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Small molecules, including natural compounds, in aqueous buffer that self-associate into colloidal
aggregates is the main cause of false results in the early stage of drug discovery. Here we reported
resonant waveguide grating (RWG) based assays to identify natural compound aggregation and
characterize its influence on membrane receptors in living cells. We first applied a cell-free aggregation
assay to determine compound critical aggregation concentration (CAC) values. Then we characterized
the aggregators’ influence on membrane receptors using three types of dynamic mass redistribution
(DMR) assays. Results showed that colloidal aggregates may cause false activity in DMR desensitization
assays; some of the false activities can be implied by the large response in DMR agonism assays and can
further be identified by DMR antagonism assays. Furthermore, the aggregation mechanism was
confirmed by addition of 0.025% tween-80, with cell signals attenuated and potency decreased. Finally,
these observations were used for aggregate examination and promiscuity investigation of a traditional
herbal medicine, Rhodiola rosea, which ultimately led to the revealing of the true target and reduced the
risk of a bioactivity tracking process at the very first stage. This study highlights that the RWG based
assays can be used as practical tools to distinguish between real and false hits to provide reliable results
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1. Introduction

High-throughput screening (HTS) technologies are vital tools
for discovering hit compounds in the pharmaceutical industry.*
However, the HTS programs are often challenged by the
frequent occurrence of false activities when special care is not
taken.> The origins of false-active results include chemical
reactivity,® covalent binding,* and interference in assay readout
like absorbance,” fluorescence,® or luminescence.” The domi-
nant mechanism of the false activities, however, is the forma-
tion of colloidal aggregates in the aqueous assay buffer.®’ It is
reported that about 19% of compounds from a random selected
library can form aggregators at the screen concentrations typi-
cally used in HTS." Once formed, these aggregators can cause
artificial inhibition of soluble enzymes'®' and membrane-
bounded receptors® through mechanisms like partial
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unfolding, dynamics restraining or protein sequestration,******

they can also affect cell growth by reducing compound pene-
tration into cells."

Natural products (NPs), an important source of pharma-
ceutically interesting compounds, also suffered pains from
aggregation phenomenon. Some compounds that are widely
present in natural products have already been flagged as
aggregators including flavanol, polyphenol, and other highly
lipophilic or conjugated compounds.'®” In the classical NP
program for tracking active compounds, samples are often
initially tested as multicomponent mixtures.”® Consequently,
the false active compounds not only act as problematic hits in
themselves, but also play as metabolic matrix, interfering with
the screening results, wasting the separation efforts and
masking the activities of real hits.">** Therefore, NPs need
careful scrutiny for the elimination of potential false hits at the
very beginning of the program.

Several methods can be used for the direct detection of
compound aggregation, such as transmission electron micros-
copy (TEM),""** dynamic light scattering (DLS)'*** and nuclear
magnetic resonance (NMR).”*>* However, these approaches are
lack of throughput or simplicity, and they need additional
apparatus to screen assays, which may not be available in
common pharmacological laboratory. Recently, the optical
resonant waveguide grating (RWG) biosensor incorporated into
384-well microplate has been utilized for aggregate detection,
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which exhibited simplicity and high-throughput.**** Apart from
aggregate detection, the RWG biosensor was well-known for its
use in biomolecular interaction and cellular analysis,** espe-
cially for the measurement of ligand-induced dynamic mass
redistribution (DMR) signals in cells.**** The intrinsic sensi-
tivity of the RWG is very high, and is very suitable for living cell
sensing.***® In addition, the DMR assay can provide non-
invasive, holistic, pathway sensitive and multi-assay format
measurement,®”*® therefore a more comprehensive observation
of aggregators’ behavior could be obtained.

Here we applied RWG based assays to first identify natural
compound aggregation, and then characterized their influence
on membrane receptors in living cells. We further asked if these
observations could be used for screening real NP sample to
avoid the useless efforts in NP-based research programs.

