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ABSTRACT

Berberine, a naturally occurring compound, possesses an interesting multipotent
pharmacological profile potentially applicable for Alzheimer’s disease (AD) treatment. In this
study, a series of novel 22 berberine derivatives was developed and tested in vitro.
Berberine core was substituted at position 9-O of its aromatic ring region. All the hybrids
under the study revealed multi-targeted profile inhibiting prolyl oligopeptidase,
acetylcholinesterase and butyrylcholinesterase highlighting 4a, 4g, 4j, 4l and 4s possessing
balanced activities in the micromolar range. The top-ranked candidates in terms of the most
pronounced potency against POP, AChE and BChE can be classified as 4d, 4u and 4v, bearing
4-methylbenzyl, (naphthalen-2-yl)methylene and 1-phenoxyethyl moieties, respectively. In
vitro data were corroborated by detailed kinetic analysis of the selected lead molecules. 4d,
4u and 4v were also inspected for their potential to inhibition aggregation of two abberant
proteins in AD, namely amyloid beta and tau, indicating their potential disease-modifying
properties. To explain the results of our study, we carried out docking simulation to the
active sites of the respective enzyme with the best berberine derivatives, along with QSAR
study. We also investigated compounds’ potential permeability through blood-brain barrier
by applying parallel artificial membrane permeation assay and addressed their cytotoxicity
profile.
KEYWORDS: acetylcholinesterase; Alzheimer’s disease; amyloid beta; butyrylcholinesterase;
in silico; multi-target directed ligands; prolyl oligopeptidase; quantitative structure-activity

relationship; tau protein



1. INTRODUCTION

Alzheimer’s disease (AD) is a type of dementia that causes a decline in intellectual

and functional abilities [1]. As of 2019, the global prevalence of AD is estimated to be as high
as 50 million, foreseeing that the number of AD patients can exceed 152 milion by 2050 [2].
One of the greatest known risk factors is increasing age, since the majority of people
suffering from AD are older than 65. From a neurobiological point of view, AD is a chronic
neurodegenerative disorder of the brain characterized by loss of neurons and synapses in
the medial temporal lobe and neocortical association areas. The atrophy of these brain
regions manifests as memory impairment, difficulty in learning, loss of language skills, not
managing the daily self-care, disorientation and personality changes [3].
AD can be considered as a multifactorial and complex disorder with prevailing deficits in
cholinergic system, changes in prolyl oligopeptidase (POP; E.C. 3.4.21.26) activity, elevated
levels of reactive oxygen species (ROS), presence of aberrant proteins like amyloid-beta
peptide (AB) forming neuritic plaques and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau (t) protein. That all leads to neuronal death and clinical
manifestations of this disease [4—6]. One of the typical phenomenon associated with AD is
cellular oxidative and nitrosative stress, which is responsible for dysregulation of nucleic
acids and proteins formation, lipid peroxidation and glycoxidation [7]. Oxidative stress (OS) is
the culprit of metabolic, metal, mitochondrial and cell-cycle abnormalities. Mitochondria are
regulators of cell death, and therefore mutations in their DNA together with OS contribute
to aging [8,9]. The intervention strategies comprise the use of effective antioxidants, up-
regulation of the endogenous antioxidative defense system, and administration of anti-
inflammatory agents as well. Apart from that, it is also well established that monoamine
oxidases are involved in the production of hydrogen peroxide; thus, their inhibitors may
ameliorate damages associated with OS [10,11].

Current palliative treatment is based on the administration of acetylcholinesterase
(AChE; E.C. 3.1.1.7) inhibitors as the most pronounced pathology in AD is associated with
cholinergic neuronal loss. There has also been confirmed interconnection between disrupted
cholinergic system and the formation of intracellular neurofibrillary tangles or senile plagues
[1,12]. For instance, Inestrosa group found that AChE acts as a pathological chaperone
inducing a conformational transition of AP [13]. Generally, the cholinergic hypothesis claims

that the lack of the acetylcholine (ACh) neurotransmitter in the cortex is responsible for



cognitive decline. Both AChE and butyrylcholinesterase (BChE; E.C. 3.1.1.8) are responsible
for the breakdown of ACh in the synapses [14]. The progression of AD goes hand in hand
with AChE activity decrease, which is counterbalanced at the same time by BChE increase
[14,15]. Therefore inhibition of both cholinesterases (ChEs) can elevate ACh levels and thus
mitigate AD symptoms.

There are a number of experimental targets that popped-up recently as the promising
ones, which are involved in the pathophysiology of the disease, and their targeting might
result in complex action in the disease cascade. One such target is POP enzyme, the cytosolic
serine peptidase. POP is implicated in physiological processes such as maturation and
degradation of peptide hormones and neuropeptides, such as substance P, thymosin B4,
thyrotropin-releasing hormone, vasopressin, and angiotensin. POP inhibitors (POPi) may
improve memory impairment by blocking the metabolism of these substrates. Therefore,
POP has been proposed as a potential therapeutic target for several disorders as,
rheumatoid arthritis [16,17], cystic fibrosis [18], a-synucleinopathies [19], AD [20], autism
spectrum disorder [21], cirrhosis [22], mania and schizophrenia [23], and high POP activity
was observed in proliferating cells [24]. Surprisingly, suppressed expression of POP by an
antisense technique and by specific POPi revealed an inverse correlation between inositol
1, 4, 5-triphosphate (Ins(1, 4, 5)Ps;) concentration. Furthermore, decreased activity of POP
amplifies substance P mediated stimulation of Ins(1, 4, 5)P3, which is the intracellular second
messenger that binds to its receptor located in the membrane of the endoplasmatic
reticulum and induces release of Ca** which may have an impact on cognitive
enhancements. These findings can explain a relationship between an intracellular enzyme
such as POP and the neuropeptides, because Ins(1, 4, 5)P; is a central molecule in the
signaling cascade of neuropeptides [25]. Promising results were reported for some POPi in
clinical trials. However, these were terminated mostly due to unfavorable pharmacokinetic
profile of the compounds [26].

Searching for new AD therapeutic options remains an elusive task. Given the
complexity of the disorder, applying a multi-target drug discovery approach might deliver
more effective therapeutics [27-29]. Indeed, this strategy foresees to target different
enzymes/receptors at the same time that may ultimately better address the needs to find a
novel and effective cure. One such option represents the chemical modification of natural

compounds to improve their pharmacological activities. Berberine (BBR; Fig. 1), a quaternary



ammonium protoberberine alkaloid, has been used in traditional Chinese and Ayurvedic
medicine possessing a broad spectrum of pharmacological properties. Some of the BBR
analogs have already been investigated in clinical trials [30].

Within this study, we inspected the structure-activity relationship (SAR) in the series
of novel BBR derivatives substituted in position 9-O with different aromatic rings. We tested
the novel compounds for the inhibition of ChEs and POP enzymes, their potency to
counteract OS and we predicted their capacity to cross the blood-brain barrier (BBB). For the
highlighted derivatives, we also performed anti-amyloid and anti-tau studies, and predicted
their binding modes in the active sites of the respective enzymes.

2. DESIGN

The nature of AD assumes that the therapeutic intervention can be successfully
pursued by small molecules hitting multiple targets relevant to the disorder simultaneously.
Berberine (BBR) is a natural isoquinoline alkaloid with an intrinsic multipotent profile [7].
Indeed, BBR shows antioxidative, anti-proliferative, anti-inflammatory, amyloid-B (AB)
peptide level-reducing, monoamine oxidase, and cholinesterase inhibitory activities [31-33].
It has also been described that BBR improves cognitive impairment by inhibiting abnormal
AB aggregation and Tt hyperphosphorylation [34]. Moreover, it ameliorates OS and
neuroinflammation [35]. Its neuroprotective properties were also confirmed in metal-
induced neurotoxicity animal models of AD [36]. BBR displayed dose-dependent POP
inhibition properties with 1Cso = 145 uM [37]. Inhibition of both enzymes (AChE and POP)
potentiates resultant of cognitive effect whereas POP inhibition leads, due to enhanced
Ins(1, 4, 5)P5 levels, to similar mechanism as signalization at muscarinic ACh receptor M,

[38].

Figure 1. Chemical structure of berberine with numbering of the core scaffold.



BBR is endowed with a broad pharmacologic profile, on one hand; on the other hand,
it is hampered by relatively low permeability and bioavailability due to its hydrophilic
character that limits its systematic administration [30]. For these reasons, structural
modifications increasing BBR lipophilicity, mostly in position 9-, are pursued in order to
address these drawbacks [39-42]. From the wealth of literature, several SAR were outlined.
For example, SAR analysis in 9-N-alkyl-substituted BBR derivatives indicated higher
antioxidant and AP anti-aggregation properties [43]. Furthermore, attachment of lipophilic
substituent to BBR in the region of methylenedioxy substituted aromatic ring, and methoxyl
moiety at C-10 indicated increased hypoglycemic activity [44]. The introduction of
aminomethyl groups into 12-position of berberrubine improved the insulin-resistant reversal
activity and stimulated glucose transport activity, which is potentially applicable for type 2
diabetes mellitus (T2DM) [45]. Indeed, a growing body of epidemiological studies suggest
that people with T2DM are at a higher risk of developing AD [46]. For cholesterol-lowering
and anti-diabetic agents, it have been observed that methylenedioxy functionality in BBR
orchestrates binding to B-cell membranes [47-50]. Accordingly, BBR and its derivatives may
reduce the risk factors associated with AD, i.e. high levels of glucose and cholesterol.

Building on the findings above, in this study, we are exploring SAR in 9-subsitited BBR
derivatives. Into this position, we attached different lipophilic substituents to enhance
permeability through cell membranes plausibly. In parallel, 9-N substituted BBR derivatives
synthesized by Shan and colleagues [43] showed promising results as antioxidants; AChE,
BuChE and AR aggregation inhibitors but 9-O substitution, to the best of our knowledge, was
not tested for the possible cognitive enhancing properties. Herewith, we designed and
synthesized a new family of compounds based on nucleophilic substitution at 9-O- position

of BBR core.

3. RESULTS AND DISCUSSION
3.1 Chemistry
BBR derivatives were synthesized following a chemical procedure depicted in Scheme
1. Initially, BBR (1) chloride underwent demethylation at position 9- in a vacuum (15 mbar)
at 205 °C for 2 hours which was clearly visible by a color change from yellow to dark red
forming berberrubine (2; 77% vyield) [51]. Berberrubine was then treated with potassium

carbonate in anhydrous MeCN at 80 °C for 30 min followed by the addition of appropriate



benzyl bromide (3a-3v) and the mixture was refluxed for 1 h at 80 °C. Only reagent 3b was
dissolved in a mixture of anhydrous solvents THF/MeCN (1:1) because of its low solubility in
sole MeCN. To generate 4v, we used 2-(bromomethyl)naphthalene (3v) under the same
conditions. After cooling, the reaction mixture was filtered and washed successively with
MeCN (50 mL) and MeOH (50 mL). Column chromatography was used for purification to
produce 4a-4v in 8-91% yields. All of the final compounds 4a-4v showed analytical and
spectroscopic data in good agreement with their structures. Structural characterization
involved melting points, 'H and *C NMR spectra, and LC-MS analysis. All the 'H and *C NMR

spectra can be found at Supplementary information.
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3b: R'=H, R?=CH3 R3=H, R*=H, R%=H
3c: R'=CH; R?=H, R®=H, R*=H, R%=H
3d: R'=H, R?%=H, R®%CHj, R*=H, R%=H
3e: R'=H, R?=H, R3%=CH(CHy), R*=H, R%=H
3f: R'=H, R?=CHj R®=H, R*=CHj3 R%=H
3g: R'=H, R?=H, R®=Br, R*=H, R%=H
3h: R'=H, R?=Br, R3=H, R*=H, R%=H

3i: R'=Br, R%=H, R%=H, R*=H, R%=H

3j: R'=H, R?=H, R3=NO, R*=H, R%=H
3k: R'=H, R2=H, R%=SCHj R*=H, R%=H
3I: R'=H, R?=NO, R%=H, R*=H, R%=H
3m: R'=H, R?=Cl, R®=H, R*=H, R%=H
3n: R'=H, R?=H, R%=CI, R*=H, R%=H
30: R'=H, R?=Cl, R3=Cl, R*=H, R%=H
3p: R'=H, R?%=H, R®=COOCH; R*=H, R°=H
3q: R'=H, R?=H, R3=CN, R*=H, R%=H
3r: R'=H, R2=0CH, R3=H, R*=H, R%=H
3s: R'=H, R?=H, R%=CF; R%=H, R%=H
3t: R'=H, R?=H, R3=0CH; R*=H, R%=H
3v: R'=H, R?=H, R®=H, R*=H, R%=CH,

Scheme 1. General approach for the synthesis of 9-O-substituted BBR derivatives 4a-4v.

