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Split inteins are privileged molecular scaffolds for the chemical
modification of proteins. Though efficient for in vitro applications,
these polypeptide ligases have not been utilized for the semisyn-
thesis of proteins in live cells. Here, we biochemically and
structurally characterize the naturally split intein VidaL. We show
that this split intein, which features the shortest known N-terminal
fragment, supports rapid and efficient protein trans-splicing under
a range of conditions, enabling semisynthesis of modified proteins
both in vitro and in mammalian cells. The utility of this protein
engineering system is illustrated through the traceless assembly of
multidomain proteins whose biophysical properties render them
incompatible with a single expression system, as well as by the
semisynthesis of dual posttranslationally modified histone pro-
teins in live cells. We also exploit the domain swapping function
of VidalL to effect simultaneous modification and translocation of
the nuclear protein HP1« in live cells. Collectively, our studies high-
light the VidaL system as a tool for the precise chemical modifica-
tion of cellular proteins with spatial and temporal control.

protein semisynthesis | intein splicing | protein engineering | chemical
biology

rotein splicing is an autoprocessing event whereby an in-

tervening protein, known as an intein, excises itself from a
precursor polypeptide, resulting in the ligation of its flanking
(extein) sequences (1). Inteins are known to exist in two forms:
contiguous versions, which are transcribed and translated as a
single polypeptide along with their exteins, and split inteins that
are fragmented between two different genes and are transcribed
and translated separately. In the latter case, the N-terminal
intein fragment (Int™) must associate with the C-terminal frag-
ment (Int™) before they can undergo ]I)\Irotein trans-splicing (PTS)
to generate the spliced product (Ext™-Ext®) (2-4). PTS can be
used to ligate chemically defined polypeptide fragments with
temporal control, which enables investigations into protein struc-
ture and function, including the effects of posttranslational
modifications (PTMs) (5-9).

While intein-based technologies are widely used in chemical
biology (1), there exists a yet unsolved disconnect between ex-
periments performed in vitro and those that are possible in vivo
or in live cells. An ideal method would involve the delivery of a
minimal synthetic fragment to undergo a rapid and bio-orthogonal
splicing reaction in living cells. Initial progress toward this goal has
been made over the past two decades (10-12); however, the need
for a more robust platform persists. In particular, protein semi-
synthesis has not yet been achieved in live cells, a limitation linked
to the size of the Int™ and Int® fragments in canonically split intein
systems that has constrained PTS to the tagging of protein termini
in cells.

Atypically split inteins, which feature much shorter Int™ frag-
ments compared to their canonically split counterparts, hold great
promise for studying challengin%\lprotein substrates (13-16). In
principle, the small size of the Int™ fragment expands the range of
N-extein cargoes that can be appended through synthetic means,
opening new possibilities for protein semisynthesis, including po-
tential live-cell applications. Here, we report the characterization
of the atypically split intein VidaL. and demonstrate the utility of
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this ligase system for protein semisynthesis in multiple contexts.
Informed by a crystal structure, we investigate the molecular basis
of VidaL fragment association and splicing, gaining insights that
we exploit in the generation of challenging protein substrates
in vitro as well as the semisynthesis of posttranslationally modified
proteins in live cells. This work represents an important advance in
our ability to chemically modify cellular proteins with spatial and
temporal control.

Results

VidaL Displays Robust Activity under a Wide Array of Splicing
Conditions. The majority of known split inteins are fractured
nearer to their C termini, resulting in Int™ and Int® fragments,
which are ~100 and 35 amino acids (aa) in length, respectively
(17). The discovery of atypically split inteins, for which the size of
the fragments is reversed, has opened new possibilities for pro-
tein semisynthesis (Fig. 14). A recent report described an atyp-
ical split intein, named VidaL, with a remarkably short Int™
fragment of just 16 aa (15). This system employs a serine residue
as the nucleophile at the C-terminal splice junction (as opposed
to the more common cysteine nucleophile), an attractive feature
since this residue is always retained in the final spliced product.
These properties of the VidaL system, in principle, make it well
suited to protein semisynthesis. As a prelude to such applica-
tions, we undertook an investigation of the molecular recogni-
tion and protein splicing properties of this split intein system.
The protein trans-splicing rate of VidaL. was determined in
vitro using model proteins with native N- and C-extein residues
at the splice junction (Fig. 1B). Specifically, VidaL" was fused to
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In vitro characterization of VidaL. (A) Schematic for protein trans-splicing reactions with canonically split (Top; in red) and atypically split (Bottom; in

