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Recording physiological history of cells
with chemical labeling
Magnus-Carsten Huppertz1†, Jonas Wilhelm1†, Vincent Grenier1, Martin W. Schneider2, Tjalda Falt3,
Nicola Porzberg1, David Hausmann4, Dirk C. Hoffmann4,5,6, Ling Hai4,5,7, Miroslaw Tarnawski8,
Gabriela Pino9, Krasimir Slanchev2, Ilya Kolb10, Claudio Acuna9, Lisa M. Fenk3, Herwig Baier2,
Julien Hiblot1*, Kai Johnsson1,11*

Recordings of the physiological history of cells provide insights into biological processes, yet obtaining
such recordings is a challenge. To address this, we introduce a method to record transient cellular
events for later analysis. We designed proteins that become labeled in the presence of both a specific
cellular activity and a fluorescent substrate. The recording period is set by the presence of the
substrate, whereas the cellular activity controls the degree of the labeling. The use of distinguishable
substrates enabled the recording of successive periods of activity. We recorded protein-protein
interactions, G protein–coupled receptor activation, and increases in intracellular calcium. Recordings of
elevated calcium levels allowed selections of cells from heterogeneous populations for transcriptomic
analysis and tracking of neuronal activities in flies and zebrafish.

T
he recording of transient cellular events
is crucial for the delineation of biological
processes. For example, recording changes
in intracellular Ca2+ concentrations, neuro-
transmitter concentrations, or ion chan-

nel activities enables the tracking of neuronal
activity. Ideally, methods to record transient
cellular events would access large populations
of cells in parallel, across entire tissues, andwith
high spatiotemporal resolution. Furthermore,
transforming transient events into perma-
nent marks for a later analysis would separate
the recording from its analysis, which is partic-
ularly important for amassive parallel analysis
of transient cellular events. However, there is a
shortage of methods that fulfill these criteria.
At present, most tissue-wide recordings are
performed by coupling a given event to the
transcription of a reporter gene (1–3). A wide-
spread example in neuroscience is the use of

promotors of immediate early genes (IEGs) to
report on neuron activity in vivo by the tran-
scription of a reporter gene and later analysis
(4, 5). Using reporter genes that form contin-
uously growing protein filaments as readout
also allows continuous recording of physio-
logical activities (6, 7). However, the transcrip-
tional coupling between neuron activity and
reporter expression is only indirect (8). CRISPR-
Cas–based tools can be used to record cellular
events onDNA (9, 10), but these approaches are
also based on an indirect coupling of signal and
readout and have a relatively poor temporal
resolution. Optical and optogenetic approaches,
which control recording through illumination
of live specimens, can directly record activities
for in situ and post hoc analyses and offer out-
standing spatiotemporal resolution (11–16). For
example, the biosensor CaMPARI undergoes an
irreversible color change when illuminated in
the presence of high Ca2+ levels to record neu-
ronal activity for later analysis and has been
successfully used in various model organisms
(11, 12). Activity-based labeling of cells with
chemical probes could complement the afore-
mentioned approaches because it can directly
record the activity of interest, eliminates the
need for illumination, and offers a recording
window that is determined by addition and
washout of an ideally highly permeable and
innocuous probe. Yet present approaches for
activity-based chemical labeling are not suit-
able for continuous recordings nor do they
allow the recording of multiple successive
events (17).
We developed split-HaloTag–based protein

recorders that are irreversibly labeled only in
the presence of both a specific biological ac-
tivity and an externally applied fluorescent
substrate. The sequential use of fluorescent
substrates with different colors allows the
recording of multiple periods of biological

activities for later analysis. The approach is
scalable, can be applied to record different
biological activities, and is applicable in vivo.

