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Abstract

Biological signals interact in complex ways within cells, and can exhibit great
cell-to-cell heterogeneity as a function of cell history and state. Therefore, there is
increasing desire to use multiple fluorescent sensors to simultaneously image multiple
biological signals at the same time in individual cells. For decades the limited number of
sensors recorded simultaneously has been due to spectral overlap. To circumvent this
limitation of spectrally multiplexing sensors, molecular tools for spatially multiplexing
have been engineered.

GFP-based fluorescent sensors for calcium, cAMP, and PKA activities were each
fused to orthogonal self-assembling peptide sequences. The sensors then clustered by
type and spatially separated in the cytoplasm to avoid cross-talk. All sensors fluoresced
green and were indistinguishable during recording but were identified with post-hoc
antibody staining for each sensor-specific punctum. Thus, three biological signals were
simultaneously measured with spectrally-overlapping sensors using novel molecular
tools. This initial demonstration of the spatial multiplexing strategy opens the door for the
simultaneous imaging of dozens of signals within a physiological cascade as more

peptide sequences for clustering are designed.
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Chapter I.

Introduction

This chapter will introduce the fundamental background information of the
problem addressed by the design and use of intracellular protein scaffolds discussed in
this thesis. First, is a description of spectral multiplexing and how attempts to overcome
its limitations have been addressed to date. Afterward, a brief history of bioengineering
fluorescent sensors as it relates to the problem of spectral overlap. Lastly, the proposed

method for spatial multiplexing is explained.

Spectral Multiplexing Limitations

To study biological systems, one must be able to measure the numerous cellular
activities in real-time. Today, many intracellular, genetically encoded sensors provide a
readout using fluorescent proteins. Fluorescent proteins are capable of emitting
fluorescent light from the blue to the infrared range when exposed to its shorter excitation
wavelength. Spectral multiplexing has been attempted by engineering sensors to each
have a unique spectrum that does not overlap with other sensors to allow simultaneous
recording of multiple signals (Mehta, et al., 2018; Zhao, et al., 2011). The problem with
spectral multiplexing is the large degree of spectral overlap from the broad shape of the
sensor’s spectrum (Figure 1A) despite decades of research (Miyawaki, Sawano, &
Kogure, 2003). The overlap is due in part to the source of color variety being engineered

from similar starting molecules (Figure 1B).



In conjunction with engineering spectrally differing sensors, researchers have
worked on spectral unmixing as a means of enabling the simultaneous use of slightly
overlapping fluorophores. Spectral unmixing is the use of linear unmixing algorithms to
determine the relative contribution of each fluorophore to a fluorescent signal in each
pixel. This technique is not suitable for fluorescent sensors since their emission spectrum
fluctuates unlike regular fluorophores (Harmany, Fereidouni, & Levenson, 2017; Hong,
et al., 2018).

Even the limited number of non-toxic, chemical-based sensors report via
fluorescence (e.g. Fura-2). Due to the spectral overlap, often only three distinct
physiological functions are simultaneously recorded in a living cell (Ni, et al., 2011;
Niino, Hotta, & Oka, 2009).The result is that experimental conditions must be repeated
with separate sets of cells or animals expressing different sensors in order to record more
than three functions (Figure 2). Then, the big picture of signaling pathways can be
compiled piece by piece. This increases the workload and variability if one were to

record a dozen or more functions.

Fluorescent Sensors Background
The concept of distinguishing distinct biological signals, that are simultaneously
recorded during live-cell imaging, based on discrete locations of the signal source has not
been explored until now. To date, identifying each signal from recordings has relied on
the ability to generate distinguishable colors for each signal by the sensors, whether it be
genetically encoded sensors or chemicals. “Distinguishable colors” in a biological
context often means fluorescent colors wherein the excitation wavelength is directed at

the sample cells or tissue, and the emission wavelength from the sensor inside the cells is



detected by the camera after the light passes through the cells (and tissue). However,
genetically encoded sensors, the most popular kind for studying dozens of select
molecules or reactions (Table 1) in live cells, do not emit a single narrow band of
fluorescence. As depicted in Figure 1A, one sees that these sensors have broad peaks for
excitation and emission that begin to significantly overlap with other peaks when more
than three colors are selected (Ni, et al., 2011; Niino, Hotta, & Oka, 2009).

The issue with the shape of sensors’ fluorescent peaks partially stems from how
biosensors have been generated since the 1990s. To better understand this, first one must
look at the generation of fluorescent protein (FP) variation over the decades. Green
fluorescent protein (GFP) was the first FP discovered in the Pacific Ocean jellyfish
Aequorea victoria by Shimomura, Johnson, & Saiga, 1962. It was Prasher, et al., 1992
that used GFP as a biotechnology in C. elegans. After this revelation, mutations were
made in the GFP gene to create new colors in addition to finding more FPs from other
seas creatures (Tsien, et al., 1998; Nifosi, et al., 2007; Chudakov, et al., 2010). Thus,
many modern fluorescent proteins stem from the same parent molecule.

The transition to fluorescent biosensors arrived when Patterson, et al., 1997
noticed EGFP was pH sensitive and then Kneen, et al., 1998 engineered a EGFP variant
to more reliably signal pH change. Further engineering of FPs into biosensors was made
possible in one of two ways. The first way uses Forster resonance energy transfer (FRET)
between two FPs, a donor and an acceptor. FRET is when the energy from fluorescence
of one source is transferred and causes the emission of a second fluorescent signal. A
functional domain that binds the molecule of interest is fused between the donor and

acceptor so the FPs are only brought close enough for energy transfer when the target



molecule is bound. Miyawaki, et al., 1997 developed the green sensor Cameleon from
cyan and yellow FPs and calmodulin, a peptide capable of binding calcium. Almost a
decade-and-a-half later, red and blue versions of the calcium sensor are published (Zhao,
etal., 2011).

The second way to engineer FPs into biosensors is the circular-permutation
technique: a functional domain that binds the molecule of interest is fused with a
circularly permutated FP (the amino acids are in a different sequence that disrupts the
original protein conformation) so when the molecule is bound, the two halves of the FP
come together to emit fluorescent light. Baird, et al., 1999 created a cpGFP calcium
Sensor.

An alternative to fluorescence is luminescence, but bioluminescence requires a
source of luciferin for a luciferase enzyme to act upon in addition to lacking narrower
spectrum peaks. There is bioluminescence resonance energy transfer (BRET) where
luminescence from luciferase donates electrons to an acceptor FP, but this reintroduces
the problem of FP spectral overlap (Jiang, et al 2007).

For many other fluorescent sensors, green (or its equivalent as a FRET sensor) is
often the initial sensor’s color before years to decades of work transpires to create color
variants [e.g. membrane potential (Siegel, & Isacoff, 1997), hydrogen peroxide (Dooley,
et al., 2004), and nitric oxide (Sato, Hida, & Umezawa, 2005) green sensors]. Therefore,
this 1s a problem that would do well with outside-the-box thinking, and thus spatially
organizing sensors with post hoc identification is one way to circumvent the problem. To
organize proteins, one can make use of the years of research in creating two- and three-

dimensional self-assembling peptides.



Proposed Spatial Multiplexing

Therefore, instead of further engineering the spectrum waveform of sensors, the
sensors can be spatially multiplexed. Spatially multiplexing is simultaneous recording of
multiple signals of the same color wavelength but distinguishing individual signals based
on location. One strategy is the use of self-assembling 2D and 3D protein structures and
coiled-coil motifs (Boyle, et al., 2012; Garcia-Seisdedos, et al., 2017; Gonen, et al.,
(2015); Gradisar, et al., 2013; Grigoryan, et al., 2011; Huang, et al., 2014; Hsia, et al.,
2016; Lai, et al., 2014; Moll, et al., 2001; Negron, et al., 2014; Oakley, et al., 1998;
Shekhawat, et al., 2009; Thomson, et al., 2014; Tripet, et al., 1996; Zaccai, et al., 2011;
Zhang, et al., 2018). For sensor multiplexing, each unit of the macrostructure is fused to a
sensor and a cluster of a single sensor type is formed, which is spatially separated in the
cytoplasm to avoid indistinguishable overlap with a signal from a different sensor, and is
detectable under fluorescent-light microscopy (Figure 3A). After recording the
physiological activity in live cells, the type of sensor per puncta can be identified in fixed
cells with multi-round immunostaining (Murray, et al., 2015) (Figure 3B). This spatial
multiplexing strategy allows for easier scaling of the number of fluorescent sensors of
physiological activity, in addition to allowing a single channel color to be used for
recording cellular activity while another channel can control activity with light-driven
optogenetic tools (Chuong, et al., 2014; Klapoetke, et al., 2014).

Of the two types of self-assembly, static ones are of interest for spatial
multiplexing of sensors. Static self-assembly requires little energy, and once assembly is
complete, the system is stable (Whiteside, & Grzybowski, 2002). Using non-covalent

interactions; such as hydrogen bonding, hydrophobicity, and van der Waals; small



peptides can be tuned to act as the individual units for forming polygons and cylinders.
Hsia, et al. 2016 showed that a 25-nm icosahedron (30 edges) can be made from their 103
amino acid-long, trimeric subunits (shorter than the GFP sequence). Their peptide
polygon had GFP attached to each subunit in the paper, which suggests it is possible for
other proteins to be attached to the subunits and assembled into macrostructures for

imaging, like biosensors.



