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ABSTRACT: Site-specific installation of non-natural functionality onto proteins has enabled countless applications in
biotechnology, chemical biology, and biomaterials science. Though the N-terminus is an attractive derivatization location, prior
methodologies targeting this site have suffered from low selectivity, a limited selection of potential chemical modifications, and/or
challenges associated with divergent protein purification/modification steps. In this work, we harness the atypically split VidaL intein
to simultaneously N-functionalize and purify homogeneous protein populations in a single step. Our method—referred to as VidaL-
tagged expression and protein ligation (VEPL)—enables modular and scalable production of N-terminally modified proteins with
native bioactivity. Demonstrating its flexibility and ease of use, we employ VEPL to combinatorially install 4 distinct
(multi)functional handles (e.g., biotin, alkyne, fluorophores) to the N-terminus of 4 proteins that span three different classes:
fluorescent (Enhanced Green Fluorescent Protein, mCherry), enzymatic (f-lactamase), and growth factor (epidermal growth
factor). Moving forward, we anticipate that VEPL’s ability to rapidly generate and isolate N-modified proteins will prove useful
across the growing fields of applied chemical biology.

B INTRODUCTION

The creation of well-defined protein conjugates, whether

of proteoforms that result from various N-terminal modifica-
tions.'”"® Moreover, N-termini are typically solvent-exposed

wholly genetically encoded or semisynthetic in nature, is
crucial for studies in chemical biology and beyond.' The
expression and assembly of different protein chimeras has, in
fact, led to advances in spaces as diverse as biomolecule
localization and tracking” and the creation of well defined
antibody-drug conjugates for therapeutic targeting.” Beyond
these applications, site-specific protein modification is also key
for the creation of functional biomaterials.*”” In recent years,
researchers in this space have steadily moved away from
stochastic modification methodologies (e.g., based on activated
esters or maleimides) that, while convenient, often lead to
heterogeneous protein populations and significant batch-to-
batch variability. To address this issue, multiple semisynthetic
methods have been developed in order to afford a rich
armamentarium of site-specific protein modification techni-
ques.s_11

In particular, N-terminal modification of proteins has been a
long-standing goal for the field partly to recapture the diversity
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and fall outside of the final fold, implying that modifications
incorporated at this site preserve protein bioactivity better than
those installed at internal residues.'* As such, the N-terminus is
particularly suitable for installing synthetic handles onto
protein constructs that are otherwise fragile. Hampering this
end-goal is the lack of broad applicability of typical N-terminal
modification strategies, as these usually suffer from overall
suboptimal selectivity and propensity toward multiple side-
reactions, the need for different sequential purification and
derivatization steps, and/or a constriction to a limited subset of
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Figure 1. Intein trans-splicing reaction cascade. Intein fragments assemble in solution, ligating their concomitant protein cargos, exteins, in a series
of highly choreographed reaction steps.

installable cargos. For example, a seminal early report by the do not react with aldehydes."> Another method developed by
Francis group outlined a powerful transamination-based the group deployed potassium ferricyanide-based coupling of
strategy to install reactive carbonyls at protein N-termini oxidized o-phenols or o-catechols to N-terminally functionalize
through the use of a pyridoxal-S-phosphate (PLP) reagent; proteins, potentially in a single step; this method, however,
however, this strategy is constricted to N-terminal residues that relies heavily on the presence of an N-terminal proline when
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Figure 2. One-step protein biofunctionalization and purification of N-modified bioconjugates via VEPL. In VidaL-tagged expression and protein
ligation (VEPL), proteins of interest (POI) are expressed as a C-fusion with Vid“, SUMO, and a 6xHis tag. After chromatographic isolation on the
Ni-NTA resin, a functionalized Vid" peptide promotes trans-splicing, concomitantly N-functionalizing the POI while displacing it from the resin.

