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Abstract: The development of a method is described for the
chemical labeling of proteins which occurs with high target
specificity, proceeds within seconds to minutes, and offers
a free choice of the reporter group. The method relies upon the
use of peptide templates, which align a thioester and an N-
terminal cysteinyl residue such that an acyl transfer reaction is
facilitated at nanomolar concentrations. The protein of interest
is N-terminally tagged with a 22aa long Cys-E3 peptide
(acceptor), which is capable of forming a coiled-coil with
a reporter-armed K3 peptide (donor). This triggers the transfer
of the reporter to the acceptor on the target protein. Because
ligation of the two interacting peptides is avoided, the mass
increase at the protein of interest is minimal. The method is
exemplified by the rapid fluorescent labeling and fluorescence
microscopic imaging of the human Y, receptor on living cells.

M ethods that allow the in vivo covalent attachment of
functional units to membrane proteins, for example spectro-
scopic labels and spin probes, are a key enabling technology in
cell biological research.! The ideal labeling method would
offer a) high selectivity for the protein of interest, b) rapid
labeling for the investigation of fast processes, and c¢) mod-
ularity to allow the attachment of various labels. However,
these demands are difficult to meet with the repertoire of
naturally occurring functional groups.

Amber (STOP) and expanded size codon technologies,
pyrrolysine techniques and metabolic labeling are used to
introduce artificial amino acids that can be targeted by means
of biocompatible conjugation reactions.”) A more frequently
explored approach involves genetically encoded tag sequen-
ces, which are fused to the protein of interest and fashioned to
provide a unique microenvironment selectively addressable
by a reactive probe. Here the size of the tag is of concern.
Small tags are desirable to prevent interference with protein
function. One way to achieve high specificity relies on
proteins that undergo self-modification reactions such as the
Snap,” Clip,"! and Halo® tags. These tags are larger than 180
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amino acids. Another approach is to use enzymes that
promote the reaction between reactive probes and small-
sized peptide tags. Relatively high substrate concentrations
(> 100 pm for FGE and sortase)® or long incubation times
(1 h for lactamase)! are required. Only a few peptide tags are
capable of forming covalent bonds without the help of
additional enzymes or reagents. For example, organobisar-
senic acid thioesters!” and bisboronic acid”! probes react with
tetracysteine and tetraserine motifs, respectively. With reac-
tion times of 30 min or more and uM concentration of
reactive probes, other cysteine- or serine-rich proteins may
react as well.

We sought a method that allows very rapid (< 5 min) and
highly specific labeling of cell surface proteins in which
minimal cargo is added to the protein of interest. We
considered templated reactions that occur at high effective
molarity of the aligned functional groups and, therefore,
enable conjugation at dilution conditions when conventional
bimolecular reactions cease to proceed. Our design involves
a cysteine-mediated transfer of an arbitrary reporter group
(Scheme 1). The reaction system relies on two peptides with
high mutual affinity, that is, the accepting peptide tag in 1 and
the tag recognition module (TagRec) in 2. The acceptor
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Scheme 1. Principle of peptide-templated acyl transfer reaction.
F =reporter group, Tag = genetically encoded peptide tag, TagRec=
Tag recognition module.
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peptide is fused to the protein of interest and offers an N-
terminal cysteine which can be addressed by a native-
chemical-ligation-like reaction."y! The TagRec peptide in 2
recognizes the peptide tag and serves as the donor carrying
a thioester-linked reporter group. Mutual recognition of the
two peptides triggers a thiol-exchange reaction to form 3-4.
The subsequent S-N acyl shift leads to the irreversible
transfer of the acyl group from the donor 2 to the acceptor
peptide (1—5). Of note, the templated reaction proceeds
through binary complexes. This and the use of a logic based on
acyl transfer minimizes the mass increase at the target protein
which would occur in a more conventional ligation
approach.'?!

