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Binding-activated optical sensors are powerful tools for imaging, diagnostics,
and biomolecular sensing. However, biosensor discovery is slow and requires
tedious steps in rational design, screening, and characterization. Here we
report on a platform that streamlines biosensor discovery and unlocks direc-
ted nanosensor evolution through genetically encodable fluorogenic amino
acids (FgAAs). Building on the classical knowledge-based semisynthetic
approach, we engineer ~15 kDa nanosensors that recognize specific proteins,
peptides, and small molecules with up to 100-fold fluorescence increases and
subsecond kinetics, allowing real-time and wash-free target sensing and live-
cell bioimaging. An optimized genetic code expansion chemistry with FgAAs
further enables rapid (-3 h) ribosomal nanosensor discovery via the cell-free
translation of hundreds of candidates in parallel and directed nanosensor
evolution with improved variant-specific sensitivities (up to -250-fold) for
SARS-CoV-2 antigens. Altogether, this platform could accelerate the discovery
of fluorogenic nanosensors and pave the way to modify proteins with other
non-standard functionalities for diverse applications.

The rapid development of fast, simple, and low-cost biosensors is  Such sensors allow direct and quantitative detection of different tar-
essential in basic research, diagnostics, and microscopy'. Unlike gets and find broad use in diagnostics and molecular imaging®™*. For
fluorescent probes with always-on emission signals, fluorogenic scaf- example, sensors made by the noncovalent binding of fluorogenic
folds can convert affinity reagents like protein binders, RNA, or DNA  probes to genetically encodable binders (e.g., RNA/DNA aptamers or
aptamers to optical sensors with binding-activated fluorescence?”. protein-based tags’>"'®) allow wash-free imaging to study the
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Fig. 1| A platform to discover, evolve, and produce FgAA-containing NS. The
multi-staged NS engineering platform enables rapid discovery, evolution, char-
acterization, and cost-effective manufacturing of optical NS via FgAAs. a Hundreds
of NS candidates are produced and screened in around 3 weeks by derivatizing
protein binders with fluorogens. b This process also identifies key structural fea-
tures for designing and synthesizing retrosynthetic FgAAs. ¢ An optimized genetic
code expansion chemistry enables cell-free, ribosomal production of functional NS
by site-specific protein incorporation of FgAAs and simultaneous characterization
of NS candidates without purification. d The genetic NS construction offers a rapid
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specific targets. Retrosynthetic nsAA designs allow hits from a, d, and e to be
produced at scale in a two-step semisynthetic NS production approach (>20 mg
from 1L Escherichia coli culture). Figure created with help from BioRender.com
released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0
International license (https://creativecommons.org/licenses/by-nc-nd/4.0/
deed.en).

spatiotemporal dynamics of cellular components in living cells. How-
ever, such tags can be sizable and difficult to adapt for the detection of
some targets (e.g., small molecules) due to the limited available bin-
ders. As the development of protein-based binders against a plethora
of targets is expanding, the transformation of small binders into
nanosensors (NS) can address this problem?°. However, the engi-
neering of high-contrast protein biosensors has been limited by sub-
optimal chemical conjugation of fluorogenic probes and low-
throughput screening, both of which also restrict directed evolution
approaches> 8102,

Building on small protein binders and genetically encodable
fluorogenic amino acids (FgAAs), here we design a pipeline to rapidly
discover, evolve, and produce protein-based NS (Fig. 1). These NS can
detect their targets by emitting binding-activated fluorescence signals
in complex environments including live cells. High contrast NS hits can
be discovered quickly (e.g., -3 weeks) by the multiplexed exploration of
hundreds of candidates, which can be scaled up by derivatizing <15 kDa
protein binders with cysteine- and lysine-reactive fluorogens (Fig. 1).
This step also informs on privileged FgAA designs that can be site-
specifically encoded to ribosomally construct functional NS via an
optimized genetic code expansion chemistry allowing high-throughput
characterization of NS candidates without purification. The fully
genetic NS construction also unlocks both a rapid (-3 h) discovery
approach that relies on ribosomal screening of nanobody scan libraries
and the evolution of NS for different targets from large libraries. By
streamlining the engineering of optimized and cost-effective sensors,
this chemical synthetic biology platform can facilitate the adaptation of
NS to address challenges in biomolecule sensing, including
microscopy-based analysis of dynamic cellular processes.

Results and discussion

A streamlined pipeline to discover binding-activated NS via
retrosynthetic FgAAs

Building on previous fluorescent/fluorogenic non-standard amino
acids (nsAA) and genetic code expansion technologies, we aimed to

establish a genetically encoded biosensor discovery and optimization
pipeline®*%, As the first case study, we focused on the well-
characterized nanobody VHH72 that binds SARS-CoV-2 spike Recep-
tor Binding Domain from the original CoV-19 strain (RBDcovio)
(Fig. 2a)”. Despite its moderate RBDcoyyo affinity (-40 nM), VHH72
served as a good starting point for numerous biosensors because its
RBD epitope is relatively conserved across sarbecoviruses™. We began
by substituting a tryptophan residue at the binding interface with a
genetically encodable bulky fluorescent amino acid L-(7-hydro-
xycoumarin-4-yl)ethylglycine (Cou). Although Cou has fluorogenic
properties®*® and can generate antibody-based biosensors in other
contexts’, the recombinant VHH72 W108Cou variant exhibited negli-
gible fluorescence increases in the presence of saturating RBDcov19
(Supplementary Fig. 1a). This failed attempt highlighted a key chal-
lenge in optical biosensor engineering, that is, the need to explore a
vast search space for optimal probe, linker, and position combinations
that cannot be easily met by the currently limited repertoire of
genetically encodable FgAAs.

Inspired by classical knowledge-based semisynthetic biosensor
engineering approaches®®'° we decided to establish a modular NS-
FgAA discovery platform (Fig. 1). Aided by the crystal structure of
VHH72 (Fig. 2a)”’, we designed nanobody variants where the binding
interface residues were substituted by cysteines in wild-type VHH72
or by lysines in a lysine-less variant (VHH72 K43R; K65R; K76R; K87R,
or VHH72 NoK) with native-like affinity for RBDcov1o (Supplementary
Table 1). By functionally reassigning nanobody framework lysines
with arginines, lysines can be reintroduced at specific sites for mod-
ification with readily available amine-reactive reagents. This extended
chemical flexibility to modify either cysteine or lysine variants
allowed us to sample a broad range of fluorophores with different
chemical reactivities (e.g., maleimides or iodoacetamides for cysteine
variants; N-hydrosuccinimidyl (NHS) esters or isothiocyanates for
lysine variants), environmental sensitivity (e.g., fluorescent tetra-
methylrhodamine vs. fluorogenic Malachite Green'®), variable emis-
sion wavelengths (e.g., green fluorescent IANBD vs. blue fluorescent
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Fig. 2 | A streamlined knowledge-based pipeline to discover and produce
binding-activated NS via retrosynthetic FgAAs. a Crystal structure of the VHH72
nanobody (gray) bound to its target, RBDcov1o (purple). The VHH72 cysteine or
lysine substitutions are color-coded in a, ¢, and d. b Structures and abbreviated
names of reactive fluorogenic probes used in this work. ¢, d Fold fluorescence
increases from the screening of the VHH72 variants conjugated with the library of
cysteine (c) and lysine (d) reactive probes. e This knowledge-based discovery
approach is generalizable to other protein scaffolds and molecular targets.

Maximum fold increases of different NS in the presence of their corresponding
antigens over buffer controls: H11-NS is a biosensor for RBD¢oyy9, SAAb-NS for
SARS-CoV-2 nucleocapsid, LCB3-NS for RBD¢ovi0, ALFA-NS for ALFA peptide,
EGFR-NS for human epidermal growth factor receptor (EGFR), Cortisol-NS for
the small molecule cortisol. Bars and error bars represent the average and
standard deviation of independent triplicate experiments. f Chemical
structures of privileged retrosynthetic FgAAs. Source data are provided as a
Source Data file.
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values are shown in Supplementary Fig. 4. ¢ CoV19-NS ratiometrically detects its
target in <1second with no significant fluorescence increases observed in PBS or
BSA. Lines and dashed lines represent the average and standard deviation of
independent triplicate experiments. d CoV19-NS enables wash-free imaging of fixed
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MDCc), spacer lengths (e.g., NBD-hexanoate vs. NBD-dodecanoate),
or different fluorogenic modes (e.g., photoactivatable NBD
fluorophores®, molecular rotors, IAMG” or AO-Mal*?, and the solva-
tochromic, APM-0-NHS*, Fig. 2b). Altogether, we designed a work-
flow to rapidly access hundreds of lysine- and cysteine-substituted
combinations and screen them in an automatable, high-throughput
format (Fig. 1, Supplementary Tables 2-3). Specifically, we first
purified cysteine/lysine-modified nanobody variants from E. coli
(processing up to 14 variants at once) by autoinduction (i.e., 1-2 mg
nanobody from 50 mL culture, sufficient for the entire screening)
(Supplementary Fig. 1c). Then, we site-selectively modified the
nanobody variants with the above-mentioned fluorescent building
blocks and measured their fluorescence fold increase (ARn,y) in the
presence of RBDcovio (Supplementary Figs. 1d and 2b-d). The
screening highlighted several VHH72 variant-probe combinations
with significant fluorescence fold increases, such as VHH72 G56C
modified with MDCc, or VHH72 NoK V104K modified with NBD-
hexanoate (NBD-x), which we named as CoV19-NS (Fig. 2¢, d).

