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Third-Generation Covalent TMP-Tag for Fast Labeling and
Multiplexed Imaging of Cellular Proteins
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Junwei Zhang, Yu Zheng, Yulong Li, and Zhixing Chen*

Abstract: Self-labeling protein tags can introduce ad-
vanced molecular motifs to specific cellular proteins.
Here we introduce the third-generation covalent TMP-
tag (TMP-tag3) and showcase its comparison with
HaloTag and SNAP-tag. TMP-tag3 is based on a
proximity-induced covalent Michael addition between
an engineered Cys of E. coli dihydrofolate reductase
(eDHFR) and optimized trimethoprim (TMP)-
acrylamide conjugates with minimal linkers. Compared
to previous versions, the TMP-tag3 features an en-
hanced permeability when conjugated to fluorogenic
spirocyclic thodamines. As a small protein, the 18-kD
eDHFR is advantageous in tagging selected mitochon-
drial proteins which are less compatible with bulkier
HaloTag fusions. The proximal N—C termini of eDHFR
also enable facile insertion into various protein loops.
TMP-tag3, HaloTag, and SNAP-tag are orthogonal to
each other, collectively forming a toolbox for multi-
plexed live-cell imaging of cellular proteins under

fluorescence nanoscopy. j

[*] J. Mo,” J. Chen," Y. Shi, Y. Wu, J. Zhang, Z. Chen
National Biomedical Imaging Center, Beijing Key Laboratory of
Cardiometabolic Molecular Medicine, College of Future Technology,
Peking University
Yiheyuan Road No.5, Beijing 100871 (China)
E-mail: zhixingchen@pku.edu.cn
J. Sun, Z. Chen
PKU-Nanjing Institute of Translational Medicine
Nanjing 211800, Jiangsu (China)
T. Liu, Y. Zheng, Y. Li, Z. Chen
Peking-Tsinghua Center for Life Science
Peking University, Beijing
Yiheyuan Road No.5, Beijing 100871 (China)
Y. Zheng, Y. Li
State Key Laboratory of Membrane Biology, PKU-IDG/McGovern
Institute for Brain Research, School of Life Science, Peking
University
Yiheyuan Road No.5, Beijing 100871 (China)
Y. Li
Chinese Institute for Brain Research
Beijing 102206 (China)

['] These authors contributed equally to this work.

Angew. Chem. Int. Ed. 2022, 202207905 (1 of 11)

Introduction

Introducing new functions to biomacromolecules has been a
central theme of bioconjugation chemistry. A particular
focus of this decade has been to do so in live cells and
organisms. Along this line, chemists have accumulated a
diverse toolkit for coupling small molecules to proteins of
interest."?! From a chemistry point of view, a protein tag
could be as small as a single reactive unnatural amino
acid,*¥ or a short peptide.’) Although these tags are useful
in precisely labeling and manipulating proteins,”” they
require the deliberate expression of excessive supplementary
enzymes to guarantee reactivity and selectivity. On the other
side of the spectrum, self-labeling tags require only a simple
fusion with proteins of interest, followed by the labeling of a
small molecule that can specifically recognize the tag and
react without undergoing other enzymatic processes. Since
the conception of the seminal FIAsH tag in 1998, a handful
of self-labeling tags have been developed, including the
FIAsH/ReAsH pair of peptide chelators,® the SNAP/CLIP
tags based on engineered DNA alkyltransferase,”'”! the
TMP-tag which exploits the trimethoprim inhibition of E.
coli dihydrofolate reductase (eDHFR),!"! HaloTag which
originated from a haloalkane dehalogenase,” B-lactamase-
tag," and photoactive yellow protein-based systems."**! To
date, HaloTag and SNAP-tag represent the most popular
tools in this category. The excellent biochemical specificity
of these tags, plus their simple protocol and commercial
availability, have enabled a variety of applications ranging
from protein manipulation,"*'”! and degradation,!'*' to
metabolite sensing.”” Notably, self-labeling tags are chang-
ing the routine of live-cell imaging in this decade. Rivaling
fluorescent proteins, synthetic fluorophores that offer
brighter and longer-lasting optical signals in more parallel
channels, particularly in far-red and near-IR, can now be
easily employed in protein-specific imaging applications.”"
Consequently, self-labeling tags have been increasingly
recognized as a future solution in nanoscopy, single-mole-
cule biophysics, and live-cell physiology.?*?* In the coming
era of multiplexed live-cell analysis and imaging at unprece-
dented spatial-temporal resolutions, both the imaging field
and the biological-science field demand a constantly expand-
ing and evolving palette of self-labeling tags. Therefore,
delivering a handful of ideal self-labeling tags that are small
and non-interruptive, fast-labeling yet specific, and compat-
ible with good fluorophores while remaining mutually
orthogonal, has become a challenge for the field of chemical
biology.
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Among the existing self-labeling tags, TMP-tag is an
appealing technology. Conceptually, in contrast to the
suicide substrate-derived SNAP-tag and HaloTag, the devel-
opment of the TMP-tag and the engineering of its covalent
versions were inspired by pharmaceutical chemistry every
step of the way. Trimethoprim, the classical antibacterial
drug, is a nanomolar binder of eDHFR but does not
interfere with mammalian DHFR. Therefore, its structure—
activity relationship, selectivity, and in vivo behavior have
been thoroughly studied.” Stemming from the 2005 seminal
work," the Cornish lab and others have been continuously
developing the eDHFR-TMP system for fluorescence imag-
ing by demonstrating two generations of covalent
versions,”*?! fluorogenic versions,”*! and fluorescence-
shifting version® of TMP-tag. Most of these designs harness
the acrylamide-cysteine Michael addition, which is suffi-
ciently reactive to form an adduct near the pocket, but mild
enough to avoid non-specific labeling.?*?"** As a protein
tag, the 18 kD monomeric eDHFR consists of only 159
amino acids, making it one of the smallest protein domains
among all common self-labeling tags. eDHFR is a thor-
oughly studied enzyme and tool for biotechnology that has
been exploited in numerous applications such as protein
degradation" and antibody affinity modulation.®" In the
field of fluorescence imaging, however, the development
and application of TMP-tag have lagged behind the contem-
poraneous SNAP-tag and HaloTag, despite a few early
employments in the single-molecule imaging of spliceosome
assembly® and imaging focal-adhesion complex.” The
latest version of the general TMP-tag in 2012, the second-
generation covalent TMP-tag (referred to as TMP2, Fig-
ure 1a), was mainly demonstrated with the classical fluo-
rescein and a marginally permeable Atto655.”” In that
version, the covalent addition rendered a permanent linkage
that is compatible with fixation, advantageous for long-time
imaging. In these years, the importance of bioavailability
and fluorogenicity of taggable dyes were gradually recog-
nized and underscored by several biocompatible dyes for
advanced imaging.”**3! We reasoned that a further opti-
mized fast-labeling and permeable covalent TMP-
acrylamide ligand, in conjunction with modern fluorophores,
would bring out the best potential of the TMP-eDHFR pair
as the smallest self-labeling protein tag. Such development is
not only valuable for adding to the arsenal of labeling
technology but also creating the possibility of multiplexed
cellular imaging with advanced microscopy.

