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SUMMARY

Accuratemeasurement of the amount of specific pro-
tein a cell produces is important for investigating
basic molecular processes. We have developed a
technique that allows for quantitation of protein levels
in single cells in vivo. This protein quantitation ratioing
(PQR) technique uses a genetic tag that produces a
stoichiometric ratio of a fluorescent protein reporter
and the protein of interest during protein translation.
The fluorescence intensity is proportional to the num-
ber of molecules produced of the protein of interest
and isused todetermine the relativeamountofprotein
within thecell.WeusePQRtoquantifyproteinexpres-
sion of different genes using quantitative imaging,
electrophysiology, and phenotype. We use genome
editing to insert Protein Quantitation Reporters into
endogenous genomic loci in three different genomes
for quantitation of endogenous protein levels. The
PQR technique will allow for a wide range of quantita-
tive experiments examining gene-to-phenotype rela-
tionships with greater accuracy.

INTRODUCTION

The most common methods for measuring absolute or relative

protein amounts are protein assays and quantitative western

blots or immunoblots, respectively (Bradford, 1976; Renart

et al., 1979). All methods for protein quantitation start with the

isolation of large quantities of the cell type of interest due to

the limited sensitivity and detection capabilities of these tech-

niques, making them time consuming and laborious (Walker,

2009). The cellular resolution of these techniques is also limited,

because the isolated tissue is typically a heterogeneous popula-

tion of cells that can include a wide range of cell types outside of

a user’s interest. These techniques are necessarily destructive

processes, as cells must be lysed to extract their protein content

for the detection processes (Walker, 2009). Inaccuracies in

quantitation using immunodetection are further compounded

by variability in the antibody used to detect the protein, such

as the avidity and affinity of the antibody, access of the antibody

to the protein epitope, phosphorylation state of the protein, and
cross-reactivities of the antibody (Walker, 2009). The use of a

‘‘housekeeping’’ protein for normalization is subject to the

same limitations, as housekeeping protein quantification is still

dependent on antibody detection, and differences across condi-

tions, along with cellular heterogeneity can increase or decrease

the housekeeping protein quantified without affecting the protein

of interest (e.g., epithelial cells within neural tissue may not ex-

press a neural protein), leading to an inaccurate ratio between

the protein of interest and the normalization control.

We have developed amethod to quantitate protein concentra-

tions in single living cells using a fluorescent reporter (Figure 1).

We modified and screened through RNA virus sequences that

would allow for an equimolar separation of an upstream protein

of interest and a downstream protein of interest, all contained

within a single strand of RNA (de Felipe et al., 2006). Our logic

was that when a fluorescent reporter is separated from the pro-

tein of interest, the number of fluorescent molecules produced is

stoichiometric with the number of molecules of the protein of in-

terest produced, and thus the fluorescence output can be used

as a readout for the number of molecules of interest, i.e., its rela-

tive protein concentration (Figures 1A and 1B).

We initiated our screens using group IV, positive-sense, sin-

gle-stranded RNA virus sequences encoding peptides called

cis-acting hydrolase elements (CHYSELs). CHYSELs can

interact with the ribosome during protein translation to produce

non-canonical protein coding events and separate a nascent

polypeptide chain from an actively translating sequence (Doro-

nina et al., 2008). CHYSEL polypeptides (also known as ‘‘2A’’

and ‘‘2A-like’’ peptides, collectively) are used by RNA viruses

to separate each of the viral genes to be translated (de Felipe

et al., 2006). This allows for multiple proteins to be produced

from the virus’s single, polycistronic RNA strand. The mecha-

nism by which separation of an upstream and downstream

gene occurs is due to the specific sequence of CHYSEL residues

upstream of a glycine proline separation point (Donnelly et al.,

2001) (Figure 1A). In normal translation, the peptidyl transferase

activity of the ribosome catalyzes the peptide bond of the

growing peptide chain. The ribosome translocates and moves

on to the next tRNA as the peptide chain is elongating through

the exit tunnel (Fedyukina andCavagnero, 2011). In the presence

of the conserved CHYSEL residues that lie at the base of the exit

tunnel, this forms a turn in the peptide chain that shifts the ester

link between the peptide and the tRNA glycine away from the

prolyl tRNA (Donnelly et al., 1997; Ryan et al., 2002). This torsion
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Figure 1. Protein Quantitation Ratioing Can Determine Relative

Protein Concentration in Single Living Cells

(A) Stoichiometric protein translation can quantitate protein amounts. Insertion

of a Protein Quantitation Reporter (PQR) between a fluorescent reporter (GFP)
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causes the ribosome to stall and inhibits the peptidyl transferase

activity, forcing the peptide chain to be released (Ryan et al.,

2002). The ribosome skips the glycyl-prolyl peptide bond and re-

initiates from the proline, and translation continues with the

downstream protein.

To create a protein quantitation reporter, CHYSEL sequences

must meet two important criteria. First, separation of the protein

of interest and the reporter must be close to 100% reliable;

otherwise, the resulting fusion product may interfere with protein

function. Second, production of the fluorescent reporter must be

stoichiometric with the protein of interest, since many CHYSELs

produce inconsistent stoichiometric separations depending on

cell state or cell type or at random. Although CHYSEL sequences

have been shown to produce similar amounts of upstream and

downstream proteins using high-throughput methods, these

studies used CHYSEL peptides that do not consistently sepa-

rate, and these fusion protein products contaminate the quanti-

tation of protein concentration, because they are by definition

equimolar (Figure 2) (Goedhart et al., 2011; Szymczak et al.,

2004). Furthermore, we sought to create new CHYSEL se-

quences to exploit their usage to relate the linear dependence

between fluorescent molecule concentration and its fluores-

cence output and fluorescent molecule concentration and the

protein of interest concentration (Figures 1B and 1C). The pro-

duction need not be equimolar at steady-state levels, but it

should be consistently stoichiometric across cell states and

types (Figure 1B).

RESULTS

We modified and tested different CHYSEL sequences for effi-

cient and stoichiometric separation of the upstream and down-

stream genes and identified different sequences for use in

Drosophila cells and vertebrate cells. We first screened for
and a gene of interest creates a polycistronic mRNA for co-transcription and

co-translation of GFP and the gene of interest. The PQR construct allows for

one molecule of GFP to be synthesized for every one protein of interest syn-

thesized. Because the fluorescence output of GFP is directly proportional to

the concentration of GFP, the fluorescence intensity of a cell can be used to

quantitate the concentration of the protein of interest.

