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ABSTRACT: In the anaerobic ergothioneine biosynthetic pathway, a rhodanese domain containing enzyme (EanB) acti-
vates the hercynine’s sp2 ε-C-H bond and replaces it with a C-S bond to 
produce ergothioneine. The key intermediate for this trans-sulfuration re-
action is the Cys412 persulfide. Substitution of the EanB-Cys412 persulfide 
with a Cys412 perselenide does not yield the selenium analog of ergothi-
oneine, selenoneine. However, in deuterated buffer, the perselenide-mod-
ified EanB catalyzes the deuterium exchange between hercynine’s sp2 ε-C-
H bond and D2O. Results from QM/MM calculations suggest that the re-
action involves a carbene intermediate and that Tyr353 plays a key role. 
We hypothesize that modulating the pKa of Tyr353 will affect the deuter-
ium-exchange rate. Indeed, the 3,5-difluoro tyrosine containing EanB cat-
alyzes the deuterium exchange reaction with kex of ~10-fold greater than 
the wild-type EanB (EanBWT). With regards to potential mechanisms, these 
results support the involvement of a carbene intermediate in EanB-cataly-
sis, rendering EanB as one of the few carbene-intermediate involving en-
zymatic systems. 

Key words: ergothioneine, selenonine, anaerobic biosynthesis, carbene intermediate, unnatural amino acid (uAA), 
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INTRODUCTION 

Ergothioneine (5) is a thiol-histidine derivative produced 
in fungi and bacteria. Animals do not synthesize ergothi-
oneine, however, human and animal tissues enrich er-
gothioneine to milimolar levels through an ergothioneine-
specific transporter (OCTN1).1 As a result, ergothioneine 
and glutathione (GSH) are among the most abundant cel-
lular thiols in animals2 and together, they maintain a 
proper redox environment under a wide range of condi-
tions.2,3 Ergothioneine has been suggested to have health 
benefits for many human disorders, including rheumatoid 
arthritis, Crohn’s disease, diabetes, cardiovascular diseases, 
and neurodegeneration and touted as a longevity vitamin.3-

13 Ergothioneine’s biosynthetic pathways are also of signif-
icant interest given that sulfur-containing natural products 
are widely distributed in nature, yet the biosynthetic de-
tails for the vast majority of them are poorly understood.14-

18 

Both aerobic and anaerobic ergothioneine biosynthetic 
pathways are reported.18-20 In the aerobic pathways,21-24 
non-heme iron sulfoxide synthases catalyze the oxidative 
C-S bond formation reactions and there are four types of 
sulfoxide synthases. Type I enzymes use γ-glutamylcyste-
ine (γ-Glu-Cys) and trimethylhistidine (hercynine) as the 

substrate (EgtB-catalysis, Scheme 1A).21 Type II Chlorac-
idobacterium thermophilum EgtB accept either γ-Glu-Cys 
or Cys as the substrate (EgtBcth in Scheme 1B).25,26 Type III 
fungal Egt1s accept cysteine and hercynine as the sub-
strates (Egt1-catalysis, Scheme 1A).22  Most type IV sulfox-
ide synthases, such as OvoA from Erwinia tasmaniensis 
found in the biosynthesis of ovothiol,27 accept cysteine as 
the substrate (Scheme 1C).28 Interestingly, OvoA accepts 
both histidine and hercynine as the substrate, but the 
product C-S bond regio-selectivity is different for histidine 
and hercynine (Scheme 1C).29 In the anaerobic ergothi-
oneine biosynthetic pathway, a rhodanese (EanB)19 cata-
lyzes the trans-sulfuration reaction using polysulfide as the 
direct substrate (Scheme 1D).20 

Selenoneine (8, Scheme 1D) is an analog of ergothi-
oneine, in which the sulfur atom is replaced by selenium. 
30-32 Given the beneficial roles of ergothioneine in human 
health and the function of selenium as an essential micro-
nutrient, there is a growing interest in synthesizing sele-
noneine and characterizing its biological functions. Sele-
noneine is proposed to play a role in methyl mercury de-
toxification.33-35 When supplemented with sodium selenate  
in the growth medium,  fission yeast, Schizosaccharomyces 
pombe, produce selenoneine.36,37 Consistent with the fact 
that many enzymes in the biosynthesis of sulfur-related 

 



 

natural products could also produce their selenium ana-
logs,38,39 recently, Seebeck and coworkers demonstrated 
that some sulfoxide synthases from the ergothioneine aer-
obic biosynthetic pathway use selenocysteine as the sub-
strate (e.g., EgtBcth, Scheme 1B), while the activity is low.40 
Herein, we investigate the anaerobic ergothioneine biosyn-
thetic pathway (Scheme 1D) for selenoneine biosynthesis. 
Surprisingly, the Cys412 perselenide containing EanB does 
not produce selenoneine, while deuterium exchange oc-
curs between hercynine’s sp2 ε-C-H bond and D2O when 
D2O buffer is used. QM/MM calculations predict the in-
volvements of a carbene intermediate in EanB-catalysis 

and that Tyr353 plays a key role. Substitution of the Tyr353 
with 3,5-difluoro tyrosine, via the amber suppressor medi-
ated unnatural amino acid incorporation method, in-
creases in reactivity supports the importance of Tyr353 in 
EanB-catalysis. When all of these results are considered in 
the contexts of a few proposed mechanistic models, they 
highly suggest the involvement of a carbene intermediate 
in EanB-catalysis.  

 

 

Scheme 1. Different ergothioneine biosynthetic pathways discovered in recent years. (A) Type I and type III sulfoxide 
synthases from ergothioneine biosynthesis (EgtB and Egt1 from aerobic pathways). (B) Type II sulfoxide synthases from 
ergothioneine biosynthesis, in which EgtBcth could accept Cys, γ-Glu-Cys or selenocysteine as the substrate. (C) Type IV 
sulfoxide synthase from ovothiol biosynthesis, OvoA, which could also catalyze the oxidative coupling between hercynine 
and Cys. (D) The C-S bond formation reaction from the anaerobic ergothioneine biosynthesis, in which a rhodanese (EanB) 
catalyzes the direct replacement of the C-H bond by a C-S bond using polysulfide as the substrate.  

 

RESULTS 

Cysteine polysulfide produced by cystathionine-β-
lyase as the sulfur source in EanB-catalysis. In the an-
aerobic ergothioneine biosynthetic pathway, EanB cata-
lyzes the hercynine to ergothioneine transformation, in 
which the unreactive ε-C-H bond of hercynine is replaced 
by a C-S bond in one-step (Scheme 1D). Since many en-
zymes in the biosynthesis of sulfur-related natural prod-
ucts can also produce their selenium analogs,38,39 we tested 
the ability of EanB to produce selenoneine (8, Scheme 1D). 
We first focused on identifying a proper selenium donor. 
Our recent study on EanB-catalysis indicated that inor-

ganic polysulfides serve as the direct sulfur source, suggest-
ing that polyselenide might share a similar function.20 
However, the polyselenide synthetic conditions are usually 
incompatible with the enzymatic reaction conditions.41,42 
Therefore, we explored enzymatic systems. Cystathionine-
β-lyase is a PLP-dependent enzyme that catalyzes the L-
cysthathionine to L-homocysteine transformation.43 Cysta-
thionine-β-lyase  (e.g., E.coli MetC) also uses cystine as the 

substrate to produce cysteine persulfide (9 → 10, Figure 
1A).44,45 The cysteine persulfide undergoes disproportiona-

tion to produce cysteine polysulfides (10 → 11, Figure 
1A).46 To examine whether cysteine per(poly)sulfide serves 
as the direct sulfur source in EanB-catalysis, we overex-
pressed the E. coli cystathionine-β-lyase encoded by the 

 



 

MetC gene in E. coli (Figure S1).  Cysteine polysulfide (11, 
Figure 1) was then produced in situ using cystathionine-β-
lyase catalysis with cystine (9) as the substrate. 

