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ARTICLE INFO ABSTRACT

Keywords:
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Amyloid fibrils are protein aggregates formed by protein assembly through cross p structures. Inhibition of
amyloid fibril formation may contribute to therapy against amyloid-related disorders like Parkinson's, Alz-
heimer's, and type 2 diabetes. Here we report that several fluorinated sulfonamide compounds, previously shown
to inhibit human carbonic anhydrase, also inhibit the fibrillation of different proteins. Using a range of spec-
troscopic, microscopic and chromatographic techniques, we found that the two fluorinated sulfonamide com-
pounds completely inhibit insulin fibrillation over a period of 16 h and moderately suppress a-synuclein and Af
fibrillation. In addition, these compounds decreased cell toxicity of insulin incubated under fibrillation-inducing
conditions. We ascribe these effects to their ability to maintain insulin in the native monomeric state. Molecular
dynamic simulations suggest that these compounds inhibit insulin self-association by interacting with residues at
the dimer interface. This highlights the general anti-aggregative properties of aromatic sulfonamides and sug-
gests that sulfonamide compounds which inhibit carbonic anhydrase activity may have potential as therapeutic
agents against amyloid-related disorders.

1. Introduction

Many proteins lose their native structure and form amyloid-like fi-
brils under denaturing conditions [1-4] which partially unfold proteins
to states with a high tendency to form aggregates [5] through exposure
of hydrophobic groups and backbone amide groups [6]. Protein fibril-
lation or amyloid formation is associated with diseases such as spongi-
form encephalopathy, Huntington's diseases, prolactinomas, cardiac
arrhythmias, atherosclerosis, rheumatoid arthritis, type 2 diabetes,
Parkinson's and Alzheimer's disease (AD) [6-12]. Despite the lack of
similarity between the sequences and structures of the proteins causing
these diseases, their amyloid state share features such as cross p-sheet
structures, the ability to bind fluorescent dyes such as thioflavin T (ThT)

and the formation of threadlike and unbranched structures a few
nanometers in diameter [13,14]. Oligomeric species, typically formed at
early stages of aggregation, can bind to cell membranes and perturb
their integrity, leading to cell death [15]. This has motivated many ef-
forts to inhibit or modulate protein fibrillation and early stage aggre-
gates by the use of e.g. chaperones [16], natural compounds [17],
nanoparticles [18], peptides [19], small molecules [20,21], and poly-
mers [22].

The aggregating species observed in these different diseases are
formed in many different ways. In this study we focused on the inhibi-
tion of insulin fibrillation as a model for the fibrillation of globular
protein by some new type of inhibitors. Insulin is a 51-residue hormone
comprised of two peptide chains (A and B chain) connected by two

Abbreviations: AD, Alzheimer's disease; CA, carbonic anhydrase; ThT, thioflavin T; Af, amyloid beta peptide; a-Syn, alpha synuclein; APP, amyloid precursor
protein; MDSIs, multiple daily subcutaneous injections; CSII, continuous subcutaneous insulin infusions; FBS, fetal bovine serum; DMEM, Dulbecco's Modified Eagle
Medium; LDH, lactate dehydrogenase; AFM, atomic force microscopy; ATR-FTIR, attenuated total reflectance Fourier transform infrared spectroscopy; SEC, size
exclusion chromatography; TEM, transmission electron microscopy; CD, circular dichroism; MD, molecular dynamics; RMSD, root mean squared deviation; RMSF,
root mean squared fluctuation; MTT, 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyltetrazolium bromide.
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disulfide bonds [27]. Chain A consists of two helices (A2-A8 and
A13-A19), while chain B has a single helix (B9-B19). Insulin is produced
in B cells of pancreatic islets and regulates the sugar level in the
bloodstream [28]. Insulin formulations are used in type I diabetes, either
as multiple daily subcutaneous injections (MDSIs) or as continuous
subcutaneous insulin infusions (CSII) [29]. Repeated subcutaneous in-
jection of insulin can lead to the formation of amyloid deposits at the site
of injection [30], preventing the absorption of insulin and control of
blood glucose homeostasis [31]. Insulin aggregation requires unfolding,
i.e. loss of native structure. Thus compounds which bind and stabilize
insulin's native state should reduce insulin aggregation by simple mass-
action effects. Indeed we have previously shown that compounds such as
derivatives of the opium poppy compound noscapine can bind specif-
ically to insulin in the native monomeric state and prevent its aggre-
gation [32]. Also, patients with Parkinson's disease develop an
autoimmune response against the insulin oligomers and fibrils, sug-
gesting a role for these structures during the onset of Parkinson's disease
[33].

