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Tracking and measuring local protein synthesis in vivo
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ABSTRACT

Detecting when and how much of a protein molecule is synthesized
is important for understanding cell function, but current methods
either cannot be performed in vivo or have poor temporal resolution.
Here, we developed a technique to detect and quantify subcellular
protein synthesis events in real time in vivo. This Protein Translation
Reporting (PTR) technique uses a genetic tag that produces a
stoichiometric ratio of a small peptide portion of a split fluorescent
protein and the protein of interest during protein synthesis. We show
that the split fluorescent protein peptide can generate fluorescence
within milliseconds upon binding the larger portion of the fluorescent
protein, and that the fluorescence intensity is directly proportional to
the number of molecules of the protein of interest synthesized. Using
PTR, we tracked and measured protein synthesis events in single
cells over time in vivo. We use different color split fluorescent proteins
to detect multiple genes or alleles in single cells simultaneously. We
also split a photoswitchable fluorescent protein to photoconvert the
reconstituted fluorescent protein to a different channel to continually
reset the time of detection of synthesis events.

KEY WORDS: Live imaging, Local translation, Protein quantification,
Protein synthesis

INTRODUCTION

Understanding the relationship between genes and phenotypes is a
central component of molecular and cell biology. Several analytic
methods have been developed to profile gene expression at the
level of mRNA or protein. Common techniques for detecting
protein synthesis are ‘pulse-chase’ experiments to label previously
translated proteins compared with newly synthesized proteins, or the
use of fluorescent protein production of synthetic molecules as
proxies for protein translation (Dahm et al., 2008; Hinz et al., 2013;
Na et al., 2016; Wang et al., 2016; Yan et al., 2016). Fusing
fluorescent proteins to a protein of interest has enabled the direct
observation and tracking of intracellular proteins, but fusion
proteins have been shown to affect protein properties and
localization (Palmer and Freeman, 2004), and affect folding,
timing and function of both the protein of interest and the reporter
(Zhao et al.,, 2008). In addition, constitutive fluorescence of
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common reporters may saturate measurement ranges over time,
making the detection of small changes in signal intensity difficult,
particularly in vivo. Genetically encoded luciferase approaches
can provide high temporal or spatial resolution, but require repeated
introduction of exogenous substrates necessary for the
bioluminescence reaction, and this reaction can be inhibited by
endogenously occurring molecules (Auld and Inglese, 2004;
Ling et al, 2012; Na et al.,, 2016). The concentration of the
bioluminescence substrate, when provided in the extracellular
medium or by injection into animals, must be maintained
throughout the experiment in order to produce accurate and
consistent results, and several instability issues of luciferases have
also been reported (Craig et al., 1991; Morse and Tannous, 2012;
Xu et al., 2016).

Approaches such as SunTag (Tanenbaum et al., 2014), SINAPS
(Pichon et al., 2016; Wang et al., 2016; Wu et al., 2016; Yan et al.,
2016) and HA-based tagging (Zhao et al., 2019) employ antibody-
based fragments to recruit and concentrate multiple fluorophore
molecules. These approaches have enabled the visualization of
the dynamics of nascent peptide chain production and tracking
single molecules for extended periods of time in vivo. However, the
recruitment and eventual fusion of several fluorophore molecules
has been shown to alter several properties of the proteins of interest,
such as size, charge, solubility, diffusion, turnover and localization
(Snapp, 2005; Yang et al., 2016). Furthermore, tagging endogenous
loci with repeat sequences that are synthetic can result in
dysregulation in the expression and production of the protein of
interest (Yang et al., 2016). Finally, although these approaches
enable the visualization of low-abundance proteins by multiplying
the fluorescent signal, quantifying the production of secreted or
short-lived proteins such as antibodies, transcription factors or
circadian clock proteins will be more difficult with these techniques
(Cohen et al., 2014; Corish and Tyler-Smith, 1999; Landgraf et al.,
2012; Lepore et al., 2019).

We have developed a method called Protein Quantitation
Ratioing (PQR) to quantify endogenous protein translation in
single cells in vivo using a fluorescent reporter (Lo et al., 2015). The
PQR sequence allows for an equimolar separation of an upstream
protein of interest and a downstream reporter protein, all contained
within a single strand of RNA. When a fluorescent protein reporter
is separated from the protein of interest, the number of fluorescent
molecules produced are proportional to the number of protein
molecules of interest produced, and thus the fluorescence intensity
is proportional to the target protein concentration. This PQR
technology is essentially a quantitative protein translation reporter,
because the stoichiometric production of the fluorescent reporter
molecule occurs at the protein translation step. However, the slow
time scales (minutes to hours) for fluorescent proteins to fold and
mature severely limit their use in reporting protein synthesis (lizuka
et al., 2011; Shaner et al., 2005), owing to the speed of molecule
diffusion at small, subcellular length scales. A typical protein might
diffuse across a 20 um cell in 40 s, but will diffuse 350 pm in the
10 min it may require to fold and mature. The output of any protein
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synthesis reporter must occur within milliseconds to seconds to
accurately detect synthesis events within the micrometer length
scale or risk degrading spatial and temporal resolution.

RESULTS

In an effort to overcome the folding and maturation issues of
common fluorescent proteins, we have generated Protein
Translation Reporters (PTRs), which use a small peptide that is
co-translated with the protein of interest using PQR, and will bind
and activate a fluorescent reporter after its co-translation (Fig. 1A).
The peptide is based on the complementation of a split green
fluorescent protein (GFP) into two non-fluorescent parts (Feinberg
et al., 2008; Kerppola, 2006): a larger portion containing ten of the
11 strands of the GFP beta-barrel structure (GFP1-10), and the
eleventh strand of the beta barrel comprised of only 16 residues
(GFP11). High levels of expression of GFP1-10 in a cell allow for
folding and chromophore maturation to occur independently and
before protein translation reporting. Using split GFP components as
PTRs to monitor protein translation events offers a number of
advantages over probe or antibody-based approaches. Importantly,
PTRs are genetically encoded and signals are fluorescence-based,
which minimizes the cell or animal invasiveness associated with
detecting protein translation. The untagged protein of interest
remains free in its native form after synthesis, which ensures proper
localization, secretion or post-translational modification. In
addition, the fast reconstitution of the reporter immediately after
translation would provide good spatial and temporal resolution that
can be used to localize protein translation events in subcellular
compartments such as the endoplasmic reticulum (ER) or neuronal
dendrites. Such an approach would allow for direct, non-invasive
and long-term observation of endogenous local protein synthesis in
neurons, which is key to understanding the distal processes that both
maintain cellular homeostasis and mediate plasticity.

To demonstrate our approach, we screened through several
variants of GFP and found that some versions of split GFP (Do and
Boxer, 2011; Feinberg et al., 2008; Kent and Boxer, 2011; Kim
et al.,, 2011; Pedelacq et al., 2006; Yamagata and Sanes, 2012)
would not always express properly in cells and could aggregate in
inclusion bodies or misfold, so we screened through different
modifications that added specific amino acids to the carboxy and
amino terminus of GFP11 and GFP1-10, respectively (Materials
and Methods; Table S1). Expression of GFP1-10 on the cell surface
of HEK293 cells produced green fluorescence when exposed to
extracellular GFP11 peptide (Fig. 1B). Next, we genetically tagged
the glutamate ionotropic receptor AMPA type subunit 1 (GRIAI)
gene using POR-GFPIl (ie. GRIAI-POR-GFPII) and co-
expressed this with cytosolic GFP1-10 in mouse cortical neurons
using an actin promoter. Co-expression of these two constructs
produced bright green cytoplasmic fluorescence signals that were
not sequestered into inclusion bodies or lysosomes (Fig. 1C). We
were able to image protein translation dynamics of the GLUALI
subunit of the AMPA receptor as changes in green fluorescence over
time. We also tagged the Zika virus (ZIKAV) protein NS4B using
PQOR-GFP11 and expressed this with GFP1-10 within human neural
progenitor cells (hWNPCs) (Fig. 1D). Similar to the GLUA1 subunit,
these protein synthesis dynamics varied across different sampling
locations within the cell body and along neurites (Fig. 1D),
indicating local differences in protein production levels.

