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PROTEIN DESIGN

De novo design of orthogonal 
far-red, orange, and green 
fluorophore-binding proteins for 
multiplexed imaging
Long Tran1,2†, Steffen Klein3†, David Juergens2,4,5,6‡,  
Shajesh Sharma2,7‡, Justin Decarreau2‡, Gyu Rie Lee2,4,8,  
Yujia Wang2,4, Wei Chen2,4, Asim K. Bera2, Alex Kang2, Jon Woods2, 
Emily Joyce2, Dionne K. Vafeados2, Nicole Roullier2, Xinting Li2, 
Bingxu Liu2,4, Yang Bo2,4, Edin Muratspahić2,4, Tim A. Brown9, 
Jonathan B. Grimm9, Ronak Patel9, Luke D. Lavis9,  
Julia Mahamid3,10*, Linna An2,4*, David Baker2,4,11* 

Fluorescent proteins and small-molecule dyes offer 
complementary advantages for biological imaging: Proteins are 
amenable to genetic tagging, whereas dyes provide superior 
brightness and photostability. To combine these strengths, we 
used de novo protein design to generate small, nanomolar-
affinity, high-selectivity binders (NovoTags) for three cell-
permeable dyes spanning the visible spectrum. We show that 
the NovoTag fluorescent lifetimes can be tuned and demonstrate 
their application in lifetime- and wavelength-based multiplexed 
fluorescence imaging. We also designed a two-chain version 
(NovoSplit) that functions as a chemically induced dimerization 
system with fluorescent readout in living cells or as a minimally 
perturbing proximity probe in fixed cells. Our approach 
combines the advantages of fluorescent proteins and small-
molecule dyes, thus expanding the toolkit for cellular imaging.

Biological imaging has been transformed by the ability to tag specific 
cellular components with genetically encoded fluorescent proteins. 
But fluorescent proteins have limited brightness and photostability, 
constraining the resolution, duration, and complexity of imaging ex-
periments (1). By contrast, small-molecule dyes offer superior optical 
properties (2–4). Advanced synthetic fluorophores such as the Janelia 
Fluor (JF) dyes are notable for their quantum yields across a range of 
emission wavelengths, photostabilities, and cell permeabilities (2, 3). 
However, the use of JF dyes in cellular imaging requires a mechanism 
to target the proteins of interest. Current approaches primarily use fu-
sion tags, including HaloTag (5) and SNAP-tag (6), which covalently bind 
modified versions of the dyes. Although effective, these tags are relatively 
large (20 to 35 kDa) and not dye specific; they bind a general ligand 
moiety that can be conjugated to a compatible dye (5, 6). This has com-
plicated the development of orthogonal versions, thereby limiting multi-
plexing capabilities (7).

We reasoned that designing a set of small proteins, each selectively 
binding to a specific JF dye across the visible spectrum, could provide 

a general solution to the multiplexed imaging problem. This, however, 
poses a challenging design task because JF dyes are structurally analo-
gous rhodamine derivatives that lack known natural binders (8). To 
address this challenge, we leveraged recent advances in machine learning– 
based de novo protein design (9, 10) to generate genetically encodable, 
small JF dye–binding proteins with high affinity and specificity for 
single dyes and to explore the use of such designs for multiplexed fluo-
rescence imaging.

Results
Design and evaluation of fluorophore-binding proteins
We selected three JF dyes, JF494, JF596, and JF657 (Fig. 1, A to C), with 
well-separated excitation and emission spectra spanning the visible 
range (2) as design targets (Fig. 1D and fig. S1). These fluorophores share 
a common rhodamine-derived core structure but differ in specific chem-
ical modifications that enhance brightness and tune their excitation and 
emission maxima (2). We reasoned that a design strategy that generates 
proteins with extensive complementarity to an input ligand structure 
should achieve specificity, as even small changes in the chemistry could 
introduce clashes or eliminate favorable contacts (9, 11).