To check whether these new type of compounds might generally
suppress protein aggregation we tested the effects of them on a-synu-
clein (a-Syn) and amyloid beta peptide (Ap) as two intrinsically disor-
dered proteins. Af is produced from amyloid precursor protein (APP) by
proteolytic activity of p- and y secretase activity in the brain. Af accu-
mulation and formation of plaques in the brain contribute critically to
the initiation and propagation of AD. Current AD therapeutic strategies
to stop or reverse the progression of AD include attempts to inhibit A
fibril formation, remodel the amyloid aggregates, or degrade the insol-
uble fibrils [23]. The synucleinopathies are neurodegenerative diseases
characterized by the accumulation of aggregates mainly composed of
the protein a-synuclein in different regions of the brain [6]. Many
different approaches are currently attempting to reduce a-Syn oligomer
formation or fibrillation through the use of e.g. small molecules,
immunotherapy or gene silencing [24]. In contrast, insulin aggregates
formed in e.g. type 2 diabetes are formed by what is normally a natively
folded protein [25,26].

We recently identified a new class of small molecules as inhibitors of
a-Syn fibril formation, namely compounds with a common (4-hydrox-
ynaphthalen-1-yDsulfonamide core [34], which maintain high amounts
of soluble a-Syn throughout the fibrillation process. Interestingly, sul-
fonamides also inhibit the activity of carbonic anhydrase (CA). This
enzyme catalyzes the reversible hydration of carbon dioxide to bicar-
bonate anion and a proton, a critical process in physiological pH regu-
lation [35]. CA is involved in many diseases like glaucoma, cancer, and
epilepsy [36-38], and the most prevalent approach to the design of CA
inhibitor is the ring and tail approach [39], in which the aromatic group
(the ring) increases binding capability while the flexible fragment (the
tail) improves aqueous solubility. This has led to the development of
inhibitors such as benzenesulfonamides [40]. The sulfonamide group
acts as an “anchor” in the active site of CA, while the substituents on the
benzene ring strongly affect the binding affinity and selectivity for
particular CA isozymes. A particularly strong class of CA inhibitors are
benzenesulfonamides which contain halogen atoms, typically fluorine
which is a powerful electron-withdrawing substituent [41]. Fluorinated
compounds were also found to inhibit fibrillation of a-Syn [32,33].
Inspired by these observations, we tried to test the effects of this novel
type of CA activity inhibitors that contained both sulfonamide and
fluorine group against insulin, a-Syn and Ap. We show that some CA
inhibitors have strong inhibitory effects on insulin, a-Syn and Ap
fibrillation. We attribute the strong effect on insulin fibrillation to an
ability to bind specifically to the folded monomeric state and prevent its
self-assembly. The more modest effect on the other proteins may reflect
a general but rather weak ability to suppress growth of aggregates. Our
work introduces a multipurpose inhibitor that not only inhibits CAs, but
also slows down or prevents aggregation of several different proteins.
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2. Materials and methods
2.1. Materials

Fetal bovine serum (FBS), penicillin-streptomycin, and Dulbecco's
Modified Eagle Medium (DMEM) were from Gibco BRL (Gaithersburg,
MD). The lactate dehydrogenase (LDH) measurement kit was from
Thermo Scientific (Roskilde, DK). Expression and purification of a-Syn
were carried out as described in [41]. Ap(1-40) was from Chinese Pep-
tide (Hangzhou Economic and Technological Development Zone,
China). Human insulin (91077C) and all other chemicals were pur-
chased from Sigma Aldrich (St. Louis, MO). PBS solutions contained 50
mM NaHPO4, pH 7.4, 150 mM NaCl and 2.5 mM EDTA.

2.2. Preparation of inhibitors

The compounds investigated in this study were synthesized as
described in [42,43]. All compounds were dissolved in DMSO to a final
concentration of 10 to 50 mM, and diluted to 5 to 200 pM as required.

2.3. Kinetics of insulin fibrillation

ThT was employed to follow the kinetics of protein fibrillation by
using excitation and emission wavelength of 445 and 485 nm
respectively.

2.3.1. Insulin

0.5 mg human insulin was dissolved in 60 pL of 20 mM HCI pH 1.6
containing 150 mM NacCl, then by adding 940 pL of PBS, the pH was
raised to 7.2, giving 85 pM final insulin concentration (final concen-
tration calculated using an extinction coefficient of 1400 M~ ecm™! at
276 nm). 150 pL of samples in a 96 well plate (Nunc, Thermo Fischer
Scientific, Roskilde, Denmark) were sealed with clear tape with one 3-
mm glass bead (Merck) per well with 40 pM ThT final concentration
and 5-200 pM sulfonamide compound (from stocks of 50 mM in DMSO;
final DMSO concentration in all cases <1 %). Plates were monitored on a
Genios Pro fluorescence plate reader (Tecan, Mannedorf, Switzerland) at
37 °C with 300 rpm orbital shaking between each 5 min cycle. The lag
time was estimated as the linearly extrapolated x-axis intercept of the
growth phase.

2.3.2. Ap(1-40)

AB(1-40) was dissolved in DMSO to 6 mM, then diluted with PBS to
50 pM and fibrillation was monitored by incubating samples in the
presence of a different concentration of inhibitors at 37 °C without
shaking.