Results

As a starting point for the generation of a
recorder of transient cellular events, we used
the self-labeling protein HaloTag (18). HaloTag
can be specifically labeled with fluorescent sub-
strates both in vitro and in vivo using chloro-
alkane (CA) substrates (19–21). We reasoned
that a recorder could be created by making its
self-labeling activity dependent on a transient
cellular activity, such that self-labeling only
occurred in the presence of the activity and a
fluorescent substrate. To design such record-
ers, we developed a split protein sensor in
which functional HaloTag is reconstituted
from a folded yet inactive fragment that could
be reversibly activated through the binding of
a small peptide (Fig. 1A). We circularly per-
muted HaloTag by connecting the original
termini and screened for active variants with
new termini close to the substrate binding site
(Fig. 1B and fig. S1). We identified circularly
permuted HaloTag variants with new C and
N termini at positions 141 and 145, respectively,
and at positions 154 and 156 that maintained
the overall fold and activity of the protein
(Fig. 1C and fig. S2). Residues 142 to 155 were
truncated to generate cpHaloD, which main-
tains the overall fold of HaloTag but had al-
most no activity (Fig. 1D and fig. S2). However,
activity could be restored through the revers-
ible binding of the decapeptide Hpep1 (resi-
dues 145 to 154) (Fig. 1, E and F, and fig. S2).
We then tested this split-HaloTag system for
the detection of the rapamycin-dependent in-
teraction of FK506-binding protein (FKBP)
and the rapamycin-binding domain of mech-
anistic target of rapamycin (mTOR) (FRB; Fig.
1G) (22). When the split-HaloTag fragments
were fused to the C termini of FKBP and FRB,
split-HaloTag labeling was strictly dependent
on the presence of rapamycin (Fig. 1H). When
fused to the more distant N termini of FKBP
and FRB (47 Å between the N termini versus
14 Å between the C termini), no labeling was
detectable (Fig. 1I). We assumed that this was
due to the low affinity of Hpep1 for cpHaloD
[dissociation constant (Kd) = 4.6 mM; fig. S2],
which did not allow complementation across
larger distances. We developed peptides with
higher affinities for cpHaloD by setting up a
custom computational RosettaScripts proto-
col. Structures (40,000) with different pep-
tide sequences were generated and scored by
Rosetta total score and peptide-binding free
energy. Of these, 384 selected peptides were
synthesized and assayed for their potency to
complement purified cpHaloD (table S1). Of
those peptides, 80% showed faster labeling
of cpHaloD than Hpep1 (Fig. 1J). We com-
bined features of highly active peptides, which
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Fig. 1. Split-HaloTag characterization and application as a recorder of protein-
protein interactions. (A) Scheme of the split-HaloTag system. Binding of Hpep to
cpHalo increases labeling speed 26,000-fold. Numbers correspond to reaction with the
fluorescent tetramethylrhodamine HaloTag substrate (TMR-CA). kapp, apparent
second-order rate constant. (B) X-ray structure of HaloTag labeled with TMR-CA
[Protein Data Bank (PDB) ID 6Y7A]. Positions of the new termini of the circularly
permuted HaloTag are highlighted in blue and green. The segment corresponding to
Hpep1 is highlighted in red. D, Asp. (C and D) X-ray structures of cpHaloTag154-156
(cpH154-156; PDB ID 8B6P) and cpHaloD (PDB ID 8B6N). Both proteins display the
same overall fold as HaloTag. T, Thr. (E) Hpep-dependency of cpHaloD (1 mM)
labeling with TMR-CA (2 mM) analyzed by SDS-PAGE (SDS–polyacrylamide gel
electrophoresis). (F) Labeling kinetics of split-HaloTag (500 nM, cpHaloD) with TMR-
CA (50 nM) in presence or absence of Hpep (250 mM) measured by fluorescence
polarization (FP). (G) Detection of the rapamycin-dependent interaction of FKBP
and FRB with split-HaloTag. (H) Labeling kinetics of FKBP-(GGS)-cpHaloD (250 nM)
and FRB-(GGS)-Hpep1 (250 nM) (14-Å distance between FKBP and FRB C termini)
with TMR-CA (50 nM) as measured by FP. Split-HaloTag labels itself only in the
presence of rapamycin (RAPA; 500 nM). DMSO, dimethyl sulfoxide. (I) Labeling

kinetics of cpHaloD-(GGS)9-FKBP (250 nM) and Hpep1-(GGS)3-FRB (250 nM) (47-Å
distance between FKBP and FRB N termini) with TMR-CA (50 nM) in the presence or
absence of rapamycin (500 nM) as measured by FP. (J) Screening of 384 Rosetta-
designed Hpep variants reveals a large number of highly active hits. Labeling rates
with TMR-CA (100 nM) in the presence of cpHaloD (500 nM) are given relative to
the labeling rate of the original Hpep1. (K) Titrations of eight selected Hpeps with
EC50 values ranging from high nanomolar (EC50

