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ABSTRACT 

A unified framework to rationalize enzymatic activity is essential to understand cellular function and 

metabolic evolution. Recent studies have shown that the activity of several hydrolases is maximized 

when the substrate binding affinity (Michaelis-Menten constant: ��) is neither too strong nor too 

weak. This is because an intermediate �� resolves the trade-off between ��  and ����, in accord 

with the Sabatier principle of artificial catalysis. However, it remains unclear whether this concept is 

applicable to enzymes in general, especially for those which catalyze the same reaction but have 

evolved under different selection pressures due to the phylogeny or physiology of the host organism. 

Here, we demonstrate that the activity of 10 distinct wild-type phosphoserine phosphatases (PSP) 

exhibits a maximum at an intermediate binding affinity (�� � 0.5 mM), indicating that they also 

follow the Sabatier principle. Furthermore, by considering not only ��  but also the equilibrium 

rate constant (��
�) of each enzyme, we have succeeded in rationalizing the PSP activity quantitatively. 
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��
� is the rate constant of product release (ES � E + P) in the absence of any driving force, and a 

large ��
� allows ���� to be increased without increasing ��. Although the traditional Sabatier 

principle considers only the binding affinity (��), we show that the additional contribution of ��
� 

drastically improves the consistency between experiments and theory. Our expanded framework 

which quantitatively explains the activity of phylogenetically and physiologically diverse enzymes 

with respect to their physicochemical parameters may lead to the rational design of highly active 

enzymes.  
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MAIN TEXT 

INTRODUCTION  

Enzymes are the primary component of biological metabolism and understanding how 

their activity is determined is of prime importance, not only for understanding the design principles 

underlying metabolic networks in nature, but also to promote biotechnological applications including 

rational design of enzymes and metabolisms. Historically, their reaction rate ( � ) has been 

rationalized by the Michaelis-Menten equation (Eq.1) (1-4) based on the reaction mechanism shown 

in Eq. 2: 

 � �
�����

�� ��
� (1) 

 

 

(2) 

Here, the reaction rate is expressed as a function of a rate constant ����, the Michaelis-Menten 

constant 	��
, and the substrate (�) and enzyme (�) concentrations. ��  can be interpreted as the 

substrate binding affinity of the enzyme and is defined as: 

 �� �
�1� �����

�1
 (3) 

��  and ���	  are obtained routinely by evaluating the reaction rate at various substrate 

concentrations and then fitting the experimental data with the Michaelis-Menten equation. 

Historically, enzymes with small �� and large ���	 were considered to be good catalysts due to 

their high reaction rate (Eq. 1), and therefore, 

���

��

 has been used to evaluate catalytic efficiency (5). 

However, there are still no widely accepted guidelines on the values of ��  and ���	 which can 

maximize the reaction rate. 

Recently, several studies have provided critical insight on the optimum �� value (6, 7). 

Kari et al have shown experimentally that the activity of cellulases and poly (ethylene terephthalate) 

(PET) hydrolases can be maximized when the �� is neither too large nor too small (6, 8, 9). In 

addition, Dyla et al have also reported that kinase activity is maximized at an intermediate docking 

affinity (��

) between the enzyme and the substrate (10). These findings are consistent with the 

Sabatier principle in artificial catalysis (11, 12), which states that there is an optimal binding affinity 

between a catalyst and its substrate. This principle was originally proposed in heterogeneous 

catalysis, but its applicability has recently been expanded to homogeneous catalysis (12-14). The 

gradual expansion of the Sabatier principle from heterogeneous catalysis to homogeneous catalysis 

and heterogeneous enzymes suggests that tuning the binding affinity may be a general strategy to 

increase the activity of both enzymes and artificial catalysis. However, the broad applicability of the 

E+S ES E+P
k1

k1r

kcat
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Sabatier principle to enzymes is still unclear, due to the scope in which the relationship between 

activity and ��  has been analyzed so far. In the case of PET hydrolase, two enzymes from the same 

bacterium were used and the �� was manipulated by adding different concentrations of a surfactant. 