blue) inteins. Three N- and C-extein residues on either side of the splice junction are shown in green. (B) Schematic for in vitro PTS with VidalL to generate
labeled GFP (Left) and a representative Western blot of the reaction (Right). FLAG-tagged starting material (in red) decreases over time, and spliced product
(dually tagged) increases. (C) ESI mass spectrum (deconvoluted inset) for biotin-GFP-FLAG spliced product. (D) PTS half-lives across a range of temperatures
(Left) and NaCl concentrations (Right); reaction as in B. Conditions: 2 pM Vid“-GFP-FLAG, 4 pM biotin-Vid", splicing buffer (pH 7.2). Error bar indicates SD

(n=3).

GFP-FLAG via a native extein spacer comprising Ser-Gly-Lys
(Vid“-GFP-FLAG), while VidaLN was fused via a Glu-Ser-G}\l}y
native extein spacer to either HA-tagged MBP (HA-MBP-Vid")
or biotin (biotin-Vid™; SI Appendix, Fig. S1). Upon mixing the N-
and C-intein constructs, we observed rapid spliced-product gen-
eration with a reaction half-life of ~1 min (Fig. 1 B and C and SI
Appendix, Fig. S2), placing VidaL. among the fastest-splicing split
inteins (18, 19). Importantly, and despite the extended C-intein
fragment, the rate of premature C-terminal cleavage was excep-
tionally slow, with <2% observed over the course of 8 h (SI Ap-
pendix, Fig. S3). This is in stark contrast to artificially split inteins
with short N-terminal fragments, which suffer from elevated levels
of this undesirable side-reaction (20).

VidaL was discovered from metagenomic data obtained from
Lake Vida in Antarctica, at low temperatures in water with ex-
ceptionally high salinity (~4 M NaCl) (21). We therefore de-
termined the splicing efficiency of VidaL over a range of NaCl
concentrations and temperatures. The rates of PTS between Vid®-
GFP-FLAG and biotin-VidY were measured at 4, 30, and 37 °C
(Fig. 1D and SI Appendix, Fig. S4). While we initially suspected
that VidaL might be more active in conditions closer to the
temperature of its parent organism, we found little difference in
the splicing rate across the temperatures tested. Furthermore, we
were encouraged by the robust splicing activity at 37 °C as a
prerequisite for the use of VidaL in live cells. The electrostatic
contribution to split-intein folding can be probed by comparing the
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splicing rate and binding affinity of the fragments over a range of
salt concentrations. Similar to our observations at different tem-
peratures, we found the VidaL splicing rate to be largely un-
affected by low and high salt concentrations (5 mM and 4 M NaCl;
Fig. 1D and SI Appendix, Fig. S4), further highlighting the robust
splicing activity of VidaL. Fluorescence anisotropy was used to
measure the binding affinity of the VidaL fragments at the three
salt concentrations (SI Appendix, Fig. S5). To enable binding
studies, splicing was inactivated through Asn;3Ala and Ser.;Ala
mutations. The resultant 10-fold increase in Ky despite a near
1,000-fold increase in NaCl concentration (38 + 12 nM at 5 mM
NaCl; 416 + 86 nM at 4 M NaCl) supports an association and
folding mechanism with little contribution from electrostatic in-
teractions. This finding is similar to a recent report for another
family of atypical inteins with significantly longer N-intein frag-
ments (16), but stands in contrast to the well-studied “capture and
collapse” mechanism of the DnaE family of canonically split
inteins (4).

