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ABSTRACT: Ergothioneine, a natural longevity vitamin and antioxidant, is a thiol-histidine derivative. Recent-
ly, two types of biosynthetic pathways were reported. In the aerobic ergothioneine biosyntheses, non-heme iron 
enzymes incorporate a sulfoxide to an sp2 C-H bond from trimethyl-histidine (hercynine) through oxidation 
reactions. In contrast, in the anaerobic ergothioneine biosynthetic pathway in a green sulfur bacterium, 
Chlorobium limicola, a rhodanese domain containing protein (EanB) directly replaces this unreactive hercynine 
C-H bond with a C-S bond. Herein, we demonstrate that polysulfide (HSSnSR) is the direct sulfur-source in 
EanB-catalysis. After identifying EanB’s substrates, X-ray crystallography of several intermediate states along 
with mass spectrometry results provide additional mechanistic details for this reaction. Further, quantum me-
chanics/molecular mechanics (QM/MM) calculations reveal that the protonation of Nπ of hercynine by Tyr353 
with the assistance of Thr414 is a key activation step for the hercynine sp2 C-H bond in this trans-sulfuration 
reaction.  
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▪ INTRODUCTION 

Sulfur-containing natural products are widely 
distributed in nature, yet their biosynthetic details 
are poorly understood.1-6 One such natural product 
is ergothioneine, a thiol-histidine derivative (4, Fig-
ure 1). Ergothioneine and glutathione (GSH) are 
among the most abundant cellular thiols in ani-
mals.7 Together, they maintain a proper redox envi-
ronment under a wide range of conditions due to 

their difference in reduction potential (200 mV).7,8 
Animals enrich ergothioneine from their diet 
through an ergothioneine-specific transporter 
(OCTN1) to millimolar concentrations in various 
parts of the body.9 Ergothioneine is touted as a lon-
gevity vitamin,10 and many diseases may benefit 
from ergothioneine treatment, including rheuma-
toid arthritis, Crohn’s disease, diabetes, cardiovascu-
lar diseases, and neurodegeneration.8  

In ergothioneine biosyntheses, the key step is 

the substitution of the hercynine’s -carbon sp2 C-H 
bond with a C-S bond (1 to 4 transformations, Fig-
ure 1a); a remarkable example of C-H bond activa-
tion in synthesis.11-13 In recent years, two types of 
ergothioneine biosynthetic pathways were discov-
ered: the aerobic and anaerobic biosynthetic path-
ways. In the aerobic ergothioneine biosynthetic 

pathways from Mycobacterium smegmatis14 and 
Neurospora crassa15  (Figure 1a), a non-heme iron 
enzyme (EgtB or Egt1, respectively, Figure 1a) cata-

lyzes the hercynine’s -carbon sp2 C-H bond activa-
tion using molecular oxygen as the oxidant. While 
in the anaerobic ergothioneine biosynthetic path-
way from the green-sulfur bacterium Chlorobium 
limicola, a rhodanese (EanB-catalysis, Figure 1a) is 
proposed to directly replace the sp2 C-H bond by a 
C-S bond, using cysteine as the sulfur source and 
cysteine desulfurase (IscS) as the sulfur-transfer 
mediator (Figure 1b).16,17 In general, the rhodanese 
active site’s cysteine persulfide intermediate trans-
fers its terminal sulfur atom to an activated accep-
tor,18-20 yet, in EanB-catalysis, the hercynine’s sp2 C-
H bond is not activated.16,17 In contrast to the origi-
nal proposal of cysteine along with IscS as the sulfur 
source (Figure 1b),16,17 herein, we report the unprec-

edented finding that polysulfide is the direct sulfur 
source for EanB-catalysis. In green-sulfur bacteria, 
the deposited sulfur granules contain several forms 
of polysulfides, including S8, polysulfide, cysteine 
polysulfide, and glutathione polysulfide.21-23 In this 
report, we demonstrate that all of these different 
deposited polysulfides in sulfur bacteria could serve 
as EanB substrates, suggesting that this reaction is a 
biologically relevant transformation. Kinetic studies, 



 

mass spectrometry analyses, and X-ray crystal struc-
tures of the pre-reaction complex, the reaction in-
termediate, and the product complex of EanB-
catalysis provide additional mechanistic details and 
insights into this reaction. Further, we propose a 
mechanistic model for this intriguing trans-
sulfuration reaction based on experimental data as 
well as QM/MM metadynamic simulations. Given 

the wide-distribution of EanB homologs in nature, 
the discoveries in this report may serve as the start-
ing point for characterizing many more similar reac-
tions in the biosyntheses of sulfur-containing natu-
ral products. 

 

 

 

Figure 1. Ergothioneine biosynthesis and our initial EanB characterization. (a) Ergothioneine biosynthetic 
pathways: two aerobic (EgtB-EgtC-EgtE-catalysis in mycobacteria, and Egt1-Egt2-catalysis in fungi), and an anaero-
bic (EanB-catalysis in sulfur bacteria) pathways. (b) 1H-NMR of the IscS-EanB coupled reaction shows ergothi-

oneine production. The 7.6 ppm and  6.9 ppm signals are from the hydrogen atoms of hercynine’s side-chain and 

the signal at  6.7 ppm is from the ergothioneine’s side-chain hydrogen atom. (c) The reaction scheme of the IscS-
EanB-ergothionase coupled assay, in which the formation of thiourocanic acid 5 is monitored at 311 nm by UV-
visible spectroscopy. (d) A five-minute lag phase for the IscS-EanB-ergothionase coupled assay. The reaction mix-

ture contained 2 M IscS, 1 mM cysteine, 1 mM hercynine, 400 nM ergothionase (1000-fold of EanB activity), and 

EanB at various concentrations (2-10 M) in 50 mM pH 8.0 potassium phosphate (KPi) buffer at 25 °C. The reaction 

was monitored at 311 nm (ε311nm = 1.8  105 M-1•cm-1). 

▪ RESULTS  

Lag-phase in EanB-catalysis and the produc-
tion of elemental sulfur (S8) in the IscS-EanB 
coupled reaction. Recently, Seebeck and coworkers 
reported their biochemical studies of EanB-catalysis 
from the anaerobic ergothioneine biosynthesis in 
which cysteine was used as the direct sulfur source 
and the Escherichia coli cysteine desulfurase (IscS) 
was used as the sulfur transfer mediator (Figure 
1b).17 The E. coli IscS was used to replace the C. li-
micola IscS for three reasons. First, compared to oth-
er cysteine desulfurases,24-27 IscS is a promiscuous 
enzyme participating in the biosynthesis of thio-

cofactors such as Fe-S clusters, thiamin, and 
biotin.28-30 Second, the E. coli IscS shares high se-
quence similarity to that of the C. limicola IscS (Fig-
ure S1a). Finally, the structural model of the C. li-
micola IscS created by us using the Phyre2 program 
is highly similar to the reported E. coli IscS crystal 
structure (Figure S1b).31  

We first repeated the EanB reaction reported by 
Seebeck and co-workers.17 Indeed, the IscS-EanB 
coupled reaction produces ergothioneine (Figure 1b) 

as revealed by 1H-NMR assay. The 7.6 ppm and  
6.9 ppm signals are from the hydrogen atoms of her-

cynine’s side-chain and the signal at  6.7 ppm is 
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from the ergothioneine’s side-chain hydrogen atom 
(Figure 1b). After demonstrating the EanB-activity, 
in order to accurately measure the EanB kinetic pa-
rameters, we developed a continuous assay (Figure 
1c). In this assay, we included ergothionase,32 which 
degrades ergothioneine to thiolurocanic acid 5. Be-
cause thiolurocanic acid 5 has a strong absorption 

feature centered at 311 nm (ε311nm = 1.8  105 M-1•cm-1), 
we could use this coupled assay to accurately meas-
ure the kinetic parameters of EanB-catalysis. Inter-
estingly, when we monitored the thiolurocanic acid 
formation at 311 nm continuously (the IscS-EanB-
ergothionase coupled reaction to form thiolurocanic 
acid 5, Figure 1c), we noted two interesting observa-
tions: First, the formation of thiolurocanic acid (5) 

has a five-minute lag phase (Figure 1d). Second, the 
reaction mixture becomes cloudy after four hours. 
We collected these precipitates and characterized 
them. The dominant component in the precipitate is 
elemental sulfur (S8), along with a very small amount 
of the denatured EanB protein (Figure S1c-f). In the 
literature, it has been reported that when IscS is used 
as the sulfur transfer mediator, if a proper sulfur ac-
ceptor is not present, IscS-catalysis will lead to the 
accumulation of elemental sulfur (S8).33,34 Given 
these literature IscS-examples, the results from our 
ergothionase coupled assay imply that the Cys-IscS 
pair may not be the biological sulfur source for EanB-
catalysis. 