To determine the speed of reconstitution of our modified split
GFP, we combined purified GFP1-10 at 3 mM with varying
concentrations of GFP11 and found that fluorescence was detected
immediately upon mixing the two solutions (Fig. 1E-G). To obtain

kinetic measurements of the reconstitution reaction at sub-second
timescales, we used an ultrasensitive fluorescence spectrophotometer
(Materials and Methods). A stopped-flow dispenser was used to mix
and deliver known volumes of GFP1-10 and GFP11 proteins. This
allowed us to establish a t, for the moment split GFP components first
interact. Green fluorescence was detected within 100 ms upon mixing
the two solutions (Fig. 1E), and the fluorescent intensity of the
reconstitution reaction steadily increased throughout the recording
window (~60 s) (Fig. 1E, inset). Fluorescence increase over time
from the bimolecular reaction was modeled as pseudo-first order and
fit to a one phase association curve to determine the observed rate
constant (K,,s) of GFP11 peptide binding for each concentration of
GFP11 tested (Fig. 1F,G; Fig. S1; Materials and Methods). For 50 nM
GFP11 and excess GFP1-10, our k. was 0.003 s~!. It is important to
note that the ks rate, and in particular the half-time metrics of
ensemble kinetics, were not appropriate gauges for PTR utility, as the
half-time is a measure of how long it takes until half of the reactants
are used up, i.e., across a cell, cuvette or tube. Using the ks, the
association rate constant (k,,) was calculated as 7.6x10° M~! s~!,
which fell within the diffusion-controlled regime (Schreiber et al.,
2009). Based on these rate constants, within 1 s, 100 reconstituted
GFP molecules would already be generated, at concentrations of
GFP11 that are half the average physiological amounts (Fig. S1). To
determine the dissociation constant (Kg) of the GFP11 peptide, the
fluorescence increase over time with varying GFP11 peptide
concentrations was also fit to a one site binding model, and the Ky
was 481£116 pM (R?=0.96, P<0.05, least squares fit), demonstrating
that GFP11 peptide binds GFP1-10 with very high affinity (Do and
Boxer, 2011; Huang and Bystroff, 2009; Kent and Boxer, 2011).

The fluorescence intensity resulting from the reconstitution of
GFP1-10 and GFP11 peptides in vitro was linearly dependent on the
concentration of the reactants over several orders of magnitude
(Fig. 1H, top left). In addition, expressing the GFP11 peptide using
PQR linkers (Fig. 1A,C,D) produces the stoichiometric relationship
with the protein of interest (Fig. 1H, top right) (Lo et al., 2015).
Thus, the fluorescence intensity resulting from the translation of
GFP11 is proportional to and can be used to quantify the level of
translation of a protein of interest at the millisecond timescale
(Fig. 1H, bottom). We define PTRs as the combined use of the
GFP11 sequence with the PQR sequence to enable protein
translation reporting.

Does the genetic tag of POR with GFPI1I produce a linear
relationship with the protein of interest? We used the Drosophila
Shaker potassium channel with a red fluorescent protein (RFP)
embedded within the inactivation domain (Lo et al., 2015) to
verify that the reconstituted GFP could quantify protein
synthesis (Fig. 2A). We recorded Shaker K* currents from
HEK293 cells expressing the ShakerRFP gene tagged with POR-
GFPI11 (ShakerRFP-POR-GFPII) along with GFPI-10 and
confirmed that the PTR did not disrupt protein function (Fig. 2B).
RFP fluorescence intensity was correlated with reconstituted
GFP with an R?=0.72, n=35, P<0.05 (Fig. 2C). We observed
GFP puncta throughout the cell, indicating sites of local translation,
possibly at ribosomes near the rough ER, as the Shaker potassium
channel is being processed while the GFP11 diffuses away in the
cytosol.

To determine whether the PTR fluorescence increases were near
ribosomal sites, we used a live marker for ER in the red channel,
Cytopainter. We observed rapid increases in green fluorescence
intensity over seconds colocalized at perinuclear ER sites
which were strongly labeled in red, indicating protein synthesis
of the GFP11 at perinuclear ribosomes directly after mRNA

2

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.202908
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.202908
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.202908

TECHNIQUES AND RESOURCES Development (2024) 151, dev202908. doi:10.1242/dev.202908

A DNA

—— Gene of interest| PQR| GFP11 |———

mRNA

Protein

Mouse Cortical Neuron Human Neural Precusor Cell

Cc

HEK293 Cell

Membrane GFP1-10 + Cytosolic GFP1-10 + Cytosolic GFP1-10 +

GFP11 peptide
E 104 50 F. = ax10e
¥ S10,x10° 3
1.03 g% < >
G4 28 B 2
o i 40 ‘@ <
L1024 i socnen) 5o £
[ £ £
= © GFP1-10 + GFP11 .4 "
1.01 g4 o GFP1-10alone g
@
1.00 g2 @ Blank g
2 S
S o4 w
-}
T T T T 1 i o 2 N 4 % r r - r 3
1 2 3 4 5 Time (seconds) 200 400 600 800 1000
Time (seconds) Time (seconds)
G .
z T
2 50 c
2 -+ 8
3 O
2 60
8 TR I T TR T
] Y FP11
80 [GFP11] 4  IGFRHU
2 o
© o0
: — 8
£ 20 o /\&@ «&(\
S
z L |
0 o
~
0 200 400 600 800 1000 L

Time (seconds)