Structural Characterization of VidaL Informs Extein Dependence. To
gain additional insight into the molecular basis of VidaL association
and splicing, we generated a fused construct with minimal exteins
and Cys;Ala- and Asnjp;Ala-inactivating mutations for crystalliza-
tion studies. This construct, along with a selenomethionine-
containing variant, was expressed and purified (SI Appendix, Fig. S6),
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and diffraction-quality crystals were obtained for each. A 1.51-
A-resolution dataset was obtained from a SeMet crystal, and
single-wavelength anomalous dispersion phasing was used to
solve the structure (SI Appendix, Table S1). This model (Ryork =
0.169; Rgee = 0.190; PDB ID code 6VGW) was used as a search
model for molecular replacement in the 1.65-A-resolution native
dataset (Ryork = 0.163; Ry = 0.209; PDB ID code 6VGV). The
all-atom rmsd between the SeMet and native structure was 0.1 A.

The structure of VidaL revealed a Hedgehog INTein (HINT)
fold, conserved between both canonically and atypically split
inteins (Fig. 24) (22). The 16-residue VidaL" region is threaded
through VidaL™, completing the f-sheet and placing extein res-
idues in close proximity. Examination of the structure revealed
that, as suggested by the biochemical studies, the binding in-
teraction between the intein fragments is largely driven by hy-
drophobic interactions (Fig. 2B) (23). The structure also provides
a possible explanation for the low levels of premature C-terminal
cleavage associated with Vidal.“extein fusions; the composite
B-sheet within the complex would be disrupted in the isolated
C-intein fragment, perfectly priming VidaL for splicing at its
evolved split site.

The crystal structure also guided our efforts to understand the
extein dependence of VidaL. The presence of a Gly.; residue
suggested that either a side chain is not tolerated at this position
or the backbone adopts dihedral angles outside of a-helical or
B-sheet secondary structure space. Examination of the crystal
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structure revealed that, while Gly; adopts a-helical ¢ and
backbone dihedral angles (SI Appendix, Fig. S7), the side chains
of Hise; and Tyr;q4 are in position to form hydrogen bonds with
the carbonyl oxygen of Gly, likely contributing to the observed
distortion of the scissile amide bond (o dihedral angle of 162°)
and priming the intein for splicing (Fig. 2C). Attempts to mutate
Hisg; and Tyryy4 to liberate space for a different —1 residue were
unsuccessful, resulting in either C-terminal cleavage or no splicing
activity (SI Appendix, Fig. S8). Given that these two residues are
necessary for splicing, we reasoned that the —1 Gly residue would
exhibit the least mutational flexibility. Before beginning a sys-
tematic extein analysis, we designed constructs varying the —3 and
+3 extein residues to determine the scope of our investigation.
We observed no loss in splicing rate when mutating Glu; or
Lys. 3 (SI Appendix, Figs. S9 and S10), allowing us to focus our
studies on the —2, —1, and +2 extein residues.

We used an assay that selects for intein splicing based on re-
constitution of the kanamycin resistance gene in Escherichia coli
cultures to systematically test the —2, —1, and +2 extein toler-
ance of VidaL (24). At each of the three sites, we mutated the
wild-type residue to nine other residues (Ala, Glu, Gly, Lys, Leu,
Met, Pro, Gln, Ser, Trp), transformed E. coli with plasmids
encoding each of the split intein fusions, and compared their
survival over a gradient of kanamycin concentrations (Fig. 2D).
The results confirmed that mutations to Gly_; are not tolerated,
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Fig. 2. X-ray crystal structure of VidaL informs extein dependence. (A) A 1.65-A-resolution crystal structure of an engineered fused version of Vidal bearing
inactivating mutations. The regions corresponding to the N- and C-intein fragments in the split version are colored blue and red, respectively. (B) Space-filling
models displaying the interaction between VidaL" and VidaL with residues colored by hydrophobicity (23). The binding is largely driven by hydrophobic (red)
interactions. (C) View of the N-extein of Vidal, displaying H-bonding interactions between Gly_4, Hisgs, and Tyrq14 resulting in —1 amide bond distortion (o =
162°). (D) Extein dependence of VidaL PTS explored using an E. coli-based antibiotic selection assay. Histogram displaying the relative ICso values of kanamycin
for each of the extein mutants tested at the —1 (red), —2 (blue), and +2 (green) extein residues (mean + SD, n = 3). The value for the wild-type residue at each

position is normalized to 1.
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while mutations to Ser., were largely acceptable, with mutations
to Gly,, also moderately tolerated.

