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Abstract

The copper-mediated coupling between alkynes to generate a structurally rigid, linear 1,3-diyne
linkage has been known for over a century. However, the mechanistic requirement to
simultaneously maintain Cu(l) and an oxidant has limited its practical utility, especially for
complex functional molecules in aqueous solution. We find that addition of a specific bpy-diol
ligand protects unprotected peptides from Cu(ll) mediated oxidative damage through formation of
an insoluble Cu(ll) gel which solves the critical challenge of applying the Glaser coupling to
substrates that are degraded by Cu(ll). The generality of this method is illustrated through
conjugation of a series of polar and nonpolar labels onto a fully unprotected GLP-1R agonist
through a linear 7 A diynyl linker.
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Diyneto Mest: A specific water-soluble bis-diol bipyridine (bpy-diol) ligand is shown to be
optimal in the Cu(l)-catalyzed cross-Glaser coupling of unprotected peptides and functional
molecules in aqueous media. This bifunctional ligand acts to both stabilize obligate Cu(l/Il)
species along the productive path to the desired 1,3-diyne linkage and sequester off-cycle, peptide-
degrading Cu(ll) species as an insoluble gel. The resulting linear diyne linker is well suited to the
task of separating molecular tags from the appended biological macromolecule.
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The development of chemoselective reactions that generate novel skeletal linkages between
unprotected biomolecules lies at the center of chemical biology.[1=3! Synthetic bioconjugates
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often contain diverse functionality that allow them to be used as biomarker-specific imaging
agents, tagged or immaobilized constructs for a variety of affinity assays, as well as selective
drug delivery systems.[3-7] However, the demands of reaction rate and chemoselectivity
often require compromises on the covalent nature of the linkage which is often large and/or
hydrophobic. As a result, conjugation chemistries that yield a structurally desirable linkage
while maintaining chemoselectivity have enhanced utility.

A seminal example of such a reaction is the copper-catalyzed azide-alkyne cycloaddition
(CUAAC), developed independently by Sharpless8l and Meldall®] in 2002. While this
reaction tolerates a variety of pendant functionality and proceeds quickly at room
temperature to join molecules of interest through a compact 1,4-disubstituted triazole
linkage, significant amounts of oxidative coupling products between both acetylenic starting
materials and /n-situ-generated Cu-triazolides are commonly observed.[2%] For example,
bistriazoles can be obtained in high yield by performing the CUAAC under oxidative
conditions that favor the formation of basic Cu(l1)-species.[*2] Taking inspiration from these
reports as well as our own experience obtaining off-cycle coupling products (alkyne
homodimers) during application of CUAAC, and in light of the commercial ubiquity of
functionalized acetylenes, we endeavored to optimize the oxidative coupling of terminal
alkynes and render it useful in the context of bioconjugation. The formation of a linear,
aliphatic 1,3-diyne linkage represents a valuable complement to existing techniques used to
label and constrain macromolecules.[12-19]

The Glaser coupling is the oldest known acetylenic coupling, first reported by Carl Glaser in
1869.[20.21] The method describes the head-to-head homocoupling of terminal acetylenes to
forge symmetrical 1,3-diynes under Cu(l)-catalysis. Despite a number of useful
modifications having been developed in the 150 years since its inception,22-25] the Glaser
coupling remains a tenuous reaction with no broadly applicable reaction conditions. The
lack of robust protocols has limited the incorporation of the 1,3-diyne motif in complex
molecules as the commonly employed “witches-brew” of Cu(l/11/111) salts, strong amine
bases, oxidants, high temperatures, and arbitrary additives results in degradation of starting
material. Consequently, the 1,3-diyne linkage is somewhat obscure and underexplored as a
linker in bioconjugates — an unfortunate fact given its unique rigidity, polarity, and potential
as a functionalizable handle. Recent attempts to incorporate it into biological
macromolecules have had limited success.

