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Abstract 

Acylphosphatase (ACP) is one of the vital enzymes in many organs/tissues to catalyze 

an acylphosphate molecule into carboxylate and phosphate. However, the specific catalytic 

mechanism still remains debated. Here we use a combined ab initio quantum 

mechanism/molecular mechanism (QM/MM) approach to reveal the catalytic mechanism. 

We applied a multi-dimensional reaction-coordinates-driving scheme to the 

benzoylphosphate-bound acylphosphatase system. We obtained a detailed catalytic process 

including one nucleophilic-attack and then an ensuing carbonyl-shuttle catalytic 

mechanism by calculating two-dimensional potential energy surfaces. At the same time, 

we obtained an experiment-agreeable energy barrier and validated the role of the key amino 

acid Asn38. Additionally, we also qualified the transition state stabilization strategy based 

on the amino acids-contributed interaction networks revealed in the enzymatic 

environment. This study also provided multi-scale reaction insights into underlying 

catalytic mechanism of acylphosphatase to contribute to disease-involved research, such 

as for early-onset familial Alzhemer’s disease. 
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Introduction 

Acylphosphatase (ACP, E.C. 3.6.1.7), which generally consists of ~100 residues, is 

one of the smallest enzymes. However, it efficiently catalyzes the hydrolysis of the 

carboxyl-phosphate bond of the acylphosphate molecule1-2. ACP is widely distributed in 

different organs and tissues, such as muscles and the liver3, and plays very important role 

of metabolism and physiology as an intermediate in the tricarboxylic acid cycle, glycolysis, 

urea biosynthesis and pyrimidine and in the activity of membrane ion pumps4-7. Recently, 

in cultured skin fibroblasts of patients, ACP has been found to be affected by early-onset 

familial Alzhemer’s disease8-9. Despite the increasing number of verified physiological and 

metabolic processes that involve ACP10-11, the intrinsic catalytic mechanism of 

acylphosphatase is still being debated.  

To reveal the catalytic process, multiple researchers studied the catalytic mechanism 

of ACP12-16. Saudek and Taddei initially discovered the active site located near the C 

terminal12, 15. Taddei’s research further revealed the residues Arg20 and Asn38 close to the 

active site (also marked Arg23 and Asn41 in some PDB structures4) are very essential to 

the catalytic performance of mammalian ACP15-16. In another paper, Satchell found that 

one crystal water molecule at the active site was used as the nucleophile in the process of 

catalysis13. The crystal water-involved catalytic process was also roughly tested in our 

paper by a two-step process as shown in Figure 1(Scheme 1): the first step is the hydrolysis 

of the water molecule by attacking one hydrophilic amino acid, and then the second step is 

the breaking of the carboxyl-phosphate bond13. Currently, multiple ACP structures from 

different organisms have been released and provided the structural basis for exploring the 

catalytic mechanism17-23. Thunnissen et al. determined an ACP structure by using the X-
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ray crystallography method from bovine testis. Based on this, they suggested a similar 

reaction scheme to Scheme 1 (Figure 1), in which the water molecule was thought to form 

a hydrogen bond with Asn38, and the phosphate moiety first gains a proton from the water 

molecule. Then the transition state is formed by the attack of the hydroxyl group21. 

Moreover in 2005, Cheung et al. crystalized one ACP structure from the hyperthermophilic 

archaeon: Pyrococcus horikoshii (PhAcP)5. In the crystal structure, one formate ion and 

three water molecules were found at the active site. By considering the acetyl-phosphatase 

similar to the formate molecule and the water molecules, the author infers that the Asn38 

residue plays an important role in binding the nucleophilic water molecule at the active site 

and then forming a hydrogen bond with the non-bridging oxygen atom of the phosphate 

group. Additionally, the Arg20 residue forms a hydrogen bond to the carbonyl group of the 

substrate, and the Val14 residue forms a hydrogen bond to the crystal water molecule. The 

reaction steps are similar to Scheme 1 by following a two-step procedure: firstly, the proton 

was transferred from crystal water to an oxygen atom of the phosphate group; then the 

translation state was formed in the concerted process of hydroxyl anion attacking the 

phosphorus atom and the leaving group decomposing. In 1997, Stefani et al. provided 

another kind of reaction scheme based on their released X-ray structure as shown in Figure 

