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targets.
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Density functional theory (DFT) calculations and experiments in tandem led to discoveries
of new reactivities and selectivities involving bioorthogonal sydnone cycloadditions.
Dibenzocyclooctyne derivatives (DIBAC and BARAC) were identified to be especially

reactive dipolarophiles, which undergo the (3+2) cycloadditions with N-phenyl sydnone with
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the rate constant of up to 1.46 M

s”'. Most signifcantly, the sydnone-dibenzocyclooctyne

and norbornene-tetrazine cycloadditions were predicted to be mutually orthogonal. This was
validated experimentally and used for highly selective fluorescence labeling of two proteins

simultaneously.

Introduction

The interrogation of the molecular details of biological
processes in living systems demands exquisite selectivity
combined with high reactivity. Despite many challenges, the
design and tuning of reaction partners has provided a myriad of
bioorthogonal chemical reactions, which have had a major
impact on the study of many biological processes in vivo.' The
discovery of useful bioorthogonal reactions is generally
reported by
and triaryl

empirical. The modified Staudinger reaction,
in 2000,
phosphines, but is somewhat slow (typical second-order rate
constant of 2 x 107 M

concentrations of phosphine reagents. A remarkable advance in

Bertozzi involves organic azides

sh), necessitating the use of high

this field was Bertozzi et al.’s azide-cyclooctyne (3+2)
cycloaddition that has enabled cellular component labeling in
living systems.’
process,
reaction repertoire are cycloadditions,®

Stimulated by this distortion-accelerated
nearly all recent additions to the bioorthogonal
especially 1,3-dipolar’
and Diels-Alder® reactions. A great deal of progress has been
made towards developing new reactions for labeling
biomolecules with extraordinarily high rate constants and
monitoring ~ multicomponent  processes in  complex
environments.’

First discovered in 1935, sydnones are remarkably stable
mesoionic heterocycles that contain an azomethine imine
moiety.® In the early 1960s, Huisgen reported that, upon
treatment with alkynes at 170 °C, sydnones undergo (3+2)
cycloadditions to form pyrazoles, via a bicyclic intermediate
which eliminates carbon dioxide.” Although sydnones have

been wused for the synthesis of biologically interesting

molecules,® the potential of sydnones as bioorthogonal reaction
partners was overlooked until recently. Using a high-throughput

immunoassay screening, Taran and co-workers discovered that

This journal is © The Royal Society of Chemistry 2013

sydnones biocompatible and undergo 1,3-dipolar
cycloadditions with terminal alkynes in the presence of a
copper phenanthroline complex to produce 1,4-pyrazoles in up
to 99% yield (Scheme 1a).!' Chin developed a Cu-free strain-
promoted (3+2) cycloaddition between N-phenyl sydnone and
bicyclo-[6.1.0]-nonyne (BCN) at ambient temperature to afford
the corresponding pyrazole in 30 minutes, with an isolated yield
0f 99% (Scheme 1b).'? The rate constant in MeOH-H,O (55:45)
was determined to be 0.054 M s at 21 °C."
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Scheme 1 Reactivity of the (3+2) cycloadditions involving N-
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These results inspired our investigation into the reactivity of
sydnones as 1,3-dipoles for bioorthogonal cycloadditions. Since
many strained alkenes and alkynes have been well established
as bioorthogonal 27m cycloaddends, it is now efficient to
towards N-phenyl sydnone through
computational screening. Here we report the computation-
guided discovery of two new bioorthogonal (3+2) cycloaddition
reactions of N-phenyl sydnone with biarylazacyclooctynone
(BARAC) (DIBAC), which
demonstrate significant rate enhancement over the previously
reported sydnone-BCN cycloaddition.'? In addition, with the
aid of DFT calculations, we design and identify two mutually

evaluate reactivities

and dibenzoazacyclooctyne

orthogonal reaction pairs, which enable highly selective
fluorescence labeling of two proteins simultaneously.