2. Experimental
2.1 Materials

Salvianolic acid C, proanthocyanidins, luteolin, physcion were
purchased from Shanghai Yuanye Bio-technology Co., Ltd.
(China). Quercetin, genistein, silybin and curcumin were
purchased from Chengdu Push Bio-technology Co., Ltd.
(China). All the above compounds were with the HPLC purities
of more than 97%. Tween-80 was purchased from Beijing Lab-
Lead Biotech Co., Ltd. (China). Acetylcholine chloride, hyoscy-
amine and zaprinast were obtained from Sigma Chemical Co.
(St Louis, MO, USA). ML145 was obtained from Tocris Biosci-
ence Co. (St. Louis, MO, USA).

Epic® 384-Well Cell Assay Microplate (Cat. no. 5040) was
obtained from Corning Incorporated (Corning, NY, USA).
Human colorectal adenocarcinoma HT-29 cell line was ob-
tained from the Cell Bank of Shanghai Institute of Cell Biology,
Chinese Academy of Sciences.

For aggregation assay, salvianolic acid C, proanthocyanidins,
luteolin, physcion, quercetin, genistein, silybin, curcumin,
Rhodiola rosea extract were stocked in at 100 mg mL~". For cell
assays, salvianolic acid C, proanthocyanidins, quercetin and
curcumin were stocked at 200 mM, Rhodiola rosea extract was
stocked at 100 mg mL ™. Acetylcholine was stocked at 1 M,
zaprinast was stocked at 5 mM, ML145 and hyoscyamine were
stocked at 100 mM. All compounds were dissolved in 100%
dimethyl sulfoxide (DMSO).

The assay buffer was 1x Hank's balanced salt solution
(HBSS), 20 mM HEPES, pH 7.2. The detergent assay buffer was
1x Hank's balanced salt solution (HBSS), 20 mM HEPES, 0.1%
tween-80 (v/v), pH 7.2. All compounds were diluted with above
buffers to assay concentrations.

2.2 Cell culture

HT-29 cells were cultured using McCoy's 5A Medium
(#DY032450414L, Sango Biotech, Shanghai, China) with 10%
fetal bovine serum (#10099141, Gibco, Life Technologies), 50 ug
mL ™" penicillin and 100 pg mL™" streptomycin in a humidified
37 °C/5% CO, incubator.
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2.3 Cellfree aggregation assay

The aggregation assay was performed using an Epic BT system
(Corning, NY, USA). The Epic 384-Well Cell Assay Microplates
were first soaked with 30 pL assay buffer and equilibrated in the
Epic reader for 1 hour. After a 2 min baseline measurement, 10
uL of compound dilution series in buffer were added to each
well. A range of final DMSO concentrations was tested to
establish the background response. The maximum final DMSO
concentration was 19,,. After adding compounds, the micro-
plate was returned immediately to the Epic reader and signals
were recorded for 1 hour. Each of the assays was performed at
least three times with excellent reproducibility.

2.4 Dynamic mass redistribution assays

All DMR assays were performed using an Epic BT system
(Corning, NY, USA).

Cells were directly seeded in Epic 384-Well Cell Assay
Microplates and cultured for ~24 h to form a monolayer in the
cell culture medium. After being washed, the cells were main-
tained with 30 pL assay buffer for 1 h in the Epic system.

For DMR agonism assay, a 2 min baseline was first estab-
lished, followed by adding samples and monitoring the sample-
induced DMR signals for 1 h. Then, the sample treated cells
were reused immediately for DMR desensitization assay. A
2 min baseline was first established, followed by adding
receptor agonists and monitoring the DMR signals for another
1 h. The receptor agonists for GPR35, M3, NTSR and EGFR were
zaprinast (5 pM), acetylcholine (80 pM), neurotensin (2 nM),
and EGF (2 nM), respectively.

