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Abstract: Protein semi-synthesis inside live cells from exoge-
nous and endogenous parts offers unique possibilities for
studying proteins in their native context. Split-intein-mediated
protein trans-splicing is predestined for such endeavors and
has seen some successes, but a much larger variety of
established split inteins and associated protocols is urgently
needed. We characterized the association and splicing param-
eters of the Gp41-1 split intein, which favorably revealed
a nanomolar affinity between the intein fragments combined
with the exceptionally fast splicing rate. Following bead-
loading of a chemically modified intein fragment precursor
into live mammalian cells, we fluorescently labeled target
proteins on their N- and C-termini with short peptide tags, thus
ensuring minimal perturbation of their structure and function.
In combination with a nuclear-entrapment strategy to minimize
cytosolic fluorescence background, we applied our technique
for super-resolution imaging and single-particle tracking of the
outer mitochondrial protein Tom20 in HeLa cells.

Introduction

Total chemical synthesis and semi-synthesis of proteins by
backbone ligation strategies enable unique possibilities to
study structure-function relationships and biophysical proper-
ties of proteins.[1] In protein semi-synthesis, at least one
backbone fragment originates from recombinant production,

which can be achieved in different expression hosts and be
followed by separate chemical modification. However, in
contrast to other modern methods to manipulate native or
recombinant proteins on single side chains,[2] it remains
a great challenge to perform a protein backbone ligation
inside a living cell on an endogenously produced protein with
a second polypeptide of exogenous origin, to study proteins in
their native context. The most widely used native chemical
ligation (NCL)[3] and expressed protein ligation (EPL)[4]

reactions cannot be used in the cell in a straight-forward
way,[5] because they require high concentrations of the two
polypeptides to be ligated and the involved functional groups
of a C-terminal thioester and an N-terminal cysteine are not
stable in the typical cellular milieu. Alternatively, synthetic or
semi-synthetic proteins can be prepared outside the cell and
then be delivered to the cellular environment by a variety of
techniques.[6] However, this latter approach is not feasible
when the protein in question requires endogenous expression,
at least in part, for example to facilitate proper processing or
correct subcellular localization, or because it is not amenable
to ex vivo preparation for reasons pertaining to its size or
folding.

To address these challenges suitable reactions to semi-
synthesize the protein of interest (POI) inside the cell from
endogenously expressed and transduced parts are urgently
sought for. Split inteins provide a powerful option, because
they can tracelessly ligate two proteins or peptides (exteins)
by protein trans-splicing under self-excision with a native
bond (Figure S1).[7] They exist as two separate fragments (IntN

and IntC) that first associate with each other to reconstitute
the active intein. Split inteins do not require any strict
consensus sequence at the ligation site, except for a single Cys,
Ser or Thr residue, and their fragments typically display high-
affinity interactions with equilibrium dissociation constants
Kd ranging from single digit nanomolar to single digit
micromolar concentrations.[8] These advantages contrast to
other transpeptidation catalysts that have been repurposed
for protein ligation, like sortase[9] and butelase,[10] which
recognize a conserved, and thus mostly invariable, ligation
site, and exhibit comparably low affinity towards their
substrates. However, different split inteins exhibit widely
varying and unpredictable properties. Therefore, it is chal-
lenging to identify split inteins with the best combination of
desired characteristics such as high affinity between the intein
fragments, fast splicing kinetics, high flexibility in terms of the
accepted extein sequence, high degree of stability and activity
at a wide range of physicochemical conditions (temperature,
pH, etc.).
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The idea to use split inteins for in cellulo semi-synthesis of
proteins is to combine an endogenously expressed part with
an exogenously prepared part that is transduced inside the
cells (Figure 1; left part). Only a handful of such studies have
been reported so far, which utilized either one of the alleles of
the naturally split DnaE inteins[11] or an artificially split
version of the Ssp DnaB intein.[11e] In pioneering work, Giriat
and Muir endogenously expressed the Ssp DnaE IntN frag-
ment (123 amino acids (aa)) in fusion to a protein of interest
(POI), while the IntC fragment (36 aa) with a synthetic
fluorophore in the exteinC sequence was transduced using
a cell-penetrating peptide (CPP). Intracellular splicing fur-
nished labeling of the POI.[11a] The groups of Camarero and
Kwon exploited the faster splicing and higher yielding Npu
allele of the DnaE intein (t1/2& 60 s compared to 1 to 3 h),[12]

and delivered the IntC precursor by protein transfection.[11b,c]

