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e-induced dye (TED) loading
supports direct calcium imaging in eukaryotic cell-
free systems†
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Calcium imaging is an important functional tool for analysing ion channels, transporters and pumps for drug

screening in living cells. Depicted eukaryotic cell-free systems utilize microsomes, derived from the

endoplasmic reticulum to incorporate the synthesized membrane proteins-like ion channels.

Carboxylesterase is required to cleave the acetoxymethyl ester moiety of the chemical calcium

indicators in order to ensure its immobility across the endoplasmic reticulum membrane. Absence or an

inadequate amount of carboxylesterase in the endoplasmic reticulum of different eukaryotic cells poses

a hindrance to perform calcium imaging in microsomes. In this work, we try to overcome this drawback

and adapt the cell-based calcium imaging principle to a cell-free protein synthesis platform.

Carboxylesterase synthesized in a Spodoptera frugiperda Sf21 lysate translation system is established as

a viable calcium imaging tool in microsomes. Cell-free synthesized carboxylesterase inside microsomes

is validated with esterase and dye loading assays. Native proteins from the endoplasmic reticulum, such

as ryanodine channels and calcium ATPase, are analysed. Cell-free synthesized transient receptor

potential channels are used as model proteins to demonstrate the realization of this concept.
1 Introduction

Ion permeable membrane proteins such as ion channels,
transporters and pumps contribute to the majority of eukaryotic
membrane proteins, serving as viable drug targets for several
pathological diseases next to the large family of G-protein
coupled receptors.1 Eukaryotic cell-free protein translation
overcomes several disadvantages that could be met for over-
expression of these ion permeable proteins in cells, such as cell-
toxicity, poor expression and deletion due to engineered protein
domains, and reduction of expression in permanent cell lines.2

Taken together, the development of functional assays targeting
ion channels in eukaryotic cell-free systems is a pre-requisite for
rapid pharmacological discoveries.

The planar bilayer, radioactive ion-ux assays and uores-
cent techniques (ion-sensitive dyes) are common methods to
study ion channels. Eukaryotic cell-free systems use
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microsomes to integrate synthesized membrane proteins. A
handful of planar bilayer investigations in eukaryotic cell-free
systems have been previously reported.3,4 But the planar
bilayer method requires the solubility of ion channels using
detergents for subsequent evaluation. Notwithstanding the
temporal resolution given by electrophysiological techniques
like planar bilayer, uorescent dye-based methods have been an
indispensable tool encompassing a plethora of advantages: ease
of applicability for High Throughput Screening (HTS) using
a microplate reader, low cost per data point, minimum instru-
mentation requirements, high spatial resolution and relatively
less sophisticated data analysis. Another method to analyse ion
permeable proteins in microsomes would be by employing
radioactive calcium. Intraluminal calcium is the prime regu-
lator for endoplasmic reticulum (ER) function5,6 and has been
analysed concomitantly in microsomes using 45Ca2+ to study
native ion channels and pumps.7–11 Apart from the undesirable
radioactivity, with a major drawback being an end-point based
method, it will also increase the material costs to study the
kinetics. Moreover, rst the microsomes should be enriched
with 45Ca2+ using Ca2+ ATPase (SERCA) for any kind of calcium-
efflux studies. Apart from the TED method which we utilize in
this work, also other uorescent methods can be employed, for
instance, using membrane impermeable Ca2+ dyes to measure
the calcium present in the extra-microsomal solution,12 where
luminal calcium levels cannot be monitored directly. As the
microsomes are not xed on the microplate/cuvette in this
RSC Adv., 2021, 11, 16285–16296 | 16285
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Fig. 1 Unmasking polarity of the dye by carboxylesterase mCES2 in
microsomes.
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method, live monitoring of Ca2+ is impracticable while
exchanging activator and inhibitor solutions. Considering the
disadvantages of the present methods, the necessity to establish
direct calcium imaging to monitor the microsomal lumen for
ion channels expressed in eukaryotic cell-free platforms is
substantiated. The previously reported idea of targeted esterase-
induced dye (TED) loading of the endoplasmic reticulum (ER) in
mammalian cells,13–15 augmented with the current knowledge of
eukaryotic cell-free systems2,16 led us to develop this new
method to address the aforementioned shortcomings and also
to explore new topics of research.

Eukaryotic cell-free protein synthesis platforms use micro-
somes in order to incorporate the membrane proteins. The
soluble proteins like carboxylesterases can be engineered with
signal peptide sequences to be delivered inside the microsomes
aer synthesis. Carboxylesterase, ubiquitously present in the
cytoplasm of most of the eukaryotic cells, is the crucial enzyme
for cell-based calcium imaging using acetoxymethyl ester (AM)
based chemical dyes. The carboxylesterase enzyme aids in
cleaving the AM moiety of the chemical indicator, thereby
making the dye immobile across any biological membrane.
Immobility of the cleaved dye is caused due to the unmasking of
the polar negative charge of the dye. Absence or an inadequate
amount of carboxylesterase in the endoplasmic reticulum of
different eukaryotic cells, which is necessary to cleave the ace-
toxymethyl ester moiety of the chemical calcium indicators
effectuates the insufficiency of immobile dye formation inside
the microsomes. In this work, we try to overcome this drawback
and adapt the cell-based calcium imaging principle to a cell-free
protein synthesis platform as depicted in Fig. 1. Carboxylesterase
synthesized in the Sf21 lysate translation system which is tar-
geted to be delivered inside the microsomes is established as
a viable calcium imaging tool to investigate both native proteins
present in the ER and also cell-free synthesized ion channels.
2 Materials and methods
2.1. Continuous exchange cell-free (CECF) translation

