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Self-labeling proteins have revolutionized super-resolution and
sensor imaging. Tags recognize a bioorthogonal substrate for
covalent attachment. We show the small Ultra-Red Fluorescent
Protein (smURFP) is a self-labeling protein. The substrate is fluoro-
genic, fluoresces when attached, and quenches fluorescent cargo.
The smURFP-tag has novel properties for tool development.

Fluorescent proteins and genetically encoded sensors have
revolutionized fluorescence imaging in living organisms but
are limited by the endogenous genetic code and available
amino acids. Fluorescent proteins are typically less photostable
than spectrally similar fluorescent small molecules commonly
used for super-resolution microscopy.'® The endogenous
amino acids allow for chemical modification®'® but are not
specific for an individual protein of interest. Unnatural nucleic
acids and amino acids allow for the expansion of the genetic
code and incorporation of L-unnatural amino acids tolerated by
biological ribosomes, including fluorescent unnatural amino
acids for high photostability and single-molecule imaging."'™°
Unnatural amino acid incorporation remains limited by the
ribosome for r-enantiomers and the evolution of aminoacyl-
tRNA synthetases that recognize unnatural amino acids.
Self-labeling proteins are genetically encoded and fused to
proteins of interest to allow for the covalent attachment of a
bioorthogonal chemical substrate that is linked to a cargo
molecule. Self-labeling proteins go beyond these limitations
by covalently attaching bioorthogonal modified substrates that
bear cargo molecules of larger size than tolerated by the
ribosome, any enantiomer, and limited only by the chemists’
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imagination. There are currently three self-labeling proteins
known as Halo-, SNAP-, and CLIP-tags. Halo-tag (33 kDa) was
evolved from a bacterial haloalkane dehalogenase and
covalently attaches an aliphatic hydrocarbon with a terminal
chlorine with a cargo molecule.”"** SNAP-tag (20 kDa) is a
mutant of the human O°-alkylguanine-DNA-alkyltransferase,
and the substrate molecule is O%benzylguanine linked to a
cargo molecule.”® The CLIP-tag (20 kDa) was also derived from
the human O0°%alkylguanine-DNA-alkyltransferase, and the
substrate is O>-benzylcytosine with a cargo.** These self-
labeling proteins and substrates are commercially available
from Promega and New England Biolabs.

The most common use for self-labeling proteins is the
attachment of small molecule chemical dyes as the cargo for
increased fluorescent intensity, greater photostability, temporal
attachment of different color dyes, and fluorescence persists in
living and fixed cells.>*"2® These tags allow for protein localiza-
tion beyond the diffraction limit of light, temporal labeling
faster than fluorescent protein chromophore maturation, and
protein-protein interactions. Biotin,”® halogenated fluoro-
phores for correlative light and electron microscopy,*® and
biorthogonal reactive molecules® can serve as cargo molecules.
Halo-tag was used to create sensitive voltage sensors of multiple
colours for fluorescence imaging in living cells and entire
organisms.>> All three self-labeling protein substrates only
serve as recognition molecules for covalent attachment.
Fluorescence tracking of a non-fluorescent small-molecule
cargo would require the attachment of a second fluorescent
dye or genetic attachment to a fluorescent protein.

The small Ultra-Red Fluorescent Protein (smURFP, 32 kDa
dimer) was evolved from a light-harvesting phycobilisome
protein a-allophycocyanin.” The evolution involved the manual
selection of >10° E. coli colonies starting with autocatalytic
covalent attachment of phycocyanobilin, changing the sub-
strate to biliverdin IXa (BV), and evolving high expression
and stability. During this evolution, SmURFP evolved a highly
unusual recognition of BV. From crystal structures, most BV
binding proteins and fluorescent proteins (iRFPs and IFPs)
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Fig.1 smURFP-tag recognition of biliverdin (BV) modified substrate
and experimental design. (A) The self-labeling protein, smURFP-tag, is
genetically fused to a protein of interest by an amino acid linker and
is non-fluorescent. Modified BV substrate is added to the media and is
covalently attached to the smURFP-tag with the cargo molecule and
becomes fluorescent in the far-red. (B) Hoechst 3342 labels DNA in
nuclei of all cells. The modified BV substrate (BV-PEG-FAM) is a
polyethylene glycol (PEG) linker, and the cargo molecule is
5(6)-carboxyfluorescein (FAM). Untransfected HEK293A cells serve as
a control and should be non-fluorescent. HEK293A cells are
transfected with the smURFP-tag in the nucleus and become
fluorescent.
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recognize the carboxylates on BV for binding or covalent
attachment.>*® The crystal structure of a smURFP mutant
showed no recognition of the BV carboxylates.>® We showed
that methylation of the carboxylates created biliverdin dimethyl
ester (BVMe,) and is covalently attached to SmURFP in human
embryonic kidney (HEK) 293A cells.” smURFP lacks recognition
of the BV carboxylates.

