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ABSTRACT 

 The Acibenzolar S-Methyl (ASM) is one of the most successfully 

commercialized plants activator of the systemic acquired resistance (SAR). However, 

its activation (hydrolysis) mechanism catalyzed by the salicylic acid binding protein 2 

(SABP2) remains elusive. The fundamental catalytic mechanism of the 

SABP2-catalzyed hydrolysis of the ASM had been investigated by extensive 

computational and experimental studies, including QM/MM simulations, charge 

transfer analysis, small-molecule synthesis, and biochemical assays. Here we report 

that the promiscuous SABP2 shows different catalytic mechanisms toward different 

substrates. To catalyze the ASM hydrolysis, the SABP2 uses two-proton transfer 

mechanism, and the key intermediate is stabilized by the charge transfer effect; to 

catalyze the ethyl 1,2,3-benzothiadiazole-7-carboxylate (BTM, an ASM analog) 

hydrolysis, the SABP2 applies the one-proton transfer mechanism, and the classic 

tetrahedral intermediate is stabilized by the electrostatic effect. The HPLC analyses of 

the SABP2 esterase activities toward the ASM and the BTM show comparable results 

with our computaional results, suggesting that the obtained computational mechanism 

insights are reasonable. The obtained mechanism is not only important supplement to 

the theory of enzymes’ catalytic promiscuity, but also contributes possible strategy for 

design of next generation plants SAR activators.  

 

 

 

Keywords: SABP2; Acibenzolar S-Methyl; SAR; Catalytic Mechanism; Charge 
Transfer; Oxyanion hole 
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INTRODUCTION 

The systemic acquired resistance (SAR) is widely adopted by plants as an 

innate defense mechanism against a wide range of phytopathogens.[1] Activation of 

the SAR in plants requires phytohormones, such as the salicylic acid (SA).[2] In 

plants, the SA is diffused through cells in its nontoxic methyl form (methyl SA, 

MeSA).[3] The MeSA is inactive for the SAR activation, but more hydrophobic than 

the SA. So the MeSA is able to pass through the cell membrances more efficiently 

than the SA. In the cell of destination, the methyl ester bond of MeSA is hydrolyzed 

under the help of an esterase named salicylic acid binding protein 2 (SABP2).[4-5] 

The hydrolysis product (SA) is responsible for the activation of the downstream 

pathway of the SAR. Exogenous application of the MeSA is able to trigger on the 

SAR in plants and shows anti-microbial effects.[6] However, accumulation of the SA 

causes cell toxicity and may lead to cell death in plants.[7] The toxic effect stops the 

SA from being developped as a plant protection compound.[8]  

To overcome the side effects of the SA accumulation, a series of the SA 

functional analogs (such as benzothiadiazole compounds) had been designed to 

induce the host defense mechanism (SAR) in plants.[9] Among benzothiadiazoles, the 

Acibenzolar S-Methyl (ASM) is the first-synthetic in 1987 (EU patent 0313-512; US 

patent 4-931-581), first-commercialized (BION in Europe and ACTIGARD in the 

USA), and most-studied plant SAR activator.[8, 10] So far, the ASM has been applied 

against more than 120 pathosystems (e.g., fungal, bacterial, and virus) in a series of 

cash crops. For instance, food and cash crops include apple, pear, grapefruit, 

cucumber, tobacco, cowpea, and so on.[11]  

Similarly to the mechanism of the MeSA, the ASM is inactive toward the SAR 

activation. The ASM hydrolysis catalyzed by the SABP2 is required for the SAR 

activation,[12] as shown in Figure 1A. The product 

(1,2,3-Benzothiadiazole-7-carboxylic acid, BCA) is the signal chemical for 

triggering on the downstream pathway of the SAR. We note that the BCA is not only 

the hydrolysis product of ASM, but also the hydrolysis product of the methyl 
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1,2,3-benzothiadiazole-7-carboxylate (BTM). As shown in Figure 1B, whether the 

SABP2 catalyze the BTM hydrolysis reaction had not been reported. If it is true, 

questions remain as to whether the BTM is as a good SAR activator as the ASM? 

Actually, the BTM is first-synthetic in 1970 (British Patent 1176799), and is able to 

turn on the SAR of plants.[13] Based on comprehensive biological analyses, the ASM 

stands out as the preferred SAR activator for plants disease control.[8] In other words, 

the ASM is a better plant-protection chemical than other benzothiadiazoles, 

including the BTM. The above discussion raises questions as below. First, why is the 

ASM a better SAR activator than BTM, considering they have the same product 

(BCA) for the SAR activation? Second, can the BTM be hydrolyzed by the SABP2 

to produce the BCA? Third, what are the catalytic mechanisms of the 

SABP2-catalyzed ASM and BTM hydrolysis? Understanding these questions is 

helpful for design of next generation plants SAR activators. 