To demonstrate the generalizability of this workflow, we applied
our screening pipeline to other binders, and engineered NS for a wide
range of antigens, specifically (1) the nanobody H11-H4 against SARS-
CoV-2 RBD*, (2) the miniprotein LCB3 against the SARS-Cov-2 spike
protein RBD*, (3) the nanobody sdAb-Bé6 against the SARS-Cov-2
nucleocapsid protein®®, (4) the nanobody NbALFA against the

genetically encodable ALFA-tag peptide”, (5) the nanobody EgAl
against EGFR*, and (6) the nanobody NbCor against cortisol’’. The
multiplexed screening of -1000 candidates (Supplementary
Tables 2 and 3) resulted in NS with variable dynamic ranges deter-
mined by fluorescence dose-response curves (Figs. 2e and 3a, Sup-
plementary Fig. 2, Supplementary Table 4). While the ECs, values of
these initial NS were poorer than the published Kp, values for the parent
protein binders (Supplementary Table 1), their binding affinity
remained sufficient for successful screening and wash-free live cell
microscopy (Fig. 3) This confirms that this workflow remains applic-
able to a wide range of binders and antigens for initial high-contrast NS
discovery. This screen also helped us identify privileged mature
fluorogenic entities that we refer to as retrosynthetic FgAA designs
that can convert a protein binder into an optical NS when incorporated
into the right polypeptide context (Fig. 1). These FgAAs included
NBDxK (the FgAA in CoV19-NS), DCcaK (the FgAA in H11-NS), MDCcC
(the FgAA in VHH72 G56MDCcC or in previously reported
biosensors?+*%), and aNBDC (the FgAA in LCB3-NS, ALFA-NS, and Cor-
tisol-NS, or in previously reported sensors®**?) (Fig. 2f).

NS enables rapid detection of specific antigens and their imaging
in live cells. Next, we decided to characterize the performance
of CoVI19-NS. We first corroborated the presence of NBDxK, at the
V104K position by mass spectrometry (Supplementary Fig. 3). Given
that this analysis revealed significant non-specific N-terminal amine
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modification, we enzymatically cleaved N-terminal NBDx to isolate an
optimal CoV19-NS preparation that responded to RBDcoyy9 With sub-
stantial raw fluorescence increase values up to ~100-fold when blanked
(Fig. 3b, Supplementary Fig. 4). CoVI9-NS showed a Kp value of
~300 nM for RBDcoy1o (Supplementary Table 1) and ECso values of
~420 nM in buffer and ~790 nM in human serum (and a dynamic range
of 1077M-10M) (Fig. 3a, Supplementary Table 4). CoV19-NS detected
other SARS-CoV-2/1 RBD variants, but not the RBD from MERS-CoV,
indicating that CoV19-NS preserves the specificity of the parent
nanobody (Supplementary Fig. 5)”. Moreover, CoV19-NS displayed a
rapid response for RBDcov1e Within 500 milliseconds (Fig. 3¢, Supple-
mentary Fig. 6, Supplementary Movies 1-3). The combination of the
high fluorogenicity, specificity, rapid binding kinetics, and the small
size of NS suggested their application as wash-free imaging reagents
for specific cellular targets, which we confirmed first by in situ locali-
zation microscopy in fixed cells expressing SARS-CoV-2 spike (Fig. 3d,
Supplementary Fig. 7a)*’.

We also tested if NS could serve as reagents for wash-free live cell
imaging focusing on cell-envelope proteins. llluminating where and
when dynamic surface proteins are exported in live cells cannot be
easily addressed by classical labeling approaches due to poorly
secreted fluorescent protein fusions* or slow pulse-chase labeling
experiments with fluorescent antibodies that prohibit real-time data
acquisition®™*". As proof of principle, we leveraged ALFA-NS, because
its target, the 13 amino acid-long ALFA tag, can be genetically fused to
desired proteins with minimal functional perturbation and therefore
can be adapted to various systems®. First, we showed that ALFA-NS
can be used as a live-cell stain to directly image a representative sur-
face protein in the human pathogen Staphylococcus aureus, a Gram-
positive bacterium, constitutively expressing an ALFA-tagged Staphy-
lococcus protein A fusion (Fig. 3e, Supplementary Fig. 7b). Next, we
fused the ALFA-tag to E. coli outer-membrane protein X (OmpX), a
conserved Gram-negative envelope protein, expressed under an
inducible promoter. Wash-free labeling with ALFA-NS showed an
induction-dependent, uniform OmpX distribution on the envelope of
E. coli BL21 cells consistent with previous localization studies (Sup-
plementary Fig. 7c)*. Finally, we also added ALFA-NS directly to the
growth medium and performed time-lapse fluorescence microscopy
with these cells. Upon induction, the uniform ALFA-NS signal on the
cell surface gradually increased indicative of the homogenous OmpX
export, demonstrating that NS can be utilized to image native protein
secretion in real-time with minimal cellular perturbation (Fig. 3f).

Cell-free site-specific translation of FgAAs can accelerate the
discovery and functional characterization of NS

Even though this NS discovery strategy showed enhanced modularity,
it still displayed limited throughput, given the need for the design,
cloning, purification, and screening of individual variants. Therefore,
we envisaged that cell-free, genetic incorporation of privileged FgAAs
as a pre-conjugated moiety could increase the throughput of NS dis-
covery and characterization as recently shown for the cell-free high-
throughput screening of antibodies*.

To construct NS ribosomally, we decided to chemically acylate
FgAAs to an amber-decoding orthogonal tRNAcya via a key pdCpA
dinucleotide intermediate that could be encoded into an in-frame
amber-containing nanobody construct (e.g., VHH72 V104UAG) in vitro
(Fig. 1). Although various nsAAs have been successfully encoded using
similar approaches®®, traditional procedures involve multiple pur-
ification steps with low recovery yields. We optimized the chemical
synthesis of FgAA-pdCpA conjugates (Fig. 4a) with a straightforward
protocol, involving activation of Boc-protected FgAAs with 1,1'-carbo-
nyldiimidazole in dry dimethylformamide followed by immediate
mixing with pdCpA in water at pH ~8 and solid phase extraction-based
purification. We first validated our approach by encoding the standard
fluorescent amino acid p-(BODIPY-FL)-aminophenylalanine (BDPaF)>,

into different positions of proteins of various sizes via cell-free protein
synthesis (CFPS) (Supplementary Figs. 8a, 9, 10).

Next, we applied the protocol to retrosynthetic FgAAs
(modularly synthesized from Boc-protected lysine or via a Boc-
cysteine-pdCpA diversification strategy) and validated their site-
specific protein incorporation by MS and/or by in-gel fluorescence
(Supplementary Figs. 8b, 11-13)***°. We focused on NBDxK and aNBDC
as FgAAs that share the nitrobenzodioxazole fluorogenic core®, and
tested if the target binding of the NS could be detected within the cell-
free translation reaction mixture. Notably, the site-specific incorpora-
tion of NBDxK to VHH72 V104UAG or of aNBDC to NbCor T53UAG and
to NbALFA M63UAG reconstituted the active CoV19-NS or Cortisol-NS,
and ALFA-NS respectively. These ribosomally constructed fluorogenic
NS identified their targets directly in the cell-free translation mixture,
despite the excess FgAA-tRNAcua species, whereas a control fluor-
escent nanobody with BDPaF (NbALFA M63BDPaF) lacked a fluores-
cence response to its target peptide (Supplementary Fig. 14a-c).
Moreover, cell-free translated ALFA-NS (NbALFA M63aNBDC) could
directly be applied to image OmpX-ALFA in live E. coli without pur-
ification (Fig. 4b). Finally, ribosomal construction of CoV19-NS or
ALFA-NS in the presence of their respective targets resulted in direct
target detection in real-time as the nascent NS are being translated
(Fig. 4c, Supplementary Fig. 14d).