Results and discussion

To better understand the sydnone-BCN cycloaddition and to
accelerate the discovery of new bioorthogonal chemistry
involving N-phenyl sydnone, DFT calculations were performed
at the MO06-2X/6-311+G(d,p)//M06-2X/6-31G(d) level of
theory.'*'> We have previously established the reliability of
prediction of rates in aqueous solution with this method.'® As
shown in Figure 1, the (3+2) cycloaddition of sydnone 1 with
BCN 4 via transition state TS1 requires an activation free
energy of 22.2 kcal/mol in water, and the formation of
cycloadduct 8 is exergonic by 22.6 kcal/mol. The conversion of
intermediate 8 to final pyrazole product 5 by the release of CO,
via transition state TS2 has almost no barrier. The overall
reaction is strongly exergonic by 111.1 kcal/mol. This indicates
that, after the 1,3-dipolar cycloaddition, the subsequent CO,
release occurs spontancously, and that the reaction rate is
entirely controlled by the (3+2) cycloaddition step.
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Fig. 1  Energetics and transition states for the (3+2)

cycloaddition of N-phenyl sydnone (1) with BCN 4 and
subsequent CO, release.

As shown in Figure 2a, we located transition-state structures
TS3-10 for eight (3+2) cycloadditions of N-phenyl sydnone
with
bioorthogonal reagents. On the basis of the DFT-computed

strained alkenes and alkynes previously used as
activation free energies (TS1 and TS3-10, Figures 1 and 2a)
and the experimental rate constant of the sydnone-BCN
cycloaddition (k, =5 x 102 M s, Scheme 1b), we predicted a
series of rate constants (k;) of unexplored bioorthogonal
sydnone cycloadditions. It was found that the range of
reactivities is enormous, with activation free energies varying
from 30 to 19 kcal/mol, which correspond to a 10® range in rate
constants at room temperature. For cyclooctyne, 1,3-
disubstituted cyclopropene (Cp(1,3)), difluorocyclooctyne
(DIFO), and trans-cyclooctene (TCO) (TS5-8), the predicted
rate constants range from 107 to 10" M s (shown in yellow,
Figure 2a). These data are very close to the reported rate
constant for the sydnone-BCN cycloaddition. This suggests that
these reactions may be employed for biomolecular labeling but
may not be suitable for in vivo applications due to the moderate
rate constants. To our delight, calculations predicted that when
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Fig. 2 (a) DFT-computed activation free energies for the (3+2) cycloadditions of sydnone 1 with eight strained alkenes and
alkynes at the CPCM(water)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d) level of theory and the predicted rate constants in water at
25 °C. (b) DFT-computed activation free energies and predicted rate constants for the (4+2) cycloadditions of tetrazine 9 with

norbornene, DIBAC, and BARAC.
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N-phenyl sydnone reacts with DIBAC and BARAC (TS9-10),
the rate constants will be 1 and 10 M™' s™', respectively (shown
in green, Figure 2a). By contrast, sydnone 1 is predicted to be
inert to norbornene and 3,3-disubstituted cyclopropene (Cp(3,3))
(TS3-4) under physiological conditions, according to the
expected rate constants of 107 M™' s™' (shown in red, Figure 2a).
This dramatic reactivity difference between dibenzocyclooctyne
derivatives (DIBAC and BARAC) and norbornene in the
sydnone cycloaddition was then exploited for design of
mutually orthogonal bioorthogonal reaction pairs.

Figure 2b shows that diaryltetrazine 9 reacts smoothly with
norbornene (TS11). However, the Diels-Alder reactions of
DIBAC and BARAC (TS12-13) with diaryltetrazine 9 will not
occur at room temperature, according to the predicted rate
constants of 2 x 10°® M s (shown in red, Figure 2b). As a
result, the sydnone-dibenzocyclooctyne and norbornene-
tetrazine cycloadditions are predicted to be mutually orthogonal.