Hpep8: 124 nM) to low millimolar (EC50
Hpep1:

3.0 mM). (L) Labeling kinetics of cpHaloD-(GGS)9-FKBP (250 nM) and Hpep3-(GGS)3-FRB
(250 nM) (47 Å distance between FKBP and FRB N termini) with TMR-CA (50 nM) in
the presence or absence of rapamycin (500 nM) as measured by FP. (M) Fluorescence
micrographs of HeLa cells coexpressing Lyn11-EGFP-cpHaloD-(GGS)9-FKBP and Hpep3-
(GGS)3-FRB-mScarlet. Labeling with CPY-CA (100 nM, 1 hour) is observed only in the
presence of rapamycin (100 nM). Scale bars are 50 mm. (N) Flow cytometry analysis of
HeLa cells coexpressing Lyn11-EGFP-cpHaloD-(GGS)9-FKBP and Hpep3-(GGS)3-FRB-mScarlet
incubated with CPY-CA (100 nM, 1 hour) in the presence or absence of rapamycin (100 nM).
The presence of rapamycin leads to a 39-fold higher median labeling ratio (CPY-CA/EGFP)
(N > 1900 cells; p < 0.0001; Welch’s t test). The center line represents the median, box
limits are upper and lower quartiles, and whiskers are minimum and maximum values.
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resulted in an additional eight peptides. Most
of these eight peptides showed labeling even
at low mM concentrations, conditions at which
Hpep1 showed no detectable labeling, and fea-
tured median effective concentration (EC50)
values ranging from nano- to millimolar (Fig.
1K, fig. S3, and table S2). We fused Hpep3
(EC50 = 149 mM) and cpHaloD to the distant
N termini of FKBP and FRB and observed ef-
ficient labeling in the presence of rapamycin,
whereas no labeling was detectable in its
absence (Fig. 1L). To evaluate the performance
of split-HaloTag in live cells, we expressed
membrane-localized cpHaloD-FKBP and cyto-
solic Hpep1-FRB or Hpep3-FRB in HeLa cells.
Membrane-specific labeling of cpHaloD-FKBP
with a fluorescent carbopyronine HaloTag sub-
strate (CPY-CA) was only observed with Hpep3-
FRB and was strictly dependent on the presence
of rapamycin. Labeled cells could be iden-
tified by either fluorescence microscopy or
flow cytometry, mirroring the results obtained
in vitro (Fig. 1, M and N, and figs. S4 and S5).
The access to different Hpeps enables the se-
lection of peptides with optimal affinities for
each split-HaloTag recorder.

We extended the use of split-HaloTag to re-
ceptors of physiologically relevant small mol-
ecules (Fig. 2A). G protein–coupled receptors
(GPCRs) are activated by various physiologi-
cally important ligands such as neurotransmit-
ters and hormones. Recording the activation
of GPCRs thus offers the opportunity to record
signals transmitted by their cognate ligands.
Activation of GPCRs results in downstream
binding of arrestins to the cytosolic side of the
GPCR, and the interaction between the two
proteins can be used to track GPCR activation.
This strategy has been used in screening assays
(23), as well as in light-triggered and chemically
triggered recorders (3, 24). As a model system,
we fused cpHaloD to the C-terminal tail of the
human dopamine receptor D2 (D2R) and dif-
ferent Hpeps to the N terminus of b-Arrestin 2
(bArr2). We fused D2R to monomeric enhanced
green fluorescent protein (EGFP) to normal-
ize for differences in expression levels. In cells
coexpressing D2R and bArr2 split-HaloTag
constructs, application of the D2R agonist
quinpirole in the presence of CPY-CA led to
an eightfold higher fluorescence intensity than
in the absence of quinpirole (Fig. 2, B and C).