We developed a machine learning–based approach for generating 
binders with internally repeating closed structures (pseudocycles) that 
encircle the target JF dyes. We used the generative deep learning method 
Cα RFdiffusion (10) (fig. S2) with symmetry conditioning to build pro-
tein structures around the JF494, JF596, and JF657 dyes. We encoded the 
ligand structure using the Cα RFdiffusion motif template input and 
omitted symmetry operations in any ligand-ligand or ligand-protein 
blocks in the pair representation (see the materials and methods). We 
found that this method effectively generated monomeric pseudocyclic 
structures around the three selected dyes (Fig. 1, A to C). This RFdiffusion-
based method has an advantage over our previous hallucination-based 
approach (9) because it generates pseudocyclic proteins directly around 
a target ligand, thus avoiding a second ligand-docking step. After obtain-
ing the structures, we generated sequences using LigandMPNN with 
FastRelax cycling (12). Each design comprised a single-domain protein 
of 110 to 160 amino acids with a predicted cavity tailored to accommo-
date the targeted JF dye. We filtered the designs with Rosetta (13) for 
ligand binding and with AlphaFold 2 (AF2) (14) for protein sequence–
structure consistency. A total of 4843, 5800, and 6032 binder variants 
were selected for JF494, JF596, and JF657 binding, respectively. These 
sequences were synthesized on oligonucleotide microarrays, expressed 
in yeast for surface display,  and screened by fluorescence-activated cell 
sorting (FACS) (fig. S3). Next-generation sequencing of enriched pools 
revealed multiple high-affinity binders: 56 designs for JF494, 236 designs 
for JF596, and 334 designs for JF657 exhibited binding affinities of 5 μM 
or lower on yeast.

For each dye, we selected a single binder design based on the FACS 
enrichment and single-clone flow cytometry signal intensity, for subse-
quent characterization (fig. S3). These were expressed in Escherichia coli, 
purified by affinity chromatography, and their binding affinities mea-
sured using fluorescence polarization (FP) assays. The selected designs 
for each target dye (NovoTag494, NovoTag596, and NovoTag657 for JF494, 
JF596, and JF657, respectively) have molecular weights of 15.1, 13.3, and 
15.6 kDa and binding affinities (Kd) of 19.1, 1.5, and 2.0 nM, respectively 
(Fig. 1, A to C). We used stopped-flow fluorescence polarization to deter-
mine the binding kinetics of JF494 to NovoTag494, yielding a kon of 1.8 × 
105 M−1 s−1 and a koff of 0.00336 s−1 (fig. S4), consistent with the measured 
Kd of 19.1 nM (Fig. 1A). Next, we assessed the specificity of the NovoTags 
to their JF targets using FP and found that they bound their respective 
targets with at least 1000-fold greater affinity than the alternative ligands 
(fig. S5). We further characterized the absorbance maximum (λabs), emis-
sion maximum (λem), extinction coefficient (ε), fluorescence quantum 
yield (Φf), and fluorescence lifetime (τf) of the free dyes and their con-
jugates (Fig. 1E). For both NovoTag657 and NovoTag596, we observed mod-
est shifts in λabs and λem and larger ε (∼15%) and Φf (∼40%) values upon 
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protein binding, resulting in a substantial increase in fluorescence emis-
sion intensity of the protein-dye complexes compared with the free dyes. 
By contrast, NovoTag494 showed a decrease in both ε (∼15%) and Φf 
(∼50%). The measured τf values matched the trends in Φf, with NovoTag657 
and NovoTag596 increasing the fluorescence lifetime and NovoTag494 de-
creasing it compared with the free dyes. Compared with the state-of-the-
art synthetic fluorophore JF646-HaloTag ligand bound to HaloTag7 (ε = 
152,000 M−1 cm−1, Φf = 0.54) (3) or the JF657-HaloTag ligand bound to 
HaloTag7 (ε = 128,000 M−1 cm−1, Φ = 0.54), JF657 bound to NovoTag657 
exhibited 20 and 43% higher brightness, respectively (ε = 137,000 M−1 
cm−1, Φf = 0.72).

We characterized the biophysical properties of the NovoTag designs 
using circular dichroism (CD) and size-exclusion chromatography (SEC). 
CD spectra revealed predominantly α-helical secondary structures, con-
sistent with our computational models, and thermal denaturation ex-
periments indicated high thermostability (fig. S6). SEC traces showed 
that NovoTags are soluble and monomeric in solution.

