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Abstract

:

Salicylic acid decarboxylase (SDC) from the amidohydrolase superfamily (AHS) catalyzes the reversible decarboxylation of salicylic acid to form phenol. In this study, the substrate binding mode and reaction mechanism of SDC were investigated using computational and crystallographic methods. Quantum chemical calculations show that the enzyme follows the general mechanism of AHS decarboxylases. Namely, the reaction begins with proton transfer from a metal-coordinated aspartic acid residue (Asp298 in SDC) to the C1 of salicylic acid, which is followed by the C–C bond cleavage, to generate the phenol product and release CO2. Interestingly, the calculations show that SDC is a Mg-dependent enzyme rather than the previously proposed Zn-dependent, and the substrate is shown to be bidentately coordinated to the metal center in the catalysis, which is also different from the previous proposal. These predictions are corroborated by the crystal structure of SDC solved in complex with the substrate analogue 2-nitrophenol. The mechanistic insights into SDC in the present study provide important information for the rational design of the enzyme.
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1. Introduction


Salicylic acid decarboxylase (SDC) catalyzes the reversible decarboxylation of salicylic acid (SA) to form phenol (Scheme 1) [1]. The reaction in the carboxylation direction is a biological alternative to the traditional Kolbe–Schmitt reaction [2]. This method of using enzymes provides a strategy to directly fix CO2 under mild conditions and the reaction rarely produces by-products, showing high potential for industrial applications [3,4]. The product at the carboxylation direction, salicylic acid, is an important chemical raw material which is commonly used in the production of aspirin drugs [5] and cosmetics [6].



SDC is a metal-dependent decarboxylase belonging to the amidohydrolase superfamily (AHS), which can catalyze the decarboxylation reaction independent of cofactors and O2. The AHS enzymes share significant structural and mechanistic similarities, especially the unique (β/α)8 TIM-barrel fold structure of the active site and divalent metal ions [7]. Interestingly, in previous reports [8,9,10], the metal ions in the active center of this type of enzyme were often considered as Zn2+. However, in recent studies, it was found that they are Mg2+ or Mn2+ [11,12,13,14,15,16].



Interestingly, SDC is catalytically active toward various aromatic compounds in addition to the natural substrate [17,18], for example, 1-naphthol [19], p-aminosalicylic acid [20] and 3-methylsalicylic acid [21]. This further enhances the potential of SDC for industrial applications. Although SDC has a wide substrate spectrum, the wide-type enzyme displays low activity toward non-natural substrates. Thus, protein engineering has been used to produce mutants with improved catalytic performance [20,21,22,23].



In a recent study, the crystal structure of SDC from Trichosporon moniliiforme in complex with the natural substrate salicylic acid was reported (Figure 1A) [23]. A Zn2+ cation was proposed to be the catalytic metal in the active site and to be coordinated by one water, Glu8, His169, Asp298 and SA (Figure 1B). Moreover, molecular dynamics simulations and mutation experiments showed that the mutant MT3 (Y64T/P191G/F195V/E302D) enhanced catalytic activity by expanding the substrate binding pocket. The kinetic parameters Km and kcat of this enzyme in catalyzing SA decarboxylation were reported as (1.1 ± 0.1) × 10−3 M and 3.6 ± 0.2 s−1, respectively [23].



In the present study, the substrate binding mode and mechanism of the SDC-catalyzed decarboxylation reaction were studied using quantum chemical and experimental approaches. It was shown that SDC adopts a similar substrate binding mode and reaction mechanism to other metal-dependent AHS decarboxylases. Interestingly, our results suggested that the metal of the active center is Mg2+, rather than the previously proposed Zn2+. The detailed information on the substrate binding mode and reaction mechanism obtained in this study could provide useful information to guide the selection of amino acids in the rational design of SDC mutants with improved catalytic efficiency.