In our previous computataional and experimental study,[14] the catalytic 

mechanism of the SABP2-catalyzed hydrolysis of the MeSA was investigated in 

detail. The active site of the SABP2 consists of the catalytic triad and the oxyanion 

hole. The catalytic triad includes Ser81, Asp210, and His238; the oxyanion hole 

consists of Ala13 and Leu82. The acylation proceeds through two transition states 

Figure 1. ASM (A) and BTM (B) hydrolysis catalyzed by tobacco SABP2. 

Acibenzolar-S-Methyl (ASM); 1,2,3-Benzothiadiazole-7-carboxylic acid (BCA); 

Methyl 1,2,3-benzothiadiazole-7-carboxylate (BTM). 
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(TS) and a tetrahedral intermediate (TI). The whole reaction happened in the 

SABP2-MeSA complex consists of acylation and deacylation processes. The 

acylation process follows the one-proton transfer mechanism, which is similar with 

the catalytic mechanism of the serine protease proposed by Arieh Warshel.[15] In the 

one-proton transfer mechanism, the TSs and TI are stabilized by the electrostatic 

effect. Particularly, the proton of Ser81 transfers to His238 during the nucleophilic 

attack. The positively charged His238 sidechain stabilizes the developing negative 

charge in oxygen atoms of the nucleophile and leaving group. On the other hand, the 

two-proton transfer mechanism is adopted by many textbooks, and even by the latest 

textbook of the enzymology.[16] In the two-proton transfer mechanism, two protons 

transfer concertedly in the catalytic triad. One is from Ser to His, and the other is 

from His to Asp. The underlying reason of the the two-proton transfer mechanism 

had not been discussed in detail. Moreover, it seems like that the one- and two- 

proton transfer mechanisms are contradictory with each other. Therefore, it is of 

fundamental importance to answer the question whether the one- and two- proton 

transfer mechanisms can coexist in one active site, as shown in Figure 2. If yes, what 

are the reasons for the same catalytic triad to adopt different catalytic mechanisms? 

To shed light on the abovementioned questions and considerations, extensive 

computational and experimental studies were performed. First, the fundamental 

catalytic mechanisms of the ASM and BTM hydrolysis catalyzed by SABP2 were 

uncovered by the combined quantum mechanics/molecular mechanics (QM/MM), 

molecular dynamics (MD), and free energy simulations. Then, we synthesized the 

BTM from the BCA, and the structure of synthetic BTM was confirmed by the 1H, 

13C NMR and HRMS spectra. Finally, the relative esterase activities of SABP2 

toward BTM and ASM were compared by HPLC chromatogram.  
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Figure 2. Proposed catalytic reaction mechanisms of SABP2. (A) Acylation process of BTM ester 

hydrolysis: The one-proton transfer mechanism; (B) Acylation process of ASM thioester 

hydrolysis: The two-proton transfer mechanism; (C) Deacylation process for both substrates 

(ASM and BTM): The one-proton transfer mechanism. 
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METHODS 

Computational Details.  

Build of two Michaelis-Menten complexes (SABP2-ASM and SABP2-BTM 

complexes). The initial coordinates and protonation state of SABP2 were obtained 

from the SABP2-MeSA complex built in our previous study.[14] The ASM and BTM 

were created by modification of MeSA manually. The Ser81 oxygen (Oγ) atom was 

chosen as the center of the SABP2 complexes (with ASM and BTM). For the 

solvation purpose, a 22 Å-radius water droplet was superimposed at the center of the 

SABP2 complexes. A modified TIP3P water model was applied for description of 

crystal and solvation water molecules.[17-18] The atoms included in the QM region are 

the substrates (ASM and BTM) and Ser81, Glu210, and His238 sidechains of the 

SABP2. All other atoms of the system were included in the MM region. For 

separation of QM and MM regions, the QM/MM boundaries were divided by 

link-atoms under the divided frontier charge (DIV) scheme.[19-20] The QM and MM 

atoms were described by the third-order self-consistent charge density functional 

tight-binding (DFTB3) method implemented in CHARMM[21-23] and the 

all-hydrogen CHARMM36m potential function,[24-25] respectively. 

QM/MM MD simulation under Stochastic boundary condition[26] with the 

Ser81 sidechain Oγ atom as the reference center. The reaction region is within 20 

Å from the center, and the buffer region includes the atoms from 20 Å to 22 Å. The 

Newtonian and Langevin equations-of-motion were solved for reaction and buffer 

regions, respectively. The Langevin thermostat was used and the temperature bath 

was 300 K. The rest atoms locating outside of reaction and buffer regions were fixed 

during all simulations. The SHAKE algorithm[27] was applied to constrain the H 

atom involved covalent bonds. The whole system was first minimized by steepest 

descent (SD) method and then by adopted-basis Newton-Raphson (ABNR) method. 