 

 

Figure 1. Cysteine polysulfide as the sulfur source in 
EanB-catalysis. (A) EanB-MetC-ergothionase coupled re-
action scheme; (B) Kinetic trace of MetC-EanB-ergothio-
nase coupled assay. A typical 1-mL assay contained 4 nM 
MetC (3 equivalents of EanB activity), 1 mM cystine, 1 mM 
hercynine, 400 nM ergothionase (1000-fold of EanB activity) 
and varying concentration of EanB (2-10 µM) in 10 mM 
Tris-HCl, pH 8.0. The reaction was monitored at 311 nm. (C) 
1H-NMR assay of EanB-MetC coupled reaction. 

 

To monitor ergothioneine production, we used the er-
gothionase coupling assay reported by us previously.20 In-
deed, cysteine polysulfide generated from MetC supported 
EanB catalysis as revealed by the formation of thio-
lurocanic acid (14) (Figure 1B). In the EanB-MetC-ergothi-
onase coupled reaction kinetic trace, there is a ten minute 
lag-phase, which correlates with the need of producing 
cysteine polysulfide from cysteine persulfide through the 

disproportionation reaction 10 → 11, Figure 1A). To pro-
vide further evidence to support the production of cysteine 
polysulfide, aliquots of the reaction mixture at various time 
points were withdrawn, derivatized by iodoacetamide and 

then analyzed by LC/MS analysis (Figure S2). Indeed, cys-
teine persulfide and trisulfide derivatives were detected 
(Figure S2A-B). As an additional line of evidence to sup-
port the production of ergothioneine using cysteine poly-
sulfide from MetC-catalysis as the direct sulfur source, we 
have also analyzed the MetC-EanB coupled reaction using 
the 1H-NMR assay. In the 1H-NMR spectrum, the peak with 
a chemical shift of ~6.6 pm is the signal for the δ-H of er-
gothioneine’s imidazole side-chain (Figure 1C). Therefore, 
the cysteine polysulfide generated in situ from cystine by 
MetC-catalysis indeed could serve as the direct sulfur 
source in EanB catalysis. 

Producing Cys412 perselenide-containing EanB. Af-
ter demonstrating that the MetC-cystine reaction serves as 
the sulfur source in EanB-catalysis (Figure 1A), we tested 
whether EanB catalyzes the production of selenoneine (8, 
Scheme 1D) according to the experiment outlined in Fig-
ure 2A, since MetC also accepts selenocystine as a sub-
strate.47,48  In this reaction, selenocystine (15) is the sele-
nium source. After the production of perselenide (16) from 
selenocystine (15), it may disproportionate to polyselenide 
(17) and then transfer the terminal selenium to the EanB’s 
active cysteine (Cys412). The resulting Cys412-selenide (19, 
Figure 2A) then serves as the selenium source for EanB-
catalysis. 

 

 

Figure 2. Modification of EanB’s active site cysteine 
by selenium. (A) Experimental outline for detecting Cy412 
perselenide modification. (B) MS/MS spectrum of tryptic 
peptides from EanB-MetC coupled reaction using seleno-
cystine as substrate. The Peptide fragment ion (residue 407 
to residue 417) with [M+H]2+ at 724.2805 (predicted mass-
charge ratio: 724.2776) identified Cys412 with a Cys412-S-
Se-acetamide modification, which suggested the formation 
of the Cys412 perselenide modification during the EanB-
MetC coupled reaction. 
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To create the Cys412 perselenide intermediate, we incu-
bated EanB with MetC in the presence of excess selenocys-
tine for 15 minutes. Small molecules and proteins were 
then separated by size exclusion chromatography. The pro-
tein portion was derivatized using iodoacetamide and sub-
jected to tryptic digestion. The resulting peptides were 
then characterized by tandem mass spectrometry. MS/MS 
analysis of the Cys412 containing peptide clearly indicates 
that the EanB active site cysteine (Cys412) was modified by 
selenium when MetC and selenocystine were used as the 
selenium source (Figure 2B). 

 

Scheme 2. The possible pathways for EanB catalysis pro-
posed by QM/MM metadynamics simulation in our previ-
ous study.20 Subscript “S” represents intermediates of the 
C-S bond formation step in EanB catalysis. Adapted with 
permission from reference 20. Copyright 2020, American 
Chemical Society. 

Computational analysis of EanB-catalysis. After 
demonstrating the successful production of the Cys412 
perselenide containing EanB, we examined the production 
of selenoneine (8) in the presence of hercynine under both 
multiple and single turnover conditions. The reactions 
were monitored by both 1H-NMR and mass spectrometry. 
No selenoneine (8) was detected (Figure S3). To under-
stand the reasons behind this lack of reactivity, we ana-
lyzed the reaction using computational methods. In our 
previous work, using efficient hybrid quantum mechan-
ics/molecular mechanic methods (QM/MM) metadynam-
ics simulations, we examined three possible reaction path-
ways for EanB-catalysis (Scheme 2).20 In all three path-
ways, the S-S bond cleavage is the rate-determining step, 
while Tyr353 participates in the key activation step that is 
a prerequisite for the subsequent S-S bond cleavage. After 
the imidazole’s side-chain is activated by protonation us-
ing Tyr353, the reaction may proceed by persulfide attack 
on the protonated imidazole, followed by deprotonation at 

the -position, and S-S bond cleavage to produce ergothi-
oneine (Path I, Scheme 2). Path I is a step-wise process, 
and we have also evaluated the concerted mechanism 
(Path II, Scheme 2), where, IM-1S can be directly converted 

to the product in which the S-S bond is partially cleaved 
and the ε-H is shared by OTyr353 and the imidazole ε-carbon. 
Our QM/MM analysis indicate that Path II has an activa-
tion energy that is much higher than that of the step-wise 
pathway (Path I, Scheme 2).20  Alternatively, the deproto-

nated Tyr353 may extract the proton of imidazole’s -car-
bon to produce a carbene intermediate (Path III, Scheme 
2). From our QM/MM analysis, the ∆Ga for both the se-
quential pathway (Path I Scheme 2) and the carbene path-
ways (Path III, Scheme 2) are at a comparable level. 