Here we introduce the third-generation covalent TMP-
tag, referred to as TMP-tag3, featuring straightforward
synthesis, fast labeling kinetics, significant membrane per-
meability, and compatibility with state-of-the-art fluorogenic
rhodamine dyes. We further assessed the performance of
TMP-tag3 by comparative studies with HaloTag and SNAP-
tag, focusing on their ligand permeability, protein tag
invasiveness, and loop-labeling compatibility. The three
orthogonal tags collectively offer a multiplexed labeling
solution to cellular proteins, as showcased by three-color
live-cell confocal and stimulation emission depletion
(STED) imaging.
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Results and Discussion

We began our new design using the second-generation
covalent TMP-tag as a prototype (Figure la). The
acrylamide electrophile, offering balanced reactivity and
specificity, should be inherited, as reaffirmed by both the
modern developments of covalent drugs and recent demon-
strations of covalent TMP-conjugates.”™ On the protein
side, as the a-carbon of L28 is only 7.2 A away from TMP 4’
oxygen, it was repeatedly selected as the optimal Cys
mutation site in both the second-generation design and
various fluorogenic strategies for TMP-tag.””-*l Therefore,
L28 remained our first choice to deploy the cysteine
nucleophile. Having these two motifs pinned down, we
optimized the linkers between TMP, acrylamide, and the
fluorophore. In the second-generation design, TMP was first
functionalized with a three-carbon linker, followed by
coupling with the acryloyl aspartic acid, resulting in a 10-
bond length between the 4’ oxygen of TMP and the terminal
carbon of acrylamide. The model of the eDHFR-TMP
three-dimensional structure suggested that the linker could
be shortened further. Therefore, we proposed to function-
alize TMP with a two-carbon amine and directly acrylate on
this nitrogen. The fluorophore could be derived from the
same nitrogen as well. On the fluorophore side, as modern
spirolactone/lactam rhodamines leverage residuals on pro-
tein surfaces to render fluorogenicity,** % the linker
between dye and adaptor should be kept minimal. The PEG
linker in previous designs was recognized as redundant and
therefore abandoned. Having considered the synthetic
modularity of the molecule for last-step fluorophore con-
jugation, we planned to place a rigid phenyl ring between
the adaptor nitrogen and the amine conjugation site to
prevent intramolecular Michael addition. The new design
featured a compact arrangement between TMP, acrylamide,
and the fluorophore, with only a 6-bond length between the
4’ oxygen of TMP and the terminal carbon of acrylamide.
Based on the new ligand and eDHFR:L28C, a model was
built using Maestro (version 12.0, Schrodinger). We con-
firmed that the acrylamide was within reach of the proximal
thiol (Figure 1c), promising faster conjugation kinetics
compared to the second-generation design.