Chapter II.

Materials and Methods

The following sections of this chapter list the materials and experimental
protocols used throughout the study. All procedures involving animals at MIT were
conducted in accordance with the US National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Massachusetts Institute of Technology
Committee on Animal Care. DNAs encoding the proteins used in this study were

synthesized by Epoch Life Science.

Experimental Model

Hippocampal neurons were prepared from postnatal day 0 or 1 Swiss Webster
mice (Taconic) (both male and female mice were used) as previously described
(Klapoetke, et al., 2014) with the following modifications: dissected hippocampal tissue
was digested with 50 units of papain (Worthington Biochem) for 68 min, and the
digestion was stopped with ovomucoid trypsin inhibitor (Worthington Biochem). Cells
were plated at a density of 20,000-30,000 per glass coverslip coated with diluted
Matrigel in a 24-well plate. Neurons were seeded in 100 pL plating medium containing
MEM (no glutamine, no phenol, Life Technologies), glucose (33 mM, Millipore Sigma),
holo-Transferrin bovine (0.01%, Millipore Sigma), HEPES (10 mM, Millipore Sigma),
glutaGRO (2 mM, Corning), insulin (0.13%, Millipore Sigma), B27 supplement (2%,

Gibco), and HI-FBS. After cell adhesion, additional plating medium was added. AraC



(0.002 mM, Millipore Sigma) was added when glial density was 50-70% of confluence.

Neurons were grown at 37 °C and 5% COz in a humidified atmosphere.

Vector Design

The components of the scaffold complexes were derived from non-mammalian
sources limiting their cross-reactivity to mammalian cell machinery. Two distinct self-
assembly peptide motifs were used for each final scaffold vector design as the use of a
single motif often did not result in clear puncta formation in neurons. Only six motifs
(Figure 4, Table 2), out of the numerous motifs tested (see Table 3), were used in
combination to create the final three scaffolds in this thesis. Each vector contains a
unique epitope tag for post hoc identification by immunostaining

miRFP, a near-infrared fluorescent protein that quenches after fixation (Piatkevich
et al., 2018), was inserted in the translated region in order to identify successfully
transfected cells and visualize cell morphology. Using a fluorescent protein that quenches

after fixation increases the available spectrum for post hoc staining.

Transfection
The DNA was transiently transfected into cultured neurons at 5-8 days in vitro
(DIV) with a commercial calcium phosphate transfection kit (Invitrogen) as previously
described (Piatkevich et al., 2018). For transfection in each coverslip/well, varying
amounts of each plasmid of interest (depending on experiment as outlined in Table 4),
100-150 ng pAAV-hSyn-miRFP (PL622) plasmid as a cell morphology marker, and
pUCI19 plasmid as a ‘dummy’ DNA plasmid to bring the total amount of DNA to 1500

ng (to avoid variation in DNA-calcium phosphate co-precipitate formation) were used.



The cells were washed with acidic MEM buffer [containing 15 mM HEPES with final pH
6.7-6.8 adjusted with acetic acid (Millipore Sigma)] after 45 minutes of calcium
phosphate precipitate incubation to remove residual precipitates. The neurons were then

incubated for another 2—4 days before live cell imaging at 8—12 DIV.

Fluorescence Microscopy of Neuronal Cells

Live neuron imaging was performed on a spinning disk confocal microscope (a
Yokogawa CSU-W1 Confocal Scanner Unit on a Nikon Eclipse Ti microscope) equipped
with a 40x 1.15 NA water immersion objective (Nikon MRD77410) and a Zyla PLUS 4.2
Megapixel camera controlled by NIS-Elements AR software. The filter set for GFP was
used for imaging GFP intensity-based sensors. For primary neuron cultures, 4—5 days
after transfection, cells were recorded in the GFP channel [switching between 488 nm
and 405 nm filters for calculation of ratiometric sensor’s signal (ExRaiAKAR)] using a
perfusion system (Warner Instruments), for physiological experiments, or using manual
pipetting, for control experiments, to introduce the drug for extracellular stimulation to
the well.

In control experiments for testing scaffolded versus unscaffolded sensors, 5 pM
forskolin was pipetted into the well at 1 minute. In physiological experiments involving
all three sensors, a control period (MEM media) of 2 minutes was followed by 3 minutes
of 50 uM forskolin in MEM, then ending with 3 minutes of MEM again. After recording,
z stacks were taken at 40x in GFP and miRFP channels, and then a tiled image in GFP
channel at 4x covering the entire glass coverslip and 10x covering a 5x5 area was taken
for registration of live images with the images from downstream immunostaining.

Neurons were then fixed for 15 minutes in TissuePrep buffered 10% formalin, followed



by washing with 100 mM glycine (Millipore Sigma) in 1x PBS for 15 minutes, and then

washing with 1x PBS three times, 5 minutes each. Cells were stored in 1x PBS at 4°C.

Immunostaining

All solutions below were made in 1x PBS, and incubations carried out at room
temperature. The miRFP fluorescence does not preserve after fixation, so fluorescent
antibodies that had spectral overlap with miRFP for immunostaining can be used. Cells
were permeabilized with 0.1% Triton X-100 for 15 minutes and then blocked with 5%
normal donkey (ThermoFisher Scientific), horse (ThermoFisher Scientific), or bovine
(Abcam) serum for 15 minutes. Cells were incubated with primary antibodies (Figure 5)
in blocking buffer at 1:400 for 2 hours, and then washed in PBS three times for 5 minutes
each. Cells were incubated with fluorescently-labeled secondary antibodies (Figure 5) in
blocking buffer at 1:400 for 1 hour, then washed in PBS three times. Nuclei were stained
with DAPI at 1 pg/mL for 1-5 minutes followed by 1x PBS wash. Imaging was

performed on the same spinning disk confocal microscope.

Image Analysis
For each sample, the images and movies taken from live cell imaging and the
images taken after immunostaining were registered by the tiled images from the GFP
channel, in each case taken under a 4x and 10x objective.
The analysis of the recorded movies from live cell imaging was performed in
ImageJ (ImageJ National Institutes of Health) and Excel (Microsoft). For the analysis of
the movies from cells expressing fluorescent sensors assembled by protein scaffolds, the

time course of the fluorescence intensity from a punctum in the recorded optical channel

10



was measured as the time course of the average fluorescence intensity within the apparent
boundary of the punctum. Then the time course of the net fluorescence, F, from that
punctum was obtained by subtracting the background fluorescence intensity measured
from a region that had no cells in it from that movie.

For the analysis of the movies from cells expressing non-scaffolded fluorescent
sensors as control groups, the time course of the fluorescence intensity from a cell in the
recorded optical channel was measured as the time course of the average fluorescence
intensity within a random ROI in the cytosol of the cell with the area of that ROI similar
to the size of individual puncta in the cells expressing assembled fluorescent sensors that
these control groups were compared to, about 1 pm? in neuronal cells. This is for keeping
the noise from the camera contained in the measured fluorescence time courses at a
comparable level between cells expressing assembled fluorescent sensors and cells
expressing non-scaffolded fluorescent sensors as control groups. Then the time course of
the net fluorescence, F, from that cell was obtained by subtracting the background
fluorescent intensity measured from a region that had no cells in it from that movie.

To calculate the dF/Fo for GCaMP6f and cAMPr expressing cells, first the
baseline fluorescence, Fo, was calculated as the average net fluorescence during the 2-
minute baseline period right before adding the extracellular stimulation. dF/Fo was then
calculated as dF/Fo = (F - Fo) / Fo. The signal-to-noise ratio (SNR) was calculated by
dividing the maximum dF/F0 by the standard deviation of the net fluorescence during the
baseline period right before adding the extracellular stimulation. To calculate the dR/Ro

for ExRaiAKAR expressing cells, R = (fluorescence in the GFP emission channel after

11



488 nm excitation) / (fluorescence in the GFP emission channel after 405 nm excitation
fluorescence). Then R is substituted for F in the previous equation.

For the analysis of the motion of puncta in the recorded movies, puncta were
automatically identified and tracked by the TrackMate plugin in ImageJ, then mean
squared displacement (MSD) and diffusion coefficient were calculated in MATLAB

(Mathworks) based on the tracking results from TrackMate.

Statistical Analysis
All statistical analysis was performed using the built-in statistical analysis tools in
Prism (GraphPad) or MATLAB. The statistical details of each analysis can be found in

the figure legends and Tables 6—14.
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Chapter II1.

Results

The first section tells how the final three scaffold designs came to be, afterward it
is shown that puncta do not aggregate at organelle sites, and then depicted is the
comparison of functionality for scaffolded sensors versus non-scaffolded in neuronal cell
culture. The last section provides results of the usage of spatial multiplexing to examine

signaling in response to the drug forskolin in cultured hippocampus neurons.