 

Figure 2. Polysulfide is the direct sulfur source in EanB-catalysis. (a) 1H-NMR assay of reaction mixtures using 
various potential sulfur-donors, including (i) IscS+cysteine, (ii) sodium thiosulfate (Na2S2O3), (iii) mercaptopy-
ruvate (3-MP), (iv) sodium bisulfide (NaHS), (v) potassium polysulfide (K2Sx), (vi) elemental sulfur (S8), and (vii) 
dithiothreitol (DTT)-treated elemental sulfur. (b) The EanB-ergothionase coupled assay using polysulfide as the 
direct sulfur source. (c) Representative kinetic traces of EanB-polysulfide reactions. The reaction mixture contained 

1 mM hercynine, 400 nM ergothionase (1000-fold of EanB activity), and 2 M EanB  and polysulfide at various con-

centrations (6-116 M) in 50 mM pH 8.0 KPi buffer at 25 °C. The reaction was monitored at 311 nm (ε311nm = 1.8  105 

M-1•cm-1). There is no lag phase when polysulfide is used as the direct sulfur source. 

 

Polysulfide as the direct sulfur source in 
EanB-catalysis. Results from our IscS-EanB-
ergothionase coupled assay (Figure 1d and Figure S1) 
do not support the hypothesis of an IscS-bound per-
sulfide as the direct sulfur source for EanB-catalysis 
as previously proposed (Figure 1b).17 Therefore, the 
key question to be addressed in EanB-catalysis is: 
what are the EanB substrates, especially the identity 

of its direct sulfur source? To answer this question, 
we examined several potential sulfur donors for 
EanB-catalysis (Figure 2a), including thiosulfate 
(Na2S2O3), mercaptopyruvate (3-MP), bisulfide 
(NaHS), and polysulfide.18,35 Among these sulfur do-
nors, only polysulfide supports robust ergothioneine 
production (trace v, Figure 2a), while the octasulfur 
ring (S8) provides a barely detectable level of er-
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gothioneine (trace vi, Figure 2a). Treatment of S8 
with dithiothreitol (DTT) to produce polysulfide, 
also affords a significantly enhanced level of ergothi-
oneine (trace vii, Figure 2a). More importantly, no 
lag phase exists in the EanB-ergothionase coupled-
assay when polysulfide is the direct sulfur source 
(Figure 2c vs Figure 1d). The steady-state kinetic 
parameters of wild type EanB (EanBWT) are:  kcat of 

0.68  0.01 min-1, Km of 69.7  8.7 M for hercynine 

(1), and Km of 18.1  1.2 M for polysulfide (Figure 
S1g-h). Polysufides are a mixture of sulfanes with 
various chain lengths. Following literature proto-
cols,36 we have characterized the composition of pol-
ysulfides in our reaction conditions. The dominant 
form of polysulfide in our assay conditions is S4

2- 

(Figure S2), therefore, the K2S4 concentration was 
used when we report the KM of polysulfide.  

 

Figure 3. Single-turnover studies to distinguish between the IscS-EanB and EanB-polysulfide reactions. (a) 
1H-NMR analysis of EanB variants: The EanBC412S reaction (trace i) and EanBC412-only reaction (trace ii). (b) Flowchart 
of the EanBC412-only single-turnover reaction using persulfide containing IscS as the direct sulfur source. (c) MS/MS 
analysis of IscS (residues 319 - 340) for detecting the IscS Cys328 persulfide intermediate. (d) Flowchart of the 
EanBC412-only single-turnover reaction using K2Sx as the direct sulfur source. (e) MS/MS analysis of EanBC412-only (resi-
dues 407 - 417) for detecting the Cys412 persulfide intermediate. (f)-(g) Quantification of the amount of EanBC412-only 
protein (bar I or I’), EanBC412-only Cys412 persulfide (bar II or II’), ergothioneine produced  using as-purified EanB (bar 
III or III’) and ergothioneine produced using IscS- or polysulfide-treated EanB (bar IV or V’). Additionally, quantifi-
cation of EanBC412-only Cys412 persulfide after polysulfide treatment is shown in bar IV’. 

 

Cys412 is the only cysteine required for EanB 
catalysis. There are five cysteine residues in EanB. In 
literature examples of sulfurtransferases, the sulfur-

transfer process may involve multiple cysteine resi-
dues.4 To determine the importance of these five cys-
teine residues (Cys116, Cys184, Cys339, Cys370, Cys 
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412), we conducted two sets of experiments. In the 
first set of experiments, we generated the cysteine to 
serine mutation for each of the five cysteine residues. 
The catalytic activities of these mutants were charac-
terized by both 1H-NMR and mass spectrometry. 
Among them, the EanBC412S mutant is completely 
inactive. Even under single-turnover conditions, 
there is no ergothioneine production for the 
EanBC412S mutant (trace i in Figure 3a). Results from 
the first set of experiments imply that Cys412 might 
be the active site cysteine residue. In the second set 
of experiment, we demonstrated that Cys412 is the 
only required cysteine in EanB-catalysis by creating 
the EanBC412-only mutant and characterizing its activi-
ty. To create the EanBC412-only mutant, we replaced all 
of the other four cysteine resides (Cys116, Cys184, 
Cys339, and Cys370) with alanine. Therefore, in the 
EanBC412-only mutant, there is only one cysteine resi-
due, which is Cys412. Consistent with the hypothesis 
of having Cys412 as the active site cysteine residue 
concluded from the first set of experiments, the 
EanBC412-only variant is active (trace ii, Figure 3a and 
Figure S4b) and its activity is only a few folds less 
than that of wild type EanB. The steady state kinetic 

parameters are: kcat of 0.15  0.01 min-1, Km of 65.9  

3.4 M for hercynine, and Km of 10.4  1.0 M for 
polysulfide (Figure S3b-c).  The results from these 
two sets of studies indicated that Cys412 is the active 
site’s cysteine in EanB and that it is the only cysteine 
needed for catalysis. 

Single-turnover studies to provide further 
evidence supporting polysulfide as the direct 
sulfur source in EanB-catalysis. There are two po-
tential mechanistic models to explain the observed 
ergothioneine production in the reported Cys-IscS-
EanB system (Figure 1b). In the first model, EanB 
undergoes a conformational change to expose its 
Cys412 to the surface, which could then accept a sul-
fur atom from the persulfide intermediate on cyste-
ine desulfurase (IscS). The second model is proposed 
based on results from our studies outlined in Figure 
1 & 2. We proposed that polysulfide, instead of the 
IscS-persulfide, is the direct sulfur source in EanB-
catalysis (Figure 2a). In our Cys-IscS-EanB studies, 
we detected the production of a large amount of el-
emental sulfur (S8). The formation of S8 involves pol-
ysulfide intermediates,33,34 which, therefore, also ex-
plains the production of ergothioneine in the Cys-
IscS-EanB system (Figure 1b) and the presence of a 
five-minute lag-phase in the kinetics of the Cys-IscS-
EanB-ergothionase coupled assay (Figure 1d). 