applied to full-length proteins, which may limit its scope of
applicability.'® Another approach developed by the Bordusa
group engineered a “trypsiligase” as a ligase derived from
trypsin to modify proteins at their N-termini. While robust, it
holds the risk of context-specific hydrolysis side-reactions,
hampering straightforward off-the-shelf use for different
proteins.” Analogously, the Wells group pioneered the
deployment of subtiligase-based peptide ligation to target
protein N-termini.'®'? However, this methodology, given its
targeting of reactive amines, is also liable to inadvertently
functionalize lysines throughout the target polypeptide chain;
this lack of specificity limits it from achieving pristine
regioselectivity. Lastly, a reliable suite of methods includes
relatively recent fragment-reconstitution-based approaches
such as the SpyTag-SpyCatcher chemistry and related
platforms that rely on isopeptide bond formation between
split pairs. While these may be convenient for protein—protein
ligation at termini, such strategies typically result in the
formation of bulky protein assemblies at the ligation site,
thereby hampering native protein reconstitution, and require
the sequential expression and purification of multiple
constructs separately prior to assembly.”*™>

In an effort to overcome these limitations, we identified split
inteins as a uniquely powerful platform for protein—protein
ligation.”**” Split inteins are protein elements that are able to
self-assemble with high affinity upon mixing, ligating their
fused polypeptides (termed exteins) with a native amide bond
while “splicing” themselves out of the final fold in a series of
highly choreographed reaction steps (Figure 1).° In
comparison to other systems, inteins hold the benefit of
being a virtually scarless modality, theoretically leaving as little
as a single amino acid scar (typically a cysteine or serine) in the
final product depending on the specific intein adopted.
Moreover, split inteins are categorized as either canonical
splits—wherein the N-terminal intein is larger than its
corresponding C-intein—or atypical splits, where the reverse
is true. This relative difference in sizes affords a powerful
benefit to the incorporation of synthetic handles onto proteins;
the larger fragment (N or C, depending on the type of split
intein) can be expressed heterologously, while the shorter
fragment may be accessible to solid-phase peptide synthesis,
obviating the limitations of metabolic incorporation of non-
natural groups and making possible the installation of virtually
any synthetic handle(s) or probe post-translationally.”” Owing
to these powerful advantages, split inteins can be harnessed as
a base platform toward the purification and functionalization of
diverse proteins.””*" Specifically, early pioneering work by the
Wood group led to the development of a pH-activatable intein
cleavage system (a miniaturized Mtu-recA with a deleted
endonuclease domain) for the purification of tag-free
proteins,”” a thrust which has since improved substantially in
scope and reaction profile with the discovery and evolution of
newer and better-behaved canonically split intein systems (e.g.,
Npu DnaE).>>** In the same vein, such systems have also lent
themselves well to a growing body of work targeting the C-

terminal modification of different proteins with manifold
handles, either through regular splicing”® or controlled
cleavage through expressed protein ligation.”**” Summarily,
while the literature is now rich in intein-based methods that
enable the tagless purification and/or C-terminal modification
of protein cargos, no such robust methodology has been
developed for the single-step purification and N-terminal
functionalization of proteins. This is an essential unmet need
for cases where the C-terminus is necessary for protein
function (e.g., Ubiquitin,g’8 Interferon—gamma,39 among
others) or proves persistently refractory to post-translational
modification.

B RESULTS AND DISCUSSION

In looking to develop a generalizable and modular method for
the single-step N-terminal modification of proteins, we were
encouraged by a recent report by the Muir lab characterizing
an atypical split intein isolated from Lake Vida in Antarctica,
termed VidaL."" Tt holds the benefit of being a very short
naturally occurring split intein; the N fragment of VidaL
(Vid") has only 16 residues, rendering it readily accessible to
solid-phase peptide synthesis in good yield. Moreover, it is
among the fastest splicing intein systems discovered to date,
with a reported reaction half-life of approximately a minute.
The requisite extein load for VidaL is also an advantage
compared to other intein systems and semisynthesis
approaches more broadly: its N-terminal extein sequence is
an E-S-G tripeptide and its corresponding C-terminal sequence
is S-G-K. Functionally, this results in a final splicing “scar” that
is a flexible serine-glycine linker, often adopted in the design of
fusion chimeras as an innocuous spacer motif.* Lastly, while
broader use of atypically split inteins has thus far been limited
by their increased propensity toward C-terminal cleavage,*” we
were drawn to VidaL for its reported negligible tendency to
undergo this side-reaction.