(B) Linear relationships between fluorescence output, fluorescent protein

concentration, and protein of interest concentration allow for protein quanti-

tation ratioing. Because the fluorescence output of GFP is directly proportional

to its concentration (top panel and C), then using a PQR will produce a stoi-

chiometric ratio between GFP and the protein of interest (middle panel),

therefore enabling the fluorescence intensity of GFP to be used as a measure

of the protein of interest concentration (bottom panel). Any (linear) differences

in post-translational processing, maturation, or insertion rates of the protein of

interest or GFP will change the slope of the relationship (dotted gray lines). For

example, if at steady state there are 11 functional molecules of a Shaker K+

channel for every 41 functional molecules of GFP, then the relationship will still

be linear. Importantly, protein concentration is predominantly controlled by

translation, with very small contribution from protein stability and degradation.

(C) The fluorescence intensity of GFP and RFP is a linear function of its con-

centration over five orders of magnitude. Purified GFP (top panel) and RFP

(bottom panel) were imaged using standard fluorescence microscopy. Pixel

intensities are plotted in a.u. in log10. Coefficient of determination R2 values

from a simple linear regression model were calculated from the averages of

five experiments. Error bars are SD.



Figure 2. Wild-Type Viral CHYSEL

Sequences Produce Unseparated Fusion

Proteins, and PQR Sequences Produce Reli-

able Separation of Proteins

We modified and synthesized different viral

CHYSEL sequences to screen for separation effi-

ciency using immunoblots (representative exam-

ples shown) and stoichiometric production of pro-

teins using quantitative imaging. Anti-GFP antibody

was used to detect GFP (middle blots) versus fusion

product of unseparated RFP and GFP (top blots).

Anti-actin (bottom blots) was used to normalize

pixel intensities of fusion product (numbers under-

neath top blots). We added glycine and serine

N-terminal linkers to all synthesized CHYSEL sequences, for example on the 2A-like sequences from Thosea asigna virus (T2A) and to the 2A sequences from

Porcine teschovirus-1 (P2A).

(A) Wild-type T2A viral codon usage or codon optimization produces fusion protein production, whereas codon de-optimization enhances separation efficiency.

Separation efficiency for each CHYSEL construct was tested using immunoblotting of RFP-CHYSEL-mCD8::GFP constructs transfected intoDrosophila S2 cells

for T2A-derived sequences. Manipulation of the T2A peptide sequence by adding glycine and serine linkers still produced a large fraction of fusion protein

(arrowhead in lane 2, ‘‘viral’’ T2A). When we turned to manipulating codon sequence usage, we found that codon optimization produced equivalent or worse

amounts of fusion products (arrowhead in lane 5, T2A variant 3, 100%codon optimized) compared to the viral CHYSEL sequence, alongwith diminished amounts

of separated mCD8::GFP. Codon de-optimization of specific amino acids reduced the proportion of fusion product (lane 3, T2A variant 1 is 60% codon de-

optimizedand lane4, T2Avariant is 45%codonde-optimized). T2Avariant 2, 45%codonde-optimization (asterisk), producedclose to thebackground levels of the

untransfected S2 cell lane. T2A mutant constructs (lane 6) that produced fusion products were used as positive controls.

(B) Codon de-optimization of specific CHYSEL residues produces reliable separation of proteins.We usedHEK293 cells to test codon de-optimization of different

CHYSEL residues using RFP-CHYSEL-GFP constructs derived from P2A sequences. We found that �50% codon de-optimization of sequences (lane 6, P2A

variant 3), without altering the final four codons, allows for greatest separation efficiency. P2A variant 4, with the last 4 codons de-optimized (lane 4) produced

similar amounts of fusion product as the positive control (lane 3), with negligible amounts of unseparated GFP (middle blot). P2A variants 1, 2, and 3, changing

100%, 80%, and 50%, respectively, of the codons (except for the last 4 codons) produced decreasing amounts of fusion product and increasing amounts of

separated GFP. All codon percentage change numbers do not include the glycine serine linker codons, which were required in all constructs (including ‘‘viral’’

sequences) to avoid large amounts of fusion productswithin theproteasome. Thus, using viral CHYSEL sequenceswill notwork asProteinQuantitation Reporters,

as these sequences leave a large fraction of uncleaved fusion protein product (arrowheads) that will contaminate any results of quantitation, and any experiments

where fusion products are undesirable.
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CHYSEL sequences that produce reliable separation of the up-

stream and downstream protein (Figure 2). We created different

CHYSEL sequences for use in Drosophila and vertebrate cells,

taken from different RNA viruses and modified, and then codon

de-optimized at specific residues (Figure 2; Experimental Proce-

dures). Thus, we collectively called these different DNA con-

structs forDrosophila and for vertebrate use Protein Quantitation

Reporters (PQRs).

Next, we tested the stoichiometric ratio and linear relationship

between different genes separated by our PQRs at the single-

cell level. First, we quantified fluorescence intensities in

HEK293 cells expressing a fusion protein of one molecule of

GFP attached to one molecule of red fluorescent protein (RFP)

by a mutated PQR linker (Figure 3). Because fluorescence inten-

sity is directly proportional to the concentration of fluorescent

molecules over several orders of magnitude, particularly at phys-

iological concentrations (mg/ml) (Furtado and Henry, 2002) (Fig-

ure 1C), we measured the fluorescence output (i.e., brightness)

of a cell to quantitate the ratio of GFP to RFP molecules. We

found that green and red fluorescence intensities in cells ex-

pressing GFP::RFP were linearly correlated with a coefficient of

determination R2 = 0.74 (n = 74 cells, p < 0.001) (Figure 3A).

Co-transfection of GFP and RFP into cells produced green and

red fluorescence intensities that had a weak covariance, with

R2 = 0.37 (n = 59 cells, p < 0.001), due to differences in uptake,

gene expression, and protein expression of GFP- versus RFP-

encoding plasmids (Figure 3B). Co-transfection of plasmids is

a common technique used for qualitative determination of pro-
tein co-expression, where the amount of DNA for each plasmid

is titrated to a desired expression level, and it is then incorrectly

assumed that the brightness of the cell corresponds to the

expression level of the co-transfected plasmid(s) (Figure 3B).