2. Results and Discussion


In the previous structural study on SDC [23], the metal ion in the active site was proposed to be Zn2+. However, in our studies on the other decarboxylases from the same family, namely the AHS superfamily, it was found that the metal ion in the active center is usually Mg2+ or Mn2+ [11,12,13,14,15,16]. We thus considered all three types of divalent metals for the entire pathway in the mechanistic study. It turns out that the reaction mechanisms and energy profiles with different metals are very similar; however, the Mg-containing model has the lowest barriers compared to the other two (as discussed below). The enzyme is thus more likely to be Mg-dependent, rather than the previously proposed Zn-dependent [23]. In the following part, we will first discuss the results concerning the Mg-containing system and then the alternatives with Zn2+ and Mn2+ being the assumed metals in the active site.



In the previously reported crystal structure of SDC in complex with the natural substrate (PDB ID: 6JQX), the substrate was proposed to bind to the metal in a monodentate mode [23]. However, it has been established for the other AHS decarboxylases that the substrate is coordinated to the metal in a bidentate mode and the monodentate mode is in fact unproductive [16]. It is thus interesting to address whether SDC also adopts the bidentate mode in the catalysis. To this end, the structures of the enzyme–substrate complexes with the bidentate mode (called Mode-A) and monodentate mode (called Mode-B) were optimized by using the cluster approach and the corresponding energies were calculated (Figure 2).



In the optimized structure of Mode-A (E:S-AMg in Figure 2A), Asp298 was set to be protonated, while the substrate hydroxyl group was set to be deprotonated due to its coordination to the metal ion. Additionally, an oxygen atom of the substrate carboxylate group was also coordinated to the metal ion. The carboxylate group of the substrate forms hydrogen bonds with a water molecule, Arg235 and Asp298, and the deprotonated hydroxyl group forms a hydrogen bond with another water. In the optimized Mode-B (E:S-BMg in Figure 2B), the hydroxyl group of SA is in the neutral form and Asp298 is in the deprotonated state. In addition to the coordination to the metal ion, the carboxylate group of the substrate also forms a hydrogen bond with the water molecule, which is involved in the hydrogen bond network with another water molecule, Pro66 and Tyr301.



The calculated energies showed that Mode-A is 1.9 kcal/mol lower than Mode-B. In other words, Mode-A is the preferred binding mode in the enzyme–substrate complex. Interestingly, the substrate was previously suggested to bind in a monodentate mode [23]. Since the energy difference between the two modes is not that big, we considered both in the following mechanistic study.



In the pathway with Mode-A (Scheme 2A), the first step of the reaction is the proton transfer from Asp298 to the substrate C1 to form the 2,4-dienone intermediate (Int-AMg, Figure 3). The barrier for this step is calculated to be 16.6 kcal/mol, and the energy of the formed intermediate is 9.4 kcal/mol higher than E:S-AMg (Figure 4). At the transition state of this step (TS1-AMg), the C-H bond distance and the O-H bond distance are 1.35 Å and 1.33 Å, respectively. Subsequently, the C-C bond cleavage takes place to generate the phenol and CO2 products via the transition state TS2-AMg. The energy barrier of this step is 15.8 kcal/mol, and the distance of the breaking C–C bond at TS2-AMg is 2.12 Å (Figure 4). The E:P-AMg is in energy 0.8 kcal /mol higher than E:S-AMg.



According to the calculation results, the energy barrier of the overall reaction is 16.6 kcal/mol, and the rate-limiting step is the proton transfer (Figure 4). The calculated value is in excellent agreement with the experimental data, which is 16.8 kcal/mol converted from the kcat value of 3.6 s−1 according to transition state theory [23]. It is interesting to compare the calculate energies of SDC with those of LigW [12], 2,3-DHBD [13], and γ-RSD [15], which also catalyze the decarboxylation of phenolic acids. The barrier of the rate-limiting proton transfer of SDC is found to be similar compared to the corresponding steps of all three other enzymes. For the step of C-C bond cleavage, the energy differences between SDC and the others are larger. However, this does not contribute to the difference in the reaction rate because the proton transfer is the rate-limiting step.