Reaction conditions: i) 205 °C, 15 mbar, 2 h; ii) K,COs (5 eq.), anh. MeCN (or THF/MeCN (1:1)

for 3b), 80 °C, 1.5 h.

3.2 Cholinesterase inhibition

To determine the therapeutic potential of berberine derivatives (4a-4v) with

particular emphasis for AD, their AChE and BChE inhibitory activities were assayed by the

4a: R'=H, R%=H, R%=H, R%=H, R%=H

4b: R'=H, R?=CHj; R3=H, R*=H, R%=H
4c: R'=CH, R2=H, R%=H, R%=H, R%=H
4d: R'=H, R?=H, R®=CH, R*=H, R®=H
4e: R'=H, R?=H, R3=CH(CH3), R*=H, R%=H
4f: R'=H, R?=CH, R3=H, R*=CH; R®=H
4g: R'=H, R%=H, R®=Br, R*=H, R5=H
4h: R'=H, R?=Br, R3=H, R*=H, R%=H

4i: R'=Br, R%=H, R3=H, R*=H, R%=H

4j: R'=H, R?=H, R®%=NO, R*=H, R%=H
4k: R'=H, R%=H, R3=SCH3 R*=H, R%=H
41: R'=H, R?=NO, R®=H, R*=H, R%=H
4m: R'=H, R?=C|, R%=H, R*=H, R%=H
4n: R'=H, R?=H, R®=C|, R*=H, R%=H
40: R'=H, R?=Cl, R3=Cl, R*=H, R%=H
4p: R'=H, R2=H, R%=COOCH; R*=H, R%=H
4q: R'=H, R?=H, R3=CN, R*=H, R%=H
4r: R'=H, R?=0CH3 R3=H, R*=H, R®=H
4s: R'=H, R%=H, R3=CF; R*=H, R®=H
4t: R'=H, R?=H, R®=0CH, R*=H, R®=H
4v: R'=H, R%=H, R%=H, R*=H, R°=CH;,
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modified spectrophotometric method described by Ellman et al. using human recombinant
AChE (hAChE) and human serum BChE (hBChE), respectively [52]. Results are expressed as
ICso values and preference for hAChE is determined by the selectivity index (SI). These data

are summarized in Table 1.

Table 1. In vitro results of BBR derivatives 4a-4v and reference compound BBR

Compounds POP IC50 £ SEM ICso hAChE + SEM  ICso hBChE + SEM SI for hAChE

(rM)° (nM)° (rM)° (hBChE/hAChE)®
BBR 142 + 21 17.4 + 4.1 47.2+3.3 2.7
4a 25.4+2.8 5.0+0.1 8.0%0.4 1.6
ab 79.1+8.7 73104 14.1+0.8 1.9
4c 71.1£7.9 10.4+0.2 21.5+1.3 2.1
ad 10.7+1.2 75.8+9.1 5.8+0.2 0.08
4e 53.3+6.1 42+03 2.6+0.1 0.6
af 58.7 £+ 8.4 2.5+0.1 3.7+0.1 1.5
ag 19.4+ 4.4 3.3+0.4 9.6+ 0.4 2.9
4h 59.6 £ 5.5 2.7+0.2 49+0.1 1.8
4i 38.9+4.9 1.7+0.1 40+0.1 2.3
4j 21.2 £3.0 0.99 + 0.04 8.0+0.2 8.1
ak 34.0£2.5 2.6+0.1 2.9+0.1 1.1
al 247+13 1.45 + 0.04 6.9+0.2 4.8
4m 67.0 £3.0 1.9+0.1 6.1+0.3 3.2
4n 39.4+1.4 2.5+0.1 6.3+0.2 2.5
40 52.7+2.2 1.22 +0.03 3.6+0.1 3.0
ap 47.6+1.4 2.6+0.1 49+0.1 1.9
4q 36.5+3.0 1.7+0.1 11.7+0.3 6.8
ar 40.4+1.0 3.5+0.1 7.4+0.1 2.1
4s 27.4+13 1.3+0.1 9.4+0.2 7.0
at 40.5+0.9 5.3+0.2 43+0.1 0.8
4u 28.5+1.7 1.5+0.1 1.26 + 0.02 0.8
av 29.5+1.3 0.79 + 0.02 5.8+0.1 7.3

® Results are expressed as the mean of at least three independent experiments; b Selectivity for hAChE is

determined as ratio ICsq(hBChE)/ICso(hAChE)

All the novel derivatives 4a-4v displayed hAChE inhibition ability in micromolar to the
sub-micromolar range. BBR, taken as a reference, displayed moderate inhibition ability with
ICs0 = 17.4 uM, which is roughly under other literature data [53]. The most active compound
4v displayed high inhibitory potency with ICso value 0.79 uM, which roughly corresponds to
tacrine, formerly used for the AD treatment [54]. From the SAR analysis, it can be deduced

that derivatives either unsubstituted or bearing methyl in a different positions (4a-4d) of



benzyl ring negatively affected the inhibition power decreasing the ICso values from a single
unit up-to two-digit micromolar concentration (ICso =5 - 76 uM). No other SAR can be drawn
when taking into consideration either i) the position of substituents or ii) electron-
donating/electron-withdrawing group characteristics. Comparing BBR derivates reported
herein with simplified analogues containing core N-benzylphenethylamine moiety reported
by Roselli et al., almost identical ICsg values were found for AChE inhibition [55]. In the study
by Huang et al. berberine derivates turned out to be more potent and more selective for
AChE inhibition [56]. Nevertheless, the data cannot be compared because of the different
origins of AChE and BChE species.

Since the levels of BChE are up-regulated in the advanced stages of AD, and BChE is
also capable of compensating for the decreased activity of AChE, BChE emerged as a backup
therapeutic option [14,57]. Accordingly, all the newly developed BBR derivatives 4a-4v
exerted BChE inhibition ability with 1Csg values in the micromolar range (1.26 - 21.5 uM), all
being more potent than parent BBR (ICso=47.2 uM). The top-ranked compound was 4u
(ICso = 1.26 uM) having 37.5 times amplified potency compared to BBR. Similarly to AChE, no
clear SAR could not be established given the nature of attached aromatic moiety.

In general, most of the BBR derivatives are hAChE selective inhibitors having Sl values
> 1.0 (Table 1). The highest SI score revealed 4-nitrophenyl derivative 4j being 8.1 times
more selective in inhibiting hAChE. On the contrary, 4d revealed an intriguing hBChE

selective profile with Sl value for hBChE = 13.1.

3.3 Prolyl oligopeptidase inhibition

POP has been shown to participate in several aspects of the central nervous system
(CNS) like learning, memory and mood, the features that are associated with AD [58]. It has
been discussed that reduced POP activity correlated to the tau pathology and severity of the
disorder [59]. Some of the POP inhibitors have been evaluated in clinical trials to reverse
and/or attenuate memory loss [26]. It has been proposed that the extract of Rhizoma
coptidis containing 23% of BBR as a major alkaloid was a potent POP inhibitor. The study also
disclosed that ICsg value of isolated BBR was 145 + 19 uM which is in accordance with our
data (Table 1) [60]. All the novel BBR derivatives demonstrated ICso values ranging from 10
to 79 UM corroborating that the 9-O aryl substitution is essential for activity increment.

Analogue 4d bearing 4-methylbenzyl appendage emerged as the most potent analogue from



the series (ICso = 10.7 uM). From the obtained data, it can be roughly estimated that more
active derivatives (ICso < 30 uM) favor position 4- at attached benzyl moiety with electron-
withdrawing groups like NO, or CF3 (4j and 4s, respectively), but also small electron-donating

groups like methyl (4d) are well tolerated in this position.

3.4 Kinetic assay

Kinetic study was performed to describe the interactions of the compounds 4s and 4u
with hAChE and hBChE. Inhibition kinetics was determined from velocity curves that were
measured at several concentrations of tested compounds. The type of enzyme inhibition and
corresponding kinetic parameters (K; and Ky) were determined using nonlinear regression
analysis. Results for each type model of inhibition (competitive, non-competitive,
uncompetitive and mixed) were compared by sum-of-squares F-test. Statistical analysis
showed noncompetitive inhibition for 4s with hAChE and mixed type of inhibition for 4u with
BChE (p < 0.05), which is in line with Lineweaver—Burk plot, used for better visualization of

obtained data (Graph 1).

hAChE BChE
1x107+ 7x106+
4s 4u

-4 Control - Control
=+ 0178 nM-L" ; = 316 ML’
= 0316nmLl| 75¥10% & 100nmL|  5x105
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2
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Graph 1. Steady state inhibition of cholinesterase substrate hydrolysis by compound 4s (hAChE) and 4u (BChE)
at different concentrations. Lineweaver-Burk plots of initial velocity at increasing substrate concentrations
(hAChE: 0.1563 - 1.250 mM; BChE: 2.5 - 20.0 mM) are presented. Lines were derived from a linear regression of

the data points.



The intersection of lines is located on the x-axis for 4s and above the axis for 4u,
which corresponds with reversible binding mode to both free enzyme and enzyme-substrate
complex. Apparent V. decreased with an increasing concentration of 4s and K, remained
unchanged, indicating that it has an affinity for both the free hAChE and enzyme-substrate
complex. Compound 4s binds with higher affinity to the free BChE (K; < Ky), apparent Viax
was reduced at higher concentration of inhibitor while the K, was slightly increased. Both
inhibitors interact with enzyme allosteric peripheral anionic site (PAS). This interaction
causes conformational changes of the cholinesterase, yielding the change of its active site. A
K; value of 0.456 + 0.041 nM was measured for 4s on hAChE and a K; value of 8.34 £+ 1.99 nM

and Ky of 75.6 £ 16.7 nM were determined for 4u against BChE, respectively.

3.5 Molecular modeling studies

To further understand the activity enhancing effect of aryl attachment at 9-O-
position of BBR core, we performed molecular modeling studies using X-ray structures of
hAChE (PDB ID: 4EY6), hBChE (PDB ID: 4BDS) and human POP (PDB ID: 3DDU) [61-63]. All the
proteins were downloaded in high resolution solved at 2.4 A, 2.1 A and 1.6 A for AChE, BChE
and POP, respectively.