Carbenes are key intermediates in many synthetic or-
ganic transformations.49-52 However, only limited cases of 
enzymatic reactions involving carbene intermediates are 
reported, including thiamine diphosphate dependent en-
zymes,53,54 and orotidine 5′-phosphate decarboxylase.51,52,55-

62 To further confirm our previous QM/MM study results 
and to understand the difference between sulfur-transfer 
and selenium-transfer in EanB-catalysis, we conducted 
QM cluster model calculations at the CPCM/B3LYP-D3/6-
31+G(d,p) level of theory,63-68  as further described in Com-
putational Methods. As shown in Figure 3A, IM-1S (with a 
deprotonated Tyr353) and IM-3S (the carbene intermedi-
ate) are stable local minima on the DFT potential energy 
surface, while the tetrahedral intermediate (IM-2S), is not 
stable and readily falls back to IM-1S, suggesting that Path 
I is not be a favorable pathway under cluster model calcu-
lations. The existence of the tetrahedral intermediate (IM-
2S) in the QM/MM simulation may be a consequence of the 
constrained C-H bond.20 The observation of the Cys412 
hercynine trisulfide adduct in the crystal structure of the 
EanBY353A mutant (PDB: 6KU2) is likely a consequence of 
removing Tyr353, which is the key residue that initiates the 
S-S bond cleavage. For EanBY353A mutant, its activity is sev-
eral orders of magnitude less than that of EanBWT. In addi-
tion, the crystallization process takes days to a week, the 
observation of the covalent intermediate in is EanBY353A 

mutant crystal structure certainly consistent with pathway 
II, while other options may not be ruled out yet. 

Based on the cluster model calculations (Figure 3A), IM-
1S is directly converted to the product through a “con-
certed” transition state, where the S-S bond is partially 
cleaved and the ε-H is shared by OTyr353 and the ε-C. The 
energy barrier for this step is fairly high, 33.0 kcal/mol (TS-
3S in Figure 3A). Alternatively, a carbene intermediate (IM-
3S in Figure 3A) is formed during the conversion of IM-1S 
to IM-3S with an energy barrier of 20.6 kcal/mol (TS-1S in 
Figure 3A), suggesting that the deprotonation of ε-C by 
the deprotonated Tyr353 is energetically feasible. In the 
subsequent step, i.e., the conversion of the carbene inter-
mediate (IM-3S in Figure 3A) to the product state (PSS in 
Figure 3A), the energy barrier is 27.0 kcal/mol (TS-2S in 
Figure 3A), which is lower than that of the concerted path-
way (TS-3S in Figure 3A, 33.0 kcal/mol), suggesting that 
the concerted path is not the favorable pathway based on 
the cluster model calculations; this is consistent with our 
previous QM/MM metadynamics simulations. Therefore, 
calculations from two different methods (both QM/MM 
and QM cluster models) suggest that a carbene involving 
mechanism is feasible and that the rate-limiting step is the 



 

S-S bond cleavage and C-S bond formation starting from 
the carbene intermediate (IM-3S in Figure 3A).  

In our reaction using the Cys412-perselenide EanB as the 
catalyst, there is no selenoneine production. To under-
stand the differences between the sulfur and selenium 
transfer reactions, we examined the selenium transfer re-
action using cluster models as we did in the sulfur transfer 
reaction (Figure 3A). The relative electronic energies (∆E) 
for each species of EanB-perselenide (IM-1Se and IM-3Se, 
Figure 3B) are comparable to those of EanB-persulfide 
(IM-1S and IM-3S, Figure 3A), except for the product state 
(PSS and PSSe), as further discussed below. Specifically, the 
energy barrier (∆E‡) for the carbene intermediate for-
mation step for the perselenide intermediate (IM-1Se to IM-

3Se) is 21.4 kcal/mol (Ts-1Se in Figure 3B), which is compa-
rable to 20.6 kcal/mol (Ts-1S in Figure 3A) in the corre-
sponding persulfide transformation (IM-1S to IM-3S, Figure 
3A). However, the energetics of ergothioneine and sele-
noneine productions are quite different. The energy of the 
PSs, EanB with ergothioneine (5) relative to the reactant 
state (RSS), EanB persulfide with hercynine (2), is -3.7 
kcal/mol. By contrast, the energy of the PSSe, EanB cata-
lyzed selenoneine (8) formation relative to the RSSe, EanB 
perselenide with hercynine (2), is 12.6 kcal/mol, suggesting 
that the reaction intermediates fall back to the substrate 
side; this provides an explanation for the lack of sele-
noneine production.

 

Figure 3. The potential energy profile for EanB-catalysis using a cluster model at the B3LYP-D3/6-31+G(d,p) level 
of theory. The protein environment was described by CPCM with a dielectric constant of 4.0. (A) EanB with Cys412 per-
sulfide; Note: the numbers in the bracket are free energies (ΔG) from previous DFTB3/MM metadynamics simulation. (B) 
EanB with the Cys412 perselenide. Subscript “S” represents species in C-S bond formation of EanB catalysis and subscript 
“Se” represents species in C-Se bond formation of EanB catalysis. 

 

EanB-catalyzed deuterium exchange at the -carbon 
of hercynine’s imidazole side-chain. Our selenium 
transfer computational results (Figure 3B) imply that the 
reverse reaction is preferred in the EanB-catalyzed sele-
nium transfer reaction. These results led to the hypothesis 
that if EanB-catalysis does involve a carbene intermediate, 
we will observe a deuterium exchange at hercynine’s imid-

azole -position when the selenium transfer reaction is 

conducted in D2O buffer. Imidazol-2-yl carbene is difficult 
to produce in water because the pKa of the corresponding 
C-H bond of imidazole is 23.8.69 In the absence of a cata-

lyst, at 25 C, the deuterium exchange is a very slow process 
in D2O and there is no noticeable deuterium exchange at 
room temperature after 16 hours (Figure S4A). Even when 

the mixture was heated up to 80 C, it took 8 hours for 3 
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mM hercynine to achieve >95% deuterium exchange at the 

-C-H bond (Figure S4B). 

To test for deuterium exchange in EanB-catalysis, we 
conducted three sets of experiments. In the first experi-
ment, we incubated the EanB-hercynine mixture in D2O 
buffer (50 mM potassium phosphate (KPi) buffer in D2O 
with a pD of 8.22) and the process was monitored by 1H-
NMR spectroscopy. In the second set of experiments, the 
mixture contained hercynine along with MetC and seleno-
cystine in 50 mM KPi buffer in D2O with pD of 8.22. In the 
third set of experiments, the mixture contained hercynine 
along with EanB, MetC and selenocystine in 50 mM KPi 
buffer in D2O with pD of 8.22 and again, the reaction was 
monitored by 1H-NMR spectroscopy. The results of experi-

ment I are shown in Figure S5 and after 16 hours at 25 C, 

the relative intensity of the two signals at 7.6 ppm and 6.8 

ppm remain largely unchanged. The signal at 7.6 ppm is 

from the hercynine’s -C-H bond and the signal at ~6.8 

ppm is from the  C-H bond. The ratio between these two 
signals is roughly 0.85:1, which might be due to the relaxa-
tion property differences between these two C-H bonds. To 
provide evidence to further confirm this result, we ana-
lyzed the sample at 0 hour and 16 hours by mass spectrom-
etry (Figure S6 and Figure S7) and indeed, the level of 
deuterium exchange is minimal (< 0.1% at 0 hour and 16 
hours). In the second set of experiments (Figure 4A), com-
pared to the first set of experiment, EanB was missing while 
MetC and its substrate selenocystine were included. As 
shown in Figure 4A and Figure S6, there was no obvious 
deuterium exchange either and after 16 hours, the level of 
deuterium exchange was not detectable (< 0.1%). In the 
third set of experiments, we included EanB, MetC, hercyn-
ine, and selenocystine. As reported in the previous section, 
this reaction mixture did not produce selenoneine. How-
ever, the 1H-NMR signal at ~7.6 ppm disappeared over time 
(Figure 4B).  Further characterization using high resolu-
tion mass spectrometry revealed that at hour 16, deuterium 
exchange reaches 87.9 %. Notably, the reaction mixture 

contains 6% H2O because the EanB and MetC samples in 
H2O buffer were introduced into the reaction mixture.  

