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Abstract The aim of this study was to evaluate a com-
puter-based method to find a new inhibitor for polyphenol
oxidase (PPO) in banana, apple, and mushroom. First, the
sequence of PPOs was separately obtained from Protein
Data Bank, and their homology was investigated. Next, the
same structure of their active site was found, and it was
interacted with various phenolic and benzoic compounds
by a molecular dynamic software. Moreover, the inhibition
of enzymatic browning was also investigated at different
laboratory conditions. This study showed that histidine—
leucine—phenylalanine—histidine was in all types of PPOs.
Also, molecular dynamic simulation showed that (3S5)-2-
(3,4-dihydroxyphenyl)-3,5,7-chromanetriol (DHPC) is the
best compound to interact with PPOs. Based on experi-
mental tests, DHPC had the highest efficacy at 4 °C. The
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decrease in inhibition of enzymatic browning was seen
with the increase in temperature. Also, the decrease in pH
led to increase in enzymatic browning. It could be con-
cluded that DHPC is a good inhibitor for enzymatic
browning. It seems that this compound can be used in
different fruits and vegetables to inhibit enzymatic
browning.

Keywords Browning - Enzyme - Inhibition - Polyphenol
oxidase
Introduction

Peeling, cutting, and crushing lead to changes of physio-
logical and biochemical properties of food products (Moe-
lants et al. 2014; Niemira and Fan 2014). These changes are
important causes of loss quality in fruits and vegetables, i.e.,
appearance, nutritional value, and marketability (Artes and
Allende 2014; Rico et al. 2007; Zhang et al. 2015). Theo-
retically, the enzymatic browning in fruits and vegetables is
due to activation of diphenol oxidase, polyphenol oxidase
(PPO), catecholase, or tyrosinase (Mishra et al. 2013). The
enzyme is found in many plant tissues, especially those that
produce brown filaments (Giri 2014; Zhang et al. 2015). PPO
catalyzes two basic reactions, including hydroxylation and
oxidation. In hydroxylation, monophenols are converted to
diphenol. And in oxidation, diphenols are converted to ortho-
quinones. Ortho-quinones can be polymerized and create the
high molecular weight compound, melanin (Bajwa et al.
2015; Corzo-Martinez et al. 2012). Melanin can also react
with various amino acids and proteins and leads to brown
color. Enzymatic browning causes the deterioration of fruits
and vegetables, resulting in large economic losses (Dodd
2014). The browning of injured fruit tissues can cause
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VTIATISOTIAVOVOAAIA TLAAASHAAI VO TAI TIAL IO TIIOS
SASAANONHIASAISOVAASAAIOSAY VAAAAAANA AAAIIAV ATIATAID
OIATIEAFAAII DI ST TISAALSTLLA INIdATIDOVAANDSSLIAVVIV
ADVVIAVADVVIVIIV DILIAd LAISA TAAITHATHALAD RINATLAIALA
YATAVNAAAL TID LA TMALANIAANALOISYMINMINIAINSHHSAAIdAIVY
SAANDONAFAINIOLNADLMIHAIOHALLAISOVOdAdH IOV I AdSDAA T TN
SNSANOI AN INVAIOVAISINLAALONIATAT TLddOHSAVITAAX 1dSAd
NVATVdTONOVIVAMNMADTVALIAAI TV TTIAHAA TA X IHAdAA TMSOHI
OTAINdIDAOAAVOADAVOHTAVOOIASIdAAAd TVIN TATVIS AMATAV
AALHVYVJdIAI AL SdAMAAATIOSLddOONLIAVOSIAAVVOINVIAddSA
DIVAVAIASOTOVADDATSO IOTTANTIAINAISINHHAHANSSLSINIINO