Tamp8 and co-workers[11e] used an artificially split version of
the evolved M86 mutant of the Ssp DnaB intein.[13] The short
IntN fragment (11 aa) was synthesized with a fluorophore in
the exteinN sequence and was introduced into mammalian
cells using cell squeezing, while the IntC part (143 aa) was
endogenously expressed in fusion with the POI. To improve
on the moderate affinity between the fragments of this intein
(& 0.1 mm)[13a] the IntN fragment was equipped with a tris-
NTA chelating unit to enable high-affinity interaction with
the His-tagged IntC.[11e]

While split inteins provide a possible pathway to the
in cellulo protein reconstitution from inactive recombinant
and synthetic pieces, almost all studies so far have focused on
splicing short unrelated tag sequences to intact proteins,
typically to attach a synthetic fluorophore. Only shortly
before and after we submitted this work for publication the

first two examples for truly semi-synthetic proteins obtained
in cellulo by protein trans-splicing were reported by the Pless
and Muir groups, respectively.[14] Nevertheless, fluorescent tag
labeling of cellular proteins is also an important goal of the
split intein approach, because such extein tags can be of very
small size and variable sequence, consisting of only a few
amino acids[15] or even only the fluorophore itself.[16] Such
short tags are potentially much less perturbing for protein
function than the often larger peptide or even protein tags
that have been established for imaging studies of intracellular
proteins in cell biology.[17] Short tags are also beneficial in
super-resolution microscopy techniques to minimize the
increase of the observed sizes of cellular structures.

Another aspect of intracellular labeling of proteins with
fluorophores is the signal-to-background ratio stemming from
the excess fluorophore reagent. For some approaches the
removal of excess fluorophores can be achieved by washing
the cells, however, this limits the range of fluorophores to
those that are cell-permeable. Turn-on fluorescence strat-
egies,[18] switchable fluorophores,[19] or the use of fluorophore-
quencher pairs[20] can improve the signal-to-background ratio.
Also for split intein approaches, the problem of background
from the fluorescent signal of transduced and unspliced
synthetic intein precursor was addressed by attaching
a quencher molecule.[11b,c,e] However, these additional modi-
fications complicate the synthesis and limit suitable split
intein precursors to those that can be prepared by total
synthesis. Together, the lack of versatile and straightforward
split inteins protocols for intracellular protein modification
and fluorescent labeling has prohibited the widespread
application of in cellulo protein semi-synthesis in cell biolog-
ical research.

In this work, we biophysically characterized the fragment
association and splicing parameters of the natively split Gp41-
1 intein, the fastest splicing split intein known to date.[21] We
then explored its favorable properties to establish new
protocols to utilize it for in cellulo protein semi-synthesis.
Finally, we applied our new technologies to label a mitochon-
drial outer membrane protein on a very short tag with
a synthetic fluorophore to investigate it by super-resolution
microscopy and single molecule tracking in live cells. Our
work provides a significant expansion of the toolbox and
shows new applications for proteins that are prepared in this
way.

Results and Discussion

Strategic Considerations

We aimed to explore the Gp41-1 intein[21a] for in cellulo
protein semi-synthesis. We focused on this naturally split
intein because with a half-life time (t1=2

) of & 4 s at 45 88C, the
highest rate in trans-splicing known to date, and nearly
quantitative splicing yields[21b,c] it was supposed to have great
potential for the envisaged applications. The rate of protein
trans-splicing at 37 88C (t1=2

=& 5 s) is more than 10 times faster
than for the Npu DnaE intein.[12] However, no biophysical
characterization of the split Gp41-1 intein (IntN : 88 aa, IntC :

Figure 1. Scheme of split-intein-mediated protein trans-splicing for
protein semi-synthesis in live cells. The left part of the cell depicts the
general concept for the C-terminal modification of a POI expressed
inside mammalian cells with an exogenously produced IntC protein
fragment carrying non-proteinogenic functionalities. The section on
the right shows how this general strategy has been expanded in this
work with a nuclear entrapment strategy to achieve rapid and nearly
background-free fluorescent labeling of the POI. NLS= nuclear local-
ization sequence.
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37 aa) has been reported so far and its general suitability for
in cellulo protein semi-synthesis is not known.

