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ABSTRACT: Procerones are highly brominated marine natural
products that were isolated in 2019 from Polycarpa procera. Herein,
we report the first total syntheses of procerones A and B, together
with their enantiomers, in only three linear steps, starting from
commercially available acetophenone and benzaldehyde derivatives.
The synthesis takes advantage of a chalcone core structure obtained
by Aldol condensation followed by Davis oxidation to implement
the chiral a-hydroxy ketone moiety without the use of heavy
metals. The effects of all synthesized compounds, including the
enantiopure natural products, on the major inhibitory neuro-
transmitter receptor in the mammalian brain (GABA, receptor)
were determined, and the four enantiopure procerones were

additionally tested for antiprion activity. While no antiprion activity was observed for the tested compounds, one unprecedented
precursor, as well as procerone B and its enantiomer, significantly enhanced GABA, receptor function, suggesting that this scaffold
may serve as a starting point for developing novel GABA, receptor modulators.
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In the past decades, ascidians have emerged as a valuable
source of biologically active marine natural products.”” This
highlights their remarkable ability to adjust to their environ-
ment to survive."” Procerones are a marine natural product
class that was isolated from the ascidian Polycarpa procera in
2019.” To date, two members of this novel natural product

class are known, procerone A (1a) and B (1b) (Figure 1).”

Procerone A (1a) R=H
Procerone B (1b) R = Br

Figure 1. Structures of natural procerones A (1a) and B (1b).?

Procerones are a-hydroxy propanones, with a single
stereogenic center in (S)-configuration, linked by two highly
brominated phenolic rings. Biosynthetically, it was postulated
that procerones are derived from amino acids, more specifically
by the enzymatic condensation of two tyrosine derivatives. In a
yeast prion assay, procerones A (1a) and B (1b) both showed
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potent antiprion activity, comparable to guanabenz,’ and
procerone A (1a) further inhibited a-synuclein aggregation.”
These findings suggested that procerones might represent
interesting scaffolds for the modulation of protein misfolding
processes associated with neurodegeneration. Prion diseases
are fatal neurodegenerative disorders caused by the conforma-
tional conversion of the cellular prion protein and include
Creutzfeldt—Jakob disease in humans and bovine spongiform
encephalopathy in cattle.”® The aggregation of certain proteins
has been connected to the progression of disorders such as
Parkinson’s disease.”® Procerones might become promising
targets or lead structures for future drug development against
neurodegenerative disorders.” So far, no synthesis has been

reported for this natural product class.
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Structurally, procerones la—b share similarities with

chalcones 2, a widely studied class of biologically active diaryl

ketones (Figure 2). 210

e

Chalcone (2)

OH O (0]
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HO OMe OH HO MeO OH

Xanthohumol (3) Licochalcone A (4)

Figure 2. Structures of chalcone (2) and two representative chalcone-
derived natural products, xanthohumol (3) and licochalcone A (4).

Chalcone-derived natural products, such as xanthohumol
(3)"" and licochalcone A (4),"> have been synthesized via
Claisen—Schmidt condensations in combination with rear-
rangement strategies. Although procerones la—b contain an a-
hydroxy ketone moiety rather than the a,f-unsaturated ketone
characteristic of chalcones 2, these approaches provide relevant
insights for the synthesis of the procerone core structure.”"’

Various methods have been reported for the synthesis of a-
hydroxy ketones S (Scheme 1A). Apart from the typical

Scheme 1. (A) Different Methods for the Synthesis of a-
Hydroxy Ketones$ and (B) Retrosynthesis of Procerones A
(1a) and B (1b).
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benzoin condensation,'*'* which involves a coupling between
two aldehydes 6 and 7, the most commonly used methods are
based either on the a-hydroxylation of carbonyl compounds 8,
in which the carbonyl is converted into an enolate followed by
oxidation of the double bond, or on the ketohydroxylation of
alkenes 9."""> For the asymmetric synthesis of a-hydroxy
ketones, Davis reported the enantioselective a-hydroxylation
using chiral N-sulfonyloxaziridines as oxidizing agents.'®”"®
Furthermore, asymmetric dihydroxylation of silyl enol ethers'”
or alkenes,” as well as catalytic hydrogenation®"** of chiral
epoxides, have also been employed for the synthesis of a-
hydroxy ketones.

The reported methods'>~>* have rarely been described on
brominated substrates, which could increase the synthetic
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difficulty due to their strong destabilizing effects. The synthesis
of procerones A (la) and B (1b) employs a three-step
approach starting from commercially available acetophenone
and benzaldehyde derivatives 10 and 1la—b, respectively
(Scheme 1B). The core structure was obtained via an Aldol
condensation, followed by hydrogenation of the double bond.
The stereogenic center was introduced at a late stage via Davis
oxidation as key step.

B RESULTS AND DISCUSSION

The unprecedented brominated chalcones 12a—b were
synthesized by Aldol condensation with commercially available
substituted acetophenone 10 and benzaldehyde derivatives
1la—b under basic conditions and microwave irradiation
(Scheme 2).%°

The reaction conditions were optimized for the synthesis of
chalcone derivative 12a with benzaldehyde derivative 11a as
one reaction partner (Supporting Information, Table S1). Both
compounds 12a—b were obtained as pure E-isomers in yields
of 83% and 57%, respectively. However, in the presence of
light, the double bond can isomerize to the less stable Z-
isomer, up to a maximum ratio of 3:1 (E/Z).

Subsequently, chalcone derivatives 12a—b were epoxidized,
yielding epoxides 13a—b in 81% and 51% yield, respectively.
Unfortunately, opening of the epoxide via selective hydro-
genolysis,”"** did not yield the desired products procerones A
(1a) and B (1b). Alternative approaches, either by reducing
agents such as BH3~SMez,26 or under acidic conditions,”” were
also unsuccessful (Supporting Information, Table S2). In
addition, exposure to light caused epoxy ketones 13a—b to
undergo ring-opening conversions to yield the alcohol in the
undesired f-position.”® Hence, chalcone derivatives 12a—b
were hydrogenated with triethylsilane in the presence of
trifluoroacetic acid (TFA) (Scheme 2) to obtain 14a—b. While
derivative 14a was hydrogenated at room temperature in 81%
yield, olefin 12b was hydrogenated to 14b under microwave
irradiation at 75 °C in 60% yield. In both cases, byproducts
15a—b were obtained in 18% and 29% yield, respectively.

Procerones A (1a) and B (1b) were then successfully
synthesized by Davis oxidation from the previously hydro-
genated products 14a—b, in 33% and 30% yield, respectively
(Scheme 3).

The use of chiral camphorsulfonyl(oxaziridine) 16 as
oxidizing agent delivered procerones la—b with moderate
enantiomeric excess (e¢). The ee-value of the fully brominated
procerone B (1b) was slightly higher (27%) than that of
procerone A (1a) (19%) (Table 1, entries 1—2). As described
in the literature, the a-hydroxy ketone might not be formed
until the workup step.'” In addition, it was shown that the
enantioselectivity is directly dependent on the temperature
during the workup step.'” Therefore, this temperature was
screened using hydrogenated derivative 14a as substrate
(Table 1, entries 2—7).

