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Abstract

Phytic acid is an antinutritional factor in cereal feeds, and the use of phytases increases the bioavailability of nutrients bound
to this molecule. However, the application of these enzymes depends on their thermal stability and activity at acidic pH.
Therefore, in this study we created a database composed of 59 phytase sequences and analyzed the interactions that stabilize
their structures in order to understand whether they contribute to the biochemical properties observed. The sequences were
aligned and grouped at 30 % similarity, generating 5 clusters, which highlights the high variability among them. A
comparative structural analysis of the cluster 3 phytases revealed conserved catalytic domains, as well as eight cysteine
residues along the primary sequence, forming disulfide bonds for stabilizing the three-dimensional structure. However, the
number of Van der Waals, ionic, and hydrogen interactions, and disulfide bonds was not determinant for the biochemical
characteristics presented by these enzymes. The phytase KM873028, from cluster 3, was selected for characterization
studies, but its expression in Pichia pastoris generated a protein with properties distinct from those derived from the same
sequence expressed in a prokaryotic system. It is likely that the differences observed are associated with the location of the
interactions in the structures, non-conserved amino acid residues found around the catalytic site, and post-translational
modifications inherent to the expression systems. These possibilities highlight the relevance of strategic choices related to
enzyme expression aiming at its production and industrial feasibility.
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Resumo

O éacido fitico é um fator antinutricional de cereais que compdem ragdes, e o uso de fitases aumenta a biodisponibilidade de
nutrientes ligados a esta molécula. No entanto, a aplicacdo dessas enzimas depende de sua estabilidade térmica e atividade
em pH &cido. Por isso, nesse estudo criamos um banco de dados com 59 sequéncias de fitases e analisamos as interaces
que estabilizam suas estruturas a fim de compreender se estas contribuem para as propriedades bioquimicas observadas. As
sequéncias foram alinhadas e agrupadas a 30% de similaridade, gerando 5 clusters, o que evidencia a alta variabilidade
entre elas. Uma analise comparativa estrutural das fitases do cluster 3 revelou dominios cataliticos conservados, assim como
oito residuos de cisteina ao longo da sequéncia primaria, formando pontes dissulfeto para estabilizagcdo da estrutura
tridimensional proteica. Entretanto, o nimero de interagGes de hidrogénio, Van der Waals e i6nicas e pontes dissulfeto néo
foi determinante para as caracteristicas bioquimicas apresentadas por essas enzimas. A fitase KM873028, do cluster 3, foi
selecionada para estudos de caracterizagdo, mas a sua expressdo em Pichia pastoris gerou uma proteina com propriedades
distintas daquelas derivadas da mesma sequéncia expressa em sistema procarioto. E provével que as diferencas observadas
estejam associadas a localizagdo das interagfes nas estruturas, residuos de aminoacidos ndo conservados encontrados ao
redor do sitio catalitico, além de modificacdes pds-traducionais inerentes aos sistemas de expressdo escolhidos. Essas
possibilidades evidenciam a relevancia das escolhas estratégicas relacionadas a expressdo da enzima visando sua produgdo
e viabilizagdo industrial.

Palavras-chave: Conservacgdo de sequéncias de enzimas; Acido fitico; Alimentacdo animal; Estabilidade de enzimas;
Estrutura de enzimas.

Resumen

El &cido fitico es un factor antinutricional en los cereales que componen las raciones, y el uso de fitasas aumenta la
biodisponibilidad de los nutrientes en esta molécula. La aplicacién de estas enzimas depende de su estabilidad térmica y
actividad a pH acido. Por lo tanto, creamos una base de datos con 59 secuencias de fitasa y analizamos las interacciones
que estabilizan sus estructuras para comprender si contribuyen a las propiedades bioquimicas observadas. Las secuencias
fueron agrupadas al 30% de similitud, generando 5 clusters, lo que demuestra la alta variabilidad. Un analisis estructural
comparativo de las fitasas del grupo 3 reveld dominios cataliticos conservados, asi como ocho residuos de cisteina a lo largo
de la secuencia primaria, formando enlaces disulfuro para estabilizar la estrutura. Sin embargo, el nimero de interacciones
de hidrégeno, Van der Waals, idnico y disulfuro no es determinante para las caracteristicas bioquimicas que presentan estas
enzimas. La fitasa KM873028, del grupo 3, fue seleccionada para estudios de caracterizacién, pero su expresion en Pichia
pastoris gener6 una proteina con propiedades diferentes a las derivadas de la misma secuencia expresada en un sistema
procaridtico. Es probable que las diferencias observadas estén asociadas con la ubicacién de las interacciones en las
estructuras, los residuos de aminoécidos no conservados que se encuentran alrededor del sitio catalitico, y las modificaciones
postraduccionales inherentes a los sistemas de expresion elegidos. Estas posibilidades muestran la relevancia de elecciones
estratégicas relacionadas con la expresion de la enzima, con el objetivo de su produccidn y viabilidad industrial.

Palabras clave: Conservacion de secuencias enzimaticas; Acido fitico; Alimentacion animal; Estabilidad enzimatica;
Estructura enzimatica.

1. Introduction

Phytic acid is a natural constituent of cereals, such as soybeans and corn, used to produce feed for monogastric animals,
such as poultry and swine. These animals do not efficiently metabolize phosphorus from those foods, thus supplementation is
necessary to obtain better performance (Haefner et al., 2005), which generates an excess of phosphorus in the excreta of the animals
and, consequently, in the environment. In addition, phytic acid forms complexes with proteins and other minerals, interfering with
the absorption of these nutrients. The addition of exogenous phytases has been considered the most efficient strategy to reduce the
need for phosphorus supplementation in pig diets (Huber and Zeller, 2015; McCormick et al., 2017; Pramanik et al., 2018; Arredondo
et al., 2019; Kryukov et al., 2021; Mulvenna et al., 2022; Selim et al., 2022), in addition to reducing phosphorus released into the
environment through excretion (Korgenay et al., 1996). Some phytase-based products available on the market include: PHYZYME
(DuPont); QUANTUM and FINASE (AB Vista, AB Enzymes); NATUPHOS (BASF); RONOZYME and ROXAZY NE (Novozyme-
Novo Nordisk); AVIZYME (Finffeds International); ALLZYME SSF (Alltech); Bio-Feed phytase (DSM); AMAFERM (Biozyme);
OPTIPHOS (Enzyvia, Phytex, Cornell); and ROVABIO (Genecour International). Each of these products has different production