We determined the crystal structures of NovoTag657 in the apo 
and holo states at 1.44 and 2.37 Å resolution, respectively, which 
closely matched the design model over the protein backbone 
(Cα-RMSD-design-Apo = 0.70 Å, Cα-RMSD-design-Holo = 0.58 Å; 
Fig. 1, F and G, and tables S1 and S2). The aromatic side chains of 
Phe61 and Phe125, designed to form hydrophobic contacts and π-π 
stacking interactions with the dye, as well as Tyr39 and Tyr126, which 
form hydrogen bonds with JF657, were correctly positioned. All-by-
all AlphaFold 3 (AF3) (15) prediction comparisons of NovoTags in 
complex with JF dyes yielded the highest-confidence predictions 
[highest interface-predicted template modeling (ipTM) and highest 
ligand predicted local distance difference test (pLDDT)] for the 
designed on-target pairs (fig. S7). These structures and our in silico 
results show how the high protein–small-molecule shape comple-
mentarity generated by our design methods can lead to specificity 
even among small-molecule analogs with high structure similar-
ity (fig. S5)
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Fig. 1. Design and characterization of JF-binding proteins. (A to C) NovoTag designs for the binding of JF494 (A), JF596 (B), and JF657 (C). For each JF dye–NovoTag pair, the chemical 
structure of the target dye (left), the model of the NovoTag design (middle) with the relevant dye-interacting residues highlighted (insets), and FP titration curves (right) are shown. The 
FP titrations were repeated three to eight times from independent serial dilutions, and data are presented as means ± SDs over all titrations. Kd values and SEs were determined from a 
standard binding isotherm model by nonlinear regression. (D) Excitation (dotted lines) and emission (solid lines) of JF dye-NovoTag pairs: JF494:NovoTag494 (green), JF596:NovoTag596 
(orange), and JF657:NovoTag657 (red). (E) Photophysical characterization of free JF dyes and JF dye–NovoTag conjugates. (F and G) Superposition of the design model of NovoTag657 
(red) with the apo (F) and holo (G) crystal structure (gray). Green dashed lines indicate hydrogen bonds.
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NovoTags enable multiplexed fluorescence microscopy in cells
We next evaluated each NovoTag as a genetically encoded fluorescent tag 
for microscopy. We fused the NovoTags either to mScarlet (NovoTag494) 
or enhanced green fluorescent protein (eGFP) (NovoTag596 and NovoTag657) 
and targeted each of the constructs to the outer mitochondrial mem-
brane using a mitochondrial localization signal derived from Tom70 (16) 
(MitoTag) in HeLa cells. Cells were incubated with the corresponding JF 
dye (5 nM for 15 min). After extensive washing, live-cell fluorescence imag-
ing showed that the JF dye signal colocalized with the mScarlet or eGFP 
signal on the mitochondrial membrane (fig. S8), demonstrating that all 
three NovoTags effectively bind and recruit the cell-permeable JF dyes to 
specific subcellular sites. The nanomolar affinities (Fig. 1, A to C) and slow 
koff rate (fig. S4) of the NovoTags enabled live-cell imaging after washing, 
thereby minimizing nonspecific background, highlighting the benefits of 
high-affinity binders. To assess the impact of chemical fixation on NovoTag 
staining, MitoTag-NovoTag657-eGFP was expressed in HeLa cells, and JF 
dye staining was performed either before or after fixation (fig. S9). In both 
cases, the JF657 signal colocalized with eGFP, demonstrating that the 
NovoTag system is compatible with this common imaging workflow. 
Comparing the photostability of JF657 bound to NovoTag657 with that of 
the well-established, commercially available JFX650-HaloTag ligand bound 
to HaloTag7 (17) showed similar rates of photobleaching in HeLa cells, 

with 50% signal loss after 14 or 15 bleaching iterations, respectively 
(Fig. 2C, fig. S10, and movie S1).

We evaluated the in-cell specificity of the NovoTags by testing each 
combination of NovoTag (NovoTag494, NovoTag596, and NovoTag657), 
JF dye (JF494, JF596, and JF657), and excitation wavelength (473, 575, 
and 631 nm) in HeLa cells and quantifying the fluorescence intensities 
(Fig. 2D and fig. S11). Only the specific combination of a matching 
NovoTag, JF dye, and excitation wavelength yielded a substantial fluo-
rescent signal, demonstrating high specificity in cells.