Finally, we asked whether the insights into extein dependence
gained in vitro were amenable to PTS carried out in isolated nu-
clei. To this end, we performed PTS reactions between VidaL™
peptides varying the —3, -2, and —1 N-extein residues (ESG,
RSG, PRG, APR) and VidaLC fused to histone H3. We observed
comparable levels of spliced product generation for all but the
APR extein construct, consistent with a Gly.; requirement, and
flexibility at the —2 and —3 extein residues (SI Appendix, Figs. S11
and S12). Importantly, understanding the extein dependence of
VidaL allows us to tailor our semisyntheses with a minimal extein
requirement of a Gly-Ser motif, which is commonly found in the
proteome.

Traceless In Vitro Assembly of macroH2A Mononucleosomes. Next,
we set out to use VidaL in the traceless assembly of proteins,
exploiting the ubiquitous nature of the minimal Gly-Ser splice
junction needed for PTS. We initially focused on systems where
an insoluble domain is fused to a soluble domain. These proteins
present a significant impediment to biochemical manipulation be-
cause of the difficulty inherent in their purification and reconsti-
tution. Insoluble proteins require specific isolation and refolding
protocols, which are often incompatible with soluble sequences.
We therefore envisioned a protocol where the insoluble and
soluble portions are purified separately, followed by a traceless
reconstitution step.

An unusual histone variant, macroH2A (25), features this
domain architecture, with a linker-histone mimic sequence teth-
ering the folded histone and macro domains (26). macroH2A is
proposed to play key roles in the DNA damage response and
transcriptional repression (27), but in vitro biochemical studies are
lacking due to challenges involved in obtaining homogeneously
modified nucleosomal substrates. Recombinant expression in
E. coli results in an insoluble histone domain and a soluble macro
domain. We posited that the short N-intein fragment of VidalL
could be fused to the insoluble histone portion, and VidaL® fused
to the soluble macro domain, allowing separate expression and
purification and subsequent reconstitution. Accordingly, VidaLN
was fused to the C terminus of the histone domain of mac-
roH2A1.1 (macroH2Al.1 1_119-VidN-H6), and this was expressed
and refolded in the Bresence of wild-type H2B to generate
macroH2A1.1;_114-Vid"-H6-H2B dimers (Fig. 34). Separately, a
soluble H2A macro domain VidaLS fusion (Vid~-macroH2A1.112 372)
was expressed and purified (SI Appendix, Fig. S13). Combining
these two constructs led to the efficient generation of the desired
macroH2A1.1-H2B dimers with an isolated yield of 45% (Fig. 34
and ST Appendix, Fig. S13). These were then combined with wild-type
H3-H4 tetramers and successfully assembled into mononucleosomes
on the Widom 601 DNA template, resulting in semisynthetic and
entirely native macroH2A1.1-containing mononucleosomes (Fig. 3B).

With these substrates in hand, we sought to probe whether
nucleosomal macroH2A1.1 is ADP-ribosylated by poly-ADP ri-
bose polymerase 1 (PARP1), a key component of the DNA
damage response (28). PARP1 is rapidly recruited to sites of
DNA damage, where it installs poly-ADP ribose (PAR) chains
on target proteins, in turn recruiting DNA repair proteins to the
damage sites. Recently, histone parylation factor 1 (HPF1) was
identified as a PARP1-interacting protein, which alters PARP1
substrate specificity to direct PARylation to nucleosomal serine
residues (29, 30). Furthermore, the PARylation of core histones
has been shown to be almost undetectable in the absence of HPF1.
We employed macroH2A1.1 and wild-type mononucleosomes (S7
Appendix, Fig. S14) in an in vitro ADP ribosylation assay with
PARPI, using biotinylated NAD™ as a cofactor for ease of de-
tection. Robust ADP ribosylation of macroH2A1.1 was observed
in our assay (Fig. 3C), with no modification of core histones
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observed. Interestingly, this reaction occurs in an HPF1-independent
manner, in contrast to canonical histones.