Protein Scaffold Proof of Concept

Evolution of Scaffold Designs

The first set of de novo designed self-assembling protein motifs tested were short
peptides of coiled-coil (C.C.) forming hetero-dimers (Tripet, et al., 1996; Oakley, & Kim,
1998; Moll, et al., 2001; Shekhawat, et al., 2009; Boyle, et al., 2012; Gradisar, et al.,
2013) or homo-oligomers (Grigoryan, et al., 2011; Zaccai et al., 2011; Fletcher, et al.,
2012; Huang et al., 2014; Negron, & Keating, 2014; Thomson, et al., 2014; Zhang, et al.,
2018). None of the vectors made by fusing 2-5 of these motifs to the N-terminus or C-
terminus of GCaMP6f, with glycine and serine rich flexible linkers adapted from (Boyle,
et al., 2012; Indelicato, et al., 2016), created large enough puncta in neuron culture to be

optically resolved by a microscope (see Table 3 for total list of motif sequences). It is

13



possible that optically-unresolvable small clusters formed instead since that has been
observed in certain conditions (Boyle, et al., 2012).

Next, non-C.C. or polyhedron/supramolecular motifs were tested, such as the 13-
01 peptide that forms a 60-subunit, dodecahedron, 25-nm, 1.33 MDa protein (Hsia, et al.,
2016). The 13-01 peptide was able to form identifiable puncta of GCaMP6f in neurons,
but none of the other designs produced puncta. Therefore, 13-01 presented a potential
general strategy for creating sensor puncta. The general strategy being to increase the
number of subunits in the initial cluster that forms before growing larger to an optically-
resolvable size because 13-01 had a larger number of subunits than most other
polyhedron/supramolecular or C.C. motifs tested.

Therefore, the following round of designs coupled C.C. and
polyhedron/supramolecular motifs to multiply the potential expansion of the clusters. The
C.C. forming homo-tetramer HexCoil- Ala (Grigoryan, et al., 2011) and 13-01 were fused
to GCaMP6f, and the resulting construct is referred to as S1-GCaMP6f (Figure 4 of
Methods). The second successful clustering scaffold that did not bind to S1-GCaMP6f
was composed of the O3-33 peptide that forms a 24-subunit, octahedron, 14-nm sized,
480 kDa protein (King, et al., 2012) and the SH2L 2 (Coil 2) peptide that forms a
pentameric five-helix bundle (Huang, et al., 2014) fused to the green fluorescent sensor
cAMPr. The construct is referred to as S2-cAMPr (Figure 4 of Methods). The 3VDX
peptide that forms a 12-subunit, tetrahedron, 16-nm, 593 kDa sized protein (Lai, Cascio,
& Yeates, 2012; Lai, et al., 2016) and the SL6HC3 1 peptide that forms a homotrimer

C.C. (Boyken, et al., 2016) were fused to the green fluorescent sensor ExRaiAKAR,

14



resulting in S3-ExRaiAKAR (Figure 4 of Methods). All three scaffolds create
homogenous clusters spatially separate from non-self clusters.

The calcium sensor GCaMP6f (Chen, et al., 2013), cAMP sensor cAMPr
(Hackley, Mazzoni, & Blau, 2018), and a PKA activity sensor ExRaiAKAR (Mehta, et
al., 2018) are GFP-based and are not FRET-based. Non-FRET based sensors might
require simpler optics than a FRET-based sensor and facilitate the higher-speed
simultaneous imaging of calcium, cAMP, and PKA activities in neurons by eliminating

the need for filter switching for the single-camera microscopes common in biology.

Puncta Formation Does Not Overlap with Organelles

To verify that scaffolded sensors are not forming puncta by aggregating at or on
organelles, each scaffold design was expressed in separate cultured hippocampus neurons
followed by fixation and staining against markers for mitochondria (AIF), endosomes
(EEA1), lysosomes (Lampl), Golgi (PDI), and endoplasmic reticulum (E.R.) (RCAS1)
using a standard organelle staining kit (Figure 5SA—0O). No significant overlap of sensor

puncta and organelle staining was identified.

Functional Spatial Multiplexing

To know the clustering of sensors does not impact the function of the sensors, the
calcium, PKA, and cAMP dynamics of subcellular signals in response to forskolin
stimulation were recorded with scaffolded sensors and compared to un-scaffolded sensors
in the soma, proximal neurites (5—25 pm away from soma), and distal neurites (+50 pm
away from soma) (Figure 6). The signals’ transient amplitudes and signal-to-noise ratios

(with noise defined as the standard deviation of the baseline pre-stimulus throughout this
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paper) from puncta up to 15 microns apart from each other were found to be similar to

signals of a similar distance in cells with un-scaffolded sensors (Figure 6D-E, I-J, N-O).

Physiological Imaging with Spatial Multiplexing

It is important to measure multiple biological signals simultaneously in a cell
because there exist complex relationships between molecules that can differ between
cells due to cell histories, epigenetic states, transcriptional states, or protein post-
translational modification states. Neurons exhibit complex signaling cascades important
for learning, memory, and development, and that are compromised in complex ways in
disease states. Primary cultures of rodent hippocampal and cortical neurons have been
critical for the study of calcium and cAMP signaling cascades (Sheng, Thompson, &
Greenberg, 1991; Bito, Deisseroth, & Tsien, 1996; Hardingham, Arnold, & Bading,
2001; Redmond, Kashani, & Ghosh, 2002), and the use of spatial multiplexing would be
ideal for such studies as long as they are distributed closely enough to sample the relevant
spatial scales of neurons (e.g., at different points on dendrites).

Calcium, cAMP, and PKA were measured simultaneously in hippocampus
neurons stimulated for 3 minutes by perfused 50 uM forskolin with scaffolded sensors
S1-GCaMPo6f, S2-cAMPr, and S3-ExRaiAKAR (Figure 7). In Figure 7B—C, the post hoc
staining to determine cluster identity shows the lack of overlap or mixing of sensor types
enabling clean extraction of signals from spectrally overlapping sensors.

In Figure 7D, a representative trace of each signal type from the soma and neurite
of the neuron depicted in 7A is shown. The average of traces from soma and neurite
recorded from 24 neurons is displayed in Figure 7E (individual traces of the 24 neurons

in Figure 8). In averaging the signals, the identity of two sub-populations is lost. Figures

16



F and G display a representative trace and the average trace of sub-populations separated
by the display of calcium spiking versus calcium plateauing. In calcium plateauing
neurons, the peak amplitude of PKA signal is higher as well as there are faster rise times
of PKA and cAMP (Figures H-I). By being able to simultaneously record calcium,
cAMP, and PKA signals in the same cell, one can capture the relational patterns between
the molecules. Averaging the signals separately, as seen in Figure E, loses the

relationship information found within a single cell.
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Chapter IV

Discussion

In this work I have shown the ability to spatially multiplex fluorescent sensors
that spectrally overlap in living cells by clustering same-type sensors in distinct
groupings intracellularly with protein scaffolds. The spatial multiplexing capacity can
exceed previous attempts to spectrally multiplex because the protein scaffold complexes
leverage the high multiplexing capacity of fixed cell imaging. After live-cell recording,
post hoc epitope immunostaining in fixed cells determines the punctae’s sensor identities,
and there exist several serial staining protocols [e.g., serial antibody staining against
immunoepitopes (Micheva, & Smith, 2007; Murray et al., 2015)] that enable dozens of
distinct biomolecules to be identified.

Additional advantages of using spatial multiplexing over solely spectral
multiplexing include the reduction in mechanical filter switching or number of cameras
required when imaging fluorescent sensors with different excitation and emission
spectrums. Eliminating filter switching allows for recording of fast cellular dynamics,
such as calcium in neurons, with inexpensive single-camera microscopes. Spatial
multiplexing can also make available optical channels for other experimental purposes,
such as cellular control with red-light driven optogenetic tools (Chuong, et al., 2014;
Klapoetke, et al., 2014).

Next steps include designing additional scaffold complexes since this work has

shown the proof of concept with just three scaffolds, but the goal is to multiplex a dozen
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or more sensors. New designs are being tested using motif combinations not present in
the three scaffolds discussed in this work from the total list of self-assembling peptides
(see Table 3 for total list of motifs), but novel scaffold complexes can be computationally
designed in a similar fashion as the peptides were in their respective papers. Ex vivo
experiments with acute hippocampus brain slice, using in utero electroporation to deliver
the genes, are underway. However, to successfully deliver a dozen or more vectors to a
single cell may require a different method of gene delivery, especially for in vivo

experiments in intact model organisms.
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Appendix

The following sections are the figures and tables referenced in this paper.
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Figure 1. Spectral variants of fluorescent proteins.

A) Excitation (left) and emission (right) wavelengths of fluorescent proteins, and
B) Their phylogenic tree (Miyawaki, Sawano, & Kogure, 2003).
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Figure 2. Multiple sensor experiments.