To provide further evidence to differentiate be-
tween the above two mechanistic options, we con-

ducted two sets of single-turnover studies. In the 
first set, we prepared persulfide-containing IscS and 
used the IscS-persulfide as the sulfur source to con-
duct the EanB single-turnover study (Figure 3b).  In 
the second set of experiments, we pre-incubated 
EanB with polysulfide and after excess polysulfide 
removal by gel-filtration, polysulfide-treated EanB 
was then used for the single turnover studies (Figure 
3d). In addition, to simplify the data analysis, we 
used the EanBC412-only variant because Cys412 is the 
only cysteine residue needed for EanB-catalysis.  

In the IscS-EanBC412-only single turnover study 
(Figure 3b, 3c, & 3f), we first incubated IscS with [β-
13C]-cysteine in 1:0.9 ratio anaerobically for 5 minutes 
to produce the IscS-Cys328-persulfide (Figure S4a). 
The formation of the IscS-Cys328-persulfide interme-
diate is supported by analysis using mass spectrome-
try. After the IscS-cysteine reaction, the resulting 
IscS protein was derivatized by iodoacetamide (IAM). 
The presence of the IscS-Cys328-perfulfide was then 
characterized by analyzing its alkylated Cys328-based 
peptide-S-S-acetamide adduct using tandem mass 
spectrometry (Figure 3b and 3c). Indeed, tandem 
mass spectrometry analysis of IscS peptides obtained 
from trypsin-digested IscS supports the production 
of the IscS-Cys328-persulfide in the IscS-catalyzed 
cysteine desulfurase reaction (Figure 3c). 

After the production of Cys328-persulfide con-
taining IscS, it was then mixed with one equivalent 
of EanB, followed by the addition of an excess 
amount of hercynine (Figure 3b). The amount of 
ergothioneine produced was quantified via mass 
spectrometry (Figure S4c-f).15 The amount of the 
EanBC412-only Cys412 persulfide content was quantified 
using cyanolysis according to a literature 
procedure.16,37 A typical example of the IscS- 
EanBC412-only single-turnover study results are shown 

in Figure 3f. In the as-purified EanBC412-only (155 M, 

bar I), there are 44.4±3.6 M having Cys412 persul-
fide modification already (bar II). The amount of 
ergothioneine produced by mixing the as-purified 
EanBC412-only with excess amount of hercynine is 

42.0±1.5 M (bar III). After mixing EanBC412-only with 
the Cys328 persulfide containing IscS and then 
treated with an excess amount of hercynine, the 

amount of ergothioneine produced is 41.1±5.5 M 
(bar IV), which clearly indicates that the Cys328 per-
sulfide containing IscS does not improve the 
amount of ergothioneine produced by the EanBC412-

only protein under single-turnover conditions. There-
fore, results from this single turnover study do not 
support a direct transfer of the sulfur atom from the 



 

IscS-Cys328-perfulfide to EanB-Cys412 to form the 
EanB-Cys412-persulfide. 

In the polysulfide-EanBC412-only single-turnover 
studies (Figure 3d), the treatment of EanBC412-only 

with polysulfide yields the Cys412-persulfide con-
taining EanBC412-only protein. After the polysulfide 
treatment, the excess polysulfide was removed by gel 
filtration and a portion of the polysulfide treated 
EanBC412-only was alkylated with IAM and character-
ized by tandem mass spectrometry, which supports 
the successful production of the EanB-Cys412-
persulfide (Figure 3e). The rest of the polysulfide 
treated EanBC412-only protein was then mixed with an 
excess amount of hercynine for the single-turnover 
study (Figure 3d). A typical example of the polysul-
fide single-turnover experimental result is shown in 
Figure 3g. After the treatment of EanBC412-only (bar I’) 
with K2Sx, the amount of Cys412 persulfide increased 

from 7.7±0.6 M in the as purified EanBC412-only pro-

tein (bar II’) to 65.7±2.2 M in the K2Sx treated 
EanBC412-only protein (bar IV’). In addition, when the 
K2Sx treated EanBC412-only protein was mixed with an 

excess amount of hercynine, 64.2±6.6 M of er-
gothioneine was produced (bar V’), which is signifi-
cantly higher than the amount of ergothioneine 

(5.3±1.1 M) produced from the as-purified C412-
only protein (bar III’). This experiment clearly indi-
cates that polysulfide is the direct sulfur source in 
EanB-catalysis (Figure 3g). 

EanB accepts other forms of polysulfides as 
the sulfur donors. For decades, polysulfides have 
been known to be present in biological systems and 
their potential chemical and biological roles are at-
tracting interest.35,38 The EanB gene was identified 
from C. limicola, which is a green sulfur bacterium. 
Green sulfur bacteria accumulate sulfur and deposits 
sulfur globules, with the short length of polysulfides 
(S3

2- and S4
2-) being the dominant species in the 

periplasmic space.21-23  Recently, Prange et al. charac-
terized bacterial sulfur granules using X-ray absorp-
tion spectroscopy23 and identified S8, polysulfide, 
cysteine polysulfide, and glutathione polysulfide in 
these sulfur granules. To determine whether other 
polysulfide forms could support EanB-catalysis, we 
synthesized glutathione polysulfide and cysteine 
polysulfide by mixing glutathione or cysteine with 
the octasulfur ring (S8) (Figure S5 and S6).35 In this 
reaction, the free thiol groups from cysteine and glu-
tathione nucleophilically attack S8 to produce gluta-
thione and cysteine polysulfide (Figure S7a). Using 
glutathione polysulfide or cysteine polysulfide as the 
sulfur source, we also observed ergothioneine pro-
duction (Figure S7b). As shown in trace vi of Figure 

2, when the octasulfur ring (S8) is used as the sub-
strate in EanB-catalysis, there is a very low level of 

ergothioneine production. Some of EanB’s non-
essential cysteine residues are solvent exposed and 
they might react with octasulfur ring (S8) to produce 
a small amount of linear polysulfide to support 
EanB-catalysis. The green sulfur bacteria accumulate 
sulfur and deposit sulfur globules in the periplasmic 
space. However, EanB is predicted to be a cytosolic 
protein based on the sequence analysis from PSLpred 
and CELLO.39,40 Therefore, the cytosolic pool of pol-
ysulfide are the ones relevant to EanB-catalysis. Fu-
ture studies will focus on characterizing this cyto-
solic pool of polysulfides.       

Snapshots of several EanB-catalysis inter-
mediate states. After establishing polysulfide as the 
direct sulfur source for EanB-catalysis (Figure 2 & 3), 
we solved EanB X-ray structures in several states us-
ing polysulfide as the substrate. The structures of 
EanB alone and its complex with hercynine were re-
ported recently by Leisinger et al.16 and are con-
sistent with our results (Table S1, Figure S8, and S9). 
In contrast to other literature rhodanese examples, 
whose active site’s cysteine residues are surface ex-
posed (Figure S9a-b), the EanB active site Cys412 

reside at the bottom of a 13 Å deep tunnel (Figure 
S9c). This unique EanB structural feature is con-
sistent with our discovery of polysulfide as the direct 
sulfur source because polysulfide could access the 
deeply buried Cys412, while the IscS-Cys328 may not. 