Time

Fig. 1. Stoichiometric production of GFP11 reporter using PQR allows instantaneous detection of protein translation. (A) Insertion of a Protein
Quantitation Reporter (PQR) between a split GFP11 reporter (GFP11) and a gene of interest creates a polycistronic mRNA for co-transcription and co-
translation of GFP11 and the gene of interest. The PQR construct allows for one molecule of GFP11 to be synthesized for every one molecule of a protein of
interest synthesized. In the presence of GFP1-10, the split GFP parts reconstitute and produce green fluorescence. (B) Split GFP reporters can be
expressed and reconstitute properly using PQRs. Membrane-tagged GFP1-10 was expressed on the extracellular surface of HEK293 cells and produced a
bright green membranous fluorescent signal (white arrows) upon addition of 50 uM GFP11 peptide into the culture medium. (C,D) Split GFP components
expressed within the cytosol reconstituted to produce green fluorescence signal in mouse cortical neurons (C) and human neural precursor cells (D) in vitro.
Mouse cortical neurons co-expressed cytosolic GFP1-10 and the GRIA1 gene tagged with PQR-GFP11 (C; Movie 2). Human neural progenitor cells
co-expressed the Zika virus NS4B protein with PQR-GFP11 and GFP1-10 (D; Movie 3). White traces in D are the changes in green fluorescence across
different subcellular regions of interest, representing Zika virus NS4B local translation over time. (E,F) Reconstitution of split GFP occurs within milliseconds
in vitro. Fluorescence reconstitution kinetic traces of split GFP shows the linear phase of reconstitution over the first 5 s (E) and the first minute (inset).
GFP1-10 and GFP11 were mixed at a 200:100 nmolar ratio at 37°C and the fluorescence intensity was recorded over time. Within the first second of
reconstitution, fluorescence emission begins, and the fluorescence intensity of the reaction rose logarithmically and began to saturate after 5 min (F). The
fluorescence increase against time was fit to a one-site model and the observed rate constant kyys for 50 nM GFP11 was determined to be 0.00335 s,
(R?=0.99, P<0.001, least squares fit). (G) GFP11 has high affinity for GFP1-10. Fluorescence reconstitution kinetic traces for varying amounts of GFP11 peptide
mixed with an excess of GFP1-10 were fit with a one site binding model. The dissociation constant Kd of GFP11 is 481+116 pM (R2=0.96, P<0.05, least
squares fit) for binding GFP1-10 and unlikely to dissociate. The association rate constant ko, is 7.6x10° M~ s=*. (H) A series of linear relationships allows for
PTR to quantify protein translation events. First, the fluorescence intensity of the reconstituted GFP is linearly dependent on the input concentration of GFP11
over two orders of magnitude (left panel, data taken from concentration curves). Second, the level of GFP11 production is proportional to the level of protein of
interest production (right panel, schematic) due to PQR (Lo et al., 2015). Thus, the fluorescence intensity of GFP reconstitution (i.e. brightness) can be used to
determine the moment and amount of synthesis of the protein of interest over time (bottom panel, schematic). Scale bars: 30 ym in B,D; 60 um in C.
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Fig. 2. PTR fluorescence colocalizes with perinuclear ribosomes. (A-C) Using PQR to co-translate GFP11 preserves the localization and function of the
protein of interest. Expression of ShakerRFP-PQR-GFP11 in HEK293 cells (A) produced red fluorescence at the cell membrane, indicating that the
ShakerRFP potassium channel was processed and inserted correctly. With the co-expression of GFP1-10, the GFP11 reconstituted with GFP1-10 and
produced cytoplasmic green fluorescence (arrow) that remained in the cytoplasm (Fig. S7A). Potassium conductances (B) in cells transfected with
ShakerRFP-PQR-GFP11 were consistent with previous Shaker currents (Lo et al., 2015). Green and red fluorescence intensities with linearly correlated (C),
indicating that the level of GFP11 production is proportional to the level of ShakerRFP production. (D,E) Reconstitution of split GFP11 occurs immediately
after translation. HEK293 cells expressing split GFP constructs (D) were labeled with a red marker for endoplasmic reticula (Cytopainter). Image analysis of
green and red fluorescent pixel intensities (E) showed a strong colocalization, particularly at perinuclear regions (bottom panel, arrows). Green and red pixel
intensities co-occurred with 71% of GFP signals colocalized with 82% of red ER signals (R?=0.84) (Materials and Methods). (F,G) GFP fluorescence
increases over time at perinuclear ER sites (F). Single cell analysis of fluorescence intensity over time from perinuclear (top panel, n=6) or cytoplasmic
(bottom panel) regions showed increases over seconds. Fluorescence intensity analysis at perinuclear and cytoplasmic regions of interest in cells expressing
PTR showed increasing levels at perinuclear regions compared to within the cytoplasm (sample trace shown in G) (Fig. S5). Scale bars: 30 um in A, left

panel, and D,E, top panels; 20 ym in A, right panel, and E, bottom panel.

export from the nucleus (Fig. 2D,E). Red and green fluorescence
were colocalized throughout the cell (Fig. 2E), and green
fluorescence increased over time only at perinuclear regions
compared with the cytoplasm (Fig. 2F,G). Protein translation of
the 26 residues that make up the GFP11 occurs within a few seconds
(Ingolia et al., 2011; Karpinets et al., 2006), but even as the protein
of interest diffuses away or is translocated into the ER during the
GFP11 synthesis, the fluorescence event still signifies the ribosomal
site of protein translation. Diffusion coefficients vary based on the
overall size of the molecule (Einstein, 1905). For mRNA decorated
with ribosomes, measurements ~0.03 um? s~! indicate that the
ribosome will travel a root mean square displacement of less than
500 nm in 3 s (Bakshi et al., 2012; Pichon et al., 2016). Using PTR,
there will be a <1 um spatial variance in detecting the location of the
original synthesis event. Continual translation of the mRNA by
multiple ribosomes essentially produces a point source of the
protein production, and the spatial spread of the protein synthesis
events will be dependent on the speed of the method of detection.
Traditional methods of protein synthesis reporting using even the
fastest folding and maturing fluorescent proteins (which does not
account for the time for synthesis of the protein itself) would
introduce at least a 5 min temporal spread or a 230 um spatial spread
in detection efficiency.

The accumulation of the PTR fluorescence signal over time can
eventually make it difficult to detect local protein synthesis events.
Possible solutions are to photobleach or to photoconvert the
previously generated fluorescent signal. However, photobleaching
is undesirable due to the risks of photodamage to the cell and its
protein translation complexes, and diffusion of unbleached
fluorescent protein into the site. Thus, we split the monomeric
photoconvertible fluorescent protein, mDendra2, which normally
emits green fluorescence, but can be permanently photoconverted to
emit red fluorescence by UV illumination (Chudakov et al., 2007).
Mixing purified split Dendral-10 and Dendrall peptides in vitro
produced detectable green fluorescence within seconds (Fig. 3A, left),
and the fluorescence intensity rose steadily throughout the recording
window (Fig. 3A, right). UV illumination of the split Dendral-10
before reconstitution did not produce any red fluorescence.

By co-expressing these two Dendral-10 and Dendrall split
photoconvertible fluorescent proteins in HEK293 cells, we
observed bright green fluorescence (Fig. 3B). The green
fluorescence was then photoconverted by a 5s flash of UV
illumination to red fluorescence (Fig. 3B). Longer UV illumination
to convert more of the existing green fluorescence into red resulted
in photobleaching of the red fluorescence signal. Still, new protein
synthesis was observed with the increase of green fluorescence over
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Fig. 3. Spectral variants of split PTR. (A) /n vitro reconstitution of
Dendra1-10 and Dendra11 resulted in green fluorescence that was
recorded every 0.1 s for a duration of 30 s. Green fluorescence
intensity was detected immediately after mixing Dendra1-10 lysate and
Dendra11 purified peptide at a 200:100 nmolar ratio at room
temperature. (B,C) Split photoconvertible fluorescent proteins can be
used with PTR to reset protein synthesis measurements at any time.
Reconstituted Dendra2 emits green fluorescence (B, left panels), but
can be permanently photoconverted to emit red fluorescence upon UV
illumination. HEK293 cells co-expressing Dendra1-10 and Dendra11
produce bright green uniform fluorescence that photoconverted to red
fluorescence with a 5 s flash of UV light (B, right panels) (Fig. S7B).
The time course of the green and red fluorescence intensities (C)
before and after photoconversion (UV flash) shows the relative
changes of reconstituted split Dendra2. As protein synthesis
continued, Dendra2 green fluorescence increased over timescales of
minutes in single cells (individual traces) to values beyond their
starting intensity. (D) Reconstitution of Cherry1-10 lysate and purified
Cherry11 peptide resulted in red fluorescence that was detectable
immediately after mixing. Fluorescence output was recorded every

0.1 s for a duration of 30 s. (E) Multiple genes or alleles can be
simultaneously tracked and quantified using other colors of split
fluorescent proteins. CRISPR-Cas9 genome editing can insert the
small <80 bases PTR into genomic loci to measure endogenous
protein synthesis. We genome edited HEK293 cells to insert PTRs of
GFP11 and mCherry11 into the RPL13A and APP genes, respectively.
Green and red fluorescent cells (arrows) simultaneously report the
instantaneous protein synthesis of RPL13A and APP over time

(Fig. S7C). Scale bars: 20 ym.
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time (Fig. 3C). Thus, using split photoconvertible fluorescence
proteins can enable the precise determination of the moment of
protein synthesis, in addition to the rate, by resetting measurement
windows at any point in the life of the cell or animal, without the
harmful effects associated with photobleaching.