Interestingly, the catalytically critical + 1 residue as the
first amino acid of the exteinC is a serine, in contrast to
a cysteine in the widely used DnaE inteins.[22] This residue is
involved in forming the branched (oxoester) intermediate in
the protein splicing pathway[7a, 23] and is the only residue
strictly required to remain at the ligation site. Together with
the absence of any further cysteines in the Gp41-1-IntC

sequence, this intein is therefore suitable for the CysTag
approach,[15a, 24] which explores a single cysteine residue in an
extein part for site-specific bioconjugation and subsequent
transfer of the introduced label in the protein trans-splicing
reaction.

Biophysical Characterization of the Split Gp41-1 Intein

We first carried out microscale thermophoresis (MST)
assays to evaluate the affinity between intein precursor
fragments inactivated for splicing by C1A and N125A
mutations. We prepared the purified proteins H6-Smt3-IntC-
(N125A)-CysTag-Trx-H6 (1; Smt3 = SUMO homolog from
yeast as expression fusion; CysTag = SSSDVCRS; Trx = thi-
oredoxin) and MBP-IntN(C1A)-H6 (2 ; MBP = maltose-bind-
ing protein) following recombinant expression in E. coli and
introduced the required fluorophore by chemoselective
bioconjugation of the CysTag sequence of 1 with Alexa647-
maleimide to get 1a (Figure 2A). An equilibrium dissociation
constant Kd of 22.4: 1.8 nm was determined for the reversible
association of the intein fragments (Figure 2 B).

We then aimed to deconvolve association, dissociation
and splicing kinetics. To this end, we monitored the Gp41-
1 intein reaction in real time using surface-sensitive detection
by total internal reflection fluorescence spectroscopy coupled
with reflectance interferometry (TIRFS/RIf).[25] First, we
investigated the complementation of inactivated split intein
fragments. For this purpose, we immobilized H6-IntN(C1A)-
mCherry (3) via the His-tag on a tris-NTA functionalized
biocompatible PEG-layer on glass surfaces and measured its
interaction with SBP-IntC(N125A)-eGFP (4, SBP = strepta-
vidin binding peptide) (Figure 2C). Analyzing the RIf signal,
which reflected the binding and dissociation of 4, we
measured association (ka) and dissociation (kd) rate constants
of (8.5: 0.8) X 104 m@1 s@1 and (8.2: 0.8) X 10@4 s@1 respective-
ly, corresponding to a Kd of (9.2: 1.3) nm (Figure 2D). This
value compares well with the affinity that was obtained from
MST (Figure 2A and B). A Kd of 10–20 nm is comparable to
the affinity of the split Ssp DnaE intein parts,[26] about 10-fold
higher than reported for the Npu DnaE intein,[27] and 10 to 35-
fold lower than reported for the split M86 DnaB intein.[11e,13a]

Interestingly, the ka of the Gp41-1 intein is& 1,500-fold higher
than the ka of the M86 DnaB intein, but & 10-fold and & 300-
fold lower than observed for the Npu and Ssp DnaE inteins,
respectively.

To investigate the combined association and splicing
kinetics we used the splice-active fragments of the Gp41-
1 intein. We first immobilized H6-IntN-mCherry (5) and
injected SBP-IntC-eGFP (6) onto the surface (Figure 3A).

The RIf curves now showed distinctly different characteristics
with the formation of a plateau and subsequent decrease in
signal during the injection phase (Figure 3B). This observa-
tion is consistent with two events in the injection phase,
namely association of 6 with surface-immobilized 5, which
leads to an increase in signal intensity, and splicing of the C-
extein eGFP to the surface-immobilized His-tag with a con-
comitant loss of IntN-mCherry, which leads to a decrease in
signal (Figure 3 A). In order to separate these two events, we
analyzed the mCherry-derived fluorescence signal, which,
following an initial lag period in the injection phase, displayed
a significant decrease that continued during the wash phase of