The synthetic route toward new TMP-tag derivatives is
summarized in Figure 1b. TMP-phenol (1), prepared by HBr
deprotection from commercially available trimethoprim, was
alkylated with a two-carbon extender to give 2, whose amino
group was subsequently released in acid to yield amine 3.
This key amine was first converted to an imine and then
reduced with mild NaBH;CN to yield secondary amine 4.
The acrylamide electrophile was introduced by a condensa-
tion reaction with acrylic acid, using 4-(4,6-dimethoxy-1,3,5-
triazine-2-yl)-4-methylmorpholinium chloride (DMTMM) as
the coupling reagent.’ The secondary amide is presented as
a pair of conformational isomers under proton NMR, which
cannot be separated using chromatographical methods.
After deprotection with HCI, the universal precursor of the
third generation covalent TMP-tag conjugates, TMP3-NH,,
was obtained. This route features a straightforward assembly
in six chemical steps, which is simpler than previous designs
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Figure 1. Third-generation covalent TMP-tag enables a fast proximity-induced Michael addition between eDHFR:L28C-fused protein and TMP-
acrylamide-conjugates. a) TMP-tag was further optimized in this work toward a closer electrophile-L28C distance, with a minimal linker to the
fluorophore, and was assessed for protein loop labeling. b) Synthetic route of third-generation TMP-acrylamide-amine, the precursor for TMP3-
labels. c) A structural model showing that the new linker was sufficient for rendering fast proximal-induced reactivity. d) In vitro gel-shift assay
showing a 3-min half-life of the covalent addition between 10 pM TMP3-Biotin and 5 pM eDHFR:L28C in the presence of 50 yM NADPH at 37°C.
e) TMP3-dyes generally label eDHFR:L28C in a covalent manner with a half-life of <10 min. f) The experimentally determined labeling kinetics of
TMP3-TMR in presence of NADPH. P: protein eDHFR-L28C, S: TMP3-TMR, PS*: protein substrate complex, and PS: protein substrate conjugate.

while closely positioning the acrylamide to trimethoprim. A
series of TMP3 derivatives were readily prepared through a
final-step amide bond formation, including TMP3-Biotin,
TMP3-JF549,%1  TMP3-tetramethylrhodamine ~ (TMR),
TMP3-SiR,* and TMP3-MaP555.>]

Next, in vitro covalent addition was tested using TMP3
conjugates with purified eDHFR. The Cys was introduced at
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L28, as this variant has been repeatedly proven to be the
most reactive nucleophile in TMP-based proximity-induced
reactions.?"?** The addition of TMP3-Biotin to eDHFR:
L28C produced a gel shift on denaturing SDS-PAGE, which
was used to characterize the labeling kinetics. In the
presence of 50 M NADPH, which mimics the cellular
environment and tightens the binding of TMP conjugates to
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eDHFR,"! covalent labeling took place at a half-life of
3min and reached completion in 20 min (Figure 1d and
Figure S1). Compared with a half-life of 8 min when using
the second-generation covalent TMP-tag, the new design
offers >2X faster kinetics with simpler chemistry. Com-
monly used rhodamines (TMR, JF549, and SiR) could be
effectively labeled to eDHFR:L28C using TMP3. An in-gel
fluorescence saturation assay indicated that the covalent
conjugation of TMP3-rhodamines generally had half-lives of
less than 10 min (Figure le and Figure S1). These in vitro
assays established TMP3 as a viable strategy to covalently
label molecules to eDHFR:L28C with fast kinetics.

To fully characterize the labeling reaction kinetics of
TMP3-dyes using a multi-step kinetic model (Figure 1f), we
conducted a biolayer interferometry assay and analyzed the
association and dissociation curves (Figure S2). We used the
same dye (TMR) to compare the labeling kinetics of TMP3
to the previously reported dynamics of HaloTag and SNAP-
tag!! (Figure 1f, Table S1). In the presence of NADPH, the
k, of TMP3-TMR to eDHFR is 1.6x10°M's™!, a compara-
ble number to that of Halo-TMR, confirming the instanta-
neous non-covalent interaction. TMP3 has the smallest k_,
of 82x107*s™!, giving rise to an apparent 0.5 nM affinity
with eDHFR:L28C, which is much smaller than that of Halo
and SNAP. As k,; >k, and in vitro labeling reactions were
carried out at protein concentrations (5 uM) far higher than
the K, the in-gel fluorescence saturation assay essentially
measured the irreversible covalent addition rate k, to be
1.9x107*s™!, the slowest among the compared tags. For
comparison, the apparent second-order reaction rate con-
stant of TMP3-TMR, k,,,, was calculated to be 1.1x
10°M™'s™" using the equation k,,,=kk)/(k,+k ;) (Ta-
ble S1). This number, however, is but a suggestive parameter
in assessing the labeling between different tags as the nM
level non-covalent binding of TMP3 to eDHFR with
NADPH in cells would practically consume a considerable
amount of free ligands, deviating the kinetic model from an
apparent second-order as in the HaloTag and SNAP-tag.[*!l
Overall, the non-covalent ternary complex would form
completely within 10 min,*” followed by covalent attach-
ment completed in ~30 min. This time scale is compatible
with practical cell labeling protocols, especially given that
the kinetics bottleneck is wusually the permeability of
ligands.” With the newly devised rapid covalent addition,
the third-generation TMP-tag rendered additional irrever-
sibility for the fast labeling of proteins in live cells.

