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Detection of viral RNAs at ambient
temperature viareporter proteins
produced through the target-splinted
ligation of DNA probes
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Nucleic acid assays are not typically deployable in point-of-care settings
because they require costly and sophisticated equipment for the control of
thereaction temperature and for the detection of the signal. Here we report an
instrument-free assay for the accurate and multiplexed detection of nucleic
acids atambient temperature. The assay, whichwe named INSPECTR (for
internal splint-pairing expression-cassette translation reaction), leverages
the target-specific splinted ligation of DNA probes to generate expression
cassettes that can be flexibly designed for the cell-free synthesis of reporter
proteins, with enzymatic reporters allowing for alinear detection range
spanning four orders of magnitude and peptide reporters (which canbe
mapped to unique targets) enabling highly multiplexed visual detection.

We used INSPECTR to detect a panel of five respiratory viral targetsina

single reaction viaalateral-flow readout and ~4,000 copies of viral RNA via
additional ambient-temperature rolling circle amplification of the expression
cassette. Leveraging synthetic biology to simplify workflows for nucleic acid
diagnostics may facilitate their broader applicability at the point of care.

The ongoing COVID-19 pandemic underscores the urgentrequirement  their ease of use, low cost and room-temperature storage”. However,
for new and innovative diagnostic technologies to enable low-cost  theidentification of antigen-specific antibodies required for the manu-
detection of pathogens at the point of care and point of need'. Rapid  facturing of such tests is challenging and time-intensive, limiting the
antigen tests dominate on-demand testing around the world dueto  capability of antigen tests to multiplex or distinguish pathogen strains
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and variants. Molecular assays that detect viral or bacterial nucleic
acids are preferable to rapid antigen tests for their faster develop-
ment cycles, better discrimination of variants, higher sensitivities
and superior limits of detection (LoD)>. Still, the gold standard for
such assays, quantitative polymerase chainreaction (qQPCR), requires
sophisticated instrumentation to control temperature cycling and
detect amplification of specific target sequences, and is challenging
to deploy at the point of need*. An instrument-free assay and detec-
tion method could dramatically improve the accessibility of sensitive
molecular tests to consumers, particularly those who lack access to
centralized testing labs’.

The precise cyclical heating requirements of qPCR have been
addressed by isothermal nucleic acid amplification strategies, such
as loop-mediated amplification (LAMP)®, recombinase polymerase
amplification (RPA)”® and nicking enzyme amplification reaction
(NEAR)’. Many of these strategies couple amplification to a detection
step employing fluorescent probes (such as RPA) or molecular beacons
(such as NEAR) to provide an additional layer of specificity. Other
methods, such as SHERLOCK or DETECTR, exploit CRISPR technol-
ogy to detectamplification via the release of aquenched fluorophore
using the collateral activity of the programmable nucleases Cas12 or
Casl3 (refs.10-17). However, these isothermal strategies still require
instruments: portable heaters to achieve and maintain the optimal
temperature for enzyme activity during the exponential amplification
and photometers to measure fluorescence. Moreover, suchisothermal
amplification techniques have limited capability for multiplexing due
tochallenges in primer design and the overlap of fluorescent reporters’
emission spectra.

By contrast, synthetic biology strategies enable the detection of
nucleicacids with more flexible protein-based readouts. Gene expres-
sion can be gated using a sequence-specific riboregulator, such as a
toehold switch, such that only the target (or ‘trigger’) RNA sequence
transduces a signal to activate production of a protein reporter’s.
Since these reporters can be fluorescent, colorimetric or lumines-
cent, a variety of detection modes are possible. Toehold switches, in
particular, have been deployed for in vitro molecular diagnostics in
low-resource settings'’. The pathogen-derived target sequences are
added directly to a freeze-dried cell-free expression (CFE) reaction?,
often after pre-amplification, enabling shelf-stable and sensitive detec-
tion of Ebola®, Zika”, norovirus®, C. difficile*®, HIV** and SARS-CoV-2
(ref. 25) sequences. Although these cell-free expression reactions can
berunat close-to-ambient conditions, the requisite pre-amplification
often means that equipment s still required.

Here we reportINSPECTR, amodular, ambient-temperature strat-
egy for sensitive, specific, multiplexable and quantitative nucleic
acid detection. Similar to strategies used for transcriptomic profiling
(suchas cRASL-seq®®, TempO-Seq” or SplintQuant®) or aptamer-based
diagnostics (such as SENSR* or SNAILS®*’), RNA is detected by the
splint-ligation of designed DNA probes. However, in INSPECTR, ligation
directly generates an expression cassette programmed for the cell-free
synthesis of areporter protein. This strategy allows the translation of
any polypeptide tobe triggered by the presence of aspecific unrelated
nucleicacid sequence, whichin turn enables highly multiplexed assays
using a lateral-flow readout. INSPECTR avoids amplification of the
target; instead, detection is achieved through cell-free expression of
enzymes or peptides and, if desired, ambient temperature amplifica-
tionoftheligated probe. We implement our workflow in the context of
detecting viralgenomic RNA and demonstrate both sensitive (limit of
detection of approximately 4,000 copies) and specific multiplexable
detection of a panel (N =5) of respiratory viral target sequences, all at
ambient temperature. We anticipate that the modularity and versatil-
ity of the INSPECTR platform will contribute an important tool to the
arsenal of synthetic biology-based strategies for molecular diagnostics
and spur furtherinnovation and use of cell-free expression systems for
ensuring global health.
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Fig.1|INSPECTR process workflow. Single-stranded DNA probes, designed to
have homology against a particular target RNA, are ligated only when the RNA
splintsaternary molecular junction. The ligated probes serve as atemplate for
double-stranding by a DNA polymerase. The linear double-stranded product
encodes acomplete reporter expression cassette, including a T7 promoter, a
ribosome-binding site (RBS), areporter protein and a T7 terminator. When added
to acell-free expression system, transcription and translation generate amodular
reporter output that can be measured electronically or visually.

Results

INSPECTR workflow

An outline of the INSPECTR workflow is diagrammed in Fig. 1. In the
first step, single-stranded DNA (ssDNA) probes hybridize to an RNA
target that acts as a splint for ligation by Chlorella virus DNA ligase
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(SplintR), similar to the padlock probe methodology used for micro-
RNA detection®. Next, a DNA polymerase synthesizes the complemen-
tary strand of the ligated ssDNA probe to generate a double-stranded
DNA (dsDNA) expression cassette. This expression cassette encodesa
reporter protein under control of transcription by T7 RNA polymerase.
When added to a cell-free expression system containing ribosomes,
T7RNA polymerase, translation factors, amino acids, nucleotides and
additional cofactors®**, the expression cassette yields areporter pro-
teinthat canbe detected visually or electronically. The entire INSPECTR
workflow occurs atambient temperature and does not require nucleic
acid pre-amplification. Moreover, this design strategy decouples input
sequence from expression output, creating the flexibility to pair any
target nucleic acid with awide array of reporter proteins.