The heating process (from 50K to 298.15K) was performed in 100 ps, and followed 

by a 1.0 ns production run. The 1-fs time step was used for combined QM/MM MD 

simulation. 
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QM/MM Reaction Coordinate Calculations. The reaction-coordinate based 

adiabatic mapping calculations were started from the last snapshots (close to the 

average structure) of the production runs at the  

QM/MM(B3LYP/6-31+G(d,p):CHARMM36m) level by CHARMM interfaced with 

QChem program,[28] followed by single-point energy calculations at the 

QM/MM(ωM06-D3/6-311++G(d,p):CHARMM36m) level. All QM/MM 

reaction-coordinate (adiabatic mapping) calculations were performed to generate the 

potential energy surfaces along the reaction coordinates (RC) with the force constant 

of the harmonic constraint (10,000 kcal mol-1 Å-2). The validation of the 

reaction-coordinate calculations had been proved by a variety of previous successful 

calculations on different enzymatic reactions.[29-38] 

QM/MM MD and Free energy (potential of mean force, PMF) simulation. 

After the MD simulations at QM/MM(DFTB3:CHARMM36m) level, the same level 

PMF free energy simulations were performed using the umbrella sampling method,[39] 

and the free energy maps as a function of the reaction coordinates (RC) were 

calculated by the Weighted Histogram Analysis Method (WHAM).[40] For both the 

acylation and deacylation processes, we first generated the potential energy maps 

along the RCs by adiabatic mapping calculations at QM/MM(DFTB3:CHARMM36m) 

level. Totally, more than one hundred windows were simulated in PMF calculations. 

For a single window, 50 ps MD simulation was performed for equilibration, and 50 ps 

production run was followed. One snapshot was saved every 0.5 ps. So, a total of 100 

snapshots were saved per window. The harmonic biasing potential with a force 

constant of 150 kcal mol-1 Å-2 was applied to PMF simulations. 

Experimental Details 

 Synthesis of BTM. The ASM and the BCA were purchased from Dr. 

Ehrenstorfer GmbH. All of the chemicals used in this study are analytical grade. A 

mixture of the BCA (50 mg, 0.28 mmol), oxalyl chloride (100 μL) and two drops of 

N,N-dimethylformamide in dry dichloromethane (5 mL) was stirred at room 

temperature for 1 h. The solvent including the excess oxalyl chloride was removed by 
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vacuum distillation. The resulting residue was dissolved in dry dichloromethane (2 

mL) and then dropped into a mixture of methanol (2 mL) and triethylamine (0.3 mL) 

with stirring at room temperature. After 12 h of stirring, the mixture was concentrated 

by vacuum distillation. The obtained residues was purified by flash column 

chromatography using ethyl acetate/petrol ether (1:4) to give BTM as white solid (28 

mg, 52%). 1H NMR (600 MHz, CDCl3): δ 8.84 (d, 1H, J = 8.2 Hz), 8.38 (d, 1H, J = 

7.3 Hz), 7.76 (dd, 1H, J = 7.3, 8.2 Hz), 4.07 (s, 3H). 13C NMR (150 MHz, CDCl3): δ 

165.4, 158.8, 140.5, 130.6, 128.6, 127.1, 122.9, 53.2. HRESIMS: m/z calcd for 

C8H7N2O2S+ 195.0223, found 195.0220. 

Expression and Purification of SABP2. The protocal of SABP2 expression and 

purification is described in a previous study with minor modifications.[4] Briefly, the 

tobacco SABP2 (GenBank ID: AY485932) with a 6xHis-tag at C-terminal was cloned 

into the plasmid pET21 (Novagen). The generated plamid pET21-SABP2 was 

verified by the DNA sequence analysis with T7 promoter and terminator, and then 

transformed into E. coli strain BL21 (DE3) cells (Invitrogen, Carlsbad, CA). The 

recombinant SABP2 was purified from E. coli cell lysate using Ni-NTA agarose, 

followed by dialysis. The purity of the SABP2 was verified by SDS-PAGE.[41] The 

concentration (more than 1.0 μg/μl) of purifed SABP2 was determined by the 

Bradford assay.  

 SABP2 Esterase Assays. The method of SABP2 esterase assays was described in 

a previous study with minor modification.[12] The HPLC was applied to monitor the 

esterease reactions catalyzed by SABP2 toward the substrates including the ASM and 

BTM. The C18 reverse-phase analytical column was applied for the HPLC analysis. 

