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Abstract: Molecular templates bind particular reactants,
thereby increasing their effective concentrations and accelerat-
ing the corresponding reaction. This concept has been
successfully applied to a number of chemical problems with
a strong focus on nucleic acid templated reactions. We present
the first protein-templated reaction that allows N-terminal
linkage of two peptides. In the presence of a protein template,
ligation reactions were accelerated by more than three orders of
magnitude. The templated reaction is highly selective and
proved its robustness in a protein-labeling reaction that was
performed in crude cell lysate.

Controlling the selectivity and the rate of chemical reactions
is a central hallmark of the natural sciences. In classic
chemical synthesis, reactants of interest are used at high
concentrations to ensure effective product formation. A
fundamentally different approach is applied in biological
systems that co-host a multitude of reactive compounds at
relatively low concentrations. In this case, reactants are
recognized by biomacromolecules that mediate the desired
chemical transformation. Such macromolecules act as tem-
plates thereby increasing the effective concentration of
reaction partners. Given a correct alignment of functional
groups, the template mediates specific and efficient product
formation at concentrations where the occurrence of non-
templated reactions is inefficient.'! The concept of template-
induced reactions was applied to various challenging chemical
problems. Examples of designed templated reactions involve
the self-replication of nucleic acids® and peptides,”! the
generation of dynamic combinatorial® or DNA-encoded
libraries,” and the detection of nucleic acids” as well as
proteins.’! The biocompatible modification of proteins is
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another appealing field for the use of templated reactions. So
far, this field has been dominated by bioorthogonal reac-
tions,®! enzymatic transformations,® and ligand-directed
chemistry.”) Nonetheless, some examples of template-medi-
ated peptide modifications have been reported. They involve
the de novo design of peptides and foldamers capable of
templating peptide ligations,'”) and the nucleic acid templated
ligation of peptide fragments.'!! However, these approaches
have not yet proven their applicability in complex biological
environments and have not been used for the labeling of
entire proteins.

Our goal was the design of a template-mediated peptide
ligation (Figure 1A) allowing selective reactions within
a complex biological matrix. Taking the exceptional surface-
recognition properties of proteins into consideration, we
decided to search for protein domains capable of binding two
different peptide sequences simultaneously thereby serving as
a template. The KIX domain (T, gray) of CBP (CREB
binding protein)!'¥ was considered an appropriate candidate
(Figure 1B). This domain binds several short peptide sequen-
ces of corresponding interaction partners. Among those, we
chose peptide A (blue) representing a fragment of CREB
(cAMP response element-binding protein, aa 120-146),0%]
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Figure 1. A) Concept of protein (T)-templated linkage of electrophi-

le (E)-modified peptide A and thiol-bearing peptide B yielding product
P. B) NMR structure (PDB 2LXT)!" of protein T (KIX domain of CBP)
bound to the two peptides A and B (KIX-binding domains of CREB
and MLL, respectively) including their sequences. The structure shows
amino acids used for the design of protein and peptide ligands

(Table S1 and Figure S4). Sequence B bears an additional C-terminal
tryptophan (W) to allow UV-spectroscopic quantification.
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and peptide B (orange) constituting the KIX-binding domain
of MLL (mixed-lineage leukemia, aa 2840-2859)"% as ligation
partners. All of these proteins are involved in the transcrip-
tional machinery of eukaryotic cells which circumvents
interference with the prokaryotic expression system that we
anticipated to use in this study. An NMR structure of the
trimeric complex B-T-A has been reported (Figure 1B, PDB
2LXT)™! and served as the starting point for our design
process.

Initially, the affinity of protein domain T to fluorescein-
labeled versions of peptides A and B was determined using
fluorescence polarization (FP). The required protein was
expressed heterologously from Escherichia coli and size-
exclusion chromatography was applied as the last purification
step (Figure S5). Peptides were synthesized on solid support
following Fmoc-based protocols. Peptide identity and purity
were verified by HPLC in combination with electrospray
ionization mass spectrometry (ESI-MS, Table S1). The FP
measurements revealed rapid complex formation (<5 min)
and dissociation constants around 0.1 pm (Figure S6), which
we considered sufficient for a templated reaction.™ To
ensure a fast reaction on the template, the correct orientation
of functional groups is crucial. An inspection of the NMR
structure reveals the close proximity of the two peptide N
termini (Figure 1B). Consequently, we decided to design
a reaction that would facilitate an N-terminal linkage of the
two peptides. Peptide B was equipped with an N-terminally
acetylated cysteine introducing a thiol function. For peptide
A, we considered the installation of a thiol-selective electro-
philic group (E) attached by means of a polyethylene glycol
(PEG) spacer (Figure 1B).