For DMR antagonism assay, HT-29 cells were first pretreated
with receptor antagonists for 10 min, then a 2 min baseline was
established, followed by adding 100 pM compounds and
monitoring the DMR signals for 1 h. The receptor antagonists
for GPR35 and M3 were ML145 and hyoscyamine, respectively.

2.5 Data analysis

All DMR data were acquired using Epic Imager software
(Corning, NY, USA) and processed with Imager Beta 3.7 (Corn-
ing), Microsoft Excel 2013 and GraphPad Prism 6.02 (GraphPad
Software Inc., San Diego, CA, USA). All DMR signals were
background corrected. All EC5, or ICs, values described were
calculated based on the maximal amplitude of the DMR signals.
All DMR data were from two independent measurements, each
in at least duplicate (n = 4).

2.6 Extraction and sample treatment of Rhodiola rosea

The root of Rhodiola rosea was crushed and extracted with 70%
ethanol under ultrasonic for 1 h. Then, the solvent was removed
by rotary evaporation to acquire the crude extract. The treated
extract was obtained by processing the crude extract with
a quaternary ammonium ion exchange resin.

This journal is © The Royal Society of Chemistry 2019
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2.7 HPLC analysis of the crude extract and the treated
extract of Rhodiola rosea

The chromatographic analysis was carried out on Alliance HPLC
with UV detector (Waters, Milford, USA). The column used was
Unitary C18 (4.6 x 250 mm, 7 um, Acchrom, Beijing, China).
The mobile phases were A: methanol; B: water (containing 0.1%
formic acid, v/v). Mobile phase gradient was started at 5% A for
5 min, and then shifted from 5-95% A in 5-45 min, and finally
kept at 95%A for another 10 min. The flow rate was 0.7
mL min~'. Column temperature were 30 °C. The UV detection
wavelength was 270 nm.

3. Results and discussion

3.1 Principles of cell-based DMR assay and cell-free
aggregation assay

The major principle of RWG biosensor is to use evanescent wave
to record the local refractive index change (An) about 150 nm
depth near the sensor surface* and output the signal as wave-
length shift of reflected resonance light.* The biosensor
response, in terms of wavelength shift A4, is a linear function of
the change in refractive index An:*¢

A = (=47 £ 37) pm + An (113850 £ 1257) pm

The imager is very sensitive and was reported to has a limit of
detection down to 10~* RIU for refractive index change under
practical conditions.*

For cell environment, the refractive index of a given volume
is largely determined by the concentrations of biomolecules
such as proteins.*® When activated by compounds, the cellular
proteins within the sensing volume will go through re-
localization, resulting in shifted reflected wavelength (Fig. 1a).
Generally, most GPCR receptors on native cells can obtain 100-
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500 pm saturated response, which corresponds to 1.3 x 10 to
4.8 x 107? RIU for refractive index change. The real-time signal
induced by the cellular local density change is also termed as
dynamic mass redistribution (DMR).

For cell-free environment, the refractive index is mainly
affected by the chemical or physical change like the formation
of aggregators. When compound with low concentrations were
added into the buffer to form soluble monomers, neglectable
responses would be observed. Whereas upon increasing the
concentration, the compound assembled into aggregators and
caused a significant change in the local refractive index, leading
to shifted reflected wavelength (Fig. 1b). The higher the aggre-
gator concentration, the higher the response (Fig. 2a). However,
not all compounds tend to display wavelength shift. For non-
aggregate compounds that dissolve in monomer state across
all the screening concentrations in the buffer, no wavelength
shift would be observed for all the concentrations (Fig. 2b).
Since the aggregation assay is a real-time measurement, the
response curve indicates the local environment dynamics. The
slightly fluctuation at 2 min indicated the solution disturbance
right after adding sample (Fig. 2a and b), and the slow increase
during 2-15 min indicated aggregator increasement near the
bottom (Fig. 2a).