2.3.3. a-Syn

The protein was incubated in PBS 70 pM in the presence of different
compounds with one 3-mm glass bead in each well and 300 rpm be-
tween the readings for 12 min at 37 °C.

2.4. Circular dichroism (CD)

Far-UV CD spectra were recorded for insulin monomer and fibrillated
samples on a Chirascan CD spectrophotometer (Applied Photophysics,
Surrey, UK) in a 1 mm quartz crystal cuvette with 0.3 nm step size and
0.5 nm bandwidth from 260 to 200 nm using three measurement re-
peats. Fibrillated samples were collected at different times of incubation,
sonicated for 10 min in a Sonorex Digitec ultrasonic bath (Bandelin,
Berlin, Germany) and diluted to 15 pM in PBS. Buffer spectra were
subtracted from each sample.
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2.5. Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

To determine the spectrum of insulin fibrils, samples from different
time points were centrifuged (13,000 rpm for 15 min), and the pellet
suspend in PBS. 2 pL of the sample was spread on the crystal surface and
dried under nitrogen gas. Spectra were recorded using a Tensor 27 FTIR
spectrophotometer (Bruker, Billerica, Massachusetts, USA) with 68
scans. The sample chamber was continuously purged with nitrogen.
Atmospheric compensation, baseline correction, and second-derivative
spectra of curves were carried out with OPUS software version 5.5.

2.6. Size exclusion chromatography (SEC)

To determine the amount of monomer remaining in the samples
collected at different time points of fibrillation, samples were spun
(13,500 rpm for 10 min) before running on a 24 mL Superose 6 10/300
column (GE Healthcare). 250 pL of supernatant was loaded on the col-
umn at a flow rate of 0.5 mL/min using an Akta Pure protein purification
system (GE Healthcare) and absorbance was recorded at 280 nm.

2.7. Transmission electron microscopy (TEM)

The morphology of insulin fibrils in the absence and presence of
inhibitors was determined using TEM. 5 uL of sample was transferred to
a 400-mesh carbon-coated glow-discharged Ni grid for 30 s. After
washing the grid using 2 drops of double-distilled water, samples were
stained with 1 % (w/v) phosphotungstic acid (pH 6.8) and blotted dry on
a filter paper. Electron microscopy was done on a JEOL 1010 trans-
mission electron microscope (JEM 1010, Tokyo, Japan) operated at 60
keV. Images were recorded using an electron-sensitive CCD camera
(KeenView, Olympus, Tokyo, Japan).

2.8. Atomic force microscopy (AFM)

The samples for AFM images were collected after kinetic measure-
ments and scanned similarly as previously described [44]. In short, 40
pL of freshly prepared 0.5 % (v/v) APTES (Sigma-Aldrich, cat. No.
440140) in MilliQ water was deposited on freshly cleaved mica and
incubated for 5 min. Then, the mica was rinsed with 2 mL of MilliQ
water and dried under a gentle airflow. 30 pL of each sample was
deposited on the functionalized surface and incubated for another 5 min.
Prepared samples were rinsed with 2 mL of MilliQ water and dried under
a gentle airflow. AFM imaging was performed using a Dimension Icon
(Bruker) atomic force microscope.1024 x 1024 pixel resolution images
were analysed using Gwyddion 2.5.5 software.

2.9. MTT reduction assay

This cell viability assay was performed on human neuroblastoma
cells (SH-SY5Y) to measure the reduction of MTT (3-[4,5-dimethylth-
iazol-2-yl]-2,5 diphenyltetrazolium bromide) to insoluble formazan by
mitochondrial succinate dehydrogenase. Cells were cultured in DMEM
supplemented with 10 % FBS, 100 units/mL penicillin, and 100 pg/mL
streptomycin to a density of 6 x 10* cell/mL in 96 well plates under at
37 °Cand 5 % CO3 in an incubator. After 24 h the medium was replaced
with a fresh media containing 0 pM or 200 pM of inhibitors only, insulin
fibrils only (formed as described in Section 2.2 by incubation at 37 °C for
2,4, 6, 8,9 and 12 h) or insulin samples incubated in the presence of
200 pM inhibitors under the same conditions as insulin alone. After 1
day of incubation with samples, cells were washed with PBS, the su-
pernatant was removed and fresh media containing 10 % MTT (5 mg/
mL) in PBS was added to each well. Then samples were further incu-
bated for 4 h at 37 °C. The medium was aspirated from each well and
100 pL of DMSO was added per well to solubilize formazan formed by
shaking for 1 h at room temperature. Subsequently, the absorbance was
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recorded at 570 nm on a Varioscan plate reader. The experiments were
performed in triplicate and cell viability was calculated using the
following equation:

Cell Vldblhty (%) =100 x AbssmTrcalcd cclls/AbSS7OC0nlrol cclls.