Having confirmed rapid covalent labeling of TMP3 dyes
to eDHFR:L28C, the pair was tested for live-cell imaging
experiments. In the past decade, a handful of fluorogenic
rhodamines were developed based on the judiciously tuned
spirolactone/zwitterion equilibrium.**¥3" These dyes, most
commonly demonstrated with HaloTag and SNAP-tag, bear
superior membrane permeability and reduced background
fluorescence. SiR and MaP555, two representative dyes in
the far-red and red channels, were conjugated to TMP3
(Figure 2a). We also synthesized TMP2-SiR for a compar-
ison. While TMP3 conjugates exhibited >10 X fluorescence
turn-on behaviors upon the addition of eDHFR:L28C (Fig-
ure 2b), TMP2-SiR showed strong baseline fluorescence and
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marginal (1.2X) turn-on ratio with eDHFR:L28C (Fig-
ure S3). Therefore, the linker between TMP and SiR plays
important role in manipulating the equilibrium of SiR.

For cellular protein targets, five proteins that localized in
different organelles were selected: histone H2B located in
nuclei; Sec 61b, an endoplasmic reticulum complex that
translocates proteins; MAP7, a microtubule-associated pro-
tein; Lifeact, a 17-amino-acid peptide marker that recognizes
filamentous actin*! and Tomm?20, a subunit of the translo-
case of the outer mitochondrial membrane complex.
eDHFR:L28C was genetically fused to the N or C termini of
these proteins/peptides. All the constructs gave expected
labeling patterns at their designated organelles (Figure 2c,d)
in live HeLa cells. The superior optical properties of
fluorogenic rhodamines further enabled live-cell STED
imaging using TMP3. Lifeact-eDHFR:L.28C stained with
TMP3-SiR gave the fine structure of actin filaments, while
Tomm20-eDHFR:L28C stained with TMP3-SiR exhibited
the characteristic hollow structure of mitochondrial outer
membranes. These fine features were at the boundary of the
diffraction limit and were therefore hard to resolve under
confocal microscopy (Figure S4). Live-cell imaging results
confirmed that eDHFR is a general protein tag for
mammalian cytosolic proteins and, at the same time,
established the compatibility of TMP3 with fluorogenic SiR
and MaP555 for nanoscopy.

In the field of self-labeling protein tags, HaloTag and
SNAP-tag have been widely available for practical uses. To
profile the relative advantages and weaknesses of different
tags, we then systematically performed comparative studies
of TMP3, HaloTag, and SNAP-tag.

First, we assessed the cell permeability of their ligands, a
recently recognized key parameter in labeling cellular
protein targets.” The SiR conjugates of CA-NH, the Halo
ligand, BG-NH, the SNAP ligand, and TMP3-NH, were
prepared and purified using reverse-phase HPLC. Accord-
ing to their ClogP (predicted by ChemDraw), CA-SiR (7.27)
was the most lipophilic, TMP3-SiR (7.15) and BG-SiR (7.05)
were relatively less lipophilic, while TMP2-SiR (5.33) was
the most hydrophilic. We first explored the difference
between TMP2 and TMP3 in cell permeability by confocal
microscopy. Hela cells transiently expressing 2X NLS-
Halo-eDHFR:L28C-SNAP-GFP were stained with 500 nM
TMP2/TMP3-SiR conjugates. Owing to the fluorogenicity of
the SiR dye, the staining-imaging process was compatible
with a wash-free protocol and was therefore monitored at
different time points by a confocal microscope (Figure S5).
More than 15 cells were analyzed at each time point, and the
staining intensity was plotted (Figure S6). TMP2-SiR
showed much slower staining kinetics than TMP3-SiR in live
cells. As TMP2-SiR is more hydrophilic, it took almost 2 h
to enter cells and nucleus. We attribute this slow cell entry
to the polar groups in the linkers of TMP2. In addition, the
saturated brightness of TMP2-SiR in the nucleus is only
about 60 % of that of TMP3-SiR. Overall, TMP3 is far
superior to TMP2 in living cell labeling and imaging. We
then performed similar comparative studies of TMP3,
HaloTag, and SNAP-tag by a high-content imager using
time-lapse mode. More than 200 cells were analyzed in a
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Figure 2. Third-generation covalent TMP-tag in live-cell protein-specific imaging. a) Chemical structures and photophysical properties of TMP3-
MaP555 and TMP3-SiR. QY- quantum yield, a: binding with eDHFR:L28C in PBS (pH 7.4), b: 0.1% SDS in PBS buffer (pH 7.4). b) Absorption and
fluorescence spectra of TMP3-MaP555 and TMP3-SiR (10 pM) before and after the addition of eDHFR:L28C (20 pM) in presence of NADPH