Various electrophiles were selected for initial tests (Fig-
ure 2 A) involving a maleimide (A1) known to rapidly react
with thiols at neutral pH, two different acrylamides (A2 and
A3), and a chloroacetamide (A4). Fluoroacetamide AS
served as a negative control, as we did not expect it to react
with thiols at neutral pH. The peptide sequences were
assembled on solid support, coupled with an N-terminal
PEG spacer, and then capped with the appropriate electro-
philic group (Figure S1). At first, we investigated the general
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Figure 2. A) Nontemplated reactions of glutathione (G-SH) with elec-
trophile-modified peptides A1-A5. B) Time courses of the reactions
determined by HPLC including relative initial rates (v, ). Relative initial
rates were calculated using the initial rate of A4 as reference (Fig-

ure S8). Peptides A1-A5 (150 um) were reacted with glutathione (G-
SH, 10 mm) in buffer (20 mm Na,PO,, 2 mMm tris(2-carboxyethyl) phos-
phine, pH 7.4) at 30°C.
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reactivity of these electrophile-modified peptides (A1-AS5).
High concentrations of the water-soluble tripeptide gluta-
thione (G-SH, 10 mm) were used to facilitate nontemplated
ligations in a buffered solution at pH 7.4 and 30°C. Product
formation was monitored for 24 h using HPLC as the readout,
and initial rates (v) were determined (Figure S8). Chloroace-
tamide derivative A4 showed relatively high reactivity and
was used as reference for the calculation of relative initial
rates (v, , Figure 2B). As expected, the maleimide-modified
peptide A1 proved to be the most reactive derivative showing
quantitative product formation after only 10's (v, >7 x 10%).
Compared to A4, the two acrylamide-modified peptides A2
and A3 showed 6.7- and 11-fold reduced reactivity, respec-
tively. Negative control AS did not undergo reaction under
these conditions (v, <4 x 107%).

Having observed rapid complex formation in the FP assay,
we expected the peptide ligation to be rate limiting in the
templated reaction. Consequently, a fast reaction would be
desired to ensure efficient templated ligation. As maleimides
have been reported to react in nontemplated reactions even at
low concentration,™! chloroacetamide A4, which proved to
be the second most reactive electrophile in our panel, was the
preferred choice for the following templated reactions. The
ligation of peptide A4 and cysteine-bearing peptide B (each
20 um) at 30°C and pH 7.4 was monitored using HPLC. After
3 h in the absence of template T, we did not observe product
formation (Figure 3 A, top). However, the disappearance of
A4 and B and the formation of a new peak were observed
after the same time in the presence of T (Figure 3 A, bottom).
The new peak was assigned to ligation product P4 using
MALDI-TOF mass spectrometry (Figure S12). To obtain
more detailed information, the kinetics of templated and
nontemplated reactions were recorded at three different pH
values (7.4, 8.4, and 9.4; Figure 3B). In accordance with the
increased nucleophilicity of the thiol group, reactions were
accelerated with increasing pH (vipms™ x 10°: 3.4 < 14 < 30).
Notably, we were not able to detect product formation at any
pH in the absence of T after 3 h (Figure 3B).

In order to determine the initial rates, we extended the
reaction times for the nontemplated reactions to 24 h. At
pH 8.4 and 9.4 low product yields (13% and 19 %, respec-
tively) were observed, allowing the determination of the
initial rates (v/pMs~': 30 and 44, respectively). At pH 7.4 even
after 24 h, we were unable to detect product formation.
Taking the HPLC detection limit into consideration, we
estimated a maximum initial rate of 14 pms™' (Figure S11).
Figure 3 C summarizes all v values for the ligation reactions of
peptides A4 and B and it shows the resulting rate acceleration
(a) which refers to the ratio of the ligation rates of the
templated versus nontemplated reaction. Under these con-
ditions, the templated reactions appear to be accelerated by
a factor of 250 to 670 (depending on the pH) relative to the
corresponding nontemplated reaction (Figure 3 C).

The fact that increasing pH values result in higher
templated reaction rates (Figure 3C) indicates that the
ligation reaction, and not the complex formation, is rate
limiting. Therefore, we felt confident to use the previously
presented highly reactive maleimide-modified peptide Al in
protein-templated reactions. Knowing that maleimides rap-
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Figure 3. A) HPLC traces of ligation reactions at pH 7.4 between A4
(orange) and B (blue) in the absence (top) and presence of T (bottom,
gray). Product formation (P4, red) was observed after 3 h in the
presence of T. B) Time courses of reactions performed at different pH
values (7.4, 8.4, and 9.4). C) Logarithmic plot of observed rate
constants (v/pms') for the ligation of A4 and B. Rate acceleration
(a=v(+T)/v(-T)) is given for each pH value (reactions were per-
formed in buffer (20 mm Na,PO,, 20 pm tris(2-carboxyethyl)phos-
phine) at 30°C with 20 um A4, B, and with or without T). For details
see Figures S10 and S11. D) Same plot as in (C) for ligation of A1 and
B (reactions were performed in buffer (20 mm Na,PO,, 5 um tris(2-
carboxyethyl)phosphine at 0°C with 5 um A1, 5.75 um B, and with or
without 5 pm T). For details see Figures S13 and S14.