The first example of a cross-Glaser on biologically relevant molecules was reported by
Matsuda and coworkers in 2003 and showcased the ability of complexed CuCl to attach
functional probes to protected oligodeoxynucleotides (ODNs), Figure 1.1268] This method
requires long reaction times (48 hours), an oxygen atmosphere, and protected ODNSs on a
CPG support to achieve satisfactory yields of the cross-Glaser product. In addition, while
homocoupling of a nucleoside could be realized off resin, the rate in aqueous solution
remained sluggish. Similar reaction conditions were applied to peptoid homodimerization,
the utility of which was limited by harsh reaction conditions (90 °C in DMSO for 24
hours).[27] Intramolecular macrocyclization of peptides was achieved by using a dual
Cu(OAc); and NiCl, catalytic system.[28] This approach suffers limitations, requiring N-
terminal acetylation, protected residues, as well as the incorporation of a heterochiral D-Pro-
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L-Pro B-turn motif in the backbone to correctly preorganize the alkynes. The reaction has
been applied to the highly stable S-barrel protein GFP,[29:30] facilitating AlexaFluor
conjugation.[31] However, increases in aqueous O, content and long reaction times lead to
significant protein degradation — likely a consequence of reactive Cu(ll) species and
uncontrolled basic pH. These studies highlight the practical challenges associated with
applying classic synthetic reactions to biological macromolecules.[34]

Herein, we report the development of reliable and relatively benign conditions for the cross-
Glaser coupling between unprotected alkynylated peptides and small molecule alkynes.
Taking previously employed conditions (CuCl and a multidentate ligand; Figure 1) as a
starting point, we focused our optimization on the conjugation of propargyl benzamide to a
model peptide, H-Leu-Tyr-Arg-Ala-Pra-Gly-NH, (Pra = propargyl glycine). After screening
a variety of Cu(l) sources, ligands, aqueous buffers, temperatures, and pHs we developed
conditions that delivered heterocoupled product in 60% yield after 24 hours at 40 °C without
requiring adjustment of reaction acidity, which remained at a constant pH of 8.8, Figure 2.
This reaction is highly pH dependent; increasing the pH from 9.5 to 11 results in a greater
than 5-fold increase in reaction rate. At pH 11 the reaction is greater than 75% complete
after only 30 minutes at 40 °C. While this pH dependence may indicate that base-mediated
Cu-acetylide formation is rate-determining, the possibility that a higher pH simply favors a
copper species that is more reactive cannot be ruled out.

Ligand choice proved absolutely crucial in maintaining solubilized and reactive Cu(l) over
the course of the reaction. Specifically, 4,4’-bis(hydroxymethyl)-2,2’-bipyridine (bpy-diol)
was found to be unique in its capacity to maintain catalytically competent Cu(l) by
inhibiting the formation of inert Cu(l)-acetylide polynucleates known to act as
thermodynamic copper sinks in the CUAAC,[35:36] and preventing peptide-mediated copper
complexation.[37-40] For applications in biomolecule conjugation, this ligand has the
additional advantage of sequestering off-cycle Cu(ll) species as an insoluble, hygroscopic
blue—green gel, Figure 3A. In contrast, no product is observed when using bipyridine and
only minimal product when water-soluble bidentate tetramethylethylenediamine (TMEDA)
is employed. Polydentate tris(triazole)methylamines such as THPTA are routinely employed
for solubilizing and stabilizing copper in agueous CUAAC systems.[41-45] However, in the
context of cross-Glaser couplings, this ligand displayed similarly low activity, never
producing greater than 5% product.

The proposed catalytic cycle, Figure 3A, begins with the complexation of two equivalents of
CuCl by two equivalents of bpy-diol | to yield dimeric Cu(l) intermediate || —a complex
previously substantiated by EXAFS spectroscopy in related Glaser homocouplings.[4¢l This
species may then proceed down one of two paths. Along the productive route, dimer ||
engages two different alkynes and undergoes Op-mediated oxidation to yield 111, the
existence of which has been verified in analogous systems.[47-51] Indeed, preventing the
formation of a high-oxidation intermediate such as |11 by adding an excess of sodium
ascorbate shuts down the reaction completely, Figure 3B; entry 2. Bimetallic reduction of 111
produces the desired 1,3-diyne and regenerates CuCl/bpy-diol I, thereby completing the
catalytic cycle.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Silvestri et al.

Page 4

Glaser couplings are complicated by the requirement for Cu(l) and O, to co-exist throughout
the course of the reaction. As a result, direct oxidation of |1 by O, can lead to basic, off-
cycle Cu(11) complexes that are known to cause protein degradation.[31:32.33]

However, a unique property of bpy diol | is that the cupric ion is sequestered as an insoluble
pentacoordinate Cu(ll) gel, I'V. Crystallization of this gel from hexafluoroisopropanol
(HFIP) revealed that IV formed a 3:2 co-crystal with bpy diol (see Supplemental
Information). The rapid degradation of biological macromolecules mediated by Cu(ll) has
been well established.[32-33] Indeed, we find that employing CuCl or CuCl, under the
required basic, oxidative conditions necessary to perform this reaction (see Figure 4) leads to
significant degradation of more complex peptide starting materials and no recoverable
product, Figure 3B; entries 5,6. Critically, the funneling of unproductive Cu(ll) species into
an insoluble reservoir bpy-diol acts to protect peptide material from degradation.