The responsewasdose-dependent forquinpirole
and the native ligand, dopamine (Fig. 2D). In
these experiments, Hpep1 yielded the best re-
sults because higher-affinity peptides led to
greater agonist-independent labeling (fig. S6).
We assessed the generality of this method by
fusing cpHaloD to the C termini of monomeric
class A GPCRsmuscarinic acetylcholine recep-
tor m3 (mAChR) and b2 adrenergic receptor
(b2AR), as well as the heteromeric class C
GPCRs g-aminobutyric acid type B receptor
subunit 1 (GABAb1R) and metabotropic glu-
tamate receptor 2 (mGluR2). We observed re-
sponses to agonists ranging from 1.5- to 18-fold
labeling over control, with the exception of
baclofen-stimulated GABAb1R (fig. S7). The
split-HaloTag–based recorders of GPCR acti-
vation thus enable the labeling of cells, depen-
ding on received input from physiologically
relevant small molecules such as neurotrans-
mitters, for later analysis.
We then designed a split-HaloTag recorder

for Ca2+-dependent protein labeling (Caprola)
by connecting cpHaloD and Hpep1 through
calmodulin and the peptide M13. Calmodulin
binds to M13 in a Ca2+-dependent manner,

A

B D

0.00

0.25

0.50

0.75

1.00

10 10 10 9 10 8 10 7 10 6 10 5 10 4

[Agonist] (M)

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

 in
te

ns
ity

 r
at

io
(C

P
Y

−
C

A
 / 

E
G

F
P

)

Dopamine

Quinpirole

+ 
Q

ui
np

iro
le

- Q
ui

np
iro

le

Arr2 (mTagBFP2)
D2R (EGFP)

CPY-CA Ratio
(CPY-CA / EGFP)

0

10

C

0.001

0.010

0.100

1.000

10.000

D2R recorder

D2R recorder

D2R
off

D2R
on

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 r

at
io

 (
C

P
Y

−
C

A
 / 

E
G

F
P

)

None

Quinpirole

8.4 x

p < 0.0001

A2 A2

P

P
P

A2
P

P
P

A2

LabelingLigand
binding

cpHalo
complementation

ß-Arrestin-2
recruitment

cpHalo

GPCR

Hpep

Fluorescent 
HaloTag substrate

EC50 = 49.3 nM

EC50 = 162 nM

Fig. 2. Recording of GPCR signaling using split-HaloTag. (A) Scheme of
split-HaloTag–based GPCR recorder. Fusion of Hpep to bArr2 and cpHaloD
to a GPCR leads to labeling of split-HaloTag after ligand binding and downstream
bArr2 recruitment. (B) Fluorescence micrographs of human embryonic kidney
(HEK) 293 cells coexpressing Hpep1-bArr2-T2A-mTagBFP2 and D2R-cpHaloD-
GGS-EGFP treated with or without quinpirole (100 mM, 1 hour) in the presence of
CPY-CA (200 nM). The color scale bar represents the ratio of fluorescence intensities.

Scale bars are 50 mm. (C) Quantification of D2R-cpHaloD-EGFP labeling
(N > 500 cells; p < 0.0001; Welch’s t test). Error bars indicate median and
25 and 75% quantiles. D2Roff, D2R lacking cpHaloD; D2Ron, D2R fused to
cpHaloTag154-156. (D) Labeling of HEK293 cells coexpressing D2R-cpHaloD
and Hpep-bArr2 in the presence of varying concentrations of dopamine or
quinpirole. Data are shown as mean ± SEM. A sigmoidal model was applied to
determine EC50 values.
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and we used binding of calmodulin to M13
to enable complementation of cpHaloD by
Hpep1 (Fig. 3A). We chose the low-affinity pep-
tide Hpep1 to minimize Ca2+-independent la-
beling. Caprola showed negligible labeling
in the absence of Ca2+ but more than 103-fold
faster labeling at saturating concentrations of
Ca2+ [second-order rate constant in the presence
of Ca2+ (kCa) = 2.61 × 105 M−1s−1; fig. S8 and
table S3]. Activation of Caprola by Ca2+ was
reversible: Addition of the Ca2+ chelator EGTA
stopped labeling, but it resumed after further
addition of Ca2+ (Fig. 3B). This reversibility
ensures that periods of increased Ca2+ before
the addition of the fluorescent substrate do
not result in labeling. The cooperative binding
of four Ca2+ ions to calmodulin results in a
sharp threshold of Ca2+ concentration below
which negligible labeling of Caprola was ob-
served (Fig. 3, C and D). As observed for other
split-HaloTag constructs (fig. S9), Caprola
was efficiently labeled with spectrally distin-
guishable fluorescent substrates (Fig. 3E),
which enabled sequential recording of differ-
ent periods of Ca2+ exposure (fig. S10). Different
applications will require Caprola variants with
different Ca2+ sensitivities. By introducing M13
point mutations that control Ca2+ affinity, we
created the Caprola variants Caprola1 to Caprola15
with EC50 values ranging from 44 nM to 1.1 mM
(Fig. 3F and fig. S11). All Caprola variants main-