When we expressed GFP and RFP separated by a PQR

sequence in cells, we found that the green and red fluorescence

intensities were correlated with an R2 = 0.78 and 0.66 for GFP-

PQR-RFP (n = 77 cells, p < 0.001) and RFP-PQR-GFP (n = 77

cells, p < 0.001), respectively (Figures 3C and 3D). These R2

values for PQR constructs were within the 95%confidence inter-

val for the R2 value for the GFP::RFP fusion protein, whereas the

co-transfection of GFP and RFP R2 value was outside the 95%

confidence interval (Experimental Procedures; Figure S1). These

results demonstrate that a PQR can produce stoichiometric ra-

tios of proteins indistinguishable from fusing a fluorescent re-

porter. These PQR results were also not due to the incomplete

separation of the upstream and downstream proteins, creating

a subpopulation of GFP and RFP fusion product (Figure 2). To

further determine whether genes separated by a PQR produced

spatially separated proteins, we expressed spectrally distinct

fluorophores with different subcellular localization signals, each

separated by a PQR sequence in a single, polycistronic strand

(YFPmito–PQR–CFPnls–PQR–RFP; Figures S2A–S2C). Fluores-

cence intensities of different colors in mitochondrial, nuclear,

or cytoplasmic compartments were linearly correlated (ranging

from R2 = 0.54 to 0.69 for different organelles, n = 40 cells, p <

0.001), and intensities for the non-expected fluorophores were

not detectable above background, confirming that fusion
Cell Reports 13, 1–11, December 22, 2015 ª2015 The Authors 3



Figure 3. Protein Quantitation Reporters Can Correlate Fluores-

cence Intensity with Protein Amount

(A) Red and green fluorescence intensities of HEK293 cells expressing a fusion

protein ofGFPandRFP (GFP::RFP)were linearly correlatedwith a coefficient of

determination,R2=0.74 (n =74 cells, p <0.001). Fluorescence values are in a.u.

(B) Co-transfection of GFP and RFP produced a weak correlation between

fluorescence intensities (n = 59 cells, p < 0.001).

(C and D) Insertion of a PQR between GFP and RFP produces red and green

fluorescence intensities that were linearly correlated. R2 values for GFP-PQR-

RFP (c) and RFP-PQR-GFP (d) (n = 77 cells for both) were not significantly

different from the fusion protein data (p > 0.05).

(E and F) K+ channel current density was linearly correlated with green fluo-

rescence intensity in cells expressing the Shaker K+ channel fused to GFP,
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proteins were not formed and localized to inappropriate cellular

compartments. This also demonstrates that stoichiometric pro-

duction of proteins is maintained for polycistronic mRNAs using

PQRs, allowing for protein quantification in multiple regions of in-

terest using different subcellular localization signals.

PQR Can Relate Cellular Phenotype as a Function
of Protein Concentration
To determine whether PQR fluorescence intensity could corre-

late with a cellular phenotype directly related to protein con-

centration, we measured ion channel concentrations using

whole cell patch clamp electrophysiology. We expressed the

Drosophila Shaker potassium channel with a GFP molecule

embedded within the inactivation domain (Batulan et al., 2010)

separated by PQR-RFP (ShakerGFP-PQR-RFP) in HEK293 cells

(Figure 3E). Measurements of K+ channel current density

compared to green fluorescence intensity of the cell membrane

produced a linear correlation of R2 = 0.73 (n = 28 cells, p < 0.001)

(Figure 3F). Current density as a function of red fluorescence in-

tensity had a correlation ofR2 = 0.55 (p < 0.001), and green to red

fluorescence correlation was R2 = 0.84 (p < 0.001) (Figures 3G

and 3H), indicating that the steady-state ratio between RFP

and a membrane protein four times larger and with several fold

slower turnover maintained a linear relationship across expres-

sion ranges (coefficient of variation for current was 0.34) (Corish

and Tyler-Smith, 1999; Zhao et al., 1995). We performed these

electrophysiological and image analyses using different fluores-

cence microscopy methods and found strong linear correlations

among all excitation methods (e.g., metal-halide lamp, mercury

vapor lamp, lasers), fluorophores, and microscopy methods

tested (ranging from R2 = 0.90 to 0.94 between different

methods) (Figure S2D). This is expected, because the linear rela-

tionship between concentration of a fluorophore and its bright-

ness (Figure 1c) will be maintained regardless of excitation

source, fluorophore, or emission detection method. This demon-

strates that all standard fluorescence microscopy methods can

be used with this technique.

To demonstrate the applicability of this technique in single

neurons in animals, we used the predictable and quantitative

changes in protein amounts that occur in the circadian system

(Figure 4A). The transcription factor Period, or PER, controls the

circadian rhythms of the Drosophila brain, and PER protein

levels cycle every 24 hr as it is synthesized, shuttled into and

out of the nucleus, and degraded in the proteasome (Hardin

et al., 1990). To measure cyclic changes in fluorescence
with a coefficient of determinationR2= 0.73 (n = 28 cells, p < 0.001).Whole-cell

patch-clamp recordings were performed on HEK293 cells, and voltage steps

of +10 mV were given to generate an I-V curve (E). Steady-state current was

measured at +30 mV and current density (pA/pF) was calculated using the

membrane capacitance. Scale bar, 25 mm.

(G and H) Red fluorescence intensities were correlated with K+ channel current

density and green fluorescence in cells expressing ShakerGFP-PQR-RFP. R2

values for current density to RFP, and GFP to RFP, were not significantly

different from the current density to GFP positive control data (p > 0.05); see

also Figures S1 and S3. These correlations were not due to unseparated RFP

fusion products, since green fluorescencewas restricted to themembrane and

red fluorescence remained cytoplasmic (images in E). All fluorescence in-

tensities are plotted in a.u.



Figure 4. PQR Can Relate Cellular Phenotype as a Function of Protein Concentration
(A) PQR can detect cyclic increases in protein concentration over time. RFP-PQR-PER::YFP was used to quantitate changes in PER transcription factor levels in

single neurons in the animal. An image of the Drosophila brain is shown with RFP and PER::YFP expression restricted to the small lateral ventral neurons (dotted

box and right panels) using Per-Gal4 to drive UAS–RFP-PQR-PER::YFP. Red fluorescence within the neurons remained in the cytoplasm, and yellow fluores-

cence was peri-nuclear. Scale bars are 100 mm (left panel) and 10 mm (right panels).

(B) Red fluorescence increased cyclically in neurons over timescales of days. Flies were entrained on a 12-hr light/dark cycle and red and yellow fluorescence

intensities were measured within single neurons at zeitgeber time 0 (sun symbol) and 12 (moon symbol) (n = 6 cells/6 animals per time point). Yellow fluorescence

intensities cycled every 24 hr without accumulating beyond a fixed value, reflecting the rapid lifetime of PER. Red fluorescence intensities were also cyclical but

gradually increased over several days, reflecting the integrated amount of PER produced over time. Error bars are SEM. See also Figure S4.

