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With this letter I would like to submit our work “Von-Hippel Lindau protein amyloid formation.
The role of GST-tag” by Natalia V. Kuzmina et al. for publication as a Short Communication in
Biochemical and Biophysical Research Communications.

VVon-Hippel Lindau protein (VHL) is included in the formation of so-called A-bodies, which are
the nucleolar physiological fibrillar formations that arise in response to acidosis or heat shock.
Here we first studied the amyloid fibril formation of VHL and GST-VHL fusion proteins in acidic
conditions. It was shown the significant difference between formed by VHL and GST-VHL. It is
established that GST-tag catalyzes VHL amyloid fibril formation, superimpose chirality, increases
length and level of hierarchy, but decreases rigidity of amyloid fibrils. The obtained data indicate
that tagging can significantly affect the fibrillogenesis of the target protein.

Currently, the manuscript comprises 4032 words in the text (including title page, references, and
figure legends) and 3 figures

With best regards,
Alexander V. Fonin
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1) We first performed AFM-study of fibrils formed by VHL protein and by VHL fused with
GST-tag at acidic conditions

2) VHL forms short heterogenic fibrils with persistent length of 2.400 nm and average
contour length of 409 nm

3) GST-tag catalyzes VHL amyloid fibril formation, superimpose chirality, increases length
and level of hierarchy, but decreases rigidity of amyloid fibrils
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Abstract: In the last decade, much attention is given to study of physiological amyloid fibrils. These structures include
A-bodies, which are the nucleolar fibrillar formations that appear in response to acidosis and heat shock, and
disassemble after the end of stress. One of the proteins involved in the biogenesis of A-bodies, regardless of the type
of stress, is Von-Hippel Lindau protein (VHL). Known also as a tumor suppressor, VHL is capable to form amyloid
fibrils both in vitro and in vivo in response to environment acidification. As for majority of amyloidogenic proteins
fusion with different tags is used for increase of VHL solubility. Here, we first performed AFM-study of fibrils formed
by VHL protein and by VHL fused with GST-tag (GST-VHL) at acidic conditions. It was shown that formed by full-
length VHL fibrils are short heterogenic structures with persistent length of 2.400 nm and average contour length of
409 nm. GST-tag catalyzes VHL amyloid fibril formation, superimpose chirality, increases length and level of
hierarchy, but decreases rigidity of amyloid fibrils. The obtained data indicate that tagging can significantly affect the
fibrillogenesis of the target protein.

Keywords: amyloid fibrils, physiological amyloids, membrane-less organelles; A-bodies; intrinsically disordered
proteins; protein aggregation


mailto:alexfonin@incras.ru
https://www2.cloud.editorialmanager.com/bbrc/viewRCResults.aspx?pdf=1&docID=281052&rev=0&fileID=4711370&msid=c9d94584-d19c-44cc-a1da-b2781f709e7a
https://www2.cloud.editorialmanager.com/bbrc/viewRCResults.aspx?pdf=1&docID=281052&rev=0&fileID=4711370&msid=c9d94584-d19c-44cc-a1da-b2781f709e7a

1. Introduction

Amyloid fibrils have been intensively studied for more than 100 years [1]. In the last decade,
special attention has been paid to the physiological amyloid fibrils that are structures having cross
[-sheet topology but do not have a toxic effect on cells and have pronounced functional activity
[2]. Proteins involved in the biogenesis of such structures include Von-Hippel Lindau protein
(VHL) is known as a tumor suppressor, encoded by VHL gene. VHL is included in regulation of
many cellular processes via interaction with different factors in direct or indirect forms [3,4]. In
particular, VHL is involved in the formation of so-called A-bodies, which are the nucleolar fibrillar
formations that arise in response to acidosis or heat shock [5]. The signal for the formation of A-
bodies is transcription from the intergenic spacer (IGS) part of rDNA, enriched in dinucleotide
repeats [6]. In turn, synthesized rIGSRNAs induce nucleolar sequestration some proteins,
including VHL and their subsequent fibrillization [7]. On the other hand, VHL forms a ternary
complex with elongin B and elongin C, and serves as substrate recognition subunit for E3 ligase
protein complex [8]. This complex provides ubitiquination and degradation of hypoxia-inducible
transcription factors (HIFs) involved in cell response to oxygen levels. Recent study of Kumar et
al. suggested VHL amyloid form-mediated regulation of HIFs under stress conditions. Authors
revealed inherent tendency of VHL to form amyloids under native-like conditions and related it
with protein function regulation via switching to an inactive form resistant to proteolytic cleavage
and degradation [9].