Next, we tested whether this increased throughput could be uti-
lized to discover NS via unbiased substitution of every residue on a
nanobody with a FgAA. For this, we encoded NBDxK into a DNA TAG
scan library of VHH72 in the presence of RBDcqy19. Within 3 hours of
receiving the synthetic DNA, the real-time screening of 127 nanosensor
scan variants (VHH72 QINBDxK-VHH72 S127NBDxK, each expressed in
comparable levels in separate 5pL cell-free protein synthesis reac-
tions) recapitulated CoV19-NS (and VHH72 W108NBDxK from Fig. 2d)
and identified additional NS hits (Fig. 4d, Supplementary Fig. 15).
Surprisingly, the variant with the highest contrast was a new hit
(VHH72 S57NBDxK), substituting a serine residue buried within the
binding interface that had not been explored at the knowledge-based
discovery stage because a large FgAA substitution at that position was
initially hypothesized to be detrimental to target binding.

Finally, we also tested if this approach could be used to rapidly
prototype NS variants. For this, we generated dose-response curves by
utilizing the cell-free NS synthesis reactions without purification and
determined the so-called in situ ECsq value of ~1740 nM for ribosomally
constructed CoV19-NS, which is ~2-4 fold higher than the ECso value
determined with CoV19-NS that had been produced semisynthetically
(Supplementary Tables 4 and 5, Supplementary Fig. 16). These differ-
ences are within the range observed in similar high-throughput in situ
antibody screening experiments®. In contrast, the RBD¢oy;o affinity of
ribosomally constructed VHH72 S57NBDxK was markedly higher (with
an in situ ECsg value of ~215 nM, Supplementary Table 5). Taken toge-
ther, the cell-free genetic construction and screening of NS without
purification offers a rapid discovery and characterization route alter-
native to structure- and purification-dependent classical approaches.

31,54,55

Selection of improved NS from FgAA-containing nanobody
libraries

Current directed evolution approaches enable the selection of high-
affinity protein binders from protein libraries containing standard
amino acids, yet their application to optical sensing often yields poor
affinity and low contrast optical biosensors*~°. This is due to the fact
that the key nsAA component of biosensors (i.e., FgAAs) is easier to
deploy to the libraries of small peptides (because of manufacturing
challenges) or via the two-step derivatization of protein libraries with
fluorogens, which can bias the selection of unreacted protein variants
due to long recognized incomplete probe conjugation® (Supplemen-
tary Fig. 3). We envisioned that one-step genetic construction of NS by
site-specific incorporation of FgAAs (e.g., NBDxK for CoV19-NS) would
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Fig. 4 | Cell-free site-specific translation of FgAAs can accelerate the discovery
and functional characterization of NS. a The optimized chemical synthesis of the
nsAA-pdCpA intermediate as compared to standard methods. b Cell-free translated
ALFA-NS (via chemoenzymatically synthesized aNBDC-tRNAcya) enables direct, live-
cell imaging of ALFA-tag labeled OmpX in E. coli despite the presence of excess

aNBDC-tRNAcua. The same with DHFR 2aNBDC does not result in a similar uniform
envelope labeling. ¢ Ribosomally synthesized CoV19-NS can detect RBD¢oy9 in real-
time in the reaction mixture. Panel created with help from BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International
license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en). d Target-

UAG scan position

dependent fluorescence increase of ribosomally synthesized NS variants. Cell-free
translation reactions were set up with a linear DNA library encoding the TAG scan of
VHH72, NBDXK-tRNAcya, and RBD¢ov1o. Fluorescence measurements of these var-
iants were carried out without purification, and fluorescence fold increases were
calculated by comparing values at the 2-hour time point to those at time zero. This
unbiased screen recapitulated CoV19-NS and led to the discovery of additional
RBD¢ovio Nanosensors, such as VHH72 Y32NBDxK or VHH72 S57NBDxK. Lines and
shaded areas represent the average and standard deviation of triplicate measure-
ments. Scale bar: 4 pm. Source data are provided as a Source Data file.

accelerate the design of a generic evolution platform, especially when
coupled to recombinant and cost-effective semisynthetic production
of final hit NS.

To this end, we modified an mRNA/cDNA display protocol for the
in vitro selection of nsAA-containing nanobodies, which allows up to 2
rounds of enrichment by magnetic selection per week (Fig. 5a)°". Next,
we designed and constructed ~-10® nanobody libraries around VHH72
V104UAG that would present NBDxK in position 104 and sample
compensatory mutations at 8 other binding interface locations (Sup-
plementary Fig. 17). First, we tested if improved CoV19-NS variants
could be selected from the compensatory CoV19-NS library. After 3
rounds of bench-top selection cycles against RBD¢oyi9, We randomly
picked 36 enriched variants and screened them for RBDcoy10 SENsing
via the rapid cell-free NS characterization approach (Fig. 1). From
these, 9 variants showed signal-to-noise (SNR) ratios higher than 1.5
and 5 of those (Cov19-NS-2.1to -2.5) showed significantly higher affinity
to RBDcovio than CoV19-NS (up to 13-fold lower in situ ECso values,
Supplementary Tables 5 and 6) indicating that mRNA display can be
used to select improved NS for their original target. CoV19-NS showed
moderate affinity for RBDcov19 but not for the Omicron B.1.1.529 strain
RBD (RBDog ) (Kp >9 pM, Supplementary Table 1), likely due to steric

clashes between CoV19-NS and this highly mutagenized RBD variant
(Supplementary Fig. 17b). Next, we tested if this approach could also
be used to evolve NS against a new target like RBDog 1. After 7 rounds of
bench-top selection cycles with an Omicron biased mutation library
(Supplementary Fig. 17c) against RBDog ;, we observed convergence to
distinct variants, and 3 of the top variants strongly responded to
RBDog; (Fig. 5b, Supplementary Figs. 18 and 19). The scaled-up semi-
synthetic production of these NS (final yields of ~2 mg NS from 100 mL
E. coli culture, Fig. 1) allowed us to determine that these NS (Omicron-
NS-1,-2, and -3) exhibited a dramatically improved performance in
RBDog; sensing when compared to CoV19-NS (Kp values ~40 nM and
~10-fold increased brightness; Supplementary Fig. 20, Supplementary
Table 1, Fig. 5¢). Omicron-NS-1, -2, and -3 also selectively responded to
RBDog1 and RBDgg3 but not to other Omicron variants, such as
RBDog> and RBDeg4s (Supplementary Fig. 21, Supplementary
Table 4). Notably, Omicron-NS-1 has S52G, W53P, S57V, Y59G, and
V104NBDxK mutations compared to VHH72. In silico alignment of
RBDog1 with RBDC0Vl9/VHH72 Suggested that a CoV19-NS Y59G Single
mutant could recognize RBDog; by relieving a predicted steric clash
(Supplementary Fig. 17b). To test this hypothesis, we determined
in situ ECsg values of 10 mutant combinations between CoV19-NS and
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Omicron NS-1 against RBDgg; (Supplementary Table 5). While CoV19-
NS Y59G mutation alone showed an in situ ECsqg value of ~330 nM
against RBDog 3, the combination of all 4 mutations found in Omicron-
NS-1 still yielded the highest affinity NS (in situ ECso ~ 90 nM, Supple-
mentary Table 5). These results indicate that rational NS design can be
supported by unbiased genetic enrichment of improved variants from
diverse libraries via directed evolution.

Finally, we tested whether this approach could be used to improve
the variant specificity as Omicron-NS still showed a substantial affinity
to RBDcovio (ECsp ~ 150 nM for Omicron-NS-1, Supplementary Table 4).
For this, we challenged the compensatory CoV19-NS library in each
round with a negative selection step against RBD¢ov10 followed by a
positive selection with RBDog;. After 5 rounds, we found that 3 enri-
ched variants (Omicron-NS-4, -5, and -6) among 8 tested showed a
higher SNR in the presence of RBDog; than RBD¢ov19 (Supplementary
Table 6). One of these sensors, Omicron-NS-4, demonstrated a 20-fold
increase in selectivity with in situ ECso values - 100 nM and ~2200 nM
against RBDog; and RBDcovi9, respectively (Supplementary Table 5).
These results suggest that our evolutionary platform could be, in
principle, applied to the discovery and refinement of a wide range of
NS against different targets.