We hypothesized that smURFP could serve as a self-labeling
protein and named the smURFP-tag. Biliverdin was modified
with a polyethylene glycol (PEG) linker to attach a cargo
molecule (Fig. 1). The PEG linker was chosen as a linear
molecule to mimic biliverdin dimethyl ester. The BV recogni-
tion molecule is a substrate for covalent attachment and is a
fluorogenic molecule. Upon covalent attachment of BV to
smURFP, BV fluorescence is turned ‘“on” by >10000-fold
enhancement of the quantum yield and emits far-red
fluorescence.” The smURFP-tag is unique in that the recogni-
tion molecule allows covalent attachment and far-red fluores-
cence tracking. To test this hypothesis, we targeted the
smURFP-tag to the nucleus to test if the BV substrate can pass
through the outer cell membrane and the nuclear envelope
(Fig. 1B).

The BV substrate synthesis is relatively simple and uses
amide bond formation for stability. For attachment of a single

BV-PEG-FAM
H,N-PEG-R,
EDC, HOBt
py, DMF
R3 = OH, R, =NH-PEG-R,
or
R Ry R3 = NH-PEG-R,, Ry =OH
HOOC-R;
BVAPEG) EDC, HOBt
2 pyDWF

Scheme 1 Synthesis of the biliverdin (BV) substrates. A polyethylene glycol (PEG) linker separates the cargo molecule, R,, from the recognition
molecule, BV, to allow covalent attachment to the genetically encoded protein, smURFP-tag. R, is 5(6)-carboxyfluorescein (FAM) in this study. (top)
BV-PEG-FAM is synthesized by amide bond coupling of PEG and FAM (ESI+ Scheme S1) followed by amide bond attachment to BV. Steric hindrance

yields BV-PEG-FAM as the major product. (bottom) To avoid steric hindrance,

BV-(PEG-FAM); is synthesized by amide coupling of PEG to BV followed by

amide bond formation between BV-(PEG), and FAM. The synthesis allows for simple and stable synthesis of the BV substrates.
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cargo, BV is reacted with H,N-PEG-R, (Scheme 1). R,, in theory,
can be any small molecule and is tracked by far-red fluores-
cence of BV when covalently attached to smURFP-tag. Steric
hindrance limited the formation of BV with two cargo mole-
cules. To attach two cargo molecules, BV was first reacted with
H,N-PEG-NH,, in excess, followed by amide bond formation
with cargo molecule (R;) to couple two cargo molecules. In this
study, R, is 5(6)-carboxyfluorescein (FAM) to allow for detection
by fluorescence imaging to confirm that the cargo is not
removed within the cell. The BV substrates are BV-PEG-FAM
and BV-(PEG-FAM), for the single and double cargo molecules,
respectively (Scheme 1).

BV-PEG-FAM was synthesized by amide bond formation
between 5(6)-carboxyfluorescein (FAM) and 2,2'-(ethylenedioxy)
bis(ethylamine) (PEG) to create PEG-FAM (ESI{ Scheme S1).
Analytical HPLC-MS of PEG-FAM showed the major product at
11 minutes with FAM absorbance at 492 nm, and MS confirmed
the molecular weight (ESIT Fig. S1). PEG-FAM was coupled to
the BV carboxylates to create BV-PEG-FAM (ESIt Scheme S2).
Analytical HPLC-MS of BV-PEG-FAM showed a significant peak
at 16 minutes with BV absorbance at 645 and 780 nm and
correct mass (ESIT Fig. S2). Proton NMR of starting material,
BV, and BV-PEG-FAM confirmed the structure (ESIt Fig. S3).
The synthesis of BV-PEG-FAM showed no di-substituted
BV-(PEG-FAM), due to steric hindrance.