1(Scheme 2). A proton from the crystal water molecule first formed a transition state 

between the oxygen atom of a water molecule, the carbonyl oxygen atom of Asn38 and an 

oxygen atom of the phosphate moiety. Then the proton and the oxygen atom of the water 

molecule concertedly attack the oxygen atom and phosphorus atom of the phosphate 

moiety respectively4. Although these structure-based insights show different catalytic 

pictures21, 24, they hint at possible catalytic details. Following this, we can propose another 
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scheme as shown in Figure 1 (Scheme 3). In this scheme, the first step is the oxygen atom 

of a water molecule as a nucleophile directly attacks the phosphate group, and then the 

proton of the water molecule is transferred to the oxygen atom of the phosphate group. Of 

course, in light of new enzymatic applications and disease-involved significance of ACP, 

we hope to reveal a clear catalytic mechanism, and the specific functional role of the amino 

acids constituting the catalytic environment. 

In this paper, we focus on addressing the catalytic mechanism and calculating the 

catalytic protocols in detail by exploring multi-dimensional potential energy surfaces using 

ab initio QM/MM energy functions. Firstly, we note that ACP does not released any 3D 

Michaelis-Menten complex or Michaelis-Menten transition state conformation. We 

obtained the initial Michaelis-Menten complex structure using on-line web-servers and 

docking tools25-26. Then we explore all possible reaction schemes (Scheme 1-3) with a 

multi-dimensional reaction-coordinate driving method without any restraint. Additionally, 

to check how Asn38 partakes in the catalytic process, we set up two sets of different 

reaction coordinates (including Asn38 or not) for Scheme 1-3 to compare. Finally, we 

reveal a preferred nucleophilic-attack and ensuing carbonyl-assisted shuttle catalytic 

mechanism as well as the reaction characters in agreement with the experimental data.  

      

 Materials and Methods 

1. Reaction systems preparation 

      We used one X-ray structure of ACP from Pyrococcus horikoshii (PhAcP) complexed 

with formate (PDB id: 1w2i) to prepare the enzyme system5, and used one benzoyl-

phosphate molecule as the substrate (i.e. R=benzoyl in the paper in Figure 1 or 3a). The 
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benzoyl-phosphate molecule was built by Corina online demo.25 To obtain the enzyme-

substrate complex, we docked the benzoyl-phosphate molecule into the binding pocket 

using Autodock 4.0 packaged with AutoDockTool1.5.626. In the process of docking, the 

enzyme system, including all protein atoms and one crystal-water molecule (A2046) in the 

active site, was first added to the polar hydrogen. Then a macromolecule-center grip map 

of 56´56´56 grid points and 0.375 spacing was generated by using the Autogrid program. 

The docking screening was performed using the Lamarchian genetic algorithm(GA)27 and 

the default parameters were set. The docking model was derived from 100 different runs 

and the maximum of 250,000 energy evolutions. Finally, the model with lowest binding 

energy was chosen. In the model with the lowest binding energy, the position of the 

phosphate group aligns closely with that of the formate and three water molecules in the 

crystalized structure5, 21. This model is consistent with the acetyl-phostate docking structure 

built by Cheung et al5 as shown in supplemental Figure S1. Thus, the model with the lowest 

binding energy was used as the initial enzyme-substrate complex system. Then for the 

complex system, the protonate states of all amino acids were validated using MolProbity28 

and solvated a box of TIP3P water molecules.29 The X, Y and Z-axis sizes were determined 

as 68.095 Å, 67.882 Å and 73.532 Å respectively by setting the closest distance between 

any atom of the solute and the edge of the periodic box at 18.0 Å. Thus the solvated 

complex system containing 32,135 atoms was obtained as the initial reaction system in 

solvate. 

2. Equilibration and optimization of the initial reaction system 

First the solvent was optimized until the root mean squire of energy gradient was less 

than 1.0 kcal mol-1.Å-1. Then the reaction system was equilibrated with 2.1 ns molecular 
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dynamics simulation at 298K with step-by-step released processes, i.e. 100ps for NVT + 

1.0ns for NPT with constraints + 1.0 ns for NPT without constraints. Finally, a 10 ns NPT 

molecular dynamics simulation was performed without any restraints. Here, all molecular 

dynamics simulations were run using ACEMD software on GPU30. 1 bar pressure was 

added according to Berendsen method and the temperature is controlled at 298K by a 

Langevin thermostat. All bonds had been constrained using SHAKE and the integration 

time step was 4 fs with amber99 force field31. In the last 10ns molecular dynamics, the 

system was equilibrated and the RMSD of molecule dynamics trajectory using the 

fluctuation of the Ca atoms was shown in supplemental Figure S2. In which the largest 

cluster of RMSD distribution was when RMSD=2.1 Å as shown in the supplemental panel 

of Figure S2. 