yields, stability, specific activity and dosage requirements.
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Microbial phytases are the most widely phytases used in the industry main due to the high production yield. However, the
biochemical characteristics of most of the phytases that have already been characterized limit their application (Pires et al., 2019),
since they must maintain their activity after pelleting process (80 °C/2 min) and be active during the passage through the
gastrointestinal system of monogastric animals (Bohn et al, 2008; Zhang et al., 2010; Cowieson et al., 2011). Due to this,
commercially available enzymes are expensive, especially for Brazilian producers, where these products are imported. Therefore,
there is a great demand for enzymes with high thermal stability and ability to act in acidic environments, either by prospecting new
enzymes or by improving enzymes already characterized.

The association between the structure and the biochemical properties of enzymes can provide relevant information about
factors that affect stability and catalytic activity. Several methods have been used for this purpose, including comparative sequence,
structure analysis, molecular dynamics studies, or even the evaluation of random or rational mutations on enzyme activity (Zhang
2007; Liao, et al., 2013; Fei et al., 2013; Hesampour et al., 2015; Kumar et al., 2015; Tan et al., 2016; Han et al., 2018; Li et al.,
2019; Zhang et al., 2020; Acquistapace et al., 2022). In this study, we report a comparative approach between sequences, three-
dimensional structures and biochemical characteristics of phytases already characterized and described in the literature, adopting
factors such as: hydrogen, ionic and Van der Waals (VdW) interactions and disulfide bonds. The study of these factors aims to search
for markers responsible for characteristics such as thermal stability and performance in a wide pH spectrum, and then propose
strategies for improving the enzyme application in industry.

2. Methodology

2.1 Generating a phytase sequence database

Phytases which sequences were available in the NCBI GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) by April

2020 were selected. From there, research in scientific articles for information about their biochemical characteristics was performed,
especially those related to their ideal temperature, pH and thermostability. From the collected data, a database was generated relating
these characteristics, as well as their respective access codes in Genbank (Supplementary Material S1). These sequences were then

used as a basis for further comparative analyses.

2.2 Sequence grouping based on similarity
Amino acid sequences were generated and used for clustering based on the sequence identity of the respective proteins. For
this, the phytase sequences were aligned using the MAFFT software (https://mafft.cbrc.jp/alignment/server/) (Katoh et al., 2019)

using the “auto” alignment strategy settings. A pairwise distance matrix (p-distance) was calculated from the alignment of the
proteins, which were then grouped using the Neighbor joining (NJ) method and the Molecular Evolutionary Genetics Analysis

(MEGA) version 11 software (https://www.megasoftware.net/) (Tamura et al., 2021). The consistency of the clusters obtained was

verified by means of 1000 bootstrap repetitions. Subsequently, the proteins were regrouped using the algorithm implemented in the

CD-Hit software (http://weizhong-lab.ucsd.edu/cdhit-web-server/) (Huang et al., 2010), from sequences with identity > 30%. The

representative sequence of each group (clusters 1-5) was then identified and compared to a reference phytase (4arv), considering the
high degree of dissimilarity between the phytase sequences present in the database. This stage was performed with the help of the
BLASTDp tool of the BLAST software version 2.13 (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul, et al., 1990) and aimed to

identify the cluster representative among the generated groups, being selected for structural study of the cluster that presented greater
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similarity to the structure of the reference phytase. A pairwise matrix of identity and similarity between the proteins was also obtained

to identify the level of variation between the sequences.

2.3 Generation of three-dimensional models, quantification and analysis of intramolecular interactions

The comparison of the three-dimensional structures was performed only among the cluster 3 phytase sequences, which
presented greater similarity with the phytase reference (4arv). For this, the models were initially built with the help of the AlphaFold
server
(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb#scrollTo=VzJ5iMjTtoZw)
(Jumper et al., 2021) and these structures were aligned using the PyMOL tool (https://pymol.org/2/). The model structure was

extracted from the RCSB software (https://www.rcsb.org/structure/4ARV) (Ariza et al., 2013). Each model generated in the previous
step was submitted to the server RING - Residue Interaction Network Generator (http://old.protein.bio.unipd.it/ring/) (Piovesan et

al., 2016) to identify the number and type of interactions that compose protein structures. The objective of this step was to verify the
existence of a connection between the interactions present in the generated structures and their respective biological characteristics
in terms of enzymatic activity, supporting a possible rational design of the modifications, aiming at the generation of a more stable
phytase.

2.4 Phytase selection and expression.

A phytase sequence was selected based on the biochemical characteristics of the phytases in cluster 3, the group considered
as the most representative of the sequences in the database. Therefore, the selected enzyme sequence KM873028 was shown to be
expressed with high productivity in prokaryotic system and presented characteristics of heat resistance and performance at acidic
pH. It was identified from a metagenomics study, being derived from a garden fungus (Dendroctonus frontalis), but originally
expressed in Escherichia coli (BL21) by Tan et al., 2016). The gene encoding this enzyme was optimized for expression in P. pastoris
and synthesized by GenOne Biotech (Rio de Janeiro, Brazil), inserted into the pPICZaB vector (Invitrogen) under the AOX promoter.
The vector was multiplied in DH5alpha cells and the extracted plasmids were linearized and used for transformation of competent
P. pastoris GS115 cells by electroporation, according to the recommendations of the manufacturer (Invitrogen). Recombinant cells
were selected from plates with YPD agar (Yeast Extract - Peptone - Dextrose) supplemented with 100 pg/mL zeocin. The induction
took place in BMMHY medium (Buffered Methanol-Complex Medium) containing 0.5% (v/v) of methanol for up to 72 h and the
phytase activity was evaluated from the extract obtained from the supernatant culture.