Different physiological activity is recorded per cell in separate experiments and the
cytosolic sensor color can be identical (top), or activity of different physiological signals
is recorded from the same cell but distinguished by different fluorescent colors (bottom,).
Gray ellipse, nucleus, black curves, cellular membrane; purple and pink traces,
measured fluorescent traces from cytosol.
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Figure 3. Schematic of spatial multiplexing.

A) Schematic of spatial multiplexing via protein scaffolds composed of self-assembling
peptides fused to genetically-encoded sensors and identifiable by unique epitope tags;
and

B) by spatially separating fluorescent sensors of different kind, fluorescent signals from
spectrally overlapping sensors can be read out individually from live cell imaging, after
which the sensors can be identified by post hoc analysis with antibody staining of unique
epitopes.

Green dots, puncta formed by scaffolded fluorescent sensors, gray ellipse, nucleus, black
curves, cellular membrane; grey squares, region-of-interests (ROIs) for time course
measurements, green traces, measured fluorescent traces from ROIls,; red and blue dots,
fluorescent sensors identified by post hoc analysis; red and blue traces, measured
fluorescent traces from ROIs with the identities of sensors.
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Figure 4. Scaffold vector designs.

A) Scaffold 1 with GCaMP6f, a green fluorescent calcium-sensor, bookended by self-
assembling peptide motifs with the sequence for epitope Xpress at the sensor’s N-
terminal;

B) scaffold 2 with cAMPr, a green fluorescent cyclic-AMP-sensor, bookended by self-
assembling peptide motifs with the sequence for epitope Xpress at the sensor’s C-
terminal; and

C) scaffold 3 with ExRaiAKAR, a green ratiometric fluorescent protein-kinase-A-sensor, ,
bookended by self-assembling peptide motifs with the sequence for epitope Xpress at the
sensor’s C-terminal.

UBC: ubiquitin C promoter; NLS: SV40 nuclear localization sequence; HA: influenza
hemagglutinin epitope; V5. simian virus 5-derived epitope; tdMCP: tandem dimer;
STOP: stop codon; WPRE: woodchuck hepatitis virus posttranscriptional regulatory
element.
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$1-GCaMPé&f S3-ExRalAKAR

Figure 5. Verification of clustering independent of organelle location.

A, D, G, J, and M: Cultured mouse hippocampus neurons expressing S1-GCaMP6f
(cyan) then fixed and stained for organelles (magenta) (anti-AIF staining, n = 5 neurons
from 2 cultures; anti-EEAI staining, n = 5 neurons from 2 cultures; anti-Lamp1 staining,
n =5 neurons from 2 cultures, anti-PDI staining, n = 4 neurons from 2 cultures; anti-
RCASI staining, n = 4 neurons from 2 cultures);

B, E, H, K, and N: expressing S2-cAMPr (cyan) and PL622 then fixed and stained for
organelles (magenta) (anti-AIF staining, n = 4 neurons from 1 culture; anti-EEAI
staining, n = 6 neurons from 1 culture; anti-Lamp1 staining, n = 2 neurons from I
culture; anti-PDI staining, n = 2 neurons from 1 culture; anti-RCAS1 staining, n = 4
neurons from I culture); and

C F, I L, and O: expressing S3-ExRaiAKAR (cyan) and PL622 then fixed and stained for
organelles (magenta) (anti-AIF staining, n = 6 neurons from 1 culture; anti-EEAI
Staining, n = 5 neurons from I culture; anti-Lamp1 staining, n = 2 neurons from I
culture; anti-PDI staining, n = 5 neurons from 1 culture; anti-RCAS1 staining, n = 5
neurons from I culture).

Scale bar: 10 um; E.R.: endoplasmic reticulum.
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Figure 6. Functional characterization of clustered sensors.

A) Representative image of a cultured mouse hippocampal neuron expressing GCaMPo6f;
B) Representative image of cultured mouse hippocampal neurons expressing S1-
GCaMPO6f and cell marker miRFP;

C) Representative traces recorded from the soma, proximal neurites (5—25 um away from
soma), and distal neurites (+50 um away from soma) of cultured mouse hippocampal
neurons expressing GCaMP6f or S1-GCaMP6f under 5 um forskolin stimulation at t =
10 s, each fluorescent signal for SI-GCaMPof was measured from a single punctum;

D) Bar plot of the peak fluorescence change from the soma, proximal neurites, and distal
neurites of cultured neurons expressing GCaMPo6f or S1-GCaMPO6f under 5 um forskolin
stimulation (n = 6 somata, 12 proximal neurites, and 12 distal neurites from 6 neurons
from 4 cultures for GCaMPof; n = 6 somata, 12 proximal neurites, and 12 distal neurites
from 6 neurons from 6 cultures for SI-GCaMPO6f), n.s., not significant; two-way analysis
of variance followed by post-hoc Sidak's multiple comparisons test; see Table 6 for full
statistics;

E) Bar plot of the signal-to-noise ratio from the soma, proximal neurites, and distal
neurites of cultured neurons expressing GCaMP6f or S1-GCaMP6f under 5 um forskolin
stimulation (n = 6 somata, 12 proximal neurites, and 12 distal neurites from 6 neurons
from 4 cultures for GCaMPo6f; n = 6 somata, 12 proximal neurites, and 12 distal neurites
from 6 neurons from 6 cultures for SI-GCaMPG6f), n.s., not significant; two-way analysis
of variance followed by post-hoc Sidak's multiple comparisons test; see Table 7 for full
statistics,

F) Representative image of a cultured mouse hippocampal neuron expressing cAMPr;

G) Representative image of cultured mouse hippocampal neurons expressing S2-cAMPr
and cell marker miRFP;

H) Representative traces recorded from the soma, proximal neurites, and distal neurites
of cultured neurons expressing cAMPr or S2-cAMPr under 5 um forskolin stimulation at
t=10s;

1) Bar plot of the peak fluorescence change from the soma, proximal neurites, and distal
neurites of cultured neurons expressing cAMPr or S2-cAMPr under 5 um forskolin
stimulation (n = 11 somata, 22 proximal neurites, and 22 distal neurites from 11 neurons
from 5 cultures for cAMPr; n = 13 somata, 26 proximal neurites, and 26 distal neurites
from 13 neurons from 6 cultures for S2-cAMPr), n.s., not significant; two-way analysis of
variance followed by post-hoc Bonferroni corrected multiple comparisons test,; see Table
8 for full statistics;

J) Bar plot of the signal-to-noise ratio from the soma, proximal neurites, and distal
neurites of cultured neurons expressing cAMPr or S2-cAMPr under 5 um forskolin
stimulation (n = 11 somata, 22 proximal neurites, and 22 distal neurites from 11 neurons
from 5 cultures for cAMPr; n = 13 somata, 26 proximal neurites, and 26 distal neurites
from 13 neurons from 6 cultures for S2-cAMPr); n.s., not significant; two-way analysis of
variance followed by post-hoc Bonferroni corrected multiple comparisons test; see Table
9 for full statistics;

K) Representative image of a cultured mouse hippocampal neuron expressing
ExRaiAKAR;

L) Representative image of cultured mouse hippocampal neurons expressing S3-
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ExRaiAKAR and cell marker miRFP;

M) Representative traces recorded from the soma, proximal neurites, and distal neurites
of cultured neurons expressing ExRaiAKAR or S3-ExRaiAKAR under 5 um forskolin
stimulation at t = 10 s, each fluorescent signal for S3-ExRaiAKAR was measured from a
single punctum;

N) Bar plot of the peak fluorescence change from the soma, proximal neurites, and distal
neurites of cultured neurons expressing ExRaiAKAR or S3-ExRaiAKAR under 5 um
forskolin stimulation (n = 5 somata, 10 proximal neurites, and 10 distal neurites from 5
neurons from 4 cultures for ExRaiAKAR; n = 5 somata, 10 proximal neurites, and 10
distal neurites from 5 neurons from 5 cultures for S3-ExRaiAKAR); n.s., not significant;
two-way analysis of variance followed by post-hoc Bonferroni corrected multiple
comparisons test, see Table 10 for full statistic, and

O) Bar plot of the signal-to-noise ratio from the soma, proximal neurites, and distal
neurites of cultured neurons expressing ExRaiAKAR or S3-ExRaiAKAR under 5 um
forskolin stimulation (n = 5 somata, 10 proximal neurites, and 10 distal neurites from 5
neurons from 4 cultures for ExRaiAKAR; n = 5 somata, 10 proximal neurites, and 10
distal neurites from 5 neurons from 5 cultures for S3-ExRaiAKAR), n.s., not significant;
two-way analysis of variance followed by post-hoc Bonferroni corrected multiple
comparisons test; see Table 11 for full statistics.

A-B, F-G, and K-L: Scale bar 20 um; C—E and H-J: dF/Fy: fluorescence change in
GFP channel; M-O: dR/Ry: changes of fluorescence ratio between 488 nm excitation and
405 nm excitation when imaging in the GFP emission channel.
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Figure 7. Spatial multiplexing of signal recording in neuronal cells.

