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The development of powerful methods for protein synthesis
provides new ways to understand protein function, either by
regioselective incorporation of modified amino acids as
physical probes into natural proteins or de novo protein
design to mimic some of the structural and functional
properties of native proteins. Expressed protein ligation and
protein trans splicing have emerged as efficient semisynthetic
approaches for the preparation of engineered proteins with
normal linear backbone structure.'! However, the access to
engineered proteins with an unnatural, multiply branched,
and multicyclic backbone topology requires combinations of
recombinant, enzymatic, and chemical synthesis (CRECS).
Such proteins with nonlinear backbone topology which mimic
extracellular binding domains (ECDs) of G protein-coupled
receptors (GPCRs) may provide valuable insight into binding
mechanisms of biologically important peptide ligands.
GPCRs are targeted by most pharmaceuticals today,™ but
understanding how ligands bind to GPCRs at the molecular
level is still hampered by a lack of high-resolution structural
information. The extracellular domains of peptide receptors,
namely the receptor N-terminus (ECD1) and the three loops
(ECD2, 3, 4), often play a crucial role for ligand binding.
Soluble nonglycosylated ECD1 of the corticotropin-releasing
factor receptor type 1 (CRF,), which belongs to the Bl
subfamily of GPCRs, has been reported to be the major site of
ligand interaction, as it shows high affinity to the natural
peptide agonist urocortin 1 and the peptidic antagonist
astressin.l’l Interestingly, we observed no binding of such a
soluble ECD1 of CRF; to "*I-labeled sauvagine,”! another
natural peptide agonist that binds like urocortin 1 with high
affinity to wild-type CRF receptors.”” This finding is indica-
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tive of a different contribution of the extracellular loops to
high-affinity binding of the full-length receptor to the two
ligands. To address this question, and to demonstrate the
potential of a CRECS strategy with the first preparation of a
protein mimic consisting of the four ectodomains of a GPCR,
we synthesized such a mimic of CRF,, and determined the
binding behavior of this receptor mimic for urocortin 1 and
sauvagine.

The template-assembled synthetic proteins (TASP) con-
cept introduced by Mutter and Vuilleumier'® proposes the use
of topological templates as structure-supporting scaffolds, and
was applied also to the assembly of a construct with three
receptor loops.”! As no experimental data are available on the
topology of class B receptors, we initially placed no structural
restrictions on the receptor model, but rather designed the
template to allow a high degree of flexibility for the domains.
Thus, it could be determined whether self-organization is
possible in the construct by specific interactions between each
other. Our primary efforts were aimed at developing a simple
strategy for preparing single receptor domains (the cyclic
forms of the loop sequences and the long N-terminus with its
three disulfide bridges) in high purity, and their regioselective
attachment to an appropriate peptide template. To obtain a
uniform construct, it was necessary to purify and analyze each
of the domains before the regioselective coupling to the
template. The peptide template consists of glycine, glutamic
acid, and lysine, whereby the glutamic acid side chains
improve solubility in aqueous systems, and the lysine amino
groups serve as anchoring points for domains. Additionally,
the template contains biotin, which will allow the construct to
be bound to avidin-coated beads for a scintillation proximity
assay in ligand-binding studies (Figure 1).

The regioselective attachment of domains to the peptide
template was accomplished using selectively removable
amino protecting groups (Z=benzyloxycarbonyl, Dde=
(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl) for the step-
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Figure 1. Structure of the template used for regioselective domain
attachment. Mhx = maleimidohexanoic acid, Ahx=g-Aminohexanoic
acid.
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wise incorporation of maleimidohexanoic acid residues, which
were used for thiol ligation of the loops, and enzymatic
ligation of the receptor N-terminus to the triglycine chain of
the template (Figure 2).

The two naturally occurring cysteine residues found in
ECD2 and ECD3 of CRF, were replaced by alanine or serine,
because this replacement has been shown to have no effect on
the high affinity of natural peptide ligand.®”! Thiol groups
required for ligation to the template were introduced into
linear loop sequences by an extra N-terminal cysteine, which
served also for cyclization by the native chemical ligation
(NCL)”! of corresponding peptide thiol esters. To prevent
epimerization, and for fast subsequent cyclization, an addi-
tional C-terminal glycine residue was introduced. The mal-
eimido group for the first loop attachment (ECD4) was
incorporated during the template synthesis. As ECD4 con-
tains no lysine, after attachment of ECD4, the single amino
group of the resulting construct was reacted with maleimido-
hexanoic acid-N-hydroxysuccinimide ester (Mhx-OSu). The
resulting maleimido group was subsequently used for thiol
ligation of ECD2, which like ECD4 has no lysine residue.
Thus, after removal of the Dde group from the two-loop
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construct by hydrazine treatment, the resulting single amino
group was reacted with Mhx-OSu. ECD3 was finally coupled
by thiol ligation. The subsequent removal of the Z group with
trifluoromethanesulfonic acid resulted in the three-loop
construct (Figure 3B) ready for coupling to the receptor N-
terminus (for LC-MS data of all intermediates, see the
Supporting Information).