(50 pM). c) Confocal images of nucleus-localized H2B, ER-localized Sec61b, and F-actin in HeLa cells. Transiently expressed eDHFR:L28C fusion
proteins were visualized with TMP3-MaP555 (500 nM staining for 1 h). Scale bars: 10 pm. d) Confocal and STED images of nucleus-localized H2B,
microtubule-associated MAP7, F-actin, and outer mitochondria membrane-localized Tomm20 in HelLa cells. Transiently expressed eDHFR:L28C
fusion proteins were visualized with TMP3-SiR (500 nM staining for 1 h). Scale bars: 10 pm for confocal images, 1 pm for STED images.

single run, and the staining intensity was plotted. The
relative SiR fluorescence to sfGFP at each time point was
fitted to a one-step association model to calculate the cell-
entry kinetics. The CA-SiR signal reached saturation in
<3 min, whose accurate kinetics was too fast to catch using
this assay. TMP3-SiR took ~10 min to reach half-saturation
and plateaued after 50 min. BG-SiR, however, exhibited the
lowest permeability with a half-saturation time of ~1h
(Figure 3a,b). Scrambling the orders of the protein tags or
expressing the tandem proteins in cytosol instead of nucleus
only marginally affected labeling kinetics (Figure S7, S8,
Table S2). The saturation brightness of the three labels
indicated that TMP3-SiR was as bright as CA-SiR, while
SiR labeled to SNAP exhibited reduced brightness. Our
data corroborated a previous comparative study between
HaloTag and SNAP-tag.™! We then compared the three
tags with MaP555-ligands. CA-MaP555 still exhibited the
fastest cell entry, while TMP3-MaP555 took 10-40 min to
reach half-saturation of the tested cellular targets, and BG-
MaP555 took more than 1h to label half of the same
proteins (Figure 3c,d, S7, S8, Table S2). Interestingly, the
saturated brightness of MaP555 labeled with TMP3 was
much lower than the HaloTag counterpart and slightly lower
than that of the SNAP-tag. This may be attributed to an
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incomplete opening of spirolactam at the DHFR surface,
which in principle could be further optimized with a fine-
tuned spirolactam library.™

Based on these results, the lipophilic chloroalkyl ligand
of HaloTag rendered fluorophore with a superior cell-
permeability, while TMP3-SiR and TMP3-MaP555 were also
practically permeable. Our recommendation rank is Halo-
Tag>TMP-tag3 >BG ligands of SNAP-tag for cellular
protein labeling applications where labeling speed is impor-
tant.

Second, we evaluated the compatibility of the protein
tags by fusing the three tags with selected protein subunits
of mitochondrial machinery. ATP synthase membrane
subunit E (ATP5ME) and Cytochrome C oxidase subunit
8A (COX8A), two characteristic subunits in the crowded
mitochondrial inner membrane, were selected for tag fusion
tests. Mitochondria targeting sequence (MTS)-fused tags
were constructed as positive controls. For comparison, the
tags were directly fused to the C-termini without flexible
linkers. The localizations of the fusion proteins were
examined after staining with their corresponding ligand-SiR
conjugates. eDHFR:L.28C and SNAP-tag fused proteins
gave clean mitochondrial patterns. However, without judi-
ciously optimized linkers between protein and tags,

© 2022 Wiley-VCH GmbH
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Figure 3. TMP3-SiR and TMP3-MaP555 were practically permeable dyes for live-cell protein labeling. a) COS-7 cells transiently expressing 2X NLS-
SNAP-eDHFR:L28C-Halo-GFP stained with 500 nM SiR ligands. The staining processes were continuously monitored and analyzed using a high-
content imager under epi-fluorescence mode to produce intensity curves over time. b) Relative intensity plot of the staining process reveals the
cell-entry half-life and the saturation brightness of each SiR-ligand. c) COS-7 cells transiently expressing 2X NLS-SNAP-eDHFR:L28C-Halo-GFP
stained with 500 nM MaP555 ligands. The staining processes were continuously monitored and analyzed using a high-content imager under epi-
fluorescence mode to produce intensity curves over time. d) Relative intensity plot of the staining process reveals the cell-entry half-life and the

saturation brightness of each MaP555-ligand. Scale bars: 100 pm.

ATP5ME-Halo and COXS8A-Halo mislocalized into the
endoplasmic reticulum or cytosol (Figure 4). The addition of
a Saa linker (GGGGS) between COX8A and Halo did not
remedy the mitochondrial localization, giving a similar non-
mitochondrial distribution (Figure S9). We tentatively at-
tributed the observed mislocalization of mitochondrial
protein fusions to the relatively larger size of HaloTag
(36 kD) compared to the smaller eDHFR (18 kD) and
SNAP-tag (19 kD), which may affect the assembly of certain
subunits of protein machineries. A recent successful demon-
stration of HaloTag fused to COX8A exploited four tandem
repeats of truncated COX8 A flanked by a human sepiapter-
in reductase to realize mitochondrial localization*” (addg-
ene #113916, see Supporting Information for sequence).
This evidence corroborated the fact that small protein tags
are advantageous in fusing proteins that are spatially
demanding.