The kinetic isotopic effect (KIE) is helpful in understanding the nature of the rate-limiting step of the catalyzed reaction. We here predict the KIE values for SDC by re-calculating the zero-point energies (ZPEs) of E:S-AMg and the rate-limiting TS1-AMg by replacing the carboxyl carbon of the substrate with C13 and replacing the proton of Asp298 with deuterium, respectively. The calculated KIE values converted from the energy differences in ZPEs is 5.1 for the proton and 1.0 for the carboxyl carbon.



In the pathway with Mode-B (Scheme 2B), the reaction first goes through two steps of proton transfer, namely from the hydroxyl group of the substrate to Asp298 and from Asp298 to the substrate C1, which is followed by the C–C bond cleavage to form the products (Scheme 2B). Interestingly, this mechanism was calculated to be energetically unfavorable with very high barriers. The calculated energy of the transition state for the second proton transfer is 46.5 kcal/mol higher than that of the E:S-AMg, and the mechanism with Mode-B is thus obviously infeasible (see Figure S5 for optimized structures).



Since the metal in the active site was previously assumed to be Zn2+ [23], we calculated the corresponding energy profiles by using the same active site model as that shown in Figure 2, but the Mg2+ was replaced by Zn2+ (see Figures S6–S11 for optimized structures). The calculation results show that in the case of Zn-enzyme the energy of Mode-A is very similar to that of Mode-B (only 0.7 kcal/mol in favor of the former). However, the energy barrier of the pathway with Mode-A is 20.3 kcal/mol, which is 3.7 kcal/mol higher than that of the corresponding pathway of Mg-enzyme (Figure 4). Moreover, similar to that of the Mg-enzyme, the barrier of the proton transfer from Asp298 to the substrate C1 in the pathway with Mode-B is also very high (42.4 kcal/mol relative to the corresponding enzyme–substrate complex). Since Mode-B has been shown with significantly high barriers for both Mg- and Zn-containing models, for the examined scenario with the Mn-containing model we considered only the pathway with Mode-A (Figures S12–S17). It turns out that the calculated barrier of the overall reaction is also higher than the Mg-enzyme (by 3.0 kcal/mol, Figure 4).



According to the cluster calculations discussed above, the SDC enzyme is more likely to be Mg-dependent and the substrate is coordinated to the metal in a bidentate mode. To verify these predictions, we solved the crystal structure of SDC in complex with substrate analogue 2-nitrophenol (PDB ID: 8H41, see Table S1 for the data collection and refinement statistics). Analyses on the active site structure provide strong support to the prediction on the basis of the calculations.



First, the previously proposed Zn2+ is too negative to fit the electron density map of the metal binding site (Figure 5A). The metal in the active site might be an atom with fewer electrons, such as the computationally predicted Mg2+ (Figure 5C). The fitting result with Mg2+ indeed shows a perfect match. By using Mn2+, the electron density is slightly overestimated (Figure 5B). Thus, SDC is a Mg-dependent enzyme. Furthermore, the overall structure of SDC obtained in the present study (Figure 5D) is almost identical to the previously solved structure shown in Figure 1A. However, interestingly, the close-view of the active site clearly showed that 2-nitrophenol is coordinated in a bidentate mode (Figure 5E), consistent with the lowest energy and productive binding mode for the natural substrate on the basis of calculations. Another interesting point here is that the measured angle between the nitro group and the phenyl ring is only ca 5°. This is different from the other AHS decarboxylase LigW, for which the substrate analog in the solved X-ray structure was observed to be significantly distorted [11].