Structurally VHL possesses intrinsically disordered nature, which provide high propensity for
aggregation [3]. Several regions have been identified in the protein sequence with high propensity
to form B-sheet rich aggregates. Kumar et al. reported of six aggregation-prone and amyloidogenic
segments of VHL based on in-silico predictions. Further investigation of corresponding peptides
showed the enhancement in the ThT fluorescence at aggregation for two of them, namely
"2SQVIFCN’® and *IFANITL®, called SN7 and IL7 respectively. AFM and EM study of the
peptide’s aggregates revealed that amyloids of SN7 appear as clusters of intercalated fibrils with
a height of 5-10 nm and of diameter ~30 nm while IL7 amyloids were observed to be separated
rod-shaped mature fibrils of 3-13 nm height, ~46 nm diameter and varying length [10]. It was
shown that the VHL104-140 fragment with arginine/histidine cluster in close proximity to a highly
amyloidogenic stretch of amino acids is responsible for VHL sequestration to A-bodies [5].

As the majority of amylodogenic proteins, VHL is difficult to obtain when it is heterologously
expressed. So, recombinant His-tagged VHL from inclusion bodies formed in E. coli cells, and
refolded after showed high propensity for amyloid aggregation when incubated in PBS (pH 7.4)
at 37 °C for 72 h [9]. Nevertheless, VHL fibrils structure and properties formed under native-like
and acidic conditions still remain uncharacterized.

Expression and purification of protein of interest via recombinant expression include several
approaches. Application of the purification tags may provide sufficient yield and high purity of
protein of interest while preserving their native structure and function [11]. Glutathione S-
transferase (GST-tag) is known to frequently increase the solubility of the fused protein of interest
and thus enabling its purification and subsequent functional characterization [12]. Despite
widespread utilization of GST tag one have poor understanding of its influence on protein’s



amyloid fibrils formation. In the particular study of huntingtin presence of GST tag was reported
to prevent fusion protein from high-molecular weight amyloid aggregation, whereas tag cleavage
with proteases lead amyloid fibril formation [13] . On the other hand, prionogenic peptide derived
from Sup35 was revealed to force the whole fusion protein to show amyloid characteristics [14].
This effects look contradicting and remain the role of GST tag in amyloid aggregation speculative.

Here we investigated amyloid fibril formation of both VHL and GST-VHL fusion proteins.

Materials and methods

PGEX2TK plasmid (Addgene #20790) encoding for the GST-VHL was used to transform E. coli
BL21(Rosetta 2) cells. The expression of the protein was then induced by adding 0.5 mM
isopropylbeta-D-1-thiogalactopyranoside (IPTG; Sigma, USA). Recombinant protein was
subsequently purified using GST-GraviTrap, Superose 12 and monoQ columns (GE Healthcare,
Chicago, IL, USA). Protein purification was controlled using denaturing SDS-electrophoresis in
15% polyacrylamide gel. GST tag elimination was performed by thrombin (GE Healthcare,
Chicago, IL, USA and subsequent ion-exchange chromatography (monoQ, GE Healthcare,
Chicago, IL, USA).