Figure 2. Kinetic and thermodynamic analysis of the interaction be-
tween IntN and IntC. A) Proteins used for the MST assays. B) Affinity
curve for the interaction between IntN and IntC measured via MST.
0.25 nm of 1a and varying concentrations of 2 were used. The data
points represent averages and standard deviations obtained from five
experiments. C) Schematic representation of the TIRFS/RIf interaction
assay. D) RIf curves showing the mass signal for the binding and
dissociation of 4 from surface immobilized 3. The black curves show
fits of the data. Initial time periods of the injection and wash phases
were not used for fitting (indicated with double-headed arrows).
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the experiment (Figure 3C). The Gp41-1 intein is believed to
follow a “capture and collapse” mechanism, whereby the
individual intein fragments contain extensive disordered
regions that first bind and then undergo folding into splice-
active conformations.[27b,28] In keeping with this hypothesis,
the initial lag period in the injection phase before decrease of
the mCherry signal is observed would reflect the time
required for these folding and conformational changes to
occur. To quantitatively determine splicing kinetics with this
method, we analyzed the decrease in the fluorescence signal
in the wash period, which selectively reflects the loss of
mCherry from the surface due to splicing. This analysis
afforded a splicing rate constant of 0.05: 0.004 s@1, which
perfectly matches the value previously obtained for this intein

at 25 88C[21b] and further corroborates the ultra-fast splicing
behavior.

Together, the high kon and the high affinity of the Gp41-
1 intein in combination with its ultra-fast and highly efficient
protein trans-splicing activity fully supports its potential for
the intended in cellulo semi-synthesis approaches.

Chemical Tag Modification in Vitro and in Cellulo Using the Split
Gp41-1 Intein

We next investigated the utility of the Gp41-1 intein for
site-specific chemical labeling of target proteins. We fused the
IntC fragment with a short extein tag containing a unique
cysteine (CysTag) to be labeled via classical thiol bioconju-
gation. Purified SBP-Smt3-IntC-CysTag (7) was conjugated
with fluorescein-maleimide to give 7a (Figure S2A). A splice
assay with MBP-IntN-H6 showed that 7a could be completely
consumed within one minute and resulted in the transfer of
the fluorescently labeled tag to MBP (Figure S2B). Similarly,
we modified an anti-EGFR nanobody (VHH) with fluorescein
and showed its specific binding in a cellular assay (Fig-
ure S2C–E).

We then explored the Gp41-1 intein for labeling proteins
inside live mammalian cells by in cellulo protein semi-syn-
thesis. Intracellular splicing of two co-expressed proteins
containing the IntN and IntC fragments has been reported
before[29] and is a standard application of split inteins that
underlines their selective recognition in the cellular milieu. To
recapitulate such an entirely endogenous process, we trans-
fected HeLa cells with two plasmids encoding Tom20-IntN-
mCherry-NLS (8) and IntC-eGFP (Figure S3; NLS = nuclear
localization sequence). Tom20 is a transmembrane protein
that localizes in the outer membrane of mitochondria with the
fused IntN part facing the cytoplasm. We observed protein
trans-splicing, by which eGFP became attached to the
mitochondria, while IntN-mCherry-NLS got released from
Tom20 and changed its localization to the nucleus, as
expected (Figure S3).

We then exogenously prepared the IntC precursor by
expression in E. coli and subsequent chemical modification.
Transduction into mammalian cells was explored using bead-
loading, which relies on a mechanical procedure by which
small and transient holes are introduced into the plasma
membrane by sheering forces exerted with small glass
beads.[30] We first bead-loaded untransfected HeLa cells with
the fluorescein-modified construct 7 a. We observed that the
procedure led to the detachment of around 50% of the cells
from the culture plate. Despite this, around 30 % of the
remaining cells were transduced with the protein (Figure S4).
Furthermore, observation of the cells via bright field and
fluorescence microscopy for durations of up to 5 h after bead
loading showed that the majority of the cells did not
demonstrate any difference in appearance when compared
to non-bead loaded cells, thus indicating that bead-loading did
not lead to significant loss of cell viability. We next transduced
7a into cells transfected with a plasmid encoding for 8.
Different outcomes in single cells were observed by fluores-
cence microscopy depending on whether or not a cell was