Cys412 is essential for carbene formation. Results in 
the previous section clearly indicated that the hercynine’s 

 C-H bond deuterium exchange in D2O buffer is EanB-ca-
talysis dependent. For the reaction conditions used in Fig-
ure 4B studies, it leads to a Cys412 perselenide intermedi-
ate formation (Figure 2). Neither EanB nor MetC with se-
lenocystine alone led to a noticeable amount of hercynine’s 

imidazole side-chain  C-H bond deuterium exchange with 
D2O. On the other hand, MS/MS analysis showed that the 
perselenide modification on EanB by MetC occurs on other 
EanB cysteine residues (Cys116, Cys184, Cys339 and Cys370. 
Figure S8-S11) possibly because they are solvent exposed. 
To provide an additional line of evidence to support the 
importance of Cys412-perselenide in this deuterium ex-
change reaction, we repeated the experiment in Figure 4B 
by replacing EanBWT with EanBC412-only mutant where all of 
the other four cysteine resides (Cys116, Cys184, Cys339, and 
Cys370) were replaced with alanine. Similar to the deuter-

ium exchange experiment reported in Figure 4B, in the re-
action mixture containing hercynine, EanBC412-only mutant, 
MetC and selenocystine in 50 mM KPi buffer in D2O with 
pD of 8.22, the level of deuterium incorporation reaches 
83.9 % after 16 hours (Figure S12-S14).  

To provide another line of evidence to support the EanB-
activity dependence for the observed hercynine deuterium 
exchange with D2O, we also repeated the experiment using 
EanBC412S mutant. In the reaction mixture containing her-
cynine, EanBC412S mutant, MetC and selenocystine in 50 
mM KPi buffer in D2O with pD of 8.22, we did not detect 
deuterium exchange after 16 hours (Figure S15)  
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Figure 4. 1H-NMR analysis of hercynine’s imidazole 

side-chain -C-H bond deuterium exchange. (A) 1H-
NMR spectra over time for the reaction mixture containing 

3 mM hercynine, selenocystine saturated solution, 0.5 M 
MetC in 50 mM KPi buffer in D2O (pD = 8.22). (B) 1H-NMR 
spectra over time for the reaction mixture containing 3 mM 

hercynine, selenocystine saturated solution, 0.5 M MetC, 

and 50 M of EanB in 50 mM KPi buffer in D2O (pD = 8.22); 
(C) The extracted LC-MS ion chromatograph of [ε-D]-her-
cynine and [ε-H] hercynine in the EanB-MetC coupled re-
action mixture using selenocystine as the substrate in D2O 
buffer. The percentage of [ε-D]-hercynine is quantified 
based on the peak area between [ε-D]-hercynine (m/z: 
199.1300) and hercynine (m/z: 198.1237) from the extracted 
ion chromatograph. 

Modulate the deuterium exchange rate using un-
natural tyrosine-containing EanB. Our computational 
studies (Scheme 2 & Figure 3) suggest that the protona-
tion of hercynine’s imidazole ring π-N is a key activation 
step for EanB-catalysis. This is consistent with our report 
on the crystal structure of the EanB•hercynine•Cys412 per-
sulfide tertiary complex.20 From this structure, Tyr353 is 
most likely the active site Lewis acid responsible for her-
cynine’s imidazole protonation. Indeed, in our previous re-
port, when Tyr353 is mutated to phenylalanine or alanine, 
the EanB ergothioneine production activity is reduced by 
orders of magnitude with negligible ergothioneine produc-
tion.20 To provide additional evidence to support the im-
portance of Y353 in EanB-catalysis, we replaced Tyr353 by 
tyrosine analogs using the amber suppressor mediated un-
natural amino acid incorporation method. Histidine’s im-

idazole side-chain pKa is 6.0, while tyrosine’s side-chain 

pKa is 10. If Tyr353 is the Lewis acid as suggested by our 
crystal structure and our computational prediction, there 
is a mismatch of 4 units unless the pKas of hercynine and 
tyrosine are significantly perturbed in the EanB active site. 
Based on this analysis, we  replaced Tyr353 by 3,5-difluoro 
tyrosine (F2Y) because the pKa of F2Y is ~2.8 lower than that 
of tyrosine.70-72  

 

Figure 5. MS/MS analysis of EanBY353F2Tyr mutant (A) 
Peptide fragment (residue 342 – residue 357) with [M+H]2+ 
as 959.4395 (predicted m/z: 959.4395) identified 3,5-difluro 
tyrosine residue at position 353, which suggests the suc-
cessful incorporation of 3,5-difluro tyrosine at position 353 
in EanB (B) MS/MS spectrum of tryptic peptides from 
EanBY353F2Tyr MetC coupled reaction using selenocystine as 
substrate. The Peptide fragment (residue 407 to residue 417) 
with [M+H]2+ as 724.2773 (predicted m/z: 724.2776) identi-
fied Cys412 as Cys412-S-Se-acetamide modification, which 
suggests the Cys412 perselenide modification during the 
EanBY353F2Tyr-MetC coupled reaction. 

F2Y was enzymatically synthesized using tyrosine phenol 
lyase (TPL) as previously reported.73-75 The identity of F2Y 
was confirmed by 1H-NMR, 13C-NMR and mass spectrome-
try analysis (Figure S16). To incorporate F2Y in EanB and 
replace the Tyr353, an engineered aaRS/tRNA  pair from 
Methanococcus jannaschii was used to specifically recog-
nize F2Y.75 The EanBY353F2Tyr mutant was overexpressed and 
the successful incorporation of F2Y was confirmed by pep-
tide tandem MS/MS and SDS-PAGE analysis (Figure 5A 
and Figure S17). The kinetics parameters of EanBY353F2Tyr 

catalyzed ergothioneine formation (using polysulfide and 
hercynine as the substrate, kcat = 0.42 ± 0.01 min-1, and Km,her 

= 82.8 ± 9.1 µM) are comparable to that of EanB (Figure 
S18). This is not unexpected because the EanB rate-limiting 
step is the S-S cleavage and C-S bond formation from the 
carbene intermediate. However, lowering the pKa of Tyr353 
might affect the deuterium exchange rate if indeed a car-
bene intermediate is involved in EanB-catalysis. Therefore, 
we measured the hercynine deuterium exchange rate using 
EanBY353F2Tyr as the catalyst. To produce Cys412-perselenide 
containing EanBY353F2Tyr, we incubated the EanBY353F2Tyr var-
iant with MetC in the presence of excess selenocystine for 
15 minutes. The presence of the Cys412-perselenide was an-
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alyzed by mass spectrometry after the the EanBY353F2Tyr var-
iant was derivatized by iodoacetamide as described in Fig-
ure 2A. After tryptic digestion, the resulting peptides were 
then characterized by tandem mass spectrometry. MS/MS 
analysis of the Cys412 containing peptide clearly indicated 
that the active site cysteine (Cys412) in EanBY353F2Tyr was 
modified by selenium when MetC and selenocystine were 
present as the selenium source (Figure 5B). After demon-
strating the formation of the Cys412 perselenide in the 
EanBY353F2Tyr variant, we conducted the hercynine deuter-
ium exchange experiment with a mixture containing her-
cynine, EanBY353F2Tyr, MetC, and selenocystine in 50 mM KPi 
D2O buffer with pD of 8.22. We firstly monitored the deu-
terium exchange using 1H-NMR as we did previously (Fig-
ure 4). Interestingly, the hercynine’s deuterium exchange 
is much more efficient in the EanBY353F2Tyr variant relative 
to EanBWT (Figure 6). In order to reliably capture the deu-
terium exchange process, we lowered the concentration of 