Enzyme activity was determined by using sodium phytate (Sigma-Aldrich) as substrate, as described by Pires et al. (2019).
The ideal pH of activity was evaluated in medium containing 200 mM of glycine-HCI (pH 2.0-3.5); sodium acetate (pH 4.0-6.0); or
Tris-HCI (6.5-7.5). For this, an aliquot of 275 pL of a 1.5 mM substrate solution was added to 100 pL of the extract. The mixture
was incubated at 37 °C for 15 min and the reaction interrupted with the addition of 125 pL of 10 % (m/v) trichloroacetic acid. Then,
500 pL of the colorimetric reagent containing 10 % (v/v) of ammonium molybdate in 5 M sulfuric acid and 5 % (m/v) of ferrous
sulfate was added to the reaction (Taussky and Skorr 1953). The blank consisted of a mixture under the same conditions, stopping
the reaction before starting the incubation.

The absorbance of the solution was measured at 700 nm and the values compared to a standard curve of sodium phosphate.

An activity unit was defined as the amount of enzyme capable of releasing 1 umol of inorganic phosphate per minute of reaction.
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3. Results and Discussion

The search for phytase sequences in the Genbank database revealed the existence of 62 enzyme sequences from different
organisms, 59 of which could be associated with information about their biochemical characteristics (Supplementary Material S1).
The described phytases present a great diversity of properties, being able to act in temperatures between 37 °C and 60 °C, and

environments with pH of 2.5 to 11 (Supplementary material S1).

3.1 Phylogenetic analysis and sequence similarity

The grouping of the primary amino acid sequences of the phytases present in the database showed a great diversity in the
existing phytase sequences, with few conserved regions between the enzymes, and no conserved sequence among all the enzymes.
The alignment led to the clustering of the sequences in 5 clusters (Figure 1), which was also confirmed by clustering on CD-Hit using
an identity threshold of 30% (Figure 1). Despite the low index adopted, the clustering in CD-Hit showed the same pattern as the
clustering in the distance matrix, proving the high diversity between them.

To determine the level of variation in identity and similarity between the sequences, a pairwise matrix was generated from
the obtained alignments using MAFFT.

For clusters 1, 2, 4 and 5, the identity between the sequences of each cluster ranged from (33 to 99)%, (17 to 99)%, (64 to
100)%, and (20 to 99)%, respectively. The similarity ranged from (47 to 99)%, (29 to 99)%, (77 to 100)%, and (29 to 99)%. In cluster
3, the identity ranged from (26 to 99)% and the similarity from (43 to 99)% (Supplementary Material S2).

In the analyzes carried out between the representative sequences of each group, it was observed that among the models
representing the five clusters, the phytase belonging to cluster 3 (AAQ90419) has greater similarity to the phytase 4arv, from Yersinia
kristeensenii, identified as the reference sequence. In this case, 49.6% of identity and 65.7% of similarity were observed, while the
sequences of the other clusters did not show significant similarity and identity (Supplementary Material S2). This result indicates
that the sequences which belong to cluster 3 are the most representative among all the phytase sequences contained in the database.
Because of this, this cluster was selected for associative analysis of the biochemical and structural characteristics of the 17 sequences

that compose it.
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Figure 1: Clustering of phytase amino acid sequences using the Neighbor-Joining method. The bootstrap consensus tree was inferred
from 10,000 replicates from a p-distance matrix. The percentages of bootstrap is shown beside each node and branches reproduced
in less than 75% bootstrap replicates were collapsed. (B) Clustering of phytase sequences using CD-HIT. The representative sequence

of each cluster is highlighted in bold and marked with an asterisk.
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Source: Authors.

3.2 Multiple Sequence Alignment

Concerning the 17 sequences that encode phytases grouped and aligned as the cluster 3, three are identical (AAA72086,
ACU81076 and AJW67217) (Figure 3), while the others present distinct residues with few conserved regions with an average of
46% identity. Among the conserved regions, there is the catalytic motif RHGVRAP-HD, except for some A49S mutations, and one

A46P mutation (Figure 2). This sequence comprises the amino acids that form the ligand binding site and has been pointed out in
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several studies as characteristic of the histidine phosphatase superfamily (HAPS), that share a conserved catalytic core centered on a
histidine that is phosphorylated during the course of the reaction (Zinin et al., 2004; Wada et al., 2019; Isabella et al., 2020).

Figure 2: Structure of modeled phytases illustrating the conserved RHGVRAP-HD active site. The active site loop is shown in green
and the substrate (phytic acid) in red. A: AKH61963; B: ABX75421 (A49S); and C: ABX75420 (A46P).

Source: Authors.

Wada et al (2019), evaluated the contribution of each amino acid from the active site in the AppA activity, and observed a
drastic change in activity when the mutation involved charged residues within the conserved motif. Non-polar residues such as Ala
and Gly did no influence the catalytic characteristics of the enzyme. In another study, when a residue near or within the conserved
site of a phosphatase was replaced by bulky residues (Tyr and Phe), the specific activity, thermal stability and tolerance were
significantly changed (Fu et al., 2011). In our study, variations within the active site involved smaller residues (Ser and Pro)
substituting Ala and do not seem to have influenced the enzymatic characteristics, since this substitution was observed for both, a
thermostable (ABX75421) as well as a less stable (ABX75420) phytase (Table 1 and Supplementary material S3).

Although the phytases presented a conserved active motif, the residues located near to the active site showed a low degree
of conservation. The influence of these changes needs to be deeply explored to effectively evaluate their impact on the interaction
with the substrate (activity) and stability of these enzymes. Moreover, eight cysteine residues were also found in conserved regions

along the primary protein sequence, which formed disulfide bonds in the predicted tertiary structure for these enzymes. There were

7
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also observed other additional cysteine residues, but which do not maintain the same conservation pattern (Figure 3). Conserved
residues normally have functions related to protein activity (Shivange et al., 2016) and alterations of residues close to or within the
active site of an enzyme can alter substrate binding capacity and enzyme activity depending on the charge and size of the residues
(Nayeem et al.2009).