Both enantiomers, namely (R)-4v and (S)-4v, were selected to elucidate which isomer
presumably contribute more to activity increment, and both of them were also compared
with reference BBR (Fig. 2). BBR spans the cavity gorge of AChE contacting esteratic site
flanked by catalytic triad residues (His447, Ser203 and Glu202) forming hydrogen bond
between hydroxyl Ser203 and oxygen from 1,3-dioxolane moiety (2.4 A; Fig. 2 A, B). BBR also
established T-shaped m-mt interaction with Tyr337 (3.7 A) and other hydrophobic contacts
with Phe338 and Trp86 in the catalytic active site (CAS) of the enzyme. Quaternary nitrogen
displayed salt bridge with carboxylic oxygen from Asp74. At the entrance of AChE, BBR is
engaged in several hydrophobic interactions including nt-it stacking with Phe297, and Tyr341,
van der Waals contact with Trp286, and also hydrogen bond between hydroxyl from Tyr124
and 9-methoxy group from BBR (2.2 A). (S)-4v (Fig. 2 E, F) revealed similar arrangement to
BBR in the AChE active site; however, interaction with Ser203 is missing. Attachment of (S)-
1-phenoxyethyl moiety yielded in m-alkyl contact with Tyr341, and n-it stacking with Trp286
and Tyr72. (R)-4v adopted close configuration like parent BBR (Fig. 2 C, D). Indeed, typical

hydrogen bond between Ser203 and oxygen from 1,3-dioxolane moiety (2.8 A), m-rt contact



with Tyr337 (3.6 A), favorable orientation between quaternary charge of BBR and Asp74 and
other hydrophobic contacts in PAS region with Phe297, Tyr124, Phe338 and other amino
acids, are all observed. Additionally, attachment of (R)-1-phenoxyethyl provided other
favorable interaction like m-alkyl contact between methyl group and Tyr341, anion-m
interaction with Asp74 and n-mt displaced stacking with Tyr72 and Trp286. To conclude,
missing interactions in (S)-4v-hAChE complex like hydrogen bond with Ser203 and also
anion-mt contact with Asp74 might be designated as the culprit for higher affinity of (R)-4v
over (S)-4v, however, direct proof-of-concept from in vitro measurement is undoubtedly

required to confirm the docking output.
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Figure 2. Docking of BBR (A, B), (R)-4v (C, D), (S)-4v (E, F) to the active site of hAChE (PDB ID: 4EY6)

[61]. Generally to A, C, and E: BBR, (R)-4v and (S)-4v are shown in green, salmon and orange, respectively.



Important amino acid residues are highlighted in dark blue, catalytic triad residues in yellow. Apparent ligand-
enzyme interactions are shown as dashed lines; distance is measured in A. The rest of the enzyme is displayed
as a grey transparent cartoon. Figures A, C and E were created with the PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC. 2D figures (B, D, F) highlights the interaction of different nature between each
ligand and specific amino acid residues. Figures B, D and F were generated by Discovery Studio 2016 Client

software.

Top-ranked hBChE inhibitor 4u and reference BBR were selected to inspect structural
topology of these two ligands in hBChE active site (Fig. 3). BBR (Fig. 3 A, B) is settled in the
vicinity of catalytic triad residues (Ser198, Glu197 and His438) displaying m-m interaction
between His438 and ring A of BBR. Moreover, there is a strong n-it stacking with Trp82 from
CAS and other aromatic regions of BBR. Other crucial interaction can be classified as either
hydrogen bonding between methoxy oxygen and GIn119, or hydrophobic contacts with
aliphatic amino acids like Asp70, Thr120, Ser198 and Ser287, as well as aromatic residue
Phe329. It is well known, that BChE active site is larger in comparison with AChE and thus
can accommodate bulkier substrates [64]. Bearing this in mind, such knowledge pave the
way for 4u bearing bulky (naphthalen-2-yl)methylene moiety. Indeed, 4u revealed
completely different pose to BBR in hBChE active site (Fig. 3 C, D). This accounts for parallel
-1t stacking between Trp82 (3.8 - 4.0 A) and (naphthalen-2-yl)methylene unit, engagement
of Tyr332 by m-m interaction with C and D aromatic rings from BBR core, anion-mt attractive
forces with Asp70, and also hydrogen bond formation with hydroxyl group from Ser287.
Thus, all these findings justify our design considerations and rationalize our findings from in

vitro.
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Figure 3. Docking of BBR (A, B) and 4u to the active site of hBChE (PDB ID: 4BDS) [62]. Generally to A

Glu197\\

and C: BBR and 4u are shown in green and purple, respectively. Important amino acid residues are highlighted
in dark blue, catalytic triad residues in yellow. Apparent ligand-enzyme interactions are shown as dashed lines,
distance is measured in A. The rest of the enzyme is displayed as grey transparent cartoon. Figures A and C
were created with the PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC. 2D figures (B and D)
highlights the interaction of different nature between each ligand and specific amino acid residues. Figures B

and D were generated by Discovery Studio 2016 Client software.

BBR and 4d as the highlighted POP inhibitor were further subjected to molecular
docking studies to reveal their arrangement in POP active site (Fig. 4). The active site of
human POP, defined by a catalytic triad, is composed of the amino acid residues Ser554,
His680 and Asp641, and is located at the interface of the two domains in the cavity gorge
[65]. The active site may be further divided into three regions, named as S1, S2 and S3. The
S1 site of the protein is narrow and can accommodate proline like moieties and the
nucleophilic appendages attached to proline like rings. This substitution is known to enhance
the activity of inhibitors because it enables interaction with Ser554. The S2 site with Asp641
favors positive charge whereas the third site S3 is flanked with amino acids like Phel73,
Met235, Cys255, 11e591, and Ala594 therefore hydrophobic groups as a part of bulky ligands

can be lodged there [66]. BBR (Fig. 4 A, B) is located in the vicinity of catalytic triad displaying



ni-1t contact with His680 and van der Waals attractive forces with Ser554. Ring A is implicated
in the classical m-m stacking with Phe476 (4.8 A) and Trp595 (4.3 A). Cys255 play an
important role in ligand placement by showing n-sulfur and m-alkyl interactions with C and D
rings, respectively. 10-Methoxy moiety is anchored by hydrogen bonds to Arg252 (2.1 and
2.3 A). The most remarkable finding is that positively charged nitrogen of BBR exerted
unfavorable positive-positive interaction with Arg643 which is presumably responsible for its
relatively low inhibitory potency observed in vitro. On the contrary, 4d is placed outside the
catalytic triad contacting only Ser554 by van der Waals forces (Fig. 4 C, D). 4-Methylbenzyl
attachment revealed several hydrophobic contacts to Cys255, Trp595 and Phe476.
Interestingly, another Arg residue, namely Arg643 displayed hydrogen bond with 10-
methoxy group. This trend was also observed for BBR (Fig. 4 A, B) with Arg252. Phel73 can
be highlighted as the key-mediator residue in 4d-POP complex orchestrating the topology of
BBR core scaffold by anchoring it to A, C and D aromatic regions. Notably, unfavorable
interaction between 4d and Arg643 is missing. Taken also into account all the

aforementioned, these interactions can be mostly responsible for high POP potency of 4d.
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Figure 4. Docking of BBR (A, B) and 4d to the active site of human POP (PDB ID: 3DDU) [63]. Generally

to A and C: BBR and 4d are shown in green and grey, respectively. Important amino acid residues are



highlighted in dark blue, catalytic triad residues in yellow. Apparent ligand-enzyme interactions are shown as
dashed lines, distance is measured in A. The rest of the enzyme is displayed as grey transparent cartoon.
Figures A and C were created with the PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC. 2D
figures (B and D) highlights the interaction of different nature between each ligand and specific amino acid

residues. Figures B and D were generated by Discovery Studio 2016 Client software.

3.6 Quantitative structure-activity relationship (QSAR) analyses

QSAR analyses were performed on PM3 geometrically optimized structures of 4a - 4v
in Schrodinger 2020-1 employing its tools for chemoinformatics and machine learning. The
first investigated, deep chemistry convolutional neural network QSAR modeling (DC-CNN
QSAR) based on processing molecular graphs by TensorFlow/Keras libraries, unfortunately,
provided no statistically significant SAR when the input dataset of 22 compounds was
randomly split into training and test sets in 75:25 ratio. The low predictivity of DC-CNN QSAR
models, in terms of negative cross-validated coefficients of determination Q’ for the
prediction in the test set, was mainly caused by the insufficient size of the dataset. No
significant improvement was achieved by the Atom-based QSAR analyses. Better results
were achieved by the AutoQSAR function, which applied a kernel partial least regression
(kPLS) on a set of various molecular descriptors utilizing an algorithm for selecting optimal
molecular descriptor subsets. As in the kPLS all the input variables are projected in
reproducing kernel Hilbert space by a Gaussian transform (Eqg. 1), kPLS is able to recognize

nonlinear features in the data.

Kij=e U (Equation 1)

The kernel function Kj; replaces the scalar products of X matrix of molecular
descriptors in the PLS algorithm, taking d; argument as Euclidian distance between
descriptors i and j. The nonlinearity of the kernel is additionally modulated by the parameter
ojj.

The AutoQSAR program automatically tested hundreds of models and various setting
and selected the best scoring ones. In the final kPLS QSAR models, only one latent factor was
used. The best statistical kPLS QSAR models for the values of log ICso (POP), log ICso (hAChE),
and log ICsq (hBChE) are briefly described in Table 2.

Table 2. Statistical overview of kPLS QSAR models found for the studied compounds.



2
Target R*? s.D." RMSE © Q¢ Q4(MW)®

POP 0.7160 0.1170 0.1015 0.7425 -0.0387
hAChE 0.8460 0.1841 0.1053 0.8801 0.5204
hBChE 0.7738 0.1390 0.1358 0.5440 0.3535

® Coefficient of determination for the training set (training and test samples were divided randomly in 75:25
ratio); ® standard deviation of prediction for the training set; © root-mean-square error for the test set
prediction; 4 coefficient of determination for the test set prediction; ® coefficient of determination for the test
set prediction if only molecular weight is used as a predictor (the above statistical criteria definitions were

adopted from the Schrédinger manual).

According to the statistical criteria given in Table 2, all three QSAR models are statistically
significant and can be used for representing the biological properties of the studied
compounds. Thanks to the incorporation of fingerprints in the matrix of molecular
descriptors, the most influencing atoms in the structures can be determined by pseudo-beta
coefficient analysis. Structural features that likely improve or deteriorate the biological

activity of the studied targets are outlined in Fig. 5.

Activity weakening Activity enhancement

min ] min

4d 4v
IC50(POP) = 10.7 uM IC50(hAChE) = 0.79 uM IC50(hBChE) = 1.26 uM

max max

4b 4d 4c
IC50(POP) = 79.1 uM IC50(hAChE) = 75.8 uM IC50(hBChE) = 21.5 uM

Figure 5. Analysis of kPLS QSAR models with respect to molecular fingerprint contributions. Molecular
features with a positive effect on 1C5y are colored in blue, features with a detrimental impact on I1Cs, (e.g.

lowering its value) are colored in red shadows.