3.2 Cell-free aggregation assay for CAC determination

We first performed cell-free aggregation assay in 384-microplate
that incorporated with RWG biosensors to investigated the
critical aggregation concentrations (CACs) of eight natural
compounds, including curcumin, genistein, luteolin, silybin,
quercetin, procyanidins, salvianolic acid C and physcion. These
compounds came from multiple high-throughput screening
projects and the analogues of frequent aggregators.'®**> For
each compound, a range of concentrations was tested. To
determine the CAC values, the responses of different concen-
trations at fixed time were collected and analyzed, the responses
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Fig.1 Principles of cell-based DMR assay and cell-free aggregation assay. (a) Cell-based DMR assay for biological test. (b) Cell-free aggregation

assay for aggregates detection.
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Fig.2 Real time dose responses of representative aggregator and non-aggregator in aggregation assay. (a) Curcumin, aggregator. (b) Nicotinic

acid, non-aggregator.

as a function of compound concentration is illustrated in Fig. 3.
The horizontal line represented non-aggregating state, and the
oblique line represented aggregating state. The intersection of
two straight lines was the critical aggregation concentration
(CAC). Result showed that most of the compounds exhibited
CAC values at micromolar scale (Table 1), which was nearly to
previous reports.'>'*

Overall, the cell-free aggregation assay implementing 384-
well microplate can examine compound aggregation and
determine the CACs of small molecules in high throughput
manner. Furthermore, the detection condition and process are
exactly the same with the cell-environment and assay proce-
dure, which can well mimic the external environment of cell
surface.

3.3 Characterization of aggregators' effect on cell-based
DMR assays

Four compounds, including procyanidin, salvianolic acid C,
quercetin and curcumin, which represented the typical struc-
tures of the seven aggregation compounds, were used for the

study. Three types of cell-based DMR assays, including DMR
agonism assay, DMR desensitization assay and DMR antago-
nism assay, were adopted to characterize the aggregators'
influence.

DMR agonism assay, which records the signal directly
stimulated by the screening compound, was used to charac-
terize the aggregators' direct effect on HT-29 cells. Results
showed that procyanidins and salvianolic acid C triggered
unusually large DMR responses in HT-29 cells, with the highest
response of more than 1000 and 1500 pm, respectively, while at
lower concentrations, they exhibited much lower responses
(Fig. 4a). Quercetin triggered very low DMR response with less
than 100 pm at 100 pM, and curcumin barely triggered any
cellular mass redistributions to its solubility limit (Fig. 4a).
These results suggested that procyanidins and salvianolic acid
C may non-specifically activated multiple ligands on cell surface
and implied the promiscuity, while quercetin and curcumin did
not.

After direct stimulation by the above four compounds, DMR
desensitization assays were used to record receptor's response
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Fig.3 Critical aggregation curves for the eight natural compounds. (a) Salvianolic acid C, (b) procyanidins, (c) quercetin, (d) curcumin, (e) luteolin,
(f) genistein, (g) silybin, (h) physcion. The buffer employed for these studies was: 1x Hank's balanced salt solution (HBSS) buffer, 20 mM HEPES,

pH 7.2.
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Table 1 Critical aggregation concentrations for the eight natural compounds

Literature CAC detected
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upon its agonist stimulation. Muscarinic M3 receptor, which is
endogenously expressed on HT-29 cells,*® was chosen for this
assay. Since the above four compounds bear little physical or
topological similarity with known ligands of M3, we expected
the monomeric forms of the compounds to be relatively inert to
the target. Thus, the activity would be an indication of
promiscuity in itself. Results showed that both procyanidins
and salvianolic acid C (at concentrations above 50 uM) inhibi-
ted the DMR response of acetylcholine against muscarinic M3
receptor (Fig. 4b). Quercetin, which exhibited normal response
in the agonism assay, was also observed to false inhibited
acetylcholine response at concentrations above 50 uM (Fig. 4b).
While the typical aggregator curcumin, did not inhibit acetyl-
choline response (Fig. 4b). These results indicated that aggre-
gators may false inhibit membrane receptors. The ICs, values of
the three promiscuous compounds were all greater than CAC
value, which further suggested the aggregator-induced false
activities (Table S1t). For procyanidins and salvianolic acid C
with extremely high responses in the DMR agonism assay, the
false inhibition could be derived from the aggregators' binding
with M3 regions on cell surface. While for quercetin with low