In continuation of our mechanistic studies, we 
captured three additional states of EanB-catalysis by 
X-ray crystallography (Figure 4a-4c). Upon co-
crystallization of EanB with polysulfide and hercyn-
ine, we observed an EanB•hercynine binary complex 
with the Cys412 persulfide (Figure 4a & Figure 
S10a). In this structure, the distance between the 

Cys412 persulfide’s terminal sulfur and hercynine’s -
carbon is 3.2 Å (Figure 4a), which is longer than a C-
S bond (~1.82 Å). The dihedral angle between the 
Cys412-persulfide and the hercynine’s imidazole ring 

is -141.8. Therefore, this structure is most likely the 
EanB•hercynine•persulfide intermediate before the 
sulfur-transfer reaction (the pre-reaction state). In 
the EanB pre-reaction state (Figure 4a), Tyr353 is 3.1 

Å away from the hercynine’s -carbon, suggesting its 
potential role in acid/base catalysis, which was vali-
dated using the EanBY353A and EanBY353F variants. 
Even under single-turnover conditions, for both vari-
ants, ergothioneine production is below the 1H-NMR 
detection limit and < 0.3% according to quantitative 
mass spectrometry analysis (Figure S11a-c). Upon 
co-crystallizing of EanBY353A with polysulfide and 



 

hercynine, two more states were observed (Table S1): 
i) The EanBY353A•hercynine•trisulfide tetrahedral in-
termediate (Figure 4b); and ii) the 
EanBY353A•ergothioneine binary complex with the 
Cys412 persulfide (Figure 4c). In EanBY353A, the 
Tyr355’s hydroxyl group moves closer to the hercyn-

ine’s -carbon (4.0 Å), partially filling the space oc-
cupied by Tyr353 in EanBWT. In addition, Cys412 is in 
a trisulfide form in the EanBY353A mutant, instead of a 
persulfide in EanBWT, possibly due to additional 
space created by mutating Tyr353 to a smaller Ala 
residue (Figure 4b & Figure S10b). More important-

ly, the trisulfide directly links to the hercynine’s -
carbon in a tetrahedral conformation and we propose 
that this state is the captured C-S bond containing 
tetrahedral intermediate. We also observed the 
EanBY353A•ergothioneine binary complex with the 
Cys412 persulfide (Figure 4c & Figure S10c). We at-
tribute this result to the very low level of activity in 
this mutant and in the two-week crystallization pro-
cess, some of the tetrahedral intermediate formed in 
Figure 4b proceeded to the product.  

    

 

Figure 4. Crystal structures of three states in EanB-catalysis and our EanB-mechanistic models based on 
the QM/MM calculation. (a)-(c) Catalytic states of EanB observed in crystallographic studies. (a) The 
EanB•hercynine binary complex with the Cys412 persulfide intermediate. Hercynine is shown in cyan sticks and key 
interactions are shown in dash lines with distances labeled (in Å). (b) EanBY353A•hercynine•Cys412-trisulfide in the 
tetrahedral intermediate state (shown in green sticks). (c) The EanBY353A•ergothioneine binary complex (ergothi-
oneine shown in a magenta sticks). (d) Proposed mechanisms for EanB-catalysis based on the QM/MM calculation. 

After the protonation of hercynine’s imidazole ring Nπ, C-S bond formation is followed by the deprotonation of 

Tyr353 (Path I) or a concerted mechanism in which the C-S bond is formed simultaneously with the transfer of H+ 
to the deprotonated Tyr353 (Path II). Path III shows the deprotonation of the protonated imidazole by Tyr353 to a 
carbene intermediate (IM-3), which is then followed by the C-S bond formation. 

 

The activation of an unreactive C-H bond in 
EanB-catalysis. With the structural information, 
the next question we examined is: how is the unreac-

tive C-H bond of hercynine activated to accept the 
sulfur atom from EanB’s Cys412 persulfide? We ana-
lyzed this reaction using metadynamics free energy 
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simulations and efficient hybrid quantum mechan-
ics/molecular mechanic methods (QM/MM). Our 
starting point is the crystal structure the pre-reaction 
state (Figure 4a).  The computed free energy surfac-
es (Figure S12) suggest that the initial step in the 
reaction involves the proton transfer from Tyr353 to 
the hercynine’s Nπ atom (Figure 4d). The role of 
Tyr353 for hercynine’s Nπ atom is also supported by a 
hydrogen bonding analysis from the EanB•hercynine 
binary complex with the Cys412 persulfide crystal 
structure (Figure S9f-g). The energetics of model 
reactions with different protonation states of sub-
strate analogs support the proposal that protonation 
of hercynine is required for the nucleophilic persul-
fide attack (Figure S16 and Supporting discussion). 
The two-dimensional free energy surface in Figure 
S12b-c further supports this hypothesis, showing 
that the energetically favorable pathway starts from 
hercynine’s Nπ protonation by Tyr353, leading to a 
metastable intermediate IM-1; by contrast, sulfur 
transfer without this protonation is energetically up-
hill without any free energy basin that corresponds 
to a well-defined intermediate. In the EanB pre-
reaction state (Figure 4a), the Thr414 and the her-
cynine’s Nπ atom participate in H-bonding (Figure 
S14). Specifically, the Thr414 plays a key role in ori-
enting hercynine for productive proton transfer and 
in stabilizing the deprotonated Tyr353. IM-1 is ~16.0 
kcal•mol-1 above the reactant state (RS) and this step 

(RS → IM-1, Figure 4d) has a free energy barrier 
(∆Ga) of ~20.0 kcal•mol-1. Once IM-1 is formed, nu-
cleophilic attack by the Cys412 persulfide leads to C-
S bond formation, resulting in the tetrahedral inter-
mediate IM-2 at the hercynine’s ε-carbon, which is 
~21.6 kcal•mol-1 relative to the reactant state; the ac-

tivation free energy barrier is 25.0 kcal•mol-1 meas-
ured relative to the reactant. We created the 
EanBY353A, EanBY353F, and EanBT414V variants. Even un-
der single-turnover conditions, their ergothioneine 
production is below the 1H-NMR detection limit and 
< 0.3% according to quantitative mass spectrometry 
analysis (Figure S11a-d). These biochemical results 
are consistent with the proposed key roles of these 
residues in EanB-catalysis. Starting from IM-1 or IM-
2, the sulfur transfer and the proton transfer back to 
Tyr353 may occur via one of several pathways as out-
lined in Figure 4d and Supporting discussion. 
Path II has a much higher activation energy than 
Path I. In path III, after the hercynine’s imidazole is 
protonated by Tyr353, the deprotonated Tyr353 then 
deprotonates hercynine at the ε-position to produce 
a carbene intermediate. The fact that S-S bond cleav-
age has higher activation free energy in all three 
pathways suggests that proton transfer reactions are 

not rate-limiting steps, in agreement with the solvent 
and substrate KIE data.16 These QM/MM studies 
suggest that the protonation of hercynine’s imidaz-
ole side-chain by Tyr353 is the key activation step 
that initiates the S-S bond cleavage in EanB-catalysis. 

▪ DISCUSSION AND CONCLUSIONS 

Despite the significance of sulfur-containing 
molecules in nature, many of their biosynthetic 
pathways are poorly understood.1-6 In literature, 
there are two types of C-S bond formation mecha-
nisms: ionic and radical; and several reviews summa-
rize the current knowledge on enzymatic C-S bond 
formation reactions.2,5,6,41 Recently, the biosynthetic 
information of a few more excellent examples of sul-
fur-containing natural products have been described. 
One of these interesting classes of transformations is 
the conversion of amides to thioamides via the ionic 
type of reaction mechanism. Specifically, in the 6-
thioguanine biosynthesis, YcfA (a ATP-dependent 
sulfur-transferase) and YcfC (a cysteine desulfurase) 
catalyze thioamide formation.42 Recently, the clos-

thiamide’s biosynthetic gene cluster has been iden-
tified and the biosynthetic pathway has been partial-
ly reconstituted in E. coli.43 Results from these genet-
ic studies imply that the thioamide formation in 
closthiamide biosynthesis may follow a mechanism 

similar to that in 6-thioguanine’s biosynthesis. 
However, the sulfur source and the closthiamide bio-
synthetic details remain to be characterized. In con-
trast, the thioamidation of the α-subunit of methyl-
coenzyme M reductase (McrA) by an ATP-dependent 
sulfur-transferase YcaO, is slightly different.44 In 
YcaO-catalysis, sulfide is the direct sulfur source. 
Another recent example from the biosynthesis of 
sulfur-containing natural products is the installation 
of oxazolone and thioamide to produce methanobac-
tin from its precursor peptide. This reaction is cata-
lyzed by the MbnB/MbnC herterodimer, wherein the 
MbnB contains a non-heme iron active site. The In-
stallation of oxazolone and thioamide in the 
MbnB/MbnC reaction is proposed to involve radical 
intermediates.45 