Performing the reaction workup at —60 °C or —40 °C
resulted in lower ee-values compared to —78 °C (entries 2—4).
Interestingly, this trend was interrupted at —20 °C, where the
highest ee-value of 41% was obtained (entry S). At higher
temperatures, the enantioselectivity decreased again (entries 6
and 7). Furthermore, the purification method significantly
influenced the observed ee-values. Recrystallization from
MeOH reduced the initial ee by approximately half or more,
suggesting preferential crystallization of ent-1a relative to 1a. In

https://doi.org/10.1021/acsptsci.6c00196
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Scheme 2. Synthesis of Epoxides13a—b and Precursorsl4a—b*
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“LiOH-H,O (4.0 equiv), MeOH, S5 °C (microwave irradiation), 3 h; (b) 20% aq. NaOH (4.0 equiv), 30% H,0, (6.0 equiv), MeOH, 0 °C to r.t.,
4.5 h; (c) Et;SiH (4.0 equiv), TFA (10 equiv), CH,Cl,, r.t, 18 h; (d) Et;SiH (7.0 equiv), TFA (10 equiv), CH,CL, 75 °C (microwave irradiation),

10 h. (TFA = trifluoroacetic acid).

Scheme 3. Synthesis of Procerones A (1a) and B (1b)“

14a-b

Procerone A (1a): 33% (e.r. 59:41)*

Procerone B (1b): 30% (e.r. 64:36)*

“NaHMDS (3.0 equiv), THF, —78 °C, 30 min, then (1S)-(+)-(10-camphorsulfonyl)-oxaziridine (16) (1.5 equiv), —78 °C, 30 min *Enantiomeric

ratio (e.r.) determined by chiral HPLC analysis of the crude mixture.

Table 1. Screening Results of the Davis Oxidation with 14a/
14b (1.0 equiv) as Substrates”

entry substrate T [°C]? ee [%]° ee [%] after purification®
1 14b -78 27 247
2 14a —-78 19 8¢
3 14a —60 15 8¢
4 14a —40 S 2°
S 14a =20 41 14°¢
6 14a 0 28 n.d.
7 14a r.t. 21 10°

“All attempts were carried out with NaHMDS (3.0 equiv), THF, —78
°C, 30 min, then (1S)-(+)-(10-camphorsulfonyl)-oxaziridine (16)
(1.5 equiv), —78 °C, 30 min (ee = enantiomeric excess, n.d. = not
determined). “Temperature at the begmmng of the aqueous workup.
“Determined by chiral HPLC analysis. “Trituration with CHCl; and
subsequent column chromatography. “Column chromatography and
subsequent recrystallization from MeOH.

the case of procerone B (1b), recrystallization was replaced by
trituration with CHCl;, which did not significantly affect the ee.

To our delight, a single-crystal X-ray diffraction (SXRD)
structure of procerone A (la) (CCDC 2471100) was
obtained, which additionally confirmed the first successful
synthesis (Figure 3).”

2527

Figure 3. SXRD structure of procerone A (la) (CCDC 2471100).
Thermal ellipsoids are shown at S0% probability level. (SXRD =
single-crystal X-ray diffraction).

Both enantiomers of la and 1b were separated by
semipreparative high-performance liquid chromatography
(HPLC) on a Chiralpak IA column (5 gm particle size; 20
mm @ X 250 mm L, Daicel Inc., Tokyo, Japan), yielding the
four enantiopure compounds la/ent-la and 1b/ent-1b. The
enantiomeric purity was determined by analytical chiral HPLC
(see Supporting Information for more details).

The initial assignment of the absolute configurations was
based on optical rotation measurements. The compounds that
eluted first during the HPLC separation showed positive
optical rotations, with values of +13.0° for procerone A (1a)

https://doi.org/10.1021/acsptsci.6c00196
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Figure 4. (A) ECD fitting of procerone A (la) (left) and ent-1a (right). Experimental ECD appears in black, and DFT-computed Boltzmann
averaged is shown in red. ECD was computed at PW6B95D3*°/Def2TZVPP*' /W06, solvent modeled by COSMO (MeOH), including the lowest
160 singlet excited states. Spectrum fitting parameters: Sigma/gamma (eV): 0.20; UV correction 20 nm; Wavelength (nm) 220—400. (B) ECD
fitting of procerone B (1b) (left) and ent-1b (right). Experimental ECD appears in black, and DFT-computed Boltzmann averaged is shown in red,
solvent modeled by COSMO (MeOH), including the lowest 260 singlet excited states. ECD was computed at CAM-B3LYP**/x2¢c-TZVPall-2¢**/
auto. Fitting parameters: Sigma/gamma (eV): 0.27; UV Correction —24 nm; Wavelength (nm) 210—366.

and +24.0° for procerone B (1b). These results were
consistent with the previously isolated natural products, and
therefore supported the assignment as (2S)-enantiomers.” In
contrast, the previously unreported enantiomers showed
corresponding negative optical rotations of —16.5° for ent-1a
and —23.5° for ent-1b, and were assigned as (2R)-enantiomers.
Our results were further supported by electronic circular
dichroism (ECD) measurements (Figure 4).

ECD spectra of procerones A (1a and ent-1a) and B (1b and
ent-1b) were calculated at density functional theory (DFT)
level and compared with the corresponding experimental
spectra (see Supporting Information for more details). The
calculated ECD spectra matched very well with the
experimental spectra (Figure 4), confirming the absolute
configurations of procerones A (1a) and B (1b) as (2S), and
their corresponding enantiomers ent-1a and ent-1b as (2R).

B EXPERIMENTAL SECTION

Given the promising findings by Carroll and co-workers, we were
interested in whether this novel natural product class could inhibit the
propagation not only of yeast prions’ but also of mammalian prions.
Furthermore, these results should contribute to the assessment of the
proposed more general mechanism of action of these natural
products.”
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Hence, to evaluate the potential antiprion activity of procerones A
(1a) and B (1b), together with their enantiomers ent-1a and ent-1b,
protein misfolding shaking amplification (PMSA)** propagation
assays were performed using the four previously synthesized, distinct
molecular entities. These compounds were tested at a concentration
of 50 pm against two well-characterized recombinant prion strains:
Ust02 (bank vole 1091 PrP-derived)*® and btMI-09 (mouse L108I
PrP-derived).*® All compounds were successfully solubilized in
DMSO and maintained stable throughout the experimental period.
Substrate quality controls demonstrated adequate protein content and
structural integrity for both rec-Vole109I and rec-MoL108I substrates,
as evidenced by total protein staining prior to inoculation (Figure 5).