The mobile phase of HPLC is 80% methanol (HPLC grade) with 0.3% 

trifluoroethanoic acid (TFA). The flow rate is 0.7 ml/min. The absorbance of the 

substrates (ASM and BTM) and product (BCA) was monitored at 255 nm. The 

reaction assays of SABP2 toward ASM and BTM were carried out at 30℃ in 0.1M 

phosphate buffer (pH 7.2) with 10% acetonitrile for the sake of low solubility of the 
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substrates. The reaction time is 10 minutes before the injection of reaction mixture 

into the HPLC. 
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Table 1. Key Distances for Reactions Occurred in the SABP2.  

Substrates State 
Bond Length (Å) 

d(Oγ…C) d(Oγ…Hγ) d(S…C) d(Nε…Hγ) d(Nδ…Hδ) d(OD…Hδ) d(A13…O) d(L82…O) d(S…Hγ) 

ASM-Acyla
tion 

RS-ave
rage 

2.92±0.11 0.98±0.03 1.72±0.04 2.10±0.19 1.03±0.03 1.80±0.15 2.41±0.32 3.09±0.22  

RS 2.73 1.02 1.79 1.64 1.07 1.51 1.95 2.81  
TS1 2.04 1.48 1.85 1.10 1.12 1.40 1.90 2.25  
IM 1.34 2.71 3.43 1.04 1.58 1.04 1.98 1.86 2.31 
TS2 1.33 2.95 3.59 1.62 1.14 1.39 1.95 1.88 1.47 
AE1 1.33 3.28 3.69 2.74 1.04 1.65 1.96 1.90 1.35 

BTM-Acyla
tion 

 d(Oγ…C) d(Oγ…Hγ) d(O1…C) d(Nε…Hγ) d(Nδ…Hδ) d(OD…Hδ) d(A13…O) d(L82…O) d(O1…Hγ) 
RS-ave

rage 
3.05±0.15 0.99±0.03 1.35±0.03 1.93±0.17 1.04±0.03 1.80±0.15 2.03±0.20 3.21±0.26  

RS 2.65 1.02 1.34 1.62 1.06 1.59 1.88 2.61 3.32 
TS1 1.90 1.50 1.40 1.09 1.10 1.46 1.88 2.13 3.03 
TI1 1.49 1.75 1.49 1.04 1.15 1.37 1.89 1.90 2.88 
TS2 1.41 2.45 1.71 1.05 1.11 1.48 2.02 1.99 1.75 
AE1 1.35 2.66 2.55 1.86 1.06 1.68 2.00 1.87 0.99 

Deacylation 

 d(Oγ…C) d(Oγ…Hw) d(Ow…C) d(Ow…Hw) d(Nε…Hw) d(Nδ…Hδ) d(OD…Hδ) d(A13…O) d(L82…O) 
AE2 1.34 2.63 3.04 0.99 1.87 1.04 1.79 1.95 1.89 
TS3 1.43 2.43 1.83 1.07 1.51 1.05 1.73 1.95 2.07 
TI2 1.55 1.72 1.45 3.05 1.05 1.10 1.47 1.81 1.86 
TS4 1.89 1.51 1.39 3.14 1.10 1.08 1.52 1.81 1.95 
PS 2.65 1.01 1.35 3.47 1.66 1.05 1.63 1.81 2.30 

See Figure 2 for atom labels. 
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RESULTS AND DISCUSSION 

 It has been reported that the SABP2 belongs to the α/β fold superfamily of 

hydrolases.[4] The reaction mechanism of SABP2-catalyzed hydrolysis of MeSA had 

been investigated in detail by our previous compuational and experimental study.[14] 

In this study, we further investigated the reaction mechanism of SABP2 catalyzed 

hydrolysis of ASM and BTM to shed light on how different reaction mechanisms 

happen in one active site. Key distances for all reaction states are listed in Table 1. 

 Michalis−Menten complexes of SAPB2 with ASM or BTM. Average structures 

of the reactant states of SABP2 with the ASM (depicted in Figure S1A) and the BTM 

(depicted in Figure S1B) were obtained by QM/MM(DFTB3/CHARMM36m) MD 

simulations. By comparison of the SABP2 reactant states of the ASM and the BTM, 

both average structures share similar properties with each other. For example, stable 

hydrogen bond networks are observed in both catalytic triads (consisting of Ser81, 

Asp210, and His238) of the ASM and the BTM complexes. Both substrates form one 

hydrogen bond with backbone amide group of Ala13 in the oxyanion hole of SABP2. 

The distance between the nucleophilic oxygen of Ser81 side chain and the methyl 

ester group carbonyl carbon of the BTM is 3.05±0.15 Å, and the distance between the 

nucleophilic oxygen of Ser81 side chain and the methyl thioester group carbonyl 

carbon of the BTM is 2.92±0.11 Å. Two distances for the nucleophilic attacks are 

close to each other (no significant difference). The only significant difference between 

two reactants is the substrates. The ASM contains a methyl thioester, while the BTM 

contains a methyl ester. However, neither of them gets involved in the direct 

interaction with the active site of SABP2. In the reactant states, the ASM and the 

BTM share similar binding properties with the active site of the SABP2.  