Templated acyl transfer reactions have been used in
nucleic acid chemistry.®l However, the design of a small-sized
peptide that has high affinity for reactive probes is more
challenging. Previous work by Ghadiri and Chmielewski on
templated peptide ligation in “early molecules of life”
scenarios suggested that the two strands of a coiled-coil
should have the high mutual affinity required to drive
fluorescence labeling at submicromolar concentration.!?*!
Furthermore, imaging studies by Matsuzaki et al. confirmed
that artificial coiled-coils form on live cells.'! The de novo
designed coiled-coil sequences K3 (KIAALKE); and E3
(ETIAALEK); form highly stable, parallel heterodimers
(Kp=70nm),™ and therefore appeared suitable to prove
the feasibility of the peptide-templated acyl transfer.['%]

The K3 peptide was equipped with a mercaptophenylace-
tyl (MPAA) unit at the N-terminal end and fluorescence
labels such as tetramethylrhodamine (TAMRA) and Alexa
Fluor 350 (AF350) were attached through thioester linkages
(Figure 1a).'"" The E3 peptide served as acceptor tag and
contained, for this purpose, an N-terminal cysteine residue. To
assess the feasibility of the peptide-templated acyl transfer,
the TAMRA-loaded donor probe 6a was allowed to react
with the acceptor 7, both at a concentration of 5 um. HPLC
analysis with fluorescence detection showed nearly complete
consumption of donor peptide 6a and the appearance of two
new peaks after a reaction time of 30 min (Figure 1b). Based
on MS analysis the peaks were assigned to the transfer
product 8a and the hydrolysis product 10a. After a reaction
time of 30 min labeled product was obtained in 57 % yield. To
assess the specificity of the coiled-coil-directed transfer
reaction, the thioester was also incubated with the cysteinyl
peptide CRAESYK (11; Figure 1b, background). The
absence of product suggests that the reaction requires the
proximity induced by the coiled-coil formation.

Next we evaluated the versatility of the labeling reaction.
The Cys-E3 acceptor peptide 6 was reacted with the donor
conjugate 6b armed with a sulfonated Alexa Fluor dye
(AF350, 6b). At donor and acceptor concentrations of
0.5 um each, the transfer product (8b) was formed in 68 %
yield (Figure 1c). In this case, a doubly N- and S-linked
labeling product was also formed. This is of no harm because
the S-linked dye hydrolyzes to form the monolabeled 8b
(Figure S1). To put the chemoselectivity to a more stringent
test, the peptide-templated acyl transfer reaction was per-
formed in cell culture medium (Figure S2). In the absence of
external reducing agents the reaction between AF350-K3
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Figure 1. a) Peptide-templated acyl transfer reactions involving the
donating thioester peptides 6a or 6b and the acceptor peptide tag 7
or the cysteinyl peptide 11 (=specificity control). HPLC analysis
(fluorescence detection) after 30 min reaction between b) thioester 6a
and cysteinyl peptide 7 (top) or 11 (bottom) (5 um peptide, 100 mm
NaH,PO,, 1 mm TCEP, pH 7.0; 4., =555 nm, 4.,,=584 nm) and

c) thioester 6b and cysteinyl peptide 7 (top) or 11 (bottom) (0.5 um
peptide, 100 mm NaH,PO,, 1 mm TCEP, pH 7.0; A,,=346 nm,
Aem=442 nm). Ligation product 8b appears as a double peak due to
simultaneous N- and S-acylation.

donor conjugate 6b and cysteinyl peptide 7 afforded the
labeled product in 43 % yield despite the presence of fetal calf
serum and cystine (200 um).

We investigated the reactivity of thioester probe 6a in the
labeling reaction of a small-sized protein domain, the 5.8 kDa
Cys-E3-tagged WW2 domain 12 (Figure 2a). SDS-PAGE and
fluorescence gel imaging showed the appearance of the
TAMRA band at the expected molecular weight region after
only 1-2 min reaction time (Figure 2b, lanes 4 and 5). This is
in line with the results of kinetic analyses of the 6a-+7
reaction system (Figure S3). The TAMRA-labeled WW2
domain was obtained in 58 % yield after 10 min. In a control
experiment, acceptor peptide 12 was exposed to an unreactive
K3 probe (13a), in which TAMRA was linked through an
amide bond rather than a thioester bond. This did not lead to
a fluorescent protein band in the gel (Figure 2b, lanes 10-14).