Among these biosynthetic pathways for sulfur-
containing natural products, ergothioneine biosyn-
theses are unique because both aerobic and anaero-
bic biosynthetic pathways have been 
discovered.6,14,15,17 One of the key feature for the C-S 
bond formation is the replacement of an unactivated 
sp2 C-H bond by a C-S bond, which is a difficult 
chemical transformation (i.e., energetically unfavor-
able). In the aerobic ergothioneine biosynthetic 
pathways from M. smegmatis14 and N. crassa15  (Fig-
ure 1a), non-heme iron enzymes (EgtB or Egt1, Figure 



 

1a) catalyze the sp2 C-H bond activation. EgtB/Egt1-
catalyzed reactions are four-electron oxidation pro-
cesses with molecular oxygen as the oxidant. Inter-
estingly, in the anaerobic ergothioneine biosynthetic 
pathway from the green-sulfur bacterium C. limicola, 
a rhodanese (EanB, Figure 1a) directly replaces the 
sp2 C-H bond by a C-S bond. Rhodaneses perform 
key roles in the biosyntheses of sulfur-containing 
cofactors (e.g., thiamine or molybdenum cofactor), 
and in thiolation of nucleic acids.46 In these systems, 
thiocarboxylates (R-CO-SH) or protein-bound cyste-
ine persulfides (R-S-SH) are the sulfur donors, re-
sulting in persulfide-bound rhodaneses. Additionally, 
a complicated sulfur-transfer relay pathway provides 
the sulfur atom from cysteine, thiosulfate, or mer-

captopyruvate.20,46 The persulfide’s sulfur of these 
rhodaneses then attacks electrophilic carbons such 
as those on the phosphorylated C-terminus of sulfur 
carrier proteins or phosphorylated nucleobases to 
afford a covalent enzyme-substrate complex. A sec-
ond active site cysteine then cleaves the disulfide 
bond, resulting in the thiolate product. Unlike the 
other literature examples of rhodaneses, the trans-
sulfuration reaction of EanB is unique in at least two 
aspects: 1) small molecular polysulfide is the direct 

sulfur source; and, 2) the hercynine’s -carbon sp2 C-
H bond is not activated for C-S bond formation.  

Our biochemical results indicate that the small 
molecular polysulfide is the direct sulfur source for 
EanB-catalysis in ergothioneine biosynthesis. Pen-
tasulfide has been observed in the crystal structure 
of a Radical SAM enzyme (MiaB).47 However, it is 
generally believed that the iron-sulfur cluster at-
tached sulfide/polysulfide is the substrate in MiaB 
catalysis.47,48 Notably, sulfide does not support EanB-
catalysis. Therefore, EanB is the first reported case of 
an enzyme using polysulfide as the direct sulfur 
source in a natural product biosynthesis. Recent 
characterization of sulfur granules deposited in sul-
fur bacteria revealed that there are various forms of 
polysulfides, including S8, polysulfide, cysteine poly-
sulfide, and glutathione polysulfide.21-23 In sulfur-
based respiration, green sulfur bacteria utilize sulfide 
as the electron source and in these sulfur-oxidizing 
pathways, polysulfides are key intermediates.49 In 
sulfur bacteria, flavocytochrome c (FCC) and sul-
fide:quinone oxioreductase (SQR) are the primary 
enzymes for the oxidation of sulfide to produce poly-
sulfide.35,50 A second system for polysulfide produc-
tion is the degradation of cysteine and cystine by 

cystathionine -lyase.35 This reaction leads to cyste-
ine persulfide as the product. However, cysteine per-
sulfide can disproportionate to produce polysulfide, 

which is the key reaction for producing polysulfide in 
mammalian systems. This reaction is also present in 
bacteria. Mutation of SQR led to a growth defect 
when the mutant was cultured under high sulfide 
concentrations.51 Given by the abundance of different 
polysulfides deposited in green sulfur bacteria,23 and 
the ability of EanB to utilize these sulfur donors, it is 
tempting to propose that the trans-sulfuration reac-
tion mediated by EanB is an example demonstrating 
the link between sulfur-related energy metabolism 
and the biosynthesis of secondary metabolites in 
green sulfur bacteria. Our discovery warrants further 
investigation of this link. 

The structural studies also provide another line 
of evidence supporting the use of small-molecule 
polysulfides as the direct sulfur donor in EanB-
catalysis. The EanB active site’s cysteine (Cys412) is 
deeply buried within the protein, and, therefore, not 
accessible by the protein-bound thiocarboxylates or 
persulfide intermediates present in these previously 
reported sulfur-transfer relay systems. In contrast, a 
small molecular polysulfide is able to access this 
deep tunnel and act as the direct sulfur source for the 
EanB reaction. Moreover, structural studies coupled 
with the QM/MM analysis also provide valuable in-
sights into the mechanism of C-H bond activation 
mediated by EanB. The computational studies high-
light the importance of the protonation of hercyn-
ine’s Nπ atom by Tyr353 for nucleophilic persulfide 
attack. After the imidazole’s side-chain is activated, 
the reaction may proceed to produce a C-S bond via 
either a sequential (Path I) or concerted (Path II) 
mechanism (Figure 4d). Alternatively, the C-S bond 
can be formed via a carbene intermediate (Path III, 
Figure 4d). Intriguingly, the carbene pathway was 
proposed in previous studies and deemed 
unlikely.16,17 The crystallographic observation of a 
tetrahedral intermediate in the EanBY353A variant im-
plies that most likely, pathway I (i.e., the nucleo-
philic attack of the persulfide on the protonated her-
cynine) is in operation (Figure 4d). From our 
QM/MM analysis, the ∆Ga for the sequential path-
way (Path I) is ~25.0 kcal•mol-1, very close to that of 
the carbene-involved reaction (Path III, Figure 4d), 
suggesting that the carbene pathway may not be 
ruled out yet. Carbene intermediates have been pro-
posed in thiamine diphosphate dependent 
enzymes,52 and orotidine 5′-phosphate decarbox-
ylase.53  

Overall, our study illuminates the use of polysul-
fide as the direct sulfur source for EanB-catalysis in 
the biosynthesis of an emerging longevity vitamin, 
ergothioneine. Since polysulfides are the in vivo sul-



 

fur forms in green sulfur bacteria, EanB-catalysis also 
exemplifies how the biosyntheses of sulfur-
containing secondary metabolites are coupled with 
bacteria physiology and sulfur-related energy me-
tabolism.49,54,55 EanB homologs are found in many 
other sulfur bacteria, suggesting that other similar 
biosynthetic pathways await to be unveiled.17,56 

 

▪ EXPERIMENTAL SECTION 

Materials: Reagents were purchased from Sigma-
Aldrich and Fisher Scientific unless otherwise specified. 
Hercynine was synthesized following reported proce-
dure.57 Proton and carbon nuclear magnetic resonance 
spectra were recorded using Agilent 500 (500 MHz 
VNMRS). The kinetic parameter was determined using 
Cary Bio-100 spectrophotometer (Agilent). 