A) Representative image of a cultured mouse hippocampal neuron expressing SI-
GCaMP6f, S2-cAMPr, S3-ExRaiAKAR, and cell marker miRFP;

B) Enlarged view of soma of neuron (A) fixed and immunostained against epitopes
Xpress (cyan), HA (magenta), and V5 (yvellow) for puncta sensor identification;

C) Enlarged view of proximal neurite of neuron (A) fixed and immunostained against
epitopes Xpress (cyan), HA (magenta), and V5 (yellow) for puncta sensor identification,
D) Trace recorded from the soma (left) and neurites (right) of cultured neuron (4) under
50 uM forskolin stimulation at t = 3 minutes,

E) Average trace of recordings from the soma and neurites of 24 cultured neurons
expressing S1-GCaMPo6f, S2-cAMPr, S3-ExRaiAKAR, and cell marker miRFP under 50
uM forskolin stimulation at t = 3 minutes (n = 24 neurons from 16 cultures); colored
lines, mean,; shaded boundaries, standard error of mean,

F) Representative trace (left) and average trace (right) of recordings from the soma and
neurites of cultured neurons with calcium spiking phenotype expressing S1-GCaMP6f,
S2-cAMPr, S3-ExRaiAKAR, and cell marker miRFP under 50 uM forskolin stimulation at
t = 3 minutes (right; n = 7 neurons from 6 cultures),;

G) Representative trace (left) and average trace (right) of recordings from the soma and
neurites of cultured neurons with calcium plateau phenotype expressing S1-GCaMP6f,
S2-cAMPr, S3-ExRaiAKAR, and cell marker miRFP under 50 uM forskolin stimulation at
t = 3 minutes (right; n = 17 neurons from 12 cultures),

H) Bar plot of the cAMP rise slope from the soma of cultured neurons with calcium
plateau (red; n = 17 neurons from 12 cultures) versus calcium spiking phenotype (blue; n
= 7 neurons from 6 cultures) expressing S1-GCaMP6f, S2-cAMPr, S3-ExRaiAKAR, and
cell marker miRFP under 50 uM forskolin stimulation at t = 3 minutes, * P < 0.05
Wilcoxon rank sum tests; see Table 12 for full statistics,

1) Bar plot of the PKA rise slope from the soma of cultured neurons with calcium plateau
(red; n = 17 neurons from 12 cultures) versus calcium spiking (blue; n = 7 neurons from
6 cultures) phenotype expressing S1-GCaMP6f, S2-cAMPr, S3-ExRaiAKAR, and cell
marker miRFP under 50 uM forskolin stimulation at t = 3 minutes, *** P < (0.001
Wilcoxon rank sum tests; see Table 13 for full statistics; and

J) Bar plot of the peak fluorescence change of PKA sensor from the soma of cultured
neurons with calcium plateau (red; n = 17 neurons from 12 cultures) versus calcium
spiking (blue; n = 7 neurons from 6 cultures) phenotype expressing S1-GCaMP6f, S2-
cAMPr, S3-ExRaiAKAR, and cell marker miRFP under 50 uM forskolin stimulation at t
= 3 minutes, *, P < 0.05 Wilcoxon rank sum tests, see Table 14 for full statistics.

A: Scale bar 20 um; B—C: Scale bar 2 um,; H-J: Bar plots of medians with interquartile
ranges are used throughout this figure, with individual values plotted as dots; D—H.:
dF/Fy: fluorescence change in GFP channel; D—G and H-I: dR/Ry.: changes of
fluorescence ratio between 488 nm excitation and 405 nm excitation when imaging in the
GFP emission channel.
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Forskolin stimulation during t = 2-5 min
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Forskolin stimulation during t = 2-5 min
Traces from individual neurons
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Forskolin stimulation during t = 2-5 min
Traces from individual neurons
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Forskolin stimulation during t = 2-5 min
Traces from individual neurons
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Forskolin stimulation during t = 2-5 min
Traces from individual neurons
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Figure 8. Individual traces of 24 hippocampus neurons.

Individual traces of calcium, cAMP, and PKA activity recorded from 24 hippocampus
neurons using spatial multiplexing.

Magenta: calcium signal measured from S1-GCaMP6f; Cyan: cAMP signal measured
from §2-cAMPr; Yellow: PKA signal measured from S3-ExRaiAKAR; dF/Fy:
fluorescence change in GFP channel.
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Tables

Table 1. Genetically encoded fluorescent sensors with spectral overlap.

Sensor Name | Molecule Reference

GCaMP6f Ca™ (Chen, et al., 2013)

ICUE3 Cyclic AMP (Dipilato, & Zhang, 2009)
cGES-DES5 cyclic GMP (Odaka, et al.,2014)

AKAR4 Protein kinase A (Depry, Allen, & Zhang, 2011)
CKAR Protein kinase C (Violin, et al., 2003)
MagFRET Mg*? (Lindenburg, et al., 2013)
FLIPglu Glucose (Fehr, et al., 2003)

Perceval ATP/ADP ratio (Berg, Hung, & Yellen, 2009)
HyPer H>0» (Belousov, et al., 2006)
eCALWY Zn*? (Vinkenborg, et al., 2009)
green-Camuio | CaMKlIla (Lee, et al., 2009)

FLIPsuc Sucrose (Lager, et al., 2006)

RexYFP NAD(+)/NADH Ratio | (Bilan, et al., 2014)

Table 2. Sequence of protein motifs in vector designs depicted in Figure 4.

Reference or

Motif name | Amino acid sequence (or nucleic acid sequence if specified) descrioti
escription

HexCoil- (Grigoryan, et

Ala AEAESALEYAQQALEKAQLALQAARQALKA ’

(Coil 1) al., 2011)
MKMEELFKKHKIVAVLRANSVEEAKKKALAVFLGGVH
LIEITFTVPDADTVIKELSFLKEMGAIIGAGTVTSVEQCR

13-01 KAVESGAEFIVSPHLDEEISQFCKEKGVFYMPGVMTPTE | (Hsia, et al.,
LVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFPNVKF 2016)
VPTGGVNLDNVCEWFKAGVLAVGVGSALVKGTPVEV
AEKAKAFVEKIRGCTE
MSQAIGILELTSIAAGMELGDAMLKSANVDLLVSKTISP
GKFLLMLGGDIGAIQQAIETGTSQAGELLVDSLVLANIH (King, et al

03-33 PSVLPAISGLNSVDKRQAVGIVETWSVAACISAADRAV 201 2)’ °
KGSNVTLVRVHMAFGIGGKCYMVVAGDVSDVALAVT
VASSSAGAYGLLVYASLIPRPHEAMWRQMVEGLE

SH2L 2 (Huang, et al.,

(Coil 2) TQEDLLKKIMKLLKKQIKLLKKQIKMLKRLEKQ 2014)
MPFITVGQENSTSIDLYYEDHGTGVPVVLIHGFPLSGHS (Lai, Cascio, &
WERQSAALLDAGYRVITYDRRGFGQSSQPTTGYDYDTF Yeat’es 201 2’

3VDX AADLNTVLETLDLQDAVLVGFSMGTGEVARYVSSYGT Lai. et ’al i
ARIAAVAFLASLEPFLLKTDDNPDGAAPQEFFDGIVAAV 20 1’ 6) ”

KADRYAFYTGFFNDFYNLDENLGTRISEEAVRNSWNTA
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ASGGFFAAAAAPTTWYTDFRADIPRIDVPALILHGTGDR
TLPIENTARVFHKALPSAEYVEVEGAPHGLLWTHAEEV
NTALLAFLAKALEAQKQKLLTEVETYVLSIIPSGPLKAEI
AQRLEDVFAGKNTDLEVLMEWLKTRPILSPLTKGILGF
VFTLTVPSERGLQRRRFVQNALNGNGDPNNMDKAVKL
YRKLKREITFHGAKEISLSYSAGALASCMGLIYNRMGA
VTTEVAFGLVCATCEQIADSQHRSHRQLE

SL6HC3 1

SEELRAVADLQRLNIELARKLLEAVARLQELNIDLVRKT
SELTDEKTIREEIRKVKEESKRIVEEAEEEIRRAKEESRY1
ADESRGSLEHHHHHH

(Boyken, et
al., 2016)

Xpress

DLYDDDDK

Synthetic
peptide Xpress
epitope

HA

YPYDVPDYA

Influenza
hemagglutin
epitope
(Wilson, et al.,
1984)

V5

GKPIPNPLLGLDST

Simian virus 5-
derived
epitope
(Southern, et
al., 1991)

FLAG

DYKDDDDK

Synthetic
peptide FLAG
epitope
(Hopp, et al.,
1988)

Table 3. Total list of motifs tested in various combination for puncta formation.