 Acylation Reaction Pathway Involving ASM. The reaction coordinate 

calculation was carried out at the QM/MM(B3LYP/6-31+G(d,p):CHARMM36m) 

level, followed by the single point energy calculation at the 

QM/MM(ωM06-D3/6-311++G(d,p):CHARMM36m) level. The obtained potential 

energy profile shows that the acylation of the SABP2-ASM reaction pathway is a 
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two-step process with two TSs and an IM, as shown in Figures 2A and S2A. The first 

step of the acylation happens along with the nucleophilic attack by Ser81 sidechain, 

and the reaction coordinate calculation of first step was simulated with RC1. During 

the first step in Figures S2B-D, a new covalent bond (C-Oγ) forms and a covalent 

bond (C-S) breaks, simutaneously. Notably, two protons (e.g., Hγ and Hδ) tranfer at 

the same time. The Hγ is transferred from the Oγ of Ser82 to the Nε of His238, while 

the Hδ is transferred from the His238 Nδ atom to the OD of Asp210. During the 

reaction process from the RS to the IM, the distance decreases between the carbonyl 

oxygen of the ASM and the Leu82 amide group of the oxyanion hole, indicating a 

gradual enhancement of oxyanion hole stabilization for the developping negative 

charge of the ASM carbonyl oxygen. At the end of the first step (IM), the thioester 

bond (C-S) is completely broken with an optimized distance of 3.43 Å. Starting from 

IM, the second step was simulated with RC2, and ends in AE1 state by crossing the 

TS2. As shown in Figures S2D-F, the bond forming and breaking involved in the 

second step can mainly be reflected by two concerted proton transfer processes. One 

is that the Hγ leaves the His238 side chain, moves to the S atom of the ASM, and 

forms a methanthiol (the product of the acylation). The other is that the Hδ is 

transferred back from the Asp210 sidechain to the His238 sidechain. The hydrogen 

bonds of the oxyanion hole (forming by Ala13 and Leu82) keep almost the same 

during the the two-proton transfer process from IM to AE1. Overall, the QM/MM 

reaction coordinate calculation demonstrates that the acylation process of 

SABP2-ASM complex adopts a the two-proton transfer mechanism rather than the 

one-proton transfer mechanism adopted by the SAPB2 catalyzed hydrolysis of its 

native substrate (MeSA). Thus, it is interesting to understand the origin of the SABP2 

catalytic promiscuity. 

 Acylation Reaction Pathway Involving BTM. To eluciate the SABP2 catalytic 

promisuity toward the ester bond and the thioester bond, we studied the reaction 

mechanism of the SABP2 catalyzed hydrolysis of the BTM. The ASM contains a 

thioester bond, while the BTM contains an ester bond to be hydrolyzed by SABP2. 
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The reaction coordinate (RC3) and single point energy calculations for the 

SABP2-BTM complex were performed at the same QM/MM levels with 

SABP2-ASM complex. The obtained potential energy profile shows that the acylation 

of SABP2-BTM reaction pathway is a two-step process with two TS and a TI1 states, 

as shown in Figures 2B and S3A. Overall, the acylation process of the SABP2-BTM 

reaction follows a classic serine esterase reaction pathway, in which the nucleophilic 

attack by Ser82 side chain results in forming of the new covalent bond (C-Oγ) in the 

first step and breaking of the existing covalent bond (C-O1) in the second step. As 

shown in Figures S3B-D, the first step is from RS to TI1. In TI1, the new covalent 

bond (C-Oγ) has formed, but the covalent bond (C-O1) has not yet broken. The TI1 is 

a classic tetrahedral intermediate stabilized by the positively charged His238 side 

chain and the enhanced oxyanion hole. Only one proton (Hγ) is transferred to His238 

side chain, and the positive charge on His238 is electrostatically stabilized by the 

negative charge on the Asp210 sidechain. The second step of the acylation starts from 

the TI1 and ends in the AE1, as shown in Figures S3D-F. In the TS2, the covalent 

bond (C-O1) has partly broken; the proton (Hγ) is leaving the His238 sidechain and 

transferring to the O1 atom. At the AE1, the product of acylation (methanol) is formed. 

Overall, acylations of the SABP2 catalyzed hydrolysis of ASM and BTM are different 

with each other in two ways. One is the intermediates are different. The other is the 

ASM adopts thetwo-proton transfer mechanism, while the BTM adopts the 

one-proton transfer mechanism. The results show that the catalytic mechanism of the 

SABP2 not only depends on enzyme itself, but also depends on substrates.  

