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Selective chemical reactions that are orthogonal to the diverse A R
functionality of biological systems are now recognized as important /;!1
tools in chemical biology.As relative newcomers to the repertoire Cu(l), ligand N\\ /
of synthetic chemistry, these bioorthogonal reactions have inspired R=N; + =R N
new strategies for compound library synthégisotein engineering, R
functional proteomicé,and chemical remodeling of cell surfaces. B 'T
The azide has secured a prominent role as a unique chemical handle R _N R
for bioconjugation. We have made extensive use of the azide as a R—N. + / strain-promoted N\\@/
chemical reporter of glycosylation, employing the Staudinger ° N
ligation with phosphines to tag azidosugars metabolically introduced =

into cellular glycoconjugatés.The Staudinger ligation can be  Figure 1. (A) Cu(l)-catalyzed Huisgen cycloaddition (“click” chemistry).
performed in living animals without physiological hafrayggesting (B) Strain-promoted [3t+ 2] cycloaddition of azides and cyclooctynes.

the pqtential for applicati(.)ns.in noninyasive .img.gi.ng and therape.utic Scheme 1
targeting. Still, the reaction is not without liabilities. The requisite B Br

) . o ) S o)

phosphines are susceptible to air oxidation, and their optimization }—Oj

for improved water solubility and increased reaction rate has proven . O)_Q_\ 3eqAgClO; _ MeO 0o
MeO H Tol

to be synthetically challenging. e} 2 Br
The azide has an alternative mode of bioorthogonal reactivity 1 12eq

the [3+ 2] cycloaddition with alkynes described by Huisgem 3 2N e, DMSO

its classic form, this reaction has limited applicability in biological 20% Hy0/ Dioxane

systems due to the requirement of elevated temperatures (o Q|

pressures) for reasonable reaction rates. Sharpless and co-workels 0

surmounted this obstacle with the development of a copper(l)- | o o) 1 FSC)'\Opr QI

catalyzed version, termed “click” chemistry, that proceeds readily )_O_'

at physiological temperatures and in richly functionalized biological A 0 H R 0 i Oy-@—/
environs (Figure 1A). This reaction has enabled the selective k/\(oz\%s\ﬁ/u\/\/\j,\? 2 4N HO
modification of virus particled2 nucleic acid$,and proteins from 8 s H 3
complex tissue lysatés.Unfortunately, the mandatory copper
catalyst is toxic to both bacterfland mammalian cell®, thus
precluding applications wherein the cells must remain viable. 0 H N o
Catalyst-free Huisgen cycloadditions of alkynes activated by R“N/\/\(O/\/);”WIH
electron-withdrawing substituents have been reported to occur at s H
ambient temperaturé$.However, these compounds can undergo

Michael reaction with biological nucleophiles. essentially as described by Reese and Skaviefly, compound
We considered an alternative means of activating alkynes for 117 yyas treated with silver perchlorate to effect electrocyclic ring

catalyst-free [3+ 2] cycloaddition with azides: ring strain. In 1961,  gpening to therans-allylic cation, which was captured with methyl

Wittig and Krebs noted that the reaction between neat cyclooctyne, 4-(hydroxymethyl)-benzoate to afford brormans-cyclooctene2.

the smallest of the stable cycloalkynes, and phenyl azide “proceededgase-mediated elimination of the vinyl bromide followed by

like an explosion to give a single product,” the triaz&eThe saponification yielded versatile intermediag to which any

massive bond angle deformation of the acetylene t6 @& counts biological probe can be attached. Finally, compo8mehs coupled

for nearly 18 kcal/mol of ring straift: This destabilization of the to biotin analoguet'® bearing a PEG linker, providing targét

ground state versus the transition state of the reaction provides aCyclooctyne3 was stable to mild acid (0.5 N HCI for 30 min),

dramatic rate acceleration compared to unstrained alkyriésre base (0.8 M NaOMe for 30 min), and prolonged exposure to

we report that the [3 2] cycloaddition of azides and cyclooctyne  biological nucleophiles such as thiols (120 mM 2-mercaptoethanol

derivatives (Figure 1B) occurs readily under physiological condi- for 12 h).