Figure 3. Analysis of the splicing kinetics of the Gp41-1 intein. A) Sche-
matic representation of the TIRFS/RIf splicing assay. B) RIf curves
showing the mass signal, which is a convolution between interaction
and splicing. C) Normalized mCherry fluorescence intensity curves,
which selectively reflect the splicing reaction. The black curves show
fits of the data in the wash phase (III).
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transduced with 7a and/or expressing 8, i.e., contained just
one or both splice partners (Figure 4A, cells 1–3), and
depending on the relative intracellular amounts of the
proteins. We could observe significant localization of the
fluorescein signal on the mitochondria and a concomitant
restriction of the mCherry signal to the nucleus via fluores-
cence microscopy (Figure 4B, cell 3, Figure S5), clearly
supporting the notion that protein trans-splicing had oc-
curred. Significantly, in cells that were fixed only 30 min after
transduction of 7a the complete lack of any mCherry signal
on the mitochondria could be observed (Figure 4B, cell 3,
Figure S5), suggesting the complete consumption of 8 in the

splicing reaction is possible when the IntC precursor 7a is
present at equimolar or excess concentrations. Similar
observations were made in more than 95 % of the cells
(> 50 cells) that expressed 8 and were also transduced with
7a, thus confirming that close to complete intracellular
splicing efficiency could be achieved under these conditions
(see Figure S6 for more examples). Residual fluorescein
signal could be detected in the cytosol and nucleus of cell 3 in
Figure 4B, indicating the stoichiometric excess of 7a over 8.
Cells expressing 8, but that had not been transduced with 7a
(Figure 4B, cell 1), showed a markedly different outcome, as
expected, with the mCherry signal still being localized

Figure 4. C-terminal labeling of Tom20 with fluorescein in HeLa cells using the split Gp41-1 intein. A) Schematic representation of the protocol
for labeling Tom20 using construct 7a. B,C) Representative microscopy images according to Scheme shown in (A) representing different cell
types: Cell 1 expresses 8 but is not transduced with 7a ; cell 2 does not express 8 but is transduced with 7a ; and cell 3 expresses 8 and is
transduced with 7a. Panels i–iii and iv–vi show more examples as discussed in the main text. D) Schematic representation of the protocol for
labeling Tom20 using construct 9a. Construct 9a is like construct 7a but carries an NLS to direct the precursor 9a and its remaining intein
fragment after splicing, NLS-SBP-IntC, into the nucleus. E,F) Representative microscopy images according to scheme shown in (D) representing
different cell types: Cell 1 expresses 8 but is not transduced with 9a ; cell 2 does not express 8 but is transduced with 9a ; and cell 3 expresses 8
and is transduced with 9a. Panels vii–ix and x–xii show more examples as discussed in the main text.
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exclusively on the mitochondria. Finally, in cells that did not
express 8, but were transduced with 7a, the fluorescein signal
of 7a could be observed in the cytosol and nucleus without
any mitochondrial accumulation, as expected (Figure 4B, cell
2). Further representative confocal microscopy images of
such cells are shown in Figure 4C (i–iii), where a similar
cytosolic and nuclear accumulation of 7a could be observed
(see Figure S7A–F for cross-sectional quantification). Impor-
tantly, the background cytosolic fluorescence derived from
unspliced 7a in cells expressing 8 (as seen in cell 3 in
Figure 4B), was strongly dependent on the relative ratio of
the two proteins as observed in Figure 4C (iv–vi), with
significant cytosolic fluorescence at higher abundance of 7a
(Figure 4C (iv), Figure S7G&H), decreased fluorescence as
the relative abundance of 7a decreases (Figure 4 C (v),
Figure S7I&J), and finally with negligible fluorescence when
the amount of 7a was almost equal to or lesser than the
amount of 8 (Figure 4C (vi), Figure S7K&L). We also
confirmed splicing using SDS-PAGE analysis with either in-
gel fluorescence or immune detection (Figure S8).