Following inoculation with either Ust02 or btMI-09 strains, robust
prion propagation was observed across all three serial passages (R1,
R2, R3) in both duplicate reactions for each compound tested.
Proteinase K digestion followed by electrophoretic analysis revealed
characteristic protease-resistant PrP patterns consistent with success-
ful prion amplification. Notably, the intensity and migration patterns
of PrP™ bands remained comparable between procerone-treated
samples and DMSO controls throughout all passages, indicating no
detectable inhibitory effect on prion propagation. Negative controls
lacking prion seeds remained consistently negative across all passages
and experimental conditions, confirming the absence of spontaneous
prion formation and validating the specificity of the propagation
signals observed in inoculated samples.

https://doi.org/10.1021/acsptsci.6c00196
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Figure 5. Evaluation of prion propagation in PMSA assays. PMSA assays using the four enantiopure compounds: procerone A (la), ent-la,
procerone B (1b), and ent-1b at SO M concentration. Upper panel: Results using bank vole 1091 recombinant prion protein substrate inoculated
with Ust02 strain. Lower panel: Results using mouse L108I recombinant prion protein substrate inoculated with btMI-09 strain. Three consecutive
serial passages or PMSA rounds (p1, p2, p3) performed in duplicate (D1, D2) for each compound are shown. DMSO controls represent conditions
without compound. Negative controls (“No seed”) lack prion inoculum. Substrate quality was verified by protein staining (“Vo/Mo Subs”).
Samples were digested with proteinase K (S0 pg/mL) and analyzed by electrophoresis and total protein staining. Visible bands indicate protease-
resistant forms, evidencing successful prion propagation. MW: molecular weight marker.

The propagation efficiency appeared unaffected by the presence of
any of the four enantiopure compounds 1a, ent-1a, 1b, and ent-1b, as
evidenced by the maintenance of strong PrP™ signals through three
consecutive 1:100 dilution passages. No differences in electrophoretic
mobility or band intensity were observed between compounds 1a, ent-
1a, 1b, ent-1b, and their respective DMSO controls, suggesting that
neither the core procerone structure nor the stereochemical
configuration influences prion propagation under these experimental
conditions.

These results indicate that procerones A (la) and B (1b), along
with their respective enantiomers ent-la and ent-1b, do not exhibit
antiprion activity at the tested concentration in cell-free PMSA
systems and do not interfere with the propagation mechanisms of
either bank vole- or mouse-derived recombinant prion strains. In
contrast to the yeast data,® no antiprion activity was observed under
the mammalian in vitro conditions tested in this study. While these
findings do not contradict the reported activity in yeast prions, the
biological differences between the yeast and mammalian experimental
systems should be considered when comparing these results.
Nevertheless, the present data do not support the suggested broader
interference with protein misfolding processes under the tested cell-
free PMSA assays.

In addition to the mammalian antiprion assays, we studied the
effects of all previously synthesized compounds on gamma-amino-
butyric acid (GABA)-induced chloride currents (Igapa) at the
predominantly expressed GABA, receptor subtype composed of al,
B2, and y2S subunits (Figure 6).
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Initial screening experiments were performed at 10 um using a
GABA concentration corresponding to approximately 10% of the
maximal receptor response (EC,y), enabling the detection of both
positive and negative allosteric modulation. As shown in Figure 6B,
several synthetic intermediates significantly altered Igaps at 10 pm.
Among these, epoxide 13b emerged as the most efficacious positive
modulator, enhancing Igap by 137.2 + 27.7% (t = 4.953,df =S, P =
0.0043). In contrast, chalcone 12b significantly reduced 45, by 48.0
+ 8.4% (t = 5.70S, df = 4, P = 0.0047), demonstrating that relatively
small structural modifications within this scaffold can influence both
the magnitude and direction of receptor modulation. The remaining
intermediates produced either weak or no biologically relevant effects
under the tested conditions. Given the activity observed during the
initial screening, procerones A (la) and B (1b) and their
corresponding enantiomers (ent-la and ent-1b) were evaluated in
greater detail (Figure 6C). At 10 puM, only procerone B (1b; 61.0 +
16.1%, t = 3.777, df = 7, P = 0.0069) and ent-1b (53.4 + 13.9%, t =
3.842, df = 4, P = 0.0184) potentiated I;,p, above the predefined
threshold for biological activity. In contrast, ent-1a produced only a
modest, albeit significant, enhancement of I,p, that was close to the
predefined threshold for biological activity, whereas procerone A (1a)
did not significantly modulate Igap, at this concentration. Although
epoxide 13b displayed the highest efficacy in the initial screening,
subsequent experiments focused on procerones A (la) and B (1b)
and their enantiomers (ent-la and ent-1b), as these compounds
represent the final natural products and were therefore the primary
focus of the present study.
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Figure 6. Effects of procerones and their synthetic precursors on GABA-induced chloride currents (Igaps) at @152y2S GABA, receptors. (A)
Representative current traces showing Iag, control currents (ctrl.; Igap, in the absence of compound) and currents recorded in the presence of the
indicated compounds (30 um). (B) Modulation of Ixp, by the precursors (10 um). (C) Modulation of Iz, by procerones A (1a) and B (1b) and
their corresponding enantiomers (ent-la and ent-1b) at 10 um (circles) and 30 pm (squares). Bars represent mean + SEM, and individual
experiments are shown as symbols (n = 4—S5). The dashed line indicates the predefined threshold of 30% modulation above biological variability.
Statistical significance was assessed using a one-sample t-test against the null hypothesis of no modulation (0%). * indicates P < 0.0S, ** indicates P

< 0.01.

However, when tested at 30 um, all four procerones significantly
enhanced Igap,. Procerone A (1a) increased Igaps by 91.7 & 19.5% (¢
= 4.713, df = 4, P = 0.0092, n = S), while its enantiomer ent-la
enhanced Iaps by 71.5 + 17.2% (t = 4.165, df = 3, P = 0.0252, n = 4).
The strongest effect was observed for procerone B (1b), which
enhanced Igps by 182.0 + 39.2% (t = 4.638, df = 3, P = 0.0189, n =
4), whereas ent-1b increased Iy, by 67.0 & 23.2% (t = 2.885, df = 4,
P =0.0448, n = S).

Taken together, these findings demonstrate that all four procerones
positively modulate GABA, receptor function. While procerone B
(1b) displayed the highest efficacy, both enantiomers (1b and ent-1b)
retained significant activity, indicating that stereochemistry is not the
primary determinant of receptor modulation. The pronounced activity
of intermediate 13b and the concentration-dependent potentiation
observed for the final natural products justify further investigation of
this brominated marine natural product scaffold. Interestingly,
intermediate 13b displayed greater efficacy than the final natural
products. Although the structural basis for this observation remains
unclear and is beyond the scope of the present study, it suggests that
this intermediate may provide a useful starting point for future
medicinal chemistry optimization.

Positive modulation of alf2y2S receptors is typically associated
with enhanced inhibitory neurotransmission®”
clinically used sedative, anxiolytic, and anticonvulsant agents acting at
the GABAergic system such as benzodiazepines.”® Although the
detailed mechanism of action and subtype selectivity remain to be
determined, the present findings suggest that the fully brominated
procerone scaffold may serve as a starting point for the development
of novel GABA, receptor modulators, particularly in light of the lack
of antiprion activity observed in mammalian systems.

Finally, the synthesized compounds were also evaluated for their
cytotoxic effects on HepG2 cells (a human hepatocellular cancer cell
line) using a WST-1 assay (Supporting Information, Table S13 and
Figure S47). Several compounds displayed moderate cytotoxicity with
CCy, values ranging from 22.3 um to >100 M, indicating cellular

and is characteristic of
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uptake of these compounds in HepG2 cells. These observed
cytotoxicities contribute to the overall biological profile of this
compound class.