the EanBY353F2Tyr variant to a level of  ¼ of the concentra-
tion used for EanBWT and EanBC412-only in the previous ex-
periments (Figure 4 and Figure S12). Even under this con-
dition, the hercynine deuterium exchange still occurs 
much faster in the EanBY353F2Tyr variant relative to that of 
the EanBWT (Figure S19 and Figure S20). Even with a re-
duced amount of enzyme, the EanBY353F2Tyr reaction reached 
the deuterium exchange equilibrium in 8 hours while it 
took 16 hours for the EanB reaction to reach this level. We 
then quantitatively measured the hercynine-D2O deuter-
ium exchange rate using EanB or EanBY353F2Tyr as the cata-
lyst by the method described in orotidine 5ˊ-monophos-
phate decarboxylase studies.51,52,55-62  

We propose the EanB-catalyzed hercynine deuterium 
exchange reaction in Scheme 3. The reaction rate of EanB-
catalyzed deuterium exchange is given by equation (1), 
where the kex (s-1) is the deuterium exchange step rate con-
stant and Kd is the dissociation constant for the EanB•h-Her 
complex. The kinetic parameters correlate to the observed 
2nd order reaction rate shown in equation (2), where the 
[hercynine]0 is the total hercynine concentration regard-
less of its isotope form. Specifically, the observed first order 
reaction rates (kobsd) are calculated based on hercynine’s 
deuterium exchange ratio over different time points, which 
is shown in equation (3). Furthermore, the equation (2) can 
be converted to equation (4), which represents more a fa-
miliar dependence of initial enzymatic rate versus total 
substrate concentration.  

 

Figure 6. Hercynine’s deuterium exchange with D2O 
when EanBY353F2Tyr variant is used as the catalyst and 
MetC using selenocystine as the selenium source. (A) 
Time course of the [ε-D]-hercynine formation under mul-
tiple turn-over conditions. The reaction mixture contained 
50 μM of EanBY353A, EanBWT, or 12.5 μM EanBY353F2Tyr variant. 
(B) Hercynine’s deuterium exchange with D2O rate at var-
ious hercynine concentrations using EanB or EanBY353F2Tyr. 
The 1-ml reaction mixture contains 8 ~ 50 μM EanBWT (or 
0.65 ~ 6.5 μM EanBY353F2Tyr), 100 ~ 3000 μM hercynine, sele-
nocystine saturated solution (1 mg powder added), 0.5 μM 
MetC in 50 mM KPi buffer, with pD of 8.22. The kobsd at dif-
ferent hercynine concentration is calculated based on the 
slope from the semilogarithmic plot of the reaction conver-
sion vs time. 

 

We re-analyzed the reaction based on the Scheme 3. Spe-
cifically, we withdrew aliquots of the reaction mixture at 
various time points (25 minutes, 45 minutes, 65 minutes 
and 85 minutes, the time intervals were chosen to cover 4 
data points before the deuterium exchange reaction 
reached ~50 % conversion) and quantitatively analyzed the 
samples by high resolution mass spectrometry to measure 
the ratio between hercynine and deuterium-labeled her-
cynine. We calculated the kobsd from the slope of a semi-
logarithmic plot of reaction conversion versus time and fit 
the results to equation (4) to obtain the kinetics parame-
ters. The kinetics of hercynine deuterium exchange by 
EanBWT and EanBY353F2Tyr are shown in Figure 6B. The ki-
netics parameters are kex = 0.34 ± 0.01 min-1 and Kd = 160.7 
± 18.6 µM for EanBWT and kex = 3.72 ± 0.24 min-1 and Kd = 
337.4 ± 69.1 µM for EanBY353F2Tyr. Therefore, the exchange 

rate constant (kex) of the EanBY353F2Tyr variant is 10 fold 

A

B
T im e  (h )

%
 o

f 
[ 

-D
]-

h
e

r
c

y
n

in
e

0 5 1 0 1 5 2 0

0 %

2 0 %

4 0 %

6 0 %

8 0 %

1 0 0 %

E a n B

E a n B Y 3 5 3 F 2 T y r

E a n B Y 3 5 3 A

n o  E a n B

[ H e r c y n i n e ]  ( m M )

k
o

b
s

d
[
S

]
0

/[
E

]
 (

m
in

-
1

)

0 1 2 3 4

0

1

2

3

4

E a n B W T

E a n B F 2 T y r



 

greater than that of the EanB. The comparative studies be-
tween EanBWT and EanBY353F2Tyr variant clearly indicated 
that Tyr353 is playing a key role in EanB activation and re-
lated to the observed deuterium exchanged reaction in 
D2O buffer. 

 

 

Scheme 3. Equations for the EanB-catalyzed hercynine 
deuterium exchange rate quantification 

 

DISCUSSION 

Despite the significance of sulfur-containing molecules 
in nature, many of their biosynthetic pathways are poorly 
understood.14,16-18,20,76,77 Therefore, the biosynthesis of sul-
fur-containing natural products and the mechanistic stud-
ies of newly discovered C-S bond formation reactions are 
at the frontier of enzymology.14,18,78 Our recent biochemical 
and structural analyses indicate that the small molecular 
polysulfide is the direct sulfur source for EanB-catalysis in 
the ergothioneine biosynthesis. Pentasulfide has been ob-
served in the crystal structure of a Radical SAM enzyme 
(MiaB).79 However, it is generally believed that the iron-
sulfur cluster attached sulfide/polysulfide is the substrate 
in MiaB catalysis.79,80 Therefore, EanB is the first reported 
case of an enzyme using polysulfide as the direct sulfur 
source in a natural product biosynthesis. Our previous 
QM/MM metadynamics simulations and the QM cluster 
model calculations in this report examined three potential 
mechanistic pathways for EanB-catalysis. The imidazole’s 

-position C-H bond is an unactivated position with a pKa 
of 23.8 based on studies from model systems.69 In EanB-
catalysis, hercynine must activate first and our QM/MM 
metadynamics simulation indicate that protonation of her-
cynine’s Nπ atom by Tyr353 is a key activation step. After 
the imidazole’s side-chain is activated by protonation, the 
reaction proceeds to produce a C-S bond via either a se-
quential (Path I) or concerted (Path II) mechanism 
(Scheme 2). Alternatively, the C-S bond forms via a car-
bene intermediate (Path III, Scheme 2). Seebeck et al. also 
considered the possibility of a carbene intermediate in 
EanB-catalysis, but suggested that this carbene pathway is 

unlikely.19,81 However, from our QM/MM simulation, the 
activation barrier for the sequential pathway (Path I) is at 
a level comparable to that of the carbene-involved reac-
tion, suggesting that the carbene pathway should be con-
sidered.  