To explore the use of the NovoTags for multiplexed fluorescence 
imaging, we simultaneously targeted NovoTag494 to the early endo-
somal membrane (2×FYVE tag) (18), NovoTag596 to the inner nuclear 
membrane (emerin) (19, 20), and NovoTag657 to the mitochondrial 
membrane (MitoTag) in HeLa cells. Cells were incubated with a dye 
cocktail consisting of 5 nM JF494, 20 nM JF596, and 5 nM JF657 for 15 min. 
After three washes, live imaging revealed clear signal separation 
(fig. S12), demonstrating orthogonal and specific dye binding in cells 
and the multiplexing capability of this system.

Given the reported high photostability of JF dyes (21, 22) and the 
observed high in-cell specificity of our binders, we evaluated the 
NovoTags for multiplexed super-resolution fluorescence microscopy 
using stimulated emission depletion (STED) imaging on fixed (Fig. 2A 
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Fig. 2. Multiplexed super-resolution fluorescence microscopy in live and fixed cells using NovoTags. (A and B) Multiplexed fluorescence microscopy in fixed (A) and live (B) HeLa 
cells. NovoTag494 labels endosomes (2×FYVE, magenta), NovoTag596 labels mitochondria (MitoTag, green), and NovoTag657 labels chromatin (H2B, white). Cells were stained with  
50 nM concentrations of each dye (JF494, JF596, and JF657) for 30 min at 37°C, followed by three washing steps. Top: confocal and STED images (presented side by side) were acquired 
on a Leica Stellaris 8 STED Falcon microscope. Bottom: magnified views of indicated areas and line plots  for NovoTag494 (iii) and NovoTag596 (iv) for confocal and STED. (C) Photostability 
of JF dyes. HeLa cells expressing either NovoTag657 or HaloTag7 localized to mitochondria (MitoTag) were fluorescently labeled with 50 nM of each dye (JF657 and Halo-JFX650) as above. 
Fluorescence intensity was measured after each bleaching iteration. For each sample, photobleaching of 10 individual cells was acquired in two independent experiments. All data 
points are shown (gray). Nonlinear regression (one-phase decay) of the fluorescence signal was fitted. (D) Specificity of the NovoTags. Each NovoTag (NovoTag494, NovoTag596, and 
NovoTag657) was localized to mitochondria (MitoTag) in HeLa cells, labeled with one of each JF dye (JF494, JF596, or JF657), and excited with one of three wavelengths (474, 575, or 
631 nm). Fluorescence intensity measurements were obtained from 12 fields of view for each condition in three independent experiments. For each combination, the mean fluores-
cence intensity is plotted. Scale bars in (A), (B), and magnified views (i), 5 μm; and in magnified views (ii) and (iii), 500 nm. a.u., arbitrary units.
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and fig. S13) and live (Fig. 2B) HeLa cells. NovoTag494 was targeted to 
the early endosomal membrane (2×FYVE tag), NovoTag596 to the outer 
mitochondrial membrane (MitoTag), and NovoTag657 to chromatin 
(H2B) (23). Cells were incubated with a cocktail of all three JF dyes 
(50 nM each for 30 min). After extensive washing, STED imaging re-
vealed clear signal separation (fig. S13) and enhanced resolution com-
pared with confocal imaging (Fig. 2, A and B). The combination of the 
three described NovoTags thus enables multiplexed cellular imaging 
in live, fixed, and super-resolution modalities.

Tuning NovoTag494 for multiplexed fluorescence lifetime 
imaging microscopy
Our observation that the NovoTags modulate the fluorescence lifetimes 
of the JF dyes upon binding (Fig. 1E) suggests that the photophysical 
properties can be fine-tuned by modifying the design of the binding 

pockets. As a proof of principle, we sought to design binders for JF494 
with distinct, well-separated fluorescence lifetimes to enable multi-
plexed fluorescence lifetime imaging microscopy (FLIM) (24). We 
characterized the dye binding and fluorescence intensity of 36 rede-
signed variants of the NovoTag494-binding pocket, incorporating more 
hydrogen bonds, fewer π-π stacking interactions, and an altered elec-
trostatic environment (Fig. 3A), and selected two designs: NovoTag494