Deacylation Reaction Pathway. After the acylation processes of the ASM and 

the BTM in SABP2, the acylation products (methanthiol for ASM and methanol for 

BTM) leave the active site. Instead, water molecules get into the active site to form 

the AE2 state. From the beginning of deacylation (AE2), the ASM and the BTM with 

the SABP2 share the same deacylation mechanism catalzyed, as shown in Figures 2C 

and S4. Reaction coordinate (RC4) and single point energy calculations for the 

deacylation were performed at the same QM/MM levels with two acylation processes. 
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As shown in Figures S4B-F, the deacylation process follows the classic serine esterase 

mechanism: 1) it starts from the AE2, crosses two TSs and one TI2, and finally ends 

in PS; 2) the negative charge on TI2 is stabilized by both oxyanion hole and positive 

charge on His238 side chain from the one-proton transfer mechanism; 3) forming and 

breaking covalent bonds along with the nucleophilic attack are (C-Ow) and (C-Oγ), 

respectively.  

 Charge Transfer Effects in Two-proton transfer Mechanism. It is interesting 

to understand the origin of the one- and two- proton transfer mechanisms happening 

in one active site. The difference between the one- and two- proton transfer 

mechanisms is whether the Hδ atom of the His238 is transferred to Asp210 side chain 

during the reaction, as shown in Figure 2. In the one-proton transfer mechanism, the 

Hγ atom of the Ser81 is transferred to the His238 side chain, but the Hδ atom stays in 

the side chain of the His238. As a result, the protonated His238 side chain is 

positively charged. The positive charge of the His238 hydrogen atoms (Hγ and Hδ) 

helps to stabilize the negative charge of oxygen atoms of both nucleophile and leaving 

group. The negative charge of the Asp210 side chain helps to stabilize the positive 

Figure 3. Two most significant COVPs in the IM complex calculated at the 

QM/MM(wM06-D3/6-311++G(d,p):CHARMM36m) level. The isosurface value is 0.05. 

Occupied orbitals are presented by solid color, while complementary virtual orbitals are presented 

by transparent color. Only QM atoms including link atoms are shown for clarity.  
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charge on the His238 by electrostatical effect. Indeed, the calculated mulliken charges 

of Hγ atom in TI1 and TI2 are around 0.4 at the 

QM/MM(ωM06-D3/6-311++G(d,p):CHARMM36m) level by Q-chem/CHARMM 

program. In the two-proton transfer mechanism, the Hγ and Hδ hydrogen atoms are 

transferred to the side chains of the His238 and the Asp210, respectively. As a result, 

the His238 and Asp210 side chains are neutral in the IM (Figure S2D). Surprisingly, 

the calculated mulliken charges of the Hγ atom in the IM is -0.1. The Hγ atom shows 

uncommon negative partial charge, which is significantly different with the Hγ atom 

of TI states (positive partial charge). These interesting findings encourage us to 

propose that a charge transfer happens between the deprotonated methanthiol and the 

side chain of the His238.  

 The intermolecular interactions can be analyzed by the absolutely localized 

molecular orbitals (ALMOs) based energy decomposition analysis (EDA) and the 

charge transfer analysis (CTA) implemented in Q-Chem.[42] The ALMOs based EDA 

and CTA had been successfully applied to analyze the energy lowering induced by the 

charge transfer in many cases, such as hydrogen bond in water dimer.[43] In this study, 

we investigated the charge donor and acceptor interactions (especially hydrogen 

bonding interaction) between the deprotonated methanthiol and the rest of the 

enzyme-substrate complex (especially the side chain of the His238) in the IM state of 

the SABP2-ASM acylation process by the ALMOs based EDA and CTA at the 

QM/MM(ωM06-D3/6-311++G(d,p):CHARMM36m) level. The EDA and CTA 

methods divide the total interaction energy into charge transfer energies (CT), a 

polarization energy (POL), and a frozen density interaction energy (FRZ) in Table 2. 

All of them (CT, POL, and FRZ) contribute the favorable energy to the stabilization 

of IM state. In the IM complex, the forward charge transfer (ΔQ) from the 

deprotonated methanthiol to the rest of the system is 17.0 mē, and the backward 

charge transfer from the rest of the system to the deprotonated methanthiol is 0.2 mē. 

The corresponding energy change (ΔE) are -6.7 kcal/mol and -0.1 kcal/mol, 

respectively. The ΔQ of the higher order charge transfer (HO-CT) is 13.0 mē that 
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contributes -2.1 kcal/mol energy lowering. The counterpoise corrections to the charge 

transfer (e.g., BSSE and RS-BSSE) are very small. The forward and backward charge 

transfer and associated energy terms can be further described in terms of molecular 

orbital contributions by the complementary occupied-virtual orbital pairs (COVPs) 

analysis.[42] In each COVP, the charge transfer is from an occupied orbital on one 

molecule to a complementary virtual orbital on the other molecule. The COVPs 

decomposition shows that 88.2% of ΔQ (D→A: from the deprotonated methanthiol to 

the rest of the system) and 89.6% of ΔE (D→A) are from two most significant 

COVPs. In Figure 3, the two most important COVPs in IM complex mainly result 

from the charge transfer (electron donation) from the negative charged sulphur’s 

sp3-hybridized lone pairs (occupied orbital) in the deprotonated methanthiol to the 

virtual orbital (resembling the N–H σ-antibonding orbital) in the His238 side chain. 