ASSNNLVIDSAVOINSHYINOASSTIHAMOSAdS TALLAIIS LY SLATdVSINSVIN

SVAADIIOOTIAVODIdA TLAAASAAAAY

AEAATIAL IO TY TLINASISIHIHSHAA SAISOVAALIAIO S TAAAANA XA

ADIAVAQIAIAIOFIA TTHIAATIV IS OBIONdIIAA LS DISO INIdIILOV

AAJSSSVAVAHVAD TIVIAS TVAGVIId LI SS TMAIAAAOAAADTHILLA

TOAQIAIAYA TAVNANAI TIDSATMASALTAV IO TLIMISMINIAANSH

HVAIIdAQIOVS AINDINATINIOLNADLM THAIVHALOAISOOHOIAdIADV I

AANDAI TIVNISNSAINOIANDI INVNILLLIISANAALONAATAATLddOHM
VSITIAATdSIdAY AIVd TdNDVASAMNMAI TVALIANTI INO TIADIA TAX
YHAdAI TMSNH IO T THdIDAOTAVOADAVIHAVOOOINASISAAAd TV IN
TANVIAANAIAVOUAVHVAITT INVAVA TIAAILLSdddOONLIA VOO T
ADdOIISAAAAVISIDADIIALANDOVADATOD IO TIANTIATIASOVOAIO

ANNLYNDOSATIDTSYATALTISAOSNNOSAdS TN LAINA Y LA LLAAJIS TSTIN

N E10:119:3)0:1
AVOIAIATLAAASAAAIVAHI TIALTO TI TIININAIANIHIHSHdASAASO VAT

IAdOSITAAAANAAAATIAV AQIAIFIOFIA TTHIAATAV SISO ISIA
ALSDISOTSIAHALOVAASSSSVAVVHVAD TIIVANS TVAY TId LIS S TMdI
AAAOAAAD INALATOAIATAIATAVNANAL TIOSATMASAL TALISIOOTLY
MISMINIAANSHHVAAIdAIOV S AANDNATINIOLNAD LM THAdVHA LOFISD
00dAdIADVIAINDAI TIVNISNSAIWNOI AN INVNLLLAMSANAILONAA'T
AATLddOHNV SY TIAA TdSIdAV AIVA TdNDVISAMNMAd TVALIANT TIO T
HIIA TA XA JHAdIA TM SNHIO T THIIDAOUTAVOAIAVIOHA VVOOIAS ddaadd
TVINTHNVIA SIAIAVOAAVHVAdANI TIVAVd TSAAISLLSdddOONLIA VO
Od'1AVdOIISAAAAVIEIVAVAIALONOVAD A TOO IO TIANIIA TISOVOAN
OANNLVYIDSANIVASYIISIL TISAOSNNOSAdS TdSLLVANJA LA LLAAJS ISLIN
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INAATE
ADAALINADLODIYIATLAMISAAIAVATAA TTASID T THSANASANDDA
AHSALISAHH INAALOVIFISAI S TALHAAANIHAAINATISIALAIOAATT
[HAFAINHOOLINTIdIAA JALIIIATLM SO AAS TOSIALADINI TADIONY

A TIAIVIIdHASIAdIVVIMNdINAIAHASA T DIAIN TATIANTII TIANAAA
A149SATMIOAAIAINADH I MALMINIAINSHHVAIATAIV VS AAVOIAN
HIAINAINOAMSHTINHAVVAILDdODAOMOHAD ST TADDINATALANVOSIN
OHANWAVINAVIOAASYTAHAAAQAAAAY VAY THIVAYALANTYO NI AIAdA
MINDAdLAMSMAL TVALAADNANOD TTIHHAA I VIHMA AL TM SYHINA TV SSN
INOAAVOIOATOHANVOIMANHIHAIIIONNIVAVIH ANV AIHHAA THV I
ATIAJSSdAdIAAATILOAVAIMVIIDAAJIVASASVHIAS INVI TAIONSAS

DAIOTADDOINAIIIVSSSHTINSSVVAVHAd TAWSIOATATATITIS TMIIDAN

NdAAIITOVASAIONOVIAL
IATASAAAIVOIAI TIALID TO TILN A SHIHIHIANAASOVAIS VD
dLIDADALYNAJIAAQIHAQIAIIIDTAT TAFIIIIIIIIDSYSATIIIALLSA