Specifically, we sought to exploit VidaL’s splicing efliciency
to both generate and purify homogeneous populations of
monofunctionalized proteins in a single step. Our method—
referred to as VidaL-tagged expression and protein ligation
(VEPL)—relies on expressing proteins of interest as C-
terminal fusions to a polyhistidine-tagged and SUMO-fused C-
fragment of VidaL (Vid“) protein and binding these onto
immobilized metal affinity chromatography supports (in this
case, a Ni-NTA matrix) (Figure 2). Introduction of the
synthetic N-fragment modified with a cargo of interest then
“cleaves” the target modified protein off the matrix via trans-
splicing, thereby enabling clean retrieval of pure, modified
product from the column flow-through and subsequent washes.
The highly folded structure of Vid® makes it a suitable fusion
partner to different proteins-of-interest. Additionally, the small
size of VidY (1,783.2 Da) paves the way for virtually any
synthetic handle to be installed through routine peptide
synthesis. As proposed, VEPL should prove broadly applicable
regardless of the specific affinity chromatography system being
used.
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Figure 3. VEPL modification kinetics depend on stoichiometry and temperature. (a) EGFP was modified with an amine-functionalized Vid"™
peptide via VEPL. (b) Trans-splicing proceeds quickly on resin, here at 25 °C with 10X stoichiometric excess of the amine-Vid™ peptide, as
quantified through SDS-PAGE densitometry. Representative Coomassie-stained gel outlining reaction progress (1S, 30, 60, 120 min from left to
right). (c) Holding reaction time (120 min) and temperature (25 °C) constant, extent of trans-splicing scales with amine-Vid™ peptide excess.
Representative Coomassie-stained gel depicts 10X, SX, 1X excess from left to right. (d) With constant peptide excess (10X) and trans-splicing time
(120 min), extent of trans-splicing varied with temperature. Coomassie-stained gel depicts 25, 4, and 37 °C from left to right. (e) N-terminal
amine-tagged EGFP was obtained in high purity and with the expected molecular weight.

A known shortcoming of intein systems generally and
atypically split inteins in particular is their varying propensity
toward nonspecific N- and/or C-terminal cleavage over
splicing. To assess whether VidaL fragment assembly and
splicing occur with minimal C-terminal cleavage, we applied
two different approaches. The first entailed the expression of a
Vid®-fused EGFP protein (Supplementary Method S1), which
was then incubated with Ni-NTA and bound to a fritted
column. No cleaved protein is obtained after 2 h on-resin,
demonstrating complete absence of C-terminal cleavage
(Supplementary Figure S1). Going further, and in order to
ensure that cleavage of the sgfstem is not caused by a recapture
of the intein domain fold,”” we expressed a maltose-binding
protein (MBP)-fused VidN and purified it using amylose
chromatography (Supplementary Method S2). After expres-
sion of a Vid“-EGFP fusion and incubation on column with
Ni-NTA, we introduced the MBP-Vid" protein and allowed
the system to react for 2 h with varied temperatures prior to
collecting reaction products in the column flow-through.
Encouragingly, no C-terminally cleaved product could be
discriminated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), proving that no C-terminal
cleavage takes place even after formation of the assembled
intein domain under three different temperature conditions
(ie, 4 °C, 25 °C, 37 °C) (Supplementary Figure S2).

Heartened by these results, and as a prelude to establishing
the versatility of the VEPL platform, we aimed to characterize
its efficiency under various other reaction conditions: namely,
by investigating splicing kinetics, temperature-dependence, and
sensitivity to excess peptide stoichiometric ratios (Figure 3).
Using EGFP as our model protein and an amine-Vid™
(Supplementary Methods S3—S6) as cognate peptide cargo
for proof-of-concept characterization studies, we first con-
ducted a trans-splicing time-course analysis, using a 10X excess
of VidN under 25 °C ambient temperature. Encouragingly,
despite the steric hindrances potentially introduced by protein-
resin binding, the splicing reaction proceeded to completion
within 2 h. Next, we investigated VEPL’s temperature-
dependence by running a splicing time-course for 2 h and a
10X excess of Vid™ to Vid® at different temperatures (4 °C, 25