Eukaryotic CECF translation of proteins was performed using
Sf21 lysates in a special dialysis chamber (SCIENOVA) contain-
ing two compartments separated by a 10 kDa cut off dialysis
membrane in between the reaction mixture and the feeding
16286 | RSC Adv., 2021, 11, 16285–16296
mixture. A 50 mL standard reaction mixture of a Sf21 cell-free
synthesis reaction in the reaction chamber was composed of
40% lysate, 30 mM HEPES-KOH (Merck), 2.5 mM Mg(OAc)2
(Merck), 75 mM KOAc (Merck), 0.25 mM spermidine (Roche),
100 mM each canonical amino acid (Merck), nucleoside
triphosphates (1.75 mM ATP, 0.30 mM CTP, 0.30 mM GTP, and
0.30 mM UTP) (Roche), 120 ng mL�1 plasmid DNA (Biocat), 1 U
mL�1 T7 RNA-polymerase (Agilent), 20 mM PolyG (Iba Life
sciences), 30 mM caspase inhibitor – Z-VAD-FMK
(benzyloxycarbonyl-Val-Ala-Asp(OMe)-uoromethylketone)
(Promega), and 0.02% of sodium azide (Merck). 1 mL of the
feeding mixture contained all the above components except
plasmid, PolyG, T7 RNA polymerase and Sf21 lysate. Caspase
inhibitor was used for improving yields and avoiding protein
degradation during the incubation step for 24 h. No plasmid
was used in NTC (non-template control) samples. For expres-
sion of both the proteins, human transient receptor potential
channels, vanilloid receptor member 1, hTRPV1 and mouse
carboxylesterase 2 (mCES2) were correspondingly sequentially
translated for 24 h each. As mCES2 and hTRPV1 contain disul-
phide bridges, prudently the translation is performed only
under non-reducing conditions. As the microsomes obtained
from the rst translation were used in the second translation, it
may occur that the rst translated protein is not present in all
the microsomes at the end of the second translation. To avoid
this issue, we have used only the vesicular fraction obtained
aer the second translation for all our experiments that require
tandem protein translation.

Simultaneous translation is not preferred as evaluation of
the yields of individual proteins synthesized is not feasible with
the same radiolabel. 14C-Labeled leucine (100 dpm per pmol)
(Perkin Elmer) was used for the detection of de novo synthesized
proteins. For functional analysis like assays and calcium
imaging, the proteins were synthesized in the absence of 14C-
leucine. Protein translation reactions based on Sf21 lysates
were incubated for 24 h at 30 �C, 600 rpm using a thermomixer
(Eppendorf). The translation mixture (TM) of cell-free reactions
was further fractionated for analysis. The fractionation was
realized by centrifugation at 16 000 � g for 10 min at 4 �C in
order to separate the ER-derived vesicular fraction (VF) of the
cell lysate from the supernatant (SN). The microsomal fraction
was suspended in PBS buffer without calcium and magnesium
ions for further analysis such as quantication of protein yields.
For storage, the total translation mix was snap frozen in liquid
nitrogen and stored at �80 �C.
2.2. Quantication of cell-free synthesized protein yields

Based on the incorporation of 14C-leucine in cell-free synthe-
sized proteins, the respective protein yield can be estimated by
scintillation measurement. Therefore, 5 mL aliquots of each
translation mixture were mixed with 3 mL of a 10% (v/v) tri-
chloroacetic acid–2% (v/v) casein hydrolysate (Carl Roth) solu-
tion in a glass tube and incubated at 80 �C for 15 min.
Aerwards, the samples were chilled on ice for 30 min and
retained on the surface of glass ber lter papers using
a vacuum ltration system (Hoefer). Filter papers were washed
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08397f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

6:
54

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
twice with 5% TCA and then vacuum dried with acetone (Carl
Roth). Dried lters were placed into a scintillation vial, 3 mL of
scintillation cocktail was added and vials were agitated on an
orbital shaker for at least 1 h. The scintillation signal was
determined using an LS6500 multi-purpose scintillation
counter (Beckman Coulter). The protein yields were identied
based on the obtained scintillation counts and protein specic
parameters including molecular mass and amount of leucine.
2.3. SDS-PAGE and autoradiography

The molecular size of radio-labelled, cell-free synthesized
protein was analysed using SDS-PAGE followed by autoradiog-
raphy. First, 5 mL of the respective fraction of a cell-free
synthesis reaction including the radio-labelled target protein
was subjected to ice-cold acetone. Precipitated protein was
separated by centrifugation (16 000 � g, 4 �C, 10 min) and then,
the protein pellet was dried for at least 30 min at 45 �C. The
dried protein pellet was dissolved in LDS sample loading buffer
with 50 mM dithiothreitol (DTT, Life Technologies) and loaded
on a pre-cast NuPAGE 10% Bis-Tris gel (Life Technologies). If
the sample is a soluble protein, then it was also heated at 95 �C
for 3min prior to loading on the gel. The gel was run at 185 V for
35 min according to the manufacturer's protocol. Subsequently,
the gel was dried at 70 �C using a gel dryer (Uniequip) and then
placed on a phosphor screen for incubation for a minimum of
two days. The radioactively labelled proteins were visualized
using a Typhoon Trio + variable mode (GE Healthcare).
2.4. Esterase activity using 4-para-nitrophenol