A larger variety of enzymes (36 wild-type and 47 mutants) were analyzed in the case of cellulase, 

although all of them were derived from Fungi. Therefore, the existence of an optimum �� and the 

applicability of the Sabatier principle to enzymes in general is still unclear, especially for enzymes 

which catalyze the same reaction but exist in both phylogenetically and physiologically diverse 

organisms, which may have evolved under different selection pressures.  

Here in this study, we demonstrate that phosphoserine phosphatase (PSP, EC:3.1.3.3) 

obtained from diverse physiological and phylogenetical backgrounds also exhibits maximum activity 

at an intermediate �� . Furthermore, we show that the Sabatier principle can quantitatively 

rationalize the activity with respect to the ��  after considering differences in the equilibrium rate 

constant (��
�) of each enzyme. These results suggest that the expansion of the Sabatier principle 

presented in this work can provide a unified framework to understand enzymatic activity. 

 

 

RESULTS 

Selection of PSPs with various physiologic and phylogenetic background 

To assess the possibility of a framework to rationalize enzyme kinetics, PSP was selected 

as a model enzyme due to its widespread distribution in all three domains of life: Archaea, Bacteria, 

and Eukaryota. Furthermore, there are three types of PSPs with no clear homology between them, 

allowing the activity to be compared between enzymes with completely different amino acid 

sequences. Here we named them type 1, 2 and 3 according to their order of discovery. Type 1 and 

type 3 PSPs belong to halo acid-like hydrolase superfamily while type 2 PSP belongs to histidine 

phosphatase superfamily. Type 1 PSP is distributed in all three domains of life: Archaea, Bacteria, 

and Eukaryota (15-19). In contrast, type 2 and type 3 PSPs are only distributed in Bacteria (20-23). 

Therefore, the three type 1 PSPs in this study were sampled from Archaea, Bacteria, and Eukaryota, 

while the four type 2 PSPs and three type 3 PSPs were obtained from Bacteria (Table 1, Supporting 

information I). Even within the same type, amino acid sequence identities were 32%-55%. The host 

organisms are also diverse in their physiology. Namely, their optimal growth temperatures ranged 

from room temperature to 85�, and both autotrophs and heterotrophs were included. Therefore, the 

diverse set of enzymes chosen in this study provides a stringent criterion to validate the applicability 

of a framework to rationalize enzymatic activity. 

 

Determination of Michaelis-Menten constants 

The PSPs were expressed in E. coli and purified using FPLC (Fig. S1). No artificial tags 
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were used, because the terminal sequences of some PSPs are known to be critical for their activity 

(21). The catalytic activity of each enzyme with respect to the substrate concentration is shown in 

Fig. 1 and Fig. S2. Each enzyme was confirmed to follow Michaelis-Menten kinetics and ��  and 

 ���	 were estimated using non-linear regression (Table 1). The minimum and maximum ��  within 

this dataset were 0.008 mM (PSPH) and 9.6 mM (HTH_0103), respectively.  

 

Relationship between �� and PSP activity 

The initial reaction rates (v0/E, specific rate (s-1)) of PSP showed a local maximum around 

��= 0.5 mM when the reaction rate was plotted against the logarithm of �� (Fig. 2). The existence 

of a local maximum is consistent with the case of cellulases and PET hydrolases (6, 8, 9), and is also 

conceptually consistent with the Sabatier principle which predicts the existence of an optimum 

binding affinity. However, there are some quantitative discrepancies between the experimental 

results and the theoretical predictions (24-26) of the Sabatier principle. First, increasing the �� 

from 0.008 to 0.1 mM decreases the activity, despite the ��  value approaching the optimum 