We further demonstrated the application of this approach
for proteins localized to other organelles besides the mito-
chondria, namely the endoplasmic reticulum (Figure S9). We
next established a similar strategy for cellular labeling of
proteins of interest on their N terminus by switching the
endogenous and exogenous origins of the IntN and IntC

precursors (Figure S10 and S11). The essential catalytic
cysteine at the N-terminal splice junction of the Gp41-1 IntN

fragment[31] prohibited the use of the same simple CysTag
strategy. We therefore resorted to a chemical conjugation for
fluorophore attachment based on copper catalyzed alkyne-
azide cycloaddition[32] of a short ClickTag[15b] sequence on the
IntN precursor containing the unnatural amino acid p-
azidophenylalanine (Figure S10 and S11).[33]

A Compartmental Entrapment Strategy to Reduce Background
from Unspliced Intein Precursor

We then aimed to improve the signal background stem-
ming from the excess or unconsumed fraction of the labeled
and transduced intein fragment precursor. This can be
problematic even with the very efficiently splicing Gp41-
1 intein, because it is difficult to control the amount of the
exogenously transduced protein partner and because this
protein cannot be washed out of the cells. In order to address
this challenge, we conceived a novel nuclear entrapment
strategy by recombinantly fusing a nuclear localization
sequence (NLS) to the exogenously prepared IntC-fusion
construct (Figure 1, right half). The idea was to transfer the
transduced IntC precursor into the nucleus by using the
nuclear import machinery and thereby eliminate or reduce
the background signal of the attached fluorophore in the
cytosol. Only rapid splicing with the Tom20-IntN partner on
the surface of mitochondria, that could compete with the
kinetics of transport into the nucleus, would result in
delivering the fluorophore to the target protein (Figure 1,
right half). Thus, we added an NLS sequence to the IntC

precursor to give NLS-SBP-Smt3-IntC-CysTag (9) and labeled

the CysTag with fluorescein-maleimide to get 9 a (Figure 4D).
Again, three possible outcomes with either one of the two or
both splice partners present in a single cell were possible
(Figure 4D, cells 1–3). Upon transduction of 9a into HeLa
cells not expressing 8 we could observe fluorescence signal
exclusively in the nucleus, as intended (cell 2-type in Fig-
ure 4D&F). A comparison of cells in panels vii–ix of Fig-
ure 4F with those in panels i–iii of Figure 4C shows the
efficient entrapment of the IntC precursor in the nucleus (see
Figure S12A–F for quantification). When 9a was transduced
into cells expressing Tom20-IntN-mCherry-NLS (8), we ob-
served the expected localization of fluorescein signal on the
mitochondria and mCherry fluorescence in the nucleus (cell
3-type in Figure 4D and Figure 4F panels x–xii), which
confirmed the occurrence of splicing. Importantly, the mito-
chondria-to-cytosol contrast was strongly improved compared
to our earlier results using 7 a, which lacked the NLS
(compare panels x–xii in Figure 4F with panels iv–vi in
Figure 4C, as well as the respective cross-sectional quantifi-
cation in Figure S12 and S7), indicating the successful
establishment of the nuclear entrapment strategy for excess
9a. Unreacted 9a could also be detected in the nucleus of cells
when it was present in a stoichiometric excess over 8
(Figure 4F x–xii, Figure S12G–L). Another important obser-
vation was the fact that we could only detect negligible
amounts of residual mCherry signal on the mitochondria
(Figure 4E, cell 3, Figure S13), indicating virtually quantita-
tive splicing and thereby also confirming that the nuclear
import driven removal of 9a from the cytosol did not
negatively impact the extent of splicing. We could observe
similarly high intracellular splicing yields in more than 95%
of the cells (> 50 cells analyzed) that expressed 8 and also
were transduced with 9a (see Figure S14 for more examples).
These findings highlight the advantages of the extremely fast
kinetics of the association and splicing of the split Gp41-
1 intein, which ensured that splicing occurred before the
removal and nuclear entrapment of the precursor by cellular
importins.

Application of in Cellulo Protein Semi-Synthesis with the
Gp41-1 Intein for Single-Molecule Fluorescence Microscopy

We next applied our nuclear entrapment-based labeling
strategy with minimal fluorescence background for two
different single-molecule fluorescence microscopy methods,
namely super-resolution microscopy using dSTORM[34] and
single-particle tracking (SPT),[35] to investigate localization
and diffusion of the integral mitochondrial outer membrane
protein Tom20. For both these applications, we first prepared
NLS-SBP-Smt3-IntC-CysTag(Alexa647) (9b) by reacting the
CysTag on 9 with Alexa647-maleimide, and transduced it into
HeLa cells expressing 8 to label Tom20 with Alexa647.
Alexa647 is a photostable fluorophore that has been exten-
sively used for dSTORM due to its superior photoswitching
properties.[36] We acquired epifluorescence and dSTORM
images of a mitochondrial network with the expected increase
in resolution that is obtained via dSTORM (Figure 5A). The
localization of Tom20 on the mitochondrial membrane is
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evident by the accumulation of signal on the periphery of the
mitochondrion. The intensity profiles (Figure 5B) over the
entire cross section denoted by the white boxes shown in
Figure 5A allowed us to measure a mitochondrial width of
& 325 nm, which compares very well with previous super-
resolution and electron microscopy analyses.[37] Using SPT, we
could observe diffusion of single AF647-labeled Tom20
molecules (Video S1) on the mitochondrial membrane and
reconstruct the tracks to get the trajectory map shown in
Figure 5C. Quantitative analysis of the diffusion dynamics

