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The strain-promoted “double-click” (SPDC) reaction using
Sondheimer diyne, a novel convergent method conjugating
three molecules spontaneously, has enabled us to readily
modify an azido-biomolecule with a small reporter azido-
molecule.

“Click reaction,” copper(1)-catalyzed azide—alkyne [3+2] cycload-
dition (CuAAC), is an emerging method for conjugating molecules
in the fields of chemistry and biology.'® With the progress
in preparation techniques of biomolecules incorporated with
bioorthogonal groups, various chemically-modified biomolecules
have become available.* However, cytotoxicity by the copper
catalyst and the slow rate of the reaction have restricted its appli-
cation. To overcome these limitations, Bertozzi has introduced a
copper-free click reaction, the strain-promoted azide—alkyne [3+2]
cycloaddition (SPAAC),’ exploiting the spontaneous reactivity of
cyclooctynes toward an azide by its ring strain.® Furthermore,
a rapid SPAAC reaction has been achieved using difluorinated
cyclooctyne (DIFO, 1),” dibenzocyclooctynol (DIBO, 2a)® and
aza-dibenzocyclooctyne (DIBAC, 2b;® BARAC, 2¢7) derivatives.
Fluorescence-labeled or biotinylated derivatives of these cyclooc-
tynes have enabled us to visualize the distribution of azido-
glycoconjugates in cultured cells and in living animals.”®
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To expand the versatility of the SPAAC reaction, we have con-
ceived the idea of connecting two azides by a bisreactive molecule,
thereby avoiding the on-demand preparation of cyclooctyne
derivatives. We envisaged that sym-dibenzo-1,5-cyclooctadiene-
3,7-diyne (3), reported by Sondheimer'® and now easily available,!
is an ideal compound because it has two highly strained alkyne
bonds™ ready to react spontaneously.’® Herein, we show the
catalyst-free dual annulation of diyne 3 with two different azido-
molecules, the strain-promoted “double-click” (SPDC) reaction
(Scheme 1), and demonstrate the chemical modification of an
azido-biomolecule with a reporter azido-molecule in both in vitro
and living cells.
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Scheme 1 Chemical modification of azido-biomolecules with small
azido-molecules by the strain-promoted double-click (SPDC) reaction.

In an initial study, diyne 3 in methanol (8 mM) was treated
with an excess amount of benzyl azide (4a, 2.4 equiv.) at room
temperature (Scheme 2, R = benzyl). After 70 min, diyne 3
completely reacted to give two regioisomeric bis-cycloadducts
6a (trans) and 7a (cis) in 60% and 38% yields, respectively.*
X-Ray crystallographic analysis showed their unique saddle-
shaped structures (Fig. 1)."* The mono-cycloadduct 5a, the
presumed monoyne intermediate, was neither isolated nor detected
even when an equimolar amount of 4a was used,' indicating that
the monoyne intermediate is more reactive toward azides than the
starting diyne 3.

The broad substrate scope in the SPDC reaction was shown
from the reactions of diyne 3 with various azides, including ethyl
azidoacetate (4b), phenyl azide (4¢), 4-(azidomethyl)benzyl alco-
hol (4d) and methyl 4-(azidomethyl)benzoate (4e) (Scheme 2).'+¢
Not surprisingly, the reaction of diyne 3 with an equimolar mixture
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Scheme 2 SPDC reaction of diyne 3 with various azides.

Fig. 1 Structures of bis-cycloadducts 6a (CCDC 759900) and 7a (CCDC
759902).

of two different azides gave regioisomeric hetero-cycloadducts as
the major products and two pairs of homo-cycloadducts. For
example, the reaction of 3 with 1.2 equiv. each of 4d and 4e
gave regioisomeric heterocycloadducts in 43% combined yield
(trans/cis = 1.2/1), along with homocycloadducts 6d/7d (1.8/1)
and 6e/7e (1.2/1) in 28% and 27% yields, respectively."