First,mCES2 and NTC proteins were translated using Sf21 CECF
reaction as mentioned above. Prior to functional assessment,
intensive washing of microsomes was performed to remove the
cytosolic carboxylesterase which is carried over from cells to the
lysate. This cytosolic carboxylesterase is present outside the
microsomes. The esterase activity is preferably analysed for
a maximum of 1 h. 50 mL of total translation mix was rst
centrifuged at 16 000 � g for 10 minutes at 4 �C. The micro-
somal pellet was again washed with Phosphate Buffer Saline
(PBS) with no Ca2+ and Mg2+ and centrifuged again to remove
the remaining cytosolic carboxylesterases. The pellet was dis-
solved in esterase assay buffer containing 20 mM Tris–HCl (pH
8.0) (Sigma Aldrich), 150 mM NaCl (Sigma Aldrich), and 0.01%
Triton X-100 (Sigma Aldrich). A fresh solution of 4-para-nitro-
phenylacetate (PNPA) (Sigma Aldrich) was used as the substrate.
250 mL of PNPA substrate solution of varying concentration
(mentioned in the gure legend of each experiment) was used to
initiate the reaction and the mixture was incubated at 37 �C for
1 hour (or less than 1 hour with varying time for time dependent
plot). For the substrate dependence plot, varied concentration
of PNPA was used. The para-nitro phenol formed aer esterase
activity was measured using a Mithras Plate reader (Berthold
Technologies) at 410 nm. No protein was added for blank
reactions and the esterase activity was evaluated as the
percentage of NTC samples.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.5. Dye loading assays with Fluo-5N AM

First,mCES2 and NTC were translated using Sf21 CECF reaction
as mentioned above in the synthesis section. 50 mL of trans-
lation mix was rst centrifuged at 16 000 � g for 10 minutes at
4 �C to obtain the microsomal pellet to remove the cytosolic
carboxylesterases present outside the microsomes. The micro-
somes were resuspended in ATP based calcium imaging buffer
to initiate the SERCA activity. The calcium imaging buffer was
composed of 75 mM KCl (Sigma Aldrich), 20 mM HEPES-KOH
(Merck), 5 mM NaN3 (Merck) and 200 mM CaCl2 (Sigma
Aldrich) with pH 7.4. To enhance the SERCA activity, 10 mM
adenosine 50-triphosphate (ATP) (Roche), 1 mM MgCl2 (Sigma
Aldrich), 0.5 mM dithiothreitol (DTT) (Life Technologies), 5 mM
phosphocreatine (PCr) (Sigma Aldrich), and 20 U mL�1 creatine
phosphokinase (CPK) (Sigma Aldrich) were used. SERCA activity
induced Ca2+ loading was performed at 37 �C for varying time
(mentioned in the gure legend of each experiment) and then
stopped by centrifuging and removing the supernatant. The
pellet was suspended in 100 mL of Fluo-5N AM dye (Thermo
Fischer) of varying concentration (mentioned in the gure
legend of each experiment) and then incubated at 37 �C at
500 rpm. The reaction was stopped by centrifugation and
removal of the dye. Microsomes were further washed with 100
mL of PBS to purge the un-cleaved Fluo-5N AM at 37 �C for 20
minutes and centrifuged to obtain the microsomal pellet con-
taining only the cleaved dye. Then, the pellet was washed and
the uorescence removed subsequently was measured in a plate
reader (Berthold Technologies) with Ex 488 and Em 515 nm
with the help of a black plate. The blank sample measurements
were subtracted and the data were analysed.
2.6. SERCA activity by uorescence spectroscopy

50 mL of cell-free translation mix aer the reaction was rst
centrifuged at 16 000 � g for 10 minutes at 4 �C to obtain the
pellet containing the vesicular fraction. The pellet was suspended
in ATP based calcium imaging buffer to initiate the SERCA
activity. SERCA activity induced Ca2+ loading was performed at
37 �C for 60 minutes and then stopped by centrifuging and
removing the supernatant. To see the effect of thapsigargin (TG)
on the SERCA activity, microsomes were also additionally incu-
bated with SERCA buffer in the presence of 100 nM TG, with and
without ATP. Aer the SERCA activity step, the pellet was sus-
pended in 100 mL of Fluo-5N AM dye of 5 mM concentration and
then incubated at 37 �C at 500 rpm. The reaction was stopped by
centrifugation and removal of the dye. Microsomes were further
washed with 100 mL of PBS to remove the uncleaved Fluo-5N AM
from the microsomes by incubation at 37 �C for 20 minutes and
centrifuged to obtain the microsomal pellet containing only the
cleaved dye. Then, the suspended pellet was measured using
a plate reader with Ex 488 and Em 515 nm. The blank values were
subtracted and data were analysed.
2.7. Calcium imaging using confocal laser microscopy

For all calciummeasurements, the microsomes were seeded for
attachment on the coverslip coated with poly-D-lysine
RSC Adv., 2021, 11, 16285–16296 | 16287
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hydrobromide preferably with a high molecular weight for
microsomal membranes. The coverslips were autoclaved and
coated overnight with poly-D-lysine hydrobromide (0.1 mg
mL�1) (Sigma Aldrich), dried and stored at room temperature.
The microsomes were seeded for 1 h at 37 �C and the coverslips
were washed with the calcium imaging buffer for the removal of
unsettled microsomes. Though 5 mM Fluo-5N AM was used for
dye loading experiments performed using amicroplate reader, 2
mM Fluo-5N AM was enough for qualitative and quantitative
measurements of calcium with confocal microscopy without
any loading enhancers like Pluronic F-127, probenecid or
saponin. A ow chamber (Warner Instruments) tted with
a coverslip at the bottom with the aid of a vacuum sealing agent
was used for all measurements. An argon laser with Alexa 488
with 3% intensity, maximum gain and 5–6 airy units was used
for all measurements using the LSM Meta 510 soware (Carl
Zeiss) time series function with a frequency of one data point
per 30 s. A 40� oil immersion objective with a numerical
aperture of 1.3 was used. All data are represented as delta F/F,
where delta F represents the difference in uorescence of
microsomes and the background. Different regions of interest
Fig. 2 Cell-free protein synthesis of hTRPV1 and mCES2: (a) template de
promoter, T7 T– T7 terminator, and IRES– cricket paralysis virus Internal
ofmCES2; (c) protein yields ofmCES2 by scintillation counting viaCECF r
by scintillation counting via CECF reaction for 24 h at 30 �C in the Sf21