Motif
name

Amino acid sequence

Reference or
description

13-01

MKMEELFKKHKIVAVLRANSVEEAKKKALAVFLG
GVHLIEITFTVPDADTVIKELSFLKEMGAIIGAGTVT
SVEQCRKAVESGAEFIVSPHLDEEISQFCKEKGVFY
MPGVMTPTELVKAMKLGHTILKLFPGEVVGPQFV
KAMKGPFPNVKFVPTGGVNLDNVCEWFKAGVLA
VGVGSALVKGTPVEVAEKAKAFVEKIRGCTE

(Hsia, et al.,
2016)

03-33

MSQAIGILELTSIAAGMELGDAMLKSANVDLLVSK
TISPGKFLLMLGGDIGAIQQAIETGTSQAGELLVDSL
VLANIHPSVLPAISGLNSVDKRQAVGIVETWSVAA
CISAADRAVKGSNVTLVRVHMAFGIGGKCYMVVA
GDVSDVALAVTVASSSAGAYGLLVYASLIPRPHEA
MWRQMVEGLE

(King, et al.,
2012)
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HexCoil-

(Grigoryan, et

Ala AEAESALEYAQQALEKAQLALQAARQALKA
. al., 2011)

(Coil 1)

SH2L 2 (Huang, et al.,

(Coil 2) | TQEPLLKKIMKLLKKQIKLLKKQIKMLKRLEKQ 2014)

Linkerl2 | GGSGGTGGSGGT Flexible linker

Linker24 | GGSGGTGGSGGTGGSGGTGGSGGT Flexible linker

Linker27 | GGSGGSGGTGGSGGSGGTGGSGGSGGT Flexible linker

Linkerag | GGSGGTGGSGGTGGSGGTGGSGGTGGSGGTGGSG | py 1)
GTGGSGGTGGSGGT
MTEKEKMLAEKWYDANFDQTLINERLRAKVICFA
LNHTNPVATMMRKVLIDALFQTTTDNVSISIPFDTD

310 YGWNVKLGKNVYVNTNCYFMDGGQITIGDNVFIG | (King, et al.,
PNCGFYTATHPLNFHHRNEGFEKAGPIHIGSNTWF | 2012)
GGHVAVLPGVTIGEGSVIGAGSVVTKDIPPHSLAVG
NPCKVVRKIDNDLPSETLNDETIK
MPFITVGQENSTSIDLYYEDHGTGVPVVLIHGFPLS
GHSWERQSAALLDAGYRVITYDRRGFGQSSQPTTG
YDYDTFAADLNTVLETLDLQDAVLVGFSMGTGEV
ARYVSSYGTARIAAVAFLASLEPFLLKTDDNPDGA
APQEFFDGIVAAVKADRYAFYTGFFNDFYNLDENL |/ oo oo
GTRISEEAVRNSWNTAASGGFFAAAAAPTTWYTDF | (7 =

3VDX | RADIPRIDVPALILHGTGDRTLPIENTARVFHKALPS | 50 ' "0%%0
AEYVEVEGAPHGLLWTHAEEVNTALLAFLAKALE | *) /50 1
AQKQKLLTEVETYVLSIIPSGPLKAEIAQRLEDVFA | &~
GKNTDLEVLMEWLKTRPILSPLTKGILGFVFTLTVP
SERGLQRRRFVQNALNGNGDPNNMDKAVKLYRK
LKREITFHGAKEISLSYSAGALASCMGLIYNRMGA
VTITEVAFGLVCATCEQIADSQHRSHRQLE
SEELRAVADLQRLNIELARKLLEAVARLQELNIDLV

> %6HC3 RKTSELTDEKTIREEIRKVKEESKRIVEEAEEEIRRA a(lBOZ%kleg’ et

- KEESRYIADESRGSLEHHHHHH »
MQWQTKLPLIAILRGITPDEALAHVGAVIDAGFDA
VEIPLNSPQWEQSIPAIVDAYGDKALIGAGTVLKPE
QVDALARMGCQLIVTPNIHSEVIRRAVGYGMTVCP

ATC. GCATATEAFTALEAGAQALKIFPSSAFGPQYIKALK | | &

HI 3 AVLPSDIAVFAVGGVTPENLAQWIDAGCAGAGLGS | i =

DLYRAGQSVERTAQQAAAFVKAYREAQKQKEQR
QDQKSAYALGASLGRYMENSLKEQEKLGIKLDKD
QLIAGVQDAFADKSKLSDQEIEQTLQAFEARVKSS
AQAKLE
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MGEVPIGDPKELNGMEIAAVYLQPIEMEPRGIDLA
ASLADIHLEADIHALKNNPNGFPEGFWMPYLTIAY
ALANADTGAIKTGTLMPMVADDGPHYGANIAMEK
DKKGGFGVGTYALTFLISNPEKQGFGRHVDEETGV
GKWFEPFVVTYFFKYTGTPKGGGSGGGSMSQAIGI

T32-28 | LELTSIAKGMELGDAMLKSANVDLLVSKTISPGKF %ﬁg)’ etal,
LLMLGGDIGAIQQAIETGTSQAGEMLVDSLVLANI
HPSVLPAISGLNSVDKRQAVGIVETWSVAACISAA
DLAVKGSNVTLVRVHMAFGIGGKCYMVVAGDVL
DVAAAVATASLAAGAKGLLVYASIIPRPHEAMWR
QMVEG
GARVAIVMGSLSDWATMQFAALIFLILNVPHHVEV
VSAHRTPDKLFSFAESAEENGYQVIIAGAGGAAHL | (Garcia-

ID7A PGMIAAKTLVPVLGVPVQSAALSGVDSLYSIVQMP | Seisdedos, et
RGIPVGTLAIGKAGAANAALLAAQILATHDKELHQ | al., 2017)
RLNDWRKAQTDEVLENPLPRG
MNLMTTITGVVLAGGKARRMGGVDKGLLELNGK
PLWQHVADALMTQLSHVVVNANRHQEIYQASGL | (o o

Frw | KVIEDSLADYPGPLAGMLSVMQQEAGEWFLFCPC | 5708
DTPYIPPDLAARLNHQRKDAPVVWVHDGERDHPTI | /5 70
ALVNRAIEPLLLEYLQAGERRVMVFMRLAGGHAV |
LFSLHLLAFVNVNTPEELARWQEKR
MELYLDTSDVVAVKALSIRIFPLAGVTTNPSIIAAG
KKPLDVVLPQLHEAMGGQGRLFAQVMATTAEGM
VNDALKLRSIIADIVVKVPVTAEGLAAIYMLYAYGI | (Garcia-

IL6W | PTLGTAVYGAAQGLLSALAGAEYVAPYVNRIDAQ | Seisdedos, et
GGSGIQTVTDLHQLLKMHAPQAKVLAASFKTPRQ | al., 2017)
ALDCLLAGCESITLPLDVAQQMISYPAVDAAVAKF
EQDWQGAFGRTSI
MTKPYVRLDKNDAAVLLVDHQAGLLSLVRDIEPD
KFKNNVLALGDLAKYFNLPTILTTSAETGPNGPLVP | (o o

yAc | ELKAQFPDAPYIARPGNINAWYNEYFVYAVYATG | 500
KKQLIIAGVVTEVCVAFPALSAIEEGFDVFVVTDAS | 45 /0
GTFNEITRHSAWDRMSQAGAQLMTWFGVACELHR | &~
DWRNDIAGLATLFSNHIPDYRNLMTSYDTLTKQK
MIQSQINRNIRLDLADAILLSKAYYYLSFAEIADGT
GLAEAFVTAALLGQQALPADAARLVGAKLDLDED | (Garcia-

2IV1 SILLLQMIPLRGCIDDRIPTDPTMYQFYEMLQVYGT | Seisdedos, et
TLKALVHEKFGDGIISAINFKLDVKKVADPEGGER | al., 2017)
AVITLDGKYLPTKPF
MKPTTISLLQKYKQEKKRFATITAYDYSFAKLFAD
EGLNVMLVGDSLGMTVQGHDSTLPVTVADIAYHT | (o o

M3U | AAVRRGAPNCLLLADLPFMAYATPEQAFENAATV | (XY
MRAGANMVKIEGGEWLVETVQMLTERAVPVCGH | /75 0%

LGLTPQSVNIFGGYKVQGRGLLAGLQLLSDALALE
AAGAQLLVLECVPVELAKRITEALAIPVIGIGAGNV
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TDGQILVMHDAFGITGGHIPKFAKNFLAETGDIRAA
VRQYMAEVESGVYPGEEHSFH