In summary, our work describes a strategy to accelerate the
design and optimization of optical NS. We have designed a high-
throughput workflow to prepare large collections of nanobodies with
site-selective reactive fluorophores, and to screen them for fluores-
cence activation upon recognition of their corresponding antigens.
Using this platform, we identified CoV19-NS, a turn-on probe for the
SARS-Cov-2 spike protein. CoVI9-NS was based on the VHH72

nanobody scaffold and included an amine-reactive nitrobenzodiazole
group in position 104 that resulted in strong fluorogenic readouts
(up to 100-fold fluorescence increase) upon target binding. Impor-
tantly, we demonstrated that this platform could be adapted to NS for
multiple and chemically diverse targets—from large nucleocapsid
proteins and growth factor receptors (e.g., EGFR) to short peptide
sequences (e.g., ALFA-tag peptide) and small molecules (e.g., cortisol)
—and with fluorogenic behavior for wash-free microscopy experi-
ments in live cells with minimal perturbation. Next, we optimized
the platform towards ribosomal NS construction by the cell-free
translation of retrosynthetic FgAAs via an optimized genetic code
expansion chemistry and cost-effective NS manufacturing. We
showed that this approach is compatible with rapid ribosomal dis-
covery, characterization, and directed evolution of fluorogenic NS.
Regarding the latter, we built libraries around Cov19-NS to select for
compensatory mutations at the binding interfaces and discovered
variant-specific NS variants. Altogether, this multi-staged workflow
for the discovery and evolution of NS represents a timely advance for
the development of low-cost, rapid, and selective optical sensors with
applications in diagnostics, biomolecular sensing and molecular
imaging.

Methods

Reagents

The following thiol-reactive probes were purchased from commercial
sources: Cyanine3 maleimide (Cy3-Mal, Lumiprobe, Cat. No. 11080), 5-
((((2-lodoacetyl)amino)ethyl)amino)Naphthalene-1-Sulfonic Acid (IAE-
DANS), 7-Diethylamino-3-[N-(2-maleimidoethyl)carbamoyl]coumarin
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(MDCc, ThermoFisher, Cat. No. 114) N,N’-Dimethyl-N-(lodoacetyl)-N’-
(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)Ethylenediamine (IANBD, Thermo-
Fisher, Cat. No. D2004), 7-Diethylamino-3-[N-(3-maleimidopropyl)
carbamoyl]coumarin (MDCpc, Sigma, Cat. No. 07153), N-(6-(diethyla-
mino)-9-(2-((4-((2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)amino)-

4-oxobutyl)(methyl)carbamoyl)phenyl)-3H-xanthen-3-ylidene)-N-ethy-
lethanaminium (Atto Rho3B-Mal, ATTO-Tec, Cat. No. AD Rho3B-41).
The following amine-reactive probes were purchased from commer-
cial sources: 6-(Tetramethylrhodamine-5-(and-6)-carboxamido) hex-
anoic acid, SE (TMR-x-NHS, AnaSpec, Cat. No. AS-81127), succinimidyl
6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoate (NBD-x-NHS,
AnaSpec, Cat. No. AS-81213), NBD dodecanoic acid N-succinimidyl
ester (NBD-dodeca-NHS, chemodex, Cat. No. N0O147), Malachite Green
isothiocyanate (ThermoFisher, Cat. No. M689), Rhodamine B iso-
thiocyanate RhoBITC, Sigma, Cat. No. 283924), Rhodamine Red™-X,
Succinimidyl Ester, 5-isomer (RhoRed-x-NHS, ThermoFisher, Cat. No.
R6160), 7-(Diethylamino)coumarin-3-carboxylic acid N-succinimidyl
ester (DCc-NHS, Sigma, Cat. No. 36801). The following probes were
synthesized as described in the references: 2-iodo-N-(2-((7-nitro-
benzol[c][1,2,5]selenadiazol-4-yl)amino)ethyl)acetamide (IA(Se)NBD)’
was synthesized by suspending (Se)NBD-ethylenediamine (1 eq) in
DCM. Then chloroacethyl chloride (1.2 eq) and DIPEA (2 eq) were
added. Reaction was allowed to stir at r.t. under N, for 1hr, then sol-
vent was removed under reduced pressure and the crude mixture was
purified by column chromatography (DCM/MeOH 95:5) to give CIA(Se)
NBD, that was redissolved in acetone and treated with Nal (2 eq) atr.t.
overnight. Solvent was then removed under reduced pressure and the
crude mixture was purified by column chromatography (DCM/MeOH
95:5) to give IA(Se)NBD as a purple solid (36% yield over 2 steps). N-(2-
(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-6-((7-nitrobenzol[c][1,2,5]

selenadiazol-4-yl)amino)hexanamide ((Se)NBD-Mal)! was synthesized
by dissolving (Se)NBD-Aminohexanoic acid (1 eq) in DMF. Then, COMU
(1.5 eq) was added and the mixture was allowed to stir at r.t. for
10 minutes. N-Aminoethyl maleimide TFA salt (1 eq) in DMF was then
added followed by DIPEA (1.5 eq) and reaction was allowed to stir atr.t.
for 1 hr, Solvent was then removed under reduced pressure and the
crude mixture was purified by column chromatography (DCM/MeOH
98:2) to give (Se)NBD-Mal as a red solid (56% yield). 1-(2-((bis(4-
(dimethylamino)phenyl)methylene)amino)ethyl)-1H-pyrrole-2,5-dione
(AO-Mal)* was synthesized by dissolving bis(4-(dimethylamino)phenyl)
methanol (40 mg, 0.15mmol) in DCM to which tetrafluoroboric acid
(48 wt.% in water) was added dropwise until it became a persistent blue
color. Then, the aminoethyl maleimide hydrochloride was added
(12mg, 0.07mmol). After stirring for 5minutes, DDQ was added
(excess) and the reaction continued for several more minutes. The
reaction solution was washed with basic water (NaOH, 0.1 M), then
acidic water (HCI, 0.1 M), then washed with brine and finally dried over
MgSO,. The desired product was then purified by HPLC (method,
mobile phase A: H,O (100%), B: MeCN (100%); linear gradient 5% B to
95% B over 8 minutes at 1 mL/min) to give AO-Mal as a yellow solid (24%
overall yield). 2,5-dioxopyrrolidin-1-yl 8-(((7-(dimethylamino)-3-oxo-
3H-phenoxazin-1-yl)methyl)amino)-8-oxooctanoate (APM-o-NHS)> was
synthesized by dissolving disuccinimidyl suberate (250 mg, MW 368.3,
0.68 mmol) in DMF (5mL) and stirring at room temperature. Then,
powdered L-(aminomethyl)-7-(dimethylamino)-3H-phenoxazin-3-one
(APO, 50 mg, MW 269.3, 0.64 mmol) was mixed in over 30 minutes.
The reaction was stirred overnight, and the crude reaction was con-
centrated under reduced pressure. The sample was then dissolved
(DCM:MeOH 95:5) and purified by column chromatography (silica,
DCM:MeOH 95:5) to give the title compound (60 mg, 68% yield) as a
dark purple solid, 2,5-dioxopyrrolidin-1-y 6-((7-nitrobenzolc][1,2,5]
selenadiazol-4-yl)amino)hexanoate ((Se)-NBD-x-NHS)' was synthe-
zized by dissolving (Se)NBD- Aminohexanoic acid (1 eq) in MeCN.
Then, NHS (1.2 eq), DIC (1.2 eq) and DIPEA (1 eq) were added, and
reaction was allowed to stir atr.t. for 72 hrs. Solvent was then removed

under reduced pressure and the crude mixture was purified by column
chromatography (DCM/MeOH 95:5) to give (Se)NBD-x-NHS as a red
solid (72% yield). 4-fluoro-7-nitrobenzo[c][1,2,5]selenadiazole ((Se)
NBD-F)', was syhnthesized by dissolving 4-Fluorobenzoselenadiazole
in H,SO,4 conc. to which HNOj3 conc. was added dropwise at O °C. After
15 minutes the mixture was added dropwise into cold water and the
resulting precipitate was collected by filtration and dried overnight to
give (Se)NBD-F as a yellow solid (70% yield). Cou was purchased from
Sigma (Cat. No. 792551). 5-iodoacetemido-malachite green (IAMG) was
custom synthesized by TOCRIS. Stock solutions were prepared in
anhydrous DMSO, avoiding prolonged exposure to room temperature,
and stored at -80 °C. pdCpA was purchased from Dharmacon. PyIT
tRNA(-CA)cua' and Mycoplasma capricolum Trpl(-CA)cuya® were
ordered from Agilent (Supplementary Table 8). The RBD antigens were
purchased from Genscript: SARS-CoV-2 Spike RBD, CoV19 (Cat. No.
Z03491), SARS-CoV-2 Spike protein RBD, E484Q, L452R (Cat. No.
CP0007), SARS-CoV-2 Spike protein S1, del 69-70, N439K (Cat. No.
Z03524), SARS-CoV-2 Spike protein RBD, K417N, L452R, T478K (Cat.
No. Z03689), SARS-CoV-2 Spike protein RBD, E484K, K417N, N501Y
(Cat. No. Z03537); and from Acro Biosystems: SARS-CoV-2 Spike RBD,
B.1.1.529/Omicron (Cat. No. SPD-C522e), SARS-CoV-2 Spike RBD,
BA.2.12.1/Omicron (Cat. No. SPD-C522q), SARS-CoV-2 Spike RBD, BA.3/
Omicron (Cat. No. SPD-C522i), SARS-CoV-2 Spike RBD, BA.4 BA.5/
Omicron, (Cat. No. SPD-C522r). SARS-CoV-2 Nucleocapsid protein was
purchased from Genscript (Cat. No. Z03480). ALFA elution peptide
was purchased from NanoTag Biotechnologies (Cat. No. N1520).
Human epidermal growth factor receptor (EGFR) was purchased from
Genscript (Cat. No. Z03194). Cortisol sulfate was purchased from
Sigma (Cat. No. SMB00980). Graphs were plotted and analyzed in
Prism 9 for Windows, GraphPad Software, www.graphpad.com.