16288 | RSC Adv., 2021, 11, 16285–16296
were selected from each individual experiment from a frame of
512 mM � 512 mM to ensure whether an identical increase or
decrease in intensity is observable. The slope of bleaching was
dri corrected using the ‘peak and baseline correction protocol’
with the help of OriginPro 2015 soware. For comparison of
individual experiments with activators and inhibitors, the
baseline uorescence intensity was normalized to 100 a.u. and
then an increase or decrease in intensity was analysed. Plotting
graphs was performed using OriginPro and Microso Excel
soware.
2.8. Statistical analysis

For all statistical analysis, GraphPad Prism Version 5.0 soware
was used. The data used for statistical analysis were rst
checked by the normality test (at least one of the tests such as KS
normality test, Shapiro–Wilk normality test or D'Agostino and
Pearson omnibus test should be passed to consider the data in
Gaussian distribution). When the data sets fall under Gaussian
distribution, student t tests are performed for paired sample
data and unpaired student t tests are performed for unpaired
sign of mCES2 and hTRPV1; MEL – melittin signal sequence, T7 P – T7
Ribosome Entry Site; (b) schematic representation of cell-free synthesis
eaction for 24 h at 30 �C in the Sf21 system; (d) protein yields of hTRPV1
system; (e) autoradiogram of proteins run on SDS MES gel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sample data. For datasets that don't fall in Gaussian distribu-
tion, non-parametric tests such as the Wilcoxon matched pairs
test are performed for paired sample data and the Mann–
Whitney test is performed for unpaired sample data. Welch
correction is applied when two data sets have non-equal vari-
ances. All the tests were performed to evaluate two-tailed p
values with a condence level of 95% and statistical signicance
is indicated by * or #.
Fig. 3 Esterase activity using PNPA: (a) esterase activity ofmCES2 using P
***, p ¼ 0.0003, unpaired t test, two tailed; (b) substrate concentration
mCES2, n¼ 3; (c) time and enzyme concentration dependence plot ofmC
(d) esterase activity performed with 200 ng ofmCES2 each in 100 mL of 5
two tailed; (e) Fluo 5N-AM concentration dependent activity with 100 ng
time dependent esterase activity with 100 ng of mCES2 each in 100 mL

© 2021 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1. Cell-free synthesis using the Sf21 system

In order to establish a vesicle-based calcium imaging tool, an
mCES2 cell-free construct was used to incorporate the carbox-
ylesterase inside the lumen as depicted in Fig. 2a and b. A CrPV
IRES translation system with a start codon as GCT, alanine,
instead of ATG, methionine in the Sf21 cell-free systemwas used
in the plasmid constructs to improve the translational turnover
as shown in Fig. 2a.17 A melittin signal sequence upstream of
NPA in the microsomes, 37 �C, 60 min, 100 ng in 0.3 mM PNPA, n ¼ 6;
dependent esterase activity plot of mCES2, 37 �C, 60 min, 60 ng of
ES2, 37 �Cwith 0.3mMPNPA, n¼ 3. Calciumdye loading experiments:
mM Fluo 5N-AM, 37 �C, 60 min, n ¼ 5; ***, p < 0.0001, unpaired t test,
ofmCES2 protein each in 100 mL reaction, 60 minutes, 37 �C, n ¼ 2; (f)
of 5 mM Fluo 5N-AM, 37 �C, n ¼ 2.

RSC Adv., 2021, 11, 16285–16296 | 16289
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the gene was utilized in order to deliver the soluble protein
inside the microsomal lumen as mentioned previously.18 The
mCES2 with a melittin signal sequence is recruited inside the
lumen through the SEC translocon and the signal sequence is
Fig. 4 Direct calcium imaging using mCES2 microsomes: (a) Kd evalua
ionomycin, n ¼ 4; (b) calcium levels of ATP induced Ca2+ loaded and no
resented as a box plot with max and min, and *** indicates significant d
activity in microsomes with 10 mM ATP added at 3 min and measured for
caffeine induced calcium release in mCES2 microsomes via ryanodine re
indicates the significant difference of 100 mM caffeine sample data at 15
indicates the significant difference between 100 mM and 10 mM caffein
Calciumwas loaded in themCES2microsomeswith ATP for 60min at 37 �

II and III from different states of graph (f); (f) representative graph of cal
10 mM Ca2+ in the presence of 10 mM ionomycin. All data in (a), (c), (d),