2.10. Lactate dehydrogenase (LDH) release assay

The release of LDH by membrane damage or lysis into culture media
as an assay for measuring cell death, was performed on SH-SY5Y cells
using an LDH assay kit (Thermo Scientific). In this assay, the extent of
LDH released to media is quantified by measuring the oxidation of
lactate to pyruvate mediated by LDH and simultaneously converting a
tetrazolium dye to a red formazan derivative. Insulin-fibrillated samples
taken from different times of fibrillation in the presence and absence of
inhibitors were added to SH-SY5Y cells (40,000 cell/mL) and incubated
for 1 day at 37 °C and 5 % CO; in an incubator. Thereafter, 100 pL
growth medium was collected and the LDH activity was determined by
measuring the absorbance at 490 nm and 690 nm according to the
protocol provided by the kit. The total cellular LDH activity was deter-
mined by treating the cells with 0.1 % Triton. The percentage release of
LDH from treated samples divided by the percentage release of LDH
from untreated cells was used to determine LDH values.

2.11. Molecular dynamics (MD) simulations

The insulin structure was prepared as described [39] based on PDB
entry 1TRZ [45], and had all termini charged, all amino acids in their
default states at neutral pH, and all cysteines involved in disulfide
bridges. The structure of each ligand (VR16-09, VR16-10, VD18-03, and
VD12-34) was manually built in Maestro (Schrodinger Suite 2019,
Schrodinger LLC, New York, NY) before being minimized and submitted
to a conformational search using MacroModel available within Maestro.
The lowest energy structure of each ligand was used as a starting point in
system building as described below, but also for the parametrization
process. Parameters for each ligand were obtained from the CHARMM-
compatible CGenFF force field [37], via the paramchem webserver
[47,48]. When no parameters were found, alternative parameters were
selected based on analogy between functional groups and a penalty was
reported. The associated penalties of each ligand were all low and no
parameter validation was therefore performed. The molecular system
was constructed by randomly orienting each ligand and then placing it
near insulin at random using an in-house python script. This process was
repeated ten times for each ligand resulting in ten separate molecular
systems each containing one ligand and one insulin protein. Each mo-
lecular system was then solvated and ionized with NaCl to a concen-
tration of 0.15 M mimicking the experimental conditions. The resulting
systems were approximately 7 x 7 x 7 nm®. Each system was minimized
and equilibrated individually before production runs according to the
protocol outlined in Table 1.

All simulations were performed in Gromacs 2019.4 [49] using the
CHARMMS36m force field [50], the TIPS3P water model [51], and
CHARMM-compatible ligand parameters from the CGenFF force field
[46-48,52,53]. The vdW interactions were treated by cut-offs at 12 A

Table 1
Simulation protocol.

Chronological step  Equilibration runs Production run

1 2 3
Ensemble NVT NPT NPT
Duration 0.5 ns Ins 100 ns
Timestep 2fs 2fs 2fs
Position restraints Protein + ligand  Protein + ligand None
Thermostat Velocity rescale Nose-Hoover Nose-Hoover
Barostat - Parrinello- Parrinello-

Rahman Rahman
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and a force-switch modifier after 10 A, while electrostatic interactions
were treated using PME. The neighbor list was maintained using Verlet
buffer lists, and bonds linking hydrogen atoms to heavy atoms were
restrained using LINCS [54]. The temperature was maintained at 310 K
using a coupling time constant of 1, and pressure was maintained at 1
bar using a coupling time constant of 4, a compressibility factor of 4.5 x
10> and isotropic coupling to x, y and z dimensions.

3. Results

3.1. Comparison of the capability of sulfonamide compounds to inhibit
protein fibrillation

The structures of compounds investigated in this study are shown in
Fig. 1. The fibrillation of different proteins was monitored using the dye
ThT, whose fluorescence emission at 485 nm is increased upon binding
to fibrils. In the first step, we quantified the effects of 11 different
compounds on a-Syn and Ap fibril formation (Fig. 2). ThT time curves
showed VR16-09 and VR16-10 to be the most potent inhibitors of a-Syn
fibril formation in terms of overall ThT fluorescence (Fig. 2a), though
only VR16-09 increased the lag time of fibrillation; the effect of both
compounds on the ThT time profile saturated around 50 pM (Supple-
mentary Fig. SIA). VR16-09 and VR16-10 also emerged as the best in-
hibitors of Ap fibril formation (Fig. 2B and S1B) and affected both lag
time and ThT intensity. The aggregation of Ap was slowed down to such
an extent that it did not reach a plateau during the incubation period
(Fig. S1B).