We began our design process by evaluating readily detectable
reporter protein outputs for the downstream cell-free expression (CFE)
reaction. Conventionally, cell-free expression and related biosensors
rely on high concentrations of DNA templates (10 nM or higher), which
are regulated at the transcriptional or translational level®. Using the
INSPECTR mechanism, each target nucleic acid will only ‘activate’ one
pair of ssDNA probes to form a single dsDNA expression cassette; we
therefore expected that INSPECTR would need to generate a detectable
reporter from very small numbers of expression cassettes. Unlike previ-
ous efforts in CFE optimization in which DNA template concentration
is not a limiting factor, we sought to optimize the reporter signal per
expression cassette. We designed linear dsDNA expression cassettes
for three putative reporter protein outputs: beta-galactosidase (LacZ),
which canbe detected visually and hasbeen extensively usedin cell-free
biosensors**; a3x-FLAG- and Twin-Strep-tag-containing peptide, which
can be detected using a lateral-flow assay; and nanoluciferase (nLuc),
which catalyses a light-emitting reaction detectable on a plate reader.
We then estimated the feasible limit of detection for each reporter.

By expressing the small 45-amino acid alpha-fragment of LacZ and
adding the purified omega-fragment complement, we could detect a
colour change when a DNA expression cassette was supplied at concen-
trations of around 1 pM (Fig. 2a). However, since INSPECTR does not
amplify the target sequence, this level of sensitivity would require at
least 60 million target copies per reaction, which is outside the range
of clinical relevance.

The peptide and nLuc reporter outputs were far more sensitive.
Using both a commercially available reconstituted transcription-
translation reaction with purified enzymes (PURExpress*) and an
in-house generated extract®, we detected as low as 1 fM of the dsDNA

linear expression cassette encoding areporter peptide and around1aM
ofthe cassette encoding nLuc (<10 expression cassettes per reaction)
(Fig.2b,c). Comparingthe linear dose-response curves of dsDNA tem-
plate and purified nLuc, we estimate that transcription and translation
provide amplification by a factor of 10°-10°. Consistent with previous
models, at low template concentrations (<1 pM), protein yield scales
linearly with the amount of template provided™®. Since each reporter
proteinwould have different properties as an output of the INSPECTR
reaction, we evaluated the enzymes and peptides separately.

RNA detection using aluminescent INSPECTR output

The highly sensitive and linear detection of mock pre-ligated dsDNA
in Fig. 2c suggested that nLuc could be a useful reporter output for
INSPECTR due to its small size and high luminosity*’. We therefore
designed luminescent probes to detect the SARS-CoV-2RNA genome.
Because the hybridization sequence in an INSPECTR probe is neces-
sarily presentin the final expression cassette (Fig.1), we first searched
for permissive insertion sites in the coding sequence (CDS) of nLuc,
which would not impact the expression or function of the translated
enzyme. We tiled four 30 nt DNA sequences, complementary to con-
served regions of interest (ROIs) in the SARS-CoV-2 genome, at diverse
structural contexts in CDS of the 171-aanLuc protein. For the design of
the target regions, we aimed to maximize conservationin viral genomes
above any sequence preferences, noting previous studies that indicate
SplintR ligates RNA well aslong as the overhangs arelonger than4-6 nt
(refs.41,42). We kept the junction roughly symmetric and tried to ensure
that the 5’ phosphate donor nucleotide wasnotadGor dC, inline with
theenzyme’s sequence preference. When expressed at low-copy (2 fM
of expression cassette) in CFE reactions, we found that approximately
half of these insertions abrogated either protein synthesis or func-
tionrelative to the wild type (WT, Fig. 3a). For asubset of the insertion
variants that did notimpact function, we constructed and tested split
ssDNA probes for detection of the targeted RNA sequences and identi-
fied one probe set (split after the eleventh residue in nLuc) with high
signal only in the presence of the target.

Next, we tested this probe’s function in a two-step, 50 min
workflow where the ligated probe was double-stranded during the
expression reaction (Fig. 3b). In this ambient temperature assay, the
nLuc probe detected 1fM of short synthetic target RNA and 10 fM of
extracted SARS-CoV-2 RNA, corresponding to ~1,000 genome cop-
iesin the ligation reaction. As before, the response was highly linear
across aconcentration range spanning four orders of magnitude. Since
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there is no exponential amplification of the target in this workflow,
the RNA target can be effectively quantified directly from a linear
calibration curve. We measure a ~1,000-fold loss of sensitivity from
the ligation-expression workflow, when compared with the ‘mock
pre-ligated’ dsDNA experiments in Fig. 2c. Previous reports suggest
SplintR ligation never runs to completion, even at high temperatures
and at high concentrations of enzyme relative to the DNA substrates*.
Thisresultsinaloss of sensitivity thatis compounded by inefficiencies
intemplate double-stranding, poisoning of the expression reaction by
theligation buffer and dilution between reaction steps. Further optimi-
zations onssDNA probe architecture or ligase engineering will probably
be necessary to further improve the sensitivity of this two-pot assay.

Multiplexed RNA detection using dual-epitope peptide
reporters
While a luminescent reporter enabled quantitative RNA detection
atambient temperature, we aimed to develop INSPECTR into a truly
instrument-free assay that leverages the ease of use of rapid antigen
tests. First, toshorten the typical process redesign cycle foratarget and
improve the ‘hit rate’ of functional probes described in Fig. 3a, we devel-
opedareporter detection strategy that would be universal toany RNA
targetinput. We selected asandwich immunoassay strategy to leverage
the specificity enabled by two analyte binding events. We hypothesized
that the two binding events would reduce the background detection of
spurious outputs caused by expression of a partially formed expression
cassette. We thensought epitopes that could flank the peptide reporter
ontheNand Cterminiand be detected by auniversal lateral-flow immu-
noassay. To select high-affinity antibody and epitope pairs that enable
lateral-flow detection, we generated screening libraries of peptides
flanked by epitope candidates, where each library was sampled from
20 (ref.12) possible peptide reporter structures. The peptide library
was synthesized by cell-free expression to preserve the structure of
INSPECTR protein outputs and to eliminate any antibody candidates
that cross-react with CFES components. Monoclonal antibodies were
screened against the epitope candidatesin alateral-flowimmunoassay
formatasboth capture (striped onnitrocellulose membrane) and detec-
tion (actively conjugated to gold nanoparticles) antibodies (Fig. 4a, left).
Functional antibody and epitope pairs were selected for further
lateral-flow development and optimization to improve sensitivity.