Cloning of plasmids expressing protein binders

For PCR, site-directed mutagenesis, and isothermal assembly proce-
dures, Q5® High-Fidelity 2x Master Mix, Q5® Site-Directed Mutagenesis
Kit, and Gibson Assembly® Master Mix from New England Biolabs, (NEB
Ipswich, MA) were used, respectively, and primers were designed fol-
lowing the manufacturer’s instructions. Routinely, new plasmids were
constructed by assembling linearized backbones of existing plasmids
that are optimized for T7 RNA Polymerase dependent expression, i.e.,
pET-28a (+), pET-28_TEV, or pPURExpress (Supplementary Table 6),
with eBlocks (IDT), and cloning into NEB® 5-alpha Competent E. coli.
Nanosensor constructs typically contained N-terminal His tag followed
by a Thrombin or TEV cleavage tag, the nanobody sequence and the
mRNA display tag. Plasmids expressing EgAl, NbCor, and NbALFA
variants were synthesized as Clonal Genes (Twist). All these constructs
were verified by Sanger sequencing (Azenta/Genewiz) or complete
plasmid sequencing (MGH DNA Core). Constructs for in vitro tran-
scription/translation experiments were cloned into linearized back-
bone of pPURExpress control plasmid lacking an ORF and sequence
verified as described above (Supplementary Table 6).

Expression and purification of protein-binder variants
VHH72 W108Cou were expressed essentially as previously described®
with the following modifications: 1) a pET-28a plasmid was used
expressing a VHH72 W108UAG ORF with an in-frame amber (UAG) stop
codon. 2) amber suppression was preformed using tRNA™ ¢, acylated
with Cou by CouRS both expressed from pDule-MjCouRS. 3) VHH72
W108Cou was purified as described below (Supplementary Table 6)’.
Plasmids expressing protein binders were routinely transformed
into SHuffle® T7 Competent E. coli cells (NEB). Up to 28 different
overnight cultures (TB medium, Difco supplemented with 50 ug/mL
kanamycin) were used to inoculate 100 mL of TB medium (1:100)
supplemented with 50 ug/mL kanamycin at 30°C and grown to
0OD600 = 0.4-0.5 with shaking. Cells were cooled to 16 °C before for
overnight induction with 0.75mM IPTG with shaking. Alternatively,
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overnight cultures were used to inoculate 50-100 mL of MagicMedia™
E. coli Expression Medium (Thermo Fisher) supplemented with 50 ug/
mL kanamycin and shaken at 30 °C for 18 h for overnight expression
via auto-induction. Cells (50 mL x 2) were harvested by centrifugation
(30 min, 5000 x g, RT), and pellets were either stored at —20 °C or up
to 14 pellets were resuspended in 4 mL BugBuster® Master Mix (EMD
Millipore) each and rocked at room temperature for 45 minutes. The
lysate was centrifuged (15 min, 5000 x g, 4 °C) and the supernatant was
added to 0.5 mL HisPur™ Cobalt Resin (Thermo Fisher) that is equili-
brated and resuspended in 4 mL Equilibration Buffer (20 mM Tis-HCI
pH 8.3, 0.5M NaCl, 5mM imidazole) in 15mL conical tubes. After
binding by rotation (35 min, 4 °C), the resin was pelleted (2 min, 700 g,
4 °C) and was washed twice with 1 mL wash Buffer (20 mM Tis-HCI pH
8.3, 0.5M NaCl, 20mM imidazole). The protein was eluted by
3 x 0.5 mL Elution Buffer (20 mM Tis-HCI pH 8.3, 0.5M NaCl, 200 mM
imidazole) and buffer was exchanged into 1x Phosphate Buffered Sal-
ine (PBS, 137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,)
using Zeba™ Spin Desalting Columns, 5mL, 7K MWCO (Thermo
Fisher) following the manufacturer’s instructions. Glycerol was added
to final 20% for long-term storage at —80 °C. The protein yields and
purity were assessed by running 2 uL samples in Novex™ WedgeWell™
Tris-Glycine Protein Gels (10-20%, 15-well, Invitrogen) following the
manufacturer’s instructions. This protocol allowed purification of up
to 14 protein binder variants at once typically resulting in 1-2mg
protein from 50 mL cultures without the need for further concentra-
tion (<1 mg/mL).

Multiplexed modification and scaled-up production of nano-
sensor variants

Lysine variants of protein-binders were diluted to 50 uM in 1x PBS
supplemented with 50 mM Sodium Borate (pH 8.5) and 45 pL aliquots
were added into 96-well PCR plates that contained 5 pL stock solutions
of amine-reactive probes (typically 2.5 mM in DMSO). The plate was
sealed and the conjugation reaction was incubated for 2 h (dark, 25 °C).
Cysteine variants of protein-binders were diluted to 50 M in PBS
supplemented with 500 uM Tris(2-carboxyethyl)phosphine (TCEP),
sealed and incubated for 2 h (25 °C). 45 uL aliquots were added into 96-
well PCR plates that contained 5L stock solutions of thiol-reactive
probes (typically 2.5mM in DMSO). The plate was sealed, and the
conjugation reaction was incubated overnight (dark, 4 °C). Labelled
proteins were separated from the unreactive probes by size-exclusion
chromatography, e.g., using Thermo Scientific Zeba Spin Desalting 96-
well filter plates (7K MWCO), following the manufacturer’s instruc-
tions. The degree of labeling was assessed by measuring the ratio of
fluorophore to protein from absorbance spectra of the purified con-
jugate and varied typically between ~0.5-1.5 for amine-reactive probes
and ~0.1-0.8 for thiol-reactive probes.

This semisynthetic approach allows for scaled-up production of
nanosensor hits with typical yields of -2mg of nanosensor from
100 mL £. coli culture, and with sufficient purity for downstream assays
(Supplementary Fig. 1c, d and Supplementary Fig. 3). The method
successfully produced NS containing diverse FgAAs like VHH72
G56MDCcC (MDCcC), CoV19-NS (NBDxK), H11-NS (DCcaK), sdAb-NS
(RhoRedxK), LCB3-NS (aNBDC), ALFA-NS (aNBDC), Cortisol-NS
(aNBDC), EGFR-NS (MDCpcC) as well as nanosensor hits that were
discovered via cell-free nanosensor translation, e.g., Omicron-NS-1
(NBDxK). However, inherent limitations in this approach still exist
resulting in heterogenous nanosensor preps due to minor E. coli pro-
tein impurities and moderately nonspecific or incomplete probe con-
jugation (Supplementary Figs. 1 and 3)°. Indeed, nanosensor
performance benefited from optimization of labeling during the
scaled-up production. For example, optimized CoV19-NS, which gives
up to 100-fold fluorescence change, relied on modification with NBD-
x-NHS ester at 150 uM dye and 10% DMSO followed by thrombin or TEV
cleave of the N-terminus due to non-specific labeling of the N-terminal

free amines (Supplementary Figs. 3a and 4). Ongoing efforts are
focused on achieving homogenous NS production by employing
higher resolution separation approaches such as anion exchange
chromatography with a fast protein liquid chromatography (FPLC)

system as shown for a phosphate biosensor™®.

Screening of nanosensor variants and fluorescence dose
response curves

2.5-10 uL of NS preparations were transferred into low volume 384-
well black flat clear bottom plates (Corning) and equal volumes of
antigens (at saturating concentrations of typically -1 mg/mL or >10 uM)
or buffer only (1x PBS) were added. Using a Biotek Synergy H1 plate
reader, fluorescence measurements were taken either directly in these
plates (reading from the bottom) or transferred into Take3 Micro-
volume plates (Biotek) at probe-specific optimal excitation/emission
wavelengths (Supplementary Table 7).