Based on these results, we conlcude that the two-proton transfer transfer mechanism 

happened in IM state can be partly stabilized by the charge transfer induced energy 

lowering effect (about 8.9 kcal/mol).  

Table 2. ALMO CTA and EDA results for the IM. Complex is optimized at the 
QM/MM(B3LYP/6-31+G(d,p)) level, decomposition analysis is performed at the 
QM/MM(ωM06-D3/6-311++G(d,p)) level. All terms are corrected for BSSE. 
Scale ΔQ [mē] ΔE [kcal/mol] 
FRZ 0.0 -19.2 
POL 0.0 -12.6 
CT(D→A)[a] 17.0 -6.7 
CT(A→D) 0.2 -0.1 
HO-CT 13.0 -2.1 
Total 28.8 -40.7 
BSSE 2.2 0.9 
RS-BSSE 1.3 0.7 
COVP2

[b] 88.2% 89.6% 
[a] A= electron acceptor, D=electron donor; [b] Contribution of two most significant 
COVPs is given as percentage of CT(D→A). 

The one- and two- proton transfer reactions occurred in the SABP2 might be 

correlated to different leaving groups of the substrates (BTM and ASM). Along with 

the nucleophilic attack by the Ser81, different substrates generate different leaving 

groups. For the ASM, the leaving group is the deprotonated methanthiol (CH3S-, 
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depicted in Figure 2A); for the BTM, the leaving group is the deprotonated methanol 

(CH3O-, depicted in Figure 2B). 

Regarding to the active site of the SABP2, key difference of the one- and two- 

proton transfer mechanisms is different protonation states of the His238 sidechain. In 

the one-proton transfer mechanism, the protonated His238 sidechain is positively 

charged in TI1 state; in the two-proton transfer mechanism, the His238 sidechain is 

neutrally charged. It has been widely discussed that the positively charged Histidine 

sidechain of the classic catalytic triad is necessary for stabilization of the developing 

negative charge of TSs and TIs along with the nucleophilic attack.[15] So, the question 

is why the deprotonated methanthiol in the SABP2-BTM IM state does not need the 

electrostatic stabilization from the positive charged His238.  

Reactions with better leaving groups happen in a faster rate compared to reactions 

with worse leaving groups.[44] In comparison of the acylation processes, we found the 

ASM shows a much lower transition state barrier than the BTM. The result implies 

that the CH3S- is a better leaving group compared to the CH3O-. Indeed, the pKa of the 

CH3S- conjugate acid (CH3SH) is 10.4, while the pKa of the CH3O- conjugate acid 

(CH3OH) is 15.5. Because the CH3S- is a better leaving group than the CH3O-, the 

CH3S- owns a better ability to stabilize its negative charge, and forms a more stable 

anion. Additionally, the CH3S- transfers its partial negative charge to the sidechain of 

His238. Therefore, the CH3S- as a stable anion does not require extra electrostatic 

effect from the positive charged His238 to stabilize its negative charge. Under this 

circumstance, the His238 transfers its Hδ atom to the Asp210 OD atom; the neutrally 

charged His238 and Asp210 are formed in the IM state.  

Overall, the one- and two- proton transfer mechanisms occurring in one active 

site of the SABP2 may due to the following two reasons. One is that the ASM CH3S- 

is a better leaving group than the BTM CH3O-. The other is the charge transfer occurs 

in the ASM CH3S-. These two reasons make the ASM leaving group (CH3S-) a more 

stable anion, so the positive charged His238 sidechain (in other words, the two-proton 

transfer mechanism) is not necessary. The underlying reason for the charge transfer 

needs to be investigated further. For instance, similar computational and experimental 

strategy might be applied to the SABP2-catalzyed esterase reactions to different 
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substrates with the same leaving group (the deprotonated methanthiol). 

