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Npu DnaE Intein**
Vivien Schiitz and Henning D. Mootz*

Abstract: Protein labeling with synthetic moieties remains in
many cases a technically challenging or unresolved task. Two
new and simple concepts are presented. In both approaches,
a very short tag of only a few amino acids is prepared with the
desired chemical modification and, in a second step, it is
transferred to the protein of interest by protein trans-splicing.
For the amine-tag, a recombinant intein fragment free of lysine
residues was generated such that the amine group of the N
terminus could be selectively modified with regular amine-
reactive reagents. Thus, standard bioconjugation procedures
without any chemical synthesis could be applied without
modification of lysines in the protein of interest. For the click-
tag, protein trans-splicing was combined with unnatural amino
acid mutagenesis and subsequent bioorthogonal side chain
modification, as demonstrated for click chemistry using p-
azidophenylalanine. By the two-step strategy, exposure of the
protein of interest to the copper catalyst was avoided.

The selective covalent modification of proteins with syn-
thetic moieties is a long-standing goal in basic research as well
as in biotechnology and biomedicine. Applications include
the introduction of biophysical probes to study protein
function or protein localization in live cells and the prepara-
tion of protein diagnostics and therapeutics, for example.!
Classical bioconjugation approaches are often limited by the
presence of more than one of the suitable residues, for
example, cysteine and lysine, in the sample.'"l The incorpo-
ration of unnatural amino acids with bioorthogonal reactiv-
ity and in vitro ligations, such as native chemical ligation,?!
can circumvent this problem, but may have limitations in
terms of expression and ligation conditions. The use of
genetically encoded fusion tags® to achieve selectivity has
become very popular since the initial report of the cysteine-
rich FLASH-tag.*¥) However, the current systems require
either self-modifying enzymes of considerable size,' for
example SNAP/CLIP-tag,*! HaloTag,*! DHFR-tag,*!! and
BL-tag,”*! or an extra enzyme that complicates the conjuga-
tion procedure,!™ for example tags for sortase,*"¥ biotin-
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ligase,™ lipoic acid ligase,*! and 4-phosphopantetheine-
transferase.!

The transfer of a very short tag by split inteins can be
a powerful alternative to the aforementioned techniques
(Figure 1).B! Protein trans-splicing (PTS) occurs in a self-
processive fashion, that is, no additional factors are required,
and with a concomitant removal of the intein fragments.
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* ‘m labeled protein
[ (PTS)
A splitintein 4 IntN Int®
B) | chemoselective l + (.
modification
X IntN recombinant
€—— expression
X

i-: short tag with functional group {:;:3: synthetic label

Figure 1. Protein labeling by PTS. Strategy A illustrates semi-synthetic
PTS requiring peptide synthesis and split inteins with short fragments.
Strategy B involves the chemical tag approaches described in this work
in combination with the naturally split Npu DnaE intein (Int" =102 aa;
Int“=36 aa). In this study, X represents the N-terminal amine group
or the azide moiety of an unnatural amino acid. In principle, also the
C-terminal end of the POI could be targeted by exchanging the intein
N- and C-terminal fragments (Int" and Int°), except for the amine-tag
approach.

Further advantages of PTS include the high reaction rate, the
orthogonality to cellular chemistry, the low concentrations of
the intein fragments, and the possibility to fully genetically
encode them.®! Naturally split inteins are rare, but they are
considered to be superior over artificially split inteins, in
particular in terms of solubility, association kinetics, and
fragment affinity.’! Previously, two distinct strategies were
reported to exploit PTS for protein labeling. Figure 1
illustrates N-terminal protein labeling, but both strategies
can also be used to modify the complementary intein
fragment and achieve C-terminal labeling. First, in so-called
semi-synthetic PTS,”) one of the split intein fragments is
prepared by solid-phase peptide synthesis (SPPS) and thereby
incorporation of synthetic groups into the tag can be achieved
(strategy A in Figure 1). However, for naturally occurring
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split inteins, only the C-terminal fragments (Int®) are within
the reasonable reach of SPPS, although they exhibit already
considerable sizes of about 35aa (Int" fragments are ca.
100 aa),'®”! thus restricting labeling to the C terminus of the
protein of interest (POI). Shorter fragments were reported
for artificially split inteins useful for N- and C-terminal
labeling,® ! but these are generally less robust in the PTS
reaction, show lower affinity interactions and lower solubility
compared to the naturally split inteins. The second strategy,
also referred to as Cys-tag labeling (strategy B in Figure 1),
exploits recombinantly expressed intein fragments devoid of
cysteines to allow for selective bioconjugation at a unique
cysteine in the short tag to be transferred to the POI by PTS.
By this two-step strategy, the plethora of commercially
available thiol-reactive reagents can be applied to proteins
containing additional cysteine residues, and no synthetic
operations are required. Cys-

tag labeling was established

approaches, termed amine-tag and click-tag approaches.