Taken together, the calculations predict, from an energetical point of view, that SDC is a Mg-dependent enzyme and show that the reaction follows the general mechanism of AHS decarboxylases consisting of the first proton transfer from a metal-coordinated aspartic acid and the following C-C bond cleavage, in which the substrate is coordinated to the metal in a bidentate mode. Crystallographic study provides support to the metal identity and binding mode of the substrate.




3. Computational and Experimental Details


3.1. Computational Details


All calculations in this study were performed using the Gaussian 16 program [24], with B3LYP-D3(BJ) hybrid functional [25,26,27,28]. In the geometry optimizations, the 6-31G (d,p) basis set was used for the C, H, O, and N atoms, and the LANL2DZ pseudopotential basis set was used for the divalent metal ions [29]. Frequency calculations were performed at the same theoretical level as geometric optimization to obtain the zero-point energies (ZPEs). To consider the effect of protein surrounding which is not included in the active site model, the single-point energy calculations were performed using the SMD model with a dielectric ε = 4.0 at the same level of theory [30]. To obtain more accurate energies, single-point energy calculations were carried out with a larger basis set, namely 6-311+G (2d,2p) for C, H, O, and N atoms and LANL2DZ for divalent metal ions. ZPE and solvation effects were added to the single point energies from the large basis set calculations. According to previous studies on the decarboxylation reactions, the entropy gain generated from CO2 release was estimated by its translational entropy, which is calculated to be 11.1 kcal/mol at room temperature. This value was added to the energy of the decarboxylation step [12,13,14,15,31,32,33,34].




3.2. Active Site Model


The quantum chemical cluster approach is employed in the present study. This method has been proven to be very powerful in investigating various aspects of enzymatic reactions [35,36,37,38,39]. The active site model used for the calculations was designed based on the crystal structure of SDC from Trichosporon moniliiforme in complex with the substrate (PDB ID: 6JQX) [23]. The model consists of the metal ion along with its ligands (Glu8, His169, Asp298, a water molecule, and salicylic acid) and other residues making up the active sites (Glu9, Ala10, Tyr27, Tyr64, Ser65, Pro66, Pro170, Gly190, Pro191, Phe195, His224, Glu227, Arg235, His238, Trp239, Ser273, Tyr301, and Glu302). Additionally, three other crystallographic water molecules were also included in the model. The truncations in the model were made at the α-carbons of the amino acid and hydrogen atoms were added to saturate the carbon. To maintain the overall structure of the active site, the truncated carbons and a number of hydrogens were kept fixed during the geometry optimization. The model consists of 322 atoms and has a total charge of 0.




3.3. Cloning and Protein Purification


The TmSdc gene (GenBank accession number DM040453) was cloned into the pQE80L vector. The pQE80L-TmSdc plasmid was transformed into an E. coli BL21(DE3) cell which was grown in LB medium at 37 °C to an OD600 of ~0.8 and then induced by 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) at 16 °C for 20 h. Cells were harvested by centrifugation at 5000× g for 15 min and then re-suspended in lysis buffer containing 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 20 mM imidazole, followed by disruption with a French Press. Cell debris was removed by centrifugation at 17,000× g for 1 h. The supernatant was then applied to a Ni-NTA column with an FPLC system (GE Healthcare). The target proteins eluted at ~100 mM imidazole when using a 20–250 mM imidazole gradient. Each protein was dialyzed against a buffer containing 25 mM Tris-HCl, pH 7.5, and loaded onto a Q Sepharose column. Target proteins were eluted at ~200 mM NaCl when using a 0–500 mM NaCl gradient. The purified proteins were passed through a Superdex 200 column and further concentrated to 8 mg/mL in buffer containing 25 mM Tris-HCl (pH 7.5) and 150 mM NaCl. The purity of each protein (>95%) was checked using SDS-PAGE analysis.