Fluorescence readings in the Take3 plates were more sensitive
than readings in 384-well plates and thus the maximum fluorescence
fold increase values (e.g., Supplementary Fig. 4) were calculated in
Take3 plates. Dose response curves, e.g., Fig. 3a, or Supplementary
Fig. 21, were determined in black 384-well plates by mixing 10 uL of
sensor (at final -2 uM NS) with equal volumes of serial dilutions of their
corresponding antigens in 1x PBS unless indicated otherwise, e.g.,
human serum. The graphs were corrected for the background fluor-
escence by subtracting the nanosensor signal from the nanosensor
plus the antigen signal. Signal values were normalized to peak fluor-
escence magnitude within an experiment and the graphs were plotted
indicating the standard deviation between repeats in shade. Graphs
were plotted and parameters such as ECso were calculated in Prism 9
for Windows or Mac, GraphPad Software, www.graphpad.com.

Biolayer interferometry

Biolayer interferometry was performed on an Octet® RED384 instrument
(ForteBio) at 30 °C with shaking at 1000 rpm. Signals were collected at
the default frequency of 5.0 Hz. First, the Streptavidin (SA) biosensors
(ForteBio) were preincubated in PBST [1x PBS containing 0.05% Tween
20 (Sigma-Aldrich)], the assay buffer used throughout the whole pro-
cedure, for 15 min. Biotinylated antigen for each nanobody was loaded
on the tips at 50 ug/mL. Then, dilutions of the NS and control PBST were
associated for 300 s; and dissociated for 600 s. BLI Steady-State analysis
was performed in the ForteBio Data Analysis HT Software.

Immunofluorescence microscopy and image acquisition

For microscopy experiments leading to Fig. 3d and Supplementary
Fig. 7a, SARS-CoV-2 envelope protein was expressed from a previously
described plasmid" that is further modified to exclude 21 amino acids
believed to be a cryptic ER-retention signal since the original wild-type
envelope protein traffics to the ER-GIC. This resulted in the trafficking
of Spike protein to the cell membrane, which was used to package
SARS-CoV-2 pseudotyped lentivirus. HEK 293 T cells were then trans-
fected with this plasmid vector in the following manner. Chamber
slides were coated by applying a solution of 300 pL of 0.5 ug/mL poly-
D-lysine in 1x PBS and incubated at 37 °C for 1.5 hours. Chamber slides
were then washed once with sterile de-ionized water before cells were
seeded into them. Approximately 2.5 x10* HEK 293Ts were seeded in a
volume of 250 uL complete media (DMEM, 10% FBS, 1% Pen/Strep).
After overnight growth at 37°C, 5% CO,, each well was transfected
using PEL A total of 200 ng SARS-CoV2 plasmid (or the empty plasmid
control) was combined with 600 ng PEI in a final volume of 50 puL
DMEM (no FBS, no Pen/Strep). DNA-PEI solution was incubated for
10 minutes at room temperature before combining with 300 uL com-
plete media for a total volume of 350 pL. This volume was then swap-
ped with the existing cell culture supernatant in the chamber slides to
transfect the cells. The transfected cells were then returned to the
incubator for 48 hours, followed by fixation and permeabilization.
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Supernatants were removed, and 200 uL 4% paraformaldehyde diluted
in 1x PBS was added to each well and incubated at room temperature
for 5 minutes. Each well was carefully washed twice with 1x PBS before
200 L of 0.1% Triton X-100 in 1x PBS was added to each well and
incubated for 10 minutes at room temperature. Each well was then
washed 3 times with 200 uL 1x PBS, and cells were stored in the same
buffer at 4 °C for up to 1 week before staining and imaging experi-
ments. On the day of imaging, the media was exchanged into 1x PBS +
CoV19-NS (2.5 uM) and directly imaged. Phase and fluorescence images
were acquired using a Nikon Ti2 Eclipse inverted microscope equipped
with a Plan Apo Lambda x20 (0.75 NA, DIC N2) oil objective and Andor
Zyla sCMOS camera. NIS-Element AR software was used for image
acquisition. Image processing was performed in FIJI. Images were
scaled, cropped, and rotated without interpolation. Linear adjustment
was performed to optimize the contrast and brightness of the images.
Figure construction was performed in Adobe Illustrator.

Data leading to SI Movies 1-2 and Supplementary Fig. 6a were
acquired using the same microscope equipped with Plan Apo Lambda
DM 4x (0.2 WD, 20) air objective and Countess™ Cell Counting
Chambers Slides (Thermo). First 5 uL RBD¢ovi9 OF BSA (2 mg/mL) was
pipetted at the narrow end. Next, the real-time image acquisition was
started and 15uL CoVI9-NS (2.5uM) was pipetted to the opposite,
wider end. NIS-Element AR software was used for image acquisition.
For quantitative comparisons, the samples were imaged in the same
session with the same image conditions across. Images were analyzed
and presented as mentioned above. Data leading to SI Movie 3 and
Supplementary Fig. 6b were acquired using an iPhone X (Apple)
camera placed on top of the amber cover of a SmartBlue Mini Blue
Light Transilluminator. The video was recorded using standard set-
tings while pipetting RBDcoy19 into microtubes containing CoV19-NS
kept in between the illuminator and the amber cover. Images were
analyzed and presented as mentioned above.

For data leading to Fig. 3e and Supplementary Fig. 7b, S. aureus
RN4220 cells were grown in tryptic soy broth (Becton-Dickinson Bacto-
TSB, 30 g/L) at 37 °C with aeration, supplemented with 10 ug/mL ery-
thromycin to maintain the plasmid pTB107 when necessary. pTB107
(Supplementary Table 6) was designed with SnapGene, generated by
GenScript using site-directed mutagenesis with pLOW as the template,
and PCR-verified. Cells were transformed with either an empty pLOW
vector or pTB107 (pLOW_ALFA-spa-LPXTG), containing an in-frame
ALFA tag between the native Staphylococcus protein A (SpA) signal
sequence and coding sequence. Experiments were conducted from
single colonies grown on tryptic soy agar (TSB with 1.5% Difco bacto-
agar) plates. Cells were grown in TSB +10 pg/mL erythromycin over-
night into stationary phase, subcultured 1:2000 in fresh TSB, and
induced with 50 ng/mL IPTG 1-2hours prior to mid-log phase
(ODgoo ~ 0.5). 20 L cells at exponential growth were labelled with 1 uL
ALFA-NS (1uM), then 2 uL cells were immobilized on 1x PBS pads with
2% wt/v agarose (Thermo-Fisher) and directly imaged with a Plan Apo
Lambda DM 60x (1.4 NA, Ph3) oil objective. Images were analyzed and
presented as mentioned above.

For data leading to Fig. 3f and Supplementary Fig. 7c, One Shot
BL21 Star (DE3) Chemically Competent E. coli cells (Invitrogen) were
transformed with the plasmid pET28a_TEV_OmpX-ALFA, containing a
circularly permuted outer membrane protein OmpX with a C-terminal
ALFA tag, and were grown in LB medium at 37 °C with aeration and
supplemented with 50 pg/mL kanamycin to maintain the plasmid when
necessary (Supplementary Table 6). Experiments were conducted
from single colonies grown on LB agar plates. Cells were grown in
LB + 50 pg/mL kanamycin overnight into stationary phase, subcultured
1:250 in fresh LB, and induced with 1 mM IPTG 1-2 hours prior to mid-
log phase (ODggo ~ 0.5). In Supplementary Fig. 7c, 20 uL IPTG induced
or uninduced cells at exponential growth were labelled with 1uL ALFA-
NS (1 uM), then 2 pL cells were immobilized on 1x PBS pads with 2% wt/v
agarose (Thermo-Fisher) and directly imaged with a Plan Apo Lambda

DM x60 (1.4 NA, Ph3) oil objective. For real-time imaging of OmpX
export (Fig. 3f), 3 uL of uninduced exponential cells were immobilized
on LB pads containing 2% wt/v UltraPure™ Agarose (Thermo-Fisher)
and ALFA-NS (1 uM) and the time-lapse image acquisition (1 fame/min)
was started with a with a Plan Apo Lambda DM x60 (1.4 NA, Ph3) oil
objective. After 2-3 frames, concentrated IPTG (5ulL) was spotted on
top of the pad to the final concentration of -1 mM, and the cell growth
and OmpX expression were followed via Phase and fluorescence ima-
ges (GFP/Cy2 channel), respectively. Images were analyzed and pre-
sented as mentioned above.