Our previous computational studies showed that the
distortion energy of substrates is crucial to the reactivity of
bioorthogonal cycloadditions.'®!'” Usually, the more pre-
distorted substrate is more reactive as it takes less energy to
reach its transition-state geometry. Dibenzocyclooctyne
derivatives (DIBAC and BARAC) have much smaller alkyne
bond angles than normal alkynes (ca. 153° versus 180°),'7
while norbornene is just pre-distorted by ca. 8° as compared to
normal alkenes.'”® Therefore, in sydnone cycloadditions,
dibenzocyclooctyne derivatives (DIBAC and BARAC) are
significantly more reactive than norbornene. However, DIBAC
and BARAC exhibit steric hindrance due to the two aryl
hydrogen atoms ortho to the alkyne,'® so their Diels-Alder
reactions with bulky disubstituted tetrazines are dramatically
slower than that of norbornene.

To test these predictions, we first measured the experimental
rate constant for the 1,3-dipolar cycloaddition of N-phenyl
sydnone (1) with BARAC 6 (for details, see the ESIt). As
expected, a significantly enhanced second-order rate constant of
1.46 M 57" was obtained for the (3+2) cycloaddition in MeCN-
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H,0 (1:1) at 23 °C (Scheme 1c). This is about 30 times larger
than that for the sydnone-BCN cycloaddition. '

Scheme 2 summarizes experiments to test the predicted
orthogonality = between  sydnone-DIBAC  and
norbornene-tetrazine cycloadditions. The second-order rate
constant for the (3+2) cycloaddition of DIBAC 10 with
sydnone 1 in MeOH-H,0 (55:45) was determined to be 0.902
M s (for details, see the ESIT). The Diels-Alder reaction of
diaryltetrazine 13 with S-norbornene-2-acetic acid (12) was
found to have a k, of 1.05 M s™! (for details, see the ESIT) in
MeOH-H,O (55:45), which is comparable to rate constants
reported in the literature for similar systems.'® To test potential
cross-reactivity, sydnone 1 and norbornene 12 or diaryltetrazine
13 and DIBAC 10 were incubated in an NMR tube in
deuterated methanol and monitored via NMR spectroscopy. As
predicted, no reaction was observed between either reaction
pair at room temperature after 24 hours.
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Scheme 2 Mutual orthogonality between sydnone-DIBAC and
norbornene-tetrazine cycloadditions (“R=CH,CH,NH,,
'=NH(CH,);NHBoc; only one regioisomer is depicted).

(c)

- - = 4+ + + + BSADIEAC _ _ _ 4 4+ o+ o+ o+ o+ o+
- - + - - 4+ 4+ Tz504 - =+ = = o+ + o+ o+ o+
- + = = 4+ = 4+ Syd630 - 4+ = = o+ = o+ o+ o+ o+
+ - - - - - -~ OVA-Nor - =t = = = = = = -
- - - - - - -~ BSA-DIBAC - + = = e = = = = -
= - + = - = =

- * - - - - = Time {(min) M 60 60 60 60 60 1 15 30 60

2] =g

e o po
130 S5
. 100 55
o W s B Coomassie 780 — -
55 WS
40 s
KDa

.- B S — - . W w—

Page 4 of 6

Fig. 3 Modifications of protein surfaces via bioorthogonal cycloadditions. (a) Dibenzoazacyclooctyne (DIBAC) and 5-
norbornene-2-acetic acid (Nor) were appended to BSA and OVA (20 mg/mL in PBS) respectively, via NHS ester-amine coupling
conditions (20 mM labeling reagent). The labeled proteins BSA-DIBAC and OVA-Nor (2 mg/mL) simultaneously react with
sydnone-BODIPY (Syd-630) and tetrazine-BODIPY (Tz-504). (b) Gel analysis of BSA functionalized with DIBAC and OVA
functionalized with Nor incubated for 1 h with either Syd-630, Tz-504, both reagents simultaneously, or no reagent (-). (¢) Gel
analysis of DIBAC-modified BSA and Nor-modified OVA with both Syd-630 and Tz-504 simultaneously for 1-60 min or no
reagent (—). The protein loading on the gels was assessed with Coomassie stain.