16290 | RSC Adv., 2021, 11, 16285–16296
cleaved by the signal peptidase present in the microsomal
membrane as depicted in Fig. 2b. T7 promoter and T7 termi-
nator were used for mRNA transcription. No signal sequence
was used for the hTRPV1 construct as hTRPV1 is a poly-
tion of Fluo 5N-AM in the Sf21 microsomes in the presence of 10 mM
n-loaded microsomes at 37 �C for 1 h, n ¼ 5 each; the data are rep-

ifference, p < 0.0001, Mann–Whitney test, two tailed; (c) SERCA pump
30 min, RT, n ¼ 5. The data before adding ATP are normalized to 0; (d)
ceptor (RyR2) activation, n ¼ 6 each for 10 mM and 100 mM caffeine; *
0 s and 600 s, p ¼ 0.0313, Wilcoxon matched pair test, two tailed. #
e samples at 600 s, p value ¼ 0.0247, Mann–Whitney test, two tailed.
C prior to caffeine experiments; (e) representative confocal images of I,
cium concentration determination using Ca2+ free + 5 mM EGTA and
and (f) are presented as mean � S.E.M.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transmembrane protein. For the cell-free synthesis of mCES2
and hTRPV1, we used the Continuous Exchange Cell-Free
(CECF) mode of our Sf21 translation system.19,20 This mode of
synthesis has mainly the amino acids and the energy compo-
nents in a larger compartment and the eukaryotic translation
mix in a smaller compartment separated by a dialysis
membrane of 9 kDa cut off. Caspase inhibitor was used for
improved yields and avoiding protein degradation during the
incubation step for 24 h. PolyG nucleotide (30 nucleotides) was
used to enhance the CrPV IRES mediated translation. As
hTRPV1 and mCES2 contain disulphide bridges, prudently the
translation is performed only under non-reducing conditions.
mCES2 and hTRPV1 synthesized in CECF reaction in Fig. 2c and
d showed 181 ng mL�1 and 85 ng mL�1 correspondingly. The
synthesized mCES2 and hTRPV1 showed a molecular weight of
58 kDa and 98 kDa monomer bands correspondingly in the SDS
gel-autoradiogram run under reducing conditions. No protein
band was observed in the NTC (Non-Template Control) samples
as shown in the autoradiogram in Fig. 2d.
3.2. Validation of synthesized mCES2 in the microsomal
lumen

Carboxylesterases ubiquitously present in the cytosol also result
in lysates but it will not aid in calcium imaging as they are
present outside the microsomes. The functionality of the
mCES2 synthesized inside the microsomes is assessed using the
most commonly used para-nitrophenyl acetate (PNPA)
method21,22 (Fig. 3a–c). The PNPA method is an inexpensive and
prompt method to assess the esterase activity. mCES2 micro-
somes showed higher activity relative to the NTC microsomes
for 1 h PNPA incubation (p value ¼ 0.0003, *** unpaired t test,
two tailed) as shown in Fig. 3a.mCES2 microsomes also showed
higher esterase activity relative to NTC microsomes in substrate
dependence (Fig. 3b), time dependence and dose dependence
(Fig. 3c, ESI Table 1†) measurements. All the above-mentioned
plots showed esterase activity, which was linearly dependent on
the x-axis parameters.

For calcium dye loading experiments, Fluo-5N AM was used
due to its low binding affinity (90 mM in buffer) for Ca2+. The
masked negative charge of the dye by the acetoxymethyl ester
moiety is unveiled with the aid of mCES2 inside the micro-
somes. Dye loading experiments also reveal a similar pattern
shown by PNPA assay. mCES2 microsomes cleaved a signi-
cantly higher amount of Fluo-5N AM dye compared to the NTC
microsomes when incubated at 5 mM concentration for 1 h as
shown in Fig. 3d (p value ¼ <0.0001, *** unpaired t test, two
tailed). The mCES2 overexpression inside the microsomes
signicantly enhances the amount of dye loaded and reduces
the dye incubation time relative to NTC microsomes as
observed in Fig. 3d–f. Both time dependence plot and substrate
dependence plot showed a higher amount of dye loaded and
cleaved for the AM moiety by mCES2 microsomes relative to the
NTC microsomes, Fig. 3e and f. The dye concentration depen-
dence plot and the time dependence plot both show that the
AM-cleaving activity shows a linear prole with the x-axis
parameters even at 60 min, with 8 mM of the dye, which is
© 2021 The Author(s). Published by the Royal Society of Chemistry
coherent with the expected range of activity for calcium imaging
applications.

The activity observed in the NTCmicrosomes is probably due
to the unspecic activity of hydroxylase or a mono-oxygenase
class of cytochrome P450 enzymes present in the endoplasmic
reticulum.23,24
3.3. Establishment of TED based calcium imaging in
microsomes

The Kd of Fluo-5N AM for Sf21 lysate microsomes was calculated
to be 265 mM (Fig. 4a). The experiment was performed by rst
chelating resting calcium levels in the microsomes by 5 mM
EGTA (ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetra-
acetic acid) and then sequentially increasing the concentra-
tion of Ca2+ from 0 to 1mM every step by 100 mM in the presence
of 10 mM ionomycin. The binding affinity, Kd of the dye for
calcium in the endoplasmic reticulum is usually higher than
phosphate buffer saline buffer 90 mM (ref. 25) and varies
congruently with expression levels of calcium binding proteins
such as calnexin and calreticulin.26 For example, SR vesicles
rabbit ventricular myocytes show a Kd of 400 mM (ref. 27) and
mouse skeletal muscle SR has a Kd of 133 mM.14 A change in
temperature alters the Kd with a change in the sensitivity range
and the uorescence life time which in turn affects the
bleaching rate of the Fluo-5N AM.28 Kd and temperature are
inversely related. Hence, all measurements are preferably per-
formed at room temperature.