tained high labeling rates upon Ca2+ binding
(table S3).
We used Caprola to record changes in cyto-

solicCa2+ in culturedmammalian cells.We fused
Caprola to EGFP to normalize for differences
in expression levels. We further constructed
constitutively active and inactive versions of
Caprola (Caprolaon and Caprolaoff). HeLa cells
expressing Caprola5-EGFP were incubated
with CPY-CA in the presence or absence of
thapsigargin, an inhibitor of the sarcoplasmic
and endoplasmic reticulum Ca2+ adenosine
triphosphatase (ATPase) that increases cyto-
solic Ca2+. Incubation with thapsigargin led
to strong labeling, whereas little labeling was
observed in its absence (Fig. 4A). Flow cyto-
metry revealed a 35-fold change in normalized
fluorescence intensity between treated and
untreated cells (Fig. 4B), which approached
the difference observed between Caprolaon
and Caprolaoff. Similar behavior was observed
for most other Caprola variants (figs. S12 and
S13). The fluorescent marks resisted chemical
fixation (Fig. 4A and fig. S14), and labeling
times as short as 5 min were sufficient to de-
tect a difference between treated and untreated
cells (fig. S15).Moreover, a variety of fluorescent
substrates allowed thapsigargin-dependent flu-
orescent marking of cells (Fig. 4C). To demon-
strate the marking of cells over multiple defined
recording periods, we first incubated cells ex-

pressing Caprola5-EGFP with the fluorescent
Janelia Fluor 552 HaloTag substrate [JF552-CA
(25)] and adenosine triphosphate (ATP) (mod-
erate Ca2+ increase), second with CPY-CA in
the absence of stimulus, and third with the
fluorescent HaloTag substrate JF669-CA (26)
and thapsigargin (strong Ca2+ increase) (Fig.
4D). Control experiments showed that after the
first recording period, sufficient sensor protein
was still available for subsequent recordings
(fig. S16). Imaging after the three recordings
revealed the expected pattern of moderate,
weak, and strong labeling with JF552, CPY, and
JF669, respectively. The differences in labeling
efficiencies that were observed for the different
periods were independent of which fluorescent
substrate was used for which period (fig. S16).
Caprola recorded transient increases in cyto-

solic Ca2+ in cultured primary rat hippocampal
neurons. We first verified that Caprola ex-
pression did not alter neuronal physiology (fig.
S17). Stimulating neurons expressing Caprola4-
EGFP with glutamate and glycine resulted
in a significant increase in the fluorescence
intensity ratios relative to basally active neu-
rons, whereas silencing synaptic transmission
betweenneuronswith antagonists of theN-methyl-
D-aspartate (NMDA)and thea-amino-3-hydroxy-5-
methyl-isoxazolepropionicacid (AMPA)receptors
resulted in decreased labeling relative to that
observed in basally active neurons (Fig. 4, E and
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Fig. 3. Design and characterization of the Ca2+ recorder Caprola. (A) Scheme
of Caprola design. GS, Gly-Ser; Pro30, 30 Pro; GGS, Gly-Gly-Ser. (B) In vitro labeling
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Fig. 4. Recording calcium signaling using Caprola. (A) Fluorescence micro-
graphs of HeLa cells expressing Caprola5-EGFP and incubated with CPY-CA (100 nM)
in the presence or absence of thapsigargin (100 nM, 1 hour). Live and chemically
fixed cells are shown. Ratio indicates CPY-CA/EGFP. (B) Flow cytometry analysis of
HeLa cells expressing Caprola5-EGFP, Caprolaon-EGFP, or Caprolaoff-EGFP incubated
with CPY-CA (100 nM, 1 hour) in the presence or absence of thapsigargin (100 nM)
(N > 10,000 cells). (C) Flow cytometry analysis of HeLa cells expressing Caprola5-
EGFP incubated with different fluorescent substrates (100 nM, 1 hour) in the presence
or absence of thapsigargin (100 nM) (N > 10,000 cells). Error bars represent
SEM. (D) Recording of three successive periods of Ca2+-activity in HeLa cells
expressing Caprola5-EGFP. First period: ATP (100 mM) and JF525-CA (300 nM, 1 hour);
second period: no treatment and CPY-CA (25 nM, 1 hour); third period: thapsigargin
(Thap; 100 nM) and JF669-CA (300 nM, 1 hour). Between incubations, cells were
allowed to recover for 2 hours. Fluorescence micrographs were acquired after
the three recording periods. (E) Fluorescence micrographs of primary rat hippocampal
neurons expressing Caprola4-EGFP labeled with CPY-CA (250 nM, 30 min) in the presence
of synaptic blockers APV/NBQX (25 mM/10 mM) or glutamate/glycine (Glu/Gly;
10 mM/2.5 mM) or without treatment. Ratio indicates CPY-CA/EGFP. (F) Quantification
of Caprola4 labeling from experiments described in (E) (N > 100 cells). The center line