From the analysis of fingerprint contributions in kPLS QSAR models (Fig. 5), it is obvious that
there are only subtle structural differences controlling whether a substructure weakens or
enhances the biological activity. For instance, the change of methyl group position from para
to meta switches the impact of the methylbenzyloxy function on the biological activity
against hAChE dramatically. Noteworthy, the same structural feature that weakens the
biological activity against hAChE (4d) induces substantial enhancement of the biological
activity against POP. More details on fingerprint contributions can be found in
Supplementary Information (S2-S4). In general, it would be very challenging to intuitively
design improved inhibitors of POP and hAChE/hBChE in such variable structure-activity
space, but the developed kPLS QSAR models could serve in this case to predict the biological
activity by ligand-based virtual screening with satisfying ability.
3.7 Cytotoxicity

The effect on cell proliferation of BBR derivatives using the Chinese hamster ovary cell
line (CHO-K1) is presented in Table 3 [67]. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide) assay was applied to reveal the cytotoxic effect [68]. It is evident that
aryl substitution of BBR scaffold at 9-O- noticeably affected cytotoxicity resulting in higher
toxic species. This trend nicely correlates with lipophilicity increment defined by calculated
logP values (Table 3). Accordingly, 40 as the most lipophilic BBR derivative containing
3,4-dichlorobenzyl moiety is the most toxic species from the subset. The position of each
specific substituent does not play any significant role, i.e. no cytotoxicity differences were
observed within small subsets like 4b-4d (methyl substitution), 4g-4i (bromine attachment),
and 4r with 4t (methoxy derivatives). Unsubstituted derivative (4a), or analogues containing
methyl (4b-4d) or polar groups (4p, methyl ester; 4q, cyano group) displayed higher cell
viability, i.e. lower cytotoxicity profile. Derivative 4q was the least toxic in the family of

newly developed BBR with ICso value lying in the same range as BBR.

Table 3. Cytotoxic potential of BBR and novel derivatives 4a-4v determined using CHO-K1 cell lines.

Compounds CHO-K1 cell line clogP ¢
MTT ICso £ SEM (uM) ?
berberine 336+ 87 -1.28
4a 55+19 0.44
4b 58+1 0.95
4c 55+8 0.95
4d 43+5 0.95

4e 17+3 1.69



af 231 1.47

ag 48 £ 9 1.21
4h 32+8 1.21
4i 26+7 1.21
4j n.d.” 0.38
ak 43 +6 1.07
al 306 0.38
4m 30+2 1.05
4n 13+1 1.05
40 9+2 1.65
ap 50+6 0.44
4q 292 +37 0.30
ar 46+ 1 0.28
4s 21+4 1.32
at 42+3 0.28
4u 14+2 1.43
av 42+ 4 0.86

“Results are expressed as the mean of at least three experiments; ® Not determined; low solubility profile; ©

calculated partition coefficient (clogP) between n-octanol and water using MarvinSketch software v. 17.17.0
3.8 Invitro antioxidant properties

To investigate the radical scavenging properties of berberine derivatives (4a-4v)
1,1-diphenyl-2-picryl-hydrazyl (DPPH) assay was used (Table 4) [69]. The ECsy values of
standards of trolox, N-acetylcysteine, and BBR were compared with published results [70-
73]. Demethylation in position 9- yielding to berberrubine (2) with free phenolic group
enabled a remarkable increase in antioxidant activity (ECso = 87 £ 6.7 uM) [70]. For the novel
derivatives, only compounds 4a-4f possessed higher antioxidant capacity compared to BBR
with top-ranked derivative 4f (ECso=990 uM). It can be deduced that slight activity
improvement is associated with small aliphatic substituents (mostly methyl groups), not
depending on their exact position within the attached aryl moiety. These results are,
however, still far from the concentration scale found for trolox or N-acetylcysteine (ECso = 16
and 28 uM, respectively). Antioxidant activity of novel BBR derivatives can thus be regarded

as improbable.
Table 4. Antioxidant properties of reference compounds (Trolox and N-acetylcysteine), BBR and novel

derivatives 4a-4v established by DPPH assay.

Compounds DPPH assay ECs5o
SEM (M) @
4a 1,900 + 80
4b 1,200 + 35

4c 1,200 + 50



4d 1,900 + 47

4e 1,300 £ 110
af 990 + 31
4g > 6,000
4h 2,200 £ 260
4i > 6,000
4j 5,000 = 390
a4k > 6,000
4] 5,600 = 280
4dm 5,400 + 270
4n 5,200 + 180
40 > 6,000
4p 5,300 = 250
4q > 6,000
4r 5,300 £ 270
4s 5,300 + 210
4t > 6,000
4u > 6,000
4v 5,600 = 200
berberine 5,500 + 310
trolox 16.2+0.4
N-acetylcysteine 279+1.8

“Results are expressed as the mean of at least three experiments

3.9 Inhibition of amyloid-p aggregation

AB is an intrinsically disordered protein forming insoluble extracellular deposits
[74,75]. Accumulation of amyloid fibrils and their association with other macromolecules
generate amyloid plaques [4]. AB overproduction and its decreased clearance are
responsible for neuroinflammation response, neurodegeneration due to oxidative processes,
disbalance in ion homeostasis, all leading to neuronal dysfunction and death [76]. Since BBR
is capable to reduce levels of AB [34,77], we determined anti-amyloid profile of the most
perspective berberine derivatives 4d, 4u and 4v. Doxycycline was selected as a reference
compound known for anti-amyloidogenic property [78]. At 50 um concentration, all the
tested derivatives revealed high AB1.4, inhibition activity compared to BBR, ranging between

82 to 97% (Table 5). The most efficient one was derivative 4u.

Table 5. Inhibition of AB,.4, aggregation by the tested compounds at 50 UM concentration.

Compound Inhibition of AB,.4; aggregates *SEM (%) °

BBR 70.5+6.0
4d 82.6+1.2
4u 97.2+3.4



4v 86.7+4.5

doxycycline ~ 100

?Inhibition ability of the compound to block AB;.4,, was measured in 1:1 ratio (compound: AB;.4,) at 50 pM. The

results are the mean of three independent measurements each performed in duplicates.

3.10 Inhibition of tau protein self-aggregation

Tau (1) tau phosphorylation is considered to be a major player in pathogenesis of AD.
Abnormally hyperphosphorylated t generates neurofibrillary tangles, which contain paired
helical filaments [79]. A wealth of evidence proved that t lesions correlate well with the
severity of dementia [80]. BBR is known to experimentally ameliorate hyperphosphorylation
of 1, and reducing cognitive impairment simultaneously [35]. Building on that fact, 4d, 4u
and 4v were selected as possible inhibitors of 1306.336 peptide aggregation. Results from Table
6 demonstrate that all the compounds are potent inhibitors of T aggregation ranging from
31.9 t0 62.0%. 4u yielded the best even surpassing reference compound doxycycline (39.6%)
inhibitory activity (Fig. 6).

Table 6. Inhibition activity of novel berberine derivatives 4d, 4u and 4v on Tt self-aggregation. BBR and

doxycycline were used as positive references.

Compound Inhibition of t306.336 peptide self-aggregation + SEM (%)°

BBR 25.0+4.6
4d 31.9+3.6
4u 62.0+4.9
4v 38.3+2.4
doxycycline 39.6+0.5

% Inhibition of Tsge.33¢ self-aggregation was measured in 1:1 ratio (compound:Tsge.33¢) at 25 pM. The

results are the mean of at three independent measurements each performed in duplicates.
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Figure 6. Thioflavin (ThT) was selected as fluorescent dye to visualize inhibitory activity of novel BBR

derivatives, BBR and doxycycline as reference compound.

3.11 Invitro blood-brain barrier permeation

Penetration across the blood-brain barrier (BBB) is an essential property for
compounds targeting the CNS. To predict BBB penetration of chosen BBR derivatives,
parallel artificial membrane permeation assay (PAMPA) was applied (Table 7) [81,82]. For
the estimation of prediction of BBB penetration via passive diffusion, we have selected
analogues with balanced POP and ChE inhibition properties, i.e. 4a, 4g, 4j, 4l, and 4s and 4u
as non-selective ChE inhibitor with highest BChE inhibition profile, top-ranked POP inhibitor
4d, and also the most potent AChE inhibitor 4v. We also measured other drugs serving either
as positive or negative controls, for which CNS availability is known and also reported using
the PAMPA assay (Table 7) [81,82]. According to our methodology using porcine lipid bilayer
only the analogue 4t was predicted to be capable of entering the brain via passive diffusion.
The other analogues, as well as BBR, failed to show such properties. Such findings can be
explained by the presence of permanently charged nitrogen impeding hydrophobic
interactions between BBR analogues with the barrier yielding no or very low permeability by
passive diffusion. Results obtain herein should be taken with precaution since some other
studies displayed that BBR itself is the centrally active drug that can accumulate in

hippocampus to provide a neuroprotective effect after intravenous administration in rat



[83]. Since PAMPA is considered as a powerful screening tool in early drug discovery, it is
however hampered by several limitations i) not taking into account the phospholipid bilayer
difference (porcine vs. human), ii) omitting active transport systems, and iii) excluding

paracellular transport route which is typical for some small hydrophobic compounds [84].

Table 7. Estimation of BBB permeation of BBR, its derivatives and reference compounds

Compound Pe + SEM (*10° cm s)° Prediction of BBB penetration”
BBR 0.2+0.02 CNS -
4a 0.4 +0.06 CNS -
4d 0.8 £0.06 CNS -
ag 0.6+0.2 CNS -
4j 1.4+0.4 CNS -
4| 1.2+0.04 CNS -
4s 0.8 +£0.04 CNS -
4t 48+1.4 CNS +
4u 0.8+0.4 CNS -
4v 04+0.1 CNS -
cefuroxime 0.3+0.09 CNS —
furosemide 0.1+0.003 CNS -

piroxicam 25+0.4 CNS +/—

donepezil 9.8+0.4 CNS +
rivastigmine 12.6+3.0 CNS +
tacrine 6.0+ 0.6 CNS +

“Results are expressed as the mean of at least three experiments; P CNS +: high BBB permeation predicted with
Pe (10° cm.s™) > 4.0, CNS -: low BBB permeation predicted with Pe (10° cm.s™) < 2.0, CNS +/-: BBB permeation

uncertain with Pe (10° cm.s™) from 4.0 to 2.0.