(C) PQR in single living neurons is used to quantitatively relate dendritic complexity with Cut protein levels. Dendritic complexity of Drosophila da neurons is

regulated by the transcription factor Cut. Wild-type class I da neurons (left panel) have relatively simple dendritic arbors. Expression of RFPnls-PQR-cut within

class I neurons increases dendritic branch number and total dendritic branch length (middle and right panels). Red fluorescencewithin the nucleus (inset inmiddle

and right panels) reflecting Cut protein levels indicates that Cut controls dendritic growth in a concentration dependent manner. Posterior is up and dorsal to the

right in all three panels. Scale bar, 30 mm.

(D) Dendritic complexity is logarithmically dependent on Cut protein concentration. The average number of dendritic branch terminals and total dendritic length in

wild-type neurons is indicated by the solid gray lines (±1 SD, dashed lines) in the left and right panel, respectively.
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intensity in single cells, we used a fusion protein of PER and

yellow fluorescent protein (PER::YFP) separated by PQR with

RFP. We used period-Gal4 to drive expression of the UAS–

PER::YFP-PQR-RFP construct within small lateral ventral neu-

rons of the Drosophila brain (Figure 4A). We found that yellow

fluorescence intensities cycled with a 24-hr periodicity without

increasing beyond a fixed point, as the PER::YFP fusion protein

was continually formed and destroyed (Figure 4B). RFP has a

slightly longer half-life (26 hr) than PER (Corish and Tyler-Smith,

1999; Khmelinskii et al., 2012); thus, as RFP was co-translated

and separated from the PER::YFP, we observed parallel pro-

duction and degradation at early time points. However, the

red fluorescence intensities eventually increased cyclically

over several days until it saturated the fixed acquisition set-
tings, set at the initially low red fluorescence intensities

(Figure 4B).

We next used PQR to determine a quantitative relationship be-

tween protein amount and cellular phenotype in single living

cells. Drosophila dendritic arborization (da) neurons can be clas-

sified into four groups (class I, II, III, and IV) based on their den-

dritic arbor complexity, and the transcription factor Cut has been

implicated in regulating this complexity in a dosage-dependent

manner (Grueber et al., 2003). However, it is not clear how Cut

protein levels regulate neurite outgrowth. For example, the tran-

scription factor may act as a binary switch or have a linear rela-

tionship with dendritic growth. Because da neurons are relatively

large cells (Figure 4C) and we surmised that as a transcription

factor, low levels of Cut would produce significant phenotypes,
Cell Reports 13, 1–11, December 22, 2015 ª2015 The Authors 5



Figure 5. PQRs Can Be Inserted into Any Genomic Locus to Quan-

titate Endogenous Protein Levels

(A) Insertion of a PQR before the final stop codon of the endogenous gene

maintains the mRNA production fidelity and the 30 UTR for all isoforms of the

mRNAwith the PQR. A site-specific DNA double-strand break is created using

the CRISPR-Cas9 system. The break is repaired by the cell using homologous

recombination, and in the presence of an exogenous repair template with

appropriate homology arms, the locus is replacedwith thePQR edited version.

Colored nucleotide sequences represent genomic sequencing results of an

edited mouse Rpl13a gene with a PQR-RFP insertion.

(B–D) Targeted genome editing allows for insertion of a PQR into genes in

different genomes. Different repair templates and guide RNAs for CRISPR-

Cas9 were designed for the RPL13A gene in human (B), Drosophila (C), and

6 Cell Reports 13, 1–11, December 22, 2015 ª2015 The Authors

Please cite this article in press as: Lo et al., Quantification of Protein Levels in Single Living Cells, Cell Reports (2015), http://dx.doi.org/10.1016/j.cel-
rep.2015.11.048
we used a PQR with a nuclear localization signal (RFPnls) to

sequester the fluorophore and enhance the signal. We selec-

tively expressed UAS-RFPnls-PQR-cut in class I da neurons us-

ing the 221-Gal4, UAS-mCD8::GFP line. We measured red fluo-

rescencewithin the nucleus and usedGFP to image the dendritic

morphology to quantify the total dendritic arbor length and num-

ber of terminal branches (Figure 4C). We found that dendritic ar-

bor complexity (number of dendritic terminals or total dendritic

length) increases logarithmically with Cut protein levels until

the dendritic branching effect was saturated (Figure 4D). These

results indicate that Cut regulates dendritic arbor complexity in

a concentration-dependent non-linear manner.

Can PQRs quantify endogenous protein levels? We next

sought to insert PQRs into endogenous genomic loci to create

a polycistronic mRNA that would preserve regulatory elements,

such as themRNAUTRs (Figure 5A). We used clustered regularly

interspaced short palindromic repeats/Cas9 (CRISPR-Cas9)

genome editing to generate custom RNAs that guide Cas9

nuclease to create a double-strand break at a specific genomic

locus (Jinek et al., 2012). DNA double-strand breaks within a cell

can be repaired through homologous recombination, and in the

presence of an exogenous repair template containing DNA se-

quences of interest flanked by homologous sequence arms,

foreign sequences can be recombined into the genome (Gaj

et al., 2013). We generated repair templates to insert a PQR after

the protein coding sequence of a gene, but before the final stop

codon and 30 UTR, to produce a single RNA strand encoding the

endogenous protein of interest and a fluorescent reporter (Fig-

ure 5A). We inserted PQRs with RFP or blue fluorescent protein

with a nuclear localization signal (BFPnls) within the endogenous

RPL13A genomic locus in human, Drosophila, and mouse ge-

nomes using HEK293, Kc, and Neuroblastoma-2A cells, respec-

tively (Figures 5B–5D).

Using these genome-edited cells, we then wanted to examine

the relationship between absolute mRNA transcript numbers

and protein amount in the same cell. We combined PQR of

endogenous protein production with single cell qPCR (Figure 6).

We first imaged a live cell expressing a PQR and then lysed the

cell to extract and measure its PQR mRNA transcripts (Fig-

ure 6A). Using our HEK293 cell line carrying a PQR-RFP reporter

at the endogenous RPL13A locus (Figure 5B), we found that the

number of mRNAmolecules ranged from 50 to 570, and RPL13A

relative protein amounts as measured by RFP fluorescence in-

tensity, clustered between 200 and 800 a.u., resulting in no cor-

relation between RPL13A mRNA versus protein amounts (R2 =

0.03; n = 22) (Figures 6B–6D). As a comparison, we inserted a

PQR-GFP reporter into the immunoglobulin kappa (k) light chain

genomic locus, IgK, in the mouse monoclonal antibody cell line,

22c10 (Figure 6E) (Fujita et al., 1982). As expected, these 22c10

cells produced a large amount of IgK mRNA ranging from 1,500

to 180,500 molecules in a single cell, despite being derived from

a single clonal cell (Figures 6F and 6G). The green fluorescence
mouse (D) genomes. Edited RPL13A genes with PQR produced RFP or BFP

with a nuclear localization signal (BFPnls). PQR insertion was verified using

genomic PCR genotyping with primer pairs (A and B) that spanned PQR and

outside the homology arms, followed by genomic sequencing. Scale bars,

100 mm.