Pearson (2013) points out that sequences with more than 40% identity tend to be homologous and have functional similarity,
although changes in a small number of residues can lead to significant changes in enzyme activity. Consequently, associating
functional characteristics based only on significant local similarity is not as reliable as inferences based on global similarity and

conserved active site residues.
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Figure 3: Multiple alignment of the 17 phytase sequences from cluster 3: The orange lines highlight the amino acid residues forming

the catalytic site; The grey lines show the eight conserved cysteine residues along the primary sequences.
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AAA72086 ———— -MKAILIPFLSLLIPLTP--QSAFAQSEPELKLESVVIVSRHGVRAPTKA-TQLMQODVTPDAWPTWPVKLGWLTPRGGELIAYLGHYQRQ 86
ACU81076 === -MK_AILIPFLSLLIPLTP--QSAE‘AQSEPEIKLESWIVSRHGVRAPTKA-TQIMQDVTPDAWPTWPVKLGWLTPRGGELIAYI.GHYQRQ 86
AIW67217 —————————mmmm— QSEPELKLESVVIVSRHGVRAPTKA-TQLMQODVT PDAWPTWPVKLGWLTPRGGELIAYLGHYQRQ 64

cCcA94903 ———— ~-MKAILIPFLSLLIPLTP--QSAFAQSEPELKLESVVIVS! KA-TQILMQODVTPDAWP TWPVKLGWLTPRGGELIAYLGHYQRQ 86
AAR89622 ———— ~MSTFIIRLLFFSLLCGS-—FSIHAEEQNGMKLERVVIVSRHGVRAPTKF -TPIMKDVT PDQWPQWDVPLGWLTPRGGELVSELGQYQRL 86
AAS45884 ~-MSTFIIRLLIFSLLCGS-—-FSIHAEEQNGMKLERVVIVSRH! PTKF-TPIMKDVT PDQWPQWDVPLGWLTPRGGELVSELGQYQRL 86
ABI98040 ~-MNTLLFRLIMFIFMFGS-—FPLQAEVPDDMKLERVVIVSRHGVRAPTKF-TPLMQEITPYYWPQWDVPLGWLTARGGELVTEMGRYQQK 86
ABU77345 - -MKTLFLHLFLFIFILMPGVFPLHAQGADKMKLERVVIVSRHGVRAPTKS -TPLMOEVTPY PWPQWDVPLGWLTARGGELVTELGRYQKK 88