 Comparison with Experimental Data. The calculated potential energy barriers 

for the SABP2-ASM (Figure S2A), the SABP2-BTM (Figure S3A) acylations, and 

the deacylation (Figure S4A) are 9.5 kcal/mol, 18.7 kcal/mol, and 18.6 kcal/mol, 

respectively. Then, QM/MM(DFTB3/CHARMM36m) PMF simulations were carried 

out to calcuate the entropy contributions to the rate-limiting steps of the ASM and the 

BTM hydrolyses catalyzed by the SABP2. Since it is too computationally expensive 

to perform PMF calculations by the high-level DFT methos, the entropy contributions 

were estimated by the DFTB3 based methods[38, 45-46] As shown in Figures S5 and S6, 

the energies of entropy contributions to the rate-limiting TSs of the SABP2-BTM 

acylation and deacylation are -1.5 kcal/mol and -0.5 kcal/mol, respectively. In other 

words, the deacylation is the rate-limiting process for the SABP2 catalyzed 

hydrolyses of the ASM and the BTM, and thus the activation free energy barriers of 

the SABP2-ASM and the SABP2-BTM are identical to each other.  

Figure 4. The synthesis of BTM. (A) Reaction conditions: 1) oxalyl chloride, 

N,N-dimethylformamide, dichloromethane, r.t., 1 h; 2) methanol, triethylamine, dichloromethane, 

r.t., overnight, yield 52%. (B) HRESIMS spectrum of BTM. 
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 In order to prove the theoretical prediction that the SABP2-ASM and the 

SABP2-BTM hydrolyses share the same activation free energy barrier, the in vitro 

enzymatic experiments were carried out to compare the esterase activities between the 

SABP2 catalyzed hydrolyses of the ASM and the BTM. As shown in Figures 4, S7, 

and S8, the substrate (BTM) was synthesized from BCA by an established method,[47] 

and was further proved by HRESIMS spectra and NMR. In Figure 5A, the HPLC 

result shows that the ASM runs faster than the BTM, indicating the ASM is more 

hydrophobic than the BTM. The hydrophobic nature of the ASM may partly account 

for its better performance as a pestcide compared to the BTM. It has been reported 

that the ASM performs 15 folds better than the SA (Kd = 90 nM) for binding with the 

SABP2.[48] The MeSA is suggested to share a similar binding affinity to the SABP2 

with the SA, and the Km for the SABP2-MeSA esterase reaction is 8.6 μM.[4] Thus, it 

is reasonable to speculate that the Km for the SABP2-ASM esterase reaction may be at 

least 10 folds smaller than the Km for the SABP2-MeSA esterase reaction. Also, the 

BTM who shares a similar molecular structure with the ASM is expected to share a 

similar Km with the ASM for binding to the SABP2. Indeed, our HPLC analyses show 

that both Km values of the SABP2 catalyzed hydrolyses of the ASM and the BTM are 

much smaller than the limitation of detect (around 2 μM) of HPLC analysis. To 

compare the SABP2’s esterase actitivies toward the ASM and the BTM, the enzyme 

assays were performed under three substrates concentrations (e.g., 40 μM, 45μM, and 

50 μM). As shown in Figure 5B, the reaction rates of the SABP2 toward the ASM and 

BTM are similar to each other at three substrate concentrations. Overall, the 

experimental results agree well with the theoretical prediction, indicating our 

computational mechanism insights are reasonable.  
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Figure 5. Experimental study of SABP2 catalyzed hydrolyses of ASM and BTM. (A) HPLC 

chromatogram of 50μM pure ASM, BTM, and BCA in acetonitrile, respectively. HPLC analysis 

was used to monitor the enzymatic activity of SABP2. A C-18 column connected to a HPLC with 

UV detector was used for the analysis. Samples were injected in total volume of 20 μl and 

monitored at 255 nm. (B) Relative methyl esterase activity of SABP2 with BTM and ASM at 

three different concentrations (40 μM, 45 μM, and 50 μM). The activity with BTH at 40μM was 

set at 100%. 
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CONCLUSION 

 Many enzymes have been reported because of their remarkable properties of the 

catalytic promiscuity.[49] However, our understanding of the catalytic promiscuity of 

enzymes is still lacking. In this study, the catalytic promiscuity of the SABP2 toward 

the ASM (a thioester) and BTM (an ester) were investigated both computationally and 

experimentally. Interestingly, our results show that the SABP2 catalzyed ASM 

thioester hydrolysis adopts the two-proton transfer mechanism, while the SABP2 

catalzyed BTM thioester hydrolysis adopts the one-proton transfer mechanism. In the 

single active site of the SABP2, the two-proton transfer mechanism is stabilized by 

charge transfer effect in IM state, while the one-proton transfer mechanism is 

stabilized by electrostatic effect. Our results therefore support the hypothesis of the 

mechanism promiscuity that the promiscuous enzymes adopt different catalytic 

mechanisms toward different kinds of reactions (substrates). For further design of 

plants SAR activators based on the ASM, one design strategy may be lowering the 

activation free energy barrier of the SABP2-ASM deacylation process. As a result, the 

accumulation of the BCA may be accelerated, and the effectiveness of the ASM as a 

pestcide might be significantly improved.  
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