Live-Cell Semisynthesis of Dually Modified Histones. To fully realize
the capabilities of VidaL in semisynthesis, we looked to generate
posttranslationally modified proteins in live cells. The short length
of VidaLN should allow facile cell delivery of selected cargoes
when compared to canonically split inteins. Moreover, there are
no limitations on the number or chemical composition of selected
PTMs that can be installed. It is worth noting that current genetic
code expansion methods for installing PTMs in live mammalian
cells are largely restricted to one modification per protein, with
limited chemotypes (31, 32).

Histones are ideal targets for this method, as their function is
regulated through a plethora of PTM chemotypes located on
their N-terminal “tail” regions (33). The ability to access chem-
ically modified histone substrates in their native context would
represent a significant advance in exploring chromatin biology
at the molecular level. Our goal was to install dually modified
H3 tails bearing monomethylation of H3 lysine 4 (H3K4mel)
and acetylation of H3 lysine 27 (H3K27ac) onto the chroma-
tin of live cells. While it is well established that these modifi-
cations characterize active enhancer regions, the molecular
mechanism that establishes this epigenetic signature remains
unknown (34).

We began experiments in live cells by working at a splice
junction between residues 12 and 13 of the H3 tail and delivering
the single H3K4mel modification (Fig. 44). Upon splicing, a
single Ser insertion is present in the H3 tail. Initial studies con-
firmed that this insertion does not impact cell viability (ST Ap-
pendix, Fig. S15). Next, s%glthetic peptides bearing H3K4mel or
H3K4me0 fused to VidalL (biotin—H31,12-VidN; SI Appendix, Fig.
S16) were delivered via electroporation to HEK 293T cells
expressing FLAG-tagged VidaL® fused to truncated H3 and GFP
(FLAG-VidC-H313_135-GFP). After 16 h, the cells were harvested
and fractionated in the presence of iodoacetamide (critical to
prevent ex vivo splicing when using electroporation or cell-
penetrating peptides), and, following biotin-IP, Western blotting
was used to probe PTS and installation of H3K4mel. We observed
robust PTS only when electroporation was performed, confirming
the installation of H3K4mel in a delivery-dependent manner us-
ing modification-specific antibodies (Fig. 4B). To confirm that the
reactions were occurring inside of the live cells, and not ex vivo, we
also visualized the reactions through immunofluorescence and
confocal microscopy using fluorescent streptavidin detection of
the installed biotin (Fig. 4C).

Next, we extended this approach to the semisynthesis of a
dually modified H3 tail (H3K4mel-H3K27ac). For this, we
truncated H3 between Gly-33 and -34. A peptide bearin%\lthe
dual modifications [biotin-H3;_33(H3K4mel-H3K27ac)-Vid™; SI
Appendix, Fig. S16] was delivered via electroporation to cells
expressing the corresponding VidaL construct (FLAG-H3;_»-
VidC-H334_135-GFP). Note that the C-intein was embedded within
the histone tail in order to improve expression (35). After a biotin
IP, we observed the presence of both PTMs by Western blotting
(Fig. 4D) and confirmed the presence of the unique splice junction
and the H3K27ac PTM by LCMS/MS (SI Appendix, Fig. S17).
This result represents a semisynthesis of a dually modified protein
in cells and highlights the utility of VidaL for accessing substrates
with multiple different PTM chemotypes.