For the amine-tag approach, all lysine residues (Lys20, 24,
70, and 73) in the 102 aa Int" fragment of the Npu DnaE
intein (hereafter only referred to as Int" fragment) were
mutated to arginine to allow for regioselective labeling of the
amino terminus in a tag-IntY(AK)-H, construct with amine-
reactive probes. The impact of the mutations on PTS activity
was first evaluated with fused globular proteins using model
constructs gpD-Int™-H, (constructs 1a and 1b; gpD = phage
coat protein) and GFP-Int"-H, (2a and 2b) with either wild-
type IntN or IntN(AK) fragments, respectively (see the
Supporting Information, Table S1 for all of the constructs).
These were incubated with Int“-GFP (3) and Int“-Trx (4;
Trx = thioredoxin). Lysine removal led to only about 3- to 4-
fold lower rates and slightly reduced product yields of 55—
75% after 24h, depending on the protein (Figure2A;
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Figure 2. Amine-tag approach for protein labeling in vitro. Shown are SDS-PAGE gels. A) Comparison of PTS
kinetics. B),C) PTS with a short N-terminal tag (NH,-GGS-). The three flanking aa on either side of the intein
are indicated. D) Tag modification with amine-directed active ester reagent and subsequent PTS. E) Protein 5
analyzed before and after the acylation reaction shown in (D). F), G) Monitoring of the PTS reaction shown
in (D).
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Supporting Information, Figure S1, Table S2). Next, a short
tag of only four amino acids (MGGS) was placed in front of
the Int™. Analysis by mass spectrometry revealed that the
starting methionine was virtually completely removed (Sup-
porting Information, Figure S2), as expected,!!! leaving GGS-
IntN(AK)-H, (5) with a tag of only three residues. To our
knowledge, only one other intein has been reported to splice
with such a short N-terminal tag.'" Robust splicing activity
was retained (Figure 2B,C). The N-terminal amino group was
then modified using sulfo-NHS-biotin (6), a typical amine-
reactive reagent, to give biotin-GGS-Int~(AK)-Hy (5a) (Fig-
ure 2D,E). Importantly, upon mixing of 5a (15 pum) with
a StreptaglI-Int“-GFP-H, construct (7; 15 um) the labeled tag
was transferred onto the model protein GFP to give labeled
splice product biotin-GFP (SP(5a+7)) (Figure 2F,G).
Together, these results demonstrate the feasibility of the
amine-tag concept.

For the click-tag approach, we incorporated the unnatural
amino acid p-azidophenylalanine (AzF) into the short tag by
using the suppression technology in E. coli.'¥ An amber stop
codon was inserted into the expression plasmid to encode for
G(AzF)GS-Int™-Hg (8) with the wild-type Int" fragment. AzF
was added to the growth medium during expression. The
purified protein 8 retained splicing activity (Supporting
Information, Figures S3,S4). Chemical modification of the
tag was achieved by the copper(I)-catalyzed alkyne-azide
cycloaddition (CuAAC)!' using CuSO,, TBTA, and TCEP
with dansyl-alkyne 9 (Figure 3A,B). Excess conjugation
reagents were removed by dialysis in the presence of
EDTA. Figure 3C shows that the resulting construct
G(AzF-dansyl)GS-Int"-Hg (8a) was active in PTS, as dem-
onstrated by the transfer of the modified tag to the model
protein GFP, upon incubation with the complementary Int-
construct 7, with excellent rate and nearly quantitative
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Figure 3. Click-tag approach for protein labeling in vitro. A) Tag modi-
fication with click chemistry and subsequent PTS. B) Protein 8
analyzed before and after the click reaction shown in (A). C) PTS-
mediated tag-transfer to GFP as the model POl monitored by SDS-
PAGE using Coomassie staining (top) and UV illumination (bottom).
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conversion. One advantage of the click-tag approach over
direct incorporation of the unnatural amino acid into the POI
is that exposure of the POI to the potentially harmful CuAAC
reaction conditions, in particular the presence of copper ions
and the addition of metal chelators to remove them, is
circumvented. Thereby, the scope of the CuAAC reaction
could be extended, for example to thiol-rich or metal-
containing proteins and to proteins in live cells (see below).
Note that it would also be conceivable to first perform the
PTS reaction and then carry out the click reaction.

Finally, we tested the applicability of the amine-tag and
the click-tag approaches to protein labeling on a cell surface
(Figure 4 A).["™ Importantly, the high affinity of the two intein
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Figure 4. Chemical labeling on living cells. A) The PTS reaction.