Overall, while protein fusions are largely based on try-
and-error approaches, the TMP-DHFR pair, bearing a
reasonable permeability and a compact size, provides
promising options besides HaloTag and SNAP-tag for fast
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labeling proteins that are sensitive to fusion tags, such as
those located in congested environments.

Besides the classical way of fusing tags at the N/C
terminal of target proteins, modern protein architectural
engineering has increasingly focused on protein loops.*”
Such initiatives are not only valuable for labeling proteins
whose termini are buried or functional,*! but they also open
up larger biochemical spaces for advanced functions such as
antibody-drug conjugates and biomaterials.”” As loop-
fusion may affect the structural integrity of both the protein-
of-interest and the tag, it represents a rigorous test for the
folding and stability of tags (Figure 5a). eDHFR has two
advantages as a promising loop tag: 1) The N—C distance of
eDHFR is 14.2 A, while HaloTag and SNAP-tag have N—C
distances of 32.5A and 39.6 A, respectively (Figure 5b).
2) As a well-studied model protein for bioengineering,
eDHFR has been inserted into proteins ranging from YFPF"
to nanobodies™ for functional-regulation purposes. We,
therefore, tested loop fusion and labeling using TMP-tag3
on various proteins of interest to explore this potential.

First, we attempted to insert eDHFR into firefly
luciferase at different loops. A number of breaking points at

© 2022 Wiley-VCH GmbH
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128

Figure 4. Localization of selected mitochondrial proteins fused with
eDHFR:L28C, SNAP, or Halo in Hela cells. Cells are stained with
corresponding SiR ligands before imaging by a confocal microscope.
HaloTag exhibited cytosolic mislocation when fused directly to selected
mitochondrial proteins. MTS: mitochondria targeting sequence;
ATP5SME: ATP Synthase Membrane Subunit E, located on the inner
membrane of mitochondria; COX8A: Cytochrome C Oxidase Subunit

8 A, located on the inner membrane of mitochondria. Scale bars:

10 pm.

different loops were screened: T74/N75, Y178/D179, F331/
H332, V384/N385, R437/1L438, S504/Q505, and T508/A509
(Figure 5¢). The N and C termini of eDHFR were inserted
along with three flexible amino acids (GGS and GSG) as
linkers (see Supporting Information for the full sequences).
Assayed in E. coli lysates, luciferase activities were compro-
mised in all the loop fusion constructs, but not in the
terminal-fusion counterparts (Figure 5d). Among the loop-
fusion positions, T508/A509 fusion, marked as Luc-508-
DHFR, exhibited the highest luminescence. At this position,
the loop tag was then substituted with eDHFR:L28C,
HaloTag, and SNAP-tag. For the Halo and SNAP fusions, a
pair of 10-aa linkers were added. All three loop-inserted
tags can be labeled with TMR conjugates, indicating a
comparable expression level (Figure S10). Although the pair
of 10-aa linkers were sufficient to connect the gaps between
the N/C termini of all tags in principle, eDHFR:L.28C
insertion at the 508 position exhibited a higher luminescence
activity than the Halo and SNAP counterparts (Figure 5e),
representing a least-interruptive loop tag for firefly lucifer-
ase.

Second, we compared the insertion of eDHFR:L28C,
HaloTag, and SNAP-tag into superfolder GFP (sfGFP), a
stabilized version of the enhanced GFP featuring a robust
folding."™ The loop between strands 10 and 11 was selected
as the inserting point, as suggested by the routine practice of
split GFP.” Two 10-aa linkers were inserted between
sfGFP and eDHFR (Figure 5f). The constructs were ex-
pressed under the T7 promoter in E. coli. After induction,
the strains expressing sfGFP1-10-(eDHFR:L28C)-sfGFP11
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were ~50 % fluorescent as that of WT sfGFP, while the
SNAP- and Halo- inserted sfGFP only exhibited <10 %
fluorescence compared to WT sfGFP (Figure S5g). These
loop-tagged stGFPs were purified, and their absolute
fluorescent quantum yields were measured using a steady-
state spectrometer. All the variants had a similar quantum
yield near 75 %, similar to WT sfGFP, indicating an intact
core structure of the chromophore (Table S3). Therefore,
the fluorescence difference of the three loop-tags was mainly
attributed to expression levels, as further confirmed by gel
densitometry analysis (Figure 5h). The loop-inserting
eDHFR:L28C at sfGFP could be labeled with TMP3-TMR,
as confirmed by FRET characterization with its fluorescence
emission spectrum (Figure S11). Overall, the insertion of
eDHFR, SNAP, and Halo at the loop between strands 10
and 11 of sfGFP did not affect fluorescence, but the eDHFR
fusion rendered an outstanding expression level.