Incubation of protein solution at 37°C was carried using Binder B 28 thermostat (Binder GmbH,
Tuttlingen, Germany) out in 20 mM Tris-HCI, 150 mM NaCl buffer, pH value was adjusted by
addition of appropriate volume of HCI. Then samples were prepared for AFM imaging. A freshly
cleaved mica slice was placed on top of a 20 uLL VHL protein solution and left for adsorption for
5 minutes. After that surface was rinsed with 1 ml of deionized water and dried in air flow. AFM
experiments were carried out using Nanoscope V multimode atomic force microscope (Veeco
Instruments, Santa Barbara, California) in tapping mode in air. Commercial super sharp high
resolution NSG30_SS (spring constant 40 N/m, resonance frequency 320 kHz) silicon cantilevers
(Tipsnano, Tallinn, Estonia) with tip curvature radius of 2nm were used. The scan rate was
typically 2 Hz. Image processing was performed using FemtoScan Online software (Advanced
Technologies Center, Russian Federation) [15-18].

Calculation of persistent length was carried out within worm-like chain model based on the
distribution of the angle between the tangents to the contour of the molecule in the open-source
FiberApp program [19].

Results and discussions
Incubation of GST-VHL at pH 2 during 2 weeks

GST-VHL fusion protein incubated in a solution with acidic pH (pH 2) at 37°C during 2 weeks
showed the presence of various fibrillar structures as well large aggregates. The length of the fibrils
ranges from 200 nm to 20.7 microns, and the height corresponding to diameter varies from 1.2 nm
to 35 nm. Structures formed at acidic conditions of pH 2 are hierarchical: two or more fibrils wind
together resulting in thicker fibrils with increasing diameter. Figure 1B represents general field of
view with fibrils of various diameters, cyan arrow point to intertwining of at least 12 particular



fibrils into a thicker one. Panel C shows individual zoom-in areas of intertwining fibrils.
Accompanying large aggregates indicated with magenta arrows at Figure 1B are of various sizes
and rounded shape with height of more than 130 nm. Large aggregates morphology is quite often
include a bunch of protruding fibrils as clearly visible at panel D.
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Figure 1. GST-VHL amyloid fibril formation

A) VHL structure predicted using AlphaFold2 [20]. R/H cluster (104-121 aa) and ACM-motif are highlighted by
orange and purple colors, respectively. B) AFM image of GST-VHL structures formed upon incubation at pH 2 at
37°C during 2 weeks. Scale bar In XY is 1 micron, in Z is 55 nm. C) Zoom-ins of GST-VHL fibrils constituting of



various number of protofibrils. Scale bar In X is 400 nm, in Z is 20 nm. D) Zoom-ins of GST-VHL large aggregates
with associated fibrils. Scale bar In XY is 400 nm, in Z is 200 nm.

Storage of fusion protein solution at + 6°C during 2 weeks resulted in abrupt increase in mass
content of large aggregates by an order of magnitude, along with fibrillar structure content
oppositely fell down. This may indicate to the pathway of amyloidosis from partially unfolded
VHL protein to amyloid plaques through fibrillar structures [21]. Incubation of GST-VHL at the
solution with pH 4 also resulted in complex hierarchy of fibrils with height ranging from ~ 1 nm
up to 28 nm. However, we haven’t observed fibrils longer than 700 nm, neither large aggregates
resembling amyloid plaques were revealed for the case of pH 4.

Similar acidification related elongation of amyloid fibrils was reported for TTR (105—115) fibrils:
the average length of fibrils formed at pH 2.5 was much shorter than that at pH 1.5.

This may be explained by usually accepted paradigm that the process of amyloid fibril formation
commences from partially unfolded structure of proteins which induces with environment
acidification. Decreasing of pH to very acidic conditions gives rise to specific intermolecular
interactions such as hydrogen bonding, electrostatic, and hydrophobic interactions which can drive
fibril formation [22].