The synthesis of BV-(PEG-FAM), used an alternative strategy
to avoid steric hindrance (Scheme 1). BV was reacted with PEG
to obtain amide bond attachment to both BV carboxylates (ESIT
Scheme S3). Analytical HPLC-MS of BV-(PEG), confirmed
synthesis (ESIt Fig. S4). BV-(PEG), was reacted with FAM, and
the doubly substitute, BV-(PEG-FAM), was purified (ESIf
Scheme S4). Analytical HPLC-MS of BV-(PEG-FAM), confirmed
the molecule at 16 minutes by detecting the doubly charged
species by MS (ESI{ Fig. S5). Proton NMR of BV-(PEG-FAM),
confirmed the structure of the molecule (ESIt Fig. S6). Attach-
ing unmodified PEG to BV removed steric hindrance to allow
the attachment of two cargo, FAM molecules. The synthesis of
the mono- and di-substituted BV-PEG-R, and BV-(PEG-R;),
molecules are general strategies and should allow the attach-
ment of any cargo molecules. The amide bond is exceptionally
stable, surviving for ~270 years in water at pH = 7,'° and
should survive the cellular environment.

BV substrates were added to purified smURFP-tag without
chromophore to demonstrate covalent attachment in vitro. Ten-
fold excess of BV, BV-PEG-FAM, and BV-(PEG-FAM), were added
to smURFP-tag overnight, and the free BV substrates were
removed by nickel column purification. Absorbance showed
smURFP-tag covalently attached BV by the characteristic Soret
and Q band at 385 and 642 nm, respectively (ESIt Fig. S7).
BV-PEG-FAM was covalently attached to the smURFP-tag and
retained the absorbance of FAM at 492 nm in vitro. SmURFP-tag
did not covalently attach BV-(PEG-FAM), in vitro by lack of
absorbance from 340-700 nm.

BV substrates were initially added to HEK293A cells (Ther-
moFisher, R70507) that lacked any genetic modification
to visualize background fluorescence. Cells were imaged

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative images of BV substrate addition to untransfected
cells. BV substrates were added for 4 h, and HEK293A cells were imaged
without removal. Lack of fluorescence is expected (Fig. 1B). Scale bar is
10 pm and numbers are mean fluorescence intensity of 40 cells.

without BV substrate removal. A substrate concentration of
25 pM for BV, BV-PEG-FAM, and BV-(PEG-FAM), was chosen
because BV and BV dimethyl ester saturated smURFP-tag at
25 uM. The labeling time was 4 hours because fluorescence rise
fit a first-order, exponential rate equation, and BV saturation is
expected after <1.3 hours.” Four hours ensures ample time to
saturate the smURFP-tag with the substrates. Hoechst 3342 was
used to visualize the DNA in the nucleus and showed all the
cells within an image (Fig. 2). sSmURFP, FAM, and FAM Forster
Resonance Energy Transfer (FRET) to smURFP fluorescence
were imaged. HEK293A cells without transfection or untrans-
fected showed minimal background fluorescence as expected
(Fig. 1B). Addition of 25 pM BV or BV-PEG-FAM showed no
significant increase in fluorescence signal. The lack of FAM
fluorescence from BV-PEG-FAM is due to the quenching by the
recognition molecule BV. The FAM fluorescence increases with
the di-substituted BV-(PEG-FAM),, and the single BV cannot
quench both FAMs. The lack of significant fluorescence on
untransfected cells is desired to only image the smURFP-tag
fluorescence.

HEK293A cells were transiently transfected with smURFP-
tag localized within the nucleus by a nuclear localization
sequence. We choose this location to test the ability of the BV
substrates to pass the outer and nuclear envelope membranes
(Fig. 1). Previously, we showed that the negatively charged BV
carboxylates limited membrane permeability and utility in cell
culture and mice.” Modifying the carboxylates is predicted to
enhance permeability to HEK293A cell membranes to increase
the smURFP fluorescence relative to BV. Without BV addition,
smURFP-tag is fluorescent due to BV present in the fetal bovine
serum (FBS). There is slightly greater fluorescence in the FAM
FRET to smURFP channel because BV covalently attached to
smURFP-tag is somewhat excited by the blue excitation light
(Fig. 3). The addition of BV and BV-PEG-FAM shows a 3.3- and
34-fold, respectively, increase in smURFP fluorescence. FAM

RSC Chem. Biol., 2021, 2,1221-1226 | 1223
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Fig. 3 Representative images of BV substrates added to HEK293A cells
transfected with nucleus localized smURFP-tag. BV substrates were added
for 4 h, and cells were imaged without removal. Scale bar is 10 um and
numbers are mean fluorescence intensity of 40 cells.
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Fig. 4 Comparison of data points and mean fluorescence intensity of (A)
smURFP and (B) FAM FRET to smURFP from Fig. 2 and 3. The Y-axis is
shown on a log scale to visualize untransfected HEK293A cell data points.
Mean fluorescence intensity is written in Fig. 2 and 3 and indicated by a
horizontal bar. A one-way ANOVA with « = 0.05 and a post hoc Tukey honestly
significant difference (HSD) compared samples. All statistically insignificant
comparisons are written, and all unwritten comparisons are p < 001. n = 40
cells and error bars are standard error of the mean (SEM).
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fluorescence was slightly increased for BV-PEG-FAM, and FAM
fluorescence was seen as FRET to smURFP. BV-(PEG-FAM),
showed no increase in SmURFP fluorescence, and the BV is
not covalently attached in vivo, which agrees with the lack of
in vitro attachment. The FAM fluorescence increases on the
di-substituted BV-(PEG-FAM), because BV does not quench
both FAMs. This experiment shows that BV-PEG-FAM can pass
the cell outer and nuclear membranes to deliver the cargo
(FAM) for covalent attachment to the smURFP-tag.