Simultaneous Protein Modification and Control of Subcellular
Localization in Live Cells. Protein #rans-splicing affords us the
ability to switch the functionality of a protein, rather than simply
ligating polypeptide fragments, as residues fused to the N terminus
of Int~ will be lost in the reaction and switched with whatever
is being spliced on. To illustrate this capability, we chose to
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DNA (Left). Homogenous mononucleosomes are observed on a native 5% TBE gel by DNA staining (Center). The four component histones are observed on a
denaturing 15% Tris gel after Coomassie staining (Right). (C) Schematic for in vitro ADP ribosylation of macroH2A1.1 mononucleosomes by PARP1, using
biotinylated NAD™ to detect modification (Left). (Right) Western blot with biotin detection displaying ADP ribosylation of macro H2A only in the presence of
PARP1 and biotin-NAD™. ADP ribosylation of canonical histones is not observed when using wild-type mononucleosomes. H3 serves as a loading control for

mononucleosome-containing lanes.

simultaneously trigger the nuclear localization and alter the mod-
ification state of a protein using PTS. Our protein target was
heterochromatin protein la (HP1a), a key epigenetic protein in-
volved in the establishment and maintenance of silenced genomic
regions (36). A serine patch in the N-terminal extension (NTE) of
HP1a is phosphorylated (Fig. 54), which has implications on the
genomic localization and biological function of the protein (37).

We first validated HPla as a semisynthesis target using a
splice junction between residues 18 and 19. The corresponding
VidaL® construct (FLAG-VidC-le(X]g_lg()) was expressed in
HEK 293T cells, and spliced product was observed upon delivery
of the test peptide (biotin-Vid"), with no product generated
using a splicing-incompetent VidaL™ construct (biotin-C1A-
Vid™; SI Appendix, Fig. S18) or in the absence of electroporation
(Fig. 5B).

Burton et al.

Next, the HP1la construct was fused to the single-pass trans-
membrane Activin A receptor (ACVRI1) (38), and a C-terminal
GFP tag was added to aid with visualization by microscopy
(FLAG-ACVRI1-Vid“-HP1ay9_199-GFP; Fig. 5C). Upon expres-
sion of the construct, GFP signal was enriched on the membrane
of the cells (Fig. 5D). By contrast, delivery of the biotin-VidaLN
construct led to a redistribution of the GFP signal to the nucleus,
consistent with splicing-dependent liberation of biotin-HP1at9_199-
GFP from the cell membrane, leading to nuclear translocation.
Finally, a delivery peptide bearing the HP1o N-terminal extension
phosphorylated at S13 (S13ph) fused to VidaL [biotin-HP1a-
NTE(S13ph)-Vid"] was synthesized, along with the wild-type
peptide (SI Appendix, Fig. S19). Each were delivered by electro-
poration to cells expressing the FLAG-ACVR1-Vid“-HPlao 190-
GFP construct, and spliced product in a streptavidin Western blot
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Fig. 4. In-cell semisynthesis of dually modified histone tails. (A) Schematic for
the in-cell semisynthesis of modified histones. Delivery of a biotinylated H3 tail
peptide-VidaL™ fusion to a truncated H3 protein fused to VidaL® results in
chemically modified chromatin after PTS. (B) Semisynthetic H3K4me1-containing
chromatin is observed by Western blotting by streptavidin detection of biotin,
and by modification-specific antibodies, only when the modified tail is delivered
by electroporation to HEK 293T cells. Anti-H4 serves as an input control. (C) Im-
munofluorescence microscopy images of nonelectroporated HEK 293T cells (Top),
cells electroporated with an unmodified H3 tail (Center), and cells electroporated
with the H3K4me1 tail (Bottom). Fluorescent nuclear biotin signal is only ob-
served in electroporated cells. (D) Schematic (Left) for the live cell semisynthesis of
H3K4me1-H3K27ac modified H3. Western blot (Right) displaying spliced product
(biotin detection) and PTM installation by modification-specific antibodies only
upon electroporation. Anti-H4 and anti-FLAG serve as input controls.

was observed in each case (Fig. SE). The reactions were also
monitored by live-cell confocal microscopy and displayed strong
fluorescent nuclear signal of spliced product with each of the de-
livered peptides (Fig. 5F), confirming semisynthesis of the HPla
proteoforms.
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Discussion