This journal is © The Royal Society of Chemistry 2019

cell response in DMR agonism assay, this compound was more
likely to interact with acetylcholine, and it was the experimental
artifact that lead to the desensitization. The case of curcumin
indicated that compound aggregation does not guarantee false
inhibition of receptors.

The DMR antagonism assay records the response of screen
compound on cells which is pre-blocked by receptor antagonist,
therefore procyanidins and salvianolic acid C with high
responses in agonism assay were chosen. The response of 100
uM procyanidins and salvianolic acid C were not dose-
dependently blocked by M3 antagonist atropine (Fig. 4c), or
by the GPR35 antagonist ML145 (Fig. 4d). This result suggested
that the DMR antagonism assay can help to identify the false
results.

The above three cell-based DMR assays demonstrated that,
aggregation does not guarantee false activity on cell-based
receptor assays, but it is a worry sign. Colloidal aggregates
may cause false activity in DMR desensitization assays, some of
the false activities can be implied by the large DMR response in
DMR agonism assays and be identified by DMR antagonism

RSC Adv., 2019, 9, 38055-38064 | 38059
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Fig.4 DMR dose responses of the aggregators in HT-29 cells. (a) The DMR amplitudes of quercetin, curcumin, procyanidins and salvianolic acid
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salvianolic acid C. (c) The DMR amplitudes of 100 uM salvianolic acid C and procyanidins as a function of atropine. (d) The DMR amplitudes of 100

1M salvianolic acid C and procyanidins as a function of ML145 doses.

assays. While for aggregators with low cell response, the iden-
tification could be more challenging.

Since the CAC was different for all the four compounds
chosen, the relationship between CAC values and the DMR
response was investigated (Fig. S1t). The responses of
compounds at 100 pM which clearly reflected the aggregation
influence were selected. Result showed that DMR responses was
somewhat correlated with CAC values: the lower CAC value, the
higher DMR agonism response and the lower DMR desensiti-
zation response. These results suggested that the lower CAC
value, the higher possibility of false activity. However, the
relationship was not strictly proportional, for example,
although quercetin exhibited larger CAC value than salvianolic
acid C and procyanidins, it triggered lower response in the
desensitization assay and exhibited false activity anyway. The
possible explanation was that, although CAC value is an indi-
cation of the compounds' tendency in aggregation, not all
aggregators lead to false activities; even for the aggregators that
do result in false activities, they vary degrees. In addition, since
the aggregators may interact with the activity results through
different mechanisms, they may result in very different DMR
responses.

3.4 Detergent effect to colloidal aggregates’ responses on
cell-based DMR assays

To further confirm the mechanism of the false results, we
investigated the detergent effect on NP aggregates in three types
of DMR assays. The detergent assay has been widely used for
revealing the mechanism of aggregation induced false

38060 | RSC Adv., 2019, 9, 38055-38064

results.”**** Tween-80 with the concentration of 0.025% which
exhibited tolerable disturbance on cell response was adopted as
the working solution.

In the detergent-based DMR agonism assay, both procyani-
dins and salvianolic acid C showed decreased efficacy and
potency (Fig. 5a and b). In the detergent-based DMR desensi-
tization assay, GPR35 receptor with higher response and more
robust signals was used to illustrate the effect. Results showed
that both procyanidins and salvianolic acid C exhibited
decreased potency on addition of tween-80, resulting in the
increase of ICs, values from 14.13 to 65.64 uM, 2.03 to 8.65 uM,
for procyanidins and salvianolic acid C, respectively (Fig. 5¢ and
d). In the detergent-based DMR antagonism assay, the signals of
salvianolic acid C and procyanidins were also declined signifi-
cantly (Fig. 5e and f).