The next step included the labeling reaction of a mem-
brane protein model. We selected the human neuropeptide Y,
receptor (hY,R) for N-terminal labeling. This receptor
belongs to the family of G-protein-coupled heptahelix
proteins and plays an important role in both epilepsy and
the regulation of food intake.®! An extracellular segment end
of the hY,R(1-46) was fused to an enhanced yellow
fluorescent protein and equipped with the N-terminal Cys-
E3 tag and a hemagglutinin epitope (HA). The resulting
construct Cys-E3-HA-hY,R(1-46)-eYFP-His; (14) was
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Figure 2. a) Structures of compounds employed. b) SDS-PAGE analysis
(fluorescence detection) of the reaction between the Cys-E3-tagged
WW?2 domain 12 and thioester-linked TAMRA-K3 conjugate 6a or the
amide-linked control compound 13 a. Conditions: 0.5 um Cys-E3-WW?2
(17), 1.0 um K3-peptide (6a or 13a), 137 mm NaCl, 2.7 mm KCl,

10 mm Na,HPO,, 1.8 mm KH,PO,, 1 mm TCEP, pH 7.2; aliquots
quenched by addition of 2% TFA. c) Western blot analysis of the
reaction between Cys-E3-tagged hY,R(1-46)-eYFP-Hisg with 37.5 kDa
(14) and TAMRA-linked (6a, 13a, 15a) or biotin-linked (6¢, 13b, 15b)
compounds. Conditions for TAMRA labeling: 20 um Cys-E3-hY,R(1-46)-
eYFP-Hisg (14), 20 um TAMRA compound (6a, 13a, 15a), 25 mm Tris,
500 mm NaCl, pH 7.4. Conditions for biotin labeling: 10 pm Cys-E3-
hY,R(1-46)-eYFP-His (14), 20 um biotin compound (6c, 13b, 15b),

25 mwm Tris, 500 mm NaCl, pH 7.4; aliquots quenched by addition of

5 uL Tm NaOH. Tris = 2-amino-2-hydroxymethyl-propane-1,3-diol.

allowed to react with the donor conjugate 6a (Figure 2¢). As
negative controls, the amide-linked 13a and a TAMRA
thioester without peptide (15a) were tested. The donor or
control peptides were incubated with the hY,R construct 14
for 2 min. SDS-PAGE followed by Western blot analysis of
reactions that involved the reactive donor 6 a showed a strong
band at the molecular weight expected for the labeled product
(37.5 kDa; Figure 2c¢, lane 4). The control experiment, in
which the acceptor 14 was incubated in the absence of
labeling reagent (Figure 2¢, lane 1) exposed the unspecific
binding of the anti-TAMRA antibody. We therefore inves-
tigated biotinylation, which can be evaluated by means of the
highly specific interaction with streptavidin. A biotinylated
product was formed after 2 min reaction between the E3-
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containing acceptor 14 and the reactive K3 conjugate 6¢
(Figure 2 ¢, lane 8). Biotinylation did not occur with control
compounds 13b and 15b which lack either the thioester or the
K3 recognition module, respectively (Figure 2c¢, lanes 6 and
7). This shows that the native chemical ligation 14 + 15b is not
sufficient to induce fast and efficient labeling of Cys-E3-HA-
hY,R(1-46)-eYFP-Hiss (14). Rather, the simultaneous pres-
ence of both the thioester structure and the K3 recognition
module in reactive probes such as 6a and 6c¢ is required to
drive the reaction.