To quantify multiple genes or alleles simultaneously, other split
fluorescent proteins (XFPs) (Do and Boxer, 2011; Kamiyama et al.,
2016; Kerppola, 2006) can be adapted for PTR for multi-color
imaging of protein synthesis. For example, we have previously used
CRISPR-Cas9 genome editing to insert PQRs with different
fluorescent proteins into multiple endogenous genes (Kays and
Chen, 2019; Lo et al., 2015) or to track each parental allele (Lo and

Chr 21

Chen, 2019). To this end, we used a split red fluorescent protein,
mCherry (Fan et al., 2008), to track protein synthesis of two genes
simultaneously (Materials and Methods). Reconstitution of
Cherry1-10 and Cherryl1 peptides in vitro resulted in production
of red fluorescence, and this signal increased throughout the
duration of the experiment (Fig. 3D). The reconstitution of split
Cherry occurred immediately upon addition of Cherryll peptide,
but produced an overall weaker signal compared with split GFP and
split Dendra2, indicating potentially sub-optimal conditions for the
reconstitution reaction.

To track multiple endogenous genes, we used genome editing to
insert a POR-GFP11 and POR-mCherryl 1 at the end of the coding
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sequence of the endogenous human ribosomal protein L13A
(RPL134) and amyloid precursor protein (4PP) genes,
respectively, in HEK293 suspension cells (Fig. 3E). The small
size of the PTR reporters at 80 bases facilitated efficient integration
into the endogenous genes during CRISPR-Cas9 genome editing.
These cells were then co-transfected with GFP1-10 and mCherryl-
10 DNA to co-express the two other split fluorescent protein
components. Thus, we were able to simultaneously image
endogenous APP protein synthesis in the red channel and
RPL13A protein synthesis in the green channel. Ideally, however,
a universal splitl-10 fluorescent protein that alters its emission
spectrum based on binding of different splitl 1 sequences (Do and
Boxer, 2011) would simplify the number of reagents required to
perform multi-color PTR.

Localization of mRNA is used as a mechanism for translational
regulation. For example, molecular asymmetries can be created by
position-dependent translation of mRNAs in oocytes (Nilson and
Schiipbach, 1999). To verify that PTR can detect protein synthesis
of spatially regulated mRNAs in vivo, we tracked the production of
Gurken protein over time in Drosophila oocytes (Fig. 4A).
Synthesis of the epidermal growth factor receptor ligand Gurken
in the anterodorsal corner during the final stages of oocyte
maturation specifies the cell fates of only the neighboring follicle
cells (Nilson and Schiipbach, 1999). We first created transgenic flies
that ubiquitously express GFP1-10 from an actin promoter, and flies
that express Gurken-PQR-GFP11 under the control of a UAS
promoter (Materials and Methods; Fig. 4A). The Nanos-Gal4 driver
was used to express Gurken-PQR-GFP11 in oocytes from females
that expressed all three transgenes. We observed rapid increases
of reconstituted GFP fluorescence in a restricted anterodorsal
region from the nucleus over timescales of minutes in the oocytes
(Fig. 4B-D). These experiments demonstrate that PTR can quantify
localized protein synthesis over time.

Next, we sought to track and quantify local protein synthesis in
neurons in vivo. We created a transgenic mouse that constitutively
produces high levels of GFP1-10 protein driven by the actin
promoter in all tissues throughout the life of the animal (Materials
and Methods). We then used PTR with GFP11 to examine the
protein synthesis dynamics of the protein NS4B from two strains of
the Zika virus (ZIKAV) in the perinatal mouse brain. The Zika virus
is an RNA virus that can cause Zika fever in humans, and fetal
microcephaly in pregnant humans (Brasil et al., 2016). We used
in vivo electroporation in neonatal [postnatal day (P)0 to P1] mice
(Fig. 4E) to express the NS4B Zika virus protein with PQR-GFP11
flanked by the native 5" and 3’ untranslated regions (UTRs), 5'UTR-
NS4B-POR-GFP11-3'UTR, from either the African Ar41524 or
Asian 150989 strain. Co-electroporation of a DNA plasmid of the red
fluorescence protein tdTomato was used as a cellular marker and to
compare traditional versus PTR-based reporters. We observed green
fluorescence in cell somas and neurites as early as 16 h post
electroporation (Fig. 4F-H). This indicated that GFP11 peptides were
co-produced with the viral NS4B protein and that sufficient GFP1-10
protein was being produced under the actin promoter in the transgenic
mice. Using two-photon laser scanning microscopy, we tracked the
in vivo production of NS4B protein in neurons by measuring changes
in green fluorescence over time (Fig. 41-K; Movie 1). Images were
acquired at varying time intervals (400 ms to 5 min) to verify that the
time course of fluorescence signals was not due to changes in animal
movement, position, photobleaching or imaging depth (Fig. 4K-M).
We observed bursts of NS4B protein synthesis over seconds to
minutes, and in different subcellular locations. For example, local
increases of fluorescence intensity were found at perinuclear regions

and along proximal dendrites (arrowheads in Fig. 4I). We also
observed localized increases in protein synthesis within dendrites, and
line scan imaging across these spots showed increases in GFP
fluorescence over milliseconds (Fig. 4J). Importantly, over these
timescales we observed no significant changes in tdTomato red
fluorescence, which demonstrates the temporal and spatial sensitivity
of PTR over traditional full-length reporters in vivo (Fig. 4K).

Long maturation times of traditional fluorescent proteins result in
a broad spread of fluorescence observed in a soma (Fig. 4K) due to
their diffusion from the sites of translation during fluorescent
protein maturation. Overexpression of PTR plasmids will cause a
continual increase in fluorescence during the first few days of
transfection (Fig. 1C,D), but local protein synthesis (whether by
random or trafficked mRNA distribution) is still detectable (Figs 2D
and 4K). Using PQR to track endogenous protein synthesis by
genome editing a PQR into an endogenous gene has shown that the
PQR fluorescence does not always constantly increase when at
steady state (Lo and Chen, 2019).

DISCUSSION

Protein synthesis of a PQR-GFP11 reporter requires ~2 s (6 amino
acids/second) (Kramer et al., 2009; Ross and Orlowski, 1982). In
the presence of GFP1-10, the split proteins reconstitute in less than
1 s to emit a quantitative green fluorescence signal to indicate the
time and location of protein translation within the cell. Although the
synthesis of the GFP11 peptide requires ~3 s from the moment of
initiation of GFP11 translation and the reconstitution and emission
of fluorescence, the fluorescence still signifies the ribosomal site of
protein translation. Whether or not the upstream protein diffuses
away from the site of translation, translation of GFP11 will mark the
original site of mMRNA translation, unless the RNA-bound ribosome
diffuses away. Polysomes bound to mRNA diffuse at 0.03 um?/s
(Bakshi et al., 2012; Pichon et al., 2016), and thus the 3 s delay in
detecting the initial protein translation event will produce a spatial
error of ~350 nm. Using PTR to track instantaneous protein
synthesis is also highly dependent on the imaging setup, in which
single molecule detection could be required for proteins expressed
at very low concentrations.