Fig. 2 shows the computation on the activation barriers and
transition states of the SPDC reaction of diyne 3 with methyl
azide (4f) by a density functional theory (DFT) method.'*"
The barriers for all cycloadditions were low, confirming the
spontaneous reaction of both diyne 3 and monoyne 5f with 4f
at room temperature. Notably, the activation energy of the second
cycloaddition was smaller (+8.8 and +9.5 kcal mol™ for trans- and
cis-adducts, respectively) than that of the first cycloaddition (+12.4

Fig. 2 Potential energy diagram of the SPDC reaction using the
B3LYP/6-31G(d) DFT method, showing the relevant stationary points
and transition states on the potential energy surfaces for each cycloaddi-
tion. All energies (kcal mol™) include zero-point energy corrections at the
level used for geometry optimization.

kcal mol™), supporting the higher reactivity of the monoyne
intermediate.”® The Kohn-Sham HOMO and LUMO orbital
surfaces of each transition states also confirmed the high reactivity
of 5f.* The higher reactivity of the monoyne intermediate than the
diyne can be attributed to its highly-distorted alkyne bond, which
likely arose from the steric repulsion between the substituent on
the triazole ring and hydrogen atom on the benzene ring.

To examine the feasibility of chemical modification of azido-
biomolecules by the SPDC reaction, we planned to modify
an azido-incorporated protein. Among the several methods to
prepare azido-proteins,”* we chose to use HaloTag protein that
binds covalently with HaloTag ligand possessing a long-chain
chloroalkane® The reaction of azido-HaloTag ligand 8 with
GST-fused HaloTag protein bound on the GSH-Sepharose resin
(HaloTag-GST-resin) gave the desired azido-HaloTag-GST-resin.
The fluorescence modification of the azido-HaloTag-GST-resin
by the SPDC reaction was attempted by adding diyne 3 into
a solution containing azido-HaloTag-GST-resin and TESRA-
PEQ;-azide (9), an azido-conjugated tetracthylsulforhodamine
(TESRA) derivative (Fig. 3(a)). SDS-PAGE analysis showed the
fluorescent band (51 kDa) that corresponds to the TESR A-labeled
HaloTag-GST protein with nearly 40% of total labeling efficiency
(Fig. 3(b), lane 3).2%

Unexpectedly, a sequential procedure, treating azido-HaloTag-
GST-resin with 3 and then adding 9 after quick washing out of
unreacted 3 by buffer, also achieved the fluorescence labeling of the
azido-HaloTag-GST protein with approximately 45% efficiency
(Fig. 3(b), lane 7). Under these conditions, the signal for the
homo-dimer of the azido-HaloTag-GST protein was substantially
undetected." Furthermore, the dimerized product was also hard
to detect even in the SPDC modification of soluble azido-HaloTag
protein that was free from the resin,' indicating that the SPDC
reaction between the azido-proteins is not easy to proceed. These
results suggest that the monoyne intermediate has a certain
lifetime during SPDC reaction under the biological experimental
conditions and is available for rapid SPAAC reaction with a
different azido-molecule. The noticeable difference between the
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Fig. 3 (a) Schematic view of the SPDC modification of azido-incorporated HaloTag-GST bound on the resin with TESRA-PEO;-azide (9) using diyne
3. HaloTag protein is a modified haloalkane dehalogenase designed to bind covalently with a specific synthetic ligand, so-called HaloTag ligand bearing a
long chloroalkane chain.? The chloroalkyl moiety of HaloTag ligand inserts into a binding pocket of HaloTag protein and Sy2 reaction occurs on asparatic
acid residue of the protein to form an ester bond. The recognition of the ligands by HaloTag protein is highly specific, ester bond formation occurs rapidly
under physiological conditions, and is essentially irreversible. The HaloTag protein was produced in E. coli as a glutathione S-transferase (GST) tag fusion
protein (HaloTag-GST protein), in which a cleavage site recognized by PreScission protease was located between the tags. The HaloTag-GST protein
bound on the GSH-Sepharose resin (HaloTag-GST-resin) was incubated with azido-HaloTag ligand 8 to give azido-incorporated HaloTag-GST protein
bound on the resin (azido-HaloTag-GST-resin). The azido-HaloTag-GST-resin was incubated with diyne 3 and TESRA-PEO;-azide (9) (simultaneous
modification), or with 3 followed by with 9 (sequential modification). The labeled protein was subjected to SDS-PAGE analysis after elution from the
GSH-Sepharose resin (b) or to MALDI-TOF-MS analysis after proteolytic excision between GST and HaloTag protein by PreScission protease.? (b)
SDS-PAGE analysis of GST-fused HaloTag protein eluted from the resin. Purified HaloTag-GST-resin was treated with buffer (—) or azido-HaloTag ligand
8 (100 uM) overnight at 4 °C. The azido-HaloTag-GST-resin was incubated with buffer (—) or diyne 3 (200 uM), and buffer (-) or TESRA-PEO;-azide
(9) (200 uM) in the same tube for 15 min at r.t. (Lanes 3-6; simultaneous procedure). The azido-HaloTag-GST-resin was also treated with buffer (=) or
3 for 15 min at r.t., quickly washed with buffer, and then treated with buffer (-) or 9 for 10 min at r.t. (Lanes 7-10; sequential procedure). As a positive
control, HaloTag-GST-resin was reacted with TESRA-HaloTag ligand (10) (100 uM) overnight at 4 °C (Lane 2). The proteins on the resin were eluted
by incubation with SDS-sample buffer containing 10 mM DTT for 5 min at 100 °C, and then subjected to SDS-PAGE. The gel was scanned with a
fluorescence image analyzer (Typhoon 8600) and then stained with Coomassie brilliant blue (CBB). SM indicates size marker.