(�� 
 0.5 mM). This is in contrast to the Sabatier principle which predicts the existence of only 

one local maximum. Furthermore, the ��  which maximized the activity did not shift depending on 

the substrate concentration, despite previous theoretical models predicting a shift towards larger �� 

(24, 25). The physical origin of the shift is because the substrate participates in only the first step of 

the reaction. When the substrate concentration is increased, the rate of the first step (E + S � ES) 

would be enhanced, while that of the second step (ES �E + P) would remain constant. Therefore, as 

long as the enzyme follows Michaelis-Menten kinetics, the optimum �� should be dependent on 

the substrate concentration. The results reported for cellulases are in better agreement with 

theoretical predictions, as there was only one optimal ��  which increased by about two orders of 

magnitude upon increasing the substrate concentration from 1 to 100 g/L (8). The deviation of PSP 

from theoretical predictions, such as the presence of multiple local maxima which are insensitive to 

the driving force, indicates that our more diverse dataset cannot be rationalized quantitatively using 

the Sabatier principle unless additional factors are considered. 

 

Theoretical evaluation of enzyme parameters 

To assess whether the PSP activity can be discussed within the framework of the Sabatier 

principle, we have attempted to clarify the origin of the deviation by evaluating the physicochemical 

parameters of each enzyme. In particular, we have attempted to characterize the substrate binding 

affinity using the Gibbs free energy (Δ��), because it is the standard metric used to apply the 

Sabatier principle in catalysis. However, although �� �

���
��	


�

 and exp
���

��




��


�

 are related, 

there is no direct method to convert �� to Δ��. Therefore, we used the following equation to 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 10, 2023. ; https://doi.org/10.1101/2023.03.10.532031doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532031
http://creativecommons.org/licenses/by-nc-nd/4.0/


evaluate the Δ�� from the experimental data of ��  and ��: 

 Δ�� � �	 log�� � 
Δ�	 � �	 log
��



�
�



 (4) 

This equation was obtained as described in the Materials and Methods, and allows the binding 

affinity Δ�� to be calculated based on experimentally accessible parameters. A Δ�� value of -50 

kJ/mol was obtained from eQuilibrator after considering concentrations of ions and substrates used 

in the experiment. � is the Bronsted-Evans-Polanyi (BEP) coefficient, and indicates the relationship 

between activation barriers and the applied driving force. As 0 � � � 1, a median value of 0.5 was 

used, following convention in heterogeneous catalysis. Different values of � do not influence the 

main conclusions as shown in Fig. S4. The ratio 

�





�



 was evaluated based on the Arrhenius prefactors 

of ��  and ���� , which were determined by their temperature dependence (see Material and 

Methods and the Python code for details). The obtained parameter values are self-consistent in the 

sense that the ��  value calculated from the estimated parameters are consistent with the 

experimental value (Fig. S4). 

Fig. 3 shows the enzymatic activity with respect to �� (Fig. 3A,C) and Δ�� (Fig. 3B,D). 

Markers indicate the experimental data, and dashed lines indicate the theoretical activity calculated 

from the Michaelis-Menten equation (Eq. 3) using kinetic parameters (��  and ����) which satisfy 

Eqs. 9 and 10. In order to take the relationship between �� and ���� into account, we have set the 

value of  ��
� to the average value obtained in the experiments and then calculated the corresponding 

���� at each �� to draw the theoretical line. Therefore, all parameters were directly calculated 

based on a physical model, and no parameters were “fitted” to the experiments. In both Fig. 3A and 

B, there is a clear deviation between the experimental data and the theoretical curve, indicating that 

the difference between ��  and Δ��  is not the main reason why PSP activity deviates from 

theoretical predictions. On the other hand, the analysis above revealed that each PSP had a markedly 

different ��
� which ranged from 4.32 x 10-3 to 3.46 x 10-1 s-1 (Supporting information) while the 

theoretical curves were calculated assuming only a single value of ��
� . As the two order of 

magnitude difference in ��
� directly corresponds to an activity difference of the same magnitude, we 

normalized the experimental reaction rates of each enzyme with their ��
� values (Fig. 3C, D). After 

normalization, the experimental results become consistent with the theoretical curve. Namely, there 

is only one binding affinity (either �� or Δ��) which maximizes the normalized activity and the 

optimal binding affinity shifted to higher concentration upon increasing the substrate concentration. 

