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ABSTRACT: A new class of bioorthogonal reagents—
1,2,4-triazines—is described. These scaffolds are stable
in biological media and capable of robust reactivity with
trans-cyclooctene (TCO). The enhanced stability of the
triazine scaffold enabled its direct use in recombinant
protein production. The triazine-TCO reaction can also
be used in tandem with other bioorthogonal cycloaddi-
tion reactions. These features fill current voids in the
bioorthogonal toolkit.

The bioorthogonal chemical reporter strategy has
emerged as a robust method for visualizing biomolecule
structures and functions.' This strategy involves the at-
tachment of bioinert functional groups (i.e., chemical
reporters) to biomolecules of interest; the reporters are
detected in a second step via selective (i.e., bioorthogo-
nal) reactions with complementary probes.”” Numerous
chemical reporters and bioorthogonal reactions have
been reFoﬂed in recent years, but significant limitations
remain.” " Many of the reagents are too bulky for general
use or prone to hydrolysis in cellular environments.
Moreover, several popular bioorthogonal reagents cross-
react with one another and cannot be used concurrently
to visualize collections of biomolecules.”

To address these issues and expand the scope of the
chemical reporter strategy, new bioorthogonal reac-
tions—and combinations of reactions—are being pur-
sued. In recent years, we and others have developed
compatible chemlstrles based on cyclopropenes and oth-
er strained alkenes.”™ These motifs are stable in physio-
logical environments and have been used to target nu-
merous biomolecules in live cells.”'* In nearly all cases,
the strained alkenes were detected via inverse-electron-
demand Diels-Alder (IED-DA) reactions with 1,2,4,5-
tetrazines. A handful of tetrazine ligations can also be
used 51multaneously with azide-alkyne
cycloadditions,>' settmg the stage for multi-component
bioorthogonal imaging in vivo.

While much attention has been paid to strained al-
kenes for bioorthogonal reaction development, less at-
tention has been given to the other half of the IED-DA
reaction: the electron-deficient dienes. To date, te-
trazines have dominated the IED-DA landscape.'* These
moieties react robustly with trans-cyclooctene (TCO
and other strained dienophiles in a variety of settings.'
Unfortunately, the most rapld -reacting tetrazmes also
tend to be the least stable in cells and in vivo.'® Te-
trazines are prone to hydrolysis and side reactions with
endogenous thiols, limiting their apphcanons in the most
stringent environments (e.g., inside cells)."”"? More sta-
ble tetrazines are being pursued, but these reagents re-
main large in size.

To develop improved bioorthogonal IED-DA reac-
tions, we were drawn to triazine scaffolds. 1,2,4-
Triazines have been identified in microbial natural prod-
ucts and pigments, suggestm% that they are stable in
physiological environments. These motifs also react
efﬁc1entl;r with electron-rich alkenes in IED-DA reac-
tions. Boger further showed that 1,2,3-triazines react
with electron-rich d1en0ph11es ’ To compare the intrin-
sic DA reactivities of 1,2,3- and 1,2,4-triazines with that
of 1,2,4,5-tetrazine, we evaluated the activation free en-
ergies for their reactions with ethylene by density func-
tlonal theory (DFT) calculations (Figure 1A, Table
S1).’"* The computational analysis suggested that
1,2,4-triazine is much more reactive than 1,2,3-triazine
(activation free energy: 29.3 versus 41.0 kcal/mol), but
less reactive than 1,2,4,5-tetrazine (29.3 versus 21.9
kcal/mol). This is consistent with the inverse-electron-
demand nature of the cycloaddition: the LUMO+1 (the
7* orbital that interacts with the dienophile HOMO in
the DA reaction) of 1,2,4-triazine is increased by 0.49
eV as compared to 1,2,4,5-tetrazine (2.18 versus 1.69
eV, Figures 1A and S1). While highly reactive, tetrazines
are  prone to decomposition by  biological
nucleophiles."®?° Seitz and co-workers found that thiols
rapidly decompose tetrazmes via 1,4-addition and sub-
sequent release of nitrogen.”* DFT calculations revealed
that formation of the 1,4-adduct of 3-phenyl-1,2,4,5-
tetrazine and methanethiol is endergonic by 23.4
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kcal/mol in water, and that the overall barrier for N, re-
lease is 28.6 kcal/mol (Figure 1B). However, the corre-
sponding adduct and transition state of 6-phenyl-1,2,4-
triazine are significantly higher in energy. This implies
that 6-aryl-1,2,4-triazine is quite inert to thiol relative to
monoaryl tetrazine, although both are very similar in
size. Thus, while 1,2,4-triazine is less reactive in the
IED-DA reaction, considering the extremely fast rates of
the tetrazine-TCO cycloaddition (k, = 10°-10° M s™),"7
we hypothesized that triazines would be good candldates
for bioorthogonal reaction development based on their
size and stability.

A N=N N=N N=N

i W, )

1,2,4,5-tetrazine 1,2,4-triazine 1,2,3-triazine
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Figure 1. (A) Diels-Alder reactions of 1,2,4,5-tetrazine,
1,2,4-triazine, and 1,2,3-triazine with ethylene.
LUMO+1 energies were computed with HF/6-
311+G(d,p)//M06-2X/6-31G(d), and activation free en-
ergies (in kcal/mol) in water were computed with
CPCM(water)-M06-2X/6-311+G(d,p)//M06-2X/6-
31G(d). (B) Energetics of 1,4-adduct formation and sub-
sequent N, release transition state for methanethiol and
3-phenyl-1,2,4,5-tetrazine or 6-phenyl-1,2,4-triazine. (C)
DFT-computed activation free energies and predicted
relative rate constants for tetrazine or triazine cycloaddi-
tion with 3-carbamoyloxymethyl-1-methylcyclopropene,
norbornene, or trans-cyclooctene, in water at 25 °C.

We also predicted relative rate constants for the DA
reactions of 3-phenyl-1,2,4,5-tetrazine or 6-phenyl-
1,2,4-triazine with 3-carbamoyloxymethyl-1-
methylcyclopropene, norbornene, and trans-cyclooctene
(Figures 1C and S2). These data suggest that 6-aryl-
1,2,4-triazines react efficiently with TCO, yet remain
inert to other bioorthogonal scaffolds, including cyclo-
propene and norbornene. This unique reactivity profile

could potentially be exploited for ‘orthogonal’
bioorthogonal cycloaddition development.**>’

To test these hypotheses, we synthesized a panel of
substituted 1,2,4-triazines using the reaction sequence
pictured in Scheme 1. In brief, glyoxal was condensed
with aminoguanidine to afford 3-amino-1,2,4-triazine
(1). Bromination of this scaffold provided a convenient
handle for diversification, and triazine 2 ultimately un-
derwent Suzuki couplings with a variety of commercial-
ly available boronic acids (Schemes 1 and S1, top). Sub-
sequent deamination of the products afforded triazines
4-9. To access triazines containing nucleophilic substitu-
ents (10 and 11), the reverse sequence—
deamination/Suzuki coupling—was employed (Schemes
1 and S1, bottom). This short reaction scheme can be
used to access 6-substituted triazines with a broad array
of functionality. By contrast, traditional syntheses of
tetrazines are typically not compatible with free amino
groups owing to the harsh oxidants employed although
milder conditions have recently been reported.”’

Scheme 1. Synthesis of Functionalized 1,2,4-Triazines
1. R—B(OH),, Pd(PPhg),,

Br,, H,O N=N 100 °C, 3-7 h
0°Ctort,6h Br—<\7 )—NH, - — l

N 2. isoamy! nitrite,
65 °C, THF, 2-4 h N=N

N=N
2, 68%
)—NH, ' R »
<\—N \ A&N
1 1.Bry, Hy0 N=N R—B(OH),, Pd(PPhs),,

2. isoamyl nitrite, Br‘«\_'\? 100°C, 3 h ﬁ

65°C,THF,5h
3, not isolated
R=
Ot O O On
Cl

4, 36% 5,26% 6, 44% 7,50%
o O w0 weOn

8, 40% 9, 16% 10, 73% 11, 65%

Table 1. Second-Order Rate Constants for the Triazine-
TCO Ligation

o~
N=N [0]
o
R +
K\_N’> g CDSCN
&-PBS

R'= w~_NH,

Entry R= ky (x 102 M1 1)

1 MezNOg» 1201 5 @g— 3405
2 HQNOE- 1302 6 @3' 4702

cl
3 @—\; 23:0.1 7 NCOS- 6.4+02
4 Me O;- 34104

8 OZNOE- 75£2.0

With the panel of triazines in hand, we analyzed their
reactivities with TCO (Table 1 and Figures S3-S5). The
reactions were monitored by 'H-NMR, and oxidized
cycloadducts were observed (Figure S6). As expected,
the most electron-poor triazine 4 exhibited the fastest

Kp (x 102M's)  Entry R=
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rate (Table 1, entry 8), consistent with the inverse-
electron-demand nature of the reaction. No reactivity
was observed when electron-rich scaffolds 1 and 2 were
incubated with TCO (Figures S7-S8). The triazine-TCO
reaction is mgmﬁcantlgr slower than many of the te-
trazine-TCO hgatlons but on par with several copper-
free click chemistries,"**' and some IED-DA reactions
with stabilized tetrazmes.zo’3 ? Hammett analysis of the
triazine-TCO rate constants gave a slope of p = 0.49
(Figure 2). This value is consistent with concerted IED-
DA reactions and suggests that only partial charge ac-
cumulates during the reaction.

0.4
0.3 1
0.2

-0.2 A

0.3 -

047 p =0.495

p-NMe,, 11 -0.5 - R? = 0.969
log (kx / ky)

Figure 2. Hammet plot for the reactions between TCO
12 and a panel of 1,2,4-triazines. Sigma (o) values de-
rive from ref 42

As predicted by our DFT calculations, no ligation was
observed between the more reactive triazines (4 and 9)
and other strained alkenes, including norbornene (14)
and cyclopropene 15 (Scheme 2, Figures S9-S12). The-
se alkenes do react robustly with the common tetrazine
reagent 13 (Figure S5), suggesting that triazines and
combinations of other bioorthogonal reagents can be
used in tandem.

Scheme 2. Comparison of Tetrazine and Triazine Cy-
cloadditions with Norbornene or 1,3-Disubstituted Cyclo-
propene’

bl
Lb /Ko NHiPr JOL
Pyr NN 0" NHPr
= 12 = 15
NH % ey Py
N v Nt v Pyr—Q Pyr

Vi
Pyr 15% DMSO (PBS) 15% DMSO (PBS) N-N
v kp=82+041 M5 13 k,=28+037M"s?

o
Lb . {:» /KOJJ\NH/FW

14 15
NRfor20h ==——x%—— —X N/R for 20 h

CDLCN: d-PBS R = $PNOPh 4 CD.ON:D,O
) W
“ The rate constant for 15 + 13 is from ref 8

The triazine scaffold also excels in a key aspect of
bioorthogonality: stability. When mono-substituted tria-
zines were dissolved in a mixture of d-PBS and CDs;CN,
they remained stable for over one week at 37 °C (Fig-
ures S13-S16). Triazine scaffolds were also inert to cys-
teine over a similar time period (Figures S17-21). These
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results are in sharp contrast to mono-substituted te-
trazines that have been observed to hydrolyze and/or
react with cysteine under similar conditions (Figure
§22),17-209

The remarkable stability of the triazine scaffold sug-
gested immediate application in environs that have been
difficult to access with bioorthogonal reagents, including
recombinant protein production in intracellular envi-
ronments. Disubstituted tetrazines and cyclopropenes
have been previously incorporated into recombinant pro-
teins and tagged with TCO or tetrazine probes, respec-
tlvely “ However, mono-substituted tetrazines and
TCO have been more difficult to incorporate directly
into proteins, due to the length of time required for pro-
tein production and the instability of the scaffolds.'*"
Mono-substituted triazines offer unique advantages in
terms of their size and stability.

To demonstrate that mono-substituted triazines are
compatible with protein labeling and sufficiently stable
for genetic code expansion, we synthesized triazine ami-
no acid 16 (Figure 3A). We screened a panel of seven
Methanocaldococcus jannaschii tyrosyl tRNA synthe-
tase (RS)/tRNAcya pairs for permissivity toward 16,
while malntalnlng fidelity against canonical AAs (Figure
$23).* The M. jannaschii (RS)/tRNAcya pairs were
previously evolved to incorporate non-canonical amino
acids (ncAAs) of similar structure (S10, Figure S23) in
response to an amber codon.*’ One of the seven
RSARNAcya pairs efficiently incorporated 16 in re-
sponse to an amber codon-disrupted GFP gene, resulting
in expression of 18.8 mg/L of GFP-16 in the presence of
16 (Figure 3B, lane 3).

A 1. NNy
N RO
Snh
) 42K o
protein O $—NHPr
HN  COgH expression *'"‘j"t» RN
1 : XF B
1 2. 17 bioorthogonal v NZ
GFP-150TAG o reaction GFP-16+17
OA\NH/Pr
120
B C o e erssariron 28120.1x1 Da
Il GFP-16417
pBAD vector +TAG +TAG +TAG WT 80 *
Aminoacid  §10 16 — — ‘% D
37KD o a:) 60 181+1 Da
E
40
Met
25kD— .. - ¥

lane 1 2 3 4 5 A
275 27.7 27.9 28.1 283 285
Mass (kDa)

Figure 3. Triazines are suitable for recombinant protein
production. (A) Genetic incorporation of 16 into proteins
and reaction with TCO (B) SDS-PAGE analysis of site-
specific incorporation in response to amber codon 150 in
GFP. (C) MS analysis of GFP-16 shows a single major
peak at 27939.1+1 Da. Reaction of GFP-16 with TCO
shows a single major peak at 28120.1£1 Da, consistent
with the expected mass increase from selective reaction
with TCO.

To verify that 16 is stable in complex media and can
be incorporated into recombinant proteins, we compared
the masses of GFP-16 to GFP-wt using ESI-Q mass
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analysis. Native GFP-wt has a mass of 27826.0 +1 Da
and GFP-16 exhibited the expected increase to
27939.1+1 Da, verifying that 16 is incorporated at a sin-
gle site (Figures 3C and S24). To determine whether the
triazine/TCO ligation is also quantitative on proteins,
pure GFP-16 (10 uM) was incubated with TCO 17 (1
mM) in PBS (pH 7.0). ESI-Q mass analysis confirmed
quantitative conversion of GFP-16 to GFP-16+17 (ex-
pected 28120.7 Da; observed 28120.1%1 Da, Figure 3C).
These results demonstrate that triazines are stable in
cells and can be incorporated into proteins efficiently
and with high fidelity using genetic code expansion.
Furthermore, the triazine/TCO ligation is suitable for
site-specific protein labeling applications.

In summary, we identified 1,2,4-triazines as a new
class of bioorthogonal reagents. These scaffolds are re-
markably stable in aqueous buffers, in the presence of
biological nucleophiles, and in cells. Triazines can be
easily assembled and decorated with diverse functional
groups to tune reactivities. Triazines also react efficient-
ly and selectively with TCO. These features render tria-
zines suitable for a variety of intracellular applications,
and we showed that a triazine amino acid can be effi-
ciently incorporated into recombinant proteins and la-
beled site-specifically with TCO. Triazines are also
compatible with other strained alkenes, and will enable
different types of IED-DA reactions to be performed in
tandem in cellular environments.

ASSOCIATED CONTENT

Experimental details, full spectroscopic data for new com-
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