Protein site-directed mutagenesis is a pervasive tool for investi-
gating the mechanisms of cellular processes. However, many
questions cannot be easily addressed using standard genetic
manipulations, including the role of PTMs in regulating protein
function. While several powerful approaches are now available
for accessing chemically modified proteins in the test tube (39),
manipulating the covalent structure of proteins with the same
level of precision is much more challenging in a cellular context,
and represents an important frontier in protein science (40). In
this study, we performed an extensive structural and biochemical
characterization of the atypically split intein, VidaL, work that
successfully guided the application of this system for protein
semisynthesis both in vitro and in live cells. Indeed, while previous
work from our laboratory (12) and others have made strides to-
ward the same goal, the technology described here expands these
approaches to perform complete and traceless protein semisyn-
thesis in live cells, rather than being restricted to isolated nuclei, or
the tagging of C-termini in cells. Importantly, the current system
allows access to the N-terminal regions of proteins, which is of
particular significance to the study of posttranslational modi-
fications in chromatin biology.

Key to the utility of VidaL is that it contains the shortest known
natural N-intein fragment of just 16 aa. This offers particular
utility for N-terminal protein modification given the almost un-
detectable levels of C-terminal cleavage observed with Vidal.
This is in stark contrast to the elevated levels of premature
C-terminal cleavage observed when moving the split site of natural
inteins closer to the N terminus (15). Hydrophobically driven
binding between Vid" and Vid® at the evolutionally optimized
split site results in key catalytic residues being positioned to affect
PTS only upon intein fragment association.

Our biochemical studies reveal that VidaL supports rapid pro-
tein splicing under a range of conditions and requires a minimal
Gly-Ser extein motif for PTS, making it an attractive alternative to
existing split intein systems that typically leave behind a cysteine-
containing sequence scar at the splice junction (17). Indeed, we
note that ~50% (279,073 of 560,537) of proteins in the UniProt
database (41) contain at least one Gly-Ser motif that would allow
for completely traceless semisynthesis. As a demonstration of
this technology, we semisynthesized H3K4mel- and H3K4mel-
H3K27ac-modified histone H3 within the chromatin of live cells.
Additionally, we exploited the unique splicing mechanism of inteins
to combine protein modification with control of subcellular local-
ization into a single step. The ability to generate site-specifically
modified proteins in cell culture with no restriction on the number
or composition of the modifications represents a unique advantage
of intein-mediated protein semisynthesis. Combinatorial PTM
landscapes can be established and evaluated in cells, allowing in-
terrogation of complex epigenetic processes (33). Moreover, the
traceless installation of small molecule fluorophores, affinity han-
dles, or other bioorthogonal moieties presents advantages over
existing genetic code expansion and protein-mediated labeling
technologies (42). This is particularly important for situations
where fusion proteins (e.g., GFP, HaloTag) are perturbative to the
selected biological setting. Small proteins such as histones (15-20
kDa) are a good example of this, where such fusions more than
double the size of the target protein.

The current study relied on electroporation to deliver the
synthetic intein-fusion into cultured cells. While we found this to
be a reliable method when using HEK 293T cells, we recognize
that alternative delivery modalities may be preferable in other
contexts. Thus, the VidaL-mediated PTS method will benefit
from ongoing efforts to improve cellular delivery of peptides and
protems using various transduction vehicles (43) Indeed, the
small size of VidaLN will likely be advantageous in this regard.
The technology described herein can also be extended through
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Fig. 5. Semisynthesis and nuclear translocation of HP1a. (A) Annotated HP1a domains displaying the N-terminal extension (NTE) in bold, S13 phosphorylation
in red, the splice junction as a red line, the chromo domain in purple, and the chromo-shadow domain in pink. (B, Left) Schematic for in-cell HP1a tagging with
VidalL. (B, Right) Western blot displaying spliced product observed by streptavidin detection of the installed biotin only when electroporated with splicing-
competent biotin-Vid". No product is observed in cells electroporated with an inactive (biotin-C1A-Vid") delivery construct. H3 staining serves as a loading
control. (C) Schematic for the simultaneous semisynthesis and nuclear localization of HP1a using VidaL. HP1a-GFP is fused to the cell membrane by tethering
to ACVR1. Upon PTS, the semisynthetic HP1a translocates to the nucleus. (D) Confocal microscopy images for the membrane-bound HP1a-GFP fusion (Top;
green) and the spliced product observed in the nucleus after electroporation with biotin-Vid" (Bottom; green). Nuclei are stained with Hoechst stain (blue).
(E) In-cell semisynthesis of HP1« installing the wild-type (Left) and S13ph tail (Right). Spliced product is observed by streptavidin detection by Western blot
when cells are electroporated, with no product observed in the absence of electroporation. FLAG-tagged, membrane-bound starting material is observed by
anti-FLAG antibody, and H4 staining serves as a loading control in each case. (F) Confocal microscopy images showing spliced product observed in the nucleus
after electroporation with wild-type HP1a NTE VidV (Top; green) and S13ph HP1a NTE Vid" (Bottom; green). Nuclei are stained with Hoechst stain (blue).