4 CONCLUSION

Phytochemicals represent an indispensable source in drug discovery serving as useful
templates. This is especially important when pursuing neurodegenerative disorders like AD.
BBR is one such successful example of alkaloid with a very low toxicity profile that has been
validated in 77 clinical trials in different areas so far [85]. Being inspired by the success of
BBR itself, we inspected the pharmacological profile of 22 novel BBR derivatives being both
ChE and POP inhibitors. When designing multi-target drugs, the current challenge is to

implement the same degree of modulation for each target [86]. Generally, almost all the



compounds were more profound inhibitors compared to parent BBR. Achieving a balanced
activity towards the aforementioned targets is somehow coined to the structures of 4a, 4g,
4j, 41, and 4s, all being one-to-two digit micromolar inhibitors of the respective enzymes. For
the specific targets, 4d, 4v, and 4u can be highlighted as the most pronounced POP, AChE
and BChE inhibitors, respectively. Molecular modeling studies between selected ligands and
POP, AChE and BChE, respectively, revealed determinants responsible for the improved
biological profile compared to BBR and justified 9-O aryl substitution. Data for the
cytotoxicity clearly correlated well with the overall lipophilicity increment of each
substituent with derivatives bearing polar groups like cyano (4q) being the least toxic. The
antioxidant profile is presumably associated with the presence of a free phenolic group like
in berberrubine (2). Having said that, novel compounds reported herein revealed only
marginal antioxidant properties, which may be regarded as improbable at physiological
conditions. We also discussed the central availability of BBR derivatives in PAMPA assay
where one derivative (4t) displayed a possibility to be transported into the brain by passive
diffusion. However, direct proof-of-concept by performing in vivo animal studies is
undoubtedly required given the fact that BBR itself that failed in our test, is known to act
centrally. Encouraging results of 4d, 4u and 4v as possible cognitive enhancers prompted us
to validate their disease-modifying properties. All three derivatives showed remarkable
results highlighting 4u. Consistently, 4u outperformed BBR and acted similarly or even better
compared to doxycycline when challenged to ABi.4; and T3ge.336. TO conclude, we believe that
this study may broaden the current knowledge in the development of novel multi-potent
therapeutics derived from BBR with potential implications in neurodegenerative disorders
like AD.
5 EXPERIMENTAL SECTION
5.1 General Chemical Methods

All of the chemical reagents used were purchased from Sigma-Aldrich (Czech Republic).
Solvents for synthesis were obtained from Penta Chemicals Co (Czech Republic). The course
of the reactions was monitored by thin-layer chromatography (TLC) on aluminum plates pre-
coated with silica gel 60 Fys4 (Merck, Czech Republic) and then visualized by UV at 254 nm
wavelength. Melting points were determined on a microheating stage PHMK 05 (VEB
Kombinant Nagema, Radebeul, Germany) and are uncorrected. Uncalibrated purity was

ascertained by LC-UV using a reverse phase C18 chromatographic column. All of the



biologically tested compounds exhibited purity 96-99% at a wavelength 254 nm. NMR
spectra of target compounds were recorded on a Varian Mercury VX BB 300 (operating at
300 MHz for *H and 75 MHz for *3C) or on a Varian S500 spectrometer (operating at 500 MHz
for 'H and 126 MHz for *C; Varian Comp. Palo Alto, CA). Chemical shifts are reported in
parts per million (ppm). Spin multiplicities are given as s (singlet), bs (broad singlet), d
(doublet), dd (doublet of doublets), t (triplet), g (quartet), or m (multiplet). The coupling
constants (J) are reported in hertz (Hz). All the 'H and *C NMR spectra are listed in
Supplementary Information. High-resolution mass spectra (HRMS) were determined by a Q
Exactive Plus hybrid quadrupole-orbitrap spectrometer.
5.1.1 Synthesis of berberrubine
The synthesis of berberrubine was carried out according to literature method [87]. Berberine
chloride (5g, 0.01 M) was placed into the round bottom flask and heated at 205 °C in a
vacuum under reduced pressure (15 mbar) for 2 hours turning yellow BBR to dark red
berberrubine with no need of further purification. Spectral data were in agreement with
literature [45].
5.1.2 General procedure for the synthesis of 9-O-aryl-berberine bromides (4a-4v)
Berberrubine (0.5 g, 1.4 mM) and potassium carbonate (0.97 g, 2.1 mM) were treated
with anhydrous MeCN (30 mL) at 80 °C for 30 min. Subsequently, the appropriate rate of
arylmethylene bromide (1.5eq) was added. The reaction mixture was refluxed at 80 °C for
1h. After filtration and washing with MeCN (50 mL) and MeOH (50 mL), solid residues were
purified via column chromatography was used for purification using CHsCl/MeOH (5:1, v/v)
as eluent. Reagent 3b had to be dissolved in 15 mL THF first because of its low solubility in
MeCN following the aforementioned synthetic pathway.
5.1.2.1 9-0-benzylberberine bromide (4a)
Yield 34%; mp 181-184 °C; *H NMR (300 MHz, DMSO-dg): 6 9.74 (s, 1H), 8.93 (s, 1H), 8.19 (d,
J=9.1Hz, 1H), 7.99 (d, J = 9.1 Hz, 1H), 7.76 (s, 1H), 7.63 — 7.56 (m, 2H), 7.45 — 7.38 (m, 1H),
7.38 — 7.31 (m, 2H), 7.07 (s, 1H), 6.16 (s, 2H), 5.35 (s, 2H), 4.92 (t, J = 6.3 Hz, 2H), 4.07 (s, 3H),
3.18 (t, J = 6.3 Hz, 2H). B¢ NMR (75 MHz, DMSO-dg): 6 150.9, 150.0, 147.9, 145.5, 142.1,
137.6, 136.6, 133.1, 130.8, 129.0, 128.6, 128.5, 126.7, 123.9, 122.0, 120.6, 120.4, 108.6,
105.6, 102.3, 75.5, 57.2, 55.5, 26.5. HRMS [M+H]": 412.1542 (calculated for: [CogH2,NO4]*
412.1543)



5.1.2.2 9-0-(3-methylbenzyl)berberine bromide (4b)

Yield 46%; >300 °C decomposition; 'H NMR (500 MHz, DMSO-ds): 6 9.74 (s, 1H), 9.00 (s, 1H),
8.20 (d, J = 8.9 Hz, 1H), 8.03 (d, J = 8.9 Hz, 1H), 7.79 (s, 1H), 7.43 (s, 1H), 7.35 (d, J = 7.5 Hz,
1H), 7.25 (t, J = 7.5 Hz, 1H), 7.14 (d, J = 7.5 Hz, 1H), 7.07 (s, 1H), 6.15 (s, 2H), 5.29 (s, 2H), 4.92
(t,J = 6.4 Hz, 2H), 4.07 (s, 3H), 3.18 (t, J = 6.4 Hz, 2H), 2.31 (s, 3H). **C NMR (126 MHz, DMSO-
de): 6 150.9, 149.9, 147.8, 145.5, 142.2, 137.7, 137.4, 136.5, 133.1, 130.8, 129.6, 129.1,
128.4, 126.7, 126.1, 124.0, 122.0, 120.6, 120.4, 108.6, 105.7, 102.2, 75.6, 57.3, 55.5, 26.5,
21.1. HRMS [M+H]": 426.1697 (calculated for: [Co7H24NO4]* 426.1700)

5.1.2.3 9-0-(2-methylbenzyl)berberine bromide (4c)

Yield 48%; mp 199-202 °C; "H NMR (300 MHz, DMSO-dj): & 9.59 (s, 1H), 9.03 — 9.01 (m, 1H),
8.22 (d, J = 8.9 Hz, 1H), 8.06 (d, J = 8.9 Hz, 1H), 7.80 (s, 1H), 7.58 (d, J = 7.1 Hz, 1H), 7.26 —
7.18 (m, 3H), 7.07 (s, 1H), 6.15 (s, 2H), 5.34 (s, 2H), 4.88 (m, 2H), 4.04 (s, 3H), 3.18 — 3.14 (m,
2H), 2.43 (t, 3H). **C NMR (75 MHz, DMSO-dg): 6 151.1, 150.0, 147.8, 145.4, 142.4, 137.5,
137.0, 134.9, 133.2, 130.8, 130.3, 129.7, 128.6, 126.7, 126.0, 124.1, 121.9, 120.6, 120.5,
108.6, 105.7, 102.3, 73.7, 57.2, 55.7, 26.5, 18.8. HRMS [M+H]": 426.1697 (calculated for:
[Co7H24NO4]" 426.1700)

5.1.2.4 9-0-(4-methylbenzyl)berberine bromide (4d)

Yield 86%; mp 216-218 °C; *H NMR (500 MHz, DMSO-dg): 6 9.71 (s, 1H), 8.95 (s, 1H), 8.18 (d,
J=9.1Hz, 1H), 7.99 (d, J = 9.1 Hz, 1H), 7.77 (s, 1H), 7.46 (d, J = 7.5 Hz, 2H), 7.18 (d, J = 7.5 Hz,
2H), 7.07 (s, 1H), 6.15 (s, 2H), 5.30 (s, 2H), 4.91 (t, J = 6.4 Hz, 2H), 4.06 (d, J = 8.7 Hz, 3H), 3.18
(t, J = 6.4 Hz, 2H), 2.28 (s, 3H); *C NMR (126 MHz, DMSO-d¢): & 150.9, 150.0, 147.8, 145.5,
142.2, 137.9, 137.5, 133.6, 133.1, 130.8, 129.2, 129.0, 126.7, 123.8, 122.0, 120.6, 120.4,
108.6, 105.6, 102.2, 75.4, 57.2, 55.5, 26.5, 21.0. HRMS [M+H]": 426.1697 (calculated for:
[C7H24NO4]" 426.1700)

5.1.2.5 9-0-(4-isopropylbenzyl)berberine bromide (4e)

Yield 65%; mp 207-209 °C; *H NMR (500 MHz, DMSO-de): & 9.70 (s, 1H), 8.93 (s, 1H), 8.20 (d,
J=9.1Hz, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.78 (s, 1H), 7.49 (d, J = 7.7 Hz, 2H), 7.26 (d, J = 7.7 Hz,
2H), 7.08 (s, 1H), 6.16 (s, 2H), 5.29 (s, 2H), 4.90 (t, J = 6.5 Hz, 2H), 4.07 (s, 3H), 3.18 (t, J = 6.5
Hz, 2H), 2.88 (dt, J = 14.7, 7.4 Hz, 1H), 1.17 (d, J = 7.1 Hz, 6H). 3C NMR (126 MHz, DMSO-dg):



6 150.9, 150.0, 148.9, 147.9, 145.5, 142.3, 137.5, 134.1, 133.1, 130.8, 129.2, 126.8, 126.4,
123.9, 122.0, 120.6, 120.4, 108.6, 105.6, 102.3, 75.5, 57.3, 55.5, 33.4, 26.5, 24.0. HRMS
[M+H]": 454.2012 (calculated for: [CogH2sNO4]" 454.2013)

5.1.2.6 9-0-(3,5-dimethylbenzyl)berberine bromide (4f)

Yield 54%; mp 199-202 °C; 'H NMR (500 MHz, DMSO-dg): & 9.71 (s, 1H), 8.94 (s, 1H), 8.20 (d,
J=9.0 Hz, 1H), 8.01 (d, J = 9.0 Hz, 1H), 7.77 (s, 1H), 7.18 (s, 2H), 7.07 (s, 1H), 6.97 (s, 1H), 6.16
(s, 2H), 5.24 (s, 2H), 4.92 (t, 2H), 4.08 (s, 3H), 3.18 (t, J = 6.2 Hz, 2H), 2.27 (s, 6H). *C NMR
(126 MHz, DMSO-dg): 6 151.0, 150.0, 147.9, 145.5, 142.3, 137.6, 137.5, 136.5, 133.1, 130.8,
129.9, 126.7, 124.0, 122.0, 120.6, 120.4, 108.6, 105.6, 102.3, 75.7, 57.2, 55.5, 26.6, 21.1.
HRMS [M+H]": 440.1855 (calculated for: [C,sH26NO4]+ 440.1856)

5.1.2.7 9-0-(4-brombenzyl)berberine bromide (4g)

Yield 7%; mp 222-224 °C; *H NMR (500 MHz, DMSO-dg): & 9.79 (s, 1H), 8.94 (s, 1H), 8.18 (d, J
= 9.1 Hz, 1H), 8.00 (d, J = 9.1 Hz, 1H), 7.76 (s, 1H), 7.61 — 7.55 (m, 4H), 7.07 (s, 1H), 6.15 (s,
2H), 5.32 (s, 2H), 4.94 (t, J = 6.2 Hz, 2H), 4.06 (s, 3H), 3.19 (t, J = 6.2 Hz, 2H). **C NMR (126
MHz, DMSO-dg): 6 150.7, 150.0, 147.8, 145.5, 142.0, 137.6, 136.1, 133.1, 131.5, 131.1, 131.0,
130.8, 128.7, 126.6, 124.0, 121.8, 121.7, 120.6, 120.4, 108.6, 105.6, 102.3, 74.6, 57.2, 55.5,
26.5. HRMS [M+H]*: 490.0650 (calculated for: [C26H21BrNO,4]* 490.0648)