We validated expression of epitope candidates in both PURExpress
and a crude extract (NEBExpress), but ultimately shifted to NEBEx-
press so that we could include the His epitope in our reporter library;
the enzymes of PURExpress are His-tagged for purification and
outcompeted the capture of dual-epitope peptides using a His-tag.
Consistent with previously reported uses of epitope tags, we found
that some epitopes functioned better on either the N or C terminus
of the reporter, probably due to improved cell-free translation. We
also found that the inclusion of the 12-amino acid translation of the
RNA target sequence, serving as a linker between the two epitopes of
the peptide reporter, reduced the risk of antibody steric hindrance.
Further, by using multimeric epitopes, we improved detection sen-
sitivity 100-fold (for example, 3x-FLAG and Twin-Strep-tag) (Supple-
mentary Fig. 2 (monomeric vs multimeric detection)). Through our
selection strategy, we identified antibodies that robustly captured
and detected dual-epitope peptide reporters despite variations in
internal sequences. To validate the universal detection of a 3x-FLAG
(N-terminus) and Twin-Strep-tag (C-terminus) dual-epitope reporter,
we designed 187 expression cassettes each encoding for a 3x-FLAG
and Twin-Strep-tag reporter but with unique, 36-base-pair internal
sequences representing ROIs tiling the SARS-CoV-2 genome. Aftera2 h
ambient-temperature expressionreaction, the output of each expres-
sion cassette was mixed with a running buffer and nanoparticles conju-
gated to anti-Strep-tagll antibody. The dual-epitope peptide reporter
then wicked through a lateral-flow half-strip assay with an anti-FLAG
antibody test line. All187 peptide reporters that were generated from
10 pMof expression cassette developed a visually detectablelineon the
universal lateral-flow strip (Fig. 4a, right), indicating the target-agnostic
universality of the dual-epitope reporter approach.

Givencell-free systems’inherent ability to simultaneously express
multiple outputs****, INSPECTR enables multiplexing by addressing
eachreporter outputtoaunique RNAinput. First, we sought toresolve
simultaneously expressed peptide reporters on a single lateral-flow
strip. To minimize the risk of off-target signals during multiplexing,
previously screened antibodies were validated for low cross-reactivity.
Antibodies that retained epitope-specific activity in alateral-flow for-
mat were then selected for development into a spatially multiplexed
test strip (Fig. 4b). To account for the variability in the antibodies’
affinity to their respective epitopes, we empirically optimized the
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antibodies’ striping order and buffer composition. Antibodies found
to have the highest sensitivity ina1-plex format were generally striped
closer to the control line to maximize the detection conjugate avail-
able for weaker-binding antibodies. Resuspending test line antibod-
ies into a striping buffer containing sugars also improved wettability
at the test lines and reduced non-specific binding. To demonstrate
the optimized test strips’ specificity to reporters, we designed seven
expression cassettes, each encoding a unique N-terminal epitope but
a common 12-amino-acid internal sequence and C-terminal epitope
(Twin-Strep-tag). A single detection antibody conjugate targeted the
Twin-Strep-tag tag of every reporter peptide, which could then be
specifically captured on its respective test line. We generated a set of
seven orthogonal peptide outputs that could be captured on a single
strip (Fig.4b). We noticed that when all reporters were co-expressed in
asinglereaction, the test signal was reduced, possibly due to competi-
tion for transcription-translation resources or for the detection conju-
gate. Inthe future, this competition could be mitigated by redesigning
the reporters to have unique C-terminal epitopes and using multiple
detection conjugates.

To demonstrate the utility of this multiplexed INSPECTR assay,
wescreened INSPECTR peptide probestargeting three ROIs each from
five respiratory pathogens: the SARS-CoV-2 Wuhan and Delta variants,
influenza A virus (IAV), influenza B virus (IBV) and respiratory syncytial
virus (RSV). For each ROI, we designed probes to encode each of the
reporter peptides previously detected by the universaland multiplexed
test strips. To reduce the possibility of probe self-splinting, which could

lead to ligase-dependent background*®, we included two consecutive
ligation junctions in each probe, spanned by a short 10 nt gap-filling
oligonucleotide (GFO) (Fig. 5a). This strategy reduces the assay back-
ground because transcription of any improperly ligated expression
cassettes would generate an mRNA with a -1 frameshift mutation in
the second epitope, producing a peptide that cannot be detected by
lateral-flow assay. Using a model probe and quantitative readout by PCR
and cell-free expression, we determined that adding this second liga-
tionjunctionresultedinasmall (-50%) reductioninligation efficiency
and ON signal, but greatly reduced probe ‘leak’ (ligase-independent
expression) (Extended Data Fig. 1).

Each probe was then evaluated for its transduction of a synthetic
target RNA into a reporter peptide, as detected on a single-plex test
strip. Using our new design, only three of the 120 probes tested gener-
ated background lateral-flow signal in the absence of RNA target. The
probes that generated reporters with OLLAS or Myc epitopes yielded
lower test signal than other reporters due to lower test line antibody
capture affinity and were eliminated from further testing. To evalu-
ate probe multiplexing, we pooled a subset of the remaining probes
into combinations of five probe sets each that would encode a unique
reporter for each pathogen (Fig. 5a). The addition of each individual
synthetic RNA target into an optimized pool of all probes yielded a
unique peptide reporter that was specifically captured on distinct
test lines of a multiplexed test strip. Similarly, the addition of all five
RNAtargetsinto the pool also generated peptides that developedinto
visually detectable test lines on the test strip (Fig. 5b). Ultimately, we
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captured by pre-designated test line. Addition of all five RNA targets to a cocktail
of DNA probes enables co-expression of each peptide reporter and subsequent
capture on pre-designated test lines. Top: scanned images of representative test
strips. Bottom: plotted data represent background-subtracted test line intensity
of tworeplicates of independent biological duplicates and their mean.

found that the dual-epitope peptide reporter enabled five-plex detec-
tion of RNA targets following anambient-temperature paired ligation
and cell-free expression assay. The modularity of this approach could
enablearapid assay redesign to detect alternative RNA targets by only
redesigning the target-binding portion of the probes.