The coiled-coil-mediated acyl transfer reaction was sub-
sequently applied to living cells. It was our aim to selectively
label the complete hY,R. The membrane protein was N-
terminally fused with two versions of the E3 tag. In 17, the E3
tag was equipped with the N-terminal cysteine. Construct 18
also contained the E3 tag but the N-terminal cysteine was
replaced by alanine. This construct is able to form the coiled-
coil yet the lack of cysteine will prevent the formation of
a covalent bond. To compare the localization of the receptors,
the autofluorescent eYFP was fused to the C-terminus. The
hY,R-eYFP construct (16) without the E3 tag served as the
control. The hY,R mutants were transiently expressed in
HEK?293 cells. Measurements of the eYFP emission revealed
that the addition of the E3 tag did not change the localization
in the membrane (Figure 3). In addition, the N-terminally
modified h'Y,R variants remained active, as demonstrated by
an IP; accumulation assay after treatment with the native
ligand neuropeptide Y (Table S1). Cells expressing 16, 17, or
18 were treated with 100 nm TAMRA-armed peptide 6a in
Hank’s balanced salt solution (HBSS, pH 7.8) and 1 % bovine
serum albumin for only 2 min. After incubation at room
temperature, the labeling solution was exchanged for HBSS.
Fluorescence microscopy revealed that transfected cells
expressing E3-tagged receptors were labeled with TAMRA,
whereas cells which lacked the E3 tag did not emit TAMRA
signals (Figure 3, compare B’, D', G’,and I' with A’ and F'). As
a control for covalent labeling the cells were washed with
a pH9 buffer (Figure3; C, E’, H, J'), which leads to
dissociation of coiled-coils and thioester hydrolysis. The
TAMRA emission remained high when cells expressing
Cys-E3-tagged hY,R (17) were subjected to the pH 9 wash
(Figure 3, compare C' with B’). In contrast, cells expressing
the Ala-E3-tagged hY,R (18) demonstrated a marked
decrease of the TAMRA signal (Figure 3, compare E’ with
D’). An additional control experiment involved the use of the
unreactive TAMRA-K3 conjugate, in which the TAMRA dye
was linked through an amide bond. Therefore, the coiled-coil
may form but the TAMRA cannot be transferred to the E3-
tagged hY,R. Indeed, cells transfected with Cys-E3-hY,R
(17) and Ala-Cys-hY,R (18) provided TAMRA emission
after incubation with unreactive 13a (Figure 3 G’ and I,
respectively), but the TAMRA signals vanished when the
cells were subjected to the pH 9 wash (Figure 3, compare H’
with G’ and J' with I'), indicating the dissociation of the
coiled-coil. The experiments showed that robust TAMRA
labeling can be achieved only when a reactive donor (6a) is
allowed to react with a reactive acceptor (17). This is a strong
indication for the formation of covalent bonds.
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Figure 3. Fluorescence microscopy images of HEK293 cells transiently
transfected with HA-hY,R-eYFP (A, A', F, F'), Cys-E3-HA-hY,R-eYFP (B,
B, C, C, G, G, H, H), or Ala-E3-HA-hY,R-eYFP (D, D', E, E', I, I, ], J)
after incubation with labeling probe 6a (left two panels) or unreactive
conjugate 13a (right two panels). Images C, C', E. E', H, H', }, and |
were obtained after an additional basic washing step. Labeling:

100 nm peptide 6a or 13a in HBSS containing 1% BSA, after 2 min
reaction time the labeling solution was replaced with HBSS. Basic
washing: 200 mm NaHCO; pH 9 for 3 min, fluorescence microscopy:
0.4-1.3 s exposure for eYFP filter, 4 s exposure for TAMRA filter, the
scale bar is 10 pm.

Our data demonstrate the versatility of the peptide-
templated acyl transfer reaction. The reaction proceeded in
various buffers (pH 7.0-7.8) as well as on the surface of living
cells. The thioaryl-based thioesters in labeling agents 6a—c
have high reactivity (6a: #, (HBSS)=10min, Figure $4).
Given the high rate of the templated reaction, this helps to
provide high specificity because undesired labeling by excess
thioester is prevented by the competing hydrolysis. If the
hydrolysis is too fast, the thioester structure can offer
a convenient means for reactivity adjustments, as previous
work on nucleic acid templated reactions has shown (see also
Figure S5).[1320.19]

The labeling method requires an N-terminal cysteine
residue which may perturb the folding of the extracellular
domain of the targeted GPCR. To assess the generality we
applied the E3/K3-templated acyl transfer to the human Y5
receptor (hY5R). Both hY,R and h'YsR contain extracellular
disulfide bridges. Cys-E3 tagging did not interfere with GPCR

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

function and live-cell labeling occurred rapidly also for hYsR
(Figure S5).

We evaluated the transfer of TAMRA, AF350, and biotin
and we expect that the reaction is applicable to a wide range
of other reporter groups. The use of the E3K3 coiled-coil
motif conferred remarkable chemoselectivity on the labeling
reaction. The K3 conjugates are probably not able to pass the
plasma membrane. While this limits applications to extracel-
lular targets at this stage, we consider this to be an advantage
for the envisioned GPCR trafficking studies relying on
ultrafast and highly specific labeling reactions. Moreover,
we wish to add that the conjugation with cell-penetrating
peptides may extend the scope to intracellular protein
labeling. In addition, labeling by templated acyl transfer
should not be restricted to coiled-coils but may be transferred
to other interaction motifs involving cell-permeable proteins
and peptides.

In conclusion, the rapid labeling (2 min), low concentra-
tion of labeling agent (100 nM), and small mass increases (22
amino acids + reporter) are the unique hallmarks of the
coiled-coil-mediated reporter group transfer developed here.
The reaction is, to the best of our knowledge, among the
fastest labeling methods reported. We expect this to be useful
in pulse-chase labeling experiments.
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