Using genome editing to insert the PQR-XFP11 allows for
endogenous tracking of protein synthesis, but may alter mRNA
localization and degradation. However, it is unlikely to alter the
translation speed (i.e. codon recognition efficiency) of the target
gene of interest. Similar to the PQR technique, insertion of the PQR-
XFP11 downstream of the gene of interest will leave 21 amino acids
on the C terminus of the target protein, unless the XFP11-PQR is
inserted upstream of the target gene (Lo et al., 2015). Another
disadvantage to examining endogenous protein expression is that
both components are required, the PQR-XFP11 and the XFP1-10
animal, such as the transgenic flies or mice that we generated
(Fig. 4).

An ‘average’ enzyme has an association rate constant, k,,, of
around 103 M~!s~! and can be optimized to be many orders of
magnitude faster if speed is the only criteria (Bar-Even et al., 2011).
Our results suggest that the kinetics and efficiency of the
reconstitution reaction can be improved, as different variants of
the GFP11, Dendrall and Cherryll peptides produced different
rates of reconstitution. Typical protein-protein reactions such as
antibody-protein associations contend with rotational and relative
translation (i.e. shifting between atomic interfaces) constraints, and
have association rate constants similar to XFP reconstitution, around
10° M~!s~!. Given that XFP1-10 and XFP11 are split from the
same protein and the XFP11 is a small peptide, it is likely that their
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association rate constants are limited by diffusion and less by distributed between the two (Schreiber et al., 2009). Minor
geometric constraints. Their association does not require movement  differences in the solubility, charge and size of the XFP11 peptide
of protein domains and their interfaces may be oriented with can affect the efficiency of reconstitution and, ultimately, the
favorable electrostatic interactions, such as complementary charges  properties of the reconstituted protein. Therefore, screening for
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Fig. 4. Direct observation of protein synthesis over time in vivo.

(A) A transgenic fly line expressing GFP1-10 under the Actin promoter
(Act5C>GFP1-10) was created to ubiquitously express GFP1-10 at high
levels. We also created UAS-Grk-PQR-GFP11 flies to visualize translation of
local mMRNAs. The grk transcript contained the native grk 5’ and 3’ UTRs to
ensure proper regulation and localization to the anterior dorsal corner of the
oocyte near the nucleus, where Gurken translation is initiated. To generate
oocytes that express the Gurken-PQR-GFP11, we crossed nanos-GAL4 to
the UAS-Grk-PQR-GFP11 flies, and then crossed those progeny to the
Act5C>GFP1-10 flies. (B) Representative images of local Gurken translation
in Drosophila oocytes. Translation of Gurken-PQR-GFP11 produced green
fluorescence (arrows) that was always associated within a <5 pm spread in
the anterodorsal region near the nucleus (asterisk) in stage 8 (upper panels)
and stage 9 (lower panels) oocytes (n=6). Oocytes were dissected and
imaged over 40 min. These results demonstrate the temporal and spatial
fidelity of PTR. (C) Animals expressing the Act5C>GFP1-10 and containing
the UAS-Grk-PQR-GFP11 transgene but without the Gal4 driver are shown
to demonstrate the large autofluorescence signal within the nucleus. These
negative control animals did not produce the characteristic signal associated
with the oocyte nucleus (n>25). Anterior is left, dorsal is up.

(D) Representative example of time-series analysis of GFP fluorescence
signals observed at the anterior dorsal corner of the oocyte. GFP intensity
increased over timescales of minutes in oocytes. (E) A transgenic mouse
expressing GFP1-10 under the mammalian Actin promoter (Actb>GFP1-10)
was generated to constitutively and ubiquitously express GFP1-10 as in A.
Actb>GFP1-10 pups (P0-P1) were injected and electroporated with Asian
strain 150989 or African strain Ar41524 Zika virus ZIKV NS4B-PQR-GFP11
DNA/dye mix (middle panel). Animals were allowed to develop for ~14 days
and were then imaged using two-photon microscopy under anesthesia.
(F-H) Green fluorescence was observed 16 h post electroporation in the
injected cortical regions. DNA injected into the lateral ventricles resulted in
GFP reconstitution in progenitors and differentiated cells across cortical
layers. Green fluorescence was observed in cell somas and projections,
indicating high-level expression of GFP1-10 and ZIKV-PQR-GFP11 proteins.
Coronal (G) and horizontal (H) views of P1 brain slices are shown.

(I-K) Two-photon imaging of local protein synthesis in neurons in the mouse
brain in vivo. GFP fluorescence increased over seconds at different locations
along the neuronal arbor (I). Line scans performed at millisecond temporal
resolution on different locations along the arbor in the green and red
channels (J) showed increases in GFP fluorescence but not the tdTomato
control plasmid (K) (representative scanline and scan shown). Arrowheads
indicate regions along the arbor where increased Zika virus NS4B
production was observed. Dashed lines delineate the regions of interest
used to generate the overlaid traces. (L,M) The subcellular protein
translation dynamics of African (strain Ar51524) and Asian (strain 150989)
ZIKV proteins can be tracked over varying timescales (representative traces
from different dendrites over minutes and seconds in L and M, respectively)
in the living animal. Scale bars: 10 ym in B,C; 150 ym in G; 30 ym in H;

10 umin I.

XFP11 peptides that result in the most sensitive reconstitution will
certainly improve PTR in the context of monitoring local protein
translation events.

Split fluorescent protein components that fail to reconstitute, or
reconstitute but fail to fluoresce, can theoretically affect the
spatial, temporal and quantitative accuracy of the PTR reporters.
Although we did not observe such problems in our experiments,
such occurrences are difficult to predict or estimate in vivo. In
addition, our measurements are of ensemble kinetics and,
therefore, stochastic single-molecule behaviors may apply at
extremely high resolutions or at very low concentrations.
However, the finding that different variants of green, red and
photoconvertible XFP11s reconstitute differently suggests that
undiscovered split fluorescent protein variants will outperform
currently available ones.

Our results using PTR to examine differences in local protein
synthesis in the living animal demonstrate its applicability as an
infectious disease model in addition to examining dendritic protein

synthesis. Multi-color subcellular imaging of local protein synthesis
can be useful in examining pathogen-host interactions, related genes
and pathways, or different parental alleles. For example, tagging of a
viral genome with PTR and subsequent infection of a GFP1-10
transgenic mouse with a CRISPR-Cas9 knock-in of /FIT2-POR-
RFP (IFIT2 is an interferon responsive gene) allows for real-time
quantification of the viral infection spread in single neurons using
GFP (e.g. Fig. 4), while also observing the mouse’s immune
response (IFIT-POR-RFP) in the red channel. In another example,
multi-color imaging with CRISPR-Cas9 knock-in of PTRs into the
maternal and paternal allele (Lo and Chen, 2019) will allow real-
time imaging of each allele’s protein product. Thus, traits or
disorders that are associated with a specific allele (e.g. an autism-
associated mutation in the glutamate receptor subunit GluAl)
can be imaged throughout a single neuron to reveal molecular
asymmetries or cellular heterogeneities globally across an organ in
the living animal.

MATERIALS AND METHODS

Experimental design

We sought to design split fluorescent proteins that could reconstitute
rapidly, with one split portion able to be synthesized rapidly and the
other to remain non-fluorescent until reconstitution. The biological
experiments were designed to validate the PTR system and demonstrate
its utility in different model systems. All experiments were performed in
experimental quadruplicates at minimum. Biological/experimental
replicates were defined as all cells within a plate in vitro, or single
cells within an animal in vivo. Multiple regions of interest (ROIs) within
and across cells in a plate were averaged together for in vitro experiments,
and multiple ROIs were averaged per single cell in in vivo experiments.
No outlier data points were encountered and no data were chosen for
exclusion. All cells, animals, fields of view and groups used in this
work were selected for analysis at random. The investigators were
unaware of genotypes and conditions during experimentation where
permitting, and all data analyses were performed with investigators
unaware of experimental parameters.