AAQ90419 MTIISLFTHSPTRLLKCMPLAFIAASMLTTASYASETEPSGYQLEKVVIL SRH

KM-TQTMRDVTPNAWPEWPVKLGY ITPRGEHLVSIMGGFYRQ 99

ABI95370 ~TITVDSLRLSVLTLILNSYAISAAPVAIQPTGYTLERVVILSRHGVRSPTKQ-TQLMNDVT PDTWPQWPVAAGYLTPRGAQLVTIMGGFYGD 92
ABX75421 ~TIAKEYLRLSILTLVLSSFTLSAAPLAAQSTGYTLERVVILSRHGVRSPTKQ-TQLMNDVT PDKWEPQWPVKAGY LT PRGAGLVTLMG 92
ADJ67813 SVAKRNLHLSALTLIMGCFTAGAAPIATPPASYTLERVVILSRHGVRSPTKQ-TQILMNDVT PDKWPLWPVKAGYLTPRRAELVTLM 92
ABU98770 ~TVASYRLRLPALALMLS SFALGAAPVITAPAGYTLERVVILS /RSPTKQ-TQLMNEVT PDKWPQWPVKAGYLTPRGAQLVTLLGAFYGE 92
ABU98780 ~SVLENRVRLSGLVLMLSGLAAITAPVAAEPSGYTLERVVILS PTKQ-TQLMNDVT PDKWPQWPVKAGYLTPRGAELVTIMGGFYGD 92
AKH61963 —-NSASETSANPDLONLOLQQAVILSR PTKQ - SKEMKDLAGQEWPKWPVKAGNLTPRGOQELVTLMGTYYGD 73
ANQ80449 - --MDAQSSAPATQQHDHLRFVVIVTRHGVRSPTGK-FDLLNQYSAQPWPRWNLRDADLS PHGFHLMELMGKYDRA 72
ABX75420 ~MLSQNTSRTIRILLIIIPIISTFSAQAQODRYLLEKVVEVSRHGVRPPTESNTTALESGTARQWPQWVTREGELTGHGYAATVLKGRYEGE 90
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AAA72086 RLVADGLLAKK QSGQVAIIADVDERTRKTGEAFAAGLAP! ITVHTQADTSSPDPLFNPLKTG LDNANVTDAILSRAGGSIADFTGHRQTAFR 186
ACU81076 RLVADGLLAKK QSGQVAIIADVDERTRKTGEAFAAGLAP ITVHTQADTSSPDPLFNPLKTG LDNANVTDAILSRAGGSIADFTGHRQTAFR 186
AJW67217 RLVADGLLAKK QSGQVAIIADVDERTRKTGEAFAAGLAP ITVHETQADTSSPDPLFNPLKTG LDNANVTDAILSRAGGSIADFTGHRQTAFR 164
CCA94903 RLVADGLLAKKGEPQPGQVAIIADVDERTRKTGEAFAAGLAP ITVHETQADTSSPDPLFNPLKTG LDNANVTDAILSRAGGSIADFTGHRQTAFR 186
AAR89622 WFTSKGLLNNQ SPGQVAVIADTDQRTRKTGEAFLAGLAP IQVHYQKDEEKTDPLFNPVKMG FNTLKVKNAILERAGGNIELYTQRYQSSFR 186
AAS45884 WETSKELLNNQ SPGQVAVIADTDQRTRKTGEAFLAGLAP] IQVHYQKDEEKNDPLFNPVKMGKES FNTLKVKNAILERAGGNIELYTQRYQSSFR 186
ABI98040 VLIDNGVLESN SPEQVAVIADTDQRTRKTGEAFLAGFAPC KVHYQKDHDKKD PLFNPVKMG FNVOKTQEAILTRAEGNIERYTORYDSAFR 186
ABU77345 VLIDKGVLQSHGEPSPDQVAVIADTNQRTRKTGEAFLAGFAPHEONKVHEYQOKKVDKKD PLFNPVKTGVES FNVSKTQAATILARAEGNIERY TORYDSAFR 188
AAQ90419 KFQQLGILSKG! TANDVYVWADVDQRTRKTGEAFLAGLAP! LSIHHQODIKQADPLFHPVKAG MEKTQVQQAVEQQAGMPIDQLNQHYRPALA 199
ABI95370 YFRSQGLLAAG TDAVIYAQADVDQRTRLTGQAFLDGIAP @S LKVHYQADLKKVDPLFHPVDAG LDSTQTHKAVEERLGGPLSELSKRYAKPFA 191
ABX75421 YFRSYGLLPAG ADESIYVQADVDORTRLTGQAFLDGIAPDIGE LKVEYQADLKKIDPLFHTVEAG LDPEKTHQAVEKRLGGPLNELSQRYAKPFA 191
ADJ67813 YFRSQGLLSAG VDGSVYAQADVDORTRLTGQAFLDGI AP LKVHY OQADLKKVD PLFHTVEAG DSAKTHQAVEERLGGPLSDLSQRYAKPFA 191
ABU98770 YFRSQGLLPAG PEGTVYAQADIDORTRLTGQAFLDGVAPH@:LEVHYQADLKKTD PLFHPVEAG LAQTRQAVEQRLGGPLTTLSQRYAKPFA 191
ABU98780 YFRSLGLLAAG AEGGVYAQADIDORTRLTGQAFLDGVAPHEE LTVANQADLKKTD PLFHPVEAG DAAQTDKAIEEQLGGPLDTVSQRYAKPFA 191
AKH61963 YFKKQGLLAAD AENELFGWGDTDQRTRLTTQALLKGIAP FTAKNQTDLKKPDPIFHPLKAG LDKDTALKAIDKAAGGSLAALDQTYAPQIK 173
ANQ80449 LLAEQGLLAPS DAARIRIVADSDQRCRETGRALASGLAPHEN I PVQALPEG- TPDALFHPIEAGLGPVDRORATAALVGRIGNHPTEIAEAYRAPLE 171
ABX75420 YYRQQHLFASG TEQQIYVLASPLQORARATAQAYMDGMFP @ VATHAVEDE -KHD PLFHGDKMG IGTLD PERAKAEVLKAMGGDLDTAYQRLKPSIT 188
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AAA72086 ELERVLNFPQS LTQALPSELKVSAD--NVSLTGAVSLASMLTEIFLLQQAQGMPEPGWGR- - ITDSHOWNTLLSLHNAQFYLLQRT 282
ACU81076 ELERVLNFPQS LTQALPSELKVSAD--NVSLTGAVSLASMLTEIFLLQQAQGMPEPGWGR- - ITDSHOWNTLLSLENAQFYLLORT 282
AJW67217 ELERVLNFPQS LTQALPSELKVSAD--NVSLTGAVSLASMLTEIFLLQQAQGMPEPGWGR- - ITDSHOWNTLLSLENAQFYLLORT 260
CCA94903 ELEQVLNFPQS LTQALPSELKVSAD--NVSLTGAVSLASMLTEI FLLOQQAQGMPEPGWGR- - ITDSHQWNTLLSLENAQFYLLORT 282
AAR89622 TLENVLNFSQSE LPEALPSELKVTPD--NVSLPGAWSLSSTLTEI FLLOEAQGMPOVAWGR- - ITGEKEWRDLLSLHNAQFDLLORT 281
AAS45884 TLENVLNFSQSE LPEALPSEFKVTPD--NVSLPGAWSLSSTLTEIFLLQOEAQGMPQVAWGR- - ITGEKEWRDLLSLENAQFDLLQRT 281
ABI98040 TLEQVLNFESRS LPGTLPSELRVSAD--TVSLSGAWSLSSMLTEIFLLOEAQGMPEVAWGR- - THGEKEWTALLSLENAQFDLLQORT 280
ABU77345 TLEQVLNETQS LTGVLPSELSVSPD--NVSLSGAWSLSSTLTEIFLLQEAQGMPEVAWGR - - IHGEKQWTELLRLHNAQFDLLQRT 282
AAQ90419 LMSSVLNFPKS LAQAMPSKLS IKDNGNKVALDGAVGLSSTLAEIFLLEYAQGMPDAAWGK - - IHSEQDWNALLTLHNAQFDIMSRT 296
ABI95370 COMGEILNFAAS FANFAANKI TVNKPGTKVSLSGPLALSSTLGEIFLLONSQAMPDVAWHR- - LTGEDNWISLLSLHNAQFDLMAKT 289
ABX75421 LMGEVLNFSASPE FATFAANEIEVNKEGTKVSLSGPLALSSTLGEIFLLONSQAMPDVAWNR- - LSGEENWISLLSLENAQFDLMAKT 289
ADJ67813 OMGEVLNFAASE FATFTANEIKVNEEGTKVSLSGPLALSSTLGEIFLLODSQAMPDVAWHR- - LSGEENWVSLLSLHNAQFDLMAKT 289
ABU98770 OMGEVLNFAESP FATFAANEIDVNKDGTKISLTGPLALSSTLAEIFLLONSQAMPDVAWHR- - LSGAENWVSLLSLENAQFDIMAKT 289
ABU98780 OMGDVLNFAASE FAHFAANEVNVNKEGTKVTLSGPLALSSTLGEIFLLONAQAMPEVAWQR - - LKGAENWVSLLSLHNAQFNLMAKT 289
AKH61963 LMSQVMDYPQSE sANIDIPSSVKMKKKGTEATLEGGIGYSSTFAENFLLEDAQGMONVAWGR - — IKDQKTWDSLLELHNLQFRIMSGT 271
ANQ80449 TLDOLLARCPK—— NKTCQSRHSLFEIDAAVTPGKSDHLVDLRSPLALASTMTENFLLEYCEGMDTAQVGWG - LVDAQKLRSLLALHVAQEDLGART 264
ABX75420 LLKQVVCTADQP— CPVFDKPWALKQDKDGSTSISGLNTLANMSEVFLLEY SENLPLAQVAFGHVRSAQDLTPLMAPMTAKYDFTNDV 274
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AAA72086 PEVARSRATPLLDLIKTALTPHPPQK--QAYGVTLPTSVLFIAGHDTNLANLGGALELNWTLP-GQPDNTPPGGELVFERWRRLSDNSQWIQVSLVFQTL 379
ACU81076 PEVARSRATPLLDLIKTALTPHPPQK--QAYGVTLPTSVLFIAGHDTNLANLGGALELNWTLP-GQPDNTPPGGELVFERWRRLSDNSQWIQVSLVFQTL 379
AJW67217 PEVARSRATPLLDLIKTALTPHPPQOK--QAYGVTLPTSVLFIAGHDTNLANLGGALELNWTLP-GQPDNTPPGGELVFERWRRLSDNSQWIQVSLVFQTL 357
CCA94903 PEVARSRATPLLDLIKTALTPHPPQK--QAYGVTLPTSVLFIAGHDTNLANLGGALELNWTLP-GQPDNTPPGGELVFERWRRLSDNSQWIQVSLVFQTL 379
AAR89622 PEVARSRATPLLDMIDTALLTNGTTE--NRYGIKLPVSLLFIAGHDTNLANLSGALDLNWSLP-GQPDNTPPGGELVFEKWKRTSDNTDWVQVSFVYQTL 378
AAS45884 PEVARSRATPLLDMIDTALLTNGTTE--NRYGIKLPVSLLFIAGHDTNLANLSGALDLKWSLP-GQPDNTPPGGELVFEKWKRTSDNTDWVQVSFVYQTL 378
ABI98040 PEVARSRATPLLDLISEALVSNGSTE--NHYGIKLPVSLLFIAGHDTNLANLSGVFDLNWSLP-GQPDNTPPGGELVFERWTRVSDNTDWIQISFVFQTL 377
ABU77345 PDVARTRATPLLDLISRALISDGATE--NPYGIKLPVSLLFIAGHDTNIANLSGVFDLNWSLP-GQPDNTPPGGELVFERWKRESDNTDWIQISFVYQTL 379
AAQ90419 PYIAKHNGTPLLQTIVSAINSQPSSR--ELPELSADNKILFPAGHDTNIANIAGMFGMSWALP-GQPDNTPPGGALVFERWSDKTG-KKYVSVOMMYQTL 392
ABT95370 PYIARHKGTPLLQQIETALVLORDAQ-GQTLPLSPQTKILFLGGHDTNIANIAGMLGANWQLP-QQPDNTPPGGGLVFELWQNPDNHQRYVAVKMEYQTM 387
ABX75421 PYIARHKGTPLLQQIDTALVLORDAQ-GQTLPLSPQTKLLFLGGHDTNIANIAGMLGANWQLP-QQPDNTPPGGGLVFELWQNPDNHQORYVAVKMEFYQTM 387
ADJ67813 PYIARHKGTPLLQQIDTALVLQORDAQ-GQTLPLSPQTKLLFLG TNIANIAGMLGANWQLP-QQPDNTPPGGGLVFELWQNPDNHQORYVAVKMFYQTM 387
ABU98770 PYIARHKGTPLLQQINTALVLORDAQ-GQTLPLSPQTKVLFLGGHDTNIANIAGMLGANWQLP-QQPDNTPPGGGLVFELWQHPDNHQORYVAVKMFYQTM 387
ABU98780 PYIARHKGTPLLQQIDTALTLOLDAQ-GQOKLPISAQNRVLFLGGHDTNIANIAGMLGADWQLP-EQPDNTPPGGGLVFELWQONPDNHQRYVAVKMFYQTM 387
ARH61963 PYLAKSNGTPVLOVIDSALGATAQVSPGFTLPAG--NKVLILGGHDTNIENVAGSLGLSWTILT-DQPDQTPPAGALMFERWQGKTTHKQYVSLKMVYQTQ 368
ANQ80449 EPVARAQASNLLFHLLRSAEQAATEHSAAGALTRIDDRLLILCGHDTNLANIAGALHLNWIID-GRRDDTPPGGALVFELWQ--KEGAAECRCYYVAQTL 361
ABX75420 PYIAQRGGSLLMOQITQALAQGTSAEQDTALGEPPTAPYLLYVAHDTNITYLRTLLOFHWQLPSDTADNIPPAGSLVFERWRDTTTQQORFLRVYFQTQSL 374