This shift is reasonable considering that if � � �� , enzymatic activity is saturated at ����  and 

decreasing �� does not increase activity. On the other hand, decreasing ��  may be detrimental 

because it tends to decrease ���� based on the definition shown in Eq. 3. Indeed, Kari et al have 

shown that ��  and ����  are highly correlated in cellulases (r2 = 0.95 in the log scale) (8). 
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Therefore, at larger substrate concentrations, a larger ��  is preferable, leading to a 

concentration-dependent shift of the optimum ��.  

 

DISCUSSION 

In this study we have demonstrated that the activity of PSP follows the Sabatier principle 

regardless of its phylogenetic and physiological diversity. PSP activity exhibited a local maximum at 

�� � 0.5, which is conceptually consistent with the Sabatier principle in that activity is maximized 

at an intermediate binding affinity. Furthermore, PSP activity agrees quantitatively with the 

theoretical volcano plot after considering differences in ��
�, including the shift of the optimum 

binding affinity upon increasing the substrate concentration. Our findings indicate that both ��  and 

��
� are necessary to rationalize PSP activity.  

The influence of ��
� is not unique to PSP, because we found that normalizing the activity 

of cellulases by ��
� also results in a better match between experimental and theoretical activity (Fig 

S5). However, the influence of ��
� was not as pronounced in the case of cellulases due to its small 

variation. Namely, the ��
� of PSPs were distributed across two orders of magnitude, while that of 

cellulase were within only one order of magnitude (Fig S6).  

The reason for the different range of ��
� may be in part due to the diversity of our dataset; 

While the cellulases were obtained only from Fungi, our PSPs were obtained from all three domains 

of life. Furthermore, the natural operation temperature of each PSP is different, suggesting that each 

enzyme may have evolved under different physicochemical constraints. To compare the 

physicochemical parameters rigorously, we have intentionally determined the PSP activity at a 

constant condition (40°C, pH 8.0), irrespective of the natural operation environment of each enzyme. 

Their quantitative agreement with the activity calculated from the Sabatier principle under a 

condition completely independent from physiological context adds further support to the existence of 

an underlying physicochemical principle which dictates enzymatic activity.  

While the conventional Sabatier principle attempts to rationalize enzymatic activity based 

on the binding affinity, expanding the theoretical framework by introducing ��
�  enhances its 

applicability towards a wider range of enzymes. Furthermore, explicit consideration of ��
� may also 

provide insight to realize enzymes with high activity. The correlation between ��  and ���	 

reported by Kari et al (8) suggest that it is difficult to make an ideal enzyme with small ��  and 

large ����. However, if a large ��
� could be realized, ���� can be increased without increasing ��. 

Indeed, the �� and ���� of PSP does not show a linear relationship, due to the diversity of ��
� 

(Fig. S7). Although a direct strategy to manipulate ��
� has not been found even for artificial 

catalysis, its diversity in PSP suggests that optimization may become possible in principle. 

In conclusion, we have demonstrated that PSP activities can be rationalized based on the 

Sabatier principle, regardless of their sequences, three-dimensional structures, or phylogenetic and 
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physiological background. Furthermore, PSP uses a soluble substrate, similar to the majority of 

existing enzymes, while cellulase and PET hydrolase have insoluble substrates. Just as the Sabatier 

principle has been expanded from heterogeneous to homogeneous catalysis, our results expand the 

scope of the Sabatier principle from heterogeneous to homogeneous enzymes, suggesting that an 

optimum binding affinity which maximizes the activity may exist for enzymes in general.  