Sensitive detection of SARS-CoV-2 enabled by rolling circle
amplification

Having established that production of a dual-epitope peptide can
provide a visual multiplexed readout of INSPECTR, we next sought to
improve the sensitivity of the assay. We did not think that further opti-
mization of the transcription and translation steps could yield a sub-
stantialimprovement in sensitivity. It would be necessary to increase
the number of expression cassettes before the initiation of cell-free
expression. Several isothermal methods of nucleic acid amplification
have been demonstrated at or below 37 °C (refs. 47,48), including some
that are non-instrumented and use the operator’s body heat for ther-
mal regulation® or run at room temperature®. We were interested in
adopting a method that could be run at ambient temperature (22 °C)
without any heat source.

We elected to optimize an amplification method on the basis of
rolling circle amplification (RCA) as the primary enzymes (SplintR
ligase and ®29 DNA polymerase) are active at temperatures near ambi-
ent and amplification at or below 30 °C has been demonstrated®.

Thisrequired theligation probes tobe re-designed and connected such
thattheintactexpression cassette following ligationis circular rather
thanlinear, asillustratedin Fig. 6a. Once theligation is complete, prim-
ersand ®29 polymerase are introduced to amplify the expression cas-
sette. We measured the sensitivity of the process using either asingle
primer (linear RCA), pairs of target-specific primers (hyperbranched
RCA) orrandom primers. We found that random 6-mer primers modi-
fied with phosphorothioate bases to prevent exonuclease digestion by
®29 provided the best signal. We also found that the inclusion of an
exonuclease step following ligation and before the RCA was essential
to reduce background signal. Further, we determined that the ampli-
ficationreaction was highly sensitive to glycerol concentration, so we
employed high-concentration enzymes or glycerol-free formulations
wherever possible.

The product of the RCA reaction starts as along linear molecule
consisting of concatemers of the circular sequence, and this ena-
bled us toimplement an additional proofreading feature. To prevent
the expression of circles generated by the spurious ligation of the
epitope-encoding probe to itself, the T7 promoter was moved onto
the GFO. This decreased the likelihood of non-templated ligation
leading to an active expression cassette because two ligation events
across two different molecules are required to generate an amplifiable
circle thatincludes both the T7 promoter and the epitope-encoding
probe (Fig. 6a).
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amplification of this circle. Instead of each target molecule leading to a single
expression cassette as in Fig. 4a, each target is converted into thousands of
expression cassettes that are further amplified by transcription and translation
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extracted from SARS-CoV-2. As low as 3.5 fM (-4,000 cps) could be detected ona
lateral-flow strip. Plotted data points represent background-subtracted test line
intensity of N = 8 biological replicates. Error bars indicate standard deviation of
the mean. ***P < 0.0001 for an unpaired two-tailed ¢-test with Welch’s correction
for unequal variance (N =8). ¢, Detection of intact viral particles. Following the
development of arapid lysis method, intact SARS-CoV-2 could be detected with
an LoD similar to that of extracted gRNA. Lysis is complete after 30 s at room
temperature. Plotted data points represent background-subtracted test line
intensities of independent biological replicates.

To demonstrate the sensitivity of the RCA-enhanced assay, dilu-
tions of SARS-CoV-2 genomic RNA were prepared and served as tem-
plates for ligation of the circularizable probes. Following a2 h RCA
step and a 5 min exonuclease step, the amplified product was used as
a substrate for cell-free expression, and the resulting peptides were
analysed by lateral flow. As shown in Fig. 6b, this amplification step
improved the LoD of the assay to 3.5 fM (4,200 copies) of target RNA,
using a fully ambient temperature workflow.

As final validation of INSPECTR as a detection scheme for viral
nucleic acids, we demonstrated compatibility with an end-to-end
workflow thatincludedlysis of intact viral particles. An extensive screen
of chemicals and detergents yielded a formulation consisting of HCI
and the detergent LAPAO that is capable of fully lysing SARS-CoV-2
virus at room temperature in less than 30 s, without impacting any of
the downstream processes. Gamma-irradiated SARS-CoV-2 was seri-
ally diluted into water and either treated with lysis reagent or placed
directly into the ligation, amplification and expression reactions. As
shown in Fig. 6¢, the stock of intact viral particles does not contain

accessible RNA and does not lead to any signal on the lateral-flow strip.
With the inclusion of the lysis step, the assay can detect 11 fM of virus
intheligation reaction.

Discussion

INSPECTR is an approach for developing programmable molecular
diagnostics that are low-cost and compatible with instrument-free
workflows. The core technology is the target-mediated ligation of DNA
probesthat,oncejoined, forman expression cassette thatis transcribed
and translated in a cell-free expression system to produce a desired
reporter. The probes canbe designed to produce any desired peptide or
protein output. The selection of readout is therefore chosen according
tothe desired characteristics of the assay, independent of the nucleic
acid target of interest.

In the simplest embodiment of INSPECTR, the probes encode a
fragment of a catalytic enzyme (LacZ) that leads to a qualitative vis-
ible colour change, easily interpretable by anend user (Extended Data
Fig. 2). Although the resulting colorimetric output is visible without
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instrumentation, its linear operating range is narrow, and the limit of
detectionis high without amplification. We then developed a quantita-
tive INSPECTR assay for use in settings that allow for a luminescence
detector. Our nanoluciferase assay has alinear range (R*=1) covering
four orders of magnitude of target concentration in a diagnostically
relevantrange, from1fMto10 pM (Fig. 3). We found that the sensitivity
of'the assay was sufficient to detect SARS-CoV-2 virus in human saliva
(Supplementary Fig. 3), although the linearity of the assay response
was impacted by the raw matrix.

INSPECTR enables a unique multiplexing capability, achieved by
expressing dual-epitope peptides rather thanenzymes. Following the
development of alibrary of dual-epitope peptides and detection anti-
bodies, we showed that a highly multiplexed lateral-flow strip can be
used to detect sequences from five respiratory viruses simultaneously
inasingle assay. Development of additional dual-epitope peptide and
detection antibodies may enable higher-order multiplexing beyond
the 5-plex assay demonstrated in this work. Additional benefits of
inert peptides are that they are small, easily synthesized and lack any
functional domains that could be disrupted by the insertion of amino
acid sequence corresponding to the target, making them easily cus-
tomizable. However, as these peptides areinert, they lack the capacity
for signal amplification and do not match the sensitivity of catalytic
enzymes. To address this, we showed that INSPECTR can be coupled
to an upstream ambient temperature amplification step to improve
sensitivity, enabling the detection of 3.5 fM of SARS-CoV-2 genomic
RNA (4,000 RNA copies) with a lateral-flow readout. While reports of
the analytical sensitivity of molecular and antigen-based diagnostic
assays vary widely on the basis of the test manufacturer and on the
particular study>”, it can be stated that the sensitivity of INSPECTR falls
between that of rapid antigen tests (cheap, but not sensitive) and PCR
(very sensitive but expensive and highly instrumented) tests. Impor-
tantly, inall cases the entire process can be runatambient temperature.