We selected one representative conformation from the final 10 ns trajectory based on 

the largest cluster (RMSD=2.1 Å) and the interaction distances between the oxygen atom 

of water molecule and phosphate atom of the substrate should be suitable for a nucleophilic 

attack because the water molecule has a nucleophilic attack to the phosphate group as 

validated previously4-5, 21. Here the distance for nucleophilic attack was marked as  𝑑" as 

shown in Figure 2a. The snapshot at 7.70 ns was chosen since the  𝑑" value was equivalent 

roughly to its average value in all conformations. The interactions between the substrate 

and its surrounding residues (V14, G16, V17, G18, F19, R20, W21 and N38) are shown in 

Figure 2a marked by purple dash lines. Using the configuration at 7.70 ns as the 

equilibrated enzymatic system, a set of active atoms were defined including all solute 

atoms and the solvent molecules within 18.0 Å from the center of the active site. The other 

atoms were fixed as a preferred approximation of the boundary32. Here we used the oxygen 
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atom of crystal water as the center of the active site. 

3. QM/MM model 

Based on the interaction between the substrate and enzyme environment, the QM part 

was chosen and consisted of 55 atoms including the benzoyl phosphate, one crystal water 

molecule, the side chain of Arg20, the main chain of Val14 and the side chain of Asn38 as 

shown Figure 2a. The rest formed the MM part. The QM part has been described by ab 

initio density functional models with Gaussian software33 at the levels of B3LYP/6-31G*34-

36, and the MM part was run using TINKER software37 with the AMBER99 force field31 

and the TIP3P model for water molecules29. The QM/MM nonbonded interactions have 

been treated as described in detail by Field and Karplus et al38 and the bonded boundaries 

were treated by the improved pseudobond approach39.  

4.  Calculating multi-dimensional potential energy surfaces (PESs)  

Starting from the representative equilibrated conformation (Figure 2a), we computed 

the two-dimensional PESs to explore the possible catalytic mechanisms by multi-

dimensional reaction coordinate driving40-41. The approach has been successfully applied 

to more than one enzyme systems40-45. Every energy point on two-dimensional PESs along 

the reaction coordinates was calculated by geometry optimization at the B3LYP/6-31G* 

level34, 46-47 of theory with the corresponding restraints of the reaction coordinate. Here the 

restraint of the reaction coordinate was performed by using a harmonic restraining potential 

at the j-th point i.e. V$%&'$()* =
"
,
𝑘$%&'$()* .𝑅0

1 − 𝑅0
1(𝑟𝑒𝑓)8

,
. In the equation, 𝑅0	is defined 

as a combination of interatomic Euclidean distances associated with forming/breaking 

covalent bonds in the c-th dimension of the concerned mechanism, namely,  𝑅0 = ∑𝑏𝑖𝑑𝑖	 , 

in which  is the interatomic distance, with 𝑏) = 1 if the bond is to be broken or 𝑏) = −1 id
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if the bond is to be formed. The restraining force constant is 1000 kcal.mol-1.Å-2. 

𝑅0
> (𝑟𝑒𝑓)	is the j-th point of the c-th dimension of reference reaction coordinate value and 

is increased by 0.1 Å after one point has been optimized to optimize the next point. The 

actual reaction coordinate values of every point after the restrained optimization are always 

within 0.01 Å of the respective reference value. To explore two-dimensional potential 

energy surface, we used the first dimension to dedicate the nucleophilic attacking of crystal 

water. Thus, the first dimension of reaction coordinate (𝑐 = 1) was defined as 𝑅" = 𝑑1 −

𝑑2, where 𝑑" described the distance between the oxygen atom of the water molecule and 

the phosphorus atom of the substrate, and 𝑑,  described the distance between the 

phosphorus atom and the oxygen atom of the carboxyl group of the substrate as shown in 