Protein overexpression and purification. EanB 
gene (accession number ACD90218.1) was codon-
optimized for Escherichia coli overexpression by 
Genscript and sub-cloned into pET28a-(+) vector. 
E.coli BL21(DE3) was transformed with the EanB-
pET28a plasmid and a single colony was inoculated 
into 50 mL LB media supplemented with 50 µg•mL-1 

kanamycin at 37 C overnight. Then, 10-mL of seed 
culture was used to inoculate 1 L of LB media supple-

mented with 50 µg•mL-1 kanamycin at 37 C. When 
OD600nm reached 0.6-0.8, protein overexpression was 
induced with 0.2 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) final concentration at 16 

C. The culture was supplemented with potassium 
phosphate (KPi) buffer pH 7.0 to 100 mM final concen-
tration. After additional 12 hr, the cells were harvest by 
centrifugation. 

The EanB purification was carried out under an-
aerobic environment (see Supporting Methods). The 
purified protein concentration was quantified by ami-
no acid analysis (AAA Service Lab). The extinction co-
efficient of the purified protein is 85815±1460 M-1cm-1 
based amino acid analysis (correction factor based on 
concentration determined from Bradford analysis is 
0.735). 

The mutant constructs were generated using Q5 
Site-directed Mutagenesis Kit following suggested pro-
tocol (New England Biolabs). The overexpression and 
purification of the variants were carried out following 
the protocol of the wild type EanB. Notably, due to the 
instability of EanBC412-only mutant, the lysis buffer for 
the purification of this mutant was changed to 100 mM 
Tris-HCl, 500 mM NaCl, and 10% glycerol, pH 8.0. 

IscS gene (accession number YP_026169.1) was 
amplified from E. coli with forward primer 5’- 
GAGAGAATTCAAATTACCGATTTATCTCGACTACTC
CG-3’ and reverse primer 5’- 
GAGACTCGAGATGATGAGCCCATTCGATGCTGTT-3’ 
(The EcoRI and XhoI digestion were indicated with 

underline). The gene was sub-cloned into pET28a-(+) 
vector. E.coli BL21(DE3) was transformed with the 
plasmid. The IscS protein was overexpressed using a 
protocol similar to that of EanB except that PLP was 
added as a supplement to 0.1 mM final concentration. 
Moreover, after addition of IPTG, cells were incubated 

at 16 C for 8 hours before harvest by centrifugation. 
IscS was purified following protocol similar to that of 
EanB (see Supporting Methods). 

The DNA sequence of Burkholderia sp. HME13 er-
gothionase (accession number BAM63550.1)32 was syn-
thesized by Genscript, codon optimized for Escherichia 
coli overexpression. The synthetic gene was sub-cloned 
into pET28a-(+) vector. The ergothionase protein was 
overexpressed using a protocol similar to that of EanB. 

After induction by IPTG, cells were incubated at 16 C 
for 12 hours before harvesting by centrifugation. Er-
gothionase was purified by following a protocol similar 
to that of EanB (see Supporting Methods). 

1H NMR analysis of EanB activity. The EanB-IscS 
was conducted anaerobically. A 1-mL reaction con-
tained 2 µM EanB, 1 mM hercynine, 1 mM cysteine, and 
4 µM IscS, in 50 mM KPi pH 8.0 buffer at room tem-
perature for 8 hours. The reaction was lyophilized and 
analyzed by 1H NMR. To determine the sulfur source in 
EanB-catalysis, several potential sulfur donors were 
examined. A 1-mL reaction mixture containing 2 µM 
EanB, 1 mM hercynine, 1 mM of varous potential sulfur 
donors (K2Sx, S8, S8 with DTT, Na2S2O3, NaHS, mercap-
topyruvate, S8 with cysteine, and S8 with GSH) in 50 
mM pH 8.0 KPi buffer for 8 hours. The reaction was 
lyophilized and ergothioneine formation was analyzed 
using 1H NMR assay. All 1H-NMR spectra were calibrat-
ed by the water peak at 4.65 ppm. 

EanB-ergothionase coupled assay with IscS. An 
EanB continuous activity assay was developed by con-
verting ergothioneine to thiolurocanic acid using er-
gothionase (HME13) from Burkholderia sp.32 The reac-

tion was monitored at 311 nm (ε311nm = 1.8  105 M-1•cm-1). 

A 1-mL reaction contained 2 M IscS, 1 mM cysteine, 1 
mM hercynine, 400 nM ergothionase (1000-fold of 
EanB activity), and various EanB concentration (2-10 

M) in 50 mM pH 8.0 KPi buffer at 25 °C. Specifically, 
the buffer, substrates, ergothionase, and IscS were 
added in order and mixed by stirring bar in the buffer 
for 10 seconds and the reaction was initiated by the 
addition of EanB. A control reaction containing all ex-
cept ergothionase, was set up to serve as the control 
reaction for the baseline correction. The absorption 
from the control reaction was subtracted from that of 
the reaction to yield final reaction trace. Each reaction 
was repeated in triplicates and the activity measure-
ment was repeated at least three more times.       

Analysis of precipitate from EanB-IscS reac-
tion mixture. To characterize the precipitates from 
the EanB-IscS reaction, a 1.2-mL reaction containing 2 



 

µM EanB, 2 µM IscS, 1 mM hercynine, and 1 mM cyste-
ine, was set up anaerobically in 50 mM pH 8.0KPi buff-
er. At hour 6 and hour 12, the precipitate was collected 
by centrifuging at 10,000 rpm for 1 min at 4 °C and 
washed to remove residual soluble protein using 1 mL 
of 50 mM KPi, pH 8.0. Then, the precipitate was resus-
pended in 20 µL of 100 mM Na2S solution and incubat-
ed at room temperature for 0.5 h. Subsequently, the 
sample was diluted with MeOH to 0.2 mL final volume 
and derivatized with 20 µL of methyl triflate. The di-
methylated species were subjected to HPLC analysis 
(90% MeOH, 10% H2O, 0.5 mL•min-1) using C18 col-

umn (4.6  250 mm, 5 µm, YMC-triart) with 10 µL in-
jection volume. 

In addition to sulfur-based analysis, the precipi-
tates were analyzed by SDS-PAGE to visualize protein 
in the samples. At the beginning of the reaction, the 
concentration of protein was quantified to be ~0.35 
mg•mL-1. At hour 6 and hour 12, the precipitate was 
collected by centrifuging at 10,000 rpm for 1 min at 
4 °C and resuspended in 30 µL of SDS-loading dye. A 
100-µL aliquot of the supernatant was taken and dilut-
ed with 100 µL SDS-loading dye and 10 µL of each sam-
ple was loaded for SDS-PAGE analysis. Accounting for 
the dilution factor of SDS-PAGE sample preparation, 
the proteins in precipitates at hour 6 and hour 12 were 
quantified as ~2 µg and ~4 µg by SDS-PAGE quantifica-
tion with in-house protein standard, which represent-
ed only 1% and 2% of total soluble protein in superna-
tant, respectively.  

Steady-state kinetic analysis of EanB reaction 
with polysulfides. The kinetic parameters of EanB-
catalysis were determined using EanB-ergothionase 
coupled assay. For hercynine concentration dependent 
study, a 1-mL reaction contained 1.8 μM EanB, 400 nM 
ergothionase (1000-fold of EanB activity), 0.116 mM 
K2Sx, and varying concentration of hercynine (0.01 – 1 
mM) in 50 mM KPi buffer, pH 8.0 at 25°C. Buffer, sub-
strates and ergothionase were added in order and 
mixed by stir bar for 2 min to equilibrate the polysul-
fide disproportionation reaction in buffer so as to con-
firm there is no background absorbance from polysul-
fide disproportionation reaction and trace among of 
protein. The reaction was initiated by the addition of 
EanB. The baseline correction was performed following the 

EanB-IscS ergothionase assay. The reaction was moni-
tored at 311 nm. Each reaction was repeated in tripli-
cates. For polysulfide concentration dependent study, 
a 1-mL reaction mixture containing 1.8 μM EanB, 400 
nM ergothionase (1000-fold of EanB activity), 0.5 mM 
hercynine, and varying concentration of K2Sx (6 - 289 

M) in 50 mM KPi buffer, pH 8.0 was set up at 25°C. 
Each reaction was repeated in triplicates and the data 
was fitted by GraphPad Prism. Polysulfide is a mixture 
of S3

2- to S9
2- species, while the dominant species of 

polysulfide under our assay condition was determined 

as S4
2- (see Supporting Methods). The reported KM 

was calculated using concentration of S4
2-. 