In order to study the native proteins in microsomes, exten-
sively investigated proteins such as sarcoplasmic reticulum
ATPase (SERCA) and ryanodine receptors were choice of
interest. In Sf21 microsomes, SERCA activity was previously
recorded with radiolabelled 45Ca2+.29,30 The typical [Ca2+]
concentration in the ER varies from few mM to mM.31 Calcium
binding proteins like calreticulin, calnexin, Glucose Regulated
Protein 78 (GRP78), glucose regulated protein 94 (GRP94),
Endoplasmic Reticulum Protein (ERp72), protein disulphide
isomerase, reticulocalbin, and Endoplasmic Reticulum
Calcium binding protein 55 (ERC55) act as buffers, causing
multiple orders of variation in the [Ca2+] of the ER due to
different individual binding affinities.32,33 The free [Ca2+] in Sf21
microsomes that undergo CECF translation was estimated to be
in the range of 100 to 1000 mM (Fig. 4b) which is coherent with
previously reported data in other eukaryotic cells. To avoid
artifacts caused by temperature, we preferred to evaluate the
increase in Ca2+ levels in microsomes at room temperature aer
treatment of microsomes at 37 �C with ATP. Microsomes treated
with 10 mM ATP, 1 mM Mg2+ and 200 mM Ca2+ for 1 h at 37 �C
showed a 4–5 times higher range of luminal Ca2+. The sensitivity
range of the dye varies from 0.1 to 100� Kd. Microsomes treated
for SERCA activity showed a median value of 2500 mM (Fig. 4b)
which is in accordance with the expected sensitivity range (10�7

to 102 M Ca2+ i.e., 0.1 to 100 � Kd) for uorescent dyes. Exper-
iments with and without ATP shown in Fig. 4b alone can
substantiate the pumping of calcium due to SERCA. Further
experiments were performed to see the inhibitory function of
thapsigargin, a SERCA inhibitor. 100 nM thapsigargin was
RSC Adv., 2021, 11, 16285–16296 | 16291
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enough to inhibit SERCA activity. For data, refer to ESI Fig. 1.†
SERCA activity at room temperature was observed for about
30 min in the presence of 10 mM ATP with a slow increase in
microsomal Ca2+ (Fig. 4c).

Ryanodine receptors RYR1 and RyR2 perform a plethora of
functions in mammalian physiology, ranging from skeletal
muscle and cardiac muscle contraction to cognitive functions
such as learning and memory. Ryanodine channels that deplete
the calcium stores in response to ryanodine are ER resident leak
channels. RyRs respond to ryanodine at low concentrations and
caffeine. Ryanodine receptors have been extensively investi-
gated in eukaryotic cells.34–37 The graph in Fig. 4d presents the
calcium response of 100 mM and 10 mM caffeine. 10 mM
Fig. 5 Functional assessment of cell-free synthesized hTRPV1: (a) illustr
mCES2; (b) capsazepine, CPZ (20 mM), mediated inhibition of calcium r
somes, n ¼ 6 each. # indicates the significant difference between two sam
the significant difference of data sets at 150 s and 600 s of 200 nM CAP s
hTRPV1–mCES2 and mCES2 microsomes for 10 mM CAP induced Ca2+

observed in the mCES2 microsomes. ## indicates the significant differen
test, two tailed. *** indicates the significant difference of hTRPV1–mCES2
0.0001, paired t test, two tailed; all samples in (b), (c) and (d) were calcium
data in (b) and (c) are presented as DF/F � 100 of the baseline before a
mCES2 microsomes presented as a ratio of area of the curve A/Amax, n

16292 | RSC Adv., 2021, 11, 16285–16296
caffeine induced a higher calcium efflux relative to 100 mM
caffeine. Dantrolene inhibited the calcium release induced by
caffeine. For inhibitory experiments using dantrolene, refer to
ESI Fig. 2.†

In order to estimate the amount of calcium present in the
microsomes, we have used 10 mM ionomycin + 5 mM EGTA for
Fmin and 10 mM ionomycin + 10 mM Ca2+ for Fmax in the
formula,

[Ca2+] ¼ Kd � (F � Fmin)/(Fmax � F)

The representative graph for calcium concentration deter-
mination is shown in Fig. 4e and f. The sensitivity of the Fluo-5N
ation of calcium dynamics in microsomes expressed with hTRPV1 and
elease caused by capsaicin, CAP, 200 nM, in hTRPV1–mCES2 micro-
ple groups at 600 s, p ¼ 0.0121, unpaired t test, two tailed. * indicates

timulation, p ¼ 0.0182, paired t test, two tailed. (c) Comparison plot of
release at 5 min from microsomes, n ¼ 6 each. No Ca2+ release was
ce between two sample groups at 600 s, p ¼ 0.0043, Mann–Whitney
sample data at 150 s and 600 s, i.e., before and after CAP addition, p <
loaded for 60 min at 37 �C using ATP before CAP and CPZ studies. All

dding the stimulant; (d) dose dependent response of CAP in hTRPV1–
¼ 4 to 7 per each data point.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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AM can be visually observed and is shown in Fig. 4e, presenting
I, II, and III experimental conditions of Fig. 4f. With the
depletion of Ca2+ in microsomes, a decrease in uorescence is
noted in II and when the buffer is completely exchanged to 10
mM ionomycin + 10 mM Ca2+, a increase in intensity is observed
in III as recorded in the ESI video le.†

Studying native ER proteins using our method has a couple
of advantages: (a) increased signal to noise ratio in micro-
somes relative to ER in intact cells. As the low affinity AM dyes
have to reach the endoplasmic reticulum through the cytosol
where the carboxylesterases are abundant, a signicant
amount of uorescent dye is cleaved and remains in the
cytosol. Despite using low affinity Ca2+ indicators, which
diminish the sensitivity to cytosolic Ca2+ levels, it will still
contribute to the large noise relative to signal due to the high
amount of cleaved dye present in the cytosol. (b) The exibility
to alter the calcium levels outside the microsomes, to reduce
the intrinsic calcium leakage due to the potentiation of Ca2+

between the luminal and outer face of the microsomes.38 For
all calcium experiments, we used 200 mM calcium in the buffer
in order to reduce the spontaneous leakage from microsomes
as using 300 nM Ca2+ in the buffer caused extensive leakage
relatively (ESI Fig. 3†).
3.4. Analysis of the cell-free synthesized hTRPV1 channel