S 
(short lifetime) and NovoTag494

L (long lifetime) (fig. S14 and Fig. 3, B 
to D). The excitation and emission profiles were similar to those of the 
original design; NovoTag494

L showed a slight blue shift (Fig. 3, B and C), 
NovoTag494

S exhibited slightly reduced brightness (Fig. 3D), and both 
displayed a modest decrease in binding affinity (Fig. 3E). FLIM mea-
surements in HeLa cells showed a mean fluorescence lifetime of 2.00 ns 
(SD = 0.09) for NovoTag494, 1.27 ns (SD = 0.25) for NovoTag494

S, and 2.78 ns 
(SD = 0.40) for NovoTag494

L (Fig. 3F). These lifetime distributions were 
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Fig. 3. Fluorescence lifetime–based multiplexed microscopy using NovoTags. (A) The NovoTag494-binding site was subjected to sequence redesign using LigandMPNN-
FastRelax, and two variants with different hydrogen-bonding networks, π-π stacking profiles, and electrostatics of the binding pocket were selected with shorter or longer 
fluorescence lifetimes (NovoTag494

S and NovoTag494
L). The sequence logo represents the relative frequency (letter height) of each amino acid in the redesigned residues.  

(B and C) Excitation (B) and emission (C) of JF494 dye bound to NovoTag494 and the two lifetime variants. (D) Photophysical characterization of the JF494-NovoTag494 
variant conjugates. (E) Fluorescence polarization titration of NovoTag494 and of the two lifetime variants. A nonlinear regression (standard binding isotherm model) was 
fitted and the Kd values were determined. NovoTag494

S and NovoTag494
L showed affinities to JF494 of 49.8 and 150.8 nM, respectively. For each sample, three or four 

independent measurements were acquired. (F) Distribution of fluorescence lifetimes of each NovoTag494 variant in cells. HeLa cells were transfected with one of the following 
plasmids: MitoTag-NovoTag494

S, 2×FYVE-NovoTag494, or H2B-NovoTag494
L, chemically fixed and imaged in the presence of 10 nM JF494. For each sample, fluorescence 

images of 11 to 16 cellular regions were acquired. The histograms of fluorescence lifetimes are plotted and fitted with a Gaussian distribution. (G to J) HeLa cells were cotrans-
fected with MitoTag-NovoTag494

S, 2×FYVE-NovoTag494, and H2B-NovoTag494
L, chemically fixed and imaged in the presence of 10 nM JF494 with a confocal microscope  

(Leica Stellaris 8 Falcon). Shown are the total fluorescence intensity (G), the fluorescence lifetimes (H), and the phasor plot (I). Using phasor-based lifetime unmixing, the 
signals of the three labeled components were separated (J). Scale bar, 20 μm.
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well separated, with Cohen’s d values of 4.5 (NovoTag494
S:NovoTag494

L), 
3.9 (NovoTag494

S:NovoTag494), and 2.7 (NovoTag494
L:NovoTag494) 

(Fig. 3F).
We evaluated multiplexed FLIM with these designs (Fig. 3, G to J) 

by cotransfecting HeLa cells with MitoTag-NovoTag494
S, 2×FYVE-

NovoTag494, and H2B-NovoTag494
L, followed by fixation and staining 

with 10 nM JF494. Using phasor-based fluorescence lifetime unmixing, 
the signals of the three labeled cellular components were separated. 
Signals showed specific signatures of mitochondria (MitoTag-NovoTag494

S), 
endosomes (2×FYVE-NovoTag494), and chromatin (H2B-NovoTag494

L), 
with minimal cross-talk between lifetimes, demonstrating success-
ful fine-tuning of our NovoTags for multiplexed FLIM-based cellu-
lar imaging.

Design of a covalent NovoTag
Covalent dye binding is of particular interest for applications such as 
pulse-chase experiments and single-molecule tracking (25–27). We thus 
investigated the design of dye-specific covalent NovoTags. Fluorinated 
dyes such as JF657 can undergo nucleophilic aromatic substitution 
(SNAr) on the fluorinated pendant phenyl ring (28). We surmised that 
placing a cysteine residue in NovoTag657 within close proximity to its 
electrophilic moiety would facilitate the formation of a covalent thio-
ether bond between the dye and the protein (fig. S16A).