indicates the median, and error bars indicate 25 and 75% quantiles. (G) Ratiometric
fluorescence micrographs (CPY-CA/EGFP) of primary rat hippocampal neurons
expressing Caprola6-EGFP incubated with CPY-CA (1 or 0.1 mM, 30-min preincubation,
1-hour stimulation) upon defined electrical field stimulation. Action potentials (APs)
were delivered in 10 short pulses (80 Hz) over the course of 1 hour interspaced
with resting periods (approximately 7 min). (H) Quantification of Caprola6 labeling
from experiments described in (G) (N > 100 cells). The center line indicates the
median, and error bars indicate 25 and 75% quantiles. (I) Gating strategy of CPY-
labeled (125 nM, 90 min) glioblastoma cells expressing Caprola6-EGFP for later RNA-
seq analysis. (J) Transcriptional profiles of the three sorted groups from (I). DEGs
identified by RNA-seq analysis are color coded according to Z-scores. DEGs were
arranged in six groups according to their pairwise comparison pattern (e.g., up-
regulated high versus low and high versus medium; inner circle). Glioblastoma prognosis
markers are indicated in red, and DEGs identified in both Caprola6 and Caprolaon
experiments are highlighted as black lines (outer circle). (K) Dot plots of the first
principal coordinate analysis from Caprola6-EGFP– and Caprolaon-EGFP–expressing
glioblastoma cells. Statistical significances in panels (F) and (H) were calculated with
Welch’s t test, and p values are given for each comparison. In (A), (D), (E), and (G), color
scale bars represent either fluorescence intensities or ratios, and scale bars are 20 mm.
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F, and fig. S18). In pharmacologically silenced
neurons, Caprola was able to record the in-
crease in intracellular calcium elicited by as
few as 10 electrically evoked action potentials
(Fig. 4G and fig. S17). The concentration of the
fluorescent substrate could be adjusted to con-
trol the sensitivity of the recording: Higher con-
centrations of fluorescent substrates recorded
weaker stimuli (Fig. 4H and fig. S19). Pharma-
cological or electrical stimulations as short as
5 min were sufficient to record differences be-
tween treated and untreated neurons (fig. S20).
Furthermore, the signal in labeled, cultured
neurons remained detectable for at least 3 days
after recording (fig. S21).
We used Caprola to sort cells according to