s10 420 430
| (Y O . <R |-

AAA72086 QOMRDKTPLSLN-TPPGEVKLTLAG 432
ACU81076 QQOMRDKTPLSLN-TPPGEVKLTLAG LAGFTQIVNEARIP 232
AJW67217 QQOMRDKTPLSLN-TPPGEVKLTLA LAGFTQIVNEARIP 410
CCA94903 QOMRDKTPLSLN-TPPGEVKLTLAG SLAGFTQIVNEARIP. 432
AAR89622 RDMRDIQPLSLE-KPAGKVDLKLI LKSFSRLIKEIRVE! 433
AAS45884 RDMRDIQPLSLE-KPAGKVDLKLI S LKSFSRLIKEIRVE: 433
ABI98040 QQOMRKFKPFSSS-SLPNKIVLTLES LKHFIDIVQTARIP 436
ABU77345 QQMREFKSSSSF-SSPHKIVLTLPS 438
AAQ90419 AQLRNQTPLTLD-KPAGSVALKIPG 444
ABI95370 GQLRNAEKLDLKNNPAGRVEPVAIDG 241
ABX75421 EQLRNADKLDLKNNPARIVPIAIEG 241
ADJ67813 DQLRNAEKLDMKNNPAKIVPITIEG 241
ABU98770 DQLRNVEKLNLTTNPAGIIPIAVEG 441
ABU98780 DQLRNAEKLDLKNNPAGIISVAVAC 441
AKH61963 DOMRSQHKLTLK-HPPMSVAVSIEC s LDTFHQVIEKAELP! 423

ANQBO0449 EQCRHATPLTLS-APPDRVPCFLP:
ABX75420 DQIRSLTQLGKQ-QPLLKEELALQG

LEGCRTALTQAIDTTVVRLEHHHHHH 420
FATTLESMRKSIDSSALATVHYAP-— 433

Source: Authors.
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Table 1. Biochemical characteristics available in the literature about the 17 phytases from cluster 3.