Incubation of VHL at pH 2 during 2 weeks

VHL protein revealed much lower propensity to amyloid fibrils formation than GST-VHL fusion
protein. Figure 2A demonstrates the result of VHL incubation at pH 2 at 37 °C without any stirring
during 2 weeks: observed fibrils are short with length up to 300 nm and height up to 8 nm. The
same pH and temperature with constant stirring of protein solution during incubation led fibril’s
length and height to increase, which grew up to 1750 nm long and up to 28 nm high (shown at
Figure 2B). Maximum length value by an order of magnitude is shorter than those for GST-VHL.
Average length for VHL protein fibrils of 409 nm is far smaller than one of GST-VHL of 2.700
nm. Morphology of mature VHL fibrils is non-uniform along the axis: fibrils look like as if
partially unfolded protein multimers together with partially unfolded monomers participate in
mature fibril formation possibly via cross-beta-spin or domain-swapping mechanism [23]. GST-
VHL fusion protein mature fibrils exhibit uniformity along the axis and high level of hierarchy
where intertwining of protofibrils play dominant role in mature fibrils formation. Such difference
in the morphology of GST-VHL and VHL mature fibrils is quite intriguing. Generally, nucleation-
elongation mechanism of amyloid fibril formation implies preceding stage of amyloidogenic seeds
(oligomeric form) of the protein. For VHL protein we observed numerous globular particles of
various height and diameter, which possibly represent amyloidogenic seeds. Our suggestion, that
VHL may provide diverse range of populations of seeds upon environment acidification, which
may interact with each other to form fibril. However, it may be less favourable for fibril growth
due to some reasons (as steric constrains or electrostatic repulsion) in comparison with interacting
of identical seeds. It should be noted, that amyloid fibrils formed by peptides localized in ordered
C-terminal domain of VHL (SN7 (72-78 aa), IL7 (147-153 aa), ACM (122-140 aa)) have



morphology closed to GST-VHL fibrils [5,9,10]. From this point, GST tag positioning at the
disordered N-terminus of VHL protein may prevent from the formation of diverse populations of
seeds, making them identical and providing rapid fibril growth.

Figure 2. VHL and GST-VHL amyloid fibril formation at pH 2. AFM images of a) VHL upon incubation at pH 2 at
37°C during 2 weeks; b) VHL upon incubation at pH 2 at 37°C during 2 weeks with constant stirring ¢c) GST-VHL
upon incubation at pH 2 at 37°C during 2 weeks with constant stirring. Scale bars for a-c in XY are 1 um, in Z 30 nm.
d) Zoom-ins of VHL fibrils presented on Panel b. Scale bar in XY is 100 nm, in Z is 14 nm for 1, 2, 3 and 30 nm for
4,

Chirality

As described previously presence of GST tag on VHL protein change resulting mature fibril
morphology so that VHL fibrils represent beads of various sizes on a rod, while GST-VHL fibrils
are mostly uniform along the axis with clearly visible period and twist. According to this we were
able to resolve the chirality only for the fusion protein. GST-VHL fibrils at pH 2 revealed the
dominance of left handedness (90%) at all hierarchy levels, though 10 % showed right-handedness.
Literature analysis of amyloid fibril chirality of various proteins incubated at up to 37°C displayed
at Table 1. As one can see both handedness coexists under the same incubation conditions. This
may indicate that chirality is not only determinated by amino acid sequence of the protein but
rather by local environmental changes; or coexistence of left- and right-handedness related with
changing chirality upon transition to another level of hierarchy like was shown for alboumin (upon
heating at 90°C and pH 2) by Usov et. al [24]. In our case of GST-VHL fibrils the dominance of
left-handed fibrils grown up at pH 2 was observed for all levels of hierarchy and we haven’t find
any correlation between fibrils thickness, number of protofibrils constituting mature fibrils and
chirality.



Table 1. Chirality of amyloid fibrils formed by different proteins incubated at temperatures up to 37°C

Protein Incubation conditions handedness

IAPP [25] milliQ both left- and right-handed
morphologies with different
periodicities

receptor-interacting protein 6 M Guanidine 71.9 % left-handed and to

kinases 3 (RIPK3) [26] hydrochloride, 50 mM 28.1 right-handed

Tris-HCI [pH 8.0], 50 mM
sodium chloride, 500 mM
imidazole, and 2 mM
dithiothreitol

wild-type a-synuclein [27] 25 mM Na-PO4, pH 6.2, right-handed fibrils and left-
0.02% NaN3 at 37°C handed fibrils

a-synuclein (wildtype and incubated at 37 °C in 10 mM | WT fibrills are right-handed

the three mutants A30P, HEPES, 50 mM NaCl, pH 7.4 | according to pictures, fibrills