3.4. Crystallization, Data Collection, Structure Determination, and Refinement


The optimized crystallization condition of apo-TmSdc was 24% PEG1000, 0.2 M Tris, pH 7.5. In general, 1 µL protein (8 mg/mL) was mixed with 1 µL of reservoir solution in 24 well Cryschem Plates, and equilibrated against 300 µL of the reservoir. The TmSdc crystals in complex with 2-nitrophenol were obtained by soaking the apo-TmSdc crystals in mother liquor containing 10 mM ligand for 1 day. All crystallization experiments were conducted at 25 °C using the sitting-drop vapor-diffusion method. All of the X-ray diffraction data sets were tested and collected at beamlines BL02U1/BL10U2/BL17B/BL18U1/BL19U1 of the National Facility for Protein Science in Shanghai (NFPS) and Shanghai Synchrotron Radiation Facility (SSRF). The diffraction images were processed using HKL2000 [40]. The structure was solved using the molecular replacement (MR) method with Phaser program [41] from the Phenix [42] suite using the structure of TmSdc (PDB ID: 6JQW) [23] as the search model. The further model building and refinement was carried out using programs phenix.refine [43] and Coot [44]. Prior to structural refinements, 5% randomly selected reflections were set aside for calculating Rfree as a monitor [45]. Data collection and refinement statistics are summarized in Table S1.





4. Conclusions


In the present study, the metal identity, substrate binding mode, and reaction mechanism of salicylic acid decarboxylase (SDC) were investigated using the quantum chemical cluster approach, in combination with crystallographic study. The enzyme is here demonstrated to follow the general mechanism of the amidohydrolase superfamily (AHS). Namely, the reaction starts with the proton transfer from the metal-coordinated aspartic acid (Asp298) to the C1 position of the substrate, which is the rate-limiting step of the entire reaction, and then the C-C bond is broken to form the product. However, very interestingly, and different from the previous proposal, the metal ion in the active site of SDC is found to be Mg2+, and the substrate binds to Mg2+ in a bidentate mode. Namely, both the carboxylate group and the phenolic hydroxyl group of the substrate are coordinated to the metal ion. These calculation results are corroborated by the solved crystal structure of SDC in complex with the substrate analogue 2-nitrophenol. The obtained information on the substrate binding mode and the reaction mechanism would be helpful in guiding the selection of targeted sites for mutation in protein engineering.
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Scheme 1. Reaction catalyzed by salicylic acid decarboxylase (SDC). 
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Figure 1. (A) Crystal structure and (B) active site of salicylic acid decarboxylase (PDB ID: 6JQX). 
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Figure 2. Optimized structures of enzyme–substrate complexes with (A) bidentate binding mode and (B) monodentate binding mode. 
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Scheme 2. (A) The proposed mechanism of SDC reaction on the basis of calculations in the present study. (B) The previously proposed mechanism [19]. 
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Figure 3. Optimized structures for the transition states (TS1-AMg and TS2-AMg) and intermediates (Int-AMg and E:P-AMg) in the reaction pathway of SDC. Only a part of the active site model is shown here. See Supplementary Materials for the structures with full models (Figures S1–S4). 
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Figure 4. Calculated energy profiles for the decarboxylation reactions catalyzed by SDC with Mg2+, Mn2+, and Zn2+. 
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Figure 5. Electron density map (2Fobs-Fcalc) of models with (A) Zn2+, (B) Mn2+, or (C) Mg2+ in blue, contoured at 1.5 sigma, and the difference map (Fobs-Fcalc) is at 3.0 sigma. The B factors at full occupancy are 44.05 (Chain A) and 43.32 (Chain B) for Zn2+, 36.64 (Chain A) and 36.69 (Chain B) for Mn2+, and 16.79 (Chain A) and 16.97 (Chain B) for Mg2+. The average B factor for all atoms of the structure is 18.53, and the average B factor for all atoms of the ligand is 18.94. (D) Overall structure and (E) active site structure of SDC in complex with 2-nitrophenol (PDB ID: 8H41). 