5.1.2.8 9-0-(3-brombenzyl)berberine bromide (4h)

Yield 58%; mp 205-208 °C; 'H NMR (500 MHz, DMSO-dq): & 9.83 (s, 1H), 8.94 (s, 1H), 8.19 (d,
J=9.1Hz, 1H), 8.01 (d, J = 9.1 Hz, 1H), 7.85 (t, J = 1.8 Hz, 1H), 7.76 (s, 1H), 7.59 (d, J = 7.6 Hz,
1H), 7.55 (dd, J = 7.9, 2.0 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.07 (s, 1H), 6.16 (s, 2H), 5.32 (s,
2H), 4.94 (t, J = 6.3 Hz, 2H), 4.06 (s, 3H), 3.19 (t, J = 6.3 Hz, 2H). **C NMR (126 MHz, DMSO-
de): 6 150.9, 150.0, 147.8, 145.5, 141.9, 139.4, 137.6, 133.1, 131.4, 131.3, 130.8, 130.8,
127.8, 126.6, 124.2, 121.9, 121.7, 120.6, 120.4, 108.6, 105.6, 102.3, 74.5, 57.2, 55.5, 26.5.
HRMS [M+H]*: 490.0649 (calculated for: [CasH,1BrNO,4]* 490.0648)

5.1.2.9 9-0-(2-brombenzyl)berberine bromide (4i)
Yield 50%; mp 194-197 °C; *H NMR (500 MHz, DMSO-dg): 6 9.83 (s, 1H), 8.94 (s, 1H), 8.20 (d,
J=9.2 Hz, 1H), 8.01 (d, / = 9.2 Hz, 1H), 7.85 (t, J/ = 1.8 Hz, 1H), 7.77 (s, 1H), 7.61 — 7.58 (m,



1H), 7.58 = 7.54 (m, 1H), 7.37 (t, J = 7.8 Hz, 1H), 7.07 (s, 1H), 6.16 (s, 2H), 5.32 (s, 2H), 4.94 (t,
J = 6.3 Hz, 2H), 4.06 (s, 3H), 3.20 (t, J = 6.3 Hz, 2H). *C NMR (126 MHz, DMSO-d): § 150.9,
150.0, 147.9, 145.5, 141.9, 139.4, 137.6, 133.1, 131.4, 131.3, 130.8, 130.8, 127.8, 126.6,
124.2, 121.9, 121.7, 120.6, 120.4, 108.6, 105.6, 102.3, 74.5, 57.2, 55.5, 26.5. HRMS [M+H]"
490.0637 (calculated for: [C6H21BrNO,4]* 490.0648)

5.1.2.10 9-0-(4-nitrobenzyl)berberine bromide (4j)

Yield 33%; mp 226-228 °C; 'H NMR (500 MHz, DMSO-dq): & 9.84 (s, 1H), 8.94 (s, 1H), 8.19 (d,
J=9.1Hz, 1H), 8.01 (d, J = 9.1 Hz, 1H), 7.87 — 7.84 (m, 1H), 7.76 (s, 1H), 7.62 — 7.53 (m, 2H),
7.37 (t, J = 7.8 Hz, 1H), 7.07 (s, 1H), 6.15 (s, 2H), 5.32 (s, 2H), 4.94 (t, J = 6.4 Hz, 2H), 4.06 (s,
3H), 3.19 (t, J = 6.4 Hz, 2H). *C NMR (126 MHz, DMSO-dg): 6 150.8, 150.0, 147.8, 145.5,
141.9, 139.4, 137.6, 133.1, 131.4, 131.3, 130.8, 130.7, 127.8, 126.6, 124.2, 121.9, 121.7,
120.5, 120.4, 108.6, 105.6, 102.3, 74.5, 57.2, 55.5, 26.5. HRMS [M+H]*: 457.1394 (calculated
for: [Ca6H21N,06]" 457.1394)

5.1.2.11 9-0-(4-methylthiobenzyl)berberine bromide (4k)

Yield 57%; mp 205-207 °C; *H NMR (500 MHz, DMSO-dg): & 9.73 (s, 1H), 8.94 (s, 1H), 8.20 (d,
J=9.2 Hz, 1H), 8.00 (d, J = 9.2 Hz, 1H), 7.78 (s, 1H), 7.55 — 7.51 (m, 2H), 7.28 — 7.24 (m, 2H),
7.08 (s, 1H), 6.17 (s, 2H), 5.32 (s, 2H), 4.92 (t, J = 6.4 Hz, 2H), 4.08 (s, 3H), 3.20 (t, J = 6.4 Hz,
2H), 2.46 (s, 3H). *C NMR (126 MHz, DMSO-d): & 150.8, 150.0, 147.8, 145.5, 142.1, 138.8,
137.5, 133.1, 133.0, 130.8, 129.8, 126.7, 125.7, 123.9, 122.0, 120.5, 120.4, 108.6, 105.6,
102.3, 75.1, 57.2, 56.2, 55.5, 26.5, 14.7. HRMS [M+H]": 458.1418 (calculated for:
[Co7H,aNO,S]" 458.1421)

5.1.2.12 9-0-(3-nitrobenzyl)berberine bromide (4l)

Yield 65%; mp 201-204 °C; *H NMR (500 MHz, DMSO-dg): 6 9.91 (s, 1H), 8.97 (s, 1H), 8.52 —
8.48 (m, 1H), 8.26 — 8.20 (m, 2H), 8.09 — 8.02 (m, 2H), 7.79 (s, 1H), 7.74 (t, J = 7.9 Hz, 1H),
7.09 (s, 1H), 6.17 (s, 2H), 5.48 (s, 2H), 4.95 (t, J = 6.4 Hz, 2H), 4.08 (s, 3H), 3.21 (t, J = 6.4 Hz,
2H). *C NMR (126 MHz, DMSO-dg): 6 150.8, 150.0, 147.9, 147.8, 145.5, 141.9, 139.1, 137.7,
135.1, 133.1, 130.8, 130.2, 126.6, 124.3, 123.3, 123.1, 121.8, 120.6, 120.4, 108.6, 105.6,
102.3, 74.2, 57.2, 55.5, 26.5. HRMS [M+H]": 457.1392 (calculated for: [CieH21N2Og]"
457.1394)



5.1.2.13 9-0-(3-chlorbenzyl)berberine bromide (4m)

Yield 47%; mp 205-207 °C; *H NMR (500 MHz, CDs0OD): & 9.63 (s, 1H), 8.70 (s, 1H), 8.15 (d, J =
9.1 Hz, 1H), 8.03 (d, J = 9.1 Hz, 1H), 7.66 (s, 1H), 7.65 — 7.62 (m, 1H), 7.48 — 7.43 (m, 1H), 7.39
—7.32 (m, 2H), 6.96 (s, 1H), 6.11 (s, 2H), 5.44 (s, 2H), 4.89 (t, J = 6.4 Hz, 2H), 4.15 (s, 3H), 3.24
(t, J = 6.4 Hz, 2H). *C NMR (126 MHz, CD;0D): § 151.0, 150.8, 148.5, 144.8, 138.9, 134.0,
133.7, 130.5, 129.8, 128.4, 128.2, 126.7, 126.3, 123.7, 122.4, 120.4, 120.2, 110.0, 108.0,
105.1, 102.3, 74.6, 56.2, 55.9, 48.4, 26.8. HRMS [M+H]": 446.1152 (calculated for:
[C26H21CINO4]" 446.1154)

5.1.2.14 9-0-(4-chlorbenzyl)berberine bromide (4n)

Yield 39%; mp 202-204 °C; *H NMR (500 MHz, DMSO-dg): 6 9.79 (s, 1H), 8.95 (s, 1H), 8.20 (d,
J=9.2 Hz, 1H), 8.01 (d, J = 9.2 Hz, 1H), 7.78 (s, 1H), 7.66 — 7.63 (m, 2H), 7.49 — 7.45 (m, 2H),
7.09 (s, 1H), 6.17 (s, 2H), 5.35 (s, 2H), 4.94 (t, J = 6.4 Hz, 2H), 3.33 (s, 3H), 3.20 (t, J = 6.4 Hz,
2H). B¢ NMR (126 MHz, DMSO-dg): 6 150.7, 150.0, 147.8, 145.5, 142.0, 137.6, 135.7, 133.1,
133.1, 130.8, 130.7, 128.5, 126.6, 124.0, 121.9, 120.5, 120.4, 108.6, 105.6, 102.3, 74.6, 57.2,
55.5, 48.7, 26.5. HRMS [M+H]": 446.1151 (calculated for: [C2gH21CINO,]* 446.1154)

5.1.2.15 9-0-(3,4-dichlorbenzyl)berberine bromide (40)

Yield 91%; mp 206-209 °C; 'H NMR (300 MHz, DMSO-dq): & 9.85 (s, 1H), 8.94 (s, 1H), 8.20 (d,
J=9.2 Hz, 1H), 8.01 (d, J = 9.2 Hz, 1H), 7.91 (d, J = 2.0 Hz, 1H), 7.77 (s, 1H), 7.69 (s, 1H), 7.63 —
7.55 (m, 1H), 7.07 (s, 1H), 6.16 (s, 2H), 5.32 (s, 2H), 4.93 (t, J = 6.4 Hz, 2H), 4.05 (s, 3H), 3.20
(t, J = 6.4 Hz, 2H). BC NMR (75 MHz, DMSO-dg): 6 150.8, 150.0, 147.9, 145.5, 141.8, 137.9,
137.7, 133.1, 131.2, 131.0, 130.9, 130.8, 130.6, 129.0, 126.6, 124.2, 121.8, 120.6, 120.4,
108.6, 105.6, 102.3, 73.9, 57.3, 55.5, 26.5. HRMS [M+H]": 480.0761 (calculated for:
[C26H20C1,NO4]* 480.0764

5.1.2.16 9-0-(4-methyloxykarbonyl)berberine bromide (4p)

Yield 59%; mp 203-205 °C; *H NMR (500 MHz, DMSO-dg): & 9.83 (s, 1H), 8.96 (s, 1H), 8.21 (d,
J=9.1Hz, 1H), 8.02 (d, J = 8.7 Hz, 2H), 8.00 (d, J = 1.7 Hz, 1H), 7.79 (s, 1H), 7.76 (d, J = 8.0 Hz,
2H), 7.09 (s, 1H), 6.17 (s, 2H), 5.44 (s, 2H), 4.95 (t, J = 6.3 Hz, 2H), 4.07 (s, 3H), 3.86 (s, 3H),
3.20 (t, J = 6.3 Hz, 2H). 3¢ NMR (126 MHz, DMSO-dg): 6 166.1, 150.7, 150.0, 147.8, 145.5,



142.2, 142.0, 137.6, 133.1, 130.8, 129.5, 1294, 128.6, 126.7, 124.1, 121.8, 120.6, 120.4,
108.6, 105.6, 102.3, 74.7, 57.2, 55.5, 52.4, 48.7, 26.5. HRMS [M+H]": 470.1599 (calculated
for: [C23H24N05]+ 4701598)

5.1.2.17 9-0-(4-kyanbenzyl)berberine bromide (4q)