E46K and A53T) [28] under constant stirring at 300 | of mutants are both right- and
rpm in glass vials left-handed

a -synuclein [29] pH 6 right-handed fibrils with

periodicities of ~ 45 nm and
left-handed fibrils with
periodicities of ~ 95 nm.
glucagon [30] agitated at 37°C pH 2 both right-handed and left
handed fibrils with
dominance of right-
handedness according to
presented images

Incubation of GST-VHL at pH 4 resulted in fibrils less uniform along the axis but still having
segments with twisted morphology. All resolved fibril handedness for the case of pH 4 were right
(Fig. 3b). Tuning of chirality by pH have been described by Kurouski et al in the study of 5
particular protein and peptide fragments [31]. Authors report that pH dependence of chirality for
proteins insulin, lysozyme, and apo-a-lactalbumin (reversed, right-handed at lower pH and normal,
left-handed at higher pH) is opposite to the case of the peptide fragments HET-s (218—289) from
prion protein, and TTR (105—115) from transthyretin (normal, left-handed at lower pH and
reversed right-handed at higher pH) [31]. Handedness inversion in all cases was observed at pH~2,
possibly due to protonation/deprotonation of amino acid residues, changing the charge on the
surface of the protofilaments, as well changing in the hydrophobic-hydrophilic local environment
leading protofilaments to reverse their gradual twist. Subsequent protofilaments with opposite
handedness may result in different mature fibrils formation mechanisms.
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Figure 3. GST-VHL amyloid fibril formation at different pH.

a) AFM phase image of GST-VHL upon incubation at pH 2 at 37°C during 2 weeks, zoom-in of selected area and
corresponding profile of drawn line b) AFM phase image of GST-VHL incubated at pH 4 during 2 weeks, zoom-in
of selected area and corresponding profile of drawn line. Scale bars in X are 200 nm.

Persistent length

Analysis of amyloid fibrils flexibility was carried out based on polymer physics formalism. We
used worm-like chain model to calculate the persistent length Ip, at which the polymer begins to
bend in different directions due to thermal fluctuations. Formally the persistent length is the length
at which angular correlations in the tangent directions along the polymer are decreased on average
by e times. The persistent length characterizes the flexibility of the polymer, usually the analysis
of the stiffness or elasticity of molecules is carried out by comparing the persistent and contour
lengths. A fibril is considered to be flexible when Ip <« L and rigid when it opposite (Ip > L) [22].
Persistent length of GST-VHL protein fibrils formed in a solution with pH 2 turned out to be (976
+ 10) nm, which, taking into account the contour lengths described above (average contour length
2.7 um), indicates a quasi-flexible character of the studied fibrils. At the same time persistent
length of VHL protein fibrils of (2.5 £ 0.2) um considering average contour length of 409 nm show
more rigid nature compared to that of chimeric GST-VHL.

Conclusions

Here we characterized the structures formed by VHL protein upon environment acidification. VHL
provides diverse amyloidogenic seeds interacting with each other and forming mature fibrils as
beads of various sizes on a rod. This phenomenon, from our point of view, may be related with
disordered N-terminus of the protein. Broad ensemble of protein conformational states increases
the number of amyloidogenic seed types and decreases the rate of fibril growth. Fusion of VHL
with GST tag at the N-terminus restrict the number of seed’s populations: high amount of identical
seeds drives rapid fibril’s growth characterized by uniformity along the axis, long length,
possession of chirality and high level of hierarchy. Also, according to measured persistent length,
GST tag significantly reduces mature amyloid fibril’s stiffness. Our hypothesis is confirmed by



the fact that amyloid fibrils, formed by peptides localized in the ordered C-terminal domain of
VHL (SN7 (72- 78 aa), IL7 (147-153 aa), ACM (122-140 aa)) have a morphology close to GST-
VHL fibrils [5,9,10].

Funding: This research was funded by Russian Science Foundation, grant number 21-75-10166
(AV.F)).
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