For the preparation of soluble CRF receptor N-terminus,
we followed our recently described procedure!® for recombi-
nant synthesis in E. coli, in-vitro folding, and RP-HPLC
purification, but the N-terminus was C-terminally elongated
by the peptide sequence LPKTGGRR, a cleavage site for the
transpeptidase sortase A. The ECDI-LPKTGGRR was
obtained in high purity (Figure 3 A) and its correct disulfide
pattern was shown by LC-MS analysis of fragments after
chymotryptic degradation (see the Supporting Information).
Sortase A cleaves LPXTG motifs between T and G, and
transfers the N-terminal protein fragment formed by a thiol
ester onto N-terminal oligoglycine chains, just like the GGG-
motif of the three-loop template construct. Our optimized
conditions for sortase-A-mediated transpeptidation"”! were
successfully applied herein (Figure 3C,D). The desired prod-
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Figure 2. CRECS strategy for assembling a protein mimic consisting of ectodomains of the G protein-coupled receptor CRF;: A, C, F) thiol-
maleimide ligation, B, E) incorporation of maleimidohexanoic acid by OSu ester, D) removal of the Dde group with hydrazine, G) removal of the Z
group with TFMSA/TFA, X) overexpression of ECD1-LPKTGGRR in E. coli, Y) oxidative folding/formation of the disulfide pattern of ECD1-

LPKTGGRR, Z) sortase A-mediated ligation of the three-loop construct and ECD1-LPKTGGRR (see also the Supporting Information). Z = benzyloxy-

carbonyl, Dde = (4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl.
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Figure 3. Sortase A-mediated ligation; HPLC profiles (220 nm) of
ECD1-LPKTGGRR (A), the three-loop construct (B), ligation mixture
after 2 days (C), and MALDI-MS spectrum of the ligation mixture (D).

uct was purified by RP-HPLC (Figure 4A). MALDI-MS
analysis showed the correct mass of the protein mimic, which
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Figure 4. Characterization of the protein mimic consisting of the
ectodomains of the corticotropin-releasing factor receptor type 1:

A) HPLC profile (220 nm) and B) MALDI-MS results: [M+H]" caled:
23024, found: 23018 +10; [M+2 HJ*" calcd: 11512, found:
11512+10.

consists of an ensemble of the four ectodomains of CRF;
(Figure 4B).

Unlike the receptor N-terminus,"* for our receptor mimic
we observed high-affinity binding to both sauvagine and
urocortin 1. Thus '®I-sauvagine could be used as tracer
(0.5 nMm), and urocortin 1 also showed a high-affinity binding
(Figure 5). The mimic without the N-terminus, that is, the
three-loop construct, exhibited no ligand binding at all (data
not shown), but loops clearly contribute to the binding of
sauvagine, as shown by the receptor mimic. On the contrary,
the binding of urocortin 1, which binds with high affinity to
the N-terminus (K~ 130 nm™), is not increased much for the
receptor mimic.

The affinity of urocortin 1 for CRF; stably expressed in
HEK cells was in the nanomolar range (uncoupled state K,
~ 4 nmM). As expected, this high affinity was not attained for
our first receptor mimic (urocortin 1 Ky~70 nm), but it
provides an interesting starting point for investigation of the
ligand binding by varying the topology of the mimic, for
example, using cyclic peptide templates or incorporating the
native disulfide bridge between ECD2 and ECD3. Moreover,
such GPCR mimics may provide valuable tools for ligand
binding studies because of their small size compared with that
of the full-length receptors, and a water solubility that
facilitates investigations without the presence of cells, mem-
branes, or detergents.
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Figure 5. Binding of Urocortin 1 to the CRF, receptor mimic. Tracer:
|.Sauvagin (0.5 nm).

CRECS strategies, such as the presented example of a
combined recombinant, enzymatic, and chemical synthesis
strategy, provide an entry to a new generation of engineered
proteins with nonlinear backbone architecture. Use of
orthogonal protecting groups together with state of the art
techniques in chemical ligation opens the way for assembling
of very complex protein structures. The synthesis and stepwise
attachment of purified and well characterized cyclic peptides
to a regioselectively addressable template are easily per-
formed in aqueous solution using NCL and thiol-maleimide
ligation. In particular, by exploiting the specific transpepti-
dase activity of enzymes such as sortase A, the efficient
peptide and protein transfer at highly specific sites, without
significant competition by hydrolysis of the substrate or
proteolysis of the product, can be achieved. The mild reaction
conditions of enzymatic techniques facilitate the incorpora-
tion of chemically very labile peptide and protein units, such
as in our case a disulfide-containing protein or, moreover,
glycosylated or sulphated ones. This will allow design and
synthesis of appropriate protein mimics to investigate the role
of pivotal structural elements of proteins for molecular
recognition processes and functional activity.

Experimental Section

ECD2 (cyclo(CGVQLTVSPEVHOSNVAWSRLG)), ECD3 (cyclo-
(CGIGKLHYDNEKSWFGK RPGVYTDYG)), and ECD4 (cyclo-
(CGVNPGEDEVSRVVFIYFNSFG)), and the template (Biotin-
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K[Z-GGGQK(Mhx-Ahx-GEGK(Dde) GEGKGEG)GEG]-amide)

were synthesized using a standard solid-phase synthesis with the
Fmoc strategy (Applied Biosystems, 433a). After cleavage from
peptide resin, peptide thiol esters of protected peptides were
prepared with carbodiimide in the presence of p-acetamidothiophe-
nol.'”l After deprotection, peptide cyclization was carried out by
NCL. ECD2, ECD3, and ECD4 were consecutively incorporated by
thiol-maleimide ligation. The N-terminus was prepared by recombi-
nant synthesis in E. coli and oxidative folding,” and then coupled to
the three-loop construct by sortase A-catalysed transpeptidation. The
purity and identity of the receptor mimic was confirmed by HPLC
and mass spectrometry. Scintillation proximity assay to determine
ligand binding properties was carried out as previously described.”!
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