yielded a distribution of jump distances (Figure S15) that
could be fitted by with a two states model,[38] resulting in a fast
diffusion fraction (D = 0.49 mm2 s@1, 81 %) and a slow diffus-
ing fraction (D = 0.02 mm2 s@1, 19 %). These diffusion con-
stants closely match previously reported values.[39]

Together, these experiments demonstrate the suitability
of our approach for labeling intracellular proteins for single
molecule fluorescence based techniques. The low background
achieved using the nuclear entrapment strategy, in addition to
being crucial for minimizing fluorescence background levels,
also eliminates the need for washing steps to remove excess
fluorophore, thus simplifying the experimental process.
Moreover, currently existing methods for intracellular protein
labeling that are used for SPT are limited to use with
membrane permeable fluorophores that can be efficiently
washed out post-labeling. This prohibits the use of a wide
variety of non-membrane permeable photostable dyes (e.g.
Alexa647). Thus, our split-intein-mediated technique can
mitigate this limitation by extending the dye palette that is
available for live cell applications.

Conclusion

In cellulo protein semi-synthesis holds great potential to
study proteins and their biological pathways in ways that are
out of reach with other technologies. To expand the very
limited toolbox to assemble protein backbones from endoge-
nously and exogenously provided parts in live cells we
established the currently fastest splicing split intein for this
purpose. We carried out detailed biophysical characterization
of the Gp41-1 intein fragment complementation and trans-
splicing kinetics that unraveled favorably high affinity and
rapid association kinetics of the two parts. Following protein
delivery of one exogenously prepared intein fragment pre-
cursor inside mammalian cells using a bead-loading protocol,
we ligated proteins located in or facing the cytoplasm with
chemically modified tags at their N or C termini. Using
a nuclear entrapment strategy, we were able to achieve almost
background free labeling of Tom20 on mitochondria, which
allowed us to acquire super-resolution images of this protein,
as well as to perform single particle tracking on it. For
applications in which fluorescent labeling of nuclear proteins
is desired, or where the translocation of the precursor into the
nucleus could affect the biological process under study, we
envision an extension of our entrapment strategy that aims to
direct the excess intein fragment precursor to another local-
ization in the cell, for example to the inner leaflet of the
plasma membrane or the mitochondria, by exchanging the
NLS sequence with a lipidation or a mitochondrial anchor
sequence, respectively. An exchange with a degron sequence
tag would trigger proteasomal removal of the intein precursor
that did not splice in due course and appears promising for
endeavors to install native sequence segments of a protein,
including post-translational modifications. Notably, the or-
thogonality of the Gp41-1 intein to other split inteins,[21b] like
the split DnaE inteins that was previously explored for
in cellulo semi-synthesis, could be exploited for multiplexed
intracellular manipulation of proteins in the future. In

Figure 5. Single-molecule fluorescence microscopy of Tom20 labeled
using the Gp41-1 intein. A) Diffraction-limited epifluorescence (top)
and super-resolved dSTORM (bottom) images of Alexa647-labeled
Tom20. The panels on the right show zooms of the regions marked by
red boxes in the left panels. Scale bars represent 5 mm for the images
on the left, and 1 mm for the zoomed images on the right. B) Normal-
ized intensity profiles over the white boxes marked in the panels on
the right in A. C) Tracks obtained via SPT of Alexa647-labeled Tom20 in
a live HeLa cell. 5000 frames were collected at a rate of 32 ms/frame
for this analysis.
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conclusion, the developments described here should greatly
expand the range of applications of split-intein based protein
modification for cell biological applications.
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