Figure 2a. The drop of the 𝑅0(𝑟𝑒𝑓) value means the nucleophilic attack occurs between the 

oxygen atom of water molecule and the phosphorus atom of the substrate. The second 

dimension of the reaction coordinate is to show the transfer of a proton of the water 

molecule. To validate the role of Asn38, we set up two sets of the second-dimension 

reaction coordinates (𝑐 = 2), one of which is involving Asn38. In this dimension of 

reaction coordinates, the interatomic distances were marked as 𝑑A [Ow-Hw], 𝑑B [Hw-O2] 

and 𝑑C [On-Hw], which respectively mark the distance between the oxygen atom and the 

hydrogen atom of the crystal water, the distance between the hydrogen atom of crystal 

water and the oxygen atom of phosphate, and the distance between the carbonyl oxygen 

atom of the side chain of Asn38 and the hydrogen atom of crystal water as shown in Figure 

2a. When Asn38 participates in the bond-forming/breaking catalytic process, the second-

dimension reaction coordinate is defined as 𝑅, = 𝑑B + 𝑑C − 𝑑A. During this process, the 

proton is transferred to the oxygen atom of the phosphate group with the help of Asn38. 

restraink
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Otherwise, the second-dimension reaction coordinate is defined as 𝑅, = 𝑑B − 𝑑A, where 

Asn38 is just catalytic environment, which means the proton is directly transferred to the 

oxygen atom of the phosphate group. Following the 2D reaction coordinate driving, we 

explored the PESs.  

From the initial value 𝑑"=3.60 Å, 𝑑,=1.97 Å, 𝑑A = 1.00	Å, 𝑑B= 2.95 Å and 𝑑C =

1.76 Å shown in Figure 2a, the optimizations were performed with the constraints of 

specific 𝑅" and 𝑅,	values step-by-step until the formation and breaking of the bonds were 

finished both at both the first dimension and the second dimension. 

 
Results and Discussion 

We will first describe the obtained PESs including their chemical mechanisms with 

reaction details. Then, we presented the mechanism-exploring results including the 

nucleophilic attack and the carbonyl-assisted mechanism following the hydrogen transfer. 

Finally, we analyze how transition states have been stabilized by the enzyme environments. 

1. A detailed catalytic mechanism 

Figure 3a shows a two-dimensional PES with the reaction coordinate: 𝑅" = 𝑑" − 𝑑,; 

𝑅, = 𝑑B + 𝑑C − 𝑑A. Based on this PES, the minimum energy surface (marked red line, 

Scheme 3) has a transition state (TS1) with an energy barrier (14.60 kcal mol-1), which is 

in agreement with the experimental data (14.76 kcal mol-1) 5. As shown in this figure, 

Scheme 1 and 2 are not preferred reaction schemas. 

Using the equilibrated conformation (Figure 2a) as the starting, following the 

minimum energy pathway (Figure 3a, red line), the Oxygen atom (Ow) of crystal water 

engaged in a nucleophilic attack with the phosphorus atom (P), ultimately combining to 
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form TS1. More specifically, the Oxygen atom (Ow) approached the phosphorus atom (P) 

step-by-step, reaching the point where  𝑑"=3.21 Å, 𝑑,=1.97 Å, which is a local energy 

minimum of the system. The local energy minimum is used as the reactant state (RS) point 

(Figure 2b and 3a). At this stage, the 2nd dimensional reaction coordinates composed of 

three chemical bonds (𝑑A=1.00 Å, 𝑑B=2.74 Å and 𝑑C=1.74 Å, Figure 2b) did not have too 

much change compared to the equilibrated conformation (Figure 2a). We noted the crystal 

water was strongly stabilized in the enzyme environment by the interaction (𝑑C=1.74 Å) 

between the oxygen atom of the carbonyl group at the side chain of Asn38 and the hydrogen 

atom of the crystal water molecule. This interaction was consistent with that described in 

others’ papers published about crystal structures and experimental data4, 16. 

In the first dimension, from RS to TS1, the bond [P-O1] was broken when the bond-

length changes from 𝑑,=1.97 to 3.03 Å and the bond [Ow-P] formed along with the change 

of  𝑑" from 3.21 to 2.11 Å. The three reaction bonds in the second dimension show very 

little change from RS to TS1. Up to TS1, an energy barrier occurs (Figure 3a), where 𝑑"= 

2.11Å, 𝑑,= 3.03 Å, 𝑑A=1.04, 𝑑B=2.41 Å and 𝑑C=1.56 Å (Figure 2c). Importantly, the 

change of reaction coordinates shows that the dominant reaction process occurs. That is to 

say, the nucleophilic attack is almost finished when the bond between the Oxygen atom 

(Ow) of crystal water and the phosphorus atom (P) forms. In next part, we will analyze 

TS1 in detail.  