B CONCLUSION

For the first time, marine natural products procerones A (1a)
and B (1b) were synthesized over three steps in 22% and 10%
overall yield, respectively, together with their previously
unreported enantiomers ent-1a and ent-1b. The core structure
was efficiently obtained via Aldol condensation of commer-
cially available acetophenone and benzaldehyde derivatives 10
and 1la—b, respectively. Davis oxidation was employed to
introduce the stereogenic center at a late stage and enabled the
total synthesis without the use of heavy metals. Furthermore,
the obtained SXRD structure of procerone A (1a) confirmed
the successful synthesis of the reported natural product class,
and the previously assigned stereochemistry was verified by
optical rotation and ECD analysis. All synthesized compounds
were biologically tested, and none of the four obtained
enantiopure compounds 1a, ent-1a, 1b, and ent-1b were active
against the tested mammalian prions. However, the previously
unknown epoxide 13b showed pronounced potentiation of
GABA, receptor function, together with procerone B (1b) and
ent-1b, which also significantly enhanced Igag,. These findings
suggest that the fully brominated scaffold may serve as an
interesting starting point for the development of novel GABA,
receptor modulators. Future studies addressing subtype
selectivity, mechanism of action, and structure—activity
relationships will be required to further evaluate the
pharmacological potential of this scaffold.

https://doi.org/10.1021/acsptsci.6c00196
ACS Pharmacol. Transl. Sci. 2026, 9, 2525—2534


https://pubs.acs.org/doi/suppl/10.1021/acsptsci.6c00196/suppl_file/pt6c00196_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.6c00196/suppl_file/pt6c00196_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.6c00196?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.6c00196?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.6c00196?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.6c00196?fig=fig6&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.6c00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

Hl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsptsci.6c00196.

Synthetic procedures with complementing analytical
data, screening results, purity analysis, SXRD details,
additional ECD spectra with corresponding computa-
tional details, and biological testing procedures are
provided in the Supporting Information. The authors
have cited additional references within the Supporting
Information.””™"" (PDF)

B AUTHOR INFORMATION
Corresponding Author

Nina Schiitzenmeister — Institute of Pharmaceutical
Chemistry, Philipps-Universitit Marburg, Marburg 35032,
Germany; © orcid.org/0000-0001-9608-0057;

Email: nina.schuetzenmeister@uni-marburg.de

Authors

Jasmin Janneschiitz — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria; Vienna Doctoral
School of Pharmaceutical, Nutritional and Sport Sciences,
University of Vienna, Vienna 1090, Austria; © orcid.org/
0009-0001-8975-3222

Pia B. Gartlgruber — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Phila Weissenstein — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Christine Aczel — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Vinzenz M. Herkner — Department of Pharmaceutical
Sciences, University of Vienna, Vienna 1090, Austria

Cornelia Shtepani — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Celina Haller — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Yuki Bacowsky — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Fatima Aslam — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria

Laureta Gashi — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria; Vienna Doctoral
School of Pharmaceutical, Nutritional and Sport Sciences,
University of Vienna, Vienna 1090, Austria

Hasier Erana — Center for Cooperative Research in Biosciences
(CIC BioGUNE), Basque Research and Technology Alliance
(BRTA), Derio 48160, Spain; ATLAS Molecular Pharma S.
L., Derio 48160, Spain; Centro de Investigacion Biomédica en
Red de Enfermedades Infecciosas (CIBERINFEC), Carlos 111
National Health Institute, Madrid 28029, Spain;

orcid.org/0000-0001-8776-4211

Juan C. Fuentes-Monteverde — Department of NMR-Based
Structural Biology, Max Planck Institute for Multidisciplinary
Sciences, Gottingen 37077, Germany; © orcid.org/0000-
0003-3239-3868

Sarah Abel — Institute of Pharmaceutical Chemistry, Philipps-
Universitat Marburg, Marburg 35032, Germany

Stefan Simic — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria; Vienna Doctoral
School of Pharmaceutical, Nutritional and Sport Sciences,

2531

University of Vienna, Vienna 1090, Austria;
0009-0003-6228-2883

Judith Wackerlig-Damle — Department of Pharmaceutical
Sciences, University of Vienna, Vienna 1090, Austria

Arnold Griinweller — Institute of Pharmaceutical Chemistry,
Philipps-Universitit Marburg, Marburg 35032, Germany

Christian Griesinger — Department of NMR-Based Structural
Biology, Max Planck Institute for Multidisciplinary Sciences,
Gottingen 37077, Germany; ® orcid.org/0000-0002-1266-
4344

Joaquin Castilla — Center for Cooperative Research in
Biosciences (CIC BioGUNE), Basque Research and
Technology Alliance (BRTA), Derio 48160, Spain; Centro de
Investigacién Biomédica en Red de Enfermedades Infecciosas
(CIBERINFEC), Carlos III National Health Institute,
Madrid 28029, Spain; IKERBASQUE, Basque Foundation
for Science, Prion Research Lab, Bilbao 48009, Spain

Sophia Khom — Department of Pharmaceutical Sciences,
University of Vienna, Vienna 1090, Austria; © orcid.org/
0000-0003-3567-8973

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsptsci.6c00196

orcid.org/

Author Contributions

J. Janneschiitz—synthesis, optimization, and characterization
of the compounds. Chiral semipreparative HPLC enantiomer
separation and analysis. Project conceptualization, method-
ology, data interpretation and visualization. Writing and editing
of the original draft of the manuscript; P. B. Gartlgruber, P.
Weissenstein—synthesis, optimization, and characterization of
the compounds; C. Aczel—synthesis of the compounds;
implementation/development of the HPLC method under
the guidance of S. SimiC and supervision of J. Wackerlig-
Damle; V. M. Herkner—synthesis and optimization of the
compounds; C. Shtepani—synthesis and characterization of
the compounds; C. Haller, Y. Bacowsky, F. Aslam, L. Gashi—
GABA, testing of the compounds under the supervision of S.
Khom; H. Erafia—antiprion testing, data interpretation and
visualization, writing and reviewing of the manuscript under
the supervision of J. Castilla; J. C. Fuentes-Monteverde—
computational calculation of the ECD spectra, enantiomer
assignment, data visualization, writing and reviewing of the
manuscript under the supervision of C. Griesinger; S. Abel—
antiproliferation testing of the compounds, data interpretation
and visualization under the supervision of A. Griinweller; A.
Griinweller, C. Griesinger, J. Castilla—data interpretation,
editing and reviewing of the manuscript; S. Khom—GABA,
conceptualization, data interpretation and visualization, writ-
ing, editing and reviewing of the manuscript; N. Schiitzen-
meister—original project conceptualization, supervision, data
interpretation, writing, editing and reviewing of the manu-
script. All authors have given approval to the final version of
the manuscript.