Figure 6. RNA and Protein Quantification in Single Cells

(A) Fluorescence intensity of single cells with a PQR knockin is measured and cells are then lysed for total RNA extraction and single-cell qPCR.

(B) Frequency distribution of RPL13A mRNA amounts measured from single HEK293 cells shows moderate expression of the RPL13A gene. qPCR of RPL13A

mRNA specifically containing PQR constructs was performed to avoid variability due to heterozygosity or polyploidy of the cells.

(C and D) RFP fluorescence intensities (in a.u.) from single RPL13A-PQR-RFP knockin cells shows a moderate distribution but had a weak linear correlation to

mRNA amounts.

(E) The endogenous immunoglobulin kappa light chain (IgK) locus is edited to insert a PQR-GFP reporter at the end of the constant region in 22c10 mouse

hybridoma cells. The correct insertion is verified by PCR primer pairs that lie within and outside of the locus (arrows). 22c10 hybridoma cells produce green

fluorescence after insertion of a PQR-GFP into the endogenous IgK locus. Scale bar, 25 mm. Representative PCR genotyping results show the expected size in

the CRISPR-Cas9 transfected cells.

(F–H) Frequency distributions of IgK mRNA amounts and PQR-GFP fluorescence intensities measured from single 22c10 cells show the broad range and high

levels of mRNA and protein expression. The IgK protein expression was not strongly correlated with its mRNA amounts; see also Figure S3.
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intensity distribution also varied widely, which produced a weak

correlation between IgK transcript number and IGK protein

amount (R2 = 0.22, n = 36) (Figure 6H). To confirm that our fluo-

rescence intensity distributions and correlations were not due to

differences between the fluorophores, cell types, or procedure,

we first swapped the PQR fluorophores from the Rpl13a and

IgK genes to create Rpl13a-PQR-GFPnls and IgK-PQR-RFP.

Next, we used CRISPR-Cas9 genome editing on both of these

genes within a single cell line to create double-knockin cells (Fig-

ure S3). By measuring green fluorescence in the nucleus and red

fluorescence in the cytoplasmwithin a single 22c10 cell and then

quantifying its Rpl13a and IgK mRNA amounts, we verified that

themRNA expression of these genes is a poor predictor of actual

protein translation. These results using both mouse and human

genes confirm previous studies demonstrating the poor corre-

spondence between mRNA expression and actual protein pro-

duction (Schwanhäusser et al., 2011; Shalek et al., 2013; Vogel

and Marcotte, 2012).

DISCUSSION

The technique we describe here, protein quantitation ratioing,

uses standard fluorescence imaging available through multiple

microscopy methods. PQR is fast, has sensitivity at single-cell

resolution, and can be performed with time lapse in living cells.
Using a cell’s brightness as a readout for the protein expression

level of a gene, PQR can have a wide range of applications in cell

biology to quantitatively measure relationships between pheno-

types and protein levels.

The PQR technique quantifies steady-state protein levels

within a cell, and differences in kinetics of the upstream and

downstream proteins (e.g., folding, maturation, or turnover rates)

will change the slope of the linear relationship, but the fluores-

cence will still be proportional to the number of molecules trans-

lated (Figure 1B). For example, theDrosophila Shaker K+ channel

is homo-tetrameric (i.e., four molecules are required for a single

functional channel) and has a turnover rate of several days but

has complex and comparatively rapid internalization and inser-

tion rates on timescales of minutes to hours (de Souza and

Simon, 2002; Jugloff et al., 2000; Zhao et al., 1995). Our PQR re-

sults using the Shaker K+ channel demonstrate that the tech-

nique can be used even for complicated membrane proteins

with slow degradation rates. In addition, protein concentration

is predominantly controlled by translation, with very small contri-

bution (<5%) from protein stability and degradation (Schwan-

häusser et al., 2011). To model how differences in protein

dynamics might affect PQR measurements, we simulated two

cells expressing PQRs that exhibited different kinetics of a pro-

tein of interest (Figure S4A). We found that differences in protein

turnover did not adversely affect PQR accuracy, with >85% of
Cell Reports 13, 1–11, December 22, 2015 ª2015 The Authors 7
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cases producing at least 90% accurate quantification, across

tens of thousands of proteins with randomly varying kinetics (Fig-

ure S4). This is because PQR measurements are ratiometric be-

tween two cells rather than absolute measurements of protein

abundance, and because the CHYSEL mechanism forces not

only the identical ‘‘on’’ rate of the protein of interest, but also

the exact protein amount being produced. This creates a regu-

larly resetting mechanism for the PQR fluorophore to match

the protein of interest kinetics. Experimentally, we used the

circadian system as an extreme example of very tightly regulated

gene expression, with precisely controlled mRNA production

andmRNAdegradation, and protein production and degradation

(Hardin et al., 1990). Our PQRmeasurements could integrate the

cyclic production of PER protein until the PQR fluorescence in-

tensities saturated (Figure 4B). However, cyclic changes in

PER protein can still be accurately measured at any arbitrary

later time point by resetting the acquisition setting for PQR fluo-

rescence (Figure S4C), demonstrating the robust sensitivity of

the PQR technique. More precise spatial and temporal measure-

ments of protein kinetics may be obtained through the use of

photoswitchable molecules to allow for subcellular activation

and quantitative imaging of newly synthesized fluorescent mole-

cules. Although the PQR technique quantifies protein amounts

indirectly, it is a similarly indirect measurement as quantitative

immunoblots and qPCR. Currently, the only alternatives to

PQR are quantitative immunoblots and protein assays, which

require isolation of large amounts of heterogeneous starting

material.

For our positive controls, we fused a fluorescent protein to a

protein of interest to track and quantitate protein amounts.