idly react with thiols at room temperature and neutral pH, we
lowered the reaction temperature to 0°C. In addition, three
different pH values (4.4, 5.9, and 7.4) were tested, and the
concentration of peptide A1 was reduced to 5 um (previously
20 um). Otherwise the described protocol was followed and
initial rates for the ligation reaction between peptide Al and
cysteine-bearing peptide B were determined (Figure 3D). In
all cases, we observed considerable reaction rates in the
absence of template T (v/pms™': 22-5400). However, the rates
of the templated reaction increased disproportionately. After
5s at pH 5.9 and 7.4, already more than 60% product was
formed which exceeds the linear range. Therefore, only
a lower limit for the initial rates could be determined
(v/pms™': >6x 10°, Figure S14) providing rate accelerations
of >140 (pH7.4) and >1400 (pHS5.9). At pH4.4, the
templated reaction was slow enough that the rate constant
could be determined (v/pmMs~': 1.3 x 10°) resulting in a rate
acceleration of 6200. This value exceeds accelerations of
previously reported templated peptide ligations (a=281-
1800),111 which is remarkable taking into consideration
that we did not optimize spacer lengths and peptide affinities.

Having investigated these templated reactions under very
defined conditions, we were interested in their performance in
a more complex setup such as a protein-labeling reaction
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within cell lysate. Aiming for labeling under physiological pH
(7.4), we decided to use a fluorescein-modified version of the
chloroacetamide-modified peptide A4* (Figure 4 A). As the
target protein we chose human HSP70 (heat shock protein
70), which consists of 641 amino acids. To mark HSP70 for the
ligation reaction, we fused the sequence of peptide B to its N
and C termini, respectively (B-HSP and HSP-B, Figure 4 A).
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Figure 4. A) Protein-templated chemical modification of HSP70 using
a fluorescein-labeled electrophilic peptide (A4*). B) Labeling reactions
with N-terminally modified HSP70 (B-HSP) resolved by SDS gel
electrophoresis and fluorescence imaging. C) Analogous reactions with
C-terminally modified HSP70 (HSP-B). Reactions were performed at
30°C in buffer (20 mm Na,PO,, 5 um tris(2-carboxyethyl) phosphine,
pH 7.4) with 20 um A4* and 20 um T. As control, mutant fusion
proteins were used which lack the reactive cysteine (C—A mutation).

These two fusion proteins were heterologously expressed in
E. coli. For initial studies, we used purified proteins B-HSP
and HSP-B (Figure S7), which we incubated with template T
and labeled peptide A4* (each 20 pm). Thereafter, the
proteins were analyzed by gel electrophoresis, and the
covalently bound fluorescein label was visualized using
fluorescence imaging (Figure 4B and C, Coomassie-stained
gels in Figure S16). For both proteins, successful labeling was
shown reflected by increasing product signals (P4*-HSP and
HSP-P4*) over incubation time (,,, = 120 min). As expected,
we did not observe any labeling in the absence of template T.
However, HSP70 exposes numerous solvent-accessible nucle-
ophilic groups including one cysteine residue!' that might
participate in the templated reaction. To test for this
possibility, we designed two additional fusion proteins in
which the essential cysteine residue in sequence B was
replaced by alanine (B-HSP(C—A) and HSP-B(C—A)).
After 120 min in the presence of template T and labeled
peptide A4*, we did not observe any ligation product for the
two mutated proteins (Figure 4B and C). This confirms the
cysteine in sequence B to be the covalently modified residue
in the templated reaction. Finally, we tested the efficiency of
the labeling reaction with crude lysate of E. coli cells over-
expressing fusion proteins B-HSP and HSP-B, respectively
(Figure 4B and C). After 120 min of reaction only in the
presence of template T and A4* we were able to detect
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a single band corresponding to the size of the labeled HSP70
fusion proteins (P4*-HSP and HSP-P4*).

In summary, we present the first example of a designed
protein-templated ligation reaction involving two peptide
fragments. Using an enzymatically inactive protein domain
(KIX domain of CBP) as template T, we designed two
substrates (A and B) based on known peptide ligands. The
peptides were equipped with an electrophilic group and
a thiol function, respectively. For the templated reactions,
chloroacetamide (A4) and maleimide (A1) were selected as
electrophiles. All tested reactions exhibited excellent rate
accelerations (a > 140) with the maleimide-modified peptide
Al (a=06200) significantly exceeding accelerations of
reported peptide ligations that use peptides, foldamers, or
nucleic acids as templates (a = 81-1800).1%' To confirm the
efficiency and selectivity of the protein-templated peptide
ligation, we applied this reaction successfully to the selective
labeling of a protein in cell lysate. With this proof-of-concept
study we extend the portfolio of templated reactions, so far
dominated by nucleic acid templates.! Given the elaborated
biomolecular tools for protein engineering and peptide ligand
discovery, protein-templated peptide ligations hold the
potential to contribute improved techniques for the manip-
ulation and detection of proteins in complex biological
systems.
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