VSOTLAdAdLAVLVITLAVV.IIOVITVId LI LI TMAIFAdO AAX I IMEIO

TOMI TLAYATAVNAAAI TALIN TA@IANAAOHIDO TINIM TAMINIAANS
HHVAIIdAQIOVS AANDNAT INIOSIADLMOHAIOHIIN ISOVOININADV
YAVSOTITIALIONSIAOY AN INOAIOIVALAISAALONAA TAA TAddOHN
VAIDIAATSSSdAV AISd TINDODdVAMNMAd TVALAAOI IO TIIIHAA 1A
YHMAATTMSNHAO TH INAIDIOAA VOADAVIOHANVOOWANIIAAVI TV IN
TAAVIIANATAASAATHY VAIA I TdSSNA AN AdIAddOINLILYDL
d1AVdODNLTAdVOIINDTVISAID IOVVVOI IO IOATAQIIATIVNY.LIA

HHAASVIDSIIdHVHISIAd A SAHAVOVASNSNSNSNSAdSTSS Td TLVAd TSAIN

SVAADIDOIAVD
DIIATLAAASAAAAVAIIA TIAL IO TI TLINIADSISIHIH SHAA SAASOVAALA
dOSATAAAANAAATIIAV AQIAIHIOFIA THIIATI VIS IONdYSIAAL
SISO INIdAALOVAAMSSSVAVVHVAD TIVRIS TV AV IId LIS S TMJIAA
AOAAAD INALATOAIATAIATAVNANALI THOSATMASAL IAV IO TLIM
ISMINIAANSHHVAAIdAYOV S AANONATANIOLINADILM THAIVHALOFISDD
OdAdIADVIAINDAI TIVNISNSAINOY AN INVNLLLIISANTALONAA 1A
ATLAdOHOVSYTIAATdSIdAV AIVd TdNOVASAMNMAIOVALIANT TIO T
HIAXATAAIH TdAI TM SNHIO 1A THdIDAOTAVOADAVIHAVOOOIASIdAAd
dIVINWTHANVIAHIAIAVOADOVHVIdITI T VAVd TIHAISLLS 4ddDDLLdAD
D0 TAVIOIASAAAIVIVIOMOIIALANOOADA IO IO TIANIII TISOVO
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NIA
HAVAQAIAAIVOLHAANIIHADId TH IdIOATIAS TSLTDIADISA TIAS
TONIN TIIHAAOJHASH TAYV TAHN THIIOHOI INANAOONVILAdV LOYA
VNISOAIDNHOAAADOASVAXA TISASTI THSIAV AHLLM QAN TATSIH
TILIONAAV TTIAIV INIVOSSISISO A JHAT TAAIV QAT T LOOA TIAIdd
ASADTIVIAVISVSIMAMADSOXIdI TdLASNIOVNAVIOIWLOAINIOS.L
AMATANIVIM IS TTIAANLHH TMAIdAIY VAIdHAWHOATDIO ADAINAHI
AAHA ST ISNVHOAASIOHNSTIIM VAN TANA LSIHIIOOTH TINSIT T
OAIATTINIAINIALLIM LYV AAD AIIASIAITHAHA I TIANSIA SO A AN
LINAFANSIAHAddN THIOMAMAIOI TAOVVOA MALONS.LIIVAHIVY
OO TIOTTAS TALIHMLIT TAOOHLOADVIA INIWSIITI VM HLAd TOHIDV

TOJASSAAHOTAVO TTHTSIAA TLATIANI AIAAIN TINMADDLIDALVITSIN

TADAJALAAAQIIY LANLLAMIANIO TATASHON AN dYVAIA
YTINSVATVIALLOAIDA YL TSIWALLSI S LALLIOIONDID TMd TdAOFAL
AIDILANTOAOWIAIA TIANAAAI TALSA TMANATAARINO Y INY AT M
TIAANSHHSAIASAAV V. LSHAONNTI X ODIIDOAMINHAVNHIAT TOONVHO
IDIADVIAIADNATAV IS TSHIALIOIID INFIIIASNSVANA LAV AN TAAT
OMIAHIOAIILAS TdS SHAHATV dALADTALLAMNMAJLLALAAAI TSIOTIYA
AIHTAAIHMd THIMSTHAOAJAQAINOOAAVANDAODHANVOO A ANMA
HAVAINSINSIA VI A TAIOATIA THY dIA Y Td LVAID AFSILASINAd
dODHNATVAVIVAHIIS TAddINIAIVIAMIOV L IOA IO IO TTNAIIA T