Fusion proteins, howeer, can be undesirable to biologists. A

fusion protein must be expressed at high enough levels to detect

and be accessible for analysis (e.g., it may be membrane asso-

ciated or secreted), and any modification can interfere with pro-

tein stability, activity, or function (e.g., N-terminal and C-terminal

additions can affect type I and type II transmembrane proteins or

alter intracellular signaling). Unlike a physical tag, PQR uses a

genetic tag separated during protein synthesis, leaving only

�20 amino acids on the carboxy terminus of the upstream pro-

tein and a single proline at the start of the downstream protein.

Using the integral membrane protein Shaker K+ channel, we veri-

fied that placement of the Shaker gene upstream or downstream

of the PQR sequences did not affect its membrane insertion or

properties (Figure S2E). Separation of the PQR to different loca-

tions than the protein of interest allows for easier quantification of

genes expressed at low levels (Figure 4C), where the PQR can be

sequestered within the nucleus or nucleolus (Tsai et al., 2008), or

for large or complex cells such as neurons (Figure 4C), or for

quantification of transmembrane and secreted proteins, such

as the production of antibodies. For example, the genomic orga-

nization of vertebrate antibodies joins upstream variable exons

to a final 30 constant exon (Hsu et al., 2006), and insertion of a

PQR between the coding sequence and the 30 UTR will allow

for quantification of antibody production in all cells that synthe-

size the specific antibody type.

The RPL13A gene encodes for Ribosomal Protein L13A and is

expressed in every cell in all eukaryotes at moderately high levels

(Figure 6B), and it is commonly used as a housekeeping gene for
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normalization in quantitative DNA and protein measurements

(Mane et al., 2008). Therefore, quantitation of endogenous

RPL13A protein levels in single cells can be used as a measure

of an individual cell’s overall transcriptional and translational sta-

tus (Figures 5 and 6). Quantifying RPL13A fluorescence levels in

a second channel (e.g., RFP or BFPnls) allows for normalization

across cells or experiments and for optical effects such as spher-

ical aberration, optical distortions, and imaging depths during

in vivo imaging. Thus, using this approach, the relative levels of

any protein of interest can be determined across conditions us-

ing the ratio of fluorescence between the protein of interest

normalized to RPL13A fluorescence.

Quantification of endogenous proteins using PQR does not

necessarily require the generation of knockin organisms. For

example, efficient genome editing of post-mitotic neurons trans-

fected with the CRISPR-Cas9 system has been demonstrated

using biolistic transfection and in utero electroporation (Straub

et al., 2014). This will allow for PQR of endogenous proteins

within specific cells in vivo, for example by transfection of

CRISPR-Cas9 for homologous recombination of PQR con-

structs within neurons. The protein quantitation ratioing tech-

nique has broad expansion possibilities, such as measuring pro-

tein production in single cells over time for drug screening,

quantitation of endogenous protein levels in single cells in vivo,

normalization across experiments and optical effects using the

ratio of RPL13A levels, and allowing a wide range of quantitative

experiments examining gene to phenotype relationships.
EXPERIMENTAL PROCEDURES

Protein Quantitation Reporter Constructs

Sequences for CHYSEL peptides were tested from group IV, positive-sense

single-stranded RNA viruses, including the Picornaviridae family for 2A pep-

tides or the Permutotetraviridae family for 2A-like peptides (Diao and White,

2012; Kim et al., 2011). For our initial screens, wemostly focused on four broad

CHYSEL peptide sequences from Equine rhinitis A virus (E2A), Foot-and-

mouth disease virus (F2A), Porcine teschovirus-1 (P2A), and Thosea asigna

virus (T2A) and tested for stoichiometric production and separation of fluores-

cent proteins and Shaker potassium channel. We added glycine and serine

linkers to the N terminus of all CHYSEL sequences tested to enhance peptide

separation (Yang et al., 2008). We selected the amino acid sequence

ATNFSLLKQAGDVEENPGP from the porcine teschovirus-1 for use in

mammalian cells (Kim et al., 2011) and EGRGSLLTCGDVEENPGP from the

Thosea asigna insect virus for use in Drosophila cells (Diao and White, 2012).

We compared codon optimization of the CHYSEL peptides versus the viral se-

quences of the CHYSEL peptides, and we found that both the original viral

sequence and the codon-optimized forms resulted in a large fraction of unsep-

arated, fusion product (Figures 2 and S5). Codon optimization often created a

larger proportion of unseparated product, indicating that codon optimization

could be worse for protein quantitation. Thus, we surmised that codon optimi-

zation could speed up ribosomal activity, causing it to ignore the separation

event between the final glycine and proline of the CHYSEL peptide. We tested

DNA sequences that were selected for nonfavored codons to decrease trans-

lation speed, which we found to enhance reliable separation (Figures 2 and S5)

(Novoa and Ribas de Pouplana, 2012; Zhou et al., 2011). The DNA sequence

chosen for the PQR in mammalian cells (P2A-derived with glycine and

serine linker, codon variation 3) was 50-GGAAGCGGAGCGACGAATTTTA

GTCTACTGAAACAAGCGGGAGACGTGGAGGAAAACCCTGGACCT-30. The
DNA sequence chosen for the PQR in Drosophila cells (T2A-derived with

glycine and serine linker, codon variation 2) was 50-GGAAGCGGAGAAGGT

CGTGGTAGTCTACTAACGTGTGGTGACGTCGAGGAAAATCCTGGACCT-30.
We also tested whether extended CHYSEL sequences, 30 amino acids in total
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length from the separation point, might enhance separation by further interact-

ing with the exit tunnel (Luke et al., 2008). We found that these extended viral

CHYSEL sequences still created a proportion of fusion product compared

with shorter, 19-amino-acid codon-de-optimized CHYSEL sequences (Fig-

ure S5C). Mutated PQR sequences that failed to separate were used as linkers

for fusion protein experiments. All viral sequences were generated using gene

synthesis into a pUC57 vector (BioBasic) and cloned into pCAG for mamma-

lian experiments or pJFRC7 for Drosophila melanogaster experiments. GFP,

RFP, and BFP constructs were based on superfolderGFP, TagRFP-T, and

mTagBFP2, respectively. SuperfolderGFP and TagRFP-T were chosen for

their relatively fast maturation times, 6 min and 100 min, and average turnover

rates at 26 hr, respectively (Corish and Tyler-Smith, 1999; Khmelinskii et al.,

2012; Pédelacq et al., 2006; Shaner et al., 2008). For GFP and RFP protein

concentration and fluorescence intensity measurements, proteins were puri-

fied from E. coli using GFP-specific chromatography columns (Bio-Rad),

and protein concentrations were measured using a Bradford assay with a

NanoDrop 2000 (Thermo Fisher Scientific). Samples were serially diluted,

and thin samples were imaged on glass slides to reduce any non-linear effects

using a standard fluorescence microscope (see ‘‘Image Acquisition’’).