Split fluorescent reporter DNA constructs

Residues 1-213 of GFP, corresponding to the first 10 beta strands of GFP
(GFP1-10), were amplified and cloned from evolved superfolderGFP. The
amino acid sequences of GFP1-10 were: GFP1-10v1.0: MSKGEELF-
TGVVPILVELDGDVNGHKFSVRGEGEGDATIGKLTLKFICTTGKLP-
VPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGY VQERTIS-
FKDDGKYKTRAVVKFEGDTLVNRIELKGTDFKEDGNILGHKLEYN-
FNSHNVYITADKQKNGIKANFTVRHNVEDGSVQLADHYQQNTPI-
GDGPVLLPDNHYLSTQTVLSKDPNEKGT, and GFP1-10v2.0: MSK-
GEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATIGKLTLKFIC-
TTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGY-
VQERTISFKDDGKYKTRAVVKFEGDTLVNRIELKGTDFKEDGNIL-
GHKLEYNFNSHNVYITADKQKNGIKANFTVRHNVEDGSVQLAD-
HYQQNTPIGDGPVLLPDNHYLSTQTVLSKDPNEK; see Table S1 for
final sequences used. The amino acid sequence of mCherryl-10 was:
MEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGHPYEGTQT-
AKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFP-
EGFTWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLLGTNFPSD-
GPVMQKKTMGWEASTERMYPEDGALKGEINQRLKLKDGGHYD-
AEVKTTYKAKKPVQLPGAYNVDIKLDITSHNED. The amino acid
sequence of mDendral-10 was: MNTPGINLIKEDMRVKVHMEGN-
VNGHAFVIEGEGKGKPYEGTQTANLTVKEGAPLPFSYDILTTAVH-
YGNRVFTKYPEDIPDYFKQSFPEGY SWERTMTFEDKGICTIRSDIS-
LEGDCFFQNVRFKGTNFPPNGPVMQKKTLKWEPSTEKLHVRDGLL-
VGNINMALLLEGGGHYLCDFKTTYKAKKVVQLPDAHFVDHRIEIL-
GNDSDYNKVKLYEHAVARYSPLPSQVW. Different codon variants for
each XFP1-10 version were also tested. GFP11 was generated by
amplifying and cloning the last 15 residues of GFP into pCAG. To
stoichiometrically co-express GFP1-10 or GFP11 with other proteins of
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interest, a PQR construct was added in-frame upstream or downstream
of the GFP1-10 or GFP 11 sequence depending on the desired
orientation. The PQR sequence is based on the modified and codon
de-optimized porcine teschovirus 1 sequence version 3 from Lo et al.
(2015).

For extracellular membrane-bound expression of GFP1-10, the complete
neuroligin 1 signal sequence and portions of the neuroligin 1 extracellular,
transmembrane and intracellular anchoring domains were fused to the N
terminus of GFP1-10 (Landgraf et al., 2012). For electrophysiology
experiments, a PQR-GFP11 reporter was placed downstream of the
ShakerRFP coding sequence to generate ShakerRFP-PQR-GFPI11, and
cloned into pCAG. Split mCherry was generated as previously described
(Fan et al., 2008). Split Dendra2 was generated by separating mDendra2
(Evrogen) at Proline 191 to generate Dendral-10. The remaining 39 residues
(Dendrall) were cloned into pCAG or placed downstream of a PQR to
generate a Dendrall protein translation reporter. Split mCherry was
generated according to Fan et al. (2008). Mixing the GFP1-10 with
mCherryl1 or Dendrall, and vice versa for the other XFP1-10s, did not
generate fluorescence. For ZIKV experiments, the portion corresponding to
full length NS4B was cloned from African ZIKV strain Aedes afiicanus/
SEN/DakAr41524/1984 (Genbank: KX601166.2) or Asian ZIKV strain
isolate 150989 (Genbank: MF073359.1), upstream of PQRGFP11 into
pCAG. The control plasmid tdTomato was expressed using pCAG. For
transgenic animals, the sequence encoding GFP1-10 was cloned
downstream of the mouse or fly actin promoter. For mouse transgenesis,
Actb>GFP1-10 was cloned into pCAG and injected into mouse blastocysts
according to standard transgenic practices (McGill Core Transgenic
Facility). Similarly, fly Act5C>GFPI1-10 was cloned into a modified
version of pCFD3 (Addgene plasmid #49410) and injected into fly embryos
(BestGene) (Fig. S2). If GFP1-10 is expressed at even 1% of the levels of
actin, which is only ten times the median copy number for a protein in a
mammalian cell (Schwanhausser et al., 2011), there still will be >500 GFP1-
10 molecules per 1 fl within the cell for GFP11 to bind.

XFP1-10 protein production and extraction

DNA encoding XFP1-10 protein was transformed and expressed under the
control of an arabinose inducible promoter in Escherichia coli strain
BL21(DE3) (New England Biolabs). Cells were grown in Luria broth
medium to an initial optical density of 0.2, at which point induction of
protein production was initiated with 0.2% L-arabinose and cells were
further grown at 37°C for an additional 16 h with shaking at 225 rpm to
encourage inclusion body formation. Cultures were harvested using
centrifugation at 300 g and XFP1-10 was purified from inclusion bodies
by resuspension with TNG buffer [100 mM Tris-HCI (pH 7.4), 150 mM
NaCl,10% glycerol vol/vol] containing 0.5 mg/ml lysozyme and 50 units of
DNase I. The lysate was then incubated at 37°C for 25 min. Crude lysates
containing XFP1-10-rich inclusion bodies were separated using
centrifugation at 16,000 g at 4°C. Inclusion bodies were lysed using
B-Per (Thermo Fisher Scientific) and sonication, and XFP1-10 protein was
collected and filtered using a 0.22 um filter before concentration with
10,000 molecular weight exclusion columns. We used this lysate as
concentrated XFP1-10, but because this was not pure XFP1-10 this would
underestimate our k., measurements.

XFP11 peptides

Variants of the XFP11 peptide were chemically synthesized with >75%
purity (Genscript). The amino acid sequences of the GFP11 peptides were:
GFP11v1.0: RDHMVLHEYVNAAGIT; GFP11v2.0: RDHMVLLEFVT-
AAGIT; GFP11v3.0: RDHMVLHEFVTAAGIT; GFP11v4.0: RDHM-
VLHEYVNAAGIT. The amino acid sequences of the Cherryl1 peptides
were: Cherryl1v1.0: YTIVEQYERAEGRHSTGG; Cherryl1v2.0: YTI-
VEQYERAEARHST. The amino acid sequence of the Dendral 1 peptide
was: PDAHFVDHRIEILGNDSDYNKVKLYEHAVARYSPLPSQVW
(see Table S1 for final sequences used). Lyophilized peptides were
resuspended in water to >10 mg/ml and frozen at —20°C. For extracellular
membrane GFP reconstitution in HEK293 cells, GFP11 peptide was
dissolved into the culture medium at a final concentration of 50 uM and
cells were returned to a 37°C incubator for 2 h before live imaging.