In pursuance of calcium imaging with cell-free synthesized
channels, we have chosen a human Transient Receptor Poten-
tial Channel, Vanilloid Receptor member 1 (hTRPV1), as
a model protein and also bovine Transient Receptor Potential
Channel, Vanilloid receptor member 3, TRPV3 (ESI Fig. 4†).
hTRPV1 expressed in cells in the plasma membrane has been
studied for calcium entry into the cytoplasm using Fura 2-
AM.39,40 hTRPV1 is largely present in the plasmamembrane with
a large N terminal and the C terminal that stretches towards the
cytosol in cells.

As expected, in cell-free synthesis, the orientation of the
protein incorporated in the microsome is opposite to the native
plasma membrane orientation. Hence, the cytoplasmic side is
outside the microsomes and the extracellular domain is on the
side of the microsomal lumen. Both the N-terminal and the C-
terminal cytosolic domains of hTRPV1 are expected to be
expressed on the outside of the microsomes during cell-free
protein synthesis. Although most of the activators and inhibi-
tors for the TRP channel family are organic membrane perme-
able compounds, attention should be paid while working with
the non-polar activators or inhibitors. It has been reported that
TRPV1 expressed both endogenously and heterologously in the
ER causes Ca2+ release. TRPV1 is expressed in neurons endog-
enously in the ER and mediates calcium release from the ER
which is not Inositol Triphosphate (IP3) mediated store
release.41 Calcium imaging of TRPV1 overexpression in the ER
of Sf21 and HEK (Human Embryonic Kidney) 293 cells with the
KDEL sequence also showed Ca2+ release into the cytosol
without the aid of IP3 mediation from the ER.42 TRPV1 is also
expressed endogenously in the ER of non-excitable cells such as
myocytes and cancer cells43 and in human lung cells,44 which
© 2021 The Author(s). Published by the Royal Society of Chemistry
also show calcium regulation similar to the overexpression
systems in the ER.

All experiments depicted in Fig. 5 are performed aer
calcium loading into the microsomes for 1 h in order to ensure
uniform and higher [Ca2+] inside the microsomes. The
calcium homeostasis in microsomes along with cell-free
synthesized ion channels is depicted in Fig. 5a. Under the
above-mentioned experimental conditions, we have observed
that the activation of the hTRPV1 caused Ca2+ release from
hTRPV1–mCES2 microsomes as shown in Fig. 5b and c. The
Ca2+ release by 200 nM CAP was abolished completely by 20
mM capsazepine (CPZ) (Fig. 5b). No Ca2+ release was observed
in mCES2 samples even at 10 mM CAP (Fig. 5c). Saturation of
capsaicin induced Ca2+ release was observed even with 200 nM
CAP in the hTRPV1–mCES2 microsomes. The CAP activation
prole of cell-free synthesized hTRPV1 (Fig. 5d) is coherent in
the molar range as the cell-based expression.45 Presence of
phosphatidylinositol 4,5-bisphosphate, (4,5)PIP2, for the acti-
vation of TRP channels has been debated by several
researchers.46–48 In our work, we have shown that without
external (4,5)PIP2, activation of TRPV1 was feasible. On the
other hand, the phenomenon we observe can be supported by
the presence of (4,5)PIP2 in the endoplasmic reticulum and in
the cytosol.48–50

4 Conclusion and outlook

In conclusion, our work is promising to enhance the following
areas of research: (a) to probe other ions such as Cl�, Mg2+ and
K+ using AM-based indicators, (b) to study native channels
present in the ERmembrane by direct ion-sensitive dye imaging
of the lumen, (c) drug toxicity studies in microsomes – envi-
ronmental toxicologists and pharmacologists investigate
microsomal Ca2+ levels to estimate the cell toxicity. Ca2+ release
by microsomes caused by drug or drug metabolites is the direct
indicator of cell toxicity succumbing to higher cytosolic Ca2+

that triggers apoptosis,51–54 (d) potentially it could be used
further to develop High Throughput Screening (HTS) for drugs
in CFPS platforms for ion permeable proteins that include
different families of ion channels, pumps and exchangers.
When converted into an HTS assay, the characteristics of the
assay will also be changed apparently. For example, it is ex-
pected that the spatial resolution of observed calcium or the
sensitivity of calcium dye which we observe in confocal
microscopy will be reduced in an HTS assay in the microplate.
But an HTS platform comes with other advantages such as
reduced imaging time and high turnover of measured samples
in a short time.55 In summary, in order to cope up with the
sustenance needs of the above-mentioned areas, cell-free
synthesized carboxylesterases could be a viable calcium
imaging platform in microsomes, thereby overcoming the
conventional disadvantages of cell-based protein synthesis.

Author contributions

PD and SK have framed the basic idea for this work. DAW was
responsible for the production and quality control of the cell-
RSC Adv., 2021, 11, 16285–16296 | 16293

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08397f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

6:
54

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
free lysates used in this manuscript. AZ, DB, SD, PD and SK have
performed all experiments and analysis of the data. PD, SD and
SK have contributed to the preparation of the manuscript. SM
has provided his decades long expertise in calcium imaging and
corrected the manuscript.