Following the nucleophilic attack, the transfer process of the hydrogen atom occurs 

along the minimum energy pathway. When the energy decreases, the hydrogen atom from 

the crystal water molecule is translated to the phosphate group spontaneously. To reveal 

the transfer of the hydrogen atom, we decomposed the 𝑅"	and 𝑅,  along the minimum 
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energy pathway (Figure 3a, red line). 𝑑" changed from 2.11 to 1.70 Å between TS1 and PS 

(Figure 4a), and the formed bond [Ow-P] becomes more stable. The change in 𝑑, from 

3.03 to 3.83 Å means the benzoyl group entirely drops out. When 𝑑A changes from 1.04 to 

2.47 Å, the hydrogen atom was transferred out as donor, correspondingly, when 𝑑B 

changes from 2.49 to 1.03 Å, the hydrogen atom is transferred to the atom O2. The change 

of 𝑑C [On-Hw] is particularly interesting. 𝑑C first decreased from 1.56 to 1.0 Å, which 

means the hydrogen atom is transferred to the carbonyl of Asn38; then the value of 𝑑C from 

1.0 to 1.45 Å meaning that the hydrogen atom was then transferred to the destination (O2). 

This process means the hydrogen atom was not transferred directly from the donor to the 

receptor, but followed a carbonyl-assisted shuttle mechanism. In the next part, we will 

analyze this shuttle mechanism in more detail. At PS, the five distances were  𝑑"=1.70 Å, 

𝑑,=3.83 Å, 𝑑A=2.47 Å, 𝑑B=1.03 Å and 𝑑C=1.45 Å (Figure 2d, 3a and 4a), which means 

the new bonds were formed and the expected bonds were broken. Thus, the product was 

achieved following the reaction pathway. Comparatively speaking, Scheme 1 and 2 showed 

an energy barrier that was too high, which is unrealistic in fulfilling the catalysis process. 

To further validate the role of Asn38, we also calculated one two-dimensional PES 

with the reaction coordinate: 𝑅" = 𝑑" − 𝑑,; 𝑅, = 𝑑B − 𝑑A, where Asn38 is used as the 

catalytic environment. Based on the potential energy surface, there are two reaction 

pathways (Scheme 1¢ and Scheme 3¢), which are shown in Figure 3b. 

In Scheme 1¢ (Figure 3b), the hydrogen atom of the crystal water molecule was first 

transferred to phosphate group across a transition state (TS2) with a low barrier of 10.60 

kcal mol-1. At TS2, the proton transfer formed the transition state. At IM1, there is a very 

stable intermediate state with a lower energy valley at the energy surface. The nucleophilic 
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attacking occurred along Scheme 1¢ from IM1 to PS. In this step, another transition state 

(marked as TS3) with a higher energy barrier of 29.58 kcal mol-1 needed to be overcome.  

In Scheme 3¢ (Figure 3b), the minimum energy pathway occurred across a transition 

state (TS1¢) with an energy barrier of 14.30 kcal mol-1. The pathway is very similar to 

Scheme 3 in Figure 3a. The subtle difference is that 𝑑C = 1.60 Å in Scheme 3¢ at TS1¢ is 

slightly larger than  𝑑C = 1.56 Å in Scheme 3 at TS1. Undoubtedly, these distances both 

means one strong interaction with the crystal water molecule. It is worth nothing that a 

shuttle transfer mechanism was shown as Figure 4a. But in Figure 4b, at the PS, a pseudo-

PS state was obtained because we saw the transferring hydrogen atom was bonded with the 

carbonyl of Asn38 (𝑑C = 1.00 Å) but the oxygen atom of phosphate group (𝑑B = 1.50 Å) 

as shown in Figure 4b. It is easy to understand for that because the hydrogen atom moves 

to the carbonyl of Asn38 spontaneous, but cannot bond to the oxygen atom of phosphate 

group without any restrain force to overcome the transferring energy barrier. It was also 

shown that the Asn38-involved reaction coordinate is preferred to be used as the intrinsic 

reaction coordinate48. Our strategy of using the sets of reaction coordinates also means that 

the right reaction coordinate to be chosen is key in the complex reaction system49-50. 