In vitro protein reconstitution

In vitro fluorescence complementation was performed by mixing purified
XFP1-10 protein and chemically synthesized XFP11 peptides and the
fluorescence intensity of the reaction was collected using a StepOnePlus
real-time thermal cycler (Thermo Fisher Scientific). Then 3 mM XFP1-10
in TNG buffer or PBS (varied pH) was added to wells of a 96-well
microplate coated with 1 mM bovine serum albumin and allowed to
equilibrate for 60 s. XFP11 peptide was added according to different final
peptide concentrations and the microplate was immediately loaded into the
fluorescence reader. The fluorescence intensity was measured every 10 s for
45 min at 32°C or 37°C with 495 nm excitation and 520 nm emission. The
fluorescence intensity was normalized to the initial fluorescence intensity to
express relative fluorescence increase upon fluorescence reconstitution. We
verified that split GFP, mCherry and Dendra2 had similar rapid kinetics, and
that UV illumination did not photoconvert the split Dendral-10. We
illuminated split Dendral-10 with UV excitation for 30 s to 1 min and then
performed complementation with split Dendrall in multiple experiments
and did not observe any red fluorescence. Different XFP11s do not cross-
react with orthogonal XFP1-10s, although this is a future goal (Do and
Boxer, 2011).

Standard curves for XFP fluorescence measurements were generated by
either using reconstituted XFP or XFP purified from E. coli using GFP
specific chromatography columns (Bio-Rad). XFP protein concentration
was determined using the Bradford assay and absorbance readings at
280 nm using a NanoDrop 2000 (Thermo Fisher Scientific). Samples were
serially diluted (1:10 or 1:5) and 10 ul samples were imaged to reduce
any non-linear fluorescence excitation effects. For sub-second kinetic
measurements, a Fluorolog-3 spectrophotometer (Horiba) fitted with a
stopped-flow dispenser was used to simultaneously dispense and mix
known volumes of XFP1-10 and XFP11 purified proteins at room
temperature. Total fluorescence intensity (in photon counts/time) was
collected every 0.1 or 0.01s for varying durations. In the Figures,
fluorescence normalized to initial fluorescence (F/Fy) is used on y-axes to
show initial rapid changes in fluorescence; the raw fluorescence intensity
values in arbitrary units (a.u.) is used on y-axes to show the raw changes
across the overall time. We also used standard curves of known nM
concentrations of reconstituted split GFP (Fig. 1H, top left) to verify thata
standard fluorescence microscope can detect PTR signals over a range of
physiological concentrations. The median copy number of proteins in
mammalian cells is 50,000 (Schwanhausser et al., 2011), which is 80 nM
for an average 1000 fl cell. The rates of various XFP1-10 and XFP11
binding reactions are dependent on the concentration of XFP11, the
concentration of XFP1-10, the association rate constant k,, and the
dissociation rate constant k,; Thus, it is important to take all of these
factors into account when determining the speed of PTR. The equation
used for calculating fluorescence over time (f) based on k,,s was
F()=F max*(1=1/&")+F 1o, Where Fy. is the maximum fluorescence
measured, k is kKo and F, 1s the autofluorescence from unbound XFP1-
10 or any other sources. Autofluorescence values for the XFP1-10
fluorophores were only detectable when compared with a blank (Fig. 1F).
Cells transfected with XFP1-10 alone were not noticeably brighter than
non-transfected cells (Fig. S3).

Cell culture

HEK293T cells were cultured at 37°C under 5% CO, in Dulbecco’s
Modified Eagle Medium, supplemented with 10% fetal bovine serum
(Wisent), or for human NPCs or mouse cortical neurons, in NPC Medium or
neural differentiation Medium (Sigma-Aldrich). HEK293T cells were
originally from the ATCC, and human NPCs were derived from human
induced pluripotent stem cells (generated by B.E.C.). HEK293T cells were
not authenticated. Media were supplemented with 100 units/ml penicillin
(Thermo Fisher Scientific) and 100 ug/ml streptomycin (Thermo Fisher
Scientific). Mammalian cells were transfected with 3.5 pg of plasmid DNA
in 35 mm dishes using Lipofectamine 3000 (Thermo Fisher Scientific).
Cells were imaged 24-36 h later. For extracellular GFP fluorescence
reconstitution, HEK293 cells were transfected with constructs expressing
GFP1-10 tagged to the transmembrane and extracellular domains of the cell
surface molecule neuroligin 1 and incubated for 24-36 h. Cells displaying
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GFP1-10 on the extracellular side of the cell membrane were incubated in
culture medium containing 50 uM GFP11 peptide for 3 h at 37°C before live
imaging. GFP1-10 protein was allowed to accumulate for 24 h before
transfection of GFP11 constructs. For genome editing experiments, 800 ng
of CRISPR-Cas9 plasmid DNA were co-transfected with 800 ng of single
stranded oligonucleotide repair templates in 12-well plates. After 2-7 days,
cells were non-enzymatically dissociated and seeded on glass coverslips and
prepared for imaging and electrophysiology experiments.

To verify that the PTR fluorescence signals were due to protein
synthesis, we blocked protein synthesis using Cycloheximide to bind
ribosomes. Cycloheximide was purchased from Sigma—Aldrich (C4859-
Iml, 100 mg/ml) and dissolved in ethanol to a stock concentration of
20 mg/ml. Cycloheximide was added at a final concentration of 1-10 pg/ml
in the cell culture media, 5 min prior to imaging. Protein synthesis inhibition
in HEK293 cells using Cycloheximide occurs rapidly within minutes of
addition to the cell culture media (Kearse et al., 2019). Addition of
Cycloheximide decreased PTR fluorescence within minutes, compared with
standard fluorescent protein transfections, or no Cycloheximide controls
(Fig. S4).

Endoplasmic reticulum and ribosome staining

To visualize the ER, HEK293 cells were transfected with split GFP PQR
reporter constructs and stained (live or fixed) with the ER-specific stain
Cytopainter (Abcam). Stained cells were imaged in the green and red
channels to examine the colocalization of reconstituted GFP and red ER
signals. Colocalization of green and red signals was determined by
calculating the Pearson’s and Mander’s correlation coefficients for
overlapping green and red pixel intensities. Individual z-planes were
background subtracted and thresholded to remove the lowest and highest
pixel intensities. Ten ROIs within the cell and excluding background and
nuclear regions were used for analysis. Both Pearson and Mander’s
colocalization coefficients were independently obtained and cross validated
using Coloc2 (ImageJ) and BiolmageXD (Kankaanpai et al., 2012).

Image acquisition

All imaging experiments were performed in experimental quadruplicates at
minimum. Fluorescence and brightfield microscopy were performed using a
Zeiss AxioScope Al. All images were acquired at 1388x1040 pixels using a
40x water objective, N.A. 1.0 (epifluorescence). Fluorescence emission was
detected using a charge-coupled device (CCD) camera (MRm). All image
acquisition parameters were fixed for each imaging channel for exposure
time, excitation intensity and gain. Cells that were dimmer or brighter than
the fixed initial acquisition dynamic range were not included for analysis.
Multiple focal planes were imaged for maximal z-projection analysis. Time-
series images were collected using an open-shutter video configuration in
ZenLite (Zeiss). Images were acquired every 167 ms with exposure times of
260 ms. For in vivo two-photon imaging, juvenile mice (P10-P20) were
anaesthetized using ketamine/xylazine/acepromazine and a 4x4 mm square
window was made through the skull using a dental drill fitted with a
0.45 mm drill burr. The meninges were carefully removed and the exposed
brain was covered with 1% optically clear agar and sealed with a No.1 round
coverslip. The coverslip was secured to the skull using dental cement and a
mounting fixture was also placed (Fig. 4E, right panel) to facilitate securing
the mouse under the objective to minimize animal movement, breathing
artifacts and vibration. Images were acquired using a custom-built two-
photon laser scanning microscope at 512x512 pixels using a 40x water
objective, N.A. 1.0.