Our third attempt was the construction of an eDHFR
fusing on the loop of another eDHFR to explore the
labeling kinetics of TMP3 to both the inserted and inserting
protein tags. The insertion site was selected at N23/L.24, as
this loop was exploited before for circular permutation of
eDHFR.P"* 1.28C mutations were introduced to both the
inserting eDHFR and the inserted eDHFR (Figure 5i).
Labeling kinetics were calculated from fluorescence densi-
tometry of an in vitro labeling assay. The half-life of TMP3-
TMR labeling the inserting eDHFR:L28C was 12 min, close
to that of the monomeric eDHFR:L28C (6 min). Labeling of
the inserted eDHFR:L28C, however, exhibited a decreased
reactivity (half-life of 49 min, Figure 5j) which could be
attributed to the proximity of L28C to the insertion site at
N23/L.24. Overall, this result showcased the structural
integrity of eDHFR as both a loop tag and a functional
protein.

Finally, we examined the loop-fusion of eDHFR:L28C
into a membrane protein: Human Dopamine Receptor D1
(DRD1). As a G-protein-coupled receptor, the third intra-
cellular loop (ICL3) is often selected for protein
engineering.”>* After insertion of eDHFR:L28C into the
ICL3 of DRDI1 (Figure 5k), the fusion gene was transiently
expressed in HeLa cells, and TMP3-SiR staining gave a
distinctive membrane localization that colocalized with a
plasma-membrane-localized GFP marker (Figure 51).

While loop-fusion tags are still in their infancy and often
demand additional screening and optimization compared to
classical terminal fusions, these results establish TMP-tag3
as a viable option for labeling the loops of cytosolic and
membrane proteins. Echoing the emerging examples using
circular-permutated self-labeling protein tags, these archi-
tecturally sophisticated protein chimeras represent the
fundamental elements for future biomaterials and hybrid
sensors.””*!

TMP-tag3, HaloTag, and SNAP-tag are not only com-
plementing approaches, their orthogonality enables the
combinatory use for multiplexed labeling and imaging. We
first showcased simultaneous imaging of Tomm20 and F-
actin. HeLa cells transiently expressing Lifeact-eDHFR:
L28C and Tomm?20-Halo were stained with TMP3-SiR and
Halo-TMR. Confocal imaging gave filament and outer

© 2022 Wiley-VCH GmbH
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Figure 5. TMP3-eDHFR was superior for labeling the loops of proteins. a) Schematic illustration of protein loop fusion and the challenge posed for
protein tags. b) The N—C terminal distance of eDHFR was 1.4 nm, much shorter than those of Halo (3.3 nm) or SNAP (4.0 nm). c) eDHFR was
inserted into firefly luciferase at the selected loop sites. d) Among the eDHFR insertions, the S508 site exhibited the least reduction in
luminescence. e) Comparison of luminescence between eDHFR, Halo, and SNAP-inserted Fluc, along with wt Fluc and Fluc-eDHFR terminal
fusions. f) Schematic illustration of the loop between sfGFP S10 and S11 inserted with eDHFR, Halo, and SNAP. g) Fluorescence of E. coli

expressing WT, S1-10 truncated, and loop-fused sfGFP. h) SDS-PAGE analysis of E. coli lysate showing the expression level of WT, S1-10 truncated,
and loop-fused sfGFP. i) Schematic illustration of an eDHFR inserted into another eDHFR at the N23/L24 site. The two eDHFRs were introduced
with L28C mutations. j) In-gel fluorescence densitometry assay showing the labeling kinetics on the inserted and inserting eDHFR:L28C.

k) Schematic illustration of an eDHFR inserted into the third intracellular loop of dopamine receptor D1 (DRD1), a membrane protein of the GPCR
family. I) Live-cell confocal images of DRD1-eDHFR:L28C loop fusion labeled with TMP3-SiR, and the colocalization with a membrane-anchored
EGFP marker.

mitochondrial membrane patterns. The fine patterns of actin
and mitochondria were unambiguously resolved in the two
channels (Figure 6a). It is noteworthy that the minor

displacement of the mitochondrial patterns between the
confocal and STED images was attributed to cellular move-
ment within the experimental interval (~10 sec) during the
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Figure 6. TMP-tag3, HaloTag, and SNAP-tag enabled orthogonal protein labeling for multi-color STED imaging in live HeLa cells. a) Two-color
confocal and STED images of mitochondria outer-membrane and F-actin. Hela cells transiently expressing Lifeact-eDHFR:L28C and Tomm20-Halo
were stained with 250 nM TMP3-SiR and 250 nM Halo-TMR for 1 h before imaging. b) Two-color confocal and STED images of Tomm20 and ATP
synthase membrane subunit E. Hela cells transiently expressing Tomm20-eDHFR:L28C and ATPSME-SNAP were stained with 200 nM TMP3-SiR
and 400 nM SNAP-MaP555 for 1 h before imaging. c) Intensity profile plot along the white line shown in the merge channel. The outer membrane
of a selected mitochondrion was resolved in the STED image. d) Four-color confocal and STED images of actin, Tomm20, ATP synthase membrane
subunit E, and nucleus. Hela cells transiently expressing Lifeact-eDHFR:L28C, Tomm20-Halo, and ATPSME-SNAP were stained with Hoechst,

