/12 (Table 2 and 3). The thickness T calculated from
GP (193 A and 169 A) and p(r) (199 A and 180 A) are very similar
to the real space D, values (194 A, 189 A) which supports the
interpretation of the presence of flat, lamellar structures.“?*!
The bimodal distribution of p(r) analysis indicates the agglomer-
ation of the flat objects in both regions. Fluorescence micro-
scopy images of the Q72 cells show that the fluorescence signal
is only occuring in area 1, while in area 2 no fluorescence signal
and no obvious aggregates are present. The fluorescence data
is in line with the reduced intensity in the SAXS curves of the
aggregate-free region (area 2) compared to the region with
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Figure 5. (a) Sketch of Huntingtin aggregate formation as derived from the SAXS results. The agglomeration starts from soluble oligomers of mutant Htt-ex1.
The aggregation starts form mutant Htt-ex1, which forms flat preaggregated structures, these flat structures form oligomers that form larger fibrillary
structures and fiber bundles. (b) lllustration of intracellular organization of the aggregates.

aggregates present (area 1). However, it is important that SAXS
detected aggregate formation in area 2 with similar structural
characteristics as in the Huntingtin aggregates, which suggests
the presence of pre-aggregated structures in area 2. As
conclusion, the detailed analysis of the fluorescence microscopy
and the nano-SAXS data suggest that Q72 Htt-ex1 expression
leads not only to the formation of clearly visible aggregates but
additionally to pre-formed assemblies within the cytoplasm.
The ultrastructural information gained from the nano-SAXS
measurements can be compared to literature results using
other analytical methods like AFM or electron microscopy.
Dahlgren et al. studied the fibril formation of Q67 Htt-ex1
in vitro. They showed by atomic force microscopy (AFM) that
the height of Htt amyloid fibrils is 50 A at the tip and 110 A in
the middle.* Furthermore, they suggested a model of fibrils
formed of 3-sheet stacks, oriented antiparallel to the fibril axis.
This literature result could explain the similar sizes that we
determined in the GP and in the p(r) analysis. In an ex situ AFM
experiment Burke et al.*? showed that Q53 Htt-ex1 can form
aggregates with a variety of shapes and broadly distributed
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sizes. They proposed an aggregation pathway which starts from
the mutant proteins with an abnormal conformation. These
proteins could form oligomers with a spherical shape with
heights between 20A and 150A. These oligomers then
agglomerate into fibrils, inclusions, and amorphous aggregates
(shapeless nuggets). Alternatively, the mutant proteins can
directly agglomerate into amorphous and annular (donut
shape) aggregates. These aggregates consist of fiber bundles
and could reach diameters of up to 10,000 A. Several other
studies support this model, that describe the growth of
spherical, annular, fibrillar and amorphous structures.”**! The
presence of a variety of sizes and shapes could be explained by
R-sheet modes proposed by Dahlgren™® and Der-Sarkissian.*"
AFM experiments by Legleiter et al“® revealed that mutant Htt
can form spherical oligomers ~20-100 A in size which are
considered to be precursors for large fibrils or amorphous
aggregates. At a polyQ length of Q53, no increase of the
oligomer concentration was observed before fibrils are formed,
which is indicative for a fast formation kinetics. Further, the
formation of annular structures with different sizes is also
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possible for mutant Htt. The derived model fits very well to the
above described model of Burke et al.*? As electron microscopy
or AFM are not applicable in the cellular setting, structural
insights in the native cellular environment remain sparse. Super
resolution microscopy allowed to image fluorescently labelled
Htt in the cell with 30 nm resolution. The experiments revealed
that 80 nm oligomeric species convert to fibers of 1 pum in
length.””!

Based on the data obtained in our study we propose an
agglomeration pathway which is shown in Figure 4a. In the
region free of visible aggregates (area 2) of Q72 cells, the GP
model suggests the presence of flat aggregates with a thickness
of ~170 A and the p(r) analysis a thickness of ~180 A. In the
AFM results of in-vitro aggregated fibers discussed above!**?
an oligomer size between 20 and 150 A was found. Due to the
similar size it is likely that the flat aggregates observed in the
SAXS experiment are formed by the fibers found in AFM. The
slightly larger size in SAXS experiments could be due to the in-
cellulo environment which should differ from the in-vitro
assembly conditions used in the AFM experiments or the way
the fibers are stacked into the flat aggregates. These flat
aggregates could then further stack as indicated by the second
size in the p(r) analysis to form the larger aggregates detected
by AFM.*?

5. Conclusion

Htt fibril and inclusion body formation is important for the
pathogenesis of Huntingtin’s disease and intensively studied by
in vitro by fluorescence microscopy, in vitro or ex situ by AFM,
and ex situ by electron microscopy. Here we established a
complementary approach to analyze Huntingtin aggregates
within frozen hydrated cells. We used cryo-SAXS which allows
us to obtain within a nanofocus averaged information about
the size and shape of intracellular structure in a native, hydrated
environment. SAXS is inherently structure sensitive and we
were able to obtain averaged information on structures present
within the amyloid aggregates in the size range between 40 A
and 1,400 A. The scattering data was analyzed via a Guinier-
Porod model and p(r)-functions obtained by indirect Fourier
transformation. Both, GP analysis and the IFT analysis clearly
show the presence of agglomerated structures that result from
the Q72 transfection that can be best described by flat objects.
The thickness of these agglomerates of ~170 A fits well to
previous in-vitro AFM results on Htt fiber formation and add the
perception that fibers first form 2D assemblies prior to further
growth into a 3D structure. We demonstrated that nanoprobe
cryo-SAXS can serve as powerful tool to investigate aggregation
processes of amyloid like aggregates inside cells and can be
used in future experiments to understand the kinetics of fibril
formation at different time points after transfection. In the
future, studying the assembly and growth mechanism of
Huntingtin aggregates as function of external stimuli and in the
presence of drugs in-cellulo will help elucidating the aggrega-
tion mechanism of amyloid diseases to identify more effective
drugs for such diseases. For in-vitro systems SAXS was capable
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to reveal molecular insight into the aggregation process of
amyloid fibers™® While a future vision might be to follow similar
approaches for entire cells, the approach is complicated by the
crowded intracellular environment. Nevertheless, the combina-
tion of Cryogenic Nano-SAXS with Cryo-electron tomography
(cryo-ET)* offers a promising perspective to study B-sheet
stacking and the influence of different drugs with relevance for
the treatment of neurodegenerative diseases such as Hunting-
ton’s disease.
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