MENYLIDNLDRGILEALMGNARTAYAELAKQFGV

SPETIHVRVEKMKQAGIITGARIDVSPKQLGYDVGC | (Garcia-
2CG4 FIGIILKSAKDYPSALAKLESLDEVTEAYYTTGHYSI | Seisdedos, et
FIKVMCRSIDALQHVLINYIQTIYEIQSTETLIVLQNP | al., 2017)
IMRTIKP
MAQGTLYIVSAPSGAGKSSLIQALLKTQPLYDTQV
SVSHTTRQPRPGEVHGEHYFFVNHYYFYYMISRDA | (oo o
oano | FLEHAEVFGNYYGTSREAIEQVLATGVDVFLDIDW | (000
QGAQQIRQKMPHARSIFILPPSKIELDRRLRGRGQD | /")
SEEVIAKRMAQAVAEMSHYAEYDYLIVNDDFDTA | &7
LTDLKTIIRAERLRMSRQKQRHDALISKLLAD
MAQGTLYIVSAPSGAGKSSLIQALLKTQPLYDTQV | Mutated in
SVAHTTRQPRPGEVHGEHYFFVNHYYFYYMISRDA | this study
2AN9- | FLEHAEVFGNYYGTSREAIEQVLATGVDVFLDIDW | from 2AN9 to
mutant]l | QGAQQIRQKMPHARSIFILPPSKIELDRRLRGRGQD | deactivate the
SEEVIAKRMAQAVAEMSHYAEYDYLIVNDDFDTA | enzymatic site
LTDLKTIIRAERLRMSRQKQRHDALISKLLAD in 2ANO.
MAQGTLYIVSAPSGAGKGSLIQALLKTQPLYDTQV | Mutated in
SVAHTTRQPGPGEVHGEHYFFVNHYYFYYMISRD | this study
2AN9- | AFLEHAEVFGNYYGTSREAIEQVLATGVDVFLDID | from 2AN9 to
mutant2 | WQGAQQIRQKMPHARSIFILPPSKIELDRRLRGRGQ | deactivate the
DSEEVIAKRMAQAVAEMSHYAEYDYLIVNDDFDT | enzymatic site
ALTDLKTIIRAERLRMSRQKQRHDALISKLLAD in 2ANO.
MEEVVLITVPSESVARIIAKALVASRLAACVNIVPG
p3Z 11 | LTSTYRWQGSVVEDQELLLLVKTTTHAFPKLKHTV | (Gonen, et al.,
Design | KITHPYTVPEIVALPIAEGNREYLDWLRENTGLEHH | 2015)
HHHH
R LEIEAAFLEQENTALETEVAELEQEVQRLENIVSQY | (Moll, etal.,
ETRYGPL 2001)
RR LEIRAAFLRRRNTALRTRVAELRQRVQRLRNIVSQ | (Moll, et al.,
YETRYGPL 2001)
E5 EVSALEKEVSALEKEVSALEKEVSALEKEVSALEK ggg;”’ ctal.,
K CGGKVSALKEKVSALKEKVSALKEKVSALKEKVS | (Tripet, et al.,
ALKE 1996)
(Shekhawat, et
LZA AQLEKELQALEKKLAQLEWENQALEKELAQ al., 2000)
LZB AQLKKKLQANKKELAQLKWKLQALKKKLAQ Shglgézv)vat’ ot
ACID-pl | AQLEKELQALEKENAQLEWELQALEKELAQ %8251‘1’-‘5’9‘3‘)
BASE-pl | AQLKKKLQALKKKNAQLKWKLQALKKKLAQ (Oakley, &

Kim, 1998)
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(Boyle, et al.,

DoNApl | EIKALEQEIAALKQKIAWLKQ o
DoNAp2 | KIKALKQEIAALKQEIAYLEQ g?)fg;e, etal,
P3 SPEDEIQQLEEEIAQLEQKNAALKEKNQALKYG g?r;%lls‘;’ et
P4 SPEDKIAQLKQKIQALKQENQQLEEENAALEYG gir;%llsg;, et
APH MKQLEKELKQLEKELQAIEKQLAQLQWKAQARKK g:irgn &
KLAQLKKKLQA o g
BCR DIEQELERAKASIRRLEQEVNQERSRMAYLQTLLA | (Gradigar, et
K al., 2013)
GCNsh | QLEDKVEELLSKNYHLENEVARLKKLVG g?rz%lls’g‘ga et
CC Di | GEIAALKQEIAALKKENAALKWEIAALKQGYY gle;%hlzf) et
CC Tri | GEIAAIKQEIAAIKKEIAAIKWEIAAIKQGYG gle;%hlzf) et
CC-Hept | GEIAQALKEIAKALKEIAWALKEIAQALKG gh%nls:)na et
CC-Hex2 | GEIAKSLKEIAKSLKEIAWSLKEIAKSLKG gh(z’gllsj)n, et
CC-Pent | GKIEQILQKIEKILQKIEWILQKIEQILQG gh(z’gf;’)n, et
CC-Tet | GELAAIKQELAAIKKELAAIKWELAAIKQGAG g%?cl‘;al’ etal,
HOTag6 | TLREIEELLRKIIEDSVRSVAELEDIEKWLKKI g%?;f)lga etal,
Linker2 | GS Flexible linker
Linker3 GSG Flexible linker
Linker4 | GSGS Flexible linker
Linker6 | GGSGGT Flexible linker
Il;mker6A APAPAP Rigid linker
I:nkers E EAAAK Rigid linker
Nuclear
localization
sequence
NLS PKKKRKV reuenee
SV40 large T-
antigen
CAAX | GAGAKEKMSKDGKKKKKKSKTKCVIM CAAX plasma
membrane
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targeting motif

from ras
proteins
(Hancock, et
al., 1991)
Synthetic
Xpress DLYDDDDK peptide Xpress
epitope
Influenza
hemagglutin-
HA YPYDVPDYA in epitope
(Wilson, et al.,
1984)
Simian virus
5-derived
V5 GKPIPNPLLGLDST epitope
(Southern, et
al., 1991)
Synthetic
peptide FLAG
FLAG DYKDDDDK epitope
(Hopp, et al.,
1988)
Table 4. Amount of plasmid for each type of experiment.
Plasmid | Control Setup (ng) | Experimental Setup (ng)
PL622 100 150
S1 250 100
S2 250 200
S3 250 300
Table 5. Antibodies used.
Antibody Source Catalog Number
Invitrogen, R910-25
Xpress Monoclonal Antibody, Mouse Thermofisher
Scientific
Anti-V5 Tag Antibody, Chicken Abcam ab9o113
Anti-HA Tag Antibody, Rabbit Abcam ab9110
Cell 8653 (kit)
Anti-AIF (mitochondria), Rabbit Signaling
Technology
Cell 8653 (kit)
Anti-EEA1 (endosomes), Rabbit Signaling
Technology
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Cell 8653 (kit)
Anti-Lamp1 (lysosome), Rabbit Signaling
Technology
Cell 8653 (kit)
Anti-PDI (endoplasmic reticulum), Rabbit Signaling
Technology
Cell 8653 (kit)
Anti-RCAS1 (Golgi), Rabbit Signaling
Technology
Goat anti-Mouse IgG1 Cross-Adsorbed Secondary Invitrogen, A-21123
3 Thermofisher
Antibody, Alexa Fluor 546 S
Scientific
Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Invitrogen, A-11032
) Thermofisher
Secondary Antibody, Alexa Fluor 594 S
Scientific
Goat anti-Chicken IgY (H+L) Secondary Antibody, Invitrogen, A-21449
Thermofisher
Alexa Fluor 647 o
Scientific
Goat anti-Rabbit IgG (H+L) Secondary Antibody, Invitrogen, A-21245
Thermofisher
Alexa Fluor 647 S
Scientific
Donkey Anti-Rabbit IgG (H+L), Highly Cross- Biotium 20308
Adsorbed, CF543
Table 6. Statistical Analysis for Figure 6D.
Two-way Ordinary
ANOVA
Alpha 0.05
Source of % of total P value P value Significant
Variation variation summary
Interaction | 4.434 273 ns No
Locations 1.773 .590 ns No
Molecules 1.847 297 ns No
ANOVA SS (Type I1I) DF MS F (DFn, DFd) P value
table
Interaction | 354628 2 177314 F(2,54)=1.33 P=273
Locations 141828 2 70914 F (2,54)=0.5321 | P=.590
Molecules 147722 1 147722 F (1,54)=1.108 P=.297
Residual 7197259 54 133283
Number of | 1
families
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Number of |3
comparisons
per family
Alpha 0.05
Sidak's Mean | 95.00% | Significant | Summary | Adj P
multiple Diff. | Clof Value
comparisons diff.
test
GCaMPof -
S1-
GCaMPo6f
Soma 83.54 | -435.8 No ns 971
to 602.9
Proximal - -449.2 No ns 928
neurite 81.96 |to285.3
Distal - -682.6 No ns 112
neurite 315.4 | to 51.85
Test details | Mean | Mean 2 | Mean Diff. | SE of N1 N2 |t DF
1 diff.
GCaMPof -
S1-
GCaMPof
Soma 544.1 | 460.6 83.54 210.8 6 6 |0.3963 | 54
Proximal 508.1 | 590.1 -81.96 149 12 12 ] 0.5499 | 54
neurite
Distal 468.7 | 784.1 -315.4 149 12 12 [2.116 |54
neurite
Table 7. Statistical Analysis for Figure 6E.
Two-way Ordinary
ANOVA
Alpha 0.05
Source of % of total P value P value Significant
Variation variation summary
Interaction | 5.618 139 ns No
Row Factor | 19.88 .002 ok Yes
Column 1.384 320 ns No
Factor
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ANOVA SS (Type III) | DF MS F (DFn, DFd) P value
table
Interaction | 143900 2 71950 F (2, 54)=2.045 P=.139
Row Factor | 509284 2 254642 F (2, 54)="17.237 P=.002
Column 35443 1 35443 F (1, 54)=1.007 P=.320
Factor
Residual 1900038 54 35186
Number of |1
families
Number of | 3
comparisons
per family
Alpha 0.05
Sidak's Mean | 95.00 | Significant | Summary | Adj P
multiple Diff. | % CI Value
comparisons of diff.
test
GCaMPof -
S1-
GCaMPo6f
Soma 192 -74.87 | No ns 226
to
458.8
Proximal 36.34 | -152.4 | No ns 952
neurite to 225
Distal - -263.3 | No ns .705
neurite 74.61 | to
114.1
Test details | Mean | Mean | Mean Diff. | SE of N1 N2 |t DF
1 2 diff.
GCaMPof -
S1-
GCaMPo6f
Soma 454 262 192 108.3 6 6 1.773 54
Proximal 1582 [ 121.8 | 36.34 76.58 12 12 | 0.4746 |54
neurite
Distal 80.64 | 155.3 | -74.61 76.58 12 12 10.9743 | 54
neurite