With optimized conditions for the functionalization of our model peptide in hand we focused
on expanding our methodology to a larger, more complicated peptide. Exendin-4 (Ex-4) is a
39 amino acid peptide agonist of the Glucagon-like peptide 1 (GLP-1) receptor, whose
binding stimulates insulin secretion to control blood sugar concentrations.[5253] |n contrast,
the peptide Ex9-39 (Ex-4 lacking the first 8 amino acids) behaves as a competitive
antagonist of the receptor.[34] From this unique structure-function relationship, a full-length
biased agonist capable of affecting hypoglycemia in mice via selective signaling at the
GLP-1R was discovered from a combinatorial peptide library.[5%] This peptide agonist, of
sequence: H-ELVDNAVGGDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-NH,, was
selected as a suitable target for modification with a variety of functional tags. The requisite
propargyl glycine residue (Pra21) was substituted for Arg21, a site known to be amenable to
half-life improving modifications in the related GLP-1 hormones liraglutide and
semaglutide.[8] We selected three alkynylated tag molecules spanning a range of solubility,
size, and functionality to showcase the versatility of cross-Glaser bioconjugation. Using
propargyl umbelliferone, we identified reaction conditions that are uniquely suited to the
modification of complex peptides. The addition of 4 equivalents of non-polar propargyl
umbelliferone in DMSO to a 1.0 mM aqueous solution of protein, 2a, at 37 °C, and
subsequent adjustment to pH 11, cleanly delivered 2b in 78% HPLC yield after only 6
hours, Figure 4B. For the conjugation of more soluble alkyne tags two additions of 4
equivalents (one att = 0 and one at t = 3 hours) were necessary as some homocoupling of
the small molecule was observed. This double addition technique was effective at
minimizing tag dimerization while also maintaining an excess of tag relative to protein
throughout the course of reaction. In this way, we efficiently PEGylated and biotinylated our
GLP-1R agonist to generate bioconjugates 2c and 2d in 87% and >95% by HPLC
integration. The use of elevated pH in the manipulation of unprotected peptides in aqueous
buffers must be approached with caution due to the potential for asparagine residues
proximal to glycine to be converted to aspartate residues via aspartimide formation.
However, high resolution mass spectral data obtained for compound 2d confirmed that
despite these basic conditions, Asn29 did not undergo deamination via base-mediated
cyclization with Gly30. This stability could result from conformational effects propagating
from the proline-rich C-terminus.[57-60]
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In summary, we have refined the historic cross-Glaser coupling into a robust bioconjugation
method that combines the efficiency and chemoselectivity of the CUAAC and delivers a
structurally privileged, linear 1,3-diyne linkage between biological macromolecules and
functional probes. In addition, the diynyl linkage has the potential to be selectively
elaborated following conjugation. The method benefits from a short reaction time at ambient
temperature with air as the sole oxidant. The high chemoselectivity facilitates its application
to fully deprotected peptides at low concentrations in aqueous solution. The commercial
availability of CuCl catalyst, bis-diol bypyridine ligand, numerous functionalized acetylenes,
and the well established routes to alkynylated proteins via synthetic and recombinant
methods, are expected to facilitate the use of this method in the synthesis of complex
bioconjugates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Prior work employing the Glaser coupling on biologically relevant molecules.
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A. Cross-Glaser coupling of propargyl benzamide and H-Leu-Tyr-Arg-Ala-Pra-Gly-NH,. B.
pH-dependent rate for the conversion of 1a to 1b.
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A. Proposed mechanism of the cross-Glaser and off-cycle, insoluble Cu(l1)-complex
formation. Chloride counterion, water, and hydrogen atoms omitted for clarity. B. Effect of
sodium ascorbate and CuCl, on model reaction between H-Leu-Tyr-Arg-Ala-Pra-Gly-NH»
and propargyl benzamide.
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A. Cross-Glaser coupling of GLP-1R agonist 2a and alkynylated tags (2b—2d). As no
structure of 2a exists, the structure of the closely related peptide Ex-4 (PDB accession code:
1JRI)01 s used for illustration. Only a single addition of 4 equivalents of tag was used for
the 6 hour reaction to form 2b. Two additions of tag at t=0 and t=3 hours were used for the
synthesis of 2c and 2d. B. HPLC profile of pure 2a and crude reaction traces forming
bioconjugates 2b—2d.
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