Funding

The present work was partially funded by a grant awarded by
“Agencia Estatal de Investigacion, Ministerio de Ciencia e
Innovacion” (Spanish Government), grant numbers P1D2024-
1600220B-100 and PDC2025-165940-100 granted to J.C,
funded by MCIN/AEI/10.13039/501100011033 and cofi-
nanced by the European Regional Development Fund
(ERDF), and grant EFA031/01 NEURO-COOP, which is
cofunded at 65% by the European Union through Programa

https://doi.org/10.1021/acsptsci.6c00196
ACS Pharmacol. Transl. Sci. 2026, 9, 2525—2534


https://pubs.acs.org/doi/10.1021/acsptsci.6c00196?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.6c00196/suppl_file/pt6c00196_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nina+Schu%CC%88tzenmeister"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9608-0057
mailto:nina.schuetzenmeister@uni-marburg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jasmin+Janneschu%CC%88tz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0001-8975-3222
https://orcid.org/0009-0001-8975-3222
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pia+B.+Gartlgruber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Phila+Weissenstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+Aczel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinzenz+M.+Herkner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cornelia+Shtepani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celina+Haller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuki+Bacowsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fatima+Aslam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laureta+Gashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hasier+Eran%CC%83a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8776-4211
https://orcid.org/0000-0001-8776-4211
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+C.+Fuentes-Monteverde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3239-3868
https://orcid.org/0000-0003-3239-3868
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Abel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Simic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-6228-2883
https://orcid.org/0009-0003-6228-2883
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Judith+Wackerlig-Damle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnold+Gru%CC%88nweller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Griesinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1266-4344
https://orcid.org/0000-0002-1266-4344
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joaqui%CC%81n+Castilla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sophia+Khom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3567-8973
https://orcid.org/0000-0003-3567-8973
https://pubs.acs.org/doi/10.1021/acsptsci.6c00196?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.6c00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

Interreg VI-A Espafa-Francia-Andorra (POCTEFA 2021-
2027) granted to J.C. and H.E. Support from Max Planck
Society is acknowledged (to C.G.). N.S. thanks the Fonds der
Chemischen Industrie (Verband der Chemischen Industrie)
for generous funding.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the NMR facility at the Department
of Pharmaceutical Sciences (Faculty of Life Sciences,
University of Vienna) for providing critical support and access
to instrumentation for this work. Furthermore, the authors
thank the staff of the Core Facility Crystal Structure Analysis
(Faculty of Chemistry, University of Vienna) for the
determination of the crystal structure, as well as M. Felkl
and C.F.W. Becker (Department of Biological Chemistry,
Faculty of Chemistry, University of Vienna), for technical
assistance with CD measurements. The authors thank C.
Sykora and K. Ortmayr (Department of Pharmaceutical
Sciences, Faculty of Life Sciences, University of Vienna) for
the purity analysis of the compounds. The authors would also
like to thank Dr. Francesca Magari for her help in determining
the cytotoxicity values.

B ABBREVIATIONS

CCDC
DFT

Cambridge crystallographic data center
density functional theory

DMSO dimethyl sulfoxide

ECD  electronic circular dichroism

ee enantiomeric excess

e.r. enantiomeric ratio

GABA gamma-aminobutyric acid

HPLC high-performance liquid chromatography
NMR nuclear magnetic resonance

PMSA protein misfolding shaking amplification
PrP prion protein

PrP™  protease-resistant prion protein

SXRD single-crystal X-ray diffraction

TFA  trifluoroacetic acid

B REFERENCES

(1) Montaser, R.; Luesch, H. Marine Natural Products: A New Wave
of Drugs? Future Med. Chem. 2011, 3 (12), 1475—1489.

(2) Jiménez, C. Marine Natural Products in Medicinal Chemistry.
ACS Med. Chem. Lett. 2018, 9 (10), 959—961.

(3) Jennings, L. K; Robertson, L. P.; Rudolph, K. E.; Munn, A. L;
Carroll, A. R. Anti-Prion Butenolides and Diphenylpropanones from
the Australian Ascidian Polycarpa Procera. J. Nat. Prod. 2019, 82 (9),
2620—2626.

(4) Prebble, D. W,; Holland, D. C.; Hayton, J. B.; Ferretti, F;
Jennings, L. K; Everson, J; Xu, M,; Kiefel, M. J; Mellick, G. D,;
Carroll, A. R. a-Synuclein Aggregation Inhibitory Procerolides and
Diphenylalkanes from the Ascidian Polycarpa Procera. J. Nat. Prod.
2023, 86 (3), 533—540.

(5) Prusiner, S. B. Molecular Biology of Prion Diseases. Science
1991, 252 (5012), 1515—1522.

(6) Prusiner, S. B. Prions. Proc. Natl. Acad. Sci. U.S.A. 1998, 95 (23),
13363—13383.

(7) Polymeropoulos, M. H; Lavedan, C.; Leroy, E; Ide, S. E;
Dehejia, A.; Dutra, A,; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R;;
Stenroos, E. S.; Chandrasekharappa, S.; Athanassiadou, A.;
Papapetropoulos, T.; Johnson, W. G.; Lazzarini, A. M.; Duvoisin, R.
C.; Di Iorio, G.; Golbe, L. I; Nussbaum, R. L. Mutation in the a-

2532

Synuclein Gene Identified in Families with Parkinson’s Disease.
Science 1997, 276 (5321), 2045—2047.

(8) Calabresi, P.; Mechelli, A;; Natale, G.; Volpicelli-Daley, L.; Di
Lazzaro, G.; Ghiglieri, V. Alpha-Synuclein in Parkinson’s Disease and
Other Synucleinopathies: From Overt Neurodegeneration Back to
Early Synaptic Dysfunction. Cell Death Dis. 2023, 14 (176), 1-16.

(9) Zhuang, C.; Zhang, W.; Sheng, C.; Zhang, W.; Xing, C.; Miao, Z.
C. Chalcone A Privileged Structure in Medicinal Chemistry. Chem.
Rev. 2017, 117 (12), 7762—7810.

(10) Nowakowska, Z. A Review of Anti-Infective and Anti-
Inflammatory Chalcones. Eur. J. Med. Chem. 2007, 42 (2), 125—137.

(11) Khupse, R. S.; Erhardt, P. W. Total Synthesis of Xanthohumol.
J. Nat. Prod. 2007, 70 (9), 1507—1509.

(12) Jeon, J-H; Kim, M. Jun, J.-G. Concise Synthesis of
Licochalcone A through Water-Accelerated [3,3]-Sigmatropic Re-
arrangement of an Aryl Prenyl Ether. Synthesis 2011, 2011 (03), 370—
376.

(13) Wahler, F.; Liebig, J. Untersuchungen Uber Das Radikal Der
Benzoesiure. Ann. der Pharm. 1832, 3 (3), 249—282.

(14) Plietker, B. New Oxidative Pathways for the Synthesis of a-
Hydroxy Ketones - The a-Hydroxylation and Ketohydroxylation.
Tetrahedron:Asymmetry 2005, 16 (21), 3453—3459.

(15) Li, S. Y; Ai, Z. P,; Guo, Q. X; Wen, W. Synthesis of a-
Hydroxyketones via Palladium-Catalyzed Arylation of Arylglyoxals.
Tetrahedron 2024, 166, 134214.

(16) Davis, F. A; Jenkins, R. H; Awad, S. B.; Stringer, O. D,;
Watson, W. H.; Galloy, J. Chemistry of Oxaziridines. 3. Asymmetric
Oxidation of Organosulfur Compounds Using Chiral 2-Sulfonylox-
aziridines. J. Am. Chem. Soc. 1982, 104 (20), 5412—5418.

