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Abstract

We report a strategy to introduce a reactive electrophile into proteins through the conversion of a
chemically inert group into a bioreactive one in response to an inducer molecule. This strategy was
demonstrated by an oxidation-induced and proximity-enhanced protein-protein crosslinking in the
presence of a large access of free nucleophiles.

Graphical abstract

Oxidation-induced and proximity-enhanced protein-protein crosslinking through a genetically
encoded vinylthioether probe.
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The introduction of bioorthogonal functional groups into proteins has become an
indispensable chemical biology tool.1~> Recently, mild bioreactive electrophiles, such as
haloalkanes,®-8 isothiocyanate,® and vinylsulfonamide, 10 have also been incorporated into
proteins to react with nucleophilic amino acid residues, such as cysteine and lysine. This has
enabled a number of new chemistry in live cells,!! which could complement the currently
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available bioorthogonal chemistry. As a new approach, the genetic incorporation of
bioreactive chemical probes could have a very broad application in both biochemical
research and biomedical applications.

While most of the bioreactive chemical probes were directly introduced into proteins and
underwent spontaneous reactions with nucleophiles,6-19 an elegant combination of
photoswitchable and electrophilic groups enabled a photoresponsive and proximity-
enhanced reaction.12-13 Besides photo-crosslinking groups,14-1° this is the only example of
artificially introduced bioreactive chemical probes whose reaction can be induced with an
exogenously added signal. Such a strategy can potentially provide spatiotemporal resolution
for biological studies. Here we report a new approach to introduce a non-natural bioreactive
probe into biomolecules. It consists of two steps (Fig. 1): (1) the introduction of a bio-inert
functional group; and (2) the in situ generation of a bioreactive functional group in response
to an inducer molecule. More specifically, this masked reactive probe was based on the
redox chemistry of sulfur. A non-bioreactive vinylthioether group was introduced into
proteins through unnatural amino acid mutagenesis. In the presence of reactive oxygen
species (e.g., H»05), vinyl sulfoxide, a mild Michael acceptor, was generated to enable
proximity-dependent reactions, such as protein-protein crosslinking. The features of this new
approach include: (1) no undesirable side reactions during the genetic incorporation of the
probe; (2) proximity-enhanced reactivity in the presence of large amount of free
nucleophiles; and (3) cellular environment-induced reactivity that could be useful for the
study of oxidative stress-associated biological processes. Given the importance of reactive
oxygen species in diseases, our strategy may be useful for generating novel protein-based
therapeutics that covalently bind to a specific target protein.

To demonstrate our inducible strategy in introducing a bioreactive group into proteins, we
synthesized an unnatural amino acid, N6-((2-(vinylthio)ethoxy)carbonyl)-L-lysine (VtK;
Fig. 2A), that contains the desirable vinylthioether group. In order to identify an aminoacyl-
tRNA synthetase (aaRS) that can charge an amber suppressor tRNA with VtK, we
constructed an aaRS library that was derived from Methanosarcina barrkeri pyrrolysyl-tRNA
synthetase. In this library, four amino acid residues, Leu270, Tyr271, Leu274, and Cys313,
were randomized. After consecutive rounds of positive and negative selections, three hits
were obtained including VIKRS-1, VtKRS-2, and VtKRS-3 (Table S1 of ESI).

We further characterized VtKRS-1 (Leu274Ser and Cys313Val) by conducting protein
expression with a myoglobin variant containing an amber mutation at position Lys99 (Mb-
Lys99TAG). As shown in Fig. 2B, full-length myoglobin was only observed in the presence
of VtK. The site-specific incorporation of VtK was also confirmed by mass spectrometry
analysis (Fig. S1 of ESI). The mutant myoglobin (Mb-Lys99VtK) gave an observed average
mass of 18485.1 Da (with the N-terminal methionine) and 18354.7 Da (without the N-
terminal methionine), which were in close agreement with the calculated masses of 18485.1
Da (with the N-terminal methionine) and 18353.9 Da (without the N-terminal methionine).
Besides myoglobin, we also examined protein expression of a super-folder GFP mutant
(sFGFP-Asn149TAG). The protein yield was 25.3 mg/L. As shown in Fig. 2C, full-length
sfGFP was detected only in cells supplemented with VtK, while no sfGFP fluorescence was
observed otherwise. All above data confirmed that the incorporation efficiency and fidelity
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of VtK were excellent for the evolved VtKRS-1 mutant, which was used for all subsequent
studies.