The above three cell-based detergent DMR assays further
proved compound aggregation as the origin of false activities. At
low concentration, soluble single molecule works on the real
targets, while at high concentration, the colloidal aggregators
bind other targets non-specifically, causing false results on
agonism, desensitization and antagonism assays.

3.5 Application of RWG based assays to eliminate false
result in NPs

Natural products is one of the promising sources for new
drugs.*® However, the presence of aggregate compounds in NPs
may impede their further development. Herein, Rhodiola rosea,
a famous traditional herbal medicine, which is rich in poly-
phenols and flavonoids,*” was taken as an example to test the

This journal is © The Royal Society of Chemistry 2019
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feasibility of RWG based assays to eliminate the aggregates
induced false active in complex mixtures.

We first used cell-free aggregation assay to test if the crude
extract of Rhodiola rosea easily gets self-aggregate, result showed
that the crude extract triggered extremely high response at the
concentration of 50 pg mL™', suggesting the formation of
aggregates (Fig. 6a). After that, cell-based DMR assays were used
to evaluate the promiscuity. DMR agonism assay with high
response suggested the high possibility of aggregate induced
promiscuity, and this was further proved by the detergent assay
(Fig. 6b). We next performed DMR desensitization assays on
several unrelated targets including M3, GPR35, neurotensin
receptor (NTSR) and epidermal growth factor receptor (EGFR).
The concentrations selected were 50, 25, 12.5 pg mL ™", which
were routinely used for natural extracts screening. Results

This journal is © The Royal Society of Chemistry 2019

showed that all the receptors were dose-dependent desensitized
at theses concentrations (Fig. 7a-d). In combination with DMR
agonism assay and the corresponding detergent assay, we
believed that the desensitization of these targets was promis-
cuous result rather than the multi-target effect arising from the
multi-components in the extract.

To eliminate the promiscuous activities, the crude extract
was next processed with a positive charged resin. We then
examined the response of the treated extract on cell-free
aggregation assay at the concentration of 50 pug mL™". Result
showed that no significant response was observed (Fig. 6a). The
HPLC analysis also proved the disappearance of the “hump”
which was supposed to be polyphenols (Fig. 6¢c). These results
suggested that the aggregators in the crude extract was
successfully removed. A further examination of the treated
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extract on DMR desensitization assays indicated that only
GPR35 receptor was dose-dependently desensitized, while other
three targets remained unaffected (Fig. 7e-h).

Taken together, RWG based assays can detect NP aggregators
and make the activity results more reliable in the discovery of
lead compounds, and therefore reduce the risk in bioassay-
guided drug discovery procedure.
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Fig.7 Realtime DMR responses of receptor agonists as a function of the dosed crude extract (up) and the dosed treated extract (down) in HT-29
cells. (@ and e) 16 uM acetylcholine, (b and f) 1 uM zaprinast, (c and g) 2 nM neurotensin, (f and h) 2 nM EGF.
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4. Conclusions

In this work, a series of RWG based assays for colloidal aggre-
gates detection and their promiscuity characterization were
developed. Moreover, these assays were performed on a single
platform, therefore the detecting and controls for aggregation
could be readily conducted. Cell-free aggregation assay was first
used to directly characterize eight well-known aggregate
compounds and their critical aggregation concentrations. Then,
cell-based DMR assays were performed to investigate the effect
of natural compound aggregators on GPCRs. On addition of
tween-80, the promiscuous compounds displayed decreased
potency and efficacy. Finally, these assays were successfully
applied to the detection of NP extract aggregators and made the
activity result more reliable. This study highlights the great
potential of RWG based assays in the detection of compound
aggregators and helps to eliminate the false activities in drug
discovery from natural products.
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