°C, 37 °C). We found that optimal splicing yield occurs at 37
°C but that meaningful extents of on-resin functionalization
(i.e., 50% that of optimal yield) was achieved at 4 °C, highly
encouraging for the system’s use for thermal-sensitive proteins.
Lastly, the effect of peptide excess was interrogated by varying
the relative molar ratios of peptide-to-protein (1X, 5X, 10X)
while keeping a constant reaction time of 2 h at 25 °C. While
typical enzymatic routes to protein modification often require
large excesses of the nucleophilic peptide substrate, VidaL can
achieve high splicing yields even under equimolar conditions.
Optimal stoichiometry is a 10X ratio of Vid" peptide to the
Vid“-tagged protein, but maintaining as low as a 1:1 ratio still
enables roughly 50% yield, which can prove fruitful for more
esoteric peptide cargos or those in short supply. Uncropped
gels showcasing these assays are provided in Supplementary
Figure S3.

To further establish and demonstrate VEPL’s broad utility,
we next expressed four proteins spanning three different
categories: Enhanced Green Fluorescent Protein (EGFP) and
mCherry fluorescent proteins, f-lactamase (bla) enzyme, and
epidermal growth factor (EGF), each as Vid® fusions (Figure
4, Supplementary Method S3). Additionally, we exploited
solid-phase peptide synthesis to prepare four peptides
harboring different N-terminal cargos: a primary amine, a
biotin affinity ligand, an alkyne click handle, and a dual cargo
modified with both biotin and fluorescein (FAM), each fused
to VidY (Supplementary Methods S3—S6). Using broadly
optimal on-resin splicing conditions identified with Vid“-EGFP
and amine-Vid", we found that each protein proved amenable
to VEPL with our introduced library of synthetic handles;
correctly modified species were obtained in each case and
verified via mass spectrometry and Coomassie-stained SDS-
PAGE (Supplementary Tables S1 and S2, Supplementary
Figures $4—S5). Importantly, all SUMO-Vid“-POI constructs
were expressed directly in soluble form in aqueous buffers, in
good purity, and without harsh denaturing agents and
subsequent refolding steps, which had proven to be key
impediments to more widespread use of prior split intein-based
systems. Functionalized proteins were also purified and
isolated in good yield; EGFP-, mCherry-, and bla-based

https://doi.org/10.1021/acs.bioconjchem.4c00223
Bioconjugate Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.4c00223/suppl_file/bc4c00223_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00223?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00223?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00223?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.4c00223?fig=fig3&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.4c00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Bioconjugate Chemistry

pubs.acs.org/bc

Communication

a)
EGF
X
H, S o}
. H
HzN\E HNMN\)%
Amine * \
o NH
(¢] H’,. S OH - E
A~ i O O
Z
NH H
o)\ o |
HOOC (0]
Alkyne Yor Biotin YT Biotin-FAM Y g
o
= 16 unique N-terminally modified proteins!
b) c) d) e)
1.0 1.0 1.0 1.0
[} [} [} 7]
f=4 < < c
2 ] 2 | 2 | 2
< 25 30 35 < 25 30 35 < 25 30 35 = 5 10 15
.g 0.5 .g 0.5 .g 0.5 3 0.5
K 5 5 K
& Expected: 28,798 Da & Expected: 29,083 Da & Expected: 31,060 Da &’ Expected: 7,892 Da
Observed: 28,799 Da Observed: 29,082 Da Observed: 31,059 Da Observed: 7,891 Da
0.0 0.0 +—1 0.0 e 0.0 4
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Mass (kDa) Mass (kDa) Mass (kDa) Mass (kDa)

Figure 4. VEPL is compatible with a wide range of proteins and cargos. (a) VEPL was demonstrated using 4 different proteins (i.e., EGFP,
mCherry, bla, EGF) and 4 distinctly functionalized Vid™ peptide cargos, yielding 16 unique N-terminal modified proteins. Species were obtained in
high purity and with the expected molecular weight, with mass spectrometry analysis shown for (b) alkyne-EGFP, (c) biotin-FAM-mCherry, (d)

biotin-bla, and (e) amine-EGF.

species were obtained at approximately 10 mgs/L of culture,
and EGF-based species were obtained at 1-2 mgs/L of
culture.