Conflicts of interest

The authors declare no conicts of interest.

Acknowledgements

This work was supported by German Ministry of Education and
Research, BMBF (BMBF, No. 031B0078A). We would like to
appreciate Dr Rita Sachse for her preliminary attempts in this
topic during her Ph.D. thesis in our lab. We would like to
acknowledge Ms Dana Wenzel (Fraunhofer IZI, Potsdam-Golm,
Germany) for technical support and Dr Lena Thoring and Dr
Marlitt Stech (Fraunhofer IZI, Potsdam-Golm, Germany) for
providing their insights and discussion in the cell-free synthesis
platform in due course of this research work. We would also like
to thank Dr Michael Kirschbaum for helping us with the
imaging platforms.

References

1 R. Santos, O. Ursu, A. Gaulton, A. P. Bento, R. S. Donadi,
C. G. Bologa, et al., A comprehensive map of molecular
drug targets, Nat. Rev. Drug Discovery, 2017, 16(1), 19–
34.

2 A. Zemella, L. Thoring, C. Hoffmeister and S. Kubick, Cell-
Free Protein Synthesis: Pros and Cons of Prokaryotic and
Eukaryotic Systems, ChemBioChem, 2015, 16(17), 2420–2431.

3 R. Sachse, S. K. Dondapati, S. F. Fenz, T. Schmidt and
S. Kubick, Membrane protein synthesis in cell-free
systems: from bio-mimetic systems to bio-membranes,
FEBS Lett., 2014, 588(17), 2774–2781.

4 S. K. Dondapati, M. Stech, A. Zemella and S. Kubick, Cell-
Free Protein Synthesis: A Promising Option for Future
Drug Development, BioDrugs, 2020, 34(3), 327–348.

5 D. Burdakov, O. H. Petersen and A. Verkhratsky,
Intraluminal calcium as a primary regulator of
endoplasmic reticulum function, Cell Calcium, 2005, 38(3–
4), 303–310.

6 A. Raffaello, C. Mammucari, G. Gherardi and R. Rizzuto,
Calcium at the Center of Cell Signaling: Interplay between
Endoplasmic Reticulum, Mitochondria, and Lysosomes,
Trends Biochem. Sci., 2016, 41(12), 1035–1049.

7 C. Betzer, L. B. Lassen, A. Olsen, R. H. Kofoed, L. Reimer,
E. Gregersen, J. Zheng, T. Cal̀ı, W. P. Gai, T. Chen,
A. Moeller, M. Brini, Y. Fu, G. Halliday, T. Brudek,
S. Aznar, B. Pakkenberg, J. P. Andersen, P. H. Jensen, et al.,
Alpha-synuclein aggregates activate calcium pump SERCA
leading to calcium dysregulation, EMBO Rep., 2018, 19(5),
e44617.

8 D. C. McMullen, W. S. Kean, A. Verma, J. T. Cole and
W. D. Watson, A microplate technique to simultaneously
16294 | RSC Adv., 2021, 11, 16285–16296
assay calcium accumulation in endoplasmic reticulum and
SERCA release of inorganic phosphate, Biol. Proced. Online,
2012, 14(1), 4.

9 L. Navazio, M. A. Bewell, A. Siddiqua, G. D. Dickinson,
A. Galione and D. Sanders, Calcium release from the
endoplasmic reticulum of higher plants elicited by the
NADP metabolite nicotinic acid adenine dinucleotide
phosphate, Proc. Natl. Acad. Sci. U. S. A., 2000, 97(15),
8693–8698.

10 A. N. K. Yusu, J. Cheng, M. A. Thompson, J. C. Burnett and
J. P. Grande, Differential mechanisms of Ca(2+) release from
vascular smooth muscle cell microsomes, Exp. Biol. Med.,
2002, 227(1), 36–44.

11 R. Giunti, A. Gamberucci, R. Fulceri, G. Bánhegyi and
A. Benedetti, Both translocon and a cation channel are
involved in the passive Ca2+ leak from the endoplasmic
reticulum: a mechanistic study on rat liver microsomes,
Arch. Biochem. Biophys., 2007, 462(1), 115–121.

12 H. M. Dusza, P. H. Cenijn, J. H. Kamstra, R. H. S. Westerink,
P. E. G. Leonards and T. Hamers, Effects of environmental
pollutants on calcium release and uptake by rat cortical
microsomes, Neurotoxicology, 2018, 69, 266–277.

13 S. Samtleben, J. Jaepel, C. Fecher, T. Andreska, M. Rehberg
and R. Blum, Direct imaging of ER calcium with targeted-
esterase induced dye loading (TED), J. Visualized Exp.,
2013, (75), e50317.

14 M. Rehberg, A. Lepier, B. Solchenberger, P. Osten and
R. Blum, A new non-disruptive strategy to target calcium
indicator dyes to the endoplasmic reticulum, Cell Calcium,
2008, 44(4), 386–399.

15 R. Blum, O. H. Petersen and A. Verkhratsky, Ca2+ Imaging
of Intracellular Organelles: Endoplasmic Reticulum, in
Calcium Measurement Methods [Internet], ed. A.
Verkhratsky and O. H. Petersen, Humana Press, Totowa,
NJ, 2010, pp. 147–67, (Neuromethods), DOI: 10.1007/978-
1-60761-476-0_8.
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D. A. Wüstenhagen and S. Kubick, A continuous-exchange
cell-free protein synthesis system based on extracts from
cultured insect cells, PLoS One, 2014, 9(5), e96635.

20 R. B. Quast, A. Sonnabend, M. Stech, D. A. Wüstenhagen and
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