B) Confocal microscopy images of selected transfected and untrans-
fected cells. After the PTS reaction (60 min), cells were incubated with
streptavidin-Alexa488. Note that only transfected cells give rise to
staining with the synthetic fluorophore underlining the selectivity of
PTS. C) Western blot analysis of the PTS reaction using total cell
samples. (TM = transmembrane domain, Trx = thioredoxin).

fragments and the high reaction rate of this intein can
translate into low reactant concentrations and short labeling
times, ™ conditions that are beneficial for live cell microscopy
to study dynamic processes. Short tags and synthetic probes
are of particular interest for these kind of investigations.!!”!
However, our previous work with the Npu DnaE intein has
only shown the extracellular, N-terminal labeling of mem-
brane-anchored proteins with the large recombinant fluores-
cent protein GFP as a marker.”) We used the mouse neuro 2a
(N2a) cell line for transient expression and the transmem-
brane domain (TM) of the platelet-derived growth-factor
receptor (PDGF-R) to localize a model protein in the plasma
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membrane (HA-Trx-Int“-Myc-TM-mCherry (10); HA =
hemagglutinin tag, Myc = Myc-epitope). mCherry served to
monitor protein localization in the red channel. Trx improved
the levels of correctly localized protein,!'! probably through
stabilization of the largely unfolded Int® fragment!' on the
pathway through the endoplasmatic reticulum. While in
previous work Trx remained in the splice product,” here
we improved the arrangement by fusing it N-terminally to the
Int® fragment to effect its removal during the PTS reaction
(Figure 4 A). Thus, virtually traceless labeling of the mem-
brane protein was enabled (Supporting Information, Fig-
ure S5). 24 h after transfection, the click-tag protein biotin-
tag-IntN-H, (8b) was added to the growth medium (at a final
concentration of 5 um) for 1 h at 37°C, followed by washing of
the cells. Figure 4 B shows that efficient labeling at the plasma
membrane of transfected cells occurred. Untransfected cells
were not stained indicating that excess 8b could be efficiently
removed by washing. Western blot analysis confirmed the
formation of the desired splice product biotin-tag-Myc-TM-
mCherry (SP(8b+10); Figure 4 C). Comparable results were
obtained using fluorescein-labeled amine-tag protein Sb
(Supporting Information, Figure S6), indicating that the
lysine-free IntN(AK) fragment, although being somewhat
compromised compared to Int™ as shown above, still exhib-
ited sufficient efficiency. Together, these results show that
a transmembrane protein could be modified with the short
chemical tags.

In conclusion, we present two new approaches for the
selective chemical modification of purified proteins and
proteins on live cells using very short, pre-labeled chemical
tags that are transferred by a split intein. The tags are not
restricted to a particular sequence and could also be part of
the POI sequence. Both approaches require only standard
molecular biology techniques and a minimum of steps with
handling of chemicals such as usually associated with classical
bioconjugation procedures. With the amine-tag approach, the
entire portfolio of amine-reactive compounds can be used
without the traditional problem of also labeling internal lysine
side chains of the POI. The click-tag approach provides even
more freedom in the bioconjugation strategy as it could also
be devised with other unnatural amino acids and bioorthog-
onal reactions or for C-terminal protein labeling. Both
approaches could be easily extended for selective dual
labeling of a single protein, for example by incorporating an
additional unnatural amino acid in the POI sequence of the
Int“-POI construct. Thus, they should provide powerful
alternatives to address specific problems in protein chemical
modification labeling in vitro and in vivo.

Experimental Section

Comprehensive experimental procedures are given in the Supporting
Information. Chemical tag conjugation: Protein 5 was purified by Ni-
NTA chromatography under denaturing conditions (8M urea),
dialyzed against ddH,O, flash-frozen in liquid N,, and lyophilized.
1 mgmL~" protein was solved in borate buffer (pH 8.5) and 24-fold
molar excess of NHS-fluorescein in DMF or 5-fold molar excess
Sulfo-NHS-LC-Biotin in PBS buffer were added at 4°C. The reaction
was quenched by adding 50 mm NH,CI and the protein was purified
and dialyzed against PBS buffer (136 mm NaCl, 2.7 mm KCl, 8.2 mm
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Na,HPO, 1.5 mm KH,PO,; pH 7.4). Protein 8 (20-100 um in PBS
buffer) was reacted under CuAAC conditions by adding one of the
alkyne reagents (100 um in DMF), 1 mm TCEP, and a mixture of
TBTA (100 um) in DMSO/fBuOH (1:4) and 1 mM CuSO, in H,O.
After 30 min at room temperature, the reaction was quenched with
EDTA (10 mm). The protein was purified and dialyzed against PBS
buffer. Protein trans-splicing: In vitro reactions with labeled chemical
tags were carried out at 25°C in PBS buffer with 2 mm DTT using
purified proteins (10-20 um). Reactions on cells were performed for
1 h at 37°C in serum-free DMEM without DTT 24 h after transient
transfection using proteins 8b or 5b (5 pm). Cells were washed three
times with PBS buffer before further analysis."”
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