tions in the absence of auxiliary reagents. We employed the reaction We performed model reactions with compoud@nd 2-azido-

for the selective chemical modification of living cells without any  ethanol, benzyl azide, ®t-butyl a-azidoacetamide (see Supporting

apparent toxicity. Information for details). In all cases, the only products observed
We synthesized biotinylated cyclooctyB@s shown in Scheme  were the two regioisomeric triazoles formed in approximately equal

1. Construction of the substituted cyclooctyne core was achieved amounts. We next applied the reaction for covalent labeling of
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Figure 2. Labeling of azide-modified GlyCAM-Ig with alkyne probes.
Purified GlyCAM-Ig was treated with buffer<), 250uM 5, or 250uM 6
alone or in the presence (cat) of CuS@CEP, and a triazolyl ligand,
overnight at room temperature. Reaction mixtures were quenched with
2-azidoethanol and analyzed by Western blot probing with H&®iotin
(upper panel). The blot was then stripped and reprobed with-HRR
(lower panel).

biomolecules. The recombinant glycoprotein GlyCAM?dIgvas
expressed in CHO cells in the presence of peracetylited
azidoacetylmannosamine (MdanNAz), leading to metabolic
incorporation of the correspondindrazidoacety! sialic acid (Sia-
NAZ) into its glycang® Control samples of GlyCAM-lg were
expressed in the absence of azido sugar. The purified GlyCAM-Ig
samples were incubated with 250/ 5 overnight, the unreacted
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Figure 3. Cell-surface labeling with compoun8. Jurkat cells were
incubated in the presencé-fz) or absence{Az) of 25uM AcsManNAz

for 3 d. (A) The cells were reacted with various concentrations fafr 1

h at room temperature and treated with FH&vidin; mean fluorescence
intensity (MFI) was determined by flow cytometry. (B) Cells were incubated

phosphine

cyclooctyne was quenched with excess 2-azidoethanol, and thewith 250uM 5 at room temperature and analyzed as in A. (C) Cells were

samples were analyzed by Western blot probing with HR®iotin
(Figure 2). Robust biotinylation was observed for GlyCAM-Ig
modified with SiaNAz. Native GlyCAM-Ig lacking azides showed
no background labeling, underscoring the exquisite selectivity of
the strain-promoted cycloaddition.

As a point of comparison, we performed similar reactions with
biotin-modified terminal alkyné (Scheme 1). In the absence of
reagents for copper catalysis, no glycoprotein labeling was observed
(Figure 2). As expected on the basis of reports from Sharpless,
Finn, and Cravatta* addition of CuSQ@, TCEP, and a triazolyl
ligand resulted in facile labeling of the azide-modified glycoprotein.
The blot was stripped and reprobed with HRé21gG to confirm
equal protein loading. Interestingly, we consistently observed
diminishedo-1lgG immunoreactivity for azide-modified GlyCAM-

Ig labeled with6 in the presence of copper. It is possible that the
combination of triazole products and copper damages the epitope
recognized by HRPa-IgG.

Finally, we investigated the utility of the strain-promoted reaction
for live cell labeling. Jurkat cells were incubated with 29 Ac4-
ManNAz for 3 d tointroduce SiaNAz residues into their cell-surface
glycoproteing221The cells were reacted with various concentrations
of 5 for 1.5 h at room temperature and then stained with HTC
avidin and analyzed by flow cytometry. As shown in Figure 3A,

cells displaying azides showed a dose-dependent increase in

fluorescence upon treatment with the cyclooctyne probe. No
detectable labeling of cells lacking azides was observed. The cell-
surface reaction was also dependent on duration of incubation with
5 (Figure 3B) and the density of cell-surface azides (Supporting
Information). No negative effects on cell viability were observed.
Curious as to how the strain-promoted cycloaddition compares to
the Staudinger ligation, we reacted azide-labeled cells with either
compound5 or a previously reported phosphinbiotin probet?
As shown in Figure 3C, the cell-surface reactions were comparable,
with the Staudinger ligation proceeding about twice as efficiently.
In summary, the strain-promoted {3 2] azide-alkyne cycload-
dition can be used for selective modification of biomolecules and
living cells without apparent physiological harm. An important next
step will be its extension to living animals. In the future, ring strain
might be more thoroughly explored as a means to promote otherwise
reticent reactions with potential bioorthogonality.
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