We have shown that the INSPECTR technology enables a suite of
capabilities including visual readout, quantification, high sensitivity
and multiplexing. The modular approach and the uncoupling of the
target nucleic sequence from the amino acid output sequence make
INSPECTR a highly flexible strategy for decentralized diagnostics. The
use of cell extracts in INSPECTR provides several advantages. These
ultra-low-cost biochemical reagents are readily programmable, can
bestabilized by freeze-drying for long-term storage (greater than1yr)
without refrigeration® and have been shown to function in complex
matricesincludingsaliva, urine and blood*****, They retainsignificant
activity at room temperature and when dried and embedded into
low-cost materials such as paper®. However, none of the demonstrated
outputs can achieve all of these capabilities simultaneously, and the
number of user steps and time to result remain obstacles to their adop-
tion at the point of need. Attempts to condense the number of user
steps (that is, one-pot ligation and cell-free expression) have been
hampered by incompatibility between the individual biochemical
reactions (Extended DataFig. 3). We have also observed that decreasing
the duration of any individual reaction results in lower assay sensitivity
(Supplementary Fig. 4). Although the current INSPECTR technology
operates without the need for instrumentation and has sensitivity
superior tomost rapid antigen tests, further effortis required to realize
a mature diagnostic solution that achieves PCR-level sensitivity and
antigen-level ease of use, to enable its use by untrained users at the
point of need. A summary table of the advantage and disadvantages
of each explored reporter protein is shown in Supplementary Table 1.

Although we have focused on the detection of viral RNA targets
to prove these concepts, the method works equally well on denatured
DNA targets (Extended Data Fig. 2). The utility of INSPECTR need not
be limited to infectious disease diagnostics, either. It could also be
used to produce a therapeutic response—for example, the expres-
sion of antimicrobial peptides triggered by the detection of bacterial
infection. Given the ability of commonly used ligases to differentiate

between nucleotides at the ligation junction*>**, INSPECTR would be
useful for single-nucleotide polymorphism detection in the context
of cancer diagnostics. We believe that this new implementation of
synthetic biology and cell-free systems may find broad applications
wherever low-cost and decentralized nucleic acid sensing is of value.

Methods
Cell-free extract preparation
Cell-free extract was prepared in-house as previously described’®.
Glycerol stocks (1 ml) of the indicated strain were used to inoculate
allculture of either defined media, for BL21 Star (DE3) extract prep
(1.5 g I ammonium sulfate, 4.6 g I potassium phosphate dibasic,
1g 1 potassium chloride, 3 g1 trisodium citrate dihydrate, 1g 1™
L-asparagine, 1.4 g I L-glycine, 0.27 g I L-histidine hydrochloride
monohydrate, 0.7 g™ L-isoleucine, 0.7 g I L-leucine, 0.6 g I L-lysine
hydrochloride monohydrate, 0.28 g1 L-methionine, 0.28 g 1™
L-phenylalanine, 0.92 g I L-proline, 0.73 g I L-threonine, 0.28 g I
L-tryptophan, 0.34 g 1" L-tyrosine, 0.45 g 1" L-valine, 0.65 g I betaine
hydrochloride, 0.02 g I ferric chloride hexahydrate, 28.6 mg 1™ choline
chloride, 25.1 mg 1™ niacin, 25.6 mg 1™ p-aminobenzoic acid potassium
salt, 9.4 mg 1™ pantothenic acid hemicalcium salt, 1.5 g I pyridoxine
hydrochloride, 3.9 mg 1™ riboflavin, 17.7 mg I thiamine hydrochlo-
ride, 0.1 mg 1 biotin, 0.1 mg I cyanocobalamin, 0.07 mg | folic acid
dihydrate, 3.5 mg I sodium molybdate, 3.9 mg I zinc sulfate heptahy-
drate, 1.2 mg 1" boric acid, 3.4 mg 1™ cobalt (II) chloride hexahydrate,
3.4 mg " copper (Il) sulfate pentahydrate, 1.9 mg I manganese (II) sul-
fate, 0.2 g I magnesiumsulfate, 5 g I glucose, 5 g I yeast extract and
hydrochloricacid topH7.2) or 2XYTP + G (for DH10B, 16 g I tryptone,
10 g I'yeastextract, 5 g1 sodium chloride, 7 g I potassium phosphate
dibasic, 3 g I potassium phosphate monobasic, 5 g I glucose).
Cultureswere inoculatedina2.51Tunair flask toastarting optical
density (ODg,,) of 0.2. Cultures were incubated on a shaker at 37 °C
and 225 r.p.m. until they reached an optical density between 4 and 5.
The flask was chilled on ice water for 30 min, then centrifuged at
6,000 x g for 30 min at 10 °C to pellet the cells. The pellets were fully
resuspended by vortexing in 30 ml S30 buffer (10 mM Tris acetate,
14 mM magnesium acetate, 60 mM potassium acetate, pH 8.2). The
suspension was re-centrifuged at 6,000 x gfor 30 minat4 °C and the
supernatantremoved. The 30 mlwashwas repeated. After the third cen-
trifugation, the pellets were flash frozen in liquid nitrogen and stored
overnight or until use. To prepare extracts, the pellets were thawed
onicein1.25 mIS30 buffer per gram cell pellet and fully resuspended.
The cells were lysed by homogenization on an Avestin EmulsiFlex-C3
homogenizer and pre-equilibrated with S30 buffer using three passes
at10-15,000 psi. The lysate was centrifuged at 18,000 x g for 30 min
at 4 °Cfor clarification. The supernatant was removed and incubated
at 37 °C, shaking at 140-200 r.p.m. for a ribosomal run-off reaction
for 30 min. The clarified extract was the supernatant of one additional
centrifugationat 18,000 x gfor 30 minat4 °C, was flash frozen onliquid
nitrogen and stored at —80 °C for long-term storage.