In enzymatic systems, carbene intermediates are pro-
posed in only a few limited cases, including thiamine di-
phosphate dependent enzymes,53,54 orotidine 5′-phosphate 
decarboxylase,51,52,55-62,82-92 and some engineered p450 vari-
ant-catalyzed unnatural reactions.93 Recently, Meyer et al. 
report crystallographic evidence for a carbene intermedi-
ate in thiamine diphosphate dependent enzymes.53 Bio-
chemically, in both thiamine diphosphate dependent en-
zymes and orotidine 5′-phosphate decarboxylase, the pres-
ence of a carbene intermediate is inferred from a deuter-
ium exchange reaction in D2O buffer.51,52,55-62 In this work, 
using Cys412 perselenide-containing EanB, we have suc-

cessfully detected hercynine’s -position C-H bond deuter-
ium exchange. The pKa of this C-H bond is estimated to be 
23.8, which is higher than 19.5 of thiazole in the thiamine 
diphosphate cofactor.69 Therefore, formation of an imid-
azol-2-yl carbene maybe even more challenging. Imidazole 
carbenes have been produced using synthetic organic ap-
proaches and are key reagents for a wide range of chemical 
transformations.49,50 To the best of our knowledge, imidaz-
ole carbenes have not yet been reported in enzymatic sys-
tems. 

Based on our previous QM/MM metadynamics simula-
tion, Tyr353 plays a key role in activating hercynine’s imid-
azole for the EanB-catalyzed trans-sulfurration reaction. It 
is worth noting that, for Tyr353, with its phenol group pKa 
higher than the π-N of imidazole, the activation free energy 
is high, in the magnitude of ~20.0 kcal/mol, as discussed in 
our previous paper.20 If Tyr353 plays a key role in this acti-
vation step, replacement of Tyr353 with an unnatural 
amino tyrosine with a lower pKa may affect the deuterium 
exchange rate. Indeed, when we replaced Tyr353 with its 
3,5-difluoro tyrosine analog, the deuterium exchange rate 

constant kex increases by 10-fold. Once the hercynine’s 

imidazole activates, subsequent -position C-H bond 
deprotonation requires a base. We propose that the base is 
the deprotonated Tyr353. Tyr353 functions as both the 
Lewis acid in the hercynine activation step, and as a Lewis 

base in the -position C-H deprotonation step.  

Beside Tyr353, the Cys412 perselenide or persulfide may 

serve as the base to deprotonate the hercynine’s -position 
C-H bond to produce the carbene intermediate. However, 
we note that the reported pKa for cysteine persulfide is 
about 4.3, suggesting that the neutral persulfide is unlikely 
to be highly populated in the active site.94 Therefore, 
Tyr353 is more likely to be the protonation source for her-
cynine imidazole activation. We are aware that the pKa 
might be perturbed in the enzyme environment, therefore 
neutral persulfide may exist. To test this option, we have 
examined the intrinsic reactivity of neutral persulfide with 
imidazole using small molecule models and results from 
these calculations suggest that the reaction between neu-
tral persulfide and imidazole is indeed energetically feasi-
ble. Relevant discussions and Figures have been added to 



 

the Supporting Information. To understand the possible 
mechanism, we examined the stability of intermediates 
and explored the potential energy surface of neutral per-
sulfide with imidazole, as shown in Figure S24 to S30. The 
results suggest that the reaction likely still involves a car-
bene intermediate and the reaction pathways are similar to 
those of negatively charged persulfide (Cys-S-S-). In addi-
tion, our cluster model calculations suggest that neutral 
persulfide or perselenide (i.e. S-S-H or S-Se-H) is stable 
with the carbene intermediate if Tyr353 is in its protonated 
state, similar to the findings obtained from our small 
model calculations. The transition state structures for per-
sulfide and neutral persulfide in the rate-limiting step are 
similar in C-S and S-S distances, though for neutral persul-
fide, the TS is “synchronous”: C-S bond formation and pro-
ton transfer from one sulfur to the other occur at the same 
time. As a result, the intrinsic energy barrier for neutral 
persulfide is higher than that of persulfide. Therefore, neg-
atively charged persulfide is likely the optimal choice in 
EanB enzyme reaction. Nevertheless, for a thorough un-
derstanding, accurate QM/MM free energy calculations 
are necessary and will be reported in the future. 

The observation of deuterium exchange in EanB-cataly-
sis is consistent with the proposed carbene mechanism 
(Scheme 2). However, if the reaction is fully reversible, in 
D2O buffer, ergothioneine or selenoneine to hercynine 
transformation will also lead to deuterium incorporation 

into hercynine [PSs (or PSSe) → hercynine transformation]. 
To test whether the observed hercynine deuterium ex-
change observed in EanB-catalysis in D2O buffer is due to 
this reverse reaction, we conduct another set of experi-
ments and two reactions were setup in parallel. In the first 
reaction, 3 mM hercynine and ergothioneine were mixed 
in 50 mM KPi D2O buffer. In the second reaction, 3 mM 

hercynine and ergothioneine were mixed with 50 µM EanB 
in 50 mM KPi D2O buffer. Both of the reactions were mon-
itored by NMR assay and MS quantification for up to four 
days. For the first reaction, in the absence of EanB-catalysis, 
hercynine deuterium exchange is extremely slow Figure 4A 
[after 4 days, there is less a very small amount of deuterium 
incorporation (<10%)]. Interestingly, for the second reac-
tion (hercynine/ergothioneine mixture in the presence of 
EanB enzyme), after 4 days, there was ~ 40% conversion of 

[-2H]-hercynine (Figure S21) and kex of hercynine deuter-
ium exchange for this EanB reverse sulfur transfer reaction 
was ~0.005 min-1, which is two orders of magnitude lower 
than the kex of EanBWT and three orders of magnitude lower 
than the kex of EanBY353F2Tyr using MetC selenocystine as in-
termediate. More importantly, based on our calculation, 
the S-S or S-Se bond cleavage in EanB-catalysis is the rate-
limiting step. Therefore, if the the hercynine deuterium ex-
change observed in EanB-catalysis is due to the reverse re-
action, kex will be either at a level comparable to that of kcat 
or smaller than kcat.  However, kex for hercynine deuterium 
exchange in EanBY353F2Tyr is ~ 10 x of kcat. Therefore, even if 
there will be hercynine deuterium exchange from the re-

verse reaction (ergothioneine → hercynine), it accounts for 
~1% or less of the observed deuterium incorporation into 

hercynine (Figure S21). Therefore, the involvement of car-
bene intermediate maybe the key factor leading to the ob-
served hercynine deuterium exchange in D2O buffer. 

The observation of the Cys412 hercynine trisulfide ad-
duct in the crystal structure of the EanBY353A mutant indi-
cated the possibility of tetrahedral intermediate model 
(Path I in Scheme 2) .20 Since the crystallization process 
takes a few days to a eek, it suggests that the formation of 
Cys412 tetrahedral intermediate is a very slow process. On 
the other hand, the level of kex in EanB is comparable to or 
even 10 x higher than that of kcat. Therefore, after all of 
these factors are taken into consideration, we are inclined 
to the carbene model of EanB catalysis. Further differenti-
ation between two mechanistic models and potential con-
tribution of deuterium exchange due to the reverse reac-
tion may require additional mechanistic investigations. 