(17) Davis, F. A.; Sheppard, A. C.; Chen, B.-C.; Haque, M. S.
Chemistry of Oxaziridines. 14. Asymmetric Oxidation of Ketone
Enolates Using Enantiomerically Pure (Camphorylsulfonyl)-
Oxaziridine. J. Am. Chem. Soc. 1990, 112 (18), 6679—6690.

(18) Davis, F. A; Chen, B. C. Asymmetric Hydroxylation of
Enolates with N-Sulfonyloxaziridines. Chem. Rev. 1992, 92 (5), 919—
934.

(19) Morikawa, K; Park, J; Andersson, P. G.; Hashiyama, T.;
Sharpless, K. B. Catalytic Asymmetric Dihydroxylation of Tetrasub-
stituted Olefins. J. Am. Chem. Soc. 1993, 115 (18), 8463—8464.

(20) Plietker, B. Alkenes as Ketol Surrogates—A New Approach
toward Enantiopure Acyloins. Org. Lett. 2004, 6 (2), 289—291.

(21) Mitsui, S.; Senda, Y.; Shimodaira, T.; Ichikawa, H. Studies of
Hydrogenolysis. XLIX. The Selective Hydrogenolysis of a,f-
Epoxyketones. Bull. Chem. Soc. Jpn. 1965, 38 (11), 1897—1900.

(22) Augustys, J. A. N.; Bezuidenhoudt, B. C. B.; Swanepoel, A;
Ferreira, D. Enantioselective Synthesis of Flavonoids. Part 2. Poly-
Oxygenated a-Hydroxydihydrochalcones and Circular Dichroic
Assessment of Their Absolute Configuration. Tetrahedron 1990, 46
(12), 4429—4442.

(23) Dobiasov4, H.; Jurkas, V.; Both, P.; Winkler, M. Recent
Progress in the Synthesis of a-Hydroxy Carbonyl Compounds with
ThDP-Dependent Carboligases. ChemCatChem 2024, 16 (15),
No. €202301707.

(24) Enders, D.; Niemeier, O.; Henseler, A. Organocatalysis by N-
Heterocyclic Carbenes. Chem. Rev. 2007, 107 (12), 5606—5655.

(25) Kumar, R; Sharma, P,; Shard, A.; Tewary, D. K;; Nadda, G;
Sinha, A. K. Chalcones as Promising Pesticidal Agents against
Diamondback Moth (Plutella Xylostella): Microwave-Assisted Syn-
thesis and Structure—Activity Relationship. Med. Chem. Res. 2012, 21
(6), 922—931.

(26) Hutchins, R. O.; Cistone, F. Utility and Applications of Borane
Dimethylsulfide in Organic Synthesis. A Review. Org. Prep. Proced. Int.
1981, 13 (3—4), 225-240.

(27) Marques, C. S.; Moura, N.; Burke, A. J. A. Simple, Highly
Regioselective, One-Pot Stereoselective Synthesis of Tertiary a-
Hydroxyesters: A Tandem Oxidation/Benzilic Ester Rearrangement.
Tetrahedron Lett. 2006, 47 (34), 6049—6052.

https://doi.org/10.1021/acsptsci.6c00196
ACS Pharmacol. Transl. Sci. 2026, 9, 2525—2534


https://doi.org/10.4155/fmc.11.118
https://doi.org/10.4155/fmc.11.118
https://doi.org/10.1021/acsmedchemlett.8b00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.2c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.2c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1675487
https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1038/s41419-023-05672-9
https://doi.org/10.1038/s41419-023-05672-9
https://doi.org/10.1038/s41419-023-05672-9
https://doi.org/10.1021/acs.chemrev.7b00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2006.09.019
https://doi.org/10.1016/j.ejmech.2006.09.019
https://doi.org/10.1021/np070158y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0030-1258381
https://doi.org/10.1055/s-0030-1258381
https://doi.org/10.1055/s-0030-1258381
https://doi.org/10.1002/JLAC.18320030302
https://doi.org/10.1002/JLAC.18320030302
https://doi.org/10.1016/j.tetasy.2005.08.057
https://doi.org/10.1016/j.tetasy.2005.08.057
https://doi.org/10.1016/j.tet.2024.134214
https://doi.org/10.1016/j.tet.2024.134214
https://doi.org/10.1021/ja00384a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00384a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00384a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00174a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00174a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00174a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00013a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00013a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00071a072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00071a072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0362663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0362663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.38.1897
https://doi.org/10.1246/bcsj.38.1897
https://doi.org/10.1246/bcsj.38.1897
https://doi.org/10.1016/S0040-4020(01)86778-8
https://doi.org/10.1016/S0040-4020(01)86778-8
https://doi.org/10.1016/S0040-4020(01)86778-8
https://doi.org/10.1002/cctc.202301707
https://doi.org/10.1002/cctc.202301707
https://doi.org/10.1002/cctc.202301707
https://doi.org/10.1021/cr068372z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068372z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00044-011-9602-8
https://doi.org/10.1007/s00044-011-9602-8
https://doi.org/10.1007/s00044-011-9602-8
https://doi.org/10.1080/00304948109356130
https://doi.org/10.1080/00304948109356130
https://doi.org/10.1016/j.tetlet.2006.06.107
https://doi.org/10.1016/j.tetlet.2006.06.107
https://doi.org/10.1016/j.tetlet.2006.06.107
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.6c00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

(28) Cossy, J.; Bouzide, A; Ibhi, S.,; Aclinou, P. Formation of f5-
Hydroxyketones from a,f-Epoxyketones by Photoinduced Single
Electron Transfer Reactions. Tetrahedron 1991, 47 (37), 7775—7782.

(29) Deposition number CCDC 2471100 (for la) contains the
supplementary crystallographic data for this publication. These data
are deposited at the Cambridge Crystallographic Data Centre and can
be obtained via. www.ccdc.cam.ac.uk/structures.

(30) Zhao, Y.; Truhlar, D. G. Design of Density Functionals That
Are Broadly Accurate for Thermochemistry, Thermochemical
Kinetics, and Nonbonded Interactions. J. Phys. Chem. A 2005, 109
(25), 5656—5667.

(31) Gulde, R;; Pollak, P.; Weigend, F. Error-Balanced Segmented
Contracted Basis Sets of Double-{ to Quadruple-{ Valence Quality
for the Lanthanides. J. Chem. Theory Comput. 2012, 8 (11), 4062—
4068.

(32) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Exchange—
Correlation Functional Using the Coulomb-Attenuating Method
(CAM-B3LYP). Chem. Phys. Lett. 2004, 393 (1-3), S1-57.

(33) Pollak, P.; Weigend, F. Segmented Contracted Error-
Consistent Basis Sets of Double- and Triple-{ Valence Quality for
One- and Two-Component Relativistic All-Electron Calculations. J.
Chem. Theory Comput. 2017, 13 (8), 3696—370S.

(34) Erafia, H.; Sampedro-Torres-Quevedo, C.; Charco, J. M.; Diaz-
Dominguez, C. M.; Peccati, F.; San-Juan-Ansoleaga, M.; Vidal, E.;
Gongalves-Anjo, N.; Pérez-Castro, M. A.; Gonzélez-Miranda, E.;
Pineiro, P.; Fernidndez-Veiga, L.; Galarza-Ahumada, J.; Ferndndez-
Munoz, E; Perez de Nanclares, G.; Telling, G.; Geijo, M.; Jiménez-
Osés, G.; Castilla, J. A Protein Misfolding Shaking Amplification-
Based Method for the Spontaneous Generation of Hundreds of Bona
Fide Prions. Nat. Commun. 2024, 15 (1), 1-14.