Cell-free gene expression
Thebase CFE reactions using commercial cell-free expressionkits were
run with the following compositions:

NEBExpress:12.5% S30 synthesis extract and 25% Protein Synthesis
buffer (E5360, New England Biolabs (NEB)),9 U pl™ T7 RNAP (M1019B,
NEB), 0.8 U pl™ murine RNase inhibitor (M0314S, NEB).

PURExpress: 28% solution A, 21% solution B (E6800,NEB), 0.8 U pl™*
murine RNase inhibitor (M0314S, NEB).

Thebase CFEreactions usingin-house lysate were run at the follow-
ing composition: 12.5% extract (v/v), 0.6 mM adenosine triphosphate
(AAJ6033622, Thermo Fisher), 0.6 mM GTP (AAJ1680003, Thermo
Fisher), 0.15 mMcytidine triphosphate (AAJ62238-03, VWR), 0.15 mM
uridine triphosphate (ICN19123091, Thermo Fisher); 34 ug ml folinic
acid (47612, Sigma), 170 pg mI E. coli tRNA (10109550001, Sigma),
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2 mM each amino acid (VWR), 33.33 mM phosphoenolpyruvate
(AAB2035822, Thermo Fisher), 0.33 mM NAD (AA)6233706, Thermo
Fisher), 0.27 mM CoA (102588-436, VWR), 2.7 mM potassium oxalate
(223425, Sigma), 1 mM putrescine (D13208, Sigma), 1.5 mM spermi-
dine (AAAA19096-22, VWR), 10 mM ammonium glutamate, 10 mM
magnesium glutamate (49605, Sigma), 105 mM potassium glutamate
(AAA17232-30,VWR),27 U ul"* T7RNAP (M1019B, NEB), 30 pg ml™ GamS
nuclease inhibitor (P0774S, NEB), 0.8 U pl™ murine RNase inhibitor
(M0314S, NEB) and the indicated concentration of DNA.

For the measurement of LacZ reporter, additionally 0.75 mM
chlorophenol red-g-pD-galactopyranoside (59767, Sigma) and 55 nM
LacZ omega fragment (P2010005, Molecular Depot) were added to
30 pl reactions, which were continuously monitored for absorbance
at 576 nmevery minute on aBioTek Gen5 (v3.11software) plate reader
on asealed (ABO558, Thermo Fisher) black clear-bottom plate (3764,
Corning). Thereported time to absorbance = 1was computed by linear
interpolation. DH10f3 was used as the source strain to prepare extract
as it is deficient in full-length genomic LacZ, which would otherwise
lead to very high background.

For the measurement of nLuc reporter in lysate, 1% v/v Nano-Glo
luciferase substrate (N1110, Promega) was supplemented to the reac-
tions, along with10% polyethylene glycol (PEG)-8000 (1546605, Sigma)
and 20% PURExpress solution B (to enhance translation), which fur-
ther enhanced the reaction sensitivity. Reported data are the highest
reported luminescence over the course of a2 hexperiment runatroom
temperature and 10 plscale, continuously monitored every minute on
asealed 384-square-well white plate (4513, Corning). Protein produc-
tionwas estimated from alinear calibration curve using purified nLuc.
BL21Star (DE3) was the source strain for expression of nLucin Fig. 1. For
the HiBiT experiments in Supplementary Figs.3and 6, 0.5 vol% LgBiT
purified subunit was additionally used (Promega N3030).

Screening for functional dsDNA nLuc variants

gBlock gene fragments encoding the nLuc variants were ordered from
Integrated DNA Technologies (IDT). Linear expression templates for
the variants were generated using PCR primers annealing to the T7
promoter and T7 terminator of the expression cassettes, and the PCR
products were purified using PureLink PCR purification kit (K310001,
Invitrogen) and quantified by Take3 assay. Variants were screened by
incubating 2 fM of the diluted linear expression template in a 10 pl
reaction volume using in-house BL21 Star (DE3) extract.

Quantitative detection of SARS target

ssDNA probes A (NG15) and B (NG16) were ordered from GenScript.
Ligation reactions were performed in a 5 pl reaction volume contain-
ing 1x T4 RNA ligase buffer (B0216L, NEB), 7% v/v PEG 3350, 1U pl™
murine RNase inhibitor (M0314L, NEB), 65 ng pul™ extreme thermo-
stable single-stranded DNA binding protein (ET SSB; M2401S, NEB),
840 nM SplintR ligase (M0375S, NEB), 9 mM dithiotreitol, 500 nM
reverse primer (to initiate double-stranding from the 3’ terminus),
3.8 nM probe A and 380 pM probe B. The linear probe concentrations
were chosen to maximize signal and reduce leak; increasing probe B
butnot probe Ato 3.8 pMledto higher leak, and we maximized probe
concentration where possible. Reactions were initiated by the addi-
tion of SARS-CoV-2 genomic RNA or synthetic RNA at the indicated
concentrations and thenincubated at ambient temperature for 30 min.
Followingligation, a10 pl CFE reaction master mix containing 40% v/v
of PureExpress solution A, 30% PureExpress solution B (E6800L, NEB),
0.38 U ul IsoPol (71500-201, ArcticZymes), 1.5x Nano-Glo substrate
(PRN1110, Promega), 0.15 mM deoxynucleotide triphosphates (INTPs)
and 7.5 mM EDTA were directly added to the 5 pl ligation reaction. Lumi-
nescence was measured on aBioTek Gen5 (v3.11 software) plate reader
atambient temperature for 20 min and the highest measured valueis
reported. The nonlinear ordinary least-squares fit was computed on
thelog-transformed xand y valuesin the range 10-10° fM target RNA.

The output model (log LUMINESCENCE) = m1 log (RNA/fM) + b1)
gave 95% Cl parameters m1=(1.102,1.125), bl = (0.004555,0.1202) and
R?>=1.000 from15datapoints. We also computed alinear-linear model
across the full domain, where LUMINESCENCE = m2 (RNA/fM) + b2,
with 95% Cls m2 = (0.9381,0.9493), b2 = (1.938,6.541) and R* = 0.9999.

For the detection of clinical samples in Supplementary Fig. 5, the
saliva samples were pre-treated with 20 mM NaOH solution for 30 s
and then neutralized in the ligation reaction with a4 mM HCl solu-
tion. Following this, the ligation reactions were allowed to proceed as
described above.

SARS genomic RNA or synthetic RNA

SARS synthetic RNA fragments were ordered from IDT and full sequence
synthetic RNA reconstituted by pooling the RNA fragments. SARS
genomic RNA was purified from viral particles cultured in Vero cells
(0810587CFHI, Zeptometrix) using the PureLink Viral DNA/RNA kit
(12280050, Invitrogen) following manufacturer protocol.