Yield 62%; mp 204-206 °C; 'H NMR (500 MHz, DMSO-ds): & 9.84 (s, 1H), 8.96 (s, 1H), 8.22
(dd, J = 9.2, 1.5 Hz, 1H), 8.03 (d, J = 9.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 2H), 7.82 (d, J = 8.0 Hz,
2H), 7.80 (m, 1H), 7.09 (s, 1H), 6.17 (s, 2H), 5.44 (s, 2H), 4.94 (t, J = 6.3 Hz, 2H), 4.06 (s, 3H),
3.21 (t, J = 6.3 Hz, 2H). *C NMR (126 MHz, DMSO-d¢): 6 150.7, 150.0, 147.9, 145.5, 142.4,
141.9, 137.7, 133.1, 132.5, 130.9, 129.1, 126.7, 124.2, 121.7, 120.6, 120.4, 118.9, 111.1,
108.6, 105.6, 102.3, 74.4, 57.3, 55.5, 48.8, 26.5. HRMS [M+H]": 437.1495 (calculated for:
[C27H21N204]" 437.1496)

5.1.2.18 9-0-(3-methoxybenzyl)berberine bromide (4r)

Yield 48%; mp 184-187 °C; *H NMR (500 MHz, DMSO-de): & 9.79 (s, 1H), 8.94 (s, 1H), 8.20 (d,
J=9.1Hz, 1H), 8.01 (d, J = 9.1 Hz, 1H), 7.78 (s, 1H), 7.32 — 7.27 (m, 1H), 7.21 — 7.18 (m, 1H),
7.15—7.11 (m, 1H), 7.08 (s, 1H), 6.92 — 6.89 (m, 1H), 6.17 (s, 2H), 5.33 (s, 2H), 4.93 (t, J = 6.4
Hz, 2H), 4.09 (s, 3H), 3.77 (s, 3H), 3.19 (t, J = 6.4 Hz, 2H). **C NMR (126 MHz, DMSO-de): &
159.7, 151.1, 150.3, 148.1, 145.8, 142.4, 138.4, 137.8, 133.4, 131.1, 129.9, 127.0, 124.2,
122.3, 121.3, 120.9, 120.7, 114.6, 114.5, 108.9, 105.9, 102.6, 75.7, 57.5, 55.8, 55.6, 26.8.
HRMS [M+H]*: 442.1645 (calculated for: [Cy7H24NOs]* 442.1649)

5.1.2.19 9-0-(4-trifluormethylbenzyl)berberine bromide (4s)

Yield 62%; mp 206-209 °C; *H NMR (500 MHz, DMSO-dg): & 9.85 (s, 1H), 8.97 (s, 1H), 8.21 (d,
J=9.2 Hz, 1H), 8.03 (d, / = 9.2 Hz, 1H), 7.86 (d, J = 8.1 Hz, 2H), 7.81 (s, 1H), 7.79 (s, 2H), 7.09
(s, 1H), 6.17 (s, 2H), 5.45 (s, 2H), 4.95 (t, J = 6.4 Hz, 2H), 4.07 (s, 3H), 3.21 (t, J = 6.4 Hz, 2H).
B3¢ NMR (126 MHz, DMSO-dg): 6 151.0, 150.3, 148.1, 145.8, 142.3, 141.9, 137.9, 133.4,
131.1, 129.4, 127.0, 125.7, 125.7, 125.7, 125.7, 124.4, 122.0, 120.8, 120.7, 108.9, 105.9,
102.6, 74.8, 57.5, 55.8, 26.8. HRMS [M+H]": 480.1415 (calculated for: [Cy7H21F3NO4]"
480.1417)

5.1.2.20 9-0-(4-methoxybenzyl)berberine bromide (4t)



Yield 88%; mp 196-198 °C; 'H NMR (500 MHz, DMSO-dg): & 9.70 (s, 1H), 8.93 (s, 1H), 8.19 (d,
J=9.2 Hz, 1H), 7.99 (d, J = 9.2 Hz, 1H), 7.77 (s, 1H), 7.54 — 7.49 (m, 2H), 7.08 (s, 1H), 6.95 —
6.90 (m, 2H), 6.17 (s, 2H), 5.29 (s, 2H), 4.92 (t, J = 6.4 Hz, 2H), 4.09 (s, 3H), 3.74 (s, 3H), 3.19
(t, J = 6.4 Hz, 2H). *C NMR (126 MHz, DMSO-dq): & 159.6, 150.9, 150.0, 147.8, 145.5, 142.1,
137.4, 133.0, 130.9, 130.8, 128.5, 126.6, 123.8, 122.1, 120.5, 120.4, 113.8, 108.6, 105.6,
102.2, 75.2, 57.2, 55.5, 55.3, 26.5. HRMS [M+H]": 442.1646 (calculated for: [Co7H24NOs]*
442.1649)

5.1.2.21 9-0-(napht-2-yl)berberine bromide (4u)

Yield 55%; mp 212-214 °C; 'H NMR (500 MHz, DMSO-dq): & 9.82 (s, 1H), 8.93 (s, 1H), 8.22 (d,
J=9.2 Hz, 1H), 8.11 — 8.08 (m, 1H), 8.01 (d, J = 9.2 Hz, 1H), 7.98 — 7.91 (m, 3H), 7.80 — 7.76
(m, 2H), 7.56 — 7.51 (m, 2H), 7.08 (s, 1H), 6.17 (s, 2H), 5.53 (s, 2H), 4.92 (t, J = 6.4 Hz, 2H),
4.11 (s, 3H), 3.16 (t, J = 6.4 Hz, 2H). *C NMR (126 MHz, DMSO-dg): 6 150.9, 150.0, 147.8,
145.5, 142.2, 137.5, 134.2, 133.1, 132.9, 132.8, 130.8, 128.1, 128.1, 127.8, 127.7, 126.7,
126.7, 126.5, 126.5, 123.9, 122.0, 120.5, 120.4, 108.6, 105.6, 102.3, 75.6, 57.3, 55.5, 26.5.
HRMS [M+H]": 462.1697 (calculated for: [C3oH24NO4]" 462.1700)

5.1.2.22 rac-9-0-(a-methylbenzyl)berberine bromide (4v)

Yield 20%; mp 195-198 °C; *H NMR (500 MHz, DMSO-dg): & 9.74 (s, 1H), 8.90 (s, 1H), 8.13 (d,
J=9.1Hz, 1H), 7.92 (d, J = 9.1 Hz, 1H), 7.77 (s, 1H), 7.57 — 7.53 (m, 2H), 7.34 — 7.27 (m, 3H),
7.27 - 7.22 (m, 1H), 7.08 (s, 1H), 6.17 (s, 2H), 5.92 — 5.86 (m, 1H), 5.03 — 4.90 (m, 2H), 4.04 (s,
3H), 3.25 — 3.14 (m, 2H), 1.73 (d, J = 6.5 Hz, 3H). **C NMR (126 MHz, DMSO-dg): & 150.5,
150.0, 147.8, 145.4, 141.3, 141.1, 137.5, 133.0, 130.8, 128.4, 128.4, 127.2, 126.6, 123.4,
122.4, 120.6, 120.4, 108.6, 105.6, 102.3, 80.7, 57.1, 55.4, 26.5. HRMS [M+H]": 426.1697
(calculated for: [C27H24NO4]* 426.1700)

5.2 Inhibition of human AChE and BChE

The AChE and BChE inhibitory activities of the tested compounds were determined using a
modified Ellman’s method [52]. Human recombinant acetylcholinesterase (hAChE; EC
3.1.1.7), human plasmatic butyrylcholinesterase (hBChE; EC 3.1.1.8),
5,5-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent, DTNB), phosphate buffer (PB; 0.1M
KH,PO4/K;,HPO, buffer, pH 7.4), acetylthiocholine iodide (ATCh), and butyrylthiocholine



iodide (BTCh) were purchased from Sigma-Aldrich (Prague, Czech Republic). For measuring
purposes — polystyrene Nunc 96-well microplates with flat bottom shape (ThermoFisher

Scientific, USA) were utilized. All of the assays were carried out in. Enzyme solutions were

prepared at an activity 2.0 units-mL " in 2 mL aliquots. The assay medium (100 pL) consisted
of 40 uL of 0.1 M PB, 20 uL of 0.01 M DTNB, 10 uL of the enzyme, and 20 pL of 0.01 M
substrate (ATCh or BTCh iodide solution). Assayed solutions with inhibitors (10 uL, 103-10
° M) were preincubated with hAChE or hBChE for 5 min. The reaction was started by the
addition of 20 ulL of the substrate. The enzyme activity was determined by measuring the
increase in absorbance at 412 nm at 37°C in 2 min intervals using a Multimode microplate
reader Synergy 2 (Vermont, USA). Each concentration was assayed in triplicate. The obtained

data were used to compute the percentage of inhibition (/; Eq. 2):

| = [1— AR, ]x 100 [%] (Equation 2)
AA,

AA; indicates absorbance change provided by the cholinesterase exposed to AChE inhibitors.
AAq indicates absorbance change caused by the intact cholinesterase (phosphate buffer was
used instead of the AChE inhibitor solution). Inhibition potency of tested compounds was
expressed as the ICsg value (the concentration of inhibitor, which causes 50% cholinesterase
inhibition). All calculations were performed using Microsoft Excel software (Redmont, WA,
USA) and GraphPad Prism version 5.02 for Windows (GraphPad Software, San Diego, CA)

(www.graphpad.com).

5.3 Prolyl oligopeptidase inhibition

Recombinant POP was purchased from Sigma-Aldrich (Prague, Czech Republic). POP was
dissolved in phosphate buffered saline (PBS; 0.01 M Na/K phosphate buffer, pH 7.4,
containing 137 mM NaCl and 2.7 mM KCl); the specific activity of the enzyme was 0.2 U/mL.
The assays were performed in standard polystyrene 96-well microplates with a flat and clear
bottom. Stock solutions of tested compounds were prepared in DMSO (10 mM). Dilutions
(10°M - 107 M) were prepared from the stock solution with deionized H,0; the control was
performed with the same DMSO concentration. POP substrate, (Z)-Gly-Pro-p-nitroanilide,
was dissolved in 50% 1,4-dioxane (5 mM). For each reaction, PBS (170 uL), tested compound
(5uL), and POP (5uL) were incubated for 5 min at 37°C. Then, the substrate (20 pL) was

added and the microplate was incubated for 30 min at 37°C. The formation of p-nitroanilide,


http://www.graphpad.com/

directly proportional to the POP activity, was measured spectrophotometrically at 405 nm
using a Multimode microplate reader Synergy 2 (Vermont, USA). Inhibition potency of the
tested compounds was expressed as ICsq value (concentration of inhibitor, which causes 50%
POP inhibition).

5.4 Kinetic study of AChE and BChE inhibition

The kinetic study of AChE and BChE was performed by using the above-mentioned modified
Ellman’s method [52]. The values of Vi and K, of the Michaelis-Menten kinetics as well as
the values of K; and K’ were calculated by nonlinear regression from the substrate velocity
curves. Linear regression was used for the calculation of Lineweaver-Burk plots. All
calculations were performed using GraphPad Prism software version 6.07 forWindows (San
Diego, CA, USA).