Figure 5. Electron density map (2Fobs-Fcalc) of models with (A) Zn2+, (B) Mn2+, or (C) Mg2+ in blue, contoured at 1.5 sigma, and the difference map (Fobs-Fcalc) is at 3.0 sigma. The B factors at full occupancy are 44.05 (Chain A) and 43.32 (Chain B) for Zn2+, 36.64 (Chain A) and 36.69 (Chain B) for Mn2+, and 16.79 (Chain A) and 16.97 (Chain B) for Mg2+. The average B factor for all atoms of the structure is 18.53, and the average B factor for all atoms of the ligand is 18.94. (D) Overall structure and (E) active site structure of SDC in complex with 2-nitrophenol (PDB ID: 8H41).



[image: Catalysts 12 01577 g005]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
[ 20
199 /230

/\ His1gS His224

/ |

|
Phe195

I





nav.xhtml


  catalysts-12-01577


  
    		
      catalysts-12-01577
    


  




  





media/file2.png
salicylate

phenol





media/file5.jpg





media/file3.jpg





media/file1.jpg
salicylate

SAD

co,

H
H OH
H H
H
phenol





media/file7.jpg
M o W s
N e =y Hist69 o,
9, —_— Ho, —t
0 -0 L one d o s
§ R L
HO™ Nasp208 07 asp298.
Hoo MO
# g N N
do ?
5 o — 0;§,(§<
aus i —
oH b AR E
H ° MRSAW
0" Nsp2s HO™ Nasp208

o

o
e\kmm
T ous

ep298





media/file10.png
Glu8

His169 His169

Asp298 Asp298

His169 His169

Asp298

TS2-Ay, -» E:P-Ayg





media/file12.png
N
o
|

Relative energy (kcal/mol)
-






media/file9.jpg
Histe9

Int-Ayg

Histeo






media/file0.png





media/file14.png
Water
Asp298 =5

L %o JLoi
X Tyr301 77 190
N )
2P His169
/2.05
His224

\ Phe195






media/file8.png
H
H H,0
r‘ His169 ’Q >®é<Hls169 Q @\q\é<His169
' 0
Glu8 Glus T | Gl
l
Asp298 O Asp298 /I\Asp298

B Tr CO,

H,0
15169 0 H.s169 A NG His169
l
C\ e C.©
Glug Glus H ~(O Glu8
OH o O
N 0 o N

Asp298 Asp298 d O™ “Asp298





media/file11.jpg
3

Relative energy (kcal/mol)
° 3






media/file6.png
A4 Glu227
A

*3224

Uoiue
Ala10._ H 0
N
N

H
ly274
Hig 169H Ser273 /G s
0 | ) Glug |, <
Pro170N N‘%" o

&(\ His224
N /QQ,

I “**HO
. /
Ho~ %o Ho Asp208) oh
NH\ H\ ’,1' .—O’ Glu227
AN O~H———’ C\ ————————
' 4 \0 \‘.‘ H O\\ />gNH
-/ N Oy H-o-——H—N
H
His238 65 () P -
HO <O \_NH H|5238
Tyeek oG,y % YGluz02
Tyr301

Pro191

“ %/\ '

Ala10_ u9 0
ﬁly274
Pro170 S e/@
< { Glu8
Ser65 His169)| /> @ H|5224
\ P/I‘I .96 ---HO Suzar
NH 2\0 J(d 70(\/
\ / r - = \Q O é H
g | Pro66 .l 08 o ,N
V64 Sere5 o7 b o-H’ ~ ~NH
S / \ V/ H W H o ’H‘N@
\ | O’/ H \H/ \H i_{ \\\\
1 .77.= ‘ -
- ‘ Tyr301
/. AL | | Gl 190N O':'"NQ/\His%a
1.927 - GIu302 NH
Pro66 C > Giy190 Trp239
Tyr301  Tyr27™\

Tyr27

Pro191 [ >
YN HN / Trp239
(0]

E:S-BMQ Phe@