In order to generate vinyl sulfoxide from vinylthioether, we focused on catalytic oxidations
using H,0, as the final oxidant. After an initial catalyst screening, we chose sodium
tungstate (Na,WO,) as the catalyst, which has been employed in Noyori Oxidation2? and
considered as a physiologically harmless catalyst.21~22 It was reported that tungstate could
be used to oxidize sulfide into sulfone and sulfoxide in the presence of a high?2 and a low?3
concentration of HoOo, respectively. In our experiments, the formation of sulfoxide was
confirmed in the presence of 2.5 or 5 mM H,05 (Fig. S10 of ESI). While it could be
potentially toxic to cells at high concentrations, tungstate has been used as an insulin
mimetic and displays a small toxicity profile.24 Although cautious are recommended for
certain live cell experiments, we expect that Na,WOy is suitable for studies where
crosslinked proteins are formed in live cells but analyzed under cell-free conditions (e.g.,
mass spectrometry).

To examine the generation and the reactivity of vinyl sulfoxide in the context of protein,
sfGFP-Asn149VtK was incubated with 5 mM H,0», and varied concentrations of NayWO,.
In addition, A~dansylethylene-diamine (DNSEDA), a free amine-containing fluorescence
probe that is reactive towards vinyl sulfoxide, was included in the reaction mixture as the
labeling reagent. As shown in Fig. 3, fluorescence labeling of sSfGFP-Asn149VtK by
DNSEDA was clearly detected in the presence of both H,0, and Na,WOQO4. The intensity of
fluorescent signal decreased when the concentration of Na,WO,4 was lowered from 0.5 to
0.05 mM. As controls, no detectable fluorescence labeling was observed when H,O» or
Na,WO, or both were omitted from the reaction mixture. As another control, no apparent
fluorescence signal was detected when wild-type sfGFP was used instead of sSfGFP-
Asn149VtK.

Next, we examined a proximity-enhanced protein-protein crosslinking using this oxidation-
induced Michael addition reaction. We employed glutathione S-transferase (GST), an
obligate dimer, as a model system in this study. Two mutants, GST-Asp61VtK and GST-
Val62VtK, were constructed by genetic incorporation of VtK at positions 61 and 62 of GST,
respectively. Since the two sites are at the edge of the GST dimer interface, the incorporation
of ViK is unlike to significantly affect GST dimerization. According to the crystal structure
of the GST dimer (PDB: 1Y6E),25 there are three nucleophiles in the close proximity of
Asp61l and Val62, including Lys63, Cys84 and Lys86 (Fig. S2 of ESI). Once being
incorporated at position 61 or 62 in one GST monomer, VtK should be in a close proximity
of Cys84 and Lys86 from the other monomer. We envisage that the crosslinking reaction can
happen as long as the protein-protein interaction does not prevent a direct contact between
the two reactants. Given that the crystal data may not accurately reflect the actual GST
dimer interface in the solution phase, we cannot directly predict whether Cys84 or Lys86 or
both can readily react with VtK to afford a crosslinked GST dimer. While Lys63 is right next
to Val62 and Asp61 on the same GST monomer, its side chain points toward an opposite
direction relative to that of Asp61 and Val62. We hypothesize that Lys63 is unlikely to affect
the crosslinking of the GST dimer. To test our hypothesis, we generated two mutants, GST-
Asp61VtK-Lys63GIn and GST-Val62VtK-Lys63GIn, where Lys63 was mutated into non-
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nucleophilic Gin. In comparison to GST-Asp61VtK and GST-Val62VtK, the two Lys63GIn
mutants did not lead to any increase in the crosslinking efficiency (Fig. S3 of ESI). In fact,
slightly lower yield of the crosslinked GST dimer were observed (Fig. S3 of ESI).

The crosslinking experiments were conducted in phosphate buffer (pH 7.4) in the presence
of 5 mM H,0, and 0.5 mM Na,WOy, (as catalyst). After 60 min of incubation, the reaction
mixture was treated with 10 mM tris(2-carboxyethyl)phosphine (TCEP) for 90 min. This
step was used to eliminate any potential complications (such as oligomerization) by
removing excess HoO, and to reduce any potential disulfide bonds. As shown in Fig. 4, we
observed 58% and 49% dimerization for the GST-Asp61VtK and GST-Val62VtK mutant,
respectively. As a control, no significant crosslinking was detected for the wild-type GST
under the same reaction conditions. The efficiency of oxidation-induced dimerization of
GST was comparable to that of photo-crosslinking with genetically encoded benzophenone-
containing probe (~50%).14

We also examined a range of different reaction conditions. Firstly, we conducted the reaction
in the presence of different concentrations of HoO, and Na,WO,. While higher
concentrations of HoO5 (5 mM) and Na,WO, (0.5 mM) yielded slightly larger amount of
dimers, lower concentrations of H,O, (2.5 mM) and Na,WO4 (0.25 mM) worked similarly
well (Fig. S4 of ESI). Next we examined different reaction time and found that a 10 min
oxidation was good enough for a 40% and 19% dimerization of GST-Asp61VtK and GST-
Val62VtK mutant (with 2.5 mM H,0, and 0.25 mM Na,WQy,), respectively (Fig. S5 of
ESI). Finally, we examined the reaction at two different pH values. Similar crosslinking
efficiency was observed at pH 7 and pH 8 (Fig. S6 of ESI).