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 3
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Probing multiple biomolecules, within their native cellular
habitat, requires the selective modification of each system with
chemical moieties that are compatible with each other. A
remarkable expansion of the bioorthogonal toolbox has
equipped chemical biologists with a range of selective
reactions.*” However, the highly complex nature of biological
processes often demands concurrent modification and tracking
of multiple targets within the same system. Clever manipulation
of these various reactions has enabled the use of sequential
click chemistry reactions to tag multiple targets in a single
system without perturbations to the system.'” Hilderbrand and
others have demonstrated the orthogonality between the Diels-
Alder tetrazine ligation and the 1,3-dipolar azide cycloaddition
to facilitate multicomponent labeling.?

Leveraging the excellent orthogonality between sydnone-
DIBAC and norbornene-tetrazine cycloadditions, we examined
the application of this chemistry towards dual fluorescence
protein labeling. The DIBAC and norbornene moieties were
appended to the surface of two ubiquitous proteins, bovine
serum albumin (BSA) and ovalbumin (OVA) using standard
coupling conditions (Figure 3a). The modified proteins (BSA-
DIBAC and OV A-Nor) were treated with either red fluorescent
sydnone-BODIPY 630 (Syd-630) or green fluorescent tetrazine-
BODIPY504 (Tz-504) or both and analyzed via in gel
fluorescence imaging. When the modified proteins were jointly
treated with Syd-630, only BSA-DIBAC was fluorescently
labeled (lane 7, Figure 3b). Likewise, in the presence of Tz-504,
OVA-Nor showed selective labeling without any detection of
BSA-DIBAC fluorescence labeling (lane 8, Figure 3b). Co-
administration of both fluorophore conjugates in “one pot”
resulted in the concurrent labeling of both proteins (lane 9,
Figure 3b). Unmodified proteins BSA and OVA showed no
fluorescence labeling after exposure to Syd-630 and Tz-504
(lanes 4 and 5, Figure 3b), indicating the absence of nonspecific
reactivity. In a time-dependent experiment, the protein BSA-
DIBAC underwent labeling and exhibited fluorescence within
1 min (lane 7, Figure 3c), whereas the protein OVA-Nor
exhibited fluorescence labeling after 15 min (lane 8, Figure 3c).
These experiments demonstrate the exquisite specificity of the
sydnone and tetrazine imaging agents for DIBAC- and
norbornene-modified proteins, respectively, as well as their
mutual compatibility within a single environment. Moreover,
for the new sydnone-DIBAC cycloaddition, the ability to
undergo fluorescence labeling within 1 min using as little as 12
nM protein (with 500 pM dye) is very promising for in vivo
imaging.

Conclusions

With the aid of computational screening, we have discovered
two rapid cycloadditions between N-phenyl sydnone and
dibenzocyclooctyne derivatives (DIBAC and BARAC) that
proceed in aqueous media, at physiological temperature without
the use of a catalyst. The predicted mutually orthogonal
sydnone-DIBAC and norbornene-tetrazine cycloaddition pairs

4| J. Name., 2012, 00, 1-3
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have been successfully applied to fluorescence labeling of two
proteins simultaneously. DFT calculations shown in Figure 2a
also predicted that sydnone is inert to less distorted 3,3-
disubstituted cyclopropene. Our previous study has proven that
3,3-disubstituted cyclopropenes react with nitrile imines via
1,3-dipolar cycloaddition but not with tetrazines via Diels-

Alder reaction.'®

This suggests that precise control over
cycloaddition selectivity (dibenzocyclooctynes with sydnones,
with 3,3-disubstituted

cyclopropenes with nitrile imines) can enable labeling of three

norbornenes tetrazines, and
targets in a biological environment. We anticipate that these
results will complement the expanding toolkit of bioorthogonal
reactions and advance the efforts to simultancously examine

multiple processes within a biological system.
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