Mass spectrometry methods

To generate the data presented in Supplementary Fig. 3, we conducted
LC-MS/MS analysis at the Taplin Biological Mass Spectrometry Facility,
Harvard Medical School, following established protocols®’. Gel bands
of interest were excised into -1 mm? pieces. These pieces were sub-
jected to a modified in-gel digestion protocol using either trypsin or
chymotrypsin, which included the alkylation of cysteine residues with
iodoacetamide. The gel pieces were then dehydrated using acetonitrile
for 10 min. After drying in a speed-vac, the gel pieces were rehydrated
with a buffer containing 50 mM ammonium bicarbonate and 12.5 ng/uL
of proteomics grade trypsin (Promega). After 45 min incubation at
4 °C, the excess trypsin solution was removed, and the gel pieces were
covered with fresh ammonium bicarbonate solution and incubated
overnight at 37 °C to complete the digestion. The resulting peptides
were extracted from the gel pieces by removing the ammonium
bicarbonate solution and washing once with a 50% acetonitrile and 1%
formic acid solution. The extracted peptides were then dried in a
speed-vac and stored at 4 °C until analysis.

On the day of analysis, the dried peptides were reconstituted in a
small volume (5-10 uL) of HPLC solvent A (2.5% acetonitrile, 0.1% for-
mic acid). The peptides were then loaded onto a custom-made nano-
scale reverse-phase HPLC capillary column packed with 2.6 um
C18 spherical silica beads. After equilibrating the column, a gradient of
increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic
acid) was applied to elute the peptides.

As the peptides eluted from the column, they were subjected to
electrospray ionization and analyzed by an LTQ Orbitrap Velos Pro ion-
trap mass spectrometer. The peptides were further fragmented, and
the resulting tandem mass spectra were used to determine their amino
acid sequences. The peptide sequences were then compared to a
database of known protein sequences using the Sequest software. This
analysis allowed us to identify the VHH72 protein in the original sam-
ple. To ensure the accuracy of our results, all databases included a
reversed version of all the sequences, and the data was filtered to
between a 1-2% peptide false discovery rate.

Supplementary Fig. 11 shows a high-resolution UPLC/MS analysis
of NBDxK-incorporated peptides. For this first, equal volume of 2%
formic acid was added to PURE reactions to precipitate large proteins.
Samples were then centrifuged at >12,000 x g for 10 min. Samples in 1%
formic acid (1L injection) were run on an Agilent 1290 UPLC using a
Poroshell 120 SB-Aq column (2.7 pm, 2.1 x 50 mm; Agilent) with a linear
gradient from 5% to 100% acetonitrile over 3.5min at a flow rate of
0.6 mL/min with 0.1% formic acid in the mobile phase. Mass spectra
were acquired using an Agilent 6530c QTOF with the following source
and acquisition parameters: Gas temperature =300 °C; gas flow=81/
min; nebulizer = 35 psig; capillary voltage = 3500 V; fragmentor 175V;
skimmer 65V;°Ct 1 RF vpp=750V; acquisition rate=3 spectra/s;
acquisition time =333.3 ms/spectrum; collision energy O V. Extracted
ions for NT-formyl peptides (fM[NBDxK]PVFV and fMFPV[NBDxK]V;
[M + H]+ m/z=1024.4920) were monitored within a 10 ppm window.
High Resolution mass spectrometry (HRMS) data for BDPaF-pdCpA
and NBDxK-pdCpA leading to Supplementary Fig. 8 were collected and
compared to the respective theoretical isotropic patterns of BDPaF-
pdeA' HRMS-ESI (m/z): Calc. for C4oHs50BF;N015P> [M+ H]+
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1073.3049, found 1073.3063 and NBDxK-pdCpA: HRMS-ESI (m/2):
Calc. for C3;HsiN14O15P; [M + H]* 1041.2975, found 1041.2985.

tRNA ligation and quantification

The enzymatic esterification of tRNA(-CA) species to nsAA-pdCpAs
(resulting nsAA-tRNA y,) was done as previously described*. Briefly,
500 pg of PyIT tRNA(-CA)cua or Mycoplasma capricolum Trpl tRNA(-
CA)cua Was dissolved in 625ul 10 mM HEPES +2.5mM MgCl, and
folded by heating to 95 °C for 3 min with a subsequent gradual cool-
down to 25 °C over 20 min. The aminoacylation reaction to obtain the
full length nsAA-tRNA cya contained the final concentrations of
300 pg/mL folded tRNA(-CA), 0.3 mM nsAA-pdCpA (from 3 mM DMSO
stock), 1x of T4 RNA Ligase buffer (from 10x, NEB), 0.125 mM ATP and
600 units/mL of T4 RNA Ligase 1 (NEB). This reaction was incubated at
4°C for 2h. The nsAA-tRNA cuya was extracted with acidic phenol
chlorophorm (5:1, pH 4.5), ethanol precipitated, washed, air-dried and
stored at -80 °C. To determine aminoacylation efficiencies (Supple-
mentary Fig. 9) 1ug of BDPaF-tRNA cya was diluted in Novex™ TBE-
Urea Sample Buffer (2x) and loaded onto a TBE urea gel (15 %). Elec-
trophoresis was carried out at 120 V for 4 hours in 1x TBE. The gel was
scanned for in gel fluorescence using a Fuji FLA-5100 fluorescent
image analyzer and subsequently stained with SYBR™ Gold Nucleic
Acid Gel Stain and visualized under UV. Charging yield was calculated
by quantifying band intensity on the UV scanned gel using FIJI.

CFPS with FgAAs and in situ NS characterization

DNA templates for the in vitro transcription and translation reactions
contained optimized sequences of a T7 promoter, a Shine-Dalgarno
sequence, the open reading frame with an in-frame amber stop codon
(*=TAG) that would be suppressed in the presence of charged full-
length tRNA species, e.g., NBDXK-tRNAcya. These templates were
typically prepared as circular DNA. Exceptions were mRNA/cDNA dis-
play experiments, which relied on linear DNA recovered from the
previous selection round, the experiments leading to Supplementary
Fig. 11, where peptide expression was conducted from linear DNA for
Pep-MFPVFV, Pep-M*PVFV and Pep-PFPV*V sequences, amplified by
PriPep-F and PriPep-R primers (Supplementary Table 8). Additionally,
data leading to Fig. 4c, d, and Supplementary Figs. 15 and 16 were
collected by setting up CFPS reactions directly with linear DNA tem-
plates acquired as gBlocks or 96-well eBlocks from IDT.

CFPS reactions were carried out using PURExpress® A RF1 or
NEBExpress Cell-free E. coli Protein Synthesis System (NEB, Ipswich
MA) following the manufacturer’s instructions and supplying 20 ng/pL
DNA templates with nsAA-tRNAcy, (at final -8 uM), and 1.5 units/pL
RNase Inhibitor Murine (NEB). In experiments where active NS were
ribosomally produced, the CFPS reactions were also supplemented
with PURExpress® Disulfide Bond Enhancer (NEB). Reactions (5-50 pL)
were incubated in 0.2mL thin wall PCR tubes (Thermo Fisher) at
30-37 °C for 60 min-300 min. CFPS reactions were analyzed by run-
ning 1uL of the reaction in parallel with 10 uL Precision Plus Protein™
fluorescent protein ladder (Bio-Rad) in 1.0 mm Invitrogen™ Novex™
WedgeWell™ 10-20%, Tris-Glycine mini protein gels (Thermo Fischer)
following the manufacturer’s instructions and materials. The in-gel
fluorescence was measured using a Biorad Gel Doc XR+ Imaging Sys-
tem and the gels were Coomassie stained with InstantBlue protein
stain (Novus Biologicals), following the manufacturer’s instructions.
The images were quantified by Image]. In this work, CFPS reactions
were carried out for platform optimization, rapid NS characterization,
or NS discovery. Retrosynthetic FgAA designs allowed cost-effective
semisynthetic production of these NS as described above.

For high-throughput screening of ribosomally produced nano-
sensor variants without purification (Supplementary Fig. 14a-c, and
Supplementary Fig.19), 2.5 pL of CFPS reactions were mixed with equal
volume of 1x PBS (negative control), or saturating concentrations of
RBDcovie, RBDog1, ALFA peptide, or Cortisol in PCR tubes and their

fluorescence was quantified by a Biorad Gel Doc XR+ Imaging System
and analyzed by ImageJ. For microscopy images leading to Fig. 4b, 2 uL
of CFPS reactions were mixed with 2L exponential E. coli cells
expressing OmpX-ALFA from the pET28a TEV_.OmpX-ALFA, and the
cells were directly imaged with a Plan Apo Lambda DM x60 (1.4 NA,
Ph3) oil objective on 1x PBS pads as described for Supplementary
Fig. 7c above.