To test the oxidation-induced Michael addition reaction in a more complex biological
environment, we conducted this reaction in cell lysate and were able to detect crosslinked
GST dimers for both the GST-Asp61VtK and the GST-Val62VtK mutants (lanes 2 and 5 in
Fig. 5). In addition, we examined GST-Asp61VtK-Lys63GIn and GST-Val62VtK-Lys63GIn
mutants. Again, the mutation at Lys63 position did not increase the crosslinking efficiency,
which indicates that Lys63 did not react intramolecularly with the in situ generated Michael
acceptor. Interestingly, we only observed a slight decrease in the crosslinking efficiency
when one potential nucleophile, Lys86, was mutated (lanes 4 and 7 of Fig. 5). This result
indicates that Cys84 is likely the main nucleophile in the Michael addition reaction. Indeed,
when Cys84 was mutated to alanine, no apparent crosslinking product was detected (lanes 5
and 11 in Fig. S7 of ESI). We expect that both the nucleophilicity and the spatial
arrangement of the two amino acid residues (Cys84 and Lys86) affect the crosslinking
reaction. In terms of nucleophilicity, cysteine is a stronger nucleophile than Lys according to
the Pearson HSAB theory. It is expected that cysteine reacts with vinyl sulfoxide at a faster
rate than that of weaker nucleophiles (e.g., Lys and His). However, it has been observed that
these amino acid residues can display very different trends of reactivity in proteomes.28
Since a primary amine could readily react with vinyl sulfoxide (Fig. 3) and the Cys84Ala
mutant showed no apparent crosslinking product (Fig. 5), we hypothesize that the spatial
constrain, rather than the nucelophilicity, was more important for the observed crosslinking
reaction. A more rigorous investigation will be needed in the future to fully understand the
role of the two factors in this crosslinking reaction.
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Finally, we sought to further demonstrate the proximity-enhanced nature of this chemistry
by conducting the reactions with cell lysate in the presence of a large access of free cysteine.
To this end, the reaction was conducted in the presence of 50 mM cysteine. As shown in Fig.
S7 of ESI, no apparent difference in crosslinking efficiency was observed with or without
free cysteine.

In conclusion, we have demonstrated an oxidation-induced protein crosslinking reaction
through an in situ generation of a mild Michael acceptor from a biochemically inert
vinylthioether in the presence of H,O,. This strategy provides a new approach to introduce
bioreactive probes into proteins without potential side reactions during the incorporation
process. Such oxidation-induced protein crosslinking has potential to be employed in the
oxidative stress-associated biological studies or the generation of novel protein-based
therapeutics in the future.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The overall design of the oxidation-induced and proximity-enhanced protein-protein

crosslinking. Protein 1 and protein 2 interact to each other. The generation of vinyl sulfoxide
from vinylthioether in the presence of H,O, was confirmed by mass spectrometry (Fig. S10
of ESI).
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B with VtK
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Genetic incorporation of N6-((2-(vinylthio)ethoxy)carbonyl)-L-lysine (VtK). (A) The
structure of VtK; (B) SDS-PAGE analysis of the expression of a myoglobin mutant (Mb-
Lys99TAG) with and without VtK; (C) Fluorescence readings of cells expressing VtKRS-1
and sfGFP-Asn149TAG mutant. Fluorescence intensity was normalized to cell growth. All
protein expressions were conducted either in the presence or in the absence of 1.0 mM VitK.
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Fig. 3.
Small molecule labeling of protein through the oxidation-induced Michael addition reaction.

Following labelling reactions, protein samples (wild-type sfGFP or sfGFP-Asn149VtK
mutant) were denatured by heating, then analyzed by SDS-PAGE. The top panel shows
Coomassie blue stained gel and the bottom panel shows the fluorescent image of the same
gel before Coomassie blue treatment. DNSEDA, N-dansylethylene-diamine.
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Fig. 4.

Cr%sslinking of GST dimer through the oxidation-induced Michael addition reaction. All
GST samples (~50 pM) were incubated in the presence of 5 mM H,0, and 0.5 mM
Na,WOQO, at 37 °C for 60 min. TCEP (10 mM) was added after the oxidation reaction before
SDS-PAGE analysis.
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Fig. 5.

Crg(])sslinking of GST dimer in cell lysate. His-tagged GST variants were detected by Western
blot using anti-His antibody. All GST-containing cell lysates were incubated in the presence
of 50 mM H,0, and 0.25 mM Na,WO, at 37 °C. TCEP (50 mM) was added after the
oxidation reaction. Lane 1, wild-type GST; lane 2, GST-Asp61V1tK; lane 3, GST-Asp61VtK-
Lys63GIn; lane 4, GST-Asp61VtK-Lys86GIn; lane 5, GST-Val62VtK; lane 6, GST-
Val62VtK- Lys63GIn, lane 7, GST-Val62VtK-Lys86GIn; lane M, molecular weight marker.
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