With the full library of N-modified proteins in hand, we next
sought to assess their bioactivity. For EGFP and mCherry, we
quantified fluorescence as a surrogate measure of bioactivity
for the amine-, alkyne-, and biotin-modified constructs; studies
involving Biotin-FAM modification of EGFP and mCherry
were excluded due to fluorescence crosstalk (Figure Sa-b).
EGFP fluorescence was assessed using A, iqion = 490 nm, and
Aemission = 925 nm. Similarly, mCherry fluorescence was
determined with Ay guuon = 575 nm, and Agpigien = 610 nm.
Encouragingly, each of the distinctly N-functionalized proteins
displayed statistically indistinguishable fluorescence, consistent
with our starting hypothesis.

Having observed unaltered activity in fluorescent proteins,
we then shifted our attention to the more sensitive

bioconstructs. Since VEPL does not require harsh denaturants
or other additives, we reasoned that this method could be
readily extended to any polypeptide class with no loss of
translational promise, particularly those that often prove
refractory to functionalization.

For bla, taken as model enzyme, we applied a colorimetric
assay based on the hydrolysis of nitrocefin (Supplementary
Method S7), a chromogenic substrate which changes color
from yellow to red upon cleavage of its beta-lactam bond
(Figure Sc). Time-course colorimetric read-outs established
that statistically indistinguishable bla activity was retained
regardless of the N-terminal cargo installed (Figure Sc).

Lastly, we applied VEPL to the model growth factor EGF, as
growth factors are often both of prime interest and challenging
to functionalize and post-translationally modify. EGF bio-
activity was assessed based on its capacity to stimulate the
proliferation of HeLa cells through the RealTime-Glo MT Cell
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Figure S. VEPL-modified proteins exhibit native bioactivity. The activity of proteins N-modified via VEPL with amine, alkyne, biotin, or biotin-
FAM was assessed (denoted respectively with orange, pink, green, and blue stars and/or individual data point). (a,b) EGFP and mCherry
fluorescence was used as a surrogate of their respective activity. (c) Bla activity was determined by its ability to degrade a chromogenic nitrocefin
substrate, whereby f-lactam cleavage yields a yellow-to-red color change. (d) EGF activity was assayed by its ability to stimulate HeLa cell
proliferation, quantified using a RealTime-Glo MT cell viability assay. In all cases, N-modified protein bioactivity was statistically indistinguishable
from native levels. Studies involving Biotin-FAM modification of EGFP and mCherry were excluded due to fluorescence crosstalk. Error bars
correspond to the SE about the mean for biological replicate experiments (n = 3 for EGFP, mCherry, and Bla studies; n = S for EGF).

Viability Assay (Promega) (Supplementary Methods S8 and
S9), which provides a metabolism-based count of viable cells
through a bioluminescent assay. Bioactivity of the N-terminally
modified EGFs proved unchanged, which is highly encouraging
given its relative fragility (Figure 5d). We note that the “blank”
treatment displays roughly half the luminescence of the EGF-
treated samples, reflecting a smaller number of metabolically
active cells present in this condition.

B CONCLUSION

In this study, we have introduced the VEPL platform to
generate and purify a suite of N-terminally modified proteins in
a single step. Taking advantage of the atypically split VidaL
intein whose N-fragment is readily accessible to solid-phase
synthesis, VEPL permits diverse and multifunctional cargos to
be N-terminally installed on a wide range of proteins all while
maintaining native levels of bioactivity. Provided a protein-of-
interest can be expressed as a Vid“ fusion, VEPL may N-
terminally functionalize any POI regardless of the specific
amino acid sequence present at the N-terminus. As such, we
expect this method to prove broadly useful in the creation of
semisynthetic protein chimeras for a host of applications that
interface materials and polypeptide-based assemblies.
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