To check the generality of the compounds' inhibitory activity, we
also tested them on insulin fibrillation. ThT fluorescence during insulin
fibrillation followed a sigmoidal curve with a lag phase, a growth phase,
and a plateau (Fig. 3), providing information about the lag time, rate of
fibril formation, and the maximum level of ThT intensity during fibril-
lation, respectively. Four compounds (VR16-09, VR16-10, VD12-09, and
VD11-4-2) completely suppressed ThT fluorescence at 200 pM while
several others either increased or decreased the lag phase; a few had no
effect (Fig. 3A, summarized in Fig. 3B, C). Subsequent dose dependency
studies of these four compounds showed that VR16-09 and VR16-10
completely suppressed ThT fluorescence already at 20 pM (Fig. 3D,
Fig. S2), while VD11-4-2 and VD12-09 required higher concentrations.
Given that insulin was the most promising candidate for aggregation
inhibition by our compounds, we limited the remainder of the study to
the effects of VR16-09, VR16-10, VD12-09, and VD11-4-2 on insulin

fibrillation.
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3.2. VR16-09 and VR16-10 maintain insulin in the native state

The ThT assay is an indirect assay for aggregation as its fluorescence
can also be sensitive to other effects such as the displacement of ThT
from the fibril binding sites by competing compounds [55]. We there-
fore turned to alternative techniques which could provide a more direct
read-out of the structure and size of insulin species after incubation
alone and with our benzenesulfonamides. Insulin samples aggregated
alone and in the presence of different compounds were collected at the
end of the incubation period and their secondary structure was inves-
tigated with CD and FTIR. In the presence of VR16-09 and VR16-10,
insulin largely maintained its native secondary structure as seen by
the far UV CD peaks at 208 and 222 nm, characteristic of insulin's native
a-helix structure (Fig. 4A). This was confirmed by FTIR spectra which
showed a single peak around 1658 cm™! characteristic of o-helices
(Fig. 4B). Furthermore, the presence of VR16-09 and VR16-10 retains a
very significant amount of insulin in the monomeric state (compared to
the complete loss of monomer in the absence of compounds) according
to gel filtration chromatography (Fig. 4C with insert). In contrast, VD11-
4-2 and VD12-09 led to a change in the secondary structure (CD mini-
mum around 225 nm and FTIR peaks around 1630 cm’l); however, the
monomer population was still high according to SEC, indicating that the
compounds maintained insulin in a non-native but monomeric state,
which was also consistent with the lack of ThT signal.

For more insight, samples were collected at different time points of
the fibrillation process. In the control sample, without the presence of
any compound, insulin starts to decrease in a-helix content at the
beginning of the elongation phase and loses its structure completely at
the end of the fibrillation process (Fig. S3A). Similarly, coincubation of
insulin with VD11-4-2 leads to a reduction of a-helix content from the
beginning of the elongation phase shown in CD spectra, in accordance
with its related FTIR spectra with disappearing of a-helix and emerging
of an intense peak around 1630-1640 cm ™}, attributed to the formation
of parallel f sheets (Fig. S3B). VD12-09 is better able to maintain insulin
in the native state than VD11-4-2. CD and FTIR spectra recorded at
different times of fibrillation showed that incubation of insulin with
VD12-09 preserved the native state of protein right up to the beginning
of the plateau phase, after which the a-helical and p-sheet content of
protein decreased and increased, respectively. In contrast to VD11-4-2
and VD12-09, the compounds of VR16-09 and VR16-10 maintained
the native state of insulin during incubation. VR16-10 led to a minor
structural rearrangement due to a small extent of fibrillation (as shown
in FTIR spectra Fig. S3B); however, the native structure of insulin was

SO,NH, SO;NH;
\Q F NH
0,
OH LOH
VD12-09 VD114-2

S

E45 Gl

Fig. 1. Chemical structure of compounds used for this study.
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from ThT time curves. The columns that contain lag time values >15 h indicate no fibrillation. D) The effect of different concentration of best compounds on the lag
phase of insulin fibrillation.

retained overall. Only VR16-09 completely retained the native state of absence and presence of VR16-09 and VR16-10 are provided in Fig. S3C.

insulin throughout the whole incubation period. In the absence of compounds, the monomeric state of insulin completely
Chromatograms of SEC from different times of fibrillation in the disappears at the beginning of elongation phase and large oligomers are
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Fig. 4. Different compounds maintain insulin in the native and monomeric state to different extents as judged by A) CD spectra, B) FTIR spectra and C) SEC profiles

of samples from the end point of insulin fibrillation.

formed in this phase. VR16-10 retains insulin to a greater extent in the
monomeric state at all time points though with detectable levels of
higher-order species. VR16-09 essentially maintains insulin completely
in the monomeric state over the entire measurement period.

Thus spectroscopic and chromatographic analyses confirm the initial
conclusion from ThT assays that these compounds are able to inhibit
insulin aggregation.

3.3. Presence of VR16-09 and VR16-10 compounds under fibrillation
condition leads to the formation of aggregates with the lowest cytotoxicity

To investigate whether fibrillation inhibition could rescue cells
against aggregate toxicity, we turned to a cell viability (MTT) assay and
an LDH assay. Insulin incubated alone or in the presence of VD11-4-2,
VD12-09, VR16-09, and VR16-10 were incubated with human neuro-
blastoma SH-SY5Y cells. All four compounds increased cell viability
compared to compound-free insulin aggregates. The highest cell
viability was conferred by VR16-09 and VR16-10 (Fig. 5A), both of
which also reduced the release of LDH compared to control (Fig. 5B).