5.5 Molecular modeling studies

From the online PDB database (www.rcsb.org) models of hAChE (PDB ID: 4EY6, resolution:
2.40 A), hBChE (PDB ID: 4BDS, resolution: 2.10 A) and POP (PDB ID: 3DDU, resolution: 1.56 A)
were downloaded and prepared for flexible molecular docking by Chimera DockPrep (v.
1.4)[88] and MGL Tools utilities [89-91]. The preparation of these receptors involved
removal of the surplus copies of the enzyme chains, non-bonded inhibitors, addition of polar
hydrogens and merging of non-polar ones. Default Gasteiger charges were assigned to all
atoms. Flexible parts of the enzymes were determined based on previous experiences.
Around the selected flexible residues, grid boxes of 40 x 50 x 40 A for hAChE and hBChE and
60 x 50 x 45 A for POP were positioned. The rotatable bonds in the flexible residues were
detected automatically by AutoDock Tools 1.5.4 program. Given the limitation of the
program used for flexible molecular docking, water molecules had to be removed from the
system. The flexible receptor parts contained 40 residues for hAChE, 39 residues for hBChE
and 15 residues for POP. Following xyz coordinates of the grid box centers were applied:
hAChE (10.698, -58.115, -23.192); hBChE (140.117, 122.247, 38.986); POP (-4.5, 11.7, 31.6).
The studied ligands were firstly drawn in HyperChem 8.0, then manually protonated as
suggested by MarvinSketch 6.2.0. software (http://www.chemaxon.com), geometrically
optimized by software Avogadro (v. 1.2.0) using the Generalized Amber Force Field. [92]
Molecular docking was carried out in AutoDock Vina 1.1.2 program utilizing computer
resources of the Czech National Grid Infrastructure MetaCentrum. The search algorithm of

AutoDock Vina efficiently combines a Markov chain Monte Carlo like the method for the



global search and a Broyden-Fletcher-Goldfarb-Shano gradient approach for the local search
[93]. It is a type of memetic algorithm based on interleaving stochastic and deterministic
calculations [94]. Each docking task was repeated 15 times with the exhaustiveness
parameter set to 16, employing 16 CPU in parallel multithreading. The procedure was tested
by re-docking of co-crystallized ligands, and it was found as suitable. From the obtained
results, the solutions reaching the minimum predicted Gibbs binding energy was taken as
the top-scoring modes. The graphic representations of the docked poses were rendered in
PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC.). 2D
diagrams were generated using Discovery Studio Visualizer v16.1.0.15350 (Dassault

Systémes Biovia Corp., 2016, San Diego, USA).

5.6 QSAR analyses

Molecular models of the studied ligands 4a-4v were prepared in Schrodinger 2020-1 and
geometrically optimized by semiempirical quantum chemistry method PM3, applying the
default optimization algorithm. All ligands were modeled as charged molecules with
multiplicity set to 1. Besides geometrical optimization, calculation of electrostatic charges,
electron affinity, ionization energy and SAR properties was performed for each ligand. Such
ligand set was investigated by DeepChem and AutoQSAR tools to discover statistically
significant QSAR models. In AutoQSAR, calculation of radial, linear, dendritic and molprint 2D
fingerprints was performed. In addition, Canvas molecular descriptors were calculated and
investigated by multiple linear regression, principal component analysis and kernel partial
least square regression with automatic optimization and selection of the best model. The
independent variables were used in their decadic logarithm form. All statistical analyses
were performed in the AutoQSAR tool. For the calculations, a high-performance computer

cluster with 1776 CPUs was employed.

5.7 Evaluation of cytotoxicity by MTT assay

The standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell
viability assay (Merck, Prague, Czech Republic) was applied according to the manufacturer’s
protocol on the Chinese hamster ovary cell line CHO-K1 (ECACC, Salisbury, UK) in order to
compare the effect of different compound within the series [68]. The cells were cultured

according to ECACC recommended conditions and seeded in a density of 8x10° per well.



Tested compounds were dissolved in DMSO (Merck, Prague, Czech Republic) and
subsequently in the growth medium (F-12) so that the final concentration of DMSO did not
exceed 0.5% (v/v) per well. Cells were exposed to the tested compounds for 24 h. The
medium was replaced by a medium containing 10 uM of MTT and cells were allowed to
produce formazan for approximately 3 h under surveillance. Thereafter, the medium with
MTT was sucked out and crystals of formazan were dissolved in DMSO (100 pL). Cell viability
was assessed spectrophotometrically by the amount of formazan produced. Absorbance was
measured at 570 nm with 650 nm as a reference wavelength on Synergy HT (BioTek,
Vermont, USA). ICso value was then calculated from the control — subtracted triplicates using
non-linear regression (four parameters) of GraphPad Prism 5 software (GraphPad Software,
Inc., San Diego, CA). Final ICsg and SEM value were obtained as a mean of three independent
measurements.

5.8 Evaluation of antioxidant activity

Diphenyl-1-picrylhydrazyl stable free radical assay (DPPH) [95] is a simple method to
determine antioxidant activity and is expressed as ECsy, that is, the concentration of
compound that causes a 50% decrease in the DPPH activity. DPPH, methanol, and Trolox (as
reference standard) were purchased from Sigma-Aldrich (Czech Republic). Polystyrene Nunc
96-well microplates with flat bottom shape (ThermoFisher Scientific, U.S.) were used for
measuring purposes. All of the assays were carried out in methanol. DPPH solution was
prepared at 0.2 mM concentration. The assay medium (200 pL) consisted of 100 uL of DPPH
solution and 100 pL of tested compound (107>-10"° M). The reaction time constituted 30
min. The antioxidant activity was determined by measuring the increase in absorbance at
517 nm at laboratory temperature using Multimode microplate reader Synergy 2 (Vermont)
[96]. Each concentration was tested in triplicate. Software GraphPad Prism version 5 for
Windows (GraphPad Software, San Diego, CA) was used for statistical data evaluation.

5.9 Determination of AB;.4; self-aggregation inhibition

1 mg of AB1.4> (HFIP-treated, Bachem, Weil am Rhein, Germany) was dissolved in DMSO to
obtain a stable stock solution, aliquoted and stored at -20 °C. For the assay, AB14, stock
solution was then diluted to a final 50 uM concentration with 10 mM phosphate buffer (pH =
7.4) containing 150 mM NaCl by brief sonication and vortexing. 1 mg of thioflavin T (ThT)

was dissolved in methanol to obtain a stock solution which was subsequently diluted in



50 mM glycine-NaOH (pH = 8.6) to 0.4 mM. Assay mixture contains 20 uM ThT. Stock
solutions of inhibitors were prepared in DMSO.

AB1.4; self-aggregation was performed by incubating of 50 uM A4, solution at 30 °C in the
assay conditions without any stirring in a black, clear-bottom 96-well plate (Greiner) by a
multi-plate reader (Synergy HT, Biotek, Winooski, Vermont, United States) using ThT
fluorimetric assay. The final volume of assay mixture was 100 pL. The excitation and
emission wavelengths were set at 440/30 and 485/20 nm, respectively. Inhibition
experiments were monitored by incubating AB1.4; at the given conditions in the presence of
50 uM studied berberine samples. As a positive control, 50 uM doxycycline was used.
Fluorescence data were recorded every 10 min during 72 h incubation time without any
stirring. Each inhibitor was assayed in duplicates in at least three independent experiments
and the presented values were averaged and are expressed as the mean + SEM (the
standard error of the mean). First the ratio was calculated after subtraction of fluorescence

of unbound ThT according to Eq. 3:

Fplateau-F1 .
R= W (Equation 3),
lag

where Fjog and Fyateau are fluorescence intensities of ABisin lag and plateau phase of
aggregation kinetic at five time points every 30 min, respectively. After that, the percent

inhibition of AB1.4, aggregation was calculated as follow (Eq. 4):
% inhibition = 100 — (g) X 100 (Equation 4)
0

where R, and Ry are ratios according to Eq. 3 with or without studied compounds,

respectively.

5.10 Determination of t self-aggregation inhibition

Tausee33s Samples were prepared by taking 1 mg of Ts3p6.336 purchased from Bachem
(Germany) and initially, it was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), gently
vortexed, sonicated and kept overnight at room temperature (RT). Subsequently, the sample
was aliquoted, evaporated, dried, and stored in -20 °C.

For the measurement of t self-aggregation and its inhibition, Tausgs336 peptide stock solution
(500 uM) was freshly prepared by dissolving aliquot in ultrapure water. 500 uM thioflavin T
(ThT) was prepared in 56.3 mM phosphate buffer (PB, pH = 7.4). Tausps.3365€lf-aggregation

was measured using ThT fluorimetric assay with some variations [97]. For the measurement



were used following conditions — 20 uM ThT, 90/10 MeOH/DMSO (v/v), 56.3 mM PB and
25 UM Tauseesss in final 100 puL volume. Inhibition experiments were performed by
incubatingTausge.33speptide at given conditions in the presence of potential tested inhibitors
at 25 pM. Fluorescence intensity was measured in black, clear bottom 96-well plate
(Greiner) by Spark multi-plate reader (Tecan GmbH, Grodig, Austria). The excitation and
emission wavelengths were set at 446 and 490 nm, respectively. Assays were performed at
30 °C. Fluorescence data were recorded every 10 min overnight with 1 min shaking at
800 rpm prior to each reading. All ThT fluorimetric experiments were performed in
duplicates in at least three independent experiments. Estimation of the inhibitory potency
(%) was carried out by comparing fluorescence values at the plateau (average fluorescence
intensity value in the 14-18 h range). Values were averaged and the presented inhibition %
values are expressed as the mean £ SEM.

5.11 Determination of in vitro BBB permeation

PAMPA (the parallel artificial membrane permeability assay) is a high-throughput screening
tool applicable for prediction of the passive transport of potential drugs across the BBB) [98].
In this study, it has been used as a non-cell-based in vitro assay carried out in a coated 96-
well membrane filter. The filter membrane of the donor plate was coated with PBL (Polar
Brain Lipid, Avanti, USA) in dodecane (4 pl of 20 mg/mL PBL in dodecane) and the acceptor
well was filled with 300 uL of phosphate buffer saline, (PBS pH 7.4; V,). The tested
compounds were dissolved first in DMSO and then diluted with PBS pH 7.4 to reach the final
concentrations 50 - 500 uM in the donor well. The final concentration of DMSO did not
exceed 0.5% (v/v) in the donor solution. 300 pL of the donor solution (Vp) was added to the
donor wells and the donor filter plate was carefully put on the acceptor plate so that the
coated membrane was “in touch” with both donor solution and acceptor buffer. In principle,
test compound diffuse from the donor well through the polar brain lipid membrane
(Area = 0.28 cm?) to the acceptor well. The concentration of the tested compound in both
donor and the acceptor wells were assessed after 3, 4, 5 and 6 hours of incubation
respectively in quadruplicate using the UV plate reader Synergy HT (Biotek, USA) at the
maximum absorption wavelength of each compound (n = 3). Besides that, the solution of
theoretical compound concentration, simulating the equilibrium state established if the
membrane were ideally permeable was prepared and assessed as well. The concentration of

the compounds in the donor and acceptor well and equilibrium concentration were



calculated from the standard curve and expressed as the permeability (Pe) according to the

Eq. 5 [98].

logPe = log{C X —In (1 _ druglacceptor )}

[drug]equilibrium

where C = ( YoV ) (Equation 5)

(Vp 4V 4)xAreaxTime

5.12 Statistical analysis

Calculation were performed using GraphPad Prism 6.05 (GraphPad Software, San Diego,
USA) and Microsoft Excel 2010 (Microsoft Corporation, Redmond, USA) with PKsolver

extension [99].

Appendix A. Supplementary data

Supplementary data related to this article can be found at...
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Highlights:

e The set of novel 22 berberine derivatives was prepared

e Hybrids exhibited multi-targeted profile with potential to treat Alzheimer’s disease

¢ Compounds revealed balanced inhibition properties against prolyl oligopeptidase and
cholinesterases in micromolar range

¢ The docking simulation predicted their binding modes into the active sites of the mentioned
enzymes

¢ Top-ranked compounds exerted anti-amyloid and anti-tau properties
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