combination with conditionally splicing intein designs, enabling
the triggering of PTS at selected time points or a chosen cellular
state (44). Moreover, the combination of the approach de-
scribed here with dCas9-guided localization could be exploited to
enable the precise chemical modification of selected genomic
regions or even single loci—an ongoing challenge in genome
engineering (45).

Overall, we envision that the VidaL intein will find broad
utility for protein engineering. In particular, the ability to affect
the precise chemical modification of cellular proteins with spatial
and temporal control represents an important advance, opening
up new possibilities for studying biochemical processes at the
systems level.
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Methods

A detailed description of all methods, equipment, and materials used in this
study is provided in the S/ Appendix. A brief description is provided here.

Split-Kanamycin Resistance Assay. Assays coupling intein trans-splicing activity
to kanamycin resistance in E. coli were performed as previously described (8,
24), sampling selected —2, —1, and +2 extein residues (A, E, G, K, L, M, P, Q, S,
and W).

X-Ray Crystallography. Full-length Vidal, with C-A and N-A mutations, was
expressed and purified as described in S/ Appendix, Methods. Crystals for the
native and SeMet-substituted protein were obtained within 1 wk from a
buffer containing 0.1 M sodium acetate (pH 4.6) with 2 M ammonium sul-
fate. Full experimental details are available in S/ Appendix, Methods, and
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data collection and refinement statistics for the structures are displayed in S/
Appendix, Table S1.

In Vitro Protein trans-Splicing. VidaL" and VidaL® constructs (8 and 4 uM,
respectively) in splicing buffer (100 mM phosphate, 150 mM NaCl, 1 mM
EDTA, 10% vol/vol glycerol, pH 7.2) were treated with 1 mM TCEP for
10 min at 30 °C. The constructs were then mixed (4 and 2 pM final con-
centration, respectively), and aliquots were removed at selected time points,
quenched by addition of 4x SDS loading buffer, and boiled for 5 min. Where
appropriate, the temperature and concentration of NaCl in the assay was
adjusted.

MacroH2A1.1 Semisynthesis. macroH2A,_1o-Vid"-H6 and H2B dimers in
refolding buffer (4 uM final concentration) were mixed in a 1:1 volume ratio
with Vid“-macroH2A1.1450_37, in purification buffer (3 uM final concentra-
tion) in a total volume of 300 uL. The splicing reaction was left to proceed at
room temperature for 3 h. The reaction was injected onto an S200 Increase
10/300 GL gel filtration column preequilibrated with refolding buffer.
Fractions containing macroH2A1.1-H2B dimers (as identified by SDS/PAGE
gel electrophoresis) were concentrated to 8 pM, diluted to 50% vol/vol
glycerol, and stored at —20 °C.

Protein trans-Splicing in Isolated Nuclei. Protein trans-splicing reactions in
isolated nuclei were performed as previously described (12). At selected time
points, aliquots were removed from the reaction mixture and immediately
quenched by addition of 80 mM iodoacetamide and flash-frozen in liquid
N,. After thawing the frozen nuclei, chromatin was isolated as described in
SI Appendix, Methods, and samples were resolved by SDS/PAGE (12% Bis-Tris
gel, 150 V, 60 min) and analyzed by Western blotting.
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