ShakerGFP cDNA (R. Blunck, Université de Montréal) and hs-PER::YFP

(M.W. Young, Rockefeller University) were kind gifts, and all other plasmids

were obtained through Addgene. GFP::RFP fusion proteins were verified using

immunoblotting (Figure 2), and imaging experiments verified that these large

proteins were excluded from the nucleus.

Cell Culture

HEK293, Neuroblastoma-2A (N2A), and 22c10 cells were cultured at 37�C
under 5% CO2 in DMEM (Wisent) and H-Cell (22c10) (Wisent), or for

Drosophila S2 and Kc cells, at 25�C in Ex-Cell 420 Medium (Sigma-Aldrich).

Media for mammalian cells were supplemented with 10% fetal bovine serum

(FBS) (Wisent), and 100 U/ml penicillin (Life Technologies) and 100 mg/ml

streptomycin (Life Technologies). Cells were transfected with 5 mg of plasmid

DNA in 35 mm dishes using Lipofectamine 3000 (Life Technologies). For

genome editing experiments, 800 ng of CRISPR-Cas9 plasmid DNA were

co-transfected with 800 ng of repair template circular plasmid 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.

Immunoblotting

Immunoblot experiments were performed four times. One billion cells were

placed into lysis buffer (25 mM HEPES, 150 mM NaCl, 1 mM EDTA, and 1%

Triton-X) with SIGMAFAST protease inhibitor tablet solution (Sigma-Aldrich).

Protein concentrations were measured using a bicinchoninic acid protein

assay (Pierce), and 30–40mg of protein was loaded into a NuPAGE Novex

12% Bis-Tris Gel (Life Technologies). Proteins were separated by electropho-

resis and transferred to a polyvinylidene fluoride membrane using Invitrogen

iBlot dry transfer (Life Technologies). The membrane was blocked in 5%

BSA in PBS-T and incubated with the following antibody dilutions: 1:1,000

anti-RFP rabbit polyclonal (R10367, Life Technologies), 1:2,000 anti-GFP rab-

bit polyclonal (A6455, Life Technologies), and 1:5,000 anti-actin JLA-20mouse

monoclonal (Developmental Studies Hybridoma Bank). Secondary antibodies

used were 1:10,000 horseradish peroxidase (HRP)-conjugated donkey anti-

rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch Laboratories) and

HRP-conjugated goat anti-mouse IgG (Abcam). All antibodies were dissolved

in 5% BSA in PBS-T. Membranes were imaged using the Pierce ECL Chemi-

luminescence Detection Kit for HRP (Thermo Scientific). The ratio of band in-

tensity of GFP or fusion products was normalized to actin and quantified using

ImageJ, as described previously (Cvetkovska et al., 2013). We performed

western blots on all PQR constructs used in experiments and confirmed the

absence of fusion protein products for GFP, RFP, ShakerGFP, PER, Cut,

and RPL13A proteins (Figures S5 and S6).

Image Acquisition

Fluorescence and bright-field microscopy were performed using a Zeiss Axio-

Scope A1, an Olympus laser scanning confocal microscope FV1000, and a

Perkin Elmer UltraView spinning disk confocal Leica DMLFSA microscope.
All images were acquired at 5123 512 pixels using a 403water objective, nu-

merical aperture (NA) 1.0 (epifluorescence), 603 oil, NA 1.4, or 633 water, NA

0.9 objectives (confocal) corresponding to an 2153 160-mm or 1203 110-mm

field of view, respectively. Fluorescence emission was detected using a

charge-coupled device camera (MRm) for the Zeiss and (OrcaER, Hama-

matsu) Leica microscopes and photomultiplier tubes for the Olympus micro-

scope. All image acquisition parameters were fixed for each imaging channel

for exposure time, excitation intensity, gain, and voltages. Cells that were dim-

mer or brighter than the fixed initial acquisition dynamic range were not

included for analysis. We verified that shifting the acquisition window across

fluorescence intensity ranges produced linear correlations throughout the

range. In co-transfection of GFP and RFP experiments, cells that were non-

fluorescent in either the green or red channel were not imaged; therefore,

theR2 values for our co-transfection experiments are likely to be overestimates

of the true R2.

Image Analysis

Images were selected for analysis based on identification of single cells and

low background. Images were adjusted for contrast and brightness only. Im-

age analysis was performed blind to genotype. Fluorescence pixel intensities

were measured in several regions of interest (ROIs) within the cell using a

custom written program in MATLAB (MathWorks) or ImageJ. Average pixel in-

tensities were calculated from three ROIs of 103 10 pixels for measurements

within the cytoplasm and nucleus, or from five ROIs of 3 3 3 pixels for mem-

brane and mitochondrial measurements. For Drosophila small lateral ventral

neuron analysis, six ROIs of 6 3 6 pixels were measured from six neurons

per lobe, and six animals per time point were chosen. All signal intensities

were background subtracted from the average of three 10 3 10 ROIs sur-

rounding the cell. We verified that RFP was still cyclically co-translated at later

time points by analyzing red fluorescence intensities on days 5 and 6 using a

lower acquisition setting (Figure S4C).

Electrophysiology

A standard whole-cell voltage clamp was used to record potassium currents

from HEK293 cells. During recordings, cells were maintained for 1–2 hr at

25�C in extracellular solution consisting of 140 mM NaCl, 10 mM CaCl2,

5 mM KCl, 10 mM HEPES, and 10 mM glucose at pH 7.4, 319 mOsm. Patch

electrodes were pulled from standard wall borosilicate glass (BF150-86-10,

Sutter Instruments) with 3–5 MU resistances. The intracellular pipette solution

was 150 mMKCl, 2 mMMgCl2, 1 mMCaCl2, 2 mM EGTA, 20 mMHEPES, and

20 mM sucrose at pH 7.23, 326 mOsm. Whole-cell potassium currents were

low pass filtered at 5 kHz and measured using an Axopatch 200B amplifier

(Axon Instruments) and recorded using a DigiData 1200 with pClamp9 soft-

ware (Molecular Devices). All pipette and cell capacitances were fully compen-

sated. Cells were held at �80 mV and then given +10 mV steps of 35 ms. The

steady-state current elicited at +30 mV was used for analysis. Consistent cell

capacitance and membrane and access resistances were verified before and

after recordings.