Image analysis

Image analyses were performed unaware of condition or genotype. Images
were selected for analysis based on identification of healthy cells and low
background. Fluorescence pixel intensities were measured in several
random ROIs within the target cellular region using a custom written
program (available on request) in MatLab (MathWorks) or ImagelJ. Average
pixel intensities were calculated from five ROIs of 7x7 pixels for
measurements within the cytoplasm, perinucleus and nucleus, and 3x3
pixels for measurements within the plasma membrane (e.g. ShakerRFP). All
signal intensities were background subtracted from the average of three

10x10 ROIs immediately surrounding the cell. For time-series image
analysis, background was considered as the region immediately adjacent
(<15 um) to the perinucleus, or cytoplasm. Perinucleus was defined as a
5 um ring around the nucleus, and cytoplasm was defined as any region
beyond that ring without ER. Each time point from each experiment
consisted of at least seven ROIs from at least four cells. Data points used for
graphs were the average of the experimental replicates (minimally in
quadruplicate).

For colocalization analysis, Mander and Pearson’s correlation
coefficients were calculated for individual z-slices. Using the ribosome
marker in the red channel with PTR GFP experiments, green and red pixel
intensities were confirmed to colocalize, with 71% of above-threshold GFP
signals colocalized with 82% of above-threshold red signals. Thresholded
Mander’s (tM) coefficients tM1=0.71, tM2=0.82, Pearson’s R’=0.84 and
Costes P-value=1 (=100, n=10 ROIs).

Kinetic increases in fluorescence from time-lapse or video data were
plotted as Fy/F,. For ZIKV translation dynamics experiments,
autocorrelation analysis of the single cell fluorescence time courses was
used to provide an unbiased estimate of the temporal variation in protein
translation events between ZIKV strains. We sought to examine differences
in protein synthesis rates between two strains of ZIK'V, the ancestral African
strain (Ar41524) and the divergent Asian lineage strain (150989). We
hypothesized that differences in the 5’ and 3’ mRNA UTRs, or the
nonstructural NS4B portion (involved in virus replication and evasion of
host innate immunity) that is codon usage divergent between the two strains,
would alter local protein synthesis dynamics in mammalian neurons. We
performed an autocorrelation analysis on the fluorescence time course as an
unbiased estimate of burst duration using different ROIs within the soma
and dendrites (30 min duration sample, n=3). A single exponential decay
was fit to the autocorrelation function and resulted in an average time
constant of 1=8.84+9.48 s for Asian ZIKV (R?=0.99, n=3 cells, 2 animals)
compared with ==12.86+11.23 s for African ZIKV (R?>=0.97, n=4 cells, 2
animals) (meanzs.d., P=0.54, n=7 cells) (Fig. S6). We found no significant
difference in NS4B protein production between the ancestral versus
divergent ZIKV strains in neurons.

Electrophysiology

A standard whole cell voltage clamp was used to record potassium currents
from HEK293 cells. Cells were maintained at 25°C in extracellular solution
containing 140 mM NacCl, 10 mM CacCl,, 7.5 mM KCI, 10 mM HEPES and
10 mM glucose at pH 7.4, 319 mOsm during recordings. Patch electrodes
were pulled from standard wall borosilicate glass (BF150-86-10, Sutter
instruments) with 3-5 MQ resistances. The intracellular pipette solution was
120 mM KCl, 2 mM MgCl,, 1 mM CaCl,, 2 mM EGTA, 20 mM HEPES
and 20 mM sucrose at pH 7.23, 326 mOsm. Whole cell currents were low
pass filtered at 10 kHz and measured using an Axopatch 200B amplifier
(Axon Instruments) and recorded using a DigiData 1200 with pClamp9
software (Molecular Devices). Cells were held at —80 mV and then given
+20 mV steps of 45 ms. To accurately compare I-V curves and current data
across cells and experiments, the steady-state current was divided by the
membrane capacitance (mean Cm=15 pF, n=3), and current density (pA/pF)
was used for comparisons. Consistent cell capacitance, and membrane and
access resistances were verified before and after recordings.

Genome editing using CRISPR-Cas9

Guide RNAs were designed as 20 bp DNA oligonucleotides and cloned into
X330 (Addgene plasmid #42230), and co-transfected with a circular PQR
repair template using Lipofectamine LTX (Life Technologies). All
CRISPR-Cas9 guide RNAs were tested for activity using Surveyor
Nuclease and Surveyor Enhancer S (Transgenomics) on extracted
genomic DNA. Re-annealed products were analyzed on 4%-20% Novex
TBE polyacrylamide gels (Life Technologies). To construct the repair
templates, the gene sequences were identified in the human genome using
GeneDig (https:/genedig.org; Suciu et al., 2015) and then PCR amplified.
Repair templates were constructed by placing POR-XFP between homology
arms specific for the genes. The homology arms lacked the promoter, which
prevented expression of the POR-XFP until in-frame genomic integration
within an active coding gene. Left and right homology arms were each one
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kilobase long. Cellular fluorescence from PQRs was observed 4 days post-
transfection.

Drosophila oocyte imaging

We generated a transgenic fly (BestGene) containing UAS-Grk5' UTR-Grk-
PQOR-GFP11-Grk3'UTR, which included the RNA transport and
localization elements in the 5’ and 3’ UTRs to ensure proper translational
regulation (Saunders and Cohen, 1999). These flies were crossed to nanos-
GAL4 and Act5C>GFPI-10 flies to create the triple transgenic flies with
nanos-Gal4 driving the UAS-Grk-POQR-GFPII1 in a background of
Act5C>GFPI1-10. This ensured the maternal expression of these mRNAs
within oocytes. Drosophila ovaries were extracted in Schneider’s medium
to reveal the egg chambers containing the various stages of development.
Stage 8-10 oocytes were selected for fluorescence imaging and showed a
crescent shaped green signal that always localized to the corner near the
nucleus (n=6).

Neonatal brain electroporation

All animal experiments were performed in accordance with the institutional
guidelines and approved by the Facility Animal Care Committee. PO-P1
Actb>GFP1-10 mouse pups were anesthetized on ice until no reflexes were
observed. Then 2 pg/ul NS4B-POR-GFP11 DNA (from Asian ZIKV strain
150989 or African ZIKV strain Ar41524) and tdTomato DNA dissolved in
water was mixed with 0.1% FastGreen dye and loaded into a 1.5/0.786 mm
(inner diameter/outer diameter) pulled and beveled borosilicate glass
micropipette (Sutter Instruments). The micropipette was inserted into the
right lateral ventricle or ~1.5 mm into the right cortical hemisphere,
~1.5 mm laterally from bregma (Fig. 4E). Around 200 nl of DNA and dye
solution was injected and allowed to diffuse for 3 min. Platinum tweezer
electrodes (Nepagene) were then placed around the pup head such that the
negative electrode contacted the injected side of the head. A drop of PBS
was used under the electrodes to transmit the pulses. Two sets of nine pulses
(100 V, 50 ms, 950 ms apart) separated by 3 s were delivered, and the
animal was allowed to recover on a 37°C heated blanket. The pups were
returned to their mother once awake and active.

Statistical analysis

Pearson’s linear correlations were calculated by fitting the data to a simple
linear regression model, with the coefficient of determination, R?. Kinetic
reconstitution traces were fit with a simple one-site binding model with the
coefficient of determination R? using Prism (GraphPad). We used the F test
to test the null hypothesis that the variables were independent of each other
and that the true R? value was 0 for both linear and nonlinear models.
Autocorrelation analysis was performed using custom-written programs in
MatLab (MathWorks). The autocorrelation function was fit to single-phase
exponential decay models using Prism (GraphPad). A Mann—Whitney
U-test was used to test the null hypothesis that protein synthesis burst rates
between the two Zika virus strains are not different.
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