A region of interest was drawn on 40 cells for each sample,
and the mean fluorescence intensity was calculated. The
40 measurements are plotted with statistical comparison in
Fig. 4. Untransfected cells shown minimal smURFP fluores-
cence and are plotted on a Y-axis log scale to visualize points
(Fig. 4A). HEK293A cells with smURFP-tag within the nucleus
show a statistically significant increase in fluorescence.
smURFP-tag without substrate and with BV-(PEG-FAM),
show the same amount of fluorescence and confirms that
BV-(PEG-FAM), is not attached in vivo. The addition of
BV and BV-PEG-FAM show a statistically significant increase
in fluorescence. BV membrane permeability is limited by the
negatively charged carboxylates. BV-PEG-FAM masks a single
carboxylate to create a molecule with an overall neutral charge
(Scheme 1) that allows the molecule to pass the outer and
nuclear membranes to increase the fluorescence of smURFP-
tag by 34-fold.

Unexpectedly, FAM fluorescence was seen almost entirely as
FRET to smURFP. The FRET is due to the proximity of FAM to
smURFP-tag and the substantial extinction coefficient of
180000 M~" cm™" for smURFP. Untransfected cells showed a
minimal increase in FAM FRET to smURFP fluorescence, and
BV-(PEG-FAM), showed the greatest increase due to the lack of
quenching of both FAM molecules. smURFP-tag without sub-
strate and BV show slightly increased signal relative to the
untransfected cells due to slight excitation of smURFP by the
blue light. The largest FAM FRET to smURFP signal is seen with
the BV-PEG-FAM and confirms that the cargo molecule is
delivered to the smURFP-tag and remains covalently attached
inside the nucleus.

Conclusions

The small Ultra-Red Fluorescent Protein (SmURFP) is also a self-
labeling protein capable of recognizing and covalently attaching
carboxylate modified BV substrates. The smURFP-tag is unique
compared to Halo-, SNAP-, and CLIP-tags because BV serves as a
recognition molecule for covalent attachment, is a fluorogenic dye
for fluorescence tracking of covalently attached cargo, and
quenches a fluorescent dye for imaging without substrate
removal. The smURFP-tag within the nucleus could covalently
attach the mono-substituted BV-PEG-FAM, which was cell and
nuclear membrane permeant. BV-(PEG-FAM), did not covalently
attach to the smURFP-tag in vitro and in vivo. Further evolution
of the smURFP-tag binding pocket is necessary to tolerate
di-substituted BV substrates. In the presence of ten molar

© 2021 The Author(s). Published by the Royal Society of Chemistry
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equivalents of the chromophore, smURFP-tag covalently attached
two biliverdin but could only covalently attach a single biliverdin
dimethyl ester by mass spectrometry and biophysical properties.”
BV-PEG-FAM increases steric hindrance, and the stoichiometry is
expected to be a single BV-PEG-FAM per smURFP-tag, which is
desired for increased brightness without diminishing the quan-
tum yield. The unique properties of the smURFP-tag are useful for
genetically targeting small molecules to proteins of interest with
far-red fluorescence tracking without the need to add a chemical
dye or genetically fuse to a fluorescent protein. Live-cell super-
resolution microscopy will utilize the smURFP-tag for imaging
small-molecule fluorophores without substrate washing due to
biliverdin quenching to ensure saturation of newly translated
proteins in the presence excess of substrate for the maximum
signal with low background fluorescence. The smURFP-tag should
find further use for the development of novel biosensors that
utilize the smURFP-tag fluorescence with chemical and protein
sensors’ that recognize small molecules, peptides, and other
biomolecules. smURFP-tag exogenous labelling of proteins with
sortase-mediated attachment,’® inclusion into virus particles,*!
and smURFP-tag nanoparticles’® will allow for bioorthogonal,
site-specific attachment of molecules without misfolding or opti-
mization of reaction conditions for targeted or biosensor imaging
in entire living animals.
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