For real-time sensing of RBDcovi0 Or ALFA peptide by nascently
translated nanosensor variants (Fig. 4c, d, Supplementary Fig. 14d, and
Supplementary Fig. 15a), 5 pL of CFPS reactions were mixed with 0.25 puL
10 mM Tris at pH=7 (negative control) or concentrated RBDcov19 OF
ALFA peptides (exchanged to 10 mM Tris at 20 pM) in low volume 384-
well black flat clear bottom plates (Corning). Relative fluorescence units
for NBDxK were recorded at excitation/emission wavelengths of
485 nm/528 nm using a Biotek spectrophotometric plate reader at 30 °C
over 3 h. The signal values were normalized to peak fluorescence mag-
nitude within an experiment and the graph was plotted indicating the
standard deviation between repeats in shade. Graphs were plotted and
analyzed in Prism 9 for Windows, GraphPad Software.

High-throughput dose response curves of NS leading to data in
Supplementary Fig. 16 and in situ ECsq values in Supplementary Table 5
were determined by mixing 2 pL of CFPS reactions with equal volumes
of serial dilutions of RBD¢gv19 Or RBDog; in 1x PBS in low volume black
flat clear bottom 384-well plates (Corning). Liquid transfers were
performed using an Echo 525 Acoustic Liquid Handler by Beckman,
and fluorescence measurements were taken using a Biotek Synergy H1
plate reader (reading from the bottom of the plate). The graphs were
plotted using data from at least 2 repeats and corrected for the
background fluorescence by normalizing nanosensor plus the antigen
signals against the control nanosensor without antigen signal. Signal
values were normalized to maximum fluorescence response within
each set and the graphs were plotted indicating the standard deviation
between repeats in shade. Graphs were plotted and parameters such as
in situ ECso were calculated in Prism 9 for Windows or Mac, GraphPad
Software, www.graphpad.com.

mRNA/cDNA display

OREF libraries for mRNA/cDNA display were constructed stepwise. The
Omicron biased mutation library ORF, LibOmic, containing the fixed
in-frame TAG stop codon at position 104 and randomized CDR2 and
CDR3 (Supplementary Table 6 also shown in Supplementary Fig. 17a),
was built by 4 cycles of overlap extension PCR with Pril-Pri4 (acquired
as PAGE purified Ultramers, IDT) that also allowed the representation
of tryptophans in the library. For this, PCR reactions of Pril-Pri2, Pril-
Pri4, Pri2-Pri3, and Pri3-Pri4 were pooled in 1000:33:33:1 ratio followed
by amplification with Pri5&Pri6 (5-10 cycles), and PCR purification
(Supplementary Table 8). This library was further diversified by one-
piece isothermal assembly using the plasmid library backbone that is
linearized by Pri9 & Pril0 and the same cloning strategy. For the gen-
eral CoV19-NS compensatory library, CompLibCoV (Supplementary
Table 6, also shown in Supplementary Fig. 17b), the randomized CDR2
and CDR3 were built by 9 cycles of overlap extension PCR by mixing
equal moles of Pril8-Pri21 (acquired as PAGE purified Ultramers, IDT)
followed by amplification with Pri5&Pri6 (5-10 cycles) and PCR pur-
ification (Supplementary Table 8). This library was further diversified
by one-piece isothermal assembly using the plasmid library backbone
that is linearized by Pri9 & PrilO and the same cloning strategy. These
library inserts (-500 ng) were assembled into the pPURExpress VHH72
V104UAG plasmid backbone (-800 ng, linearized by the primers Pri7
and Pri8) in a 150 pL Gibson assembly reaction (NEB 50 °C, 1h). The
product was then cleaned and concentrated by ethanol precipitation
and the entire product was electro-transformed into ElectroMAX™
DHIOB Cells (Thermo Fisher) cells. After cells were recovered in SOC
for 1h, overnight cultures were set up for plasmid minipreps by adding
4 mL 2xYT supplemented with carbenicillin (to final 100 pg/mL) at
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37 °C with aeration. In parallel, dilutions were plated to estimate the
library size. 100 colonies were randomly selected and sequenced
(Azenta/Genewiz) to estimate the library quality.

Our mRNA/cDNA display approach involves translating nsAA-
containing nanobody libraries and covalently linking them to their
cDNA via a puromycin linker. This is achieved by modifying a pre-
viously optimized protocol” that includes a key step that allows site-
specific incorporation of nsAAs at the binding interface as described
above (Fig. 5a). The specific deviations from the protocol were the
following: LibOmic or CompLibCoV was initially amplified with Prill-
Pril2 that added a 3’ T7 promoter followed by an optimized RBS and a
5 His-tag followed by a flexible mRNA/cDNA display tag. After this
step, the linear DNA library for transcription was amplified by Prill-
Pril3. Alternatively, Pril4-Pril5 was used to amplify the DNA library for
isothermal assembly cloning into pPURExpress backbone, which is
linearized by using Pril6-17. The CFPS reaction using PURExpress® A
RF1 contained 8 pM NBDxK-tRNAcya and was performed at 30 °C for
90 min. After reverse transcription, full-length NS linked to their mRNA
and cDNA were enriched via His-Pull-Down using 10 uL Pierce™ Ni-NTA
Magpnetic Agarose Beads following the manufacturer’s protocol. The
elution (-150 uL) was subjected to negative and positive selections.
Each selection round included a generic negative selection step with
20 uL Magnetic beads™ Streptavidin (from 1 mg/ mL, Acro Biosystems,
Cat. No. SMB-BO1 for 30 min at room temperature. Omicron RBD-
selectivity was achieved by a second negative selection using increas-
ing amounts (e.g., 2.5, 5, 10, 20 L) of SARS-CoV-2 Spike RBD-coupled
Magnetic Beads per round. Positive selection involved incubating the
supernatant with decreasing amounts (e.g., 40, 20, 10, 5uL) of SARS-
CoV-2 (Omicron) Spike RBD-coupled Magnetic Beads (Acro Biosys-
tems, Cat. No. MBS-K043) or original SARS-CoV-2 Spike RBD-coupled
Magnetic Beads for shorter durations (e.g., 60, 45, 30 min) per round.
The supernatant was saved for downstream analysis and the beads
were thoroughly washed with Wash/Interact buffer (5 times with a total
of 200 uL of buffer containing 20 mM Tris-HCI, 150 mM Nacl, 0.05%
Tween 20, and 10 ug/mL BSA at pH 8.0) followed by washes with Tris-
Wash buffer (2 times with a total of 200 L of buffer containing 20 mM
Tris-HCI and 0.05% Tween 20 at pH 8.0) as described®”. The washes
were also saved for downstream analysis, which included running
protein gels for monitoring in-gel nanosensor fluorescence, qPCR (by
signal amplification using Prill-Pri13), and Illumina next-generation
sequencing. The final elution was done using streptavidin elution
buffer (G-BIOSCIENCES, Cat. No. 786-549) followed by neutralization
with an equal volume of 1M Tris, pH 8, and ethanol precipitation. The
pellet was reconstituted in water or either (i) used as the template for
the next cycle by reamplifying with Prill-Pril3, (ii) cloned into pPUR-
Express by amplifying with Pril4-Pril5 as mentioned above, or (iii)
amplified by Pri5-Pri6 for next generation sequencing (Amplicon-EZ,
Azenta/Genewiz).

Illumina next-generation sequencing (NGS) data analysis and
read counting

NGS-based amplicon sequencing was performed using the
Amplicon-EZ service of Azenta/Genewiz and DNA amplicons from
each selection cycle. cDNA in samples from washes and elutions
were amplified by Pri5-Pri6) and were prepared following Amplicon-
EZ sample submission guidelines. Raw reads (236 bp pair-ended)
were merged using BBMerge', and filtered for Phred quality scores
at or above 20. Resulting reads were forwarded and trimmed using a
custom Python script, which identified the first 18 bp of the constant
region prior to CDR2. Reads were trimmed such that the forward
read started at CDR2 and extended through CDR3 to identify
nanosensor variant combinations within both regions, and counts of
identical sequences were determined. The read frequency was cal-
culated as the fraction of each unique sequence divided by the total
number of trimmed sequences detected within a sample. Almost

200 unique reads were identified in all samples from the mRNA/
cDNA display evolution rounds, and fold enrichment was calculated
by dividing the read frequencies of subsequent rounds by the read
frequency identified in the original library. Scripts are available upon
request.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

NGS raw data generated in this study have been deposited in the NIH
Short Read Archive (SRA) database under accession code
PRJNA1129853. Protein mass spectrometry raw data have been
deposited in the ProteomeXchange Consortium via the PRIDE partner
repository with the PRIDE database ID (PXD053593) and https://doi.
0rg/10.6019/PXD053593. Protein structure data used in this study is
available in the Worldwide Protein Data Bank under the following
accession codes: 6WAQ, 6ZBP, 7JZM, 612G, 4KRO and 6ITP. Source
data are provided as a Source Data file. Source data are provided with
this paper.

Code availability
The custom python script used for NGS data analysis is available
through Zenodo [https://doi.org/10.5281/zenodo.12741352].
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