Lateral-flow strip preparation

To prepare the detection antibody conjugate, anti-Strep-tag Il anti-
body (clone 5A9F9, A01732, Genscript) was buffer exchanged into
10 mM potassium phosphate, pH 7.4 (DSKR, NanoComposix). Five ml
of 150 nm carboxyl gold nanoshells (20 OD) were activated with 400 pg
of1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride fol-
lowed by 800 pg of sulfo-N-hydroxysuccinimide and then resuspended
intoreaction buffer (5 mM potassium phosphate buffer with 0.5% PEG
(20 kDa, pH 7.4)). Buffer-exchanged antibody (75 pg) was diluted 4X
into reaction buffer and incubated with activated nanoshells for 1 h.
After antibody coupling, the conjugate was blocked with blocking
buffer (0.5X PBS, 5% BSA, 0.5% casein, 1% Tween 20, 0.05% sodiumazide,
pH 8) for 1 h. Blocked conjugate was washed with reaction buffer and
then resuspended to 20 OD with conjugate diluent buffer (0.5X PBS,
0.5%BSA, 0.5% casein, 1% Tween 20, 0.05% sodium azide, pH 8).

The universallateral-flow strips (Figs. 2b, 4a and 6) were prepared
by laminating an absorbent pad (CF5, Cytiva) onto a22-mm-wide nitro-
cellulose membrane (FF120HP, Cytiva) and backing card (KN-PS1045.
DEV, Kenosha Tapes). Using a reagent dispenser (XYZ3060, Biodot),
antibodies were striped at a rate of 1 ul cm™: the anti-mouse control
line (0.5 mg mI™inPBS, A28174, Thermo Fisher) was striped 17 mm from
thebottomof the nitrocellulose, and an anti-FLAG test line (1mg ml™in
PBS, clone M2.1, cAb6404-1.1, Absolute Antibody) was striped 12 mm
from the bottom of the nitrocellulose. The 7-plex test strips (Fig. 4b)
were similarly prepared by laminating the absorbent pad onto a
45-mm-wide nitrocellulose membrane and backing card. Anti-HA
(clone 5E11D8, A01244-100, Genscript), anti-Tyl (clone BB2, MA5-23513,
Thermo Fisher) and anti-OLLAS (clone L2, NBP1-0673, NovusBio) anti-
bodies wereresuspended to 0.5 mg ml™in PBS; anti-V5 (clone SV5-Pk1,
R960-25, Invitrogen), anti-S-tag (clone GT727, SAB2702227, Sigma
Aldrich), anti-VSV-G (clone P5D4, ab50549, Abcam) and anti-Myc (clone
9E10, M4439, Sigma Aldrich) antibodies were buffer exchangedinto a
striping buffer (0.1 M sodium phosphate buffer, pH 8 with 2% trehalose
and 5% sucrose). The antibodies were striped 5 mm apart at 1 pl cm™
in the following striping order: anti-mouse (C), anti-Ty1 (T7), anti-HA
(T6), anti-VSV-G (T5), anti-S-tag (T4), anti-Myc (T3), anti-V5 (T2) and
anti-OLLAS (T1). For the 5-plex test strip (Fig. 5), antibodies were striped
in the following order: anti-mouse (C), anti-FLAG (T5), anti-Ty1 (T4),
anti-VSV-G (T3), anti-S-tag (T2) and anti-V5 (T1). Striped membranes
weredried at37 °Cfor1hand cutinto4-mm-widestripswithaguillotine
cutter (CM5000, Biodot).

Dual-epitope peptide expression and detection

To evaluate the universal detection of a 3x-FLAG (N-terminus) and
Twin-Strep-tag (C-terminus) dual-epitope reporter (Figs. 2b and 4a),
10 pM of expression cassette (various dsDNA gBlocks, IDT) was spiked
into 10 pl PURExpress (Figs. 2b and 4a) and in-house extract derived
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from BL21 Star (DE3) (Fig. 2b) expression reactions. Expression reac-
tions were incubated at 22 °C for 2 h. Post expression, all reaction
products were then diluted with 25 pl phosphate-buffered saline with
Tween-20 (PBST) and 5 pl of detection conjugate to a final volume
of 40 pl into a non-binding, flat-bottomed 96-well plate. A universal
lateral-flow strip was then deposited into the reaction; a visible test line
indicated a sandwiched capture of the dual-epitope peptide with the
anti-FLAG test line and anti-Strep-tag Il detection antibody conjugate.

To evaluate multiplexed detection of 7 dual-epitope peptides
(Fig.4b),a30 plexpressionreaction composed of 0.73X S30 Synthesis
extract (P0864B,NEB), 0.73X Protein Synthesis buffer (BO864B, NEB),
13.2 U pl T7 polymerase (M1019B, NEB), 1.17 U pl™ RNAse inhibitor
(M1018B, NEB) and 143 pM expression cassette (custom gBlocks, IDT)
wasincubatedat22 °Cfor2 h. The expressed product (27 pl) was mixed
with 5 pl of detection conjugate and PBST to a final volume of 40 pl. A
7-plex lateral-flow strip was then deposited into the reaction; visible
testlinesindicated asandwiched capture of the dual-epitope peptide
with peptide-specific capture test lines and anti-Strep-tag Il detection
antibody conjugate.

To evaluate multiplexed detection of 5 RNA targets (Fig. 5),
target-specific probes were ligated together to initiate the formation
of expression cassettes. Ligation reactions (12 pl) contained 4% w/v PEG
3350 (1008055, Rigaku Reagents), 1U pl™ RNAse inhibitor (M1018B,
NEB), 0.0325 pg pl™ ET SSB (M2401B-HC1, NEB), 1X SplintR ligase buffer
(BO375S, NEB), 0.84 puM SplintR ligase (M0375B-HC1, NEB), 0.5 pM
reverse primer (Supplementary Table 1,IDT) and 10 nM of each target
RNA. The ligation reactions were incubated for 30 min at 22 °C. The
ligation product (10 pl) was then added to a final expression reaction
volume of 30 pl containing 0.73X S30 Synthesis extract (P0864B, NEB),
0.73X Protein Synthesis buffer (B0864B, NEB), 13.2 U pl™ T7 polymer-
ase (M1019B,NEB), 1.17 U pl™ RNAse inhibitor (M1018B, NEB), 100 uM
dNTPs (N0447L, NEB) and 33.3 U mI™ Bsu DNA polymerase (M0330L,
NEB), and incubated at 22 °Cfor 2 h. The expressed product (27 pl) was
mixed with 5 pl of detection conjugate and PBST to a final volume of
40 pl. A 5-plex lateral-flow strip was then deposited into the reaction;
visible test lines were expected to indicate a sandwiched capture of
the dual-epitope peptide with peptide-specific capture test lines and
anti-Strep-tag Il detection antibody conjugate.