Identification of an underlying physicochemical principle may be the key to understand the 

evolution of enzymes and metabolism, as well as design efficient enzymes in the future. 

  

 

Experimental procedures 

Enzyme preparation 

 The PSP genes in Meiothermus ruber (K649_13560), Chloroflexus aurantiacus 

(Caur_0633), Methanocaldococcus jannaschii (MJ_1594), H. sapiens (PSPH), E. coli (SerB, 

JW4351), B. subtilis (BSU28940) were codon-optimized for E. coli and cloned between NdeI and 

EcoRI sites of pET21c. Codon-optimized PSP in Persephonella marina (PERMA_0343) was cloned 

into multicloning site 1 of pRSFDuet vector using NcoI and EcoRI sites. Previously synthesized 

expression vectors (the original gene sequences were used) were used for PSP in H. thermophilus 

(HTH_0103; multicloning site 1 of pCDFDuet) (20), Thermosynechococcus elongatus (TLR1532; 

pET21c) (21), and Thermus thermophilus (TT_C1695; pET26b) (23). The codon-optimized gene 

and amino acid sequences are listed in Supplementary Table S1. 

E. coli BL21 Star (DE3) transformed with the expression plasmids were inoculated into 

Luria-Bertani medium containing the appropriate antibiotic(s): 50 μg ml−1 ampicillin, 30 μg ml−1 

kanamycin, or 50 μg ml−1 streptomycin. Cells were cultivated aerobically at 37 °C until the A600 

reached approximately 0.6, and then protein induction was performed by the addition of 0.5 mM 

isopropyl thio-β-d-galactopyranoside to the medium, followed by further cultivation for 3 h at 37 °C. 

The harvested cells were resuspended in 20 mM Tris-HCl (pH 8.0) (buffer A), sonicated, 

and centrifuged to obtain the supernatant. The PSPs were purified from the supernatant and the 

purity was confirmed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and Coomassie Brilliant Blue staining as follows: The supernatant of the following proteins were 

heat-treated at 70°C (K649_13560, Caur_0633, TT_C1695, PERMA_0343) or at 80 °C (MJ_1594 

and HTH_0103) for 15 min and centrifuged at 20,000 × g for 20 min, and the resulting supernatant 

were further purified using ResourceQ or MonoQ and Superdex 200 Increase columns. PSPH, 

JW4351, BSU28940, and TLR1532 were purified by using HiTrap Butyl HP, MonoQ, and Superdex 

200 Increase columns without heat treatment.  

 

Protein Assay 
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Protein concentrations were measured using a Bio-Rad protein assay dye (catalogue no. 

500-0006). Bovine γ globulins was used as a standard. 

 

 Enzyme Assays 

PSP activity was assayed by measuring the production of inorganic phosphate by using 

Malachite Green Phosphate Assay Kit (BioAssay Systems). The reaction mixture contained 100 mM 

Tris-HCl (pH 8.0 at room temperature), 1 mM MgCl2, 0.02-10 mM L-O-phosphoserine, and an 

enzyme solution with a total volume of 80 μl. The reaction mixture was routinely incubated at 40 °C 

or 70 °C for 10 or 15 min. The enzyme concentration and reaction time were adjusted so that the 

reaction speed was kept constant during the assay. The reaction was started by adding phosphoserine 

and stopped by placing the tube in ice-cold water, followed by the addition of highly acidic 

phosphate assay solutions. The inorganic phosphate concentration was determined by measuring the 

absorbance at 620 nm. The phosphate concentration in the reaction mixture without enzyme was 

subtracted as the background. One unit of activity was defined as the amount of enzyme producing 1 

μmol of inorganic phosphate per min.  