SdSMOOAVYVASIAANNOOIDILAAJAN TIISITIHTIOVSSVOLASSNTOTVIA

IAVALALO TTIISADOALASOLIYTATLAA TIAVAA

VAIAATIVLIDO T TIOdO0FALOASONTIHY TIAISOAIIDAAIOVIA
OAJAVAAAQIIY LANLLAMIAIIO TAGANAOT TSN IV AIA Y TINS
VATVIdLLOAADA TN TS TAV LSS LAV LIOONINO TMd TdAQTALAY TIL
ANTOAOIAMA TOANIAHA TLLSH TMMIANATA SNO T INIAIAMINIAANS
HHDIAASAIVY LSAADANTIADAIIDA MINHY VNHIA T TOONVAOITIHD
VIAJAOWATAV IS TSHIALIOMHD INFIMASASVINI LAV AT TA TIVOTIA
HIOATIAAA TSV VAOAIVIALNOTILAMNMAJILALAAAT TIO YA XIH
TAXAIHMA THIM STHAOAJAAALINOOAAVANDIAODHINVOOA ANMJHAVI
INSINSIA VIS ASIANATIOAAIA THVAYIA Y T LVAAAX A TLLASOS AddDDOH
NATVAVNVAHIISTAddINIdAV IANIOVIADATOD TOO TINAIIATTITIS

AOOAV VATIAANDDOHILADHAHDADYLIONAIY TIOVSSVOLISSNTTISIN
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NAYHIAA TAIGITHA TIdIVADAd TAAIVOITTIAATSLT
ADIVSAADODI I TATIAYLIIA TdAVAAIHAVHODIADOIA X
NTHAADAVITAOSAVONVIONAS LIOYIVAALONSHTLOOIDAdIA
AMSASNNTHA X YHLVHIAMAX TVAOLFHASIVIOASS TTI TVANA
IOLLAADAHIHAMANIAASIITISIONAJAIAA SIO TLAMAAT
AASOMAAONMLAAdI TdSAALTAOOII TONLYTININOISAXAATA
NINLOM TV TTIAANDHHNMAIIAIV VHIASOIWNHOJA TdATLITID
ITHHALNHAWH ISNVHVOAAVOHNSA THM LANSLL TANALMTIAO
dVVVIIOVINDAINGONOAAdAYNLLOMOVAIADAILIAIdHAN AH
TIANFAADLIONAALIHAOMAIIAOAJd TOIIAdANIM ADMAMAIO
A TIVVOIMTAVOASLIIIOVALOVVAI TLOAMLSHAVIHM.LA
ATALOHLIOANVIA THTIOdOVIVMALAd TOHIODD TOAISSAASOA
AVOTAOTVIAA TLATIANIAIATIN TINITADIO A TIN TS IIASIN

NIAHAVAQAAIAAYAOLHAANdYHADdd THTIIOATIAS TSL TS
ATISA TIASTONIA TIHAAOJIASHTAYV TAHN THIADAOI INANA
OINVILAd LLOYIVNISOAIDNIOAAADDASVAXA TISASTI THAN
AVAHILMAAN TADIHTLLIONAAY TIAdVINIVOS SISO A YadI

TAAIVAQAITTLLODA TIAIAdASAD TIVIAVISVSIMAMAISO X Ad
ATdLAANIOVNAVIOINLO@INIDSIAMAAINIVIM TS TTIAANLHH
TMAIdAIV VAIdHAWHOATIO ADAIWAHIAAHA ST ISNVHOAASIOH
NSAIIM VAN TANA LIFIIOOTH TINAT IDdIATNINIAINYIA L
LIMLVAADAIIASdAIdHAHX I TIINSIA SIIIOAANLINAFANTIAAA
ddNTAIOMAMAJOTTAOVVOIMALONS LIINVAHIVVOO TIOTIAS
TALIHM LAATAODHLIADVIA INNSIIIIV MALAd TOHIOVIOAAS
SAQHODIVOTTHISYA A TLAITANTAIAAIN TINIADDILIDALVI TSI