250 nM TMP3-MaP555, 250 nM CA-SiR, and 500 nM BG-fluorescein for 1.5 h before imaging.

imaging-mode switch. We then tested two-color mitochon-
drial labeling using the two smaller tags: TMP3 and SNAP.
Tomm20-eDHFR:L.28C was labeled with TMP3-SiR, and
ATP5ME-SNAP was labeled with SNAP-MaP555. After
400 nM dye staining for 1h, Tomm20 gave a distinctive
outer mitochondrial membrane pattern under STED nano-
scopy, while ATPSME was located in the inner membrane
and matrix (Figure 6b). Intensity profiles were plotted across
a mitochondrion to compare the resolution of the STED
and confocal images (Figure 6¢). In the STED channels, the
outer-membrane-localized Tomm?20 and inner-membrane-
localized ATP synthase membrane subunit E were resolved.

Angew. Chem. Int. Ed. 2022, 202207905 (9 of 11)

Finally, HeLa cells transiently expressing three tagged
proteins were labeled and imaged with three dye conjugates.
In this setup, TMP3-MaP555 was labeled to F-actin via
Lifeact-eDHFR:L28C, CA-SiR stained Tomm20, and
ATP5ME were labeled with BG-fluorescein. Four-color
live-cell images were successfully acquired, among which the
TMP3-MaP555 and Halo-SiR channels were compatible
with STED nanoscopy (Figure 6d). Fluorescein was not
compatible with STED imaging but the confocal channel
gave a characteristic mitochondrial pattern. The morphology
of the cells in this experiment was compromised partly due
to the burden of overexpression of multiple transiently
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expressed genes. This issue could be potentially addressed
by tuning the expression levels.

Overall, we demonstrated the labeling and imaging of up
to three protein targets with orthogonal self-labeling tags.
The third-generation covalent TMP tag, along with HaloTag
and SNAP-tag, is expected to expand the chemical biology
toolkit for multiplexed protein analysis under nanoscopic
imaging in the big data era.

Conclusion

Herein, we devised the third generation of the covalent
TMP-tag for live-cell protein labeling and performed
comparative studies with HaloTag and SNAP-tag. TMP-
tag3, featuring optimized linkers and compatibility with
fluorogenic rhodamine dyes, can now supplement and
supplant the existing HaloTag and SNAP-tag technologies
in different aspects. Overall, HaloTag still bears the best
labeling speed and bioavailability and is therefore consid-
ered the first choice for versatile protein labeling. In cases
where the fusion of the 36 kD HaloTag fails to maintain
protein function, the 18-kD TMP-tag3 and 19-kD SNAP-tag
offer supplemental solutions. TMP-tag3 exhibits satisfactory
cell permeability and generally outperforms the BG con-
jugates of SNAP-tag in labeling cellular targets. On the flip
side, the current TMP-tag3 still prefers the addition of an
NADPH cofactor, and the covalent addition step is not as
fast as that of HaloTag and SNAP-tag, limiting its
applications in in vitro labeling. This issue, however, is not a
fundamental limit and is subject to further optimization of
both the ligand and protein. This work adds to the diverse
strategies for the evolution of tags,*” showcasing the links
between protein engineering, substrate optimization, and
innovations in fluorophores.

The self-labeling tag toolbox, however, should not be
seen as a winner-takes-all arena. Rather, with the addition
of TMP-tag3, the multiplexed use of tags has more
opportunities in the era of nanoscopy, 4D physiology, and
big data. Exemplified by the emerging Brainbow,” non-
linear Raman spectroscopy,® lifetime multiplexing,*" and
CODEX technologies,”" bioimaging has never been more
focused on multiplexing. Orthogonal tags, plus ever-expand-
ing fluorophore palettes with superior optical properties,
promise to interrogate multiple organelles and molecular
targets into live cells over long stretches of time beyond the
traditional diffraction limit. These directions have the
potential to revolutionize the routine of cell biology and cell
phenotyping.
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TMP-tag3 ¢ The third-generation TMP-tag3 is devel-
oped. It features optimized synthesis,
fluorogenic labeling, and fast cellular
intake. It performs well in comparative
studies with HaloTag and SNAP-tag. The
18 kD-protein tag is compatible with
loop insertion. The TMP-tag3 supple-
ments and supplants the existing self-
labeling protein tags, adding an orthogo-
nal channel for multiplexed labeling and
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Third-Generation Covalent TMP-Tag for
Fast Labeling and Multiplexed Imaging of
Cellular Proteins

Fast labeling of céllular proteins
Loop-labeling compatible O N
18 kD DHFR orthogonal to Halo/SNAP nanoscopic imaging.
Live-cell multi-color STED nanoscopy
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