We expressed and purified 47 such designs, incubated them with an 
excess of JF657 (10 μM for 12 hours), and investigated the formation of a 
protein-dye covalent adduct using sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE). Twelve of the 47 designs showed 
covalent binding (figs. S15 and S16B), and we named the design with 
the highest fluorescence intensity in the SDS-PAGE gel NovoTag657

cv. 
Liquid chromatography–mass spectrometry (LC-MS; fig. S16C) analy-
sis revealed peaks corresponding to the labeled NovoTag657

cv, confirm-
ing the formation of the covalent bond with the dye. LC-MS time-course 
analysis revealed 47.8% (SD = 1.6%) labeling after 3 hours of incuba-
tion, suggesting a half-time (t1/2) of ∼3 hours for SNAr conjugation 
kinetics (under excess JF657 conditions; fig. S16D). Incubation of live 
E. coli or HeLa cells expressing NovoTag657

cv with JF657 for up to 18 hours, 
followed by SDS-PAGE analysis of whole-cell lysates (fig. S16, E and 
F), showed that the covalent bond forms in cells. Live fluorescence im
aging of the HeLa cells confirmed colocalization between MitoTag-
NovoTag657

cv-eGFP and JF657 (fig. S17), demonstrating the feasibility of 
covalent labeling with the NovoTags for cellular imaging.

NovoSplit enables chemically induced dimerization
Chemically induced dimerization (CID) systems have been widely used 
to promote protein-protein interactions for applications ranging from 
signal transduction and gene expression to protein localization and 
degradation (29–32). We reasoned that designed split variants of the 
NovoTags could function as a CID system in which the fluorescent JF 
dye functions to induce dimerization within live cells, allowing for 
precise control of protein interactions and downstream processes, 
while simultaneously providing a direct fluorescent readout of the 
induced interactions.

We designed split versions of NovoTag657, and 47 designs predicted 
to assemble in the presence of the dye were evaluated in a mammalian 
two-hybrid screen for minimal self-dimerization in the absence of the 
dye and inducible dimerization upon addition of JF657 (fig. S18). The 
five designs exhibiting the highest dye-induced reporter activation (see 
the materials and methods) were further evaluated by fluorescence 
colocalization analysis in HeLa cells (fig. S19). The best of these split 
designs (fig. S19B) was derived from the top noncovalent NovoTag657 
design (Fig. 1C). To reduce residual self-dimerization in the absence 
of JF657 (fig. S19B), we removed a salt bridge between Glu14 and Arg53 
(fig. S20A) by introducing an Arg53→Ala substitution; this eliminated 
the noninduced dimerization, whereas induction of dimerization by 
JF657 was not impaired (fig. S20, B and C). We named this split system 

NovoSplit657. The AF3 prediction of NovoSplit657 aligned closely with 
the holo crystal structure of NovoTag657 (Cα-RMSD = 0.38 Å) (Fig. 4B).

We evaluated NovoSplit657 as a CID system in HeLa cells. One split 
fragment, NovoSplit657

A, was targeted to the outer mitochondrial mem-
brane using a MitoTag and additionally fluorescently labeled with 
mStayGold (33). The second split fragment, NovoSplit657

B, was fluores-
cently labeled with mCherry (34) and expressed as a cytosolic protein 
(Fig. 4C). Incubation with JF657 (200 nM for 1 hour) induced transloca-
tion of mCherry-NovoSplit657

B from the cytosol to the mitochondria, 
with a Pearson’s correlation coefficient (r) between mStayGold and 
mCherry of 0.74 (SD = 0.15). The JF657 fluorescent signal colocalized 
with both mStayGold-NovoSplit657

A and mCherry-NovoSplit657
B (r = 0.78, 

SD = 0.06 and r = 0.88, SD = 0.05, respectively), demonstrating that 
the small molecule both induces dimerization and provides a fluorescent 
readout of the newly formed interaction (Fig. 4, D and E). Titration with 
JF657 showed that concentrations as low as 50 nM induced dimerization, 
with higher dye concentrations yielding faster kinetics (fig. S21). Live-
cell fluorescence imaging with 1 μM JF657 showed a t1/2 of 5.8 min (95% 
confidence interval: 5.0 to 6.7 min) (fig. S22 and movie S2). Evaluation 
of the dye-binding specificity of NovoSplit657 showed that only JF657 
induced dimerization, whereas JF494 and JF596 did not (fig. S23).