3.4. TEM and AFM images confirmed the inhibitory effects of VR16-09
and VR16-10 compounds on insulin fibril formation

Insulin fibrils formed in the absence of any compound showed
extensive fibril morphology by electron microscopy (Fig. 5C). TEM re-
sults showed that both VR16-09 and VR16-10 led to the formation of
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amorphous aggregates and strongly reduced the occurrence of fibrillar
networks. AFM was employed to further explore the morphology of
individual fibrillar structures at higher resolution (Fig. S4). We focused
on samples obtained after the insulin aggregation experiment (i.e. when
the ThT fluorescence plateau was reached) to understand the impact of
the inhibitors on insulin fibril formation. The control sample (Fig. S4A)
reveals fibrils up to several pm in length with an average height of 2-5
nm. The insulin sample with VR16-09 (Fig. S4B) was dominated by very
small and granular structures (with rare instances of 1 small “lumps” up
to 50 nm in height), suggesting that the VR16-09 changed the aggre-
gation pathway from fibrils to oligomeric structures. The effect of VR16-
10 is even more dramatic (Fig. S4C): there are almost no fibrillar and
oligomeric species on the mica.

We next queried whether the aggregation inhibitory effects of VR16-
09, VR16-10, VD11-4-2 and VD12-09 against insulin were correlated
with their ability to inhibit CA activity. For this purpose the Kp of
compounds against 12 recombinant human CA isozymes were obtained
from previous work using thermal shift assays (Supplementary Table S1)
while the lag time of insulin aggregation (derived from Fig. 3D) was used
to obtain ICsq of inhibition. All four compounds were highly selective
and low nanomolar inhibitors of CA IX isozyme, an anticancer drug
target. VD11-4-2 exhibited the lowest dissociation constant (Kp = 32
pM) for CA IX, whereas its effectiveness to inhibit insulin fibril formation
was lower than VR16-09 and VR16-10. Thus, there was no significant
correlation between compound binding affinity for CA IX isozyme and
insulin aggregation inhibition (Fig. S5). This indicates that the
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Fig. 5. Different VR compounds protect SH-SY5Y cells against insulin aggregate toxicity and maintain them in a less aggregated state. A) Cell viability and B) LDH
assay of samples collected at different time of insulin fibril formation. C) TEM morphological analysis of insulin incubated in the absence and the presence of 200 pM
of VR16-09 and VR16-10. Samples were collected and analyzed at the end of the fibrillation process.

inhibitory mechanism of insulin fibrillation is completely different from
the mechanism of inhibition of CA activity by these compounds.

3.5. Molecular dynamics simulations of compounds interacting with
insulin

We finally turned to molecular dynamics simulations to determine
the interaction between insulin and both strong and weak anti-
fibrillation agents. Since our experimental data had identified VR16-
09 and VR16-10 as the best fibrillation inhibitors, we decided to use
these two compounds in the simulations. As negative controls we used
VD18-03 and VD12-34 which are poor anti-fibrillation agents but show
high structural similarity to VR16-09 and VR16-10. Each ligand was
randomly oriented and located around an insulin monomer, and each
insulin/ligand system was simulated for 100 ns in ten separate runs,
hereby ensuring that the observed collisions are not biased by the
starting configuration. The root-mean-square deviation (RMSD) and
fluctuation (RMSF) was calculated for each run in order to assess the
stability of insulin during the simulations. From the RMSD analysis it
was observed that insulin stabilizes within the first 1-2 ns in almost all
repeats (Fig. S6). Only a few repeat simulations show more dynamic
behavior when one of the strong anti-fibrillation ligands are nearby. The
RMSF analysis revealed that the C-terminal segment of chain B was
considerably more dynamic than the rest of insulin (Fig. S7).

Following confirmation of insulin stability during the simulations,
the minimal distance between each ligand and insulin was determined
(Fig. $8). Binding of the best anti-fibrillating agents, VR16-09 and VR16-
10, to insulin was observed within 100 ns in all repeats, and no un-
binding events were observed. In the case of VD18-03, a weak anti-
fibrillating agent, binding was similarly observed in all ten repeats;
however several unbinding events also occurred. The other weak anti-
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fibrillating agent, VD12-34, was only observed to bind to insulin in
eight out of ten repeats and unbinding was also observed multiple times.
Based on visual observations from all setups and repeats, five common
interaction sites (sites A-E) between ligand and insulin were determined
and shown in Fig. 6. Site A is located on top of chain A of insulin, site B is
located between the helical segment in chain B and the C-terminal
segment of chain B, site C is located between the helical segment in
chain B and the N-terminal segment of chain B, site D is located at the N-
terminal end of the helical segment of chain B and finally, site E is
located at the C-terminal end of the helical segment of chain B. Binding
to site D, and to some extent also site E, is often followed by the ligand
moving to either site A, B or C, and site D and E are therefore considered
anchor points rather than stable sites of interaction. As site D holds more
polar residues than the other sites, it is a clear-cut first interaction point
between ligand and insulin. Importantly, binding to site B has previously
been proposed to prevent oligomerization of insulin due to disruption of
the dimer interface [39].