Totally, based on the two sets of reaction coordinates and their corresponding PESs, 

a preferable reaction mechanism was achieved as (Figure 3a, Scheme 3). Next part, we will 

focus on the analysis of reaction mechanism based on the obtained MEP (Figure 3a, 

Scheme 3).  

2.  The nucleophilic attack mechanism in rate-limiting step 

      As described in the last part, following the nucleophilic attack (Figure 4a), when 𝑑" 

changes from 3.21 to 2.61 Å, 𝑑, gradually increases; however, when  𝑑" changes from 
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2.51 to 2.11 Å, 𝑑, increases rapidly from 2.13 to 3.03 Å. As a whole attack mechanism, 

this process is a loose associated reaction process for the formation of the bond [Ow-P] and 

the breaking of the bond [P-O1]. The other three reaction coordinates (𝑑AKC) had very little 

change till TS1. Along the MEP, there was a higher energy barrier (14.60 kcal mol-1)5 at 

TS1. So TS1 is the rate-limited transition state. Here 𝑑"=2.11 Å, 𝑑,=3.03 Å and 𝑑A=1.04 

Å; these 3 bonds formed a loose associated translation state and the transfer of the hydrogen 

atom did not occur. From TS1 to PS, the reaction energy steeply decreases, and at PS, the 

bond [P-O1] had a bond length of 3.83 Å, which means the bond was broken. Also at PS, 

the bond [Ow-P] has a length of 1.70 Å, indicating that the nucleophilic attack is finished.  

3. The carbonyl-assistant mechanism in hydrogen-translated step. 

       After the nucleophilic attack comes to finish as shown in Figures 2c and 3a, the 

hydrogen atom (Hw) of the crystal water molecule as an electrophilic atom will be 

transferred to an electron-rich group, achieving the stable product state. Starting from the 

TS1, the bond [Ow-Hw] starts to increase. When 𝑑A [Ow-Hw] changes from 1.06 to 1.51 

Å, 𝑑B [O2-Hw] has no significant change, but 𝑑C [On-Hw] sharply decreases from 1.45 to 

1.01 Å. Thus, the change means the Hw atom first transfers to the carbonyl oxygen atom 

(On) and the electrophilic group transfers to its destination (O2) indirectly. Then, the 

hydrogen atom (Hw) is transferred from the On to the O2 atom as shown in Figure 4a, 

where 𝑑C	changes from 1.02 to 1.45 Å and 𝑑B changes from 1.82 to 1.03 Å until it finally 

reaches the PS. By this indirect process, the Hw atom is transferred to the O2 with the 

assistance of the carbonyl oxygen atom (On) of Asn38. The carbonyl-assistant mechanism 

facilitates the occurrence of the reaction and improves the reaction efficiency as shown in 

a similar reaction presented by Rizzi et.al51. Compared to the non-enzyme environment, 
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where there is no shuttle mechanism involved, the hydrogen atom is directly transferred to 

the oxygen atom of the phosphate group from the water molecule. This direct transfer may 

be one of the reasons why the energy barrier is too high, for example the catalytic ability 

is 10-20 S-1 in the non-enzyme environment as shown in the experimental data52 and the 

theoretic calculation53.  

4. The strategy for Transition state stabilization utilized by the enzyme 

environment 

       Above, we analyzed a nucleophilic-attack and the ensuing carbonyl-assisted shuttle 

mechanism for the catalytic process. Here we analyze the stabilization strategy of the 

transition state. The transition state (TS1) with the energy barrier 14.60 kcal mol-1 was 

stabilized by the enzyme environment. Asn38 participates in the catalytic reaction by a 

carbonyl-assistant trick in the catalytic center. Figure 2c shows the interaction network 

around the active site and Figure 5 shows the details of the hydrogen-bond interaction 

specifically at TS1. A conserved amino acid peptide (consisting of V14, G16, V17, G18, 

F19, R20 and W21) and the N38 form a binding pocket, which embraces the substrate as 

shown by the amino acids (in green) and the hydrogen-bond interaction (in purple) in 

Figure 2c. In Figure 5, the dash lines show the detailed hydrogen bonding between the 

enzyme environment and the substrate. In G16, V17, G18, F19, the hydrogen bonds take 

place at the Nitrogen atom of the main chain. In R20 and W21, the nitrogen atoms of the 

side chain provide the hydrogen-bond interaction. Simultaneously, the carbonyl group of 