In summary, deuterium exchange occurs at the hercyn-

ine’s -position C-H bond in D2O buffer. This deuterium 
exchange reaction is EanB-activity dependent based on the 
following lines of evidence. First, imidazole C(2) deuterium 
exchange is a very slow process.69 Indeed, even upon in-

creasing the reaction temperature to 80 C, the reaction re-
quires 8 hours to achieve 95% deuterium exchange for 3 

mM hercynine at the -position C-H bond in D2O.  Second, 
active EanB is necessary for this reaction. In the EanBY353A 
mutant, the deuterium exchange does not occur (Figure 
S22). Third, the Cys412-perselenide intermediate does not 
lead to selenoneine formation, but instead to catalyze her-
cynine deuterium exchange with the D2O solvent. The in-
volvement of an imidazole carbene intermediate in this in-
teresting biosynthetic pathway will spur additional EanB 
studies as well as the investigation of other biotransfor-
mation, which may utilize a carbene intermediate as a key 
step. Finally, selenonine synthesis and its application in 
both basic95 and translational research3 are ongoing studies 
in our laboratory. 

 

EXPERIMENTAL SECTION 

Materials: Reagents were purchased from Sigma-Al-
drich and Fisher Scientific unless otherwise specified. Her-
cynine was synthesized following reported procedure.29 
NMR spectra were recorded using Agilent 500 (500 MHz 
VNMRS). The kinetic parameter was determined using 
Cary Bio-100 spectrophotometer (Agilent). 

Overexpression and purification of EanBY353F2Tyr. 
BL21(DE3) cells were co-transformed with 
EanBY353TAG/pET28a and F2YRS/pEVOL (F2YRS/pEVOL was 
provided by Dr. Jiangyun Wang). One colony was inocu-
lated into 50 mL LB media supplemented with 50 µg/mL 
kanamycin and 25 µg/mL chloramphenicol at 37 °C over-
night. Then, 10-mL of seed culture was then inoculated to 
1 L LB media supplemented with 50 µg/mL kanamycin and 
25 µg/mL chloramphenicol at 37 °C. When OD600nm reaches 
0.6, the media was supplied with arabinose to 0.02% (w/v) 
final concentration. When OD600nm reached 1.2, protein 
overexpression was induced with 0.2 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) final concentration and the 



 

media was supplemented with D-glucose to 5 g/L final con-
centration, 3,5-difluoro tyrosine to 1 mM final concentra-
tion, and 100 mM KPi buffer, pH 7.0. The culture was incu-
bated at 16 °C for 12 hours before harvest by centrifugation. 

EanBY353F2Tyr was purified anaerobically. 14 g cells were 
suspended in 70 ml lysis buffer (100 mM Tris-HCl, 200 mM 
NaCl, pH 8.0) with 1 mg/mL final concentration of lyso-
zyme. The mixture was incubated on ice with shaking for 
30 min. Cells were lysed by sonication. DTT was added to 
cell lysate to 1 mM final concentration. Cell debris was re-
moved via centrifugation at 20,000 rpm for 30 min, 4 °C. 
The supernatant was incubated with 5 mL of Ni Sepharose 
resin (GE Healthcare) for 30 minutes. The column was 
washed with 25 mL of lysis buffer with 30 mM imidazole 
and 1 mM DTT followed by 25 mL lysis buffer with 30 mM 
imidazole.  The protein was eluted by lysis buffer contain-
ing 250 mM imidazole and concentrated using ultrafiltra-
tion (Millipore). Imidazole was removed using a G25 Se-

phadex size-exclusion column (30600 mm). The 
EanBY353F2Tyr containing fractions were combined and con-
centrated through ultrafiltration.   

Tandem MS/MS analysis of EanB. The EanB Cys412-S-
Se modification was achieved from the coupled reaction of 
EanB with MetC with selenocystine as the selenium source. 
A 435 μL reaction mixture with 698 μM EanB,7 μM MetC 
selenocystine saturated solution (1.5 mg powder added) in 
150 mM Tris-HCl, pH 8.0 buffer was set up at room tem-
perature for 15 minutes. Then, excess small molecules were 
removed using G-25 size-exclusion chromatography. EanB 
with the putative Cys412 perselenide modification was al-
kylated by iodoacetamide. The 400-μL alkylation reaction 
contained 106 μM EanB and 2 mM iodoacetamide and was 
incubated at room temperature for 1 hour in the absence of 
light. The protein fraction after size exclusion chromatog-
raphy was digested by Sequencing Grade Modified Trypsin 
(Promega) at 37 °C in absence of light for overnight. Typi-
cally, each 70 μL mixture used 0.8 μg of Trypsin and 80 μg 
protein in 50 mM Tris-HCl, pH 8.0 buffer. The digested 
peptide was desalted using a microspin C18 column (The 
Nest Group).  

The peptide was loaded on an in-house packed capillary 
reverse-phase C18 column connected to an Easy LC 1200 
system. The samples were analyzed with a 120min-HPLC 
gradient from 5% to 35% of buffer B (buffer A: 0.1% formic 
acid in water; buffer B: 0.1% formic acid in 80% acetoni-
trile) at 300 nL•min. The eluted peptides were ionized and 
directly introduced into a Q-Exactive mass spectrometer 
using a nano-spray source. Survey full-scan MS spectra 
(from m/z 100–2000) were acquired in the Orbitrap ana-
lyzer with a resolution r = 70,000 at m/z 400. Protein iden-
tification and protein post-modification identification 
were done with Proteome Discoverer 2.3. 

EanB-catalyzed hercynine deuterium exchange. A 
typical 2-mL reaction mixture contained 50 µM EanB, 3 
mM hercynine, selenocystine saturated solution (6.7 mg 
powder added), and 0.5 µM MetC in 50 mM KPi D2O 
buffer, pD = 8.22. In order to rule out the non-EanB-cata-
lyzed exchange of the ε-C of hercynine in D2O, a 2-mL re-

action mixture with 3 mM hercynine, selenocystine satu-
rated solution (6.7 mg powder added), and 0.5 µM MetC in 
50 mM KPi D2O buffer, pD = 8.22 was setup in parallel. The 
percentage of H2O in the reaction mixtures was 6 % (It 
came from protein H2O buffer in the protein purification 
process). The reaction mixture was incubated for 16 hours. 
300 uL of sample was taken at various time and analyzed 
by 1H-NMR assay to monitor the exchange of hercynine’s 
ε-C-H bond. The ratio between [ε-H]-hercynine and [ε-D]-
hercynine at 0 hour and 16 hours were also analyzed by 
mass spectrometry. The protein from 100 µL was quenched 
by adding 20 µL 6 M HCl and centrifuged at 15k rpm for 10 
minutes. The supernatant was collected and lyophilized. 
Lyophilized sample was re-dissolved in 100 µL H2O and 
quantified by LC/MS. The experiment was repeated by two 
independent trials. 