(35) Erana, H.; Diaz-Dominguez, C. M.; Charco, J. M; Vidal, E;
Gonzélez-Miranda, E.; Pérez-Castro, M. A,; Pifeiro, P.; Lopez-
Moreno, R.; Sampedro-Torres-Quevedo, C.; Fernindez-Veiga, L.;
Tasis-Galarza, J.; Lorenzo, N. L.; Santini-Santiago, A.; Lézaro, M,;
Garcia-Martinez, S.; Gongalves-Anjo, N.; San-Juan-Ansoleaga, M,;
Galarza-Ahumada, J.; Fernindez-Munoz, E.; Giler, S.; Valle, M,;
Telling, G. C.; Geijé, M.; Requena, J. R,; Castilla, J. Understanding
the Key Features of the Spontaneous Formation of Bona Fide Prions
through a Novel Methodology That Enables Their Swift and
Consistent Generation. Acta Neuropathol. Commun. 2023, 11 (1),
1-30.

(36) Pérez-Castro, M. A.; Erafia, H.; Vidal, E.; Charco, J. M,
Lorenzo, N. L.; Gongalves-Anjo, N.; Galarza-Ahumada, J.; Diaz-
Dominguez, C. M.; Pifieiro, P.; Gonzélez-Miranda, E.; Giler, S,;
Telling, G.; Sanchez-Martin, M. A,; Garrido, J.; Geijo, M.; Requena, J.
R; Castilla, J. Cofactors Facilitate Bona Fide Prion Misfolding in
Vitro but Are Not Necessary for the Infectivity of Recombinant
Murine Prions. PLoS Pathog. 2025, 21 (1), No. e1012890.

(37) Sieghart, W. Allosteric Modulation of GABAA Receptors via
Multiple Drug-Binding Sites. Adv. Pharmacol. 2015, 72, 53—96.

(38) Sieghart, W.; Savi¢, M. M. International Union of Basic and
Clinical Pharmacology. CVI: GABAA Receptor Subtype- and
Function-Selective Ligands: Key Issues in Translation to Humans.
Pharmacol. Rev. 2018, 70 (4), 836—878.

(39) Fulmer, G. R;; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.;
Nudelman, A,; Stoltz, B. M.; Bercaw, J. E,; Goldberg, K. I. NMR
Chemical Shifts of Trace Impurities: Common Laboratory Solvents,
Organics, and Gases in Deuterated Solvents Relevant to the
Organometallic Chemist. Organometallics 2010, 29 (9), 2176—2179.

(40) Hu, Y,; Uno, M; Harada, A,; Takahashi, S. Selective Ring-
Opening Reaction of Epoxides with Sodium Borohydride in the
Presence of Cyclodextrins in Aqueous Media. Chem. Lett. 1990, 19
(5), 797—798.

(41) Kabsch, W. XDS. Acta Crystallogr. 2010, D66 (2), 125—132.

(42) Krause, L; Herbst-Irmer, R; Sheldrick, G. M.; Stalke, D.
Comparison of Silver and Molybdenum Microfocus X-Ray Sources
for Single-Crystal Structure Determination. J. Appl. Crystallogr. 2015,
48 (1), 3—10.

2533

(43) Sheldrick, G. M. SHELXT — Integrated Space-Group and
Crystal-Structure Determination. Acta Crystallogr. 2015, A71, 3—8.

(44) Sheldrick, G. M. Crystal Structure Refinement with SHELXL.
Acta Crystallogr. 2015, C71, 3—8.

(45) Hiibschle, C. B.; Sheldrick, G. M.; Dittrich, B. ShelXle: A Qt
Graphical User Interface for SHELXL. J. Appl. Crystallogr. 2011, 44
(6), 1281—1284.

(46) Farrugia, L. J. WinGX and ORTEP for Windows: An Update. J.
Appl. Crystallogr. 2012, 45 (4), 849—854.

(47) Noguez, C.; Hidalgo, F. Ab Initio Electronic Circular
Dichroism of Fullerenes, Single-Walled Carbon Nanotubes, and
Ligand-Protected Metal Nanoparticles. Chirality 2014, 26 (9), S53—
562.

(48) Pescitelli, G.; Bruhn, T. Good Computational Practice in the
Assignment of Absolute Configurations by TDDFT Calculations of
ECD Spectra. Chirality 2016, 28 (6), 466—474.

(49) Gille, A. L.; Dutmer, B. C.; Gilbert, T. M. PCMODEL 9.2. ].
Am. Chem. Soc. 2009, 131 (15), 5714

(50) Tobiason, F. L.; Vergoten, G. GMMX Conformation Searching
and Prediction of NMR Proton-Proton Coupling Constants. In
Biomolecular Structure and Dynamics; Springer Netherlands: Dor-
drecht, 1997; pp 179—186..

(51) Halgren, T. A. MMFF VI. MMFF9s Option for Energy
Minimization Studies. ]. Comput. Chem. 1999, 20 (7), 720—729.

(52) Halgren, T. A. Merck Molecular Force Field. I. Basis, Form,
Scope, Parameterization, and Performance of MMFF94. J. Comput.
Chem. 1996, 17 (5—6), 490—519.

(53) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M,; Toyota, K; Fukuda, R.; Hasegawa, J; Ishida, M,;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T,;
Montgomery, J. J. A,; Peralta, J. E; Ogliaro, F.; Bearpark, M,;
Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi,
R.; Normand, J.; Raghavachari, K,; Rendell, A.; Burant, J. C.; Iyengar,
S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox,
J. E;; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R;;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.,; Cammi, R;; Pomelli, C.;
Ochterski, J. W.; Martin, R. L; Morokuma, K.; Zakrzewski, V. G.;
Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, Revision B.01; Gaussian, Inc.: Wallingford CT,
Wallingford CT, 2009.

(54) Adamo, C.; Barone, V. Exchange Functionals with Improved
Long-Range Behavior and Adiabatic Connection Methods without
Adjustable Parameters: The MPW and MPWI1PW Models. J. Chem.
Phys. 1998, 108 (2), 664—675.

(55) Scalmani, G.; Frisch, M. J. Continuous Surface Charge
Polarizable Continuum Models of Solvation. I. General Formalism.
J. Chem. Phys. 2010, 132 (11), 114110.

(56) Adamo, C.; Barone, V. Toward Reliable Density Functional
Methods without Adjustable Parameters: The PBEOModel. J. Chem.
Phys. 1999, 110 (13), 6158—6170.

(57) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2008, 7
(18), 3297—3305.

(58) Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8 (9), 1057—1065.

(59) Klamt, A.; Schiiiirmann, G. COSMO: A New Approach to
Dielectric Screening in Solvents with Explicit Expressions for the
Screening Energy and Its Gradient. J. Chem. Soc., Perkin Trans. 1993,
2 (5), 799-805.

(60) Hagberg, A. A.; Schult, D. A.; Swart, P.; Hagberg, J. Proceedings
of the Python in Science Conference: Pasadena, CA, 2008.