Statistical Analysis

Linear correlations were calculated by fitting the data to a simple linear regres-

sionmodel with the coefficient of determination,R2. We tested the null hypoth-

esis that the variables were independent of each other and that the true R2

value was 0. To test the confidence of our R2 values for each experiment,

we calculated the F statistic and its p value of the F-test on the regression

model. We also used the permutation test to obtain a p value on the likelihood

of obtaining our R2 value by randomly shuffling the data and calculating a new

R2 value, repeated for one million runs (Figure S1). Both approaches gave

similar p values for all experiments.

To compare the R2 values generated from PQRs to other conditions, we

used the data from the fusion protein experiments as positive controls. We

used the bootstrap method to generate a 95% confidence interval for the

true R2 value of the positive controls. We randomly chose 80% of the positive

control data points to calculate a new R2 value and repeated this for ten million

runs, and used these simulated R2 values to obtain upper and lower estimates

of the positive control R2 values (Figure S1). All statistical analyses were per-

formed using custom-written programs in MATLAB (MathWorks).
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Drosophila melanogaster Circadian Experiments

To generate theUAS–RFP-PQR-PER::YFP construct,PER::YFPwas amplified

from hs-PER::YFP, ligated with the RFP-PQR fragment, and inserted into the

pUAST vector. Transgenic fly lines were created using P-element transgenesis

(Bestgene). The UAS-RFP-PQR-PER::YFP flies were crossed to the per-Gal4

driver line, P{GAL4-per.BS}3. Crosses were maintained at 25�C in a 12-hr

light/dark cycle incubator, and newly eclosed F1 progeny were entrained for

3 days before collection. Six female flies were selected for each time point

(6 a.m. and 6 p.m., or zeitgeber time ZT0 and ZT12, respectively). Flies were

fixed in 3.7% paraformaldehyde in 0.2 M carbonate-bicarbonate buffer (pH

9.5) at 4�C for 12 hr. Fly brains were then dissected, mounted on slides, and

imaged using confocal microscopy.

Drosophila melanogaster Dendritic Complexity Experiments

The pJFRC-20XUAS-IVS-RFPnls-PQR-cut construct was created by genomic

extraction of the cut coding region from the fly UAS-cut (Grueber et al.,

2003). The cDNA was ligated to RFPnls-PQR, and the resulting construct was

cloned into the pJFRC7 vector. The transgenic fly w-; P{20XUAS-IVS-RFPnls-

PQR-cut}attP was created by PhiC31 integrase-mediated transgenesis

(Bestgene). Homozygous flies w-; P{20XUAS-IVS-RFPnls-PQR-cut}attP, were

crossed to homozygousw-; 221-Gal4, UAS-mCD8::GFP to selectively express

RFPnls-PQR-cut in class I da neurons. Crosses were maintained at 18�C and

wandering third-instar larvae were used for imaging. Larvae were dissected

in PBS and the anterior end, gut, tracheal tubes, and fat bodies were removed

prior to imaging. Class I ddaE living neurons were imaged using a Fluoview

FV1000 confocal laser scanning microscope (Olympus). Neuronal morphology

was visualized using themembrane-boundmCD8::GFP, and Cut protein levels

were determined by ROI analysis of nuclear red fluorescence intensity. Com-

plete dendritic arbors were reconstructed and the number of terminal branches

and total dendritic length were computed using the NeuronJ plugin in Fiji.

Genome Editing Using CRISPR-Cas9

Guide RNAs were designed as 20 bp DNA oligonucleotides and cloned into

pX330 (Addgene, 42230) and co-transfected with a circular PQR repair tem-

plate using Lipofectamine 3000 (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 prod-

ucts were analyzed on 4%–20% Novex TBE polyacrylamide gels (Life Tech-

nologies). Repair templates were constructed by placing PQR-XFP between

homology arms specific to human, mouse, or fly RPL13A. The homology

arms lacked the RPL13A promoter, which prevented expression of the PQR-

XFP until in-frame genomic integration within an active coding gene. Left

and right homology arms were 1.0 kb for the human genome, 1.5 kb for the

mouse genome, and 700 bp for the Drosophila genome. Cellular fluorescence

from PQRs was observed four days post-transfection.

Validation of PQR Genomic Insertion

Genotyping experiments were performed in experimental duplicate. Integra-

tion of PQR into the endogenous RPL13A or IgK genomic locus was validated

by genomic DNA extraction 6 days post-transfection and genotyping using

primers outside and within the homology arms of the repair template. The 50

and 30 ends were probed with two sets of primers, and the endogenous

RPL13a or IgK locus was PCR amplified. Restriction digests were then per-

formed on PCR products at sites specific for PQR. All genomes were

sequenced to identify the PQR and genomic junctions.

To verify that insertion of our PQR constructs into the endogenous RPL13A

locus did not produce fusion protein products, we performed western blots on

manually enriched populations of the knockin cell lines (Figure S6). No fusion

products were detected, and the enriched populations of knockin cell lines

were indistinguishable from wild-type cells with respect to phenotype and

growth rate, and have been passaged multiple times. Finally, we also used

qPCR to verify that that the genome-edited cells produced RNA transcripts

at similar levels to wild-type (Figure S6).

Real-Time qPCR

For relative quantification of RPL13A and IgK mRNA levels from manually en-

riched stable cell lines, total RNA was extracted and purified using the Pure-
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Link RNA mini kit (Life Technologies) and genomic DNA was eliminated using

DNaseI (New England Biolabs). Total RNA was reverse transcribed with gene-

specific primer cocktails (2mM final concentration of each primer) using Super-

script III reverse polymerase (Life Technologies). This cDNA template was

used for real-time PCR using the TaqMan Fast Advanced Mastermix (Life

Technologies). Real-time PCR amplification was detected using the StepOne-

Plus Real-Time PCR System (Applied Biosystems) and cycle quantification

values were calculated using StepOne software. Experiments were performed

in two to three experimental replicates with two technical replicates. Relative

gene expression was determined using a DDCq method. For relative quantifi-

cation experiments, cycle quantification values were normalized to GAPDH in

HEK293, N2A, and 22c10 cells.

For absolute quantification of RPL13A and IgK mRNA levels from single

cells, individual cells were imaged in drops of culture media on Teflon-coated

glass slides before extraction and purification of total RNA using the TRIzol re-

agent (Life Technologies). Absolute quantification of RPL13A and IgK copy

numbers was determined using standard curves generated with synthesized

oligo standards containing the RPL13A and IgK target (sequences shown in

Table S1). Primers and double-quenched 50-FAM/ZEN/IowaBlackFQ-30

probes were purchased from Integrated DNA Technologies. All DNA and

primer sequences used are shown in Table S1.
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