EanB variant-catalyzed hercynine deuterium ex-
change with D2O. A typical 2-mL reaction mixture con-
tained 50 µM EanB variants (EanBC412S, EanBC412-only and 
EanBY353A), 3 mM hercynine, selenocystine saturated solu-
tion (6.7 mg powder added), and 0.5 µM MetC, in 50 mM 
KPi D2O buffer, pD =8.22. In order to rule out the non-
EanB-catalyzed exchange of hercynine ε-C-H bond with 
D2O, a 2-mL reaction mixture with 3 mM Hercynine, sele-
nocystine saturated solution (6.7 mg powder added), and 
0.5 µM MetC, in 50 mM KPi D2O buffer, pD =8.22 was setup 
in parallel. The percentage of H2O in the reaction mixture 
was 12.5% (It came from protein H2O buffer in the protein 
purification process). The reaction mixture was incubated 
for 16 hours. 300 µL of sample was withdrawn at various 
time and analyzed by 1H-NMR assay to monitor the her-
cynine ε-C-H deuterium exchange with D2O. The ratio be-
tween [ε-H]-hercynine and [ε-D]-hercynine at 0 hour and 
16 hours were further analyzed by mass spectrometry. The 
protein from 100 µL was quenched by adding 20 µL 6 M 
HCl and centrifuged at 15k rpm for 10 minutes. The super-
natant was collected and lyophilized. Lyophilized sample 
was re-dissolved in 100 µL H2O and quantified by LC-MS. 

EanB hercynine deuterium exchange reaction with 
ergothioneine and D2O. A typical 2-mL reaction mixture 
contained 50 µM EanB, 3 mM hercynine, 3 mM ergothi-
oneine, in 50 mM KPi D2O buffer, pD = 8.22. In order to 
rule out the non-EanB-catalyzed exchange of the ε-C of 
hercynine in D2O, a 2-mL reaction mixture with 3 mM her-
cynine, 3 mM ergothioneine, in 50 mM KPi D2O buffer, pD 
= 8.22 was setup in parallel. The percentage of H2O in the 
reaction mixtures was 6 % (It came from protein H2O 
buffer in the protein purification process). The reaction 
mixture was incubated for 5 days. 300 uL of sample was 
taken at various time and analyzed by 1H-NMR assay to 
monitor the exchange of hercynine’s ε-C-H bond. The ratio 
between [ε-H]-hercynine and [ε-D]-hercynine at different 
time points were also analyzed by mass spectrometry. The 
protein from 100 µL was quenched by adding 20 µL 6 M 
HCl and centrifuged at 15k rpm for 10 minutes. The super-
natant was collected and lyophilized. Lyophilized sample 
was re-dissolved in 100 µL H2O and quantified by LC-MS. 

EanBY353F2Tyr-catalyzed hercynine deuterium ex-
change with D2O. The conditions are the same as above 



 

except that 12.5 µM EanBY353F2Tyr was used in this experi-
ment. 

Hercynine deuterium exchange kinetics catalyzed 
by EanB and EanBY353F2Tyr. 1-ml reaction mixture with var-
iable concentrations of EanB (8 to 50 µM for EanBWT and 
0.65 to 6.5 µM Y353F2Tyr variant), 0.5 µM MetC, selenocys-
tine saturated solution (1 mg powder added), and variable 
concentrations of hercynine (0.1 to 3 mM) in 50 mM KPi 
D2O buffer, pD 8.22. Four times points (25 minutes, 45 
minutes, 65 minutes, and 85 minutes) were chosen to en-
sure that when the reaction was quenched, there was less 
than 50% of hercynine deuterium exchange. At multiple 
time points, a portion of 250 µL reaction mixture was with-
drawn and quenched by adding 50 µL 6 M HCl, and centri-
fuged at 15k rpm for 10 minutes. The supernatant was col-
lected and lyophilized. Lyophilized sample was re-dis-
solved in 300 µL H2O and quantified by LC/MS. 

Computational Methods. The QM cluster models is a 
truncated model based on QM/MM calculations (see our 
previous paper);20 this consists of 136 atoms, including key 
reacting residues, the hercynine substrate and some resi-
dues in α-helix 18 (i.e. Glu345, Tyr353, Tyr375, Tyr411, 
Cys412, Gly413, Thr414, Gly415, Trp416, Arg417 and Gly418), 
as shown in Fig. S22. The total charge of the system is -1 e. 
Six atoms are fixed during geometry optimization to retain 

the protein structures: -C of Glu345, -C of Tyr353, car-
bonyl O of Thr414, two terminal C atoms of truncated 
Trp416 and terminal C atom of truncated Tyr375. All calcu-
lations were performed using the Gaussian 16 program96. 
The Becke, three-parameter, Lee-Yang-Parr exchange-cor-
relation functional (B3LYP)63 with the addition of 
Grimme’s third version semi-empirical dispersion correc-
tion (D3)64 were used with the 6-31+G(d,p) basis set65,66. Ge-
ometry optimizations and harmonic vibrational analysis 
were performed with conductor-like polarizable contin-
uum solvation model67,68 (CPCM, dielectric constant as 4.0 
to model the solvation effect of the protein environment). 

Mass spectrometry analysis of hercynine deuterium 
exchange. The UPLC-MS analysis was performed on an 
Agilent 1290 UPLC (Agilent, USA) coupled to an Agilent 
6530 QTOF mass spectrometer (Agilent, USA) with the 
electrospray ionization (ESI) source. A Waters ACQUITY 
UPLC BEH HILIC column (1.7 µm, 2.1 × 100 mm) was used 
for separation with flow rate at 0.4 mL/min and column 
temperature at 45 °C. The mobile phases were comprised 
of (A) 0.2% formic acid and 10 mM ammonium acetate in 
50% acetonitrile and (B) 0.2% formic acid and 10 mM am-
monium acetate in 95% acetonitrile. The gradient elution 
was 90% B kept for 1.0 min, followed by a linear gradient 
to 5% B during 7.0 min and maintained 5% B to 10.0 min, 
then increased to 90% B in 10.1 min and maintained for 2.9 
min. Multiple Reaction Monitoring (MRM) was used to 
monitor the compounds in the positive ion mode. The in-
jection volume was set to 2μL. The samples were run in 
auto MS/MS mode. MS acquisition parameters were set as 
follows: positive ion polarity, capillary voltage was 4000 V, 

nozzle voltage was 500 V, gas temperature was 250 C, gas 
flow was 12 L/min, nebulizer was 35 psi, sheath gas temper-

ature was 300 C, sheath gas flow was 11 L/min. fragmentor 
voltage was 200V, skimmer was 65 V, MS and MS/MS mass 

range of 50-600 m/z, a maximum of 3 precursors per cycle, 
and a precursor selection threshold of 1000 counts absolute 
or 0.01% relative. Data acquisition and processing were 
performed on Agilent Mass hunter workstation software 
(Agilent, USA). The ratio between [ε-H]-hercynine and [ε-
D]-hercynine was quantified by peak area of their extrac-
tion ion chromatogram. Additionally, the product from the 
deuterium experiment was analyzed by LC/MS on a LTQ-
FT-ICR (Thermo Fisher Scientific, USA) mass spectrome-
ter. A ThermoFisher Hybercarb column (5 µm, 4.6 × 150 
mm) was use for separation with flow rate at 0.5 mL/min. 
The mobile phase was composed of (A) 0.1 % formic acid 
in H2O and (B) 0.1 % formic acid in acetonitrile. The gra-
dient elution was 0 % B for 3 min, followed by a linear gra-
dient to 90 % B during 17 min and the gradient was main-
tained to 22 min, then the grading was decreased to 0 % B 
and maintained to 30 min. Compounds mass range from 
100 to 400 Da was collected and was detected in positive 
mode. 
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