their relative Ca2+ concentrations during de-
fined time periods for later analysis. Specif-
ically, Caprola was applied to decipher the
molecular heterogeneity of glioblastoma, the
most common and aggressive primary brain
tumor in adults (27, 28). Glioblastoma cells
form multicellular, heterogeneous networks
with Ca2+ transients that drive tumor progres-
sion in vivo (29–33). Patient-derived glioblas-
toma cell lines also form cellular networks
with Ca2+ transients in vitro (34). The factors
in glioblastoma cells that drive Ca2+ transients
in such networks remain to be identified and
might represent therapeutic targets. We there-
fore cultured glioblastoma cells under condi-
tions known to result in network formation.
We used Caprola to label cells according to their
intracellular Ca2+ concentrations and later sorted
them by flow cytometry for downstream anal-
ysis by RNA sequencing (RNA-seq). Glioblas-
toma cells that stably express Caprola6-EGFP
were labeled with CPY-CA and sorted into three
groups based on their normalized labeling in-
tensity (high,medium, and low; Fig. 4I and fig.
S22). These three groups were subjected to
bulk RNA-seq. We identified 757 differentially
expressed genes (DEGs) between all groups in
pairwise group analysis (Fig. 4J). To rule out
that heterogeneities in the permeability of
CPY-CA contributed to the observed differences
in Caprola6 labeling, we used glioblastoma cells
expressing Caprolaon-EGFP and sorted the
cells into three groups as described above (figs.
S22 and S23). Principal coordinate analysis of
the transcriptomic profiles clearly separated
three groups in Caprola6, but not in Caprolaon,
experiments (Fig. 4K). Only 31 of the 757Caprola6-
identified DEGs were also differentially reg-
ulated in the positive control experiment and
hence were excluded from further analysis.
Gene ontology (GO) term analysis revealed
that the remaining 726DEGswere associated
with cell division and neurogenesis, whereas
the 31 DEGs also identified through Caprolaon
were mostly associated with transporters (fig.
S24). Among the 726 Caprola6-specific DEGs,
eight DEGs are unfavorable prognostic genes
of glioblastoma (35), all of which were exclu-

sively up-regulated in the high Ca2+ group (Fig.
4J and fig. S23). These findings demonstrate
that cells that form a heterogeneous network
can be individually labeled according to Ca2+

levels within the intact network and later be
sorted based on the label into subpopulations
with different transcriptomes.
Recording transient physiological parame-

ters for later analysis is particularly valuable
for in vivo studies. Therefore, we used Caprola
to record cytosolic calcium transients in two
popular model organisms in neuroscience:
adult flies and zebrafish larvae.
We used Caprola to record cytosolic calcium

activity in the visual system of Drosophila
melanogaster. Specifically, we generated lines
that express Caprola5-EGFP in T4 and T5 neu-
rons,which respond in adirection-selectiveman-
ner to local visual motion (36). We stimulated
the left, the right, or both eyes of tethered flies
by exposing them tomoving sinusoidal gratings
for 20 min in the presence of CPY-CA (Fig. 5A),
which was applied through an incision at the
back of the head. T4 and T5 cells predomi-
nantly receive visual input from the ipsilateral
eye (37). Despite interindividual variabilities,
we found similar signals in both optic lobes
when stimulating both eyes (Fig. 5B and fig.
S25) and stronger signals on the ipsilateral
side with unilateral visual stimulation (Fig. 5B
and fig. S25). Caprola can thus record differ-
ences in neuronal activity in flies on timescales
as short as 20 min.
We generated zebrafish lines that pan-

neuronally expressed either Caprola1-EGFP,
Caprola6-EGFP, Caprolaon-EGFP, or Caprolaoff-
EGFP. Zebrafish larvae expressing activeCaprola
variants could be stained by simply incubating
the fish with CPY-CA, JF669-CA, JF552-CA, or
JF525-CA, whereas zebrafish larvae expressing
Caprolaoff-EGFP showed little background stain-
ing (fig. S26). Staining of the nervous system of
zebrafish larvae expressing active Caprola var-
iants was first observed in the forebrain after
30 min and in the hindbrain after 60 min,
reflecting the uptake of the fluorescent sub-
strate (fig. S27). The kinetics of staining ob-
served in these experiments determine the
minimal temporal resolution of the approach.
Because labeling efficiency of Caprola gener-
ally depends on the concentration of both Ca2+

and fluorescent substrate, comparisons should
only be made within the same brain regions.
To use Caprola for recordings of neuronal ac-
tivity in vivo, we mounted zebrafish larvae in
agarose in the presence of CPY-CA and ex-
posed them to sideways-drifting black-and-
white gratings (Fig. 5C). This visual stimulation
evokes horizontal eye movements, the so-called
optokinetic responses (38). After 6 hours, we
analyzed the arborization field 9 (AF9) ventral
to the tectum,which receives direct input from
the retina and is sensitive to changes in am-
bient luminance, including whole-fieldmotion