Acession Reference Original source Ideal pH or pH range Theoretical |deal Thermostability
number pl temperature
ABI95370 .
Vieira et al., - o
2019 Yersinia sp. 8.0 7.60 40 °C -
ABUSB779 Huang et al., Yersinia rohdei 15 60 555 55°C 50 % of residual activity
2008 ' ' ' after 80 °C for 4 min
ABUS8780 Huang et al., Yersinia intermeda 15 60 o 55°C 70 % of residual activity
2008 ' ' ' after 80 °C for 4 min.
ABX75421 45 0 ; P
Fu et al., 2008 Yersinia kristeensenii 6.32 55RE€ 46 % of rss‘ldual activity
15-11 after 80 °C for 10 min.
ADJ67813 Yersinia enterocolitica
Niu et al., 2017 2.0-9.0 6.60 60 °C -
ABI198040 ; ;
Citrobacter amalonaticus o
Luo et al., 2007 CGMCC 1696 25-10.0 6.27 55°C -
25-45
AARB89622 .
Zhao etel. Citrobacter freundii | At least 80 % of residual 6.29 50 °C
activity between 1.5 and
8.0
AAS45884 Citrobacter braakii ; P
. R 66 % of residual activity
Kim et al., 2006 4.0 6.96 37°C after 70 °C for 10 min,
ABX75420 ; ;
Shao et al., Pectobacterium wasabiae o
2008 DSMZ 18074 4.0-55 5.72 50°C
AAAT2086 Dasigge(t) al, Escherichia coli 2.5 6.26
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ACU81076 . -
. o 75 % of residual activity
Yao et al., 2013 Synthetic construct 45 - 50 °C after 85 °C for 5 min.
CCA94903 ;
Paul Roy et al., . o More than 50 % of residual
2016 Shigella sp. CD2 55 6.26 60 °C activity at 70 °C
Tanetal, . 3.9 o 93 % of residual activity
AKH61963 20163 Dendroctonus frontalis 25 55 - 52.5°C after 15 min for 100 °C
ANQ80449 T"’_‘znoigg"’
Synthetic construc 2.5 - 55°C -
4.5 . .
Akbarzadeh et . o 70 % of residual activity at
AJW67217 al., 2015 Synthetic construc - 60 °C 70 °C
Myceliophthora
AABS52508 Mitchell et al., thermophila 3 6.0
1997 .5—6. 5.05 - -
. Obesumbacterium proteus
AAQ90419 Zinin et al., 15-65 6.67 50 °C -
2004
ABW76125 | Gu etal., 2009 Dickeya paradisiaca 45-75 6.16 55 °C No ac“"'tyrf]tir?o C after 5

Source: Authors’ elaboration.
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3.3 Quantification and analysis of interactions of the structural models

The 17 sequences comprising the cluster 3 were submitted to the AlphaFold server (Jumper et al., 2021) to predict their
three-dimensional structures. The predicted structures of this group are composed of two domains: a major o/ 3 domain and an a
smaller domain. The catalytic motif is found in a cavity between the two domains, where they form a loop that integrates the active
site. In general, the phytases presents 8 longer a-helices and 4 short a-helices, beyond 7 large B-sheets and 3 short B-sheets. These
structural features are well conserved in many bacterial and fungal phytases that have already been studied (Ariza et al., 2013; Bohm
et al., 2010). From these structures, the interactions that form and stabilize each structure were quantified using of the RING server,
which allows the identification and enumeration of intra and intermolecular covalent and non-covalent bonds: i) number of hydrogen
bond interactions, ii) salt bridges, iii) van der Waals interactions (VdW), and iv) disulfide bridges (Piovesan et al., 2016)
(Supplementary material S3). Then, the biochemical characteristics of the phytases that constitute this group were correlated with
these structural characteristics.

Despite the low identity between them, the three-dimensional structures of cluster 3 phytases presented great structural
similarity to each other (Figure 4), which resulted in a low variation in the number of predicted hydrogen (349-416) and Vdw
interactions (353-427) and disulfide bonds (4-5) (Figure 5). This constancy evidences the non-relevance of the number of these
interactions for the biochemical characteristics of these enzymes. On the other hand, the number of predict ionic interactions varied
among the evaluated structures (Figure 5), but has not yet been determinant for the different characteristics observed for each enzyme.

In other words, the number of those interactions did not influence the catalytic behavior of these phytases.

Figure 4: Structural alignment between cluster 3 sequences, highlighting the structural similarity between them. The spheres in the
center represent the substrate (phytic acid).

Source: Authors.

12


http://dx.doi.org/10.33448/rsd-v11i10.32765

Research, Society and Development, v. 11, n. 10, e427111032765, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i10.32765

Figure 5: Number of predict interactions and the ideal temperature and pH of the phytases from cluster 3. The blue, red, yellow and

black dots represent hydrogen, Van der Waals and ionic interactions and disulfide bonds, respectively.
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Source: Authors.

The number of hydrogen, ionic and disulfide bond interactions is believed to have a strong correlation with thermostability
(Zhang 2007; Liao, et al., 2013; Fei et al., 2013; Hesampour et al., 2015; Kumar et al., 2015; Tan et al., 2016; Han et al., 2018; Li
etal., 2019; Zhang et al., 2020). However, here we show that, for these enzymes, this is not true.