V14 and the amide group of N38 have the interactions with the crystal water molecule at 

the bottom of the binding pocket. The interaction between the crystal water and Asn38 is 

notably stronger ( 𝑑C =1.56 Å, Figure 2c) than the other non-bond interaction. The 

interaction between the substrate and Asn38 highly stabilized the conformation state and 
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provided the foundation for carrying out a carbonyl-assisted mechanism. The R20 and W21 

did not directly interact with the catalytic center, however they both interact with the 

substrate across a solvent water molecule bridge. We also noted there was a R20-G91 salt-

bridge interaction, which is a very interesting interaction as discussed in the paper by Sonia 

et al54.  The carboxyl group of G91 also forms the hydrogen-bond interactions with the 

main-chain nitrogen atom of Asn38. These results are agreeable with the experimental 

result54, which provided the interaction network with the active site contributing to the 

enzyme activity.   

 

Conclusions 

We have achieved a detailed, feasible nucleophilic-attack and its ensuing carbonyl-

assisted catalytic mechanism as well as an experiment-agreeable energy barrier for 

acetylphosphatase. In so doing, we have revealed new insights into the chemical 

mechanism: the nucleophilic attack of water molecule is a loose associated process along 

the formation of the [Ow-P] bond and the breaking of the [P-O1] bond. During the attacking, 

the rate-limiting barrier arises because the nucleophilic attack takes place while a hydrogen 

atom of crystal water molecule remains. The subsequent step is energetically a downhill 

process because the hydrogen atom is transferred spontaneously with a carbonyl-assisted 

mechanism from Asn38. As a whole process, the carbonyl group assisted the chemical 

mechanism by forming the strong interaction and shuttling a transferring hydrogen atom.  

Besides the chemical mechanism, PhAcP provided a well-organized enzymatic 

environment to specifically stabilize the rate-limiting transition state (TS1). At TS1, the 

peptide interacts with the phosphate group of the substrate, and increased the localization 
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of the phosphate atom. Simultaneously, the Asn38 has a close-distance interaction with the 

substrate and localized the charge of the crystal water molecule by redistributing the more 

negative charge on the oxygen atom of the crystal water molecule. The transition state 

stabilization strategy is from the charge distribution by the direct interaction network 

around the catalytic center. The salt-bridge from G91 was also found to stabilize the 

catalytic environment by forming the hydrogen-bond interaction with the catalytic residue 

Asn38 and Arg20.   

      In sum, we have employed a QM/MM energy function to study the reaction mechanism 

of ACP, and we have gathered the new insights into the nucleophilic-attack-induced 

carbonyl-assisted catalytic mechanism and the transition state stabilization strategy based 

on an enzymatic network contribution. The detailed mechanism will contribute to the 

design of new catalysis for the development of better biotech enzyme and contribute to the 

disease-involved study for the ACP-involved signal pathway.   
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Figure 1. Proposed reaction schemes.  
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Figure 2. The key conformation states for the catalytic mechanism of acylphosphatase. (a) The 

substrate, the amino acids of catalytic center and the definition of the distances from  𝑑" to 𝑑C for 

initial equilibrated complex system; (b) The reactant state(RS); (c) The transition state(TS1); (d) 

The product state (PS). The distance unit is angstrom. 
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Figure 3.  The two-dimensional of potential energy surfaces (PESs). Proposed reaction 

scheme 1-3 was shown in yellow dash line, blue dash line and red line. (a) The PES with 

the reaction coordinates:	𝑅" = 𝑑" − 𝑑,; 𝑅, = 𝑑B + 𝑑C − 𝑑A. (b) The PES with the 

reaction coordinates: 𝑅" = 𝑑" − 𝑑,;	𝑅, = 𝑑B − 𝑑A.  
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Figure 4. The evolution of the decomposed reaction coordinates along the minimum 

energy pathway. (a) The bond changes for Scheme3 in Figure 3a. (b) The bond changes 

for Scheme 3’ in Figure 3b. 
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Figure 5. The details of the hydrogen-bond interactions specifically between the 

substrate and the protein ACP. 
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Figure S1. The complex model obtained by docking process.  
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Figure S2. The RMSD of molecule dynamics of protein-substrate system. The panel shows the 

distribution of the RMSD for the trajectory in last 10 ns. 

 