The residence time of each ligand at each site was calculated and is
reported in Fig. S9. An average residence time was not calculated due to
limited observation of ligand unbinding events. The best anti-fibrillation
agent, VR16-09, initially interacted with site D before moving to site B in
four of the repeat simulations, while in three additional repeats the
ligand remained at site D during the remainder of the 100 ns. In one
repeat the ligand binds to and stays in site A for the remainder of the
trajectory, and another repeat displayed similar behavior but for site C.
The last simulation repeat shows the ligand initially binding to site D
before moving down to site C briefly and finally ending up in site A for
the remainder of the trajectory. Collectively it appears that VR16-09
prefers binding at site B, but is able to interact with insulin at other
sites too. Interestingly, visual inspection showed VR16-09 to be able to
wedge in between the helical and C-terminal segments of chain B
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whereby further disrupting the proposed oligomerization interface
(Fig. 7). When bound to site B, the 12-membered ring of VR16-09 was
often found to interact with hydrophobic residues such as Phe24p,
Ile15p, Vall2p, and Leullp, while the carboxyl group often shared a
hydrogen bond with Tyr26g or the N-terminus of chain A a salt bridge
with Lys29g, or hydrophobic interactions with Phe24g. n/x stacking of
either phenyl to Tyr29g as well as polar interactions between the sul-
fonamide and the N-terminus of chain A was also often observed. The
above observations can be condensed into the following: site B on in-
sulin has a hydrophobic hotspot on the C-terminus-facing side of chain
B's helix, a polar hotspot at the N-terminus of chain A and another polar
hotspot at the C-terminal end of chain B. VR16-09 interacts with all
three by placing the 12-membered ring in the hydrophobic hotspot and
the sulfonamide or carboxy group interchangeably in either polar

Site A
Site B
Site C

Site D
Site E

International Journal of Biological Macromolecules 227 (2023) 590-600

Fig. 6. Molecular dynamics simulations identify common
sites of VR compound interactions with insulin as observed
across all simulation setups and repeats. Site A (blue) is
located on top of chain A; site B (green) between the helical
segment in chain B and the C-terminal segment of chain B; site
C (orange) between the helical segment in chain B and the N-
terminal segment of chain B; site D (red) at the N-terminal end
of the helical segment of chain B; and site E (magenta) at the
C-terminal end of the helical segment of chain B. Chain A of
insulin is shown as yellow ribbons, while chain B is shown in
green. The residues used to define each site in the residence
time calculations are shown in the same colors as each site.
The volume representing each site is only indicative as it is
based on a representative frame and not the trajectory as a
whole. (For color references, the reader is referred to the web
version of this article.)

hotspot. It should be noted that these three hotspots are only accessible
simultaneously because VR16-09 wedges in between the helix and C-
terminal segment of chain B.

VR16-10, the second best fibrillation inhibitor, shows less preference
toward site B over site A and to some extent also C. In four separate runs,
VR16-10 binds to site B and stays for the remainder of the trajectory;
however, as the ligand is slower to bind to insulin the resulting residence
times are shorter than those observed for VR16-09. Also, in two of these
repeats the initial interaction was via site D. In three repeats the ligand
binds directly to site A and stays for the remainder of the trajectory, and
in two other repeats the same was observed for site C. The last repeat
shows binding to site B followed by binding to site A. Thus, consistently
with the in vitro profile, VR16-10 preferably binds to site A and B.
Additionally, when bound to site B, wedging between the helical and C-
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Insulin dimer
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Insulin monomer

Fig. 7. VR16-09 interruption of insulin dimer formation. Insulin's dimer and monomeric states are shown as is the monomeric form bound to VR16-09 in site B. A
rotated view of the complex is also shown with insulin residues within 3 A of the ligand. Insulin's chain A is shown as yellow ribbons, while chain B is shown in green.
VR16-09 is shown in gray, and protein residues are shown in white. (For color references, the reader is referred to the web version of this article.)

terminal segments of chain B was only observed once in the simulations.
Simultaneous binding to the three hotspots outlined above therefore
does not occur for VR16-10. The 8-membered ring was observed to
interact with the hydrophobic hotspot while the polar hotspot in the C-
terminal segment of chain B interacts with either sulfonamide or
carboxyl group; however, more often an alternative binding mode in
which two out of the three ring structures line the helical segment of
chain B, while the remaining ring structure does not interact with insulin
was observed.