Table 8. Statistical Analysis for Figure 61.
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Two-way Ordinary

ANOVA

Alpha 0.05

Source of % of total P value | P value Significant

Variation variation summary

Interaction 0.4967 718 ns No

Subcellular 14.54 <.001 kK Yes

location

Molecule 0.004988 935 ns No

ANOVA table | SS (Type DF MS F (DFn, DFd) | P value

111)

Interaction 5456 2 2728 F(2,114)= P=718
0.3321

Subcellular 159678 2 79839 F(2,114)= P<.001

location 9.721

Molecule 54.79 1 54.79 F(1,114)= P=.935
0.006672

Residual 936263 114 8213

Difference

between

column means

Predicted (LS) | 76.96

mean of

cAMPr

Predicted (LS) | 78.39

mean of S3-

cAMPr

Difference -1.430

between

predicted

means

SE of 17.50

difference

95% CI of -36.10 to

difference 33.24

Number of |1

families

Number of | 3

comparisons

per family

Alpha 0.05
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Bonferroni's | Pred. 95.00 | Signific. | Summary | Adj P
multiple (LS) % CI Value
comparisons | mean of
test diff. diff.
cAMPr -
S3-cAMPr
Soma -8.429 | - No ns >999
98.64
to
81.78
Proximal -12.31 - No ns >999
neurite 76.10
to
51.48
Distal 16.45 - No ns >.999
neurite 47.34
to
80.24
Test details | Pred. Pred. | Predicted | SE of N1 N2 |t DF
(LS) (LS) | (LS) diff.
mean 1 | mean | mean
2 diff.
cAMPr -
S3-cAMPr
Soma 24.78 33.21 | -8.429 37.13 11 13 10.2270 | 114.0
Proximal 71.20 83.51 | -12.31 26.25 22 26 | 0.4690 | 114.0
neurite
Distal 134.9 118.5 | 16.45 26.25 22 26 | 0.6267 | 114.0
neurite
Table 9. Statistical Analysis for Figure 6J.
Two-way Ordinary
ANOVA
Alpha 0.05
Source of % of total P value | P value Significant
Variation variation summary
Interaction 0.06049 .960 ns No
Subcellular 2.115 245 ns No
location
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Molecule 12.23 <.001 ok ok Yes
ANOVA table | SS (Type DF MS F (DFn, DFd) | P value
111)
Interaction 61.93 2 30.97 F(2,114)= P=.960
0.04075
Subcellular 2166 2 1083 F(2,114)= P=.245
location 1.425
Molecule 12523 1 12523 F(1,114)= P<.001
16.48
Residual 86623 114 759.8
Difference
between
column means
Predicted (LS) | 43.33
mean of
cAMPr
Predicted (LS) | 21.72
mean of S3-
cAMPr
Difference 21.61
between
predicted
means
SE of 5.323
difference
95% CI of 11.07 to
difference 32.16
Number of |1
families
Number of |3
comparisons
per family
Alpha 0.05
Bonferroni's | Pred. | 95.00 | Signific. | Summary | Adj P
multiple (LS) | %CI Value
comparisons | mean | of diff.
test diff.
cAMPr -
S3-cAMPr
Soma 2297 | -4.468 | No ns 133
to
50.41
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Proximal 22.26 | 2.858 | Yes * .019
neurite to
41.66
Distal 19.60 | 0.1998 | Yes * .047
neurite to
39.00

Test details | Pred. | Pred. Predicted | SE of N1 N2 |t DF

(LS) | (LS) (LS) diff.

mean | mean | mean

1 2 diff.
cAMPr -
S3-cAMPr
Soma 50.81 |27.84 |22.97 11.29 11 13 |2.034 [ 114.0
Proximal 41.64 | 19.38 |22.26 7.985 22 26 |2.788 | 114.0
neurite
Distal 37.54 | 17.94 | 19.60 7.985 22 26 |2.455 | 114.0
neurite

Table 10. Statistical Analysis for Figure 6N.
Two-way Ordinary
ANOVA
Alpha 0.05
Source of % of total P value | P value Significant
Variation variation summary
Interaction 12.20 .055 ns No
Subcellular 1.197 .739 ns No
location
Molecule 0.6771 .560 ns No
ANOVA table SS (Type DF MS F (DFn, DFd) | P value
111)
Interaction 759.3 2 379.7 F (2,44)= P=.055
3.105
Subcellular 74.51 2 37.26 F (2,44) = P=.739
location 0.3047
Molecule 42.15 1 42.15 F(1,44)= P=.560
0.3447

Residual 5381 44 122.3
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Difference
between column
means
Predicted (LS) 48.05
mean of
ExRaiAKAR
Predicted (LS) 46.12
mean of S3-
ExRaiAKAR
Difference 1.936
between
predicted means
SE of difference | 3.297
95% CI of -4.709 to
difference 8.580
Number of |1
families
Number of |3
comparisons
per family
Alpha 0.05
Bonferroni's | Pred. | 95.00 | Signific. | Summary | Adj P
multiple (LS) | % CI Value
comparisons | mean | of
test diff. diff.
ExRaiAKAR
- S3-
ExRaiAKAR
Soma 6.890 | - No ns .990
10.52
to
24.30
Proximal 7.513 | - No ns 408
neurite 4.796
to
19.82
Distal - - No ns 267
neurite 8.597 | 2091
to
3.712
Test details | Pred.( | Pred. | Predicted | SE of N1 N2 DF
LS) (LS) | (LS) diff.
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mean | mean | mean
1 2 diff.
ExRaiAKAR
- S3-
ExRaiAKAR
Soma 49.52 | 42.63 | 6.890 6.994 5 0.9852 | 44.00
Proximal 52.53 |45.02 | 7.513 4.946 10 10 | 1.519 |44.00
neurite
Distal 42.10 | 50.70 | -8.597 4.946 10 10 | 1.738 | 44.00
neurite
Table 11. Statistical Analysis for Figure 60.
Two-way Ordinary
ANOVA
Alpha 0.05
Source of % of total P value | P value Significant
Variation variation summary
Interaction 6.918 139 ns No
Subcellular 18.91 .007 ok Yes
location
Molecule 0.8782 473 ns No
ANOVA table SS (Type DF MS F (DFn, DFd) | P value
111)
Interaction 785.5 2 392.8 F (2,44)= P=.139
2.062
Subcellular 2147 2 1074 F (2,44)= P=.007
location 5.636
Molecule 99.72 1 99.72 F (1,44)= P=.473
0.5234
Residual 8383 44 190.5
Difference
between column
means
Predicted (LS) 25.16
mean of
ExRaiAKAR
Predicted (LS) 22.18
mean of S3-
ExRaiAKAR
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Difference 2.977
between
predicted means
SE of difference | 4.115
95% CI of -5.316 to
difference 11.27
Number of | 1
families
Number of |3
comparisons
per family
Alpha 0.05
Bonferroni's | Pred. | 95.00 | Signific. | Summary | Adj.
multiple (LS) | % CI P
comparisons | mean | of Value
test diff. diff.
ExRaiAKAR
-S3-
ExRaiAKAR
Soma 8.965 | - No ns .930
12.76
to
30.69
Proximal 7.884 | - No ns .625
neurite 7.480
to
23.25
Distal - - No ns .619
neurite 7917 | 23.28
to
7.447
Test details | Pred. | Pred. | Predicted | SE of N1 N2 t DF
(LS) | (LS) [ (LS) diff.
mean | mean | mean
1 2 diff.
ExRaiAKAR
- S3-
ExRaiAKAR
Soma 36.40 | 27.44 | 8.965 8.730 5 5 1.027 | 44.00
Proximal 28.28 [20.40 | 7.884 6.173 10 10 1.277 | 44.00
neurite
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Distal 10.78 | 18.70 | -7.917 6.173 10 10 1.283 | 44.00
neurite

Table 12. Statistical Analysis for Figure 7H.

Wilcoxon rank sum tests

P value 0.0158
ranksum 49

zval -2.4134

Table 13. Statistical Analysis for Figure 71.

Wilcoxon rank sum tests

P value 7.6248e-04
ranksum 34

zval -3.3661

Table 14. Statistical Analysis for Figure 7J.

Wilcoxon rank sum tests

P value 0.0490
ranksum 56

zval -1.9688
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