VHIDOOWSIOHLIAIHA Y
ddISYINdHAAL TASIAT TLLAT ISATAVALOAV TIAYMOTOOV T I
ATAAVASATOLHAVIMONIAIIOIHIV AHALIA SIAIVHIVOAINASA
TMTIdAIIAND T TOASISODATHINAAIOVS MASA IO TIOOTIS T
IV TIOSYIVHSNS TAFATSIOODIOIOA TOVATISILINAVAINA
WA TOAIHIALAD TSHLSY TANSIM AANO LI M MAV TALSHAASO
AL TLALOAOVADISLMATAIIVSM TVITIAANVHH THAIdAIVV A
SAASINHONOOA TAHINAHIVAISNSLSOOSVALHS SHHd M. LLA MNA
WNAALVILTISVOVNI TASL TINANTIVNADLSAdOI TLLAMONA
dOXIDDANAINALA YN TINVASLIOONILLILAMd ISIAHdddASNS
VMAMAJHIAILY VIIMESSINALALAVIOOVHOS TIOI T TAAJYH
MIJITLSOHLOADLMOUAdSAALIDAVANAAI TdADHADVAOLASY
LANOALY AWIATVOA X TSHOMANTAINNIA TIdOADOD TdSA TTHSIN
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Table 2 The homology
between different polyphenol
oxidases used in this study
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ﬁ @ Springer

Enzyme sequence

Identity %

Al-A2
Al1-A3
Al-A4
A2-A3
A2-A4
A3-A4
B1-B2
B1-B3
B1-B4
B2-B3
B2-B4
B3-B4
MI1-M2
MI1-M3
M1-M4
M2-M3
M2-M4
M3-M4
Al1-Bl1
Al1-B2
A1-B3
Al1-B4
A2-B2
A2-B3
A2-B4
A3-Bl1
A3-B2
A3-B3
A3-B4
A4-Bl1
A4-B2
A4-B3
A4-B4
Al-M1
Al-M2
Al1-M3
Al-M4
A2-M1
A2-M2
A2-M3
A2-M4
A3-M1
A3-M2
A3-M3
A3-M4
A4-M1
A4-M2
A4-M3
A4-M4
B1-M1

95.3 % identity in 593 residues overlap; score:
69.7 % identity in 617 residues overlap; score:
95.8 % identity in 593 residues overlap; score:
67.1 % identity in 617 residues overlap; score:
94.8 % identity in 593 residues overlap; score:
66.9 % identity in 617 residues overlap; score:
44.3 % identity in 524 residues overlap; score:

43.8 % identity in 536 residues overlap; score:

3008.0; gap frequency: 0.0 %
2144.0; gap frequency: 4.7 %
3016.0; gap frequency: 0.0 %
2064.0; gap frequency: 4.7 %
2994.0; gap frequency: 0.0 %
2049.0; gap frequency: 4.7 %
1067.0; gap frequency: 5.3 %
1028.0; gap frequency: 4.1 %

42.4 % identity (67.8 % similar) in 509 aa overlap (19-512:6-503)

39.6 % identity in 502 residues overlap; score

: 844.0; gap frequency: 4.6 %

36.9 % identity (66.7 % similar) in 496 aa overlap (21-488:26-499)
87.6 % identity (94.7 % similar) in 508 aa overlap (1-508:1-504)

40.2 % identity in 376 residues overlap; score

98.4 % identity in 556 residues overlap; score:
48.8 % identity in 578 residues overlap; score:
39.9 % identity in 376 residues overlap; score:
37.0 % identity in 387 residues overlap; score:
49.3 % identity in 578 residues overlap; score:
62.2 % identity in 556 residues overlap; score:
42.8 % identity in 484 residues overlap; score:
41.5 % identity in 540 residues overlap; score:
42.4 % identity in 467 residues overlap; score:
41.7 % identity in 484 residues overlap; score:
40.3 % identity in 539 residues overlap; score:
40.9 % identity in 464 residues overlap; score:
59.5 % identity in 555 residues overlap; score:
42.8 % identity in 500 residues overlap; score:
41.4 % identity in 551 residues overlap; score:
40.7 % identity in 477 residues overlap; score:
60.3 % identity in 556 residues overlap; score:
41.9 % identity in 484 residues overlap; score:
40.1 % identity in 539 residues overlap; score:

40.6 % identity in 463 residues overlap; score:

50.0 % identity in 30 residues overlap; score:
54.2 % identity in 24 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
54.2 % identity in 24 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
38.1 % identity in 63 residues overlap; score:
58.3 % identity in 24 residues overlap; score:
38.1 % identity in 63 residues overlap; score:
46.7 % identity in 30 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
54.2 % identity in 24 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
50.0 % identity in 30 residues overlap; score:
50.0 % identity in 30 residues overlap; score:

: 719.0; gap frequency: 3.2 %

2957.0; gap frequency: 0.0 %
1342.0; gap frequency: 5.2 %
722.0; gap frequency: 3.2 %
563.0; gap frequency: 6.2 %
1357.0; gap frequency: 5.2 %
1747.0; gap frequency: 4.1 %
947.0; gap frequency: 3.7 %
945.0; gap frequency: 4.8 %
859.0; gap frequency: 4.3 %
921.0; gap frequency: 3.7 %
910.0; gap frequency: 4.5 %
816.0; gap frequency: 4.3 %
1697.0; gap frequency: 5.2 %
930.0; gap frequency: 5.6 %
875.0; gap frequency: 7.1 %
807.0; gap frequency: 5.5 %
1680.0; gap frequency: 4.1 %
921.0; gap frequency: 3.7 %
900.0; gap frequency: 4.5 %
804.0; gap frequency: 3.9 %
88.0; gap frequency: 0.0 %
82.0; gap frequency: 0.0 %
88.0; gap frequency: 0.0 %
89.0; gap frequency: 0.0 %
88.0; gap frequency: 0.0 %
82.0; gap frequency: 0.0 %
88.0; gap frequency: 0.0 %
89.0; gap frequency: 0.0 %
91.0; gap frequency: 4.8 %
84.0; gap frequency: 0.0 %
91.0; gap frequency: 4.8 %
84.0; gap frequency: 0.0 %
88.0; gap frequency: 0.0 %
82.0; gap frequency: 0.0 %
88.0; gap frequency: 0.0 %
89.0; gap frequency: 0.0 %
83.0; gap frequency: 0.0 %
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Table 2 continued Enzyme sequence Identity %
B1-M2 58.3 % identity in 24 residues overlap; score: 80.0; gap frequency: 0.0 %
B1-M3 50.0 % identity in 30 residues overlap; score: 83.0; gap frequency: 0.0 %
B1-M4 50.0 % identity in 30 residues overlap; score: 82.0; gap frequency: 0.0 %
B2-M1 35.3 % identity in 51 residues overlap; score: 86.0; gap frequency: 3.9 %
B2-M2 44.4 % identity in 27 residues overlap; score: 76.0; gap frequency: 0.0 %
B2-M3 35.3 % identity in 51 residues overlap; score: 86.0; gap frequency: 3.9 %
B2-M4 38.2 % identity in 34 residues overlap; score: 80.0; gap frequency: 0.0 %
B3-M1 35.0 % identity in 60 residues overlap; score: 71.0; gap frequency: 3.3 %
B3-M2 38.2 % identity in 55 residues overlap; score: 82.0; gap frequency: 7.3 %
B3-M3 35.0 % identity in 60 residues overlap; score: 71.0; gap frequency: 3.3 %
B3-M4 32.7 % identity in 55 residues overlap; score: 75.0; gap frequency: 7.3 %
B4-M1 36.7 % identity in 60 residues overlap; score: 75.0; gap frequency: 3.3 %
B4-M2 40.0 % identity in 55 residues overlap; score: 88.0; gap frequency: 7.3 %
B4-M3 36.7 % identity in 60 residues overