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ARTICLE INFO ABSTRACT
Article history: Cysteine residues on proteins can react with eellokidants such as hydrogen peroxidhile
Received this process is important for scavenging excesstik@aoxygen species, th@oducts of thi
Received in revised form oxidation may also mediate cell signalling. To uistend the role of cysteine oxidatiom
Accepted biology, selective probes are required to detedt quantify its occurence. Cysteingidatior
Available online products such as sulfenic acids are sometimeshlastad therefore sholitred. If such cysteir
derivatives are to be analysed, rapid reaction with probe is requireddere we introduc
Keywords: norbornene derivatives as probes for cysteine tigidlaand demonstrate theability to trag
Cysteine sulfenic acids. The synthesis of norbornene devigatcontaining alkyne or biotin affinity tags
Cysteine sulfenic acid are also reported to facilitate the use of thesbgs in chemical biology and proteomics.
Norbornen

Oxidative stress
Chemical biology

Introduction
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Figure 1: Cysteine reacts with hydrogen peroxide to form &sid acid.

Cysteine oxidation is a critical aspect of redoxneostasis, protein folding, and intracellular slgna"® This oxidation can occur
by reaction of the thiolate side chain of cystewi¢h hydrogen peroxide and other reactive oxygerreactive nitrogen species
generated in cells by the mitochondria and varioxlase enzyme%> The immediate product of the reaction of cysteivith
hydrogen peroxide is cysteine sulfenic adidRig. 1). Cysteine sulfenic acid may be the finsiduct formed during the scavenging of
reactive species during oxidative stress, but @l$® a critical determinant of protein functiondatalysis, T cell activatior!, redox
regulation”™ and signalind®** Cysteine sulfenic acid is also a precursor to fitér- and intramolecular disulfides, as well aghleir
oxidation states of cysteine that can influenceftihging and consequently the function of the pirafeAdditionally, cysteine sulfenic

acid serves as a biomarker for oxidative stressamudrs with high incidence in certain types of et Because of these diverse
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biological implications, it is becoming increasipgimportant to identify what proteins contain cyeteiresidues susceptible to
oxidation and if they exist as functional cystegudfenic acids. In doing so, information about eys¢ oxidation may be revealed that
can help clarify its role in both healthy and dsescells.
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Figure 2: A selection of molecules that contain functionalug® that can react with cysteine sulfenic acid. €leese structures can be
modified to contain a fluorophore or an affinitgtauch as biotin to facilitate detection, analyaisd imaging after they have reacted
with proteins.

Several functional groups are known to react withiaige sulfenic acids on peptides and proteins (Eigbut there is still a need
for probes that trap short-lived cysteine sulfemiid residued’ Unlike some cysteine sulfenic acid residues thatparsistent and
stabilised by the protein microenvironméntnany are short-lived precursors to higher oxidatitates or other modifications. A
comprehensive mapping of their biological functisnfar from completé. Dimedone 2)"'® and its derivative$™® are widely used
probes to trap cysteine sulfenic acids by reaaifaihe nucleophili@-carbon with the sulfur atom of the sulfenic acichil& dimedone
benefits from high chemoselectivity, it reacts tigkly slowly with sulfenic acids. This limitation bgrompted the Carroll laboratory
to study other 1,3-dicarbonyls and related nucldegtihat react more rapidly with cysteine sulfemiid ®*° Indeed, subtle structural
modulation of the dimedone core has led to remaykaitiective probes with rate enhancements overfblrelative to dimedon&:?
Mechanistically distinct probes such as 7-chlomitdebenzo-2-oxa-1,3-diazole (NBD-GJ an electrophilic probe for cysteine sulfenic
acid) is also slow to react and suffers from cressstivity with other cellular nucleophilésBoronic acids and benzoxaboroles such as
4 are also electrophiles that react with cysteinéesid acids, but this process is reversfBlgvhile 4 may therefore be useful in the
reversible inhibition of functional cysteine sulfemcids, it is not suitable for proteomics apgiizas that require a stable linkage to the
cysteine residue. The straingdns-cyclooctene §) andcyclooctyne derivativé (BCN) are two additional probes recently introduced
that trap sulfenic acids through a cycloadditiomviring a stable sulfoxide addu/@£* The cycloaddition is driven by the release of
ring strain that promotes rapid ligation to sulferdcids—an important feature for trapping shoredivcysteine sulfenic acids.
Unfortunately, this strain may also lead to off-&trgeactions which compromise the selectivity ofthebe>*° For instance, the thiol-
yne reaction of cellular thiols with strained cyaltymes such a8 and7 may limit the generality of this class of moleculegletecting
sulfenic acids specificallf. Additionally, compounds such &7 are challenging to synthesise and, because of $iieiin, have
limited shelf-life (especially in solution). Fordbe reasons, we considered norbornene derivativeteasative probes that would react
rapidly with cysteine sulfenic acid due to releagstmin (Fig. 3), but not be so reactive that shelf-life and off-target reactions are
concerns. Additionally, norbornene derivatives draightforward to prepare in a modular fashion (bg Diels-Alder reaction, for
instance) so the prospect of accessing functiawlobes in short-order was also attractive. Binalbrbornene compatibility with
proteins has been established through its useveraleselective bioconjugation methdds.

This study: norbornenes as probes for cysteine sulfenic acid
_H
VAN Q
S_4 4 R S R
N — X R = reporter or
H H affinity tag
(0] (¢}

- Strained alkene enhances rate relative to dimedone
« Sulfoxide adduct stable
» Norbornene derivatives easily accessible

Figure 3: The strained alkene of easily prepared norbornerigatives is proposed here as a trap for shoetdliwysteine sulfenic acids

The use of alkenes to trap cysteine sulfenic adédes back to a report by Benitez and Allison in Whi@ter soluble cyclohexene
derivatives were used to inhibit an acyl phosphatasgaining a catalytically active cysteine sulteaid:® This was the same study in
which dimedone was initially reported to react witlsteyne sulfenic acitf. The use of norbornene specifically, as a probeysteine



sulfenic acid, was inspired by classic studies bytdaand co-workers in trapping the sulfenic acidrfed during the thermally
induced syn-elimination of the sulfoxides of peliiti’®*® In this study we extend this concept to the aminil @ysteine and
demonstrate that the short-lived sulfenic acid feairfrom the oxidation di-acetylcysteine with hydrogen peroxide can be gapted

by cycloaddition with various norbornene derivatives

Results and Discussion

Norbornene derivativ8 was selected as the first candidate probe for ioystgulfenic acid8 contains two carboxylic acids that
render it fully water-soluble after treatment witheduivalent of sodium carbonate, allowing these ewparts to be carried out in
aqueous media @@ and DO, Fig. 4A) without the need for an organic co-solveah important consideration for applications on
biological samples. The model sulfenic acid was gErdin situ by the oxidation oN-acetylcysteine9) with hydrogen peroxide.
Because the conversion ®fo its disulfidel0 was very rapid (See page S3 in the Supplementapynhaition), the hydrogen peroxide
was added t@® first and then a solution M-acetylcysteineq) was added slowly and in a 3-fold excess in a sesteql This protocol
(excesdN-acetylcysteine added to the solution8adind hydrogen peroxide) ensured that the norborpestge would have a chance to
react with the intermediate sulfenic acid beforeolt was converted to the disulfide. The reactiaas incubated for up to 30 minutes
at room temperature and then analysed directli-oMMR spectroscopy and LC-MS. The pH was measuree #.® over the course
of the reaction. Gratifyingly, while the major praduletected byH NMR and LC-MS analysis was disulfid®, the alkene ir8 was
completely consumed in its conversionltb (Fig. 4A and S4-S5). Because the cycloadditiorhef dysteine sulfenic acid wi can
proceed on either face of the alkene and the sirifaulfoxidell is a stereogenic centre, there are four possiatetomers that can
be formed. All four diastereomers could be at lgzstially resolved in the LC-MS analysis and theserved mass spectra were
consistent with the calculated value fidr (m/z = 360, ES). In control reactions, it was confirmed By-NMR spectroscopy tha
reacted with neither hydrogen peroxide Neacetylcystein® alone and that all three components were requirédrin 11 (S4-S5). In
control experiments analysed by LC-MS, trace am®uftthiol-ene product were observed from the direeiction of norbornene
derivative8 andN-acetylcystein® (S6-S7), but this product was apparently below tmitdi of detection in th&H-NMR analysis (S4-
S5). This result suggests that even though norbertas less strain than cyclooctyne derivaties not entirely inert to direct
reaction with thiols (or thiyl radicals generatedlie presence of oxygen). With that said, the keéfgsic acid trapping in Fig. 4A was
much faster, as no thiol-ene product was detected @S (S8). When a similar series of experimentss warried out with
norbornene derivativé2, the same outcomes were observed (Fig. 4B and Sp-&ith complete consumption of the alkene probe
observed only whet2 and9 were reacted in the presence of hydrogen peroXide pH for the reaction in Fig. 4B was slightly hegh
(4.6 over the course of the reaction). The keyosidfe productd3 and14 can each be formed as a mixture of 4 diastereqmrish
could be partially resolved during the LC-MS aniyéS12). The only products observed BNMR and LC-MS analysis of the
reaction mixture from Fig. 4B were the disulfitie and the anticipated products formed from trappirgsulfenic acid (sulfoxides3
and14, m/z = 316, ES). No thiol-ene reaction was observed under thesditons.

A. (o}
1. Na,COj3 (1 eq.), H,0, (3 eq.) I
S——S S
/ + M COoNa
COMH 2. st CO,Na
8 CO,H (3 eq.) * NayCO3z AcHN”™ “CO,Na AcHN™ “CO,Na AcHN™ “CO,Na 2
(1 eq) AcHN 9 CO.H (1 eq.) 10 (mixture of four diastereomers)

D,0 or H,0, 20 or 30 min, rt, pH = 4.3 Full consumption of cysteine and alkene (NMR, LC-MS)

B. (o] 0
1. Nay,CO3 (1 eq.), H205 (2 eq.) s s § CO,Na S
/1 JcoH 5 s L l + 13 /[ + 1 /[ /|__JCONa

12 (3eq) + NayCOz; AcHN” “CO,Na AcHN” ~CO,Na AcHN” ~CO,Na AcHN™ "COyNa
(1 eq) AcHN 0 COH  (1eq) 10 (mixture of four diastereomers) (mixture of four diastereomers)
D,0 or H,O, 30 min, rt, pH = 4.6 Full consumption of cysteine and alkene (NMR, LC-MS)

Figure 4: Norbornene probe®and12 can trap the sulfenic acid intermediate formedrupxidation ofN-acetylcysteine with hydrogen
peroxide.

For comparison to other previously reported prdbesysteine sulfenic acid, dimedor® @nd cyclooctyn® were each used in an
attempt to trap the cysteine sulfenic acid formmednfthe reaction 0® with hydrogen peroxide (Fig. 5). In the attempt wdtledone,
the only cysteine-derived product observed'yNMR and LC-MS was disulfid&0 (Fig. 5A and S14-S19). No evidence X (the
expected product of the reaction of dimedone ared ghifenic acid derived fromd) was discovered. This results suggests the
intermediate sulfenic acid formed in the reactieacts so rapidly wit® that dimedone is unable to trap it. This resughlights one of
the limitations of dimedone, but it also illustrateow efficiently the norbornene prob@snd12 react with the sulfenic acid to form
sulfoxide adductsll, 13 and 14 (Fig. 4). In control experiments in which dimedone was trbatéth hydrogen peroxide (and no
cysteine derivative), unreacted dimedone was themmjoduct detected by bofiti-NMR and LC-MS, though trace amounts of
another product were observed (S15-S17). While thdyzt was not isolated, it has a mass consisteht avitoxidative dimerisation
(S17) and was detected by LC-MS in all experimentsv/hich dimedone and hydrogen peroxide were presetiie same reaction
mixture. In the comparison to cyclocty®Be(BCN, Fig. 5B), the result was also a surprise: thedpct expected upon trapping the
sulfenic acid 16) was not observed. The only product detected byMEwas disulfidel0. This result may be the result of limited
solubility of 6 in aqueous media and the need to use a mixedrdadystem of water and DMSO. Precipitation6othroughout the
course of the reaction may also complicate analysisadditional complication is the direct reactioh6 with 9 via the thiol-yne
reaction® In a control reaction in which was treated with a 3-fold excess®fand no peroxide), the thiol-yne reaction was intida
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by LC-MS (S22), however this side reaction was nateobed under oxidative conditions (S23). Cyclooetyrwas also subjected to
similar experiments, but it also suffered from bied solubility and appeared to decompose in thegmee of hydrogen peroxide (S24-
S27), so it was not pursued further as a probetfiibkyne reaction was also observed in the reaatidd-acetylcysteine9) with the
cyclooctyne7 (S27-S28). These results corroborate concerns ttggeported by others about the off-target readiwith thiols when
using strained alkynes in chemical bioldg¥’ especially when the intention is to use the alkynielentify a specific oxidation state of
cysteine such as the sulfenic atid.

A. O O 1.NayCOg3(1 eq.), H0, (3 eq.) g— g o 0
ﬁ 2 SH /[ l + ﬁ ] ]
@ eq_)/[ + Na,cO, ACHNT “CONa AcHN™ “CO:Na

2 ) ACHN” “COH (1 eq) 10 2 15 S

D,0 orHy0, 20 min, rt  Full conversion of 9 to 10 (NMR, LC-MS) AcHN” >CO,Na
Not detected

1. N32003 (1 eq.), H202 (3 eq)
§——S

o [ L Lo
-,/H (3 eq)/[ + N32003 H\‘.

AcHN™ "COz,Na AcHN™ “CO,Na
AcHN™ "CO-H (1eq.)
9 10
DMSO, D,0 or H,0, 20 min, rt  Full conversion of 9 to 10 (NMR, LC-MS)

o

S WH
16 OH
AcHN™ “CONa ~ G

Not detected

OH

(1eq)
Figure 5: Using similar conditions to the experiments in Fegdr, neither dimedon&) nor cyclooctynes trapped the sulfenic acid
intermediate formed upon oxidation Nfacetylcysteine with hydrogen peroxide: neitttémor 16 were detected b{H-NMR or LC-
MS analysis.

While the results in Figure 4 were a promising lebd,pH was not controlled in these experiments. 8fbes these reactions were
modified and carried out in a sodium acetate bu260 mM) at pH 5.0. The experiment with dimedone walas repeated in the same
buffer (Fig. 6). The outcome was largely the sanmebornene prob® was completely consumed in the reaction with théesid acid
formed from9 and converted into the four diastereomers of gido11 (Fig. 6 and S29-S35). Some unreacted cysteine wastdd
(S29-S30) and thiol-ene adduct was also observad”bMS (S31-S35), but the major products in the keaction in Fig. 6A weré0
and 11. Importantly, control experiments also demonsttateat norborene prob® reacted with neithep-toluenesulfinate nop-
toluenesulfonate (a model sulfinate and sulfonagspectively) at pD 5.0, indicating selectivity fine sulfenic acid oxidation state
(S36-S37). In contrast, the experiment with dimedditenot result in reaction with the sulfenic adi¢hreacted, disulfide 10 and
unreacted dimedone were the major products detegtdd-NMR and LC-MS analysis (S38-S45). Again, some otidateof dimedone
was observed by reaction with hydrogen peroxide (SH4a separate control experiment, this oxidatbrmimedone was shown to
continue slowly over 24 hours (S40). These buffengueriments at pH 5.0 were not repeated with alkgnas7 due to complications
arising from their low solubility in the reactioneaium.

A. 0
1. NaOH (1 eq.), H,0, (3 eq.) SH s s g
7 SH + + 1 COzNa
COM 2 CONa
8 COH (3eq) * NaOH  AcHN”™ "CO,Na AcHN” “CO,Na AcHN”™ “CO,Na AcHN™ ~CO,Na
(1 eq) AcHN 9 COH  (1eq) 10 (mixture of four diastereomers)
pH 5.0 NaOAc buffer, 20 min, rt Full consumption of alkene (NMR, LC-MS)

1. NaOH (1 eq.), H,0, (3 eq.)

SH sS——s % o
e [ Lo X 1
+ (0] o
3 eq-)/[ NaOH  AGHN"SCONa AcHN” “CO,Na AcHN™ “CO,Na s
10 2 15

2 AcHN 9 COH  (1eq)
(1eq)

pH 5.0 NaOAc buffer, 20 min, rt AcHN CONa

Not detected
Figure 6: A. Under buffered conditions (pH 5.0, 200mM NaOAc), noneme8 can trap the sulfenic acid intermediate formed upon
oxidation of N-acetylcysteine with hydrogen peroxide. B. Under saene conditions, dimedong) (did not trap the sulfenic acid
intermediate formed upon oxidation l[¢facetylcysteine with hydrogen peroxide.

While the results in Figures 4 and 6 encourageh@irinvestigation of norbornene-based probes feteiiye sulfenic acid, this
particular model system was sensitive to pH (and. piZhen8 was used to trap the sulfenic acid derived fidracetylcysteine in



sodium phosphate buffer at pD 7.4, the norbornedepdid not react (Fig. 7A and S46-S47). At pD e oxidation ofN-
acetylcysteineq) is faster than at pD 5.0: full conversion to thigulfide was observed at the higher pD (Fig 7A a#6-S47) and only
60% conversion to the disulfide was observed at jf0(Eg 7B and S48-S49) over a period of 20 minutds likely that both steps in
the disulfide formation (nucleophilic attack ®fon hydrogen peroxide and then nucleophilic attic® on the resulting sulfenic acid)
are slower at pD 5.0 because there will be a lowecermnation of the more nucleophilic thiolate dedveom 9 at the lower pD. The
sulfenic acid in this system would be expected ttobger-lived at pD 5.0 and therefore be able &xtevith the norbornene probes. In
contrast, the sulfenic acid formed at pD 7.5 isstoned so rapidly by the reaction with the thiolat® ¢hat the norbornene cannot
intercept any of the sulfenic acid intermediatepdmtantly, dimedone was also unable to trap theesidfacid derived fror@ at pD 7.4
(S50-S51), which is consistent with a very shortdivailfenic acid. An additional factor that may beportant is the K, of the
cysteine sulfenic acid itself. For small moleculdfenic acids, the 9, can vary from 4-12, and on proteins for which it leeen
measured, they of cysteine sulfenic acid was 6*7. The cycloaddition proposed in Figure 3 may reqthieesulfenic acid rather than
its conjugate base, the sulfenate anion—anothemngat reason why the reaction in Figure 7A at pDdiddnot provide the desired
productll. In any case, it was fortuitous that the reactioxtumes in Figure 4 were naturally between pH 4-5 witradded buffer—
conditions that enabled the detection of the kgstion that validated norbornene derivatives abgsdor transient cysteine sulfenic
acids. We also note that norbornene prdbevas still inert to model sulfinates and sulfonafgstoluenesulfinate andp-
toluenesulfonate) at pD 7.4 (S52-S53).

0
A. 1. NaOH (1 eq.), H;05 (3 eq.) I
s——s S
y SH y + 11 CO.Na
COH 2 COH CO,Na
8 CoH (3eq) *+ NaOH CO,H AcHN”"CONa AcHN” “CONa |AcHN”™ “CONa ~*
(1 eq) ACHN™ "COMH (1 eq) 8 10 [Not detected]
pD 7.4 NaP; buffer, 20 min, rt Full conversion of 9 to disulfide 10
B. SH SH s———sS
/[ 1. NaOH (1 eq.), H,0, (1 eq.) /[ . /[ l
AcHN” >CO,H PD 5.0 NaOAc buffer, 20 min, 1t AcHN“">CO,Na AcHN” >CO,Na  AcHN” “CO,Na
9 9 10
40% unreacted 9 60% conversion of 9 to disulfide 10

Figure 7: A. In pD 7.4 sodium phosphate buffer (200 mM), noneme probe did not trap the sulfenic acid intermediate fornogdn
oxidation ofN-acetylcysteine with hydrogen peroxide. Full conimrf N-acetylcysteine9) to disulfide10 was observed b{H-NMR

at this pD and no reaction &f was evident. B. The oxidation df-acetylcysteine9) is slower at pD 5.0 than pD 7.4: only 60%
conversion to disulfid@é0 was observed b{H-NMR, with the remaining material present as unea@t

For the detection of cysteine sulfenic acid on girit, the norbornene probe would require a repgrmsp—functionality that can be
further labeled, visualised, and quantified durB3S-PAGE, Western blots, and cell imaging. Terminkyras are one such group
because they can be selectively labeled with aneamdtaining fluorophore or affinity t&gvia the copper-catalysed azide-alkyne
cycloaddition®**We therefore preparel® by direct reaction of aming&8 with anhydridel7, providing norbornene prot in 91%
yield in a single step from commercially availabtarting materials. The simplicity with which the oefer group could be ligated to
the core norbornene structure is a valuable feaag®ther probes for cysteine sulfenic acid ofegjuire multiple steps and tedious
purification®>'*? The resulting carboxylic acid 9 was also anticipated to enhance water solubility.ottahately, probel9 was
surprisingly unstable in pH 5 buffer and hydrolysed and 18 rather quickly, with 50% hydrolysis observed #4-NMR over 20
minutes (Fig. 8 and S54-S57). For a sample incdbiatéuffer for 24 hours, complete hydrolysis waseved (S56). This hydrolysis
is a liability for analytical techniques such as SBSGE, Western blots, and cell imaging that necesstta reporter group remain
ligated to the protein throughout the analysis. $uepect thafl9 is prone to hydrolysis because the adjacent cglicoacid can
participate in the reaction as a nucleophilic oid aratalyst. Analogous cases of this neighbouringupgrparticipation have been
reported for arylamides on the same norbornene®¢am@apparently this phenomenon extends to theaatkigle in19.
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H O /%
@:‘é HN" o 4
— > COH 91%
. =
MeCN, 20 min, rt =

B. pH5 P
4 NaOAc buffer // + + Z
CO.H - COZH / H2N/\/
z = rt /\/// COH
~Z N CO,H

H H
19 19 8 18
~50% hydrolysis (NMR) after 20 min
100% hydrolysis (NMR) after 24 hr
Figure 8: A. A norbornene probe for cysteine sulfenic acid amnihg an alkyne reporter group9) was prepared in a single step by
the reaction of amin&8 with anhydridel?7. B. Probel9 hydrolysed spontaneously in water.

To avoid the hydrolysis problem associated wify an alternative norbornene probe was prepareddithnot contain the
neighboring carboxylic acid. Norbornene derivath®was therefore coupled td-hydroxysuccinimide Z0) to form NHS estefl.
Reaction of21 with aminel18 provided the new prok#? (Fig. 9A). The amide in this probe was stable amdhydrolysis was observed
in DMSO-water mixtures. Using a similar synthetic soke a biotin-tagged norbornene was also synthe¢isgd9B). NHS esteRl
was first coupled to the diamine link&3 in 91% vyield. Separately, bioti2%) was converted to its NHS esk8. The free amine i24
was then used as a point of ligation for the bibiiS este6. After the final coupling, the target proBeé was isolated in 71% yield.
Regarding solubility of the probes, a solution dher 22 or 27 in DMSO can be added to phosphate buffer such Heffihal
concentration is 1 mM ir22 or 27, with less than 1% of the total volume as DMSO. Necjpitation was observed and such
formulations are comparable to other probes usgdlirdown assays. Norbornene derivati2@saand27 are now under investigation as
probes for cysteine sulfenic acids on both protaind cells.

|Pr2NEt CHZCI2 22
rt 21 69% rt, 1h 89%
B. O
g o e o
23
4 _N 7 _
o i-Pr,NEt, CH,Cl N O
o 2 » LU H 24
21
rt, 30min 91%
OH
N o °
o) o NH H
. 20 ) N
HN \/\)J\OH ———— HN @
DCC, DMF H S 26 o)
H S 25 r 57%
H,
O\\f o] N 24 + 26
NHH +
N o) NH
HN - \/\)J\H/\/ ~o i-Pr,NEt, DMF
H S 27 r, 1h
71%

Figure 9: A. A norbornene probe for cysteine sulfenic acid agrihg an alkyne reporter group2) was prepared in two steps frdi
Probe22 was not susceptible to hydrolysis in the same walQa8. The synthesis of a norbornene probe for aystsulfenic acid
containing a biotin affinity tag.

Conclusions

A current challenge in the study of cysteine rediognaistry is to detect rapid oxidation events amattslived cysteine sulfenic acids.
The oxidation oN-acetylcysteine to its corresponding disulfideaistfand therefore a challenging model system fpipaobe designed
to intercept the sulfenic acid intermediate. Norleown derivatives such & and 12 were able to trap the cysteine sulfenic acid



intermediate, providing stable sulfoxide adducts ttould be analysed by LC-MS. The most widely ysexdbe for cysteine sulfenic
acid, dimedone, was unable to react with the trahsialienic acid formed in this model system. Theecli reaction betweeN-
acetylcysteine9) and the norbornene derivatives was observed himibff-target thiol-ene reaction was much slowenttiee reaction
between the norbornene derivatives and the cysgeilienic acid. Furthermore, the product of the Itkize and the sulfoxide formed
from trapping the cysteine sulfenic acid have didtimasses—an important point that will facilitatetpomics applications of these
probes. In the synthesis of a norbornene derivativetaining an alkyne reporter grouf®), a surprisingly fast amide hydrolysis
reaction was discovered that cleaved the reporben the norbornene core structure. Revising thehgyitt strategy, alkyne and biotin
labeled probe&2 and27 were prepared in short order; these compounds aiguffer the hydrolysis that occurred fi9. With the
functionalised norbornene probes in hand, we anewtly evaluating them in a variety of studies ootgins and live cells with an aim
to identify hitherto unknown sites and functionsgéteine sulfenic acid.

Experimental section

For additional experimental details, control expemts, LC-MS data and NMR spectra, please consulstipplementary Information.

General considerations

All reagents were used directly from commercial @igos without further purification. All reactionwithout water as a
solvent were carried out under an inert atmospberétrogen in flame-dried glassware. ¢, was distilled over Cajand
THF was distilled over sodium and benzophenonerpoouse. All other solvents were used directlymfrcommercial
suppliers without further purification. Analytictilin layer chromatography was performed on alunmmigheets coated with
silica gel containing a fluorescent indicator (BA2mm thickness, Am granularity), with visualisation carried out ugian
ultraviolet lamp (254 nm) and/or development withtgssium permanganate. Column chromatography wéermed using
silica gel (230—-400 mesh, 60A pore diameter). Higolution mass spectra (HRMS) were recorded onasel® Synapt
HDMS Q-ToF by electrospray ionization (ESI) or arkte Elmer, AXION, DSA-ToF by atmospheric-pressueemical
ionization (APCI) and are reported as the obsemetkcular ion. Infrared spectra were recorded ofr &R spectrometer
with the absorptions reported in wavenumbers tEm

'"H and**C NMR spectra were recorded on a Bruker 600 MHz $peeter. NMR were assigned using COSY, HMQC and HMBC
where required. Where ,D was used as the solvent and internal lock, spectra referenced to residual solvent for HQIp 4.79
ppm) for'*H NMR. For MeOD-d, spectra were referenced to residual solv@nt3(33 ppm) forH NMR and 6c 49.0 ppm) forC
NMR. For DMSO-d, spectra were referenced to residual solv&nt2(50 ppm) for'H NMR and 6. 39.5 ppm) for*C NMR. For
CDCl,, spectra were referenced to residual GH&| 7.26 ppm) forH NMR and ¢ 77.0 ppm) for°C NMR. Chemical shift values
are reported in parts per milliot-'H coupling constants are reported in hertz and Hipligity is abbreviated as; s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, maltiplet, br = broad signal.

Liquid chromatography mass spectrometry (LC-MS)lys&s were carried out on a Waters Acquity UPLC calptea Micromass
Quattro Micro triple quadrupole mass spectrometérguslectrospray ionization in both positive andjatéve mode, as specified. A
kinetex C18 column with particle size 2u8n, and dimensions 50 x 2.1 mm length was used foexgeriments. UHPLC grade
solvents and milli Q water were used in these experisn@efore injection, samples were diluted to apipnately 50pug/mL in milli

Q water, mixed, and then filtered through Qr@ nylon syringe filters. For all experiments, thebite phases were run with water 0.1
% formic acid (solvent A) and acetonitrile (solv@)jt All samples had an injection volume ofi2 and ran with a flow rate of 0.2 ml
min™. The gradient was programmed as followed: 95% A -B5( minutes) and maintained for 5 minutes (isacya6% A — 95% B
over 7 minutes and maintained at 5% A for a furtheminutes. 95% A — 5% B over 0.5 minutes and hetdafturther 4.5 minutes to
wash/equilibrate the column. The total run time w@sr2nutes. The electrospray source was operatedangtipiliary voltage of 3 kV
and cone voltage of 30 V. The source temperatureopasated at 80 °C and the desolvation temperatus® °C. All data was
analysed using Masslynx software.

cis-5-norbor nene-endo-2,3-dicar boxylic acid (8) as a probe for cysteine oxidation (Figure 4A). Two solutions were first prepared.
Solution 1: In a vial, a mixture @is-5-norbornene-endo-2,3-dicarboxylic a8@¢45 mg, 0.25 mmol), BD (2 mL) and NgCO; (25 mg,
0.24 mmol) was stirred or shaken until fully dissay Solution 2: In a vial, a mixture bfacetylcysteine (125 mg, 0.77 mmol),M(2
mL) and NaCG; (25 mg, 0.24 mmol) was stirred or shaken untiyfdissolved. For the key reaction, solution 1 (4, 0.05 mmoB)
was added to a vial, followed by,®, (20 pL, 30 wt% in HO) and stirred for a few seconds before adding swiudi (0.4 mL, 0.15
mmol, 9) dropwise over 1 minute. The mixture was stirredZ0rminutes before analysing directly by NMR. Fdhsumption of the
alkene signald = 6.24 ppm) was observed. This reaction was repemiad HO in place of DO and analysed by LC-MS. Disulfide
10 was detected at 2.53 min and the four diastereoofdiswere detected at 3.05, 3.31, 3.49 and 4.19 minutes

exo-5-norbornenecar boxylic acid (12) as a probe for cysteine oxidation (Figure 4B). exo-5-Norbornenecarboxylic acidZ, 30 mg,
0.22 mmol) was added to a vial and suspended@ (D.4 mL). Sodium carbonate (23 mg, 0.22 mmol) was tadded and the mixture
was stirred to provide a homogeneous solution. Ngxdrogen peroxide (5L of a 30 wt% solution in KO, 0.44 mmol) was added to
the solution of12. In a separate vialN-acetylcysteineq, 108 mg, 0.66 mmol) and sodium carbonate (23 m2g @hmol) were
dissolved in RO (0.4 mL). The solution d was then added dropwise by pipette over 1 minuteaah temperature to the solution of
12. The reaction was stirred for 30 minutes and thesdyaed by NMR. Full consumption of the alkene sigida= 6.10 ppm) was
observed. This reaction was repeated usis@ id place of QO and analysed by LC-MS. Disulfid® was detected at 2.52 min and the
diastereomeric mixture df3 and14 were detected at 1.8-2.2, 3.4, 3.5, 3.7 and 3.8itedn
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Dimedone as a probe for cysteine oxidation (Figure 5A). Two solutions were first prepare8olution 1: In a vial, a mixture of
dimedone (35 mg, 0.25 mmol),0 (2 mL) and NgCO; (36 mg, 0.34 mmol) was stirred or shaken untilyfdiissolved. Solution 2: In

a vial, a mixture oN-acetylcysteine (211 mg, 1.30 mmol);@(3.2 mL), and N&LO; (54 mg, 0.50 mmol) was stirred or shaken until
fully dissolved. For the key reaction, solution0l4(mL, 0.05 mmol dimedone) was added to a vialpfeéd by HO, (20 uL, 30 wt%

in H,O). After a few seconds of stirring, solution 2 (0.4,18.16 mmol9) was added dropwise over 1 minute. The solution wasd

for 20 minutes before analysing directly by NMR. Oalyeacted dimedone and disulfit@were observed b{H-NMR. This reaction

was repeated using,8 in place of DO and analysed by LC-MS. Disulfid® was detected at 2.61 min and unreacted dimedone at
7.34 minutesl5 was not detected.

cyclooctyne 6 as a probe for cysteine oxidation (Figure 5B). Two solutions were first preparefolution 1: In a vialg (20 mg, 0.13
mmol) was dissolved in DMSO (0.4 mL) and theyOD(1.6 mL) and NZO; (15 mg, 0.14 mmol) were added and the mixture was
stirred or shaken until fully dissolved. Note: BCNsheery low solubility in agueous media. SolutiorN2acetylcysteine (60 mg, 0.37
mmol), B,O (2 mL) and NgCO; (15 mg, 0.14 mmol) were added to a vial and stisedhaken until fully dissolved. For the key
reaction, solution 1 (0.4 mL, 0.026 mn®)l was added to a vial, followed by®, (20 L, 30 wt% in HO). After stirring for a few
seconds, solution 2 (0.4 mL, 0.074 mn®lwas added dropwise over 1 minute. The solution via®d for 20 minutes before
analysing directly by NMR. Only unreactédand disulfidelO were observed. This reaction was repeated uspyiil place of DO

and analysed by LC-MS. Only disulfid® was detected. No sulfoxide adddétwas detected.

cis-5-norbor nene-endo-2,3-dicarboxylic acid (8) as a probe for cysteine oxidation at pD or pH 5.0 (Figure 6A). Two solutions
were first prepared. Solution @&is-5-norbornene-endo-2,3-dicarboxylic a¢i? mg, 0.09 mmo8), D,O (1.0 mL), and NaOH (3.8 mg,
0.09 mmol) were added to a vial and stirred or shakdil dissolved. Finally, pD 5.0 acetate bufferDsO (400 mM, 1.0 mL) was
added and the solution was stirred. SolutioiN-2icetylcysteine (42 mg, 0.26 mn), D,O (1.0 mL), and NaOH (3.3 mg, 0.08 mmol)
were added to a vial and shaken or stirred unty fiissolved. Finally, pD 5.0 acetate buffer isg(400 mM, 1.0 mL) was added and
the solution was stirred. For the key reaction, tatul (0.5 mL, 0.02 mmd) was added to a vial followed by®, (7 pL, 30 wt% in
H,0). The resulting solution was stirred for a few setohefore the dropwise addition of solution 2 (0.5 ®06 mmol9) over 1
minute. The solution was stirred for 20 minutes befanalysing directly by NMR. Full consumption bktalkene signald(= 6.25
ppm) was observed. This reaction was repeated usja@giil place of RO in a pH 5.0 NaOAc buffer and analysed by LC-MS.
Disulfide 10 was detected at 2.50 minutes and four diastereonfidfswere detected at 2.97, 3.16, 3.39 and 4.04 minttesproduct
of the thiol-ene side reaction was detected at fhiBgites.

Dimedone as a probe for cysteine oxidation at pD or pH 5.0 (Figure 6B). Two solutions were first prepared. Solution 1: Dimezlon
(13 mg, 0.09 mmol), B (1.0 mL) and NaOH (3.4 mg, 0.08 mmol) were added tal and stirred or shaken until fully dissolved.
Finally, pD 5.0 acetate buffer in,0 (400 mM, 1.0 mL) was added and the solution waeedtirSolution 2N-acetylcysteine (42 mg,
0.26 mmol), DO (1.0 mL) and NaOH (3.3 mg, 0.08 mmol) were addeduialeand stirred or shaken until fully dissolvedndlly, pD
5.0 acetate buffer in J® (400 mM, 1.0 mL) was added and the solution wasedtir~or the key reaction, solution 1 (0.5 mL, 0.02
mmol) was added to a vial followed by®} (7 pL, 30 wt% in HO) and stirred for a few minutes before dropwise @mtdiof solution

2 (0.5 mL, 0.06 mmol). The solution was stirred 26rminutes before analysing directly by NMR. Unredaenedone, unreactexd
acetylcysteine and disulfidi® were the only products observd&.was not detected. This reaction was repeated usi@girHplace of
D,0O in a pH 5.0 NaOAc buffer and analysed by LC-MS. Didelfl0 was detected at 2.51 minutes and unreacted dimeaton&7
minutes.15 was not detected.

cis-5-norbor nene-endo-2,3-dicarboxylic acid (8) as a probe for cysteine oxidation at pD or pH 7.4 (Figure 7A). Two solutions
were first preparedsolution 1:cis-5-norbornene-endo-2,3-dicarboxylic a¢&D.0 mg, 0.11 mmd), D,O (1.25 mL) and NaOH (5 mg,
0.12 mmol) were added to a vial and stirred or shaksil fully dissolved. Finally, additional pD 7gbdium phosphate buffer (400
mM in D,O, 1.25 mL) was added and the solution was stirrelditiBo 2: N-acetylcysteine (49.8 mg, 0.30 mn®)| D,O (1.25 mL) and
NaOH (3 mg, 0.08 mmol) were added to a vial and stiurgd fully dissolved. Finally, additional pD 7.4dium phosphate buffer (400
mM in D,O, 1.25 mL) was added and the solution was stirredtieokey reaction, solution 1 (0.5 mL, 0.02 mrplas added to a
vial followed by HO, (7 puL, 30 wt% in HO). The solution was stirred for a few minutes befmtding solution 2 (0.5 mL, 0.06 mmol
9) dropwise over 1 minute. The solution was stirrad2f® minutes before analysing directly by NMR. Tdygroducts observed were
unreacted and disulfidel0. 11 was not detected.

Oxidation of N-acetylcysteineto its disulfide using hydrogen peroxide at pD 5.0 (Figure 7B). N-acetylcysteine (9.8 mg, 0.06 mmol
9), D,O (0.25 mL) and NaOH (2.4 mg, 0.06 mmol) were addedvialaand stirred or shaken until fully dissolvétext, pD 5.0 sodium
acetate buffer (400 mM inJ0, 0.25 mL) was added and the solution was stirreahlétisn of HO, (7 pL, 30 wt% in HO) was added
and left to stir for 20 min. The reaction was thealgsed directly byH-NMR. 60% conversion to disulfid&0 and 40% unreacte®
were observed.

Synthesis of alkyne 19 (Figure 8A). 1-amino-3-butyne (59.RL, 0.723 mmol) was added to a stirred solutiortigf5-norbornene-
endo-2,3-dicarboxylic anhydride (239 mg, 1.46 mmol)doetonitrile (1 mL) and stirred at room temperatime 20 minutes, over
which time a white precipitate formed. The resultinigture was transferred into a centrifuge tube palteted by centrifugation for 10
minutes. The supernatant was decanted and the riegagellet washed with EtOAc. The final product was asedl by filtration
without further purification to give the produt@ as a white solid (154 mg, 91% yield):p. 129 °C; IR\ ATR): 3359, 2987, 1716,
1622, 1550, 1321, 1267, 1229, 1074, 846, 759, 679,"H NMR (600 MHz, DMSO-¢): 5 = 11.53 (1H, br-s, COOH), 7.86 (1H Jt=



5.9 Hz, NH), 6.15 (1H, ddJ = 5.5, 2.9 Hz,_ HC=CH), 5.95 (1H, dd, = 5.4, HC=CH), 3.14 (1H, dd, J = 10.3, 3.3 Hz,
CH=CHCHCHCOOH or CH=CHCHCHCONH), 3.08 (3H, contains CONHCH, and CH=CHCHCHCOOH or
CH=CHCHCHCONH), 2.93 (2H, m, CHCH=CHCH), 2.80 (1HJt 2.6, G=CH), 2.20 (2H, m, CKC=CH), 1.25 (1H, d, J = 8.1 Hz,
CHCH,HgCH), 1.21 (1H, d, J = 8.2 Hz, CHGHCH); ¥c NMR (150 MHz, DMSO-g): 173.5, 171.2, 134.9, 133.7, 82.4, 71.9, 48.4,
48.1, 48.1, 46.7, 45.3, 37.8, 18.7; LRMS (ESI): Ify1: found 232.0, GH.,NO,requires 232.1

Hydrolysis study of alkyne probe 19 (Figure 8B). Alkyne probel9 (24 mg, 0.10 mmol) was added to a vial and dissbirel .25 mL
of D,O. To this solution was added sodium acetate buff&0 (1.25 mL, pD 5.0, 400 mM). After 20 minutes and 24itso this
solution was analysed directly b NMR and LC-MS, indicating hydrolysis ®and18. After 20 minutes, 50% hydrolysis was
observed byH-NMR and complete hydrolysis was observed after@4# (as indicated by integration of the alkeneaig and
comparison to an authentic sample8pt9, and18).

Norbornene NHS derivative 21. Exo-5-norbornenecarboxylic acid (455 mg, 3.30 mmobhydroxysuccinimide (357 mg, 3.40
mmol), andN,N'-dicyclohexylcarbodiimide (679 mg, 3.30 mmol) wedésolved in anhydrous THF (15 mL) and stirred @i
temperature overnight, over which time a white priéaip formed K,N'-dicyclohexylurea). The precipitate was removedfiliyation
and washed with THF and the filtrate was collected @mtentrated under reduced pressure. The crugeveas purified by column
chromatography (40% EtOAc in hexane) to give the peco®1 as a white solid (537 mg, 69 %). m.p. 8486 R (40%
EtOAc:hexane) 0.37; IRy, ATR): 2983, 2949, 1735, 1428, 1361, 1200, 1047, 841, 711, 644 cth '"H NMR (600 MHz, CDC)):

8 =6.20 (1H, m, CHCHCH=CH), 6.15 (1H, m, CHCH=CH), 3.28 (1H, m, CH=CHCHCH), 308, m, CH=CHCHCH), 2.83 (4H,
m, COCHCH,CO), 2.51 (1H, m, COCHCkHg), 2.05 (1H, m, COCHCEHg), 1.58-1.50 (2H, contains COCHGH;CH and COCH),
1.45 (1H, CHCHHgCH); °*C NMR (150 MHz, CDG)): 6 = 171.6, 169.3, 138.5, 135.3, 47.1, 46.4, 41.83,481.0, 25.6.

Norbornene probe 22. Norbornene-NH1 (359 mg, 1.53 mmol) was dissolved in anhydrous D@Mn{L) with stirring at room
temperature and then 1-amino-4-butyne (i251.53 mmol) and DIPEA (650L, 3.82 mmol) were then added successively. After 1
hour a white precipitate had formed (N-hydroxysuittide). The crude material was concentrated undkraed pressure and purified
by column chromatography (40 % EtOAc in hexane) t@ ghe produc®2 as a white solid (257 mg, 89 %). m.p. 86°88 R (40 %
EtOAc in hexane) 0.47; IR/{ax ATR) 3300, 3267, 3058, 2963, 2869, 1633, 1544214359, 1330, 1243, 1221, 1149, 1070, 1018,
901, 864, 721, 680, 625 ¢'H NMR (600 MHz, CDCJ): § = 6.15 (1H, dd, J = 5.7, 3.0 Hz, CH=CH), 6.11 (1H, dd,517, 3.0 Hz,
CH=CH), 5.81 (1H, br-s, CONH), 3.42 (2H, m, CONH{H},), 2.93 (2H, m, CHCH=CHCH), 2.42 (2H, tdd, J = 6.3, 1B Hz,
CONHCH,CH,), 2.01 (2H, contains C{£=CH and CH=CHCHCHCONH), 1.92 (1H, m, CH=CHCHgH), 1.70 (1H, dd, J = 8.4,
1.7 Hz, CHCHHgCH), 1.35 (2H, contains CHGl#isCH and CH=CHCHCIHHg); *C NMR (150 MHz, CDC)): 8 = 175.6, 138.3,
136.0, 81.7, 69.9, 47.2, 46.4, 44.8, 41.6, 38.(5,318.5; HRMS (ESI): [M+H], found 190.1228. GH,¢NO" requires 190.1226.

Nor bornene amine derivative 24. 1,2-bis(2-aminoethoxy)ethane (6@4, 4.2 mmol) and DIPEA (168L, 0.92 mmol) were dissolved
in anhydrous DCM (5 mL) with stirring at room tempera. A solution of norbornene-NH&. (99 mg, 0.42 mmol) was dissolved in
anhydrous DCM (1 mL) and added dropwise to the 1sR2eaminoethoxy)ethane solution and then the reactiixture was stirred at
room temperature for 30 min. After this time, tlmade mixture was concentrated under reduced presBueeresulting oil was purified
by column chromatography (10% MeOH in DCM with 1% NHEb give the produc®4 as a yellow oil (103 mg, 91 %). RL0O%
MeOH in DCM with 1% NEf) 0.20; IR ¢ ATR): 3294, 3057, 2936, 2868, 1645, 1541, 148511 1247, 1105, 905, 808, 724 cm
% H NMR (600 MHz, CDC)): & = 6.29 (1H, br-s, CONH), 6.13 (1H, dd, J = 5.7, 2.9 6E=CH), 6.09 (1H, dd, J = 5.8, 3.1 Hz,
CH CH), 3.63 (4H, m, 2 x C}PEG), 3.56 (4H, dt, J = 18.5, 5.1 Hz, 2 x{REG), 3.47 (2H, q, J = 5.2 Hz, CONHgH2.91 (4H, m,
contains CH PEGand CHCH=CHCH), 2.09 (1H, m, CHCHCONH), 1.91 (1H, dt, J =146 Hz, CH=CHCHCHHs), 1.72 (1H, d, J
= 8.3 Hz, CHCHHgCH), 1.31 (2H, contains CH=CHCHGH;g and CHCHHgCH); °C NMR (150 MHz, CDGJ)): § = 175.8, 138.2,
136.0, 72.9, 70.2, 70.1, 70.0, 47.2, 46.3, 44.63,439.3, 30.5; HRMS (ESI): [M+H)] found 269.1867. GH,sN,O;" requires 269.1865.

Biotin NHS ester 26. Biotin (498 mg, 2 mmol) was dissolved in anhydrous D0 mL) by heating to approximately 70 °C for 10
minutes or until fully dissolved. The reaction nis¢ was allowed to cool to room temperature befddirey N-hydroxysuccinimide
(240 mg, 2.1 mmol) with stirring at room temperatuesolution ofN,N’-dicyclohexylcarbodiimide (438 mg, 2.13 mmol) infeydrous
DMF (2 mL) was added dropwise to the stirred solutidre reaction was then stirred overnight at roonptanature over which time a
white precipitate formedN\,N'-dicyclohexylurea). The precipitate was removedfiftyation and washed with DMF. The filtrate was
diluted with EtQ until a white precipitate formed. The precipitatas collected by filtration and rinsed with Etthen dried to give the
crude produc6 as a white solid (395 mg, 57 %): m.p. (decomp.-188°C; IR (vmay ATR): 3227, 2941, 2876, 1818, 1788, 1729,
1698, 1465, 1369, 1210, 1071, 861, 739, 656 ciH NMR (600 MHz, DMSO-¢): 5 = 6.43 (1H, s, NH), 6.37 (1H, s, NH), 4.30 (1H,
m, HNCHCHNH), 4.14 (1H, m, HNCHCHNH), 3.10 (1H, m, SCH), 2.84-Z518, m, contains NCOC}€H, and SCHHg), 2.67 (2H,

t, J = 7.7 Hz, CHCH,CO,N), 2.57 (1H, d, J = 12.4 Hz, SGHg), 1.64 (3H, contains CHHzCH,CH,CH,CO,N), 1.52-1.36 (3H, m,
contains CHHgCH,CH,CH,COON); *C NMR (150 MHz, DMSO-¢): § = 170.3, 169.0, 162.7, 61.0, 59.2, 55.3, 40.1 (aperwith
NMR solvent peak), 30.0, 27.9, 27.6, 25.5, 24.3; HRESI): M+H', found 342.1128. GH,N;0sS" requires 342.1118.

Norbornene probe 27. Biotin-NHS 27 (382 mg, 1.12 mmol) was dissolved in anhydrous DRIFnL) with stirring at 50°C for 5
minutes or until dissolved. Norbornene deriva4g(398 mg, 1.5 mmol) was dissolved in anhydrous DMm{3 and added dropwise
to the biotin-NHS solution. DIPEA (24QL, 1.4 mmol) was added and the reaction stirredoatnr temperature for 1 hr. Upon
completion, EtQ was added until a white precipitate formed. The ipite was collected by filtration and washed witldiéidnal
EtO,. The resulting residue was purified by column chatography (10% MeOH in DCM) to give the prod@tas a white solid (393
mg, 71%): m.p. 126-131C; R (10 % MeOH in DCM) 0.32; IRWs, ATR): 3291, 2942, 2869, 1703, 1639, 1551, 14091 1248,
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1214, 1129, 987, 867, 724 ¢tin'H NMR (600 MHz, MeOD):5 = 6.16 (2H, m, CHCH=CHCH), 4.51 (1H, dd, J = 8.3, 4.5 Hz
CONHCHCH;S), 4.32 (1H, dd, J = 7.9, 4.4 Hz, CONHCHCHS), 3.64 (4H2 mCH, PEG), 3.57 (4H, m, 2 x GHPEG), 3.39 (4H, m,

2 x CH, PEG), 3.23 (1H, m, SCH), 2.95 (1H, dd, J = 12.8 HF#DCONHCHCHH;S), 2.89 (2H, m, CHCH=CHCH), 2.73 (1H, d, J =
12.7 Hz, CONHCHCHHgS), 2.24 (2H, t, J = 7.1 Hz, GHONH), 2.15 (1H, m, CH=CHCHCH), 1.88 (1H, dt, J = 11.7 Hiz,
CH=CHCHCHHg), 1.79-1.59 (5H, contains 2 x_GHiotin and CHCHHsCH), 1.46 (2H, p, J = 7.5 Hz,_GHBiotin), 1.33 (2H,
contains CH=CHCHCEHg and CHCHHCH); %C NMR (150 MHz, MeOD)3 = 178.6, 176.2, 166.1, 139.0, 137.3, 71.3, 700%,7
63.4, 61.6, 57.0, 48.6, 47.1, 45.2, 42.8, 41.04,4@0.3, 36.7, 31.2, 29.8, 29.5, 26.8; HRMS (ESI}tH found 495.2641.
C,H3gN4OsS' requires 495.2636.
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