NovoSplit enables native protein-protein proximity biosensing
We hypothesized that NovoSplit657 could be additionally used to probe 
native protein-protein interactions, similar to bimolecular fluores-
cence complementation systems (35) such as split-GFP, if the two com-
ponents of NovoSplit657 were fused to two proteins of interest and the 
JF657 dye was only introduced after cell fixation. We reasoned that if 
the proteins of interest were in close proximity within a cell, then small 
rearrangements after fixation could occur to enable JF657 dye–facilitated 
dimerization of the split system, thereby providing a direct fluorescent 
readout of protein proximity. Conversely, if the two proteins of interest 
were far apart, then fixation would prevent the large-scale rearrangements 
required for assembly of the two halves of the split system and no fluo-
rescence would be observed.

To evaluate protein-protein proximity biosensing using the NovoSplit 
system, we used a de novo–designed protein pair, LHD(A) and LHD(B), 
which forms stable heterodimers (36). LHD(A) was fused to NovoSplit657

A-
mScarlet and targeted to the outer mitochondrial membrane using 
a MitoTag. LHD(B) was fused to NovoSplit657

B-mNeonGreen and ex-
pressed as a cytosolic protein. Because LHD(A) and LHD(B) spontane-
ously form heterodimers, we expected that both constructs would 
colocalize, bringing NovoSplit657

A and NovoSplit657
B into proximity 

(Fig. 4F). After chemical fixation and incubation with JF657 (5 nM for 
30 min), fluorescence microscopy showed colocalization of mScarlet 
and mNeonGreen (r = 0.93, SD = 0.06), indicating the formation of 
the LHD(A)–LHD(B) heterodimer, and a clear JF657 fluorescence sig-
nal that colocalized with both fluorescent proteins (r = 0.74, SD = 
0.09 and r = 0.79, SD = 0.08, respectively) (Fig. 4, G and J), demon-
strating that the NovoSplit657

A -NovoSplit657
B -JF657 ternary complex 

can assemble after fixation. As a control, we repeated the same experi-
ment, expressing NovoSplit657

B fused to mNeonGreen but omitting 
LHD(B) (Fig. 4H). Without the LHD(A)–LHD(B) pair to drive associa-
tion, the NovoSplit657

B-mNeonGreen was distributed throughout the 
cytosol, and the two constructs showed minimal colocalization (r = 
0.31, SD = 0.12) and no localized JF657 fluorescence (Fig. 4, I and J). 
These data confirm our conjecture that the addition of dye after fixa-
tion only leads to the reconstitution of the fluorescent ternary com-
plex if the two halves of the split system are already in close proximity. 
Thus, by adding the dye after fixation, the NovoSplit system can be 
used to detect interactions between two proteins of interest without 
introducing spurious associations. The fluorescent signal provides a 
snapshot of the extent of association at the time of fixation rather than 
the cumulative amount of complex formed, as with some irreversible 
split fluorescent protein systems (37).
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Discussion
NovoTags combine the superior photophysical properties of small-
molecule fluorophores with the genetic programmability of proteins. 
Because the designed binding sites are dye specific, NovoTags enable 
the direct and simultaneous use of multiple bright, photostable, non-
modified JF dyes in the same cell for multiplex imaging. By contrast, 
the shared conjugation chemistry of HaloTag (5) or SNAP-tag (6) only 
allows use of one dye with each tag in a single experiment. In addi-
tion, the smaller size of NovoTags should reduce steric hindrance 
and potential perturbation to the tagged proteins. The tunability of 

the NovoTag-binding sites further expands opportunities for ad-
vanced microscopy and approaches to modulate or measure protein 
interactions in cells: The covalent NovoTag657

cv offers advantages in 
applications requiring permanent labeling, including pulse-chase 
experiments, single-molecule tracking (25–27), and in vivo imaging; 
NovoTags that modulate fluorescent lifetimes extend imaging be-
yond spectral unmixing, enabling multiplexed FLIM that is espe-
cially useful for live-cell imaging because reducing the number of 
spectrally distinct channels reduces photobleaching; NovoSplit con-
verts dye binding into conditional protein dimerization with high 
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Fig. 4. Chemically induced dimerization and proximity biosensing using NovoSplit657. (A) To generate NovoSplit657, NovoTag657 was split at two sites, and the original C  
and N termini were fused with a short linker. The fluorescent dye JF657 induces dimerization of the two monomers NovoSplit657