Studies involving one specific enzyme indicates that substitutions of specific amino acid residues are relevant for the
catalytic behavior of phytases, depending on the modifications they cause on the interactions that stabilyze the enzyme structure. For
example, Fei et al., (2013) found a relation between thermostability and ionic interactions. They showed that the Q307D mutation
constituted an additional salt bridge and led to a 9.15% increase in phytase thermostability, whereas the loss of this interaction caused
(E31Q) reduced its thermostability in 13.96%. The same behavior was described by Tan et al., (2016), who observed that the thermal
resistance of a phytase was lower with the reduction of the number of ionic interactions. Other studies also describe a relation between
the number of hydrogen bonds and the thermostability of individual phytases (Zhang 2007; Hesampour et al., 2015). The
thermostability of a E. coli phytase increased from 20 to 75% due to increased electrostatic interactions related to the formation of
hydrogen bonds resulting from the replacement of charged residues by hydrophobic and aromatic ones (Li et al., 2019). However,
those studies describe isolated analysis and could not be used for general considerations. Our study considered not only one phytase

sequence, but the more representative group of phytases among those described, and is according to Noorbatcha et al., (2013) and
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Kumar et al., 2016, who affirm that the number of interactions does not influence the phytase thermostability, but their location in
the three-dimensional structure.

The disulfide bond, due to its well-known stabilization potential, also plays a key role in the conformational stability of the
enzyme (Cheng et al., 2004; Yang et al., 2017). It promotes higher binding energy when compared to the other interactions in enzyme
structure, leading to a more rigid and stable enzyme (Wang et al., 2022). For this reason, inducing the formation of new disulfide
bonds has been a mechanism to improve the thermostability of many enzymes, including phytases (Ebrahimi et al., 2016; Tan et al.,
2016; Yang et al., 2017; Navone et al., 2021; Wang et al., 2022).

On the other hand, although the disulfide bond has a stabilizing effect, in many cases the effect is not significant and may
even produce the opposite effect. Cheng et al., (2015), successfully introduced a disulfide bond, but without any change in the
biochemical properties of the enzyme. This can be attributed to negative effects on flexibility or the already rigidly packed
hydrophobic core (Zhang et al., 2020). As previously mentioned, the position of the bonds seems to be more related to stability
efficiency. This strategy has been proposed by several authors as a strategy to be considered in order to obtain stability, with the
exposed loop regions on the surface of the protein normally prioritized, due to its high mobility and flexibility in the structure
(Noorbatcha et al., 2013; Zhang et al., 2020). Some studies have revealed greater thermostability in most mutations found in the loop
or surface regions (Kim and Lei 2008; Shivange 2016).

Figure 6: Overlay of predicted structures highlighting the location of disulfide bonds. Lines highlighted in green, red and yellow
indicate loop, helix and beta sheets, respectively. Disulfide bonds are shown in spheres and can be seen mainly in the loop region.

Source: Authors.

In the structural comparison between the phytases studied, it was observed that they mostly contain four disulfide bonds,
but with very different thermal stability between them (Table 1). However, the disulfide bonds were mostly located in the loop
regions or at the point of connection with the helix for some of them (Figure 6). Therefore, although satisfactory results have been

observed in the thermal stability of phytases in the cited studies, this method alone does not seem to be decisive in the stability of
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phytases. This result is confirmed by Zhang et al., (2020) that observed that when evaluating the introduction of disulfide bond in
the stability of phytase of Bacillus licheniformis WHU, of all the variants analyzed, only one variant had a positive effect on the
stability of phytases and all the others had a positive effect on phytase stability or negative effect despite all of them being located in
the loop region.

The relationship between the three-dimensional structure of proteins and their biological function is very complex and
several factors may be involved to be carefully studied individually or in combination (Shivange et al., 2016). Although some studies
have been successful in evaluating single or multiple factors, the final effect of residue substitutions on enzyme stability is varied
and sometimes undesirable (Navone et al., 2021).

3.4 Selection and expression of the phytase KM873028, from Dendroctonus frontalis

The rPhyXT52 gene, isolated from the metagenome of Dendroctonus frontalis (Tan et al., 2016), was selected among the
component sequences of cluster 3 due to the high productivity achieved in a heterologous system, its thermostability (93 % at 100
°C for 15 min) and ability to act in a medium with acidic pHs (3.5 - 5.5). In the present research, the gene was cloned and the protein

was expressed in P. pastoris, originating a phytase with an ideal pH of activity between 3.5 and 4.5 and an optimal temperature of
42 °C.

However, temperatures above 45 °C drastically reduced the activity of this enzyme, maintaining a residual activity of only
22 % after just one minute of exposure at 70 and 80 °C (Figure 7). The phytase selected from the database also lacked stability in a
wide pH range to be ideal for application in the animal industry (1.2 to 7.8) (Hamed, 2018). The significant differences observed for
this enzyme expressed in a prokaryotic (Tan et al., 2016) and a eukaryotic system highlight the need for a deeper understanding
about the synthesis and post-translational processing of these enzymes, beyond the influences of the composition of the induction
medium, in order to allow rational choices for better production and catalysis.

Figure 7: Activity of the KM873028 phytase expressed in P. pastoris. A: temperature; B: pH and C: thermostability at 70 and 80 °C.
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4. Conclusion
The design of new, improved phytases demands a deep knowledge on the relation between their structure and function. For
this, one strategy relays on the analysis of sequence homology and the development of 3D models in order to find critical points of
mutations and interactions. In this work, we showed that phytases are very heterogeneous in relation to their primary sequence, but
share similar structures. They were grouped in 5 clusters, where cluster 3 comprises HAPs as the most representative sequences.
They share a conserved catalytic motif, beyond eight cysteine residues, which are predict to form disulfide bonds. However, amino
acids around the catalytic site were not conserved. On the other hand, contrary to what was believed, the number of interactions was
not determinant for the catalytic behavior of these enzymes. Even the primary structure could not be directly related to their function,
since phytase activity differed when expressed in prokaryotic or eukaryotic systems.
Future studies on sequence functions and 3D structure, associated with post-translational processing, and the extracellular
environment in which they are inserted, are essential for better understanding the determinants of phytase activity. A deeper
understanding about the correlation between the structure and function of these enzymes will allow the development of new,

improved catalysts with properties ideal for industrial processes.
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