Binding of the poor anti-fibrillating agent VD18-03 is characterized
by many short-lived binding and unbinding events in each simulation
repeat. Binding to site A is most common, followed by site B and then C.
VD18-03 binding often initially occurred via site D or E before moving to
one of the other sites. When VD18-03 was found in site B, it mainly
interacted with the hydrophobic hotspot on the helix of chain B, or the
aromatic residues in the C-terminal segment of chain B, while the
remainder of the ligand rarely interacted with insulin. Similarly, VD12-
34 was observed to bind and rebind multiple times in each repeat, but
displays very little preference to any of the sites, although a few resi-
dence times above 50 ns were observed at sites A and B. The same
interaction profile as VD18-03 was observed for VD12-34.

To summarize, VR16-09 displayed preferential binding to site B with
residence times beyond our simulation timescale. VR16-10 displayed
preferential binding to site A and B and similarly displayed residence
times beyond our simulation setup in accord with their in vitro ability to
prevent oligomerization and fibrillation. VD18-03 displayed consider-
ably shorter residence times and preferred binding to sites A and B,
while VD12-34 also had short residence times and displayed little to no
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preference between sites A, B, and C. Both observations are in accord
with their poor in vitro anti-fibrillation ability. Thus MD simulations
support our experimental data and provide direct structural insight into
the interactions that drive productive binding of the fibrillation
inhibitors.

4. Discussion

The fibrillation of proteins is a multi-step process, consisting of
nucleation, growth, and saturation steps [56]. This study aimed to
investigate the inhibitory effects of some CA inhibitors against protein
fibrillation. Our work was inspired by the compounds' similarity to
known inhibitors of a-Syn aggregation. Initially, we tested these com-
pounds against a-Syn and Ap(1-40). Given the relatively poor perfor-
mance of the compounds against the fibrillation of these two
intrinsically disordered proteins, we turned to the fibrillation of the
native protein insulin and fortuitously discovered a much stronger effect
here. The ThT assay indicated that 20-50 pM VR16-09 and VR16-10
compounds completely suppressed insulin fibrillation within the
experimental time window. This observation suggests that these com-
pounds disturbed the formation of nuclei in the lag phase of fibril for-
mation. Samples from different stages of the fibrillation process and
structural studies by CD and FTIR spectroscopy showed that VR16-09
and VR16-10 suppress structural changes of the native insulin and
diminish the formation of ThT positive species. This might occur by
preventing hydrophobic interactions as one of the major driving forces
of amyloid aggregation. Maintaining the native state of insulin explains
the ability of these compounds to reduce cytotoxicity of insulin
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incubated under otherwise aggregation-promoting conditions.

Mechanistically, our MD simulations indicated that the VR16-09
compound preferentially binds around the C terminus of the B chain.
A 100 ns simulation run in ten repeats showed that VR16-09 has the
longest residence time in each site and the highest number of binding
events among all ligands. Remarkably, VR16-09 particularly associates
with Phe24p and to some extent also Tyr16g which are key residues in
insulin dimerization (Fig. 7). VR16-09 and VR16-10 are the two best
fibrillation inhibitors and have a similar backbone structure. However,
VR16-09 has a slightly longer hydrophobic tail (an aminocyclododecyl
group) than VR16-10 (an aminocyclooctyl group), indicating an
enhanced binding affinity to hydrophobic residues on insulin [57]. The
MD simulations revealed VR16-09 to be able to perturb insulin's
conformation by wedging in between the helix and the C-terminal
segment of chain B due to interaction with three hotspots of insulin
(Fig. 7). VR16-10 was observed to interact with two out of the three
hotspots only. Additionally, either ring structure would interact with the
hydrophobic hotspot on the helical segment of chain B, while for VR16-
09 it was always the 12-membered ring. This may explain the superior
ability of VR16-09 to inhibit protein fibrillation compared to VR16-10.
Akbarian et al. compared the inhibitory effects of different compounds
against insulin fibrillation [58]. Like the compounds reported in that
study, both VR16-09 and VR16-10 interact with Tyr®!® which is a key
residue in insulin dimerization, and this interaction likely blocks insulin
fibrillation sterically. Some compounds in [58] lead to formation of very
small aggregates or short fibrils, but our AFM results indicate that VR16-
10 largely suppresses formation of fibrils or other large aggregates.

5. Conclusion

In this study, the ability of a series of sulfonamide compounds to
inhibit fibril formation was investigated. Our results showed that fluo-
rinated sulfonamide compounds have prominent effects on insulin fibril
formation and a moderate effect on a-Syn and A fibril formation. The
two best compounds maintained insulin in the native and monomeric
state during the experimental time window with lower cell toxicity than
the control sample. These results indicated that some fluorinated sul-
fonamide compounds have diverse therapeutic potential as inhibitors of
carbonic anhydrase activity (with corresponding potential for anti-
cancer effects [25-27]) as well as anti-fibrillation effects.
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