 

Mass Spectrometory 

The protein bands separated by SDS-PAGE were cut out and destaind, followed by 

reduced alkylation with DTT and acrylamide. The samples were digested with trypsin 

(TPCK-treated, Worthington Biochemical) at 37°C for 12 hours. The resulting peptides were 

subjected to a MALDI-TOF MS (rapifleX MALDI Tissuetyper; Brucker Daltonics). The mass 

spectrometer was operated in the positive-ion mode and reflector mode the following high voltage 

conditions (Ion Source1:20.000 kV, PIE: 2.680 kV, Lens: 11.850 kV, Reflector 1: 20.830 kV, 

Reflector 2: 1.085 kV, Reflector 3: 8.700 kV). 

The acquired data were processed using FlexAnalysis (version 4.0, Brucker Daltonics) and 

BioTools (3.2 SR5, Brucker Daltonics). The peptide mass fingerprinting was carried out with 

MASCOT (version 2.8.0, Matrix Science) against the in-house database including the amino acid 

sequences of HTH0103 and TLR1532 using the following parameters: enzyme = trypsin; maximum 

missed cleavages = 2; variable modifications = Acetyl (Protein N-term), Oxidation (M), Deamidated 

(NQ), Propionamide (C), Gln->pyro-Glu (N-term Q); product mass tolerance = ± 150 ppm. 

 

 

Mathematical calculations  

Mathematical formulas were obtained by hand and Python 3.8.3 was used for the 

numerical simulations. ��  and ����  were calculated using the v0 at substrate concentrations 

between 0.02 and 5 mM using a nonlinear model. A Δ�� = -50 kJ/mol was used based on the 
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calculation using eQuilibrator 3.0 (27, 28) at 20 uM of phosphoserine, 1 uM of phosphate and 1 uM 

of serine at pH 8.0, pMg 3.0, Ionic strength 0.25M, and 25�.  

 

Derivation of Eq. 3: 

Below, we will denote ����  as ��  following convention in catalysis to clarify the 

similarity between �� and ��. In order to estimate Δ�� from �� and ��, several assumptions 

were used. First, we have assumed that ��� �  ��, because the entire reaction is thermodynamically 

favorable (Δ�� � �50 kJ/mol). Therefore,  

 �� �
��

��
 (5) 

To bridge the driving force with rate constants, we have used the Arrhenius and Bronsted 

(Bell)-Evans-Polanyi (BEP) equations. For example, based on the Arrhenius equation, �� can be 

expressed using the Arrhenius prefactor (��), activation barrier (���), gas constant (�), and 

temperature (�) as: 

 � �� � �� exp
����

�	
 (6) 

Based on the BEP relationship, activation barriers such as ��� can be written as a function of the 

driving force as: 

 � ��� � ���

 � 
Δ�� (7) 

Here, � is the BEP coefficient and indicates how sensitive ��� is with respect to Δ��. In most 

cases, � � 0, because a more negative Δ��  should promote the reaction by decreasing ��� . 

Simultaneously, it is common for � � 1, meaning that even if a driving force is applied, the 

activation barrier does not decrease by the same amount. Based on Eqs. 6,7, we obtain: 

 �� � �� exp
����


 � 
Δ��

�	
  

 � �� exp
����




�	
exp

�
Δ��

�	
  

 � ��

 exp

�
Δ��

�	
 (8) 

In the last row, we have defined ��
� � �� exp

��
��




��
 to highlight how �� depends on Δ��. Similarly, 

�� can be expressed as 

 �� � ��

 exp


�Δ�� � Δ�	�

�	
 (9) 

after taking into account Δ�� 
 Δ�� � Δ��. Inserting Eqs. 8,9 into Eq. 5 gives: 
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 �� �
��



�
�



exp


�2Δ�� � Δ�	�

�	
 (10) 

 � 
�2Δ�� � Δ�	� � �	 log�� � �	 log
��



�
�



 (11) 

 � 2
Δ�� � �	 log �� � 
Δ�	 � �	 log
��



�
�



 (12) 

Assuming � � 0.5, this yields Eq. 4 in the main text. 