Sensitive detection of SARS-CoV-2 enabled by RCA

For each genomic RNA concentration, a 7 pl ligation reaction was
prepared using 840 nM SplintR ligase (M0375B-HC1, NEB), 1X SplintR
reaction buffer,32.4 ng pl™ ET SSB (M2401B-HC1, NEB),1 U pl™ murine
RNase inhibitor (M0314L, NEB), 4% PEG 3350 (1008055, Rigaku Rea-
gents), 1.5 nM circularizable and 5’-phosphorylated ssDNA probe,
15nM 5’-phosphorylated GFO and 2 pl of the indicated concentration
of SARSgRNA. Thereactionwasincubated at 22 °Conathermal cycler
for 30 min. Exonuclease | (M0293B-HC1, NEB) was then added to afinal
concentration of 2.5U pl™, and the reaction was further incubated at
22 °Cfor 5 min.

RCAreactions were prepared inatotal volume of 12 pl consisting
of 6 pl ligation product, 1 mM dNTPs (NO447L, NEB), 1X ®29 buffer,
1U pl™ ®29 DNA polymerase (M0269B-HC1, NEB) and 40 uM random
hexamer RCA primers with 2X phosphorothioate linkages at the 3’
terminus. The reaction was incubated at 22 °Cfor2 h.

Expression of the amplified RCA product was done using NEB-
Express Cell-free E. coli Protein Synthesis system (E5360L, NEB) in a
total volume of 30 pl, consisting of 10 pl of the RCA product, 0.73X
S30 Synthesis extract (P0864B, NEB), 0.73X Protein Synthesis buffer
(BO864B, NEB), 13.2 U pl™ T7 polymerase (M1019B, NEB), 1.17 U pl™*
RNAse inhibitor (M1018B, NEB), 1.2 U pul™ murine RNase inhibitor and
0.5 mg ml™salmon sperm DNA (15632011, Invitrogen), and incubated
at22°Cfor2h.

To visualize the dual-epitope peptides, 27 pl of the expressed
product was mixed with 5 pl of detection conjugate and PBST to afinal

volume of 40 pl and applied to a lateral-flow strip. A two-tailed ¢-test
on unpaired means using Welch’s correction for unequal variances
was conducted between the 0 and 3,500 aM conditions (N =8 at each
condition) and obtained ¢t =9.770 and adjusted d.f. = 7.045 (P < 0.0001).

To demonstrate the detection of intact viral particles, the virus
used was gamma-irradiated SARS-CoV-2 (NR-52287, BEI Resources). For
the no-lysis condition, each concentration of virus was added directly
totheligationreactionas described above. For the lysed samples, each
concentrationwas first pre-treated by incubatinginalysis reagent con-
sisting of 20 MM HCI, 0.1% LAPAO (L360S, Anatrace) and 1 U pl " RNAsin
(N2511, Promega) for 30 s at room temperature, and then neutralized
by the addition of 100 mM Tris-Cl (pH 9.0) before being added to the
ligation mix. The workflow then proceeded exactly as described above
for the gRNA detection.

Astep-by-step protocol describing the assay canbe found at Pro-
tocol Exchange with the title INSPECTR assay protocol for sensitive
SARS-CoV-2 enabled by rolling circle amplification’”.

Lateral-flow strip readout

All test strips were developed for 20 min and then scanned (V850 Pro
scanner, Epson); the mean grey values of test lines and background (25
pixels below the test line) were measured by ImageJ 1.53t. The resultant
‘adjusted test line intensity’ was then calculated as

Iback round — Iraw
Iadjusted test line = Dacieround W

I/ background

where O represents the lowest possible pixel intensity (that is, black).

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldata needed to evaluate the conclusions can be found in the paper
and its Supplementary Information. Source data are provided with
this paper.
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ligation by about 50%. a, Schematic of the HiBiT probe used in this study.

We chose this expression system as amodel for ligation efficiency because the
probe has asimilar structure and length as the dual-epitope peptide probes,
butit provides a quantitative readout, similar to nanoluciferase*®. b, Expression
cassette titration for dsDNA encoding the ligated HiBiT probe. Plotted

data (N =2) represent the individual points and average of 2-hour endpoint
luminescence after expression inin-house produced BL21Star (DE3) extract.
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targeting SARS-CoV-2 sense sequence. To avoid synthesizing the full-length LacZ
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leak.) b, Detection of SARS-CoV-2 nucleic acid sequences using colorimetric
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using the indicated concentration of DNA or RNA targets. Right: representative
images of the reaction endpoints (18 hours) taken by iPhone.
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Antibodies

Antibodies used anti-Strep-tag llantibody (clone 5A9F9, A01732, Genscript, lot H2012001)
anti-FLAG test line (clone M2.1, cAb6404-1.1, Absolute Antibody, lots T2112B21, T2112B18)
Anti-HA (clone 5E11D8, cat. A01244-100, Genscript, lot 19L002034)
anti-Ty1 (clone BB2, cat. MA5-23513, ThermoFisher, lots WK3436911, WK3234861, and WK3440671)
anti-OLLAS (clone L2, cat. NBP1-0673, NovusBio, lots F-15 and F-16)
anti-V5 (clone SV5-Pk1, cat. R960-25, Invitrogen, lot 2330339)
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anti-S-tag (clone GT727, cat. SAB2702227, Sigma Aldrich, lot 41295)

anti-VSV-G (clone P5D4, cat. ab50549, Abcam, lot GR34014830-5)

anti-Myc (clone 9E10, cat. M4439, Sigma Aldrich, lot 0000129827)

anti-mouse (polyclonal, cat. A28174, Thermo Fisher, lots 2324159 and 2352345)

Validation Antibodies were validated by the manufacturers by ELISA. We also validated each antibody by ELISA and in a lateral-flow
immunoassay format in which antibodies were striped onto a test membrane or conjugated to 40-nm gold nanoparticles. An
antibody was considered valid if a test line appeared when subject to a synthesized peptide; no test line appeared if no peptide or
off-target peptides were present.
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