SPDC modification of the azido-protein and the SPDC reaction in The former was performed using ~20 uM of the azido-
an organic solvent, in which the monoyne intermediate could not protein in the presence of excess amounts of diyne 3, whereas the
be detected, can be attributed to the different reaction conditions. latter was carried out with ~20 mM of small azido compound
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Fig. 4 Cell-surface labeling with diyne 3 and TESRA-PEO;-azide (9).
HEK293 cells were incubated for 2 days in the absence (—) or presence
of Ac,;ManNAz (100 uM). (a) The azidosugar-incorporated cells were
incubated with 3 (40 uM) for 20 min at 37 °C, quickly rinsed with buffer,
and then treated with 9 (40 uM) for 20 min at 37 °C. The labeled cells were
fixed, and then stained with Alexa Fluor 488-conjugated phalloidin and
TO-PRO-3 to visualize cytoskeletal actin fibers and nuclei, respectively. (b)
The azidosugar-incorporated cells were incubated with 3 (0 to 100 uM) for
20 min at 37 °C, quickly rinsed, and then treated with 9 (40 uM) for 20 min
at 37 °C. Relative fluorescence intensity was determined by densitometric
analysis of the fluorescence images. (c) The azidosugar-incorporated cells
were incubated with 3 (40 uM) for various times (0 to 48 min) at 37 °C,
quickly rinsed, then treated with 9 (40 uM) for 20 min at 37 °C, and
analyzed as in (b).

toward 8 mM of diyne 3. Thus, the dilute condition as well
as the lower mobility of the protein would largely reduce

the frequency of coming close to each other and prevent the
dimerization of azido-proteins.

In order to apply the SPDC modification in living cells, we
examined fluorescence labeling of azido-glycoconjugates on the
cell surface. HEK293 cells, cultured with a medium containing
tetraacetylated N-azidoacetyl-D-mannosamine (Ac,ManNAz),**
was incubated with diyne 3 and, after quick rinsing with buffer
to remove unreacted 3, TESRA-PEO;-azide (9) was added.
Consequently, the azidosugar-incorporated cells exhibited reliable
fluorescent signals in the boundary between the cells (Fig. 4(a),
left panels), marking a sharp contrast with the control cells which
showed negligible signals (Fig. 4(a), right panels). Optimal results
were obtained using diyne 3 at the concentrations of 40 to 100 uM
(Fig. 4(b)).” Maximum labeling efficiency was achieved by treating
3 (40 uM) within 20 min (Fig. 4(c)). Long-time incubation reduced
the labeling efficiency (Fig. 4(c)), indicating the time-dependent
degradation of the highly reactive monoyne intermediate. The
commercially available Alexa Fluor 488 azide was also used in
both sequential and simultaneous procedures.'

Furthermore, the SPDC modification of azido-glycoconjugates
with 3 and a fluorescein-conjugated azide showed a comparable
result to that of the single-click modification using a fluorescein
derivative of monoyne 2a."* The comparable reactivity of diyne 3
and monoyne 2a (R = H) was also supported by the competition
experiment,” as well as kinetic*” and computational studies.?®

In conclusion, we have demonstrated the practical utility of
the Sondheimer diyne 3 as a bisreactive molecular hinge in
modification of azido-biomolecules with a functional small azido-
compound. Considering the ready availabilities of diyne 3 and
diverse functional azido-compounds, the SPDC reaction provides
a facile method to prepare various functional biomolecules.
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