 

Estimation of Experimental Parameters: 

Parameters such as Δ�� and ��
� were estimated from the experimental data using a 

Python code which performs calculations using the derivations above. In order to determine 

Δ�� using Eq. 4, several parameters must be obtained. ��  was obtained directly from experiments, 

and Δ�� was set to �50 kJ/mol to reflect the experimental conditions in our enzymatic assay. 

Therefore, the bottleneck is to evaluate the ratio of the two equilibrium rate constants 

�





�



. In this 

study, we have used the ratio of the Arrhenius coefficients (
��

��

) as an estimate. The Arrhenius 

coefficients were obtained as follows. 

Based on Eq. 5, �� was estimated for all enzymes as �� �

�

��

. Out of the 10 enzymes in 

this study, 6 enzymes were thermostable at 70°C, and therefore, their Michaelis-Menten parameters 

(��  and ��) were obtained at 40 °C and 70°C. For these 6 enzymes, the Arrhenius equation was 

used to evaluate the prefactors (�� and ��) along with their activation barriers (��� and ���). The 

value of  

�





�



 for all 10 enzymes was assumed to be the geometric mean of the value of 

��

��

 obtained 

from 6 enzymes. The accuracy of this approximation can be assessed based on the definition of ��
� 

and ��
�. Namely, the BEP and Arrhenius coefficients are related as: 

 ��
� � �� exp

�
E��
�

��
 (13) 

 �
�

� � �� exp
�
E��

�

��
 (14) 

Therefore,  

 
��
�

�
�

�
�
��

��
exp


�E��
� ����

� �

��
 (15) 

Thus, the approximation 
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��
�

�
�

�
�
��

��
 (16) 

is valid when ���
� � ���

� . Although there is no experimental insight on the exact values of ���
�  and 

���
� , there is also no evidence which suggests one barrier is consistently larger than the other, and 

therefore, we have used Eq. 16 as a baseline assumption in our model. Deviations from this 

assumption will result in a mismatch between the experimental results and the theoretical line in Fig. 

3. However, a 10 kJ/mol difference between ���
�  and ���

�  corresponds to a 7.4 fold deviation from 

Eq. 15. This is markedly smaller than the 2 order of magnitude variation within ��
� and ��

�, 

suggesting that the variation of ���
�  and ���

�  is not the main factor which dictates PSP activity. 

 

 

Data availability 

Python code used to analyze the experimental data and export the figures will be made 

available at Github after publication (https://github.com/HideshiOoka/SI_for_Publications). The 

experimental assay data of PSP is available from the authors upon reasonable request. 

The MALDI-TOF MS data used in the paper have been registered with PRIDE ARCHIVE 
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Fig. 1 Representative Michaelis-Menten plots of PSPs 

The PSP activity from Thermosynechococcus elongatus TLR1532 (green diamond), Persephonella 

marina PERMA_0343 (blue square), and Hydrogenobacter thermophilus HTH_0103 (red circle) are 

shown. Error bars indicate their standard deviation.  
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Fig. 2 Enzymatic activity (v0) plotted with respect to the  of each enzyme 

Each color corresponds to a different substrate concentration (0.02. 0.05, 0.1, 0.25, 0.5, 1, 2, 5 and 

10 mM, respectively).  
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Fig. 3 Relationship between the binding affinity (  or ) and the activity.    

(A) Markers indicate the raw data obtained from experiments and are the same with Fig. 2. Dashed 

lines indicate the theoretical activity calculated from the Michaelis-Menten equation (Eq. 3). (B) The 

X-axis of (A) has been converted to  using Eq. 4. (C) The Y-axis of (A) has been normalized by 

 calculated from Eq. 8. (D) Both X and Y axes have been converted using the raw data in (A). 
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Table 1 Origin of PSPs used for this project and the kinetic parameters at 40℃ 

Host organism Domain Optimal 

growth 

Temp 

(℃) 