(61) Kabsch, W. A. Solution for the Best Rotation to Relate Two
Sets of Vectors. Acta Crystallogr., Sect. A: 1976, 32 (5), 922—923.

https://doi.org/10.1021/acsptsci.6c00196
ACS Pharmacol. Transl. Sci. 2026, 9, 2525—2534


https://doi.org/10.1016/S0040-4020(01)81935-9
https://doi.org/10.1016/S0040-4020(01)81935-9
https://doi.org/10.1016/S0040-4020(01)81935-9
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1021/jp050536c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050536c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050536c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300302u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300302u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300302u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2004.06.011
https://doi.org/10.1016/j.cplett.2004.06.011
https://doi.org/10.1016/j.cplett.2004.06.011
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-46360-2
https://doi.org/10.1038/s41467-024-46360-2
https://doi.org/10.1038/s41467-024-46360-2
https://doi.org/10.1186/s40478-023-01640-8
https://doi.org/10.1186/s40478-023-01640-8
https://doi.org/10.1186/s40478-023-01640-8
https://doi.org/10.1186/s40478-023-01640-8
https://doi.org/10.1371/journal.ppat.1012890
https://doi.org/10.1371/journal.ppat.1012890
https://doi.org/10.1371/journal.ppat.1012890
https://doi.org/10.1016/bs.apha.2014.10.002
https://doi.org/10.1016/bs.apha.2014.10.002
https://doi.org/10.1124/pr.117.014449
https://doi.org/10.1124/pr.117.014449
https://doi.org/10.1124/pr.117.014449
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100106e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/cl.1990.797
https://doi.org/10.1246/cl.1990.797
https://doi.org/10.1246/cl.1990.797
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1107/S0021889812029111
https://doi.org/10.1002/chir.22348
https://doi.org/10.1002/chir.22348
https://doi.org/10.1002/chir.22348
https://doi.org/10.1002/chir.22600
https://doi.org/10.1002/chir.22600
https://doi.org/10.1002/chir.22600
https://doi.org/10.1021/ja9022144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-94-011-5484-0_8
https://doi.org/10.1007/978-94-011-5484-0_8
https://doi.org/10.1002/(sici)1096-987x(199905)20:7<720::aid-jcc7>3.0.co;2-x
https://doi.org/10.1002/(sici)1096-987x(199905)20:7<720::aid-jcc7>3.0.co;2-x
https://doi.org/10.1002/(sici)1096-987x(199604)17:5/6<490::aid-jcc1>3.0.co;2-p
https://doi.org/10.1002/(sici)1096-987x(199604)17:5/6<490::aid-jcc1>3.0.co;2-p
https://doi.org/10.1063/1.475428
https://doi.org/10.1063/1.475428
https://doi.org/10.1063/1.475428
https://doi.org/10.1063/1.3359469
https://doi.org/10.1063/1.3359469
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/P29930000799
https://doi.org/10.1039/P29930000799
https://doi.org/10.1039/P29930000799
https://doi.org/10.1107/S0567739476001873
https://doi.org/10.1107/S0567739476001873
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.6c00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

(62) Cioslowski, J. Rovibrational States of Wigner Molecules in
Spherically Symmetric Confining Potentials. J. Chem. Phys. 2016, 145
(5), 054116.

(63) Fuentes-Monteverde, J. C. C.; Nath, N.; Forero, A. M.; Balboa,
E. M,; Navarro-Vizquez, A.; Griesinger, C.; Jiménez, C.; Rodriguez, J.
Connection of Isolated Stereoclusters by Combining 13C-RCSA,
RDC, and J-Based Configurational Analyses and Structural Revision
of a Tetraprenyltoluquinol Chromane Meroterpenoid from Sargassum
Muticum. Mar. Drugs 2022, 20 (7), 462.

(64) Chai, J.-D.; Head-Gordon, M. Long-Range Corrected Hybrid
Density Functionals with Damped Atom—Atom Dispersion Correc-
tions. Phys. Chem. Chem. Phys. 2008, 10 (44), 6615.

(6S) Pritchard, B. P.; Altarawy, D.; Didier, B; Gibson, T. D.;
Windus, T. L. New Basis Set Exchange: An Open, Up-to-Date
Resource for the Molecular Sciences Community. J. Chem. Inf. Model.
2019, 59 (11), 4814—4820.

(66) Schuchardt, K. L.; Didier, B. T.; Elsethagen, T.; Sun, L,
Gurumoorthi, V.; Chase, J.; Li, J.; Windus, T. L. Basis Set Exchange: A
Community Database for Computational Sciences. J. Chem. Inf.
Model. 2007, 47 (3), 1045—1052.

(67) Bruhn, T.; Schaumléffel, A.; Hemberger, Y.; Bringmann, G.
SpecDisc: Quantifying the Comparison of Calculated and Exper-
imental Electronic Circular Dichroism Spectra. Chirality 2013, 25 (4),
243-249.

(68) Strommer, B; Khom, S.; Kastenberger, L; Cicek, S. S.;
Stuppner, H.; Schwarzer, C,; Hering, S. A Cycloartane Glycoside
Derived from Actaea Racemosa L. Modulates GABAA Receptors and
Induces Pronounced Sedation in Mice. J. Pharmacol. Exp. Ther. 2014,
351 (2), 234-242.

(69) Hintersteiner, J.; Haider, M.; Luger, D.; Schwarzer, C;
Reznicek, G.; Jager, W.; Khom, S.; Mihovilovic, M. D.; Hering, S.
Esters of Valerenic Acid as Potential Prodrugs. Eur. J. Pharmacol.
2014, 735 (1), 123—131.

(70) Stadler, M.; Monticelli, S.; Seidel, T.; Luger, D.; Salzer, L;
Boehm, S.; Holzer, W.; Schwarzer, C.; Urban, E.; Khom, S.; Langer,
T.; Pace, V,; Hering, S. Design, Synthesis, and Pharmacological
Evaluation of Novel B2/3 Subunit-Selective y-Aminobutyric Acid
Type A (GABA A) Receptor Modulators. J. Med. Chem. 2019, 62 (1),
317—-341.

(71) Khom, S.; Baburin, L; Timin, E.; Hohaus, A,; Sieghart, W,;
Hering, S. Pharmacological Properties of GABAA Receptors
Containing Gammal Subunits. Mol. Pharmacol. 2006, 69 (2), 640—
649.

2534

https://doi.org/10.1021/acsptsci.6c00196
ACS Pharmacol. Transl. Sci. 2026, 9, 2525—2534


https://doi.org/10.1063/1.4959899
https://doi.org/10.1063/1.4959899
https://doi.org/10.3390/md20070462
https://doi.org/10.3390/md20070462
https://doi.org/10.3390/md20070462
https://doi.org/10.3390/md20070462
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1021/acs.jcim.9b00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci600510j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci600510j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/CHIR.22138
https://doi.org/10.1002/CHIR.22138
https://doi.org/10.1124/jpet.114.218024
https://doi.org/10.1124/jpet.114.218024
https://doi.org/10.1124/jpet.114.218024
https://doi.org/10.1016/j.ejphar.2014.03.019
https://doi.org/10.1021/acs.jmedchem.8b00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1124/mol.105.017236
https://doi.org/10.1124/mol.105.017236
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.6c00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