Similar to the wild type, the kinetic parameters of 
EanBC412-only was characterized using ergothionase cou-
pled assay. For hercynine concentration dependent 
study, a 1-mL reaction contained 7.6 μM EanB, 400 nM 
ergothionase (1000-fold of EanB activity), 0.116 mM 
K2Sx, and varying concentration of hercynine (0.02 – 2 
mM) in 50 mM KPi buffer, pH 8.0 at 25°C. For polysul-
fide concentration dependent study, a 1-mL reaction 
mixture containing 7.6 μM EanB, 400 nM ergothionase 
(1000-fold of EanB activity), 0.5 mM hercynine, and 

varying concentration of K2Sx (6 - 289 M) in 50 mM 
KPi buffer, pH 8.0 was set up at 25 °C. Each reaction 
was repeated in triplicates.  

Protein crystallization. Crystals of the wild-type 
of EanB were grown at 18 °C in anaerobic box, using 
the sitting-drop vapor diffusion method in 2 μL drops, 
containing 1:1 mixture of 10 mg•mL-1 protein solution 
(in 25 mM Tris-HCl, pH8.0, 150 mM NaCl) and the res-
ervoir consisting of 0.1 M MOPS/HEPES, pH 7.5, 0.03 
M of each ethylene glycol, 10% PEG 20k, 20% PEG 550 
MME. Needle-like crystals were observed after two 
weeks. EanB•hercynine binary complex was crystal-
lized at 20 °C using sitting drop vapor diffusion meth-
od under aerobic condition. Purified EanB protein was 
incubated with 1 mM hercynine solved in water on ice 
for 30 min. 1 μL of this protein-substrate mixture was 
mixed with 1 μL reservoir and the complex crystals ap-
peared after one week in the condition of 0.1 M 
MES/imidazole pH 6.5, 0.02 M of each alcohol, 10% 
PEG20k, 20% PEG 550 MME. All EanB-hercynine-
polysulfide complex were crystallized using sitting 
drop vapor diffusion method at 18 °C in anaerobic box. 
The purified EanB proteins were incubated with 1 mM 
hercynine (prepared in water) and 2 mM potassium 
polysulfide (prepared in water) for 30 min and fol-
lowed by centrifugation, mixing in a 1:1 ratio with the 
reservoir solution in a final volume of 2 μL.  

The complex crystals of EanB•ergothioneine in-
termediate were grown in 0.1 M Bis-Tris pH 6.5, 28% 
PEG 2000MME. The complex crystals of 
EanBY353A•ergothioneine with Cys412 in its persulfide 
form were grown in 0.1 M imidazole/MES buffer sys-
tem, pH 6.5, 0.09 M halogens (NaF, NaBr, NaI), 30% 
mix 1 (PEG500MME_PEG20k). The crystals of 
EanBY353A•ergothioneine tetrahedral intermediate were 
grown in condition of 0.1 M imidazole, sodium caco-
dylate, MES, Bis-Tris, pH 6.5, 0.09 M halogens 
(NaF,NaBr,NaI), 37.5% MPD_P1k_PEG3350. All crystals 
were flash-frozen in liquid nitrogen after being dipped 
into a solution containing 10-15% glycerol or only res-
ervoir.  

Data collection and structures determination. 
The diffraction data of apo EanB was collected at the 
wavelength of 0.97918 Å on SSRF beamline SSRF-



 

BL18U1 Shanghai (China). The data of EanB with her-
cynine, EanB with hercynine and polysulfide complex 
were collected at the wavelength of 0.97930 Å on SSRF 
beamline SSRF-BL18U1 Shanghai (China). The complex 
data of EanBY353A with hercynine and polysulfide was 
collected at the wavelength of 0.97791 Å on SSRF 
beamline SSRF-BL19U1 Shanghai (China). All data col-
lection was performed at 100 K. All data, collected on 
SSRF-BL18U1 and 19U1, sets were indexed, integrated, 
and scaled using the HKL3000 package,58 collected on 
SSRF-BL17U1, sets were indexed, integrated, and scaled 
using the HKL2000 package.59 The structures of apo 
EanB were solved by molecular replacement method 
using the program PHASER60 and the structure of 3IPP 
as the search model, rounds of automated refinement 
were performed with PHENIX61 and the models were 
extended and rebuilt manually with COOT,62 the 
structure have been refined to 2.17 Å. The complex 
structure of EanB with hercynine, with hercynine and 
polysulfide, mutant EanB with hercynine and polysul-
fide were solved by the same method and using apo 
EanB structure as the search model. The statistics for 
data collection and crystallographic refinement are 
summarized in Table S1. 

EanBC412-only-IscS single-turnover reaction. The 
following experiment was conducted under anaerobic 
environment unless noted otherwise. For IscS single-
turnover reaction, a 2-mL reaction containing 1.3 mM 
IscS and 1.2 mM [β-13C]-cysteine (0.9-fold of IscS) in 
100 mM Tris-HCl, pH 8.0, was set up at room tempera-
ture for 5 min. A 400-μL portion was taken and quench 
by HCl. Precipitated protein was removed by centrifu-
gation. The supernatant was neutralized with 
NH4HCO3 and analyzed by 13C NMR to ensure the for-
mation of protein-bound persulfide of IscS by checking 
the formation of [β-13C]-alanine. Then, excess cysteine 
in the remaining portion was removed by G25 size-
exclusion chromatography (30 mm × 600 mm) at 4 °C. 
Then, a portion of cysteine-treated IscS was then alkyl-
ated in a 200-μL reaction containing 0.22 mM cysteine-
treated IscS and 2.6 mM iodoacetamide in 100 mM 
Tris-HCl, 200 mM NaCl, pH 8.0 for 1 hour and the mix-
ture was shielded from light. 

After confirming the activity of IscS, EanBC412-only 
was incubated with the remaining portion of cysteine-
treated IscS in a 1: 1 ratio at 155 μM final concentration 
in 4.5-mL reaction of 100 mM Tris-HCl, 200 mM NaCl, 
pH 8.0. Then, a 200-μL alkylation reaction containing 
100 μM cysteine-treated IscS, 100 μM EanBC412-only, and 
1.6 mM iodoacetamide in 100 mM Tris-HCl, 200 mM 
NaCl, pH 8.0 for 1 hour. The remaining of EanBC412-only-
IscS was used for single-turnover reaction. A 4.2-mL 
reaction containing 155 μM EanBC412-only, 155 μM IscS, 
and 775 μM hercynine (5-fold of EanB) in 100 mM Tris-
HCl, 200 mM NaCl, pH 8.0, was set up for 15 min. Then, 
a 200-μL alkylation reaction was set up as previously 
described prior to hercynine addition. A 500-μL aliquot 

of reaction mixture was taken and mixed with 100 μL 6 
M HCl. The protein precipitates were removed by cen-
trifugation and the supernatant was taken for ergothi-
oneine quantification by mass spectrometry. Addition-
ally, the activity of IscS after size exclusion column was 
confirmed through multiple-turnover assay, which 
contained 10 µM EanBC412-only, 1 mM hercynine, 1 mM 
cysteine, 4 µM IscS in 50 mM KPi, pH 8.0 for 8 hr. The 
reaction was lyophilized and analyzed 1H NMR assay. 
Additionally, to determine the production of ergothi-
oneine from persulfide of as-purified protein, a 50-µL 
reaction containing 396 µM EanBC412-only and 1.98 mM 
hercynine in 100 mM Tris-HCl, 200 mM NaCl, pH 8.0, 
was set up for 15 min. Then, the ergothioneine for-
mation was quantified using mass spectrometry. This 
experiment was repeated twice. The figures presented 
here are representative of the results from this experi-
ment.34 