Protein ID PSP 

type 

Km 

(mM) 

kcat 

(s-1) 

kcat/Km 

Methanocaldococcus 

jannaschii 

Archaea 85 MJ_1594 1 0.36  5.2  14.4  

Homo sapiens Eukarya - PSPH 1 0.008  7.4  971.8  

Escherichia coli Bacteria 37 JW4351 1 0.47  66.8  142.2  

Hydrogenobater 

thermophilus 

Bacteria 70 HTH_0103 2 9.64  3.8  0.4  

Persephonella marina Bacteria 55-80 PERMA_0343 2 1.98  7.5  3.8  

Chloroflexus 

aurantiacus 

Bacteria 50-60 Caur_0633 2 0.18  2.4  13.1  

Thermosynechococcus 

elongatus 

Bacteria 50 TLR1532 2 0.10  2.9  29.6  

Thermus thermophilus Bacteria 70 TT_C1695 3 0.47  11.2  23.7  

Meiothermus ruber Bacteria 60-65 K649_13560 3 0.55  66.7  121.3  

Bacillus subtilis Bacteria 25-35 BSU28940 3 1.14  71.1  62.6  

 

Type 1 PSP (also called metal-dependent dPSP) and type 3 PSP belong to the haloacid dehalogenase 

(HAD) like-hydrolase superfamily while type 2 PSP (also called metal-independent iPSP) belong to 

the histidine phosphatase superfamily.  
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Fig. S1 Purity of the enzymes used for the study. 

Approximately 2 μg of the enzymes were applied to each lane in SDS-PAGE and visualized by 

Coomassie Brilliant Blue staining. Mass spectrometry analysis confirmed that both major and minor 

bands observed in the lanes of HTH_0103 and TLR1532 are coding HTH_0103 and TLR1532, 

respectively, excluding the possibility of contamination of other proteins (see Supporting 

information II for details). 
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Fig. S2 Michaelis-Menten plots of PSPs from variety of organisms.  

Orange and blue plots indicate the kinetics at 70� and 40�, respectively. Error bars indicate their 

standard deviation.  
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Fig. S3. Influence of the BEP coefficient. 

The same analysis as Fig. 3 was performed using a BEP coeffiecient ( ) of 0.8. This value was 

chosen based on the value reported for cellulases (0.74) [8]. The main conclusions, such as the 

observation of maximum PSP activity at a specific  (A) and the quantitative agreement between 

theory and experiments upon normalizing by  (C), are consistent regardless of the value chosen 

for the BEP coefficient. 
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Fig. S4 Comparison of experimental and theoretical  values. 

The theoretical  was calculated to confirm that the theoretically obtained parameters are reasonable. 

The value of  was determined directly from experiments, and  was approximated as  

(Eq. 4). Eq. 3 in the main text allows estimation of , and from this value,  was calculated as 

. The  value thus obtained is approximately 4 orders of magnitude smaller than , 

and using the values of , , and  thus obtained yield a theoretical value of  which is 

consistent with the experimental value, showing that the approximation in Eq. 4 is self-consistent. 
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Fig. S5. Volcano plots of cellulases. 

Raw data was obtained from ref. 8 and analyzed in the same way as Fig. 3 in the main text. Although 

the agreement between experiments and theory is reasonable without considering  (A,B), 

normalizing with  (C,D) markedly improves the agreement. 
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Fig. S6 Diversity of  and  of PSP (A) and cellulase (B). 

The deviation of  (blue) is of similar magnitude between PSP and cellulase. In contrast, the 

range of  (orange) in cellulase is within an order of magnitude while that in PSP is almost three 

orders of magnitude. These results suggest that the influence of  is larger for PSP. 
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Fig. S7. Scaling relationship between  and . 

Cellulase data were obtained and replotted from ref. 8. The linearity in the case of cellulase is due to 

their small variation in . The mathematical relationship showing how  influences the linearity 

between  and  is shown in Eq. 15 of ref. 22. 
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