A and NovoSplit657
B. To prevent noninduced 

dimerization, an Arg53→Ala substitution was introduced into NovoSplit657
B. (B) The NovoSplit657 AF3 prediction (in color) superimposed with the crystal structure of NovoTag657 

(gray). (C to E) NovoSplit657 as a CID system: HeLa cells were transfected with MitoTag-mStayGold-NovoSplit657
A and mCherry-NovoSplit657

B (C). Cells were incubated with 200 nM 
JF657 for 1 hour, washed three times, chemically fixed, and imaged with a confocal microscope (Zeiss LSM 980 AiryScan) (D). Colocalization was analyzed by calculating the 
Pearson’s correlation coefficient between NovoSplit657

A and NovoSplit657
B, as well as between NovoSplit657

A and JF657 (E). For each sample, 59 noninduced and 61 JF657-induced  
cells were analyzed. (F to J) NovoSplit657 as a proximity biosensor. HeLa cells were transfected with MitoTag-LHD(A)-NovoSplit657

A-mScarlet and either LHD(B)-NovoSplit657
B-

mNeonGreen (F) or NovoSplit657
B-mNeonGreen [as a negative control (H)]. Cells were chemically fixed and fluorescently labeled with 5 nM JF657 for 30 min, followed by three 

washing steps. Fluorescence images were acquired on an OMX SR microscope [(G) and (I)]. For the experiment in (G), colocalization was analyzed by calculating the Pearson’s 
correlation coefficient between NovoSplit657

A and NovoSplit657
B, as well as between NovoSplit657

A and JF657 (J). For each sample, 11 [LHD(A)-LHD(B)] and 12 [LHD(A)] cells were 
analyzed. All data are shown as box and whisker plots indicating the median (center of box), 25 and 75% quartiles (bounds of box), and minimum and maximum values (bars). Each 
data point represents one cell. Unpaired two-sided Welch’s t tests were conducted. Statistical significance: ****P < 0.0001. Scale bars: (D), 20 μm; (G) and (I), 40 μm.
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specificity and a direct fluorescent readout. With the fluorophore 
introduced after fixation, NovoSplit functions as a very sensitive (due 
to the brightness of the JF dyes) and low background native interac-
tion proximity sensor.

The design strategy described here should be extendable to a wider 
range of synthetic fluorophores, including near-infrared dyes and 
fluorophores with specialized properties such as photoactivation or 
blinking (21, 38, 39). Given that advanced spectral unmixing can 
achieve spectral resolution for fluorescent dyes with emission max-
ima separated by 25 nm (40, 41), it should be possible to develop 10 
or more resolvable NovoTag-dye combinations spanning the entire 
spectrum. The additional capability of separation along the orthogonal 
lifetime dimension, demonstrated here with the three lifetime-resolvable 
NovoTag494 variants, could expand such a panel to 3 × 10 = 30 or 
more simultaneously resolvable probes. The ability to simultaneously 
resolve and track many different tagged proteins in the same cell or 
tissue could enable considerable advances in molecular cell biology. 
Together with recent related studies (42–44), our work outlines a 
general framework for integrating synthetic chemistry with protein 
engineering to advance biological imaging and related fields.
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Editor’s summary
Fluorescent proteins permit genetic encoding of spatial markers in cells, but they are constrained in their
photochemistry relative to small-molecule dyes. Tran et al. developed an innovative solution to this problem by
designing high-affinity fluorescent dye–binding proteins, thus permitting genetic tagging by small-molecule dyes. The
authors demonstrated various applications for super-resolution and multiplexed imaging, including a split-protein
design that can induce or sense proximity between two encoded fusion protein targets. —Michael A. Funk
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