EanBC412-only-polysulfide single-turnover reac-
tion.This study was carried out following that of wild 
type EanB reaction. The experiment was performed 
anaerobically. An alkylation reaction of as-purified 
EanBC412-only was set up. This 100-µL reaction containing 
0.2 mM EanBC412-only and 0.8 mM iodoacetamide in 150 
mM Tris-HCl, pH 8.0, was set up at room temperature 
shielded from light for 1 hour. Then, a 2.7-mL reaction 
containing 353 µM EanBC412-only and 5.3 mM K2Sx in 150 
mM Tris-HCl, pH 8.0, was set up at room temperature 
for 5 min. Then, excess polysulfides were removed us-
ing G-25 size-exclusion chromatography. The fractions 
containing protein were pooled. Then, a 120-μL alkyla-
tion reaction containing 65 µM K2Sx-treated EanBC412-

only and 260 µM iodoacetamide in 150 mM Tris-HCl, pH 
8.0, was set up at room temperature for 1 hour and the 
mixture was shielded from light. Then, a 7.2-mL reac-
tion containing 65 μM K2Sx-treated EanBC412-only and 325 
μM hercynine (5-fold of enzyme) in 150 mM Tris-HCl, 
pH 8.0 at room temperature for 15 min. A 120-µL reac-
tion containing 65 µM EanBC412-only and 260 µM of iodo-
acetamide as described previously. The alkylated sam-
ples were used for tandem mass spectrometry analysis 
as discussed previously. A 500-μL aliquot of reaction 
mixture was taken and mixed with 100 μL of 6 M HCl. 
The protein precipitates were removed by centrifuga-
tion and the supernatant was taken for ergothioneine 
quantification by mass spectrometry (See Supporting 
Methods). Additionally, the activity of EanBC412-only 
was confirmed through multiple-turnover assay, which 
contained 10 µM K2Sx-treated EanBC412-only, 1 mM her-
cynine, 1 mM K2Sx, in 50 mM KPi, pH 8.0 for 8 hours. 
The reaction was lyophilized and analyzed by 1H NMR 
spectroscopy. Additionally, to determine the produc-
tion of ergothioneine from persulfide of as-purified 
protein, a 50-µL reaction containing 396 µM EanBC412-

only and 1.98 mM hercynine in 100 mM Tris-HCl, 200 
mM NaCl, pH 8.0, was set up for 15 min. Then, the er-
gothioneine formation was quantified using mass spec-



 

trometry. The persulfide content of EanB after treated 
with polysulfide was determined through cyanolysis 
assay (see Supporting Methods). This experiment 
was then repeated twice. The figures presented here 
are representative of the results from this experiment. 

Computational Methods. All simulations were 
performed using CHARMM63. The crystal structure of 
EanB in complex with hercynine and Cys412 polysul-
fide was used. Hydrogens were added to the structure 
by using the HBUILD module of CHARMM. A 25 Å 
spherical water droplet centered on the terminal sulfur 
atom of Cys412 persulfide was added to solvate the en-
zyme system. Non-crystallographic waters within 2.5 Å 
of any crystallographic atom were deleted. The system 
was separated into three regions following the 
QM/MM-GSBP protocol (Figure S12)64,65: a QM region 
with the active site treated with an efficient quantum 
mechanical method at the DFTB3 level of theory64,66,67, 
along with the 3OB-3-1 parameters.68,69 The QM region 
consisted of 134 atoms, including key reacting residues, 
the hercynine substrate and some residues in α-helix 18 
(i.e. Glu345, Tyr353, Tyr411, Cys412, Gly413, Thr414, 
Gly415, Trp416, Arg417 and Gly418).  QM link atoms, 
using the DIV scheme70, were placed between the al-
pha and beta carbons of QM residues. No water mole-
cules were included in the QM region. Non-QM atoms 
within a 28 Å sphere surrounding the active site (7961 
atoms) were treated with the CHARMM36 force 
field71,72. Water molecules were described with a modi-
fied TIP3P model73. All atoms (1971 atoms) outside of 
the 28 Å sphere were frozen. The inner sphere was 
treated with classical Newtonian dynamics, except for 
a buffer region of 3 Å thickness from the edge of the 
sphere, which was treated with Langevin dynamics. 
Protein atoms in the buffer region were harmonically 
constrained with force constants determined from the 
average of crystallographic B factors.74 After a short 
geometry optimization, the system was heated from 48 
K and equilibrated at 298 K over the course of 100 ps. 
Then, the system was further equilibrated at 298 K for 
250 ps.  

Possible catalytic mechanisms were explored with 
metadynamics simulations75,76 using the PLUMED 
package77 interfaced to CHARMM. The collective vari-
ables (CVs) for metadynamics were the antisymmetric 
stretch involving proton transfers between Tyr353 and 

the hercynine substrate (N for the first step, and  -C 
for the subsequent steps), and the antisymmetric 
stretch that describes the nucleophilic attack of sulfur 

to -carbon of the substrate. In the simulation, 
SHAKE78 was applied to bonds involving hydrogens 
that do not participate in proton transfer. The multiple 
walker metadynamics method was utilized with typi-
cally 500 walkers per simulation. Gaussian potentials 
were placed every 100 fs; the Gaussian height was set to 
be 0.25 kcal•mol-1, and the Gaussian width for the anti-

symmetric stretch was set as 0.1 Å. The convergence 
was examined by monitoring the free energy of key 
species as a function of the number of Gaussians in-
cluded (Figure S13); representative snapshots for these 
key species are included in Figure S14 and S15. The 
two-dimensional potential of mean force PMF shown 
in Figure S12 is based on a metadynamics simulation 
with 500 walkers. The corresponding simulation was 
performed for 50 ns (100 ps for each walker). and 100 
ns (200 ps for each walker) for Figure S12b and S12c, 
respectively. The similar QM/MM methodology has 
been successfully applied to a number of enzyme sys-
tems in recent studies.79-81 

To evaluate the accuracy of DFTB3 for the reac-
tions of interest here, several small model systems 
were used as shown in Figure S16. All QM calculations 
for these model systems were performed using the 
Gaussian 16 program82. Single point energy calculations 
at DFTB3 minimized structures were performed using 
the Becke, three-parameter, Lee-Yang-Parr exchange-
correlation functional (B3LYP)83 with the addition of 
Grimme’s third version semi-empirical dispersion cor-
rection (D3)84. The 6-31G(d,p) basis set85,86 and 6-
311++G(d,p) basis set87,88 were used in the calculation. 
In addition, the G3B3 method89 was used in proton 
affinity calculations. Due to significant errors in proton 
affinity, the C-H repulsive potential in DFTB3/3OB was 
reparametrized based on electronic energies obtained 
at the MP2/aug-cc-pVQZ level of theory,90-92 as shown 
in Table S2. To further confirm the exothermicity of 
the reaction and the stability of possible intermediates, 
geometry optimizations were also performed with 
conductor-like polarizable continuum solvation mod-
el93,94 (dielectric constant as 4.0 to model the solvation 
effect of the protein environment) by using a truncated 
model based on QM/MM calculations (136 atoms, as 
shown in Figure S16c).  In addition, the potential en-
ergy surface (PES) for carbene and persulfide reaction 
was examined both at DFTB3 and B3LYP-D3/6-
311++G(d,p) levels of theory (as shown in Figure S17). 
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