(39, 40). The visual stimulation resulted in la-
beling of neurons in AF9 (Fig. 5D). Occluding
the left eye of the larvae with opaque agarose
resulted in a modest, yet statistically signifi-
cant, decrease in labeling in the AF9 of the
right hemisphere, and vice versa, consistent
with contralateral processing of visual inputs
(Fig. 5E and figs. S28 and S29). To record two
periods of visual stimulation in the same larvae,
we first visually stimulated them with one eye
occluded and repeated the stimulation the next
day with the other eye occluded. These two
different periods of asymmetric visual stim-
ulation were recorded by incubation with
distinguishable fluorescent substrates. Later
analysis revealed the expected asymmetric
labeling pattern for both fluorescent substrates,
highlighting that Caprola can record different
periods of neuronal activity in vivo (Fig. 5F and
fig. S30). We recorded neuronal activity in free-
ly swimming zebrafish larvae that were hunt-
ing prey (41). The AF7 neuropil is known to be
activated by the sight of prey objects (40, 42). In
a later analysis, we indeed observed increased
fluorescence labeling in this region relative to
that in control fish that were not exposed to
prey (Fig. 5, G and H, and fig. S31). These ex-
periments demonstrate that Caprola allows
direct recording of neuronal activity with cel-
lular resolution in immobilized and freely
moving animals for later analysis.

Discussion

We developed a split-HaloTag system com-
prising a folded domain and a palette of small
peptides in which the fluorescent labeling of
the folded domain is dependent on its bind-
ing to the small peptide. Key characteristics
of split-HaloTag are the reversibility of the
interaction between the folded domain and
the small peptide as well as the availability
of small peptides with affinities ranging from
nM to mM. This enables the rational design
of recorders for various transient cellular ac-
tivities, such as protein-protein interactions,
activation of GPCRs, and elevations in intra-
cellular Ca2+ levels, where the presence of the
cellular activity and a fluorescent substrate
leads to irreversible fluorescent labeling of the
recorder.
Our recorders allow the recording of tran-

sient activities for later analysis. The recording
period is determined by the addition andwash-
out of the fluorescent substrate; activities oc-
curring before addition or after wash-out do
not result in the labeling of the recorder. The
temporal resolution of the recording is deter-
mined by the permeability of the fluorescent
substrates in cell culture experiments and by
their pharmacokinetics in animal experiments.
The availability of fluorescent substrates of
different colors enables sequential recording
of different periods of activity in the same
sample or organism. Because the fluorescent
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signal remains detectable over days and is
resistant to fixation strategies, the approach
is scalable and allows the simultaneous anal-
ysis of large populations of cells or organisms.
The persistence of the fluorescent signal also
enables the sorting of cells according to the
labeling of the recorder and subsequent tran-
scriptomic analysis. Because our recorders are
directly activated by the activity of interest and
can be targeted to defined cellular locations,
they offer the opportunity to record cellular
activities with spatial resolution.
All of these features are exemplified in our

experiments with Caprola, which we have
used to record neuronal activity in zebrafish
larvae and adult flies as well as for the sorting
and transcriptomic analysis of heterogene-
ous cell populations according to their Ca2+

levels. Caprola does not offer the same spa-
tiotemporal resolution as light-dependent
recorders such as CaMPARI because it re-
quires addition and wash -out of the chemical
probe, but it enables multiple distinguish-
able recordings of Ca2+ transients in the same
animal over periods of minutes and hours.
Caprola should thus become a complemen-
tary tool to link behavior to the activity of
neuronal subpopulations and, more generally,
to investigate physiological processes that in-
volve Ca2+ signaling. Considering the prev-
alence of Ca2+ signaling and the successful
labeling of HaloTag in many model systems
(16, 19), Caprola may have applications in var-
ious areas of biology.
Furthermore, bearing in mind the design

principle of our three recorders, that is, link-

ing a cellular activity to an increase in prox-
imity of the two components of split-HaloTag,
it should be possible to design recorders for
additional cellular activities by borrowing
from the design of other existing protein-
based fluorescent biosensors that use similar
principles. The split-HaloTag system thus cre-
ates the opportunity to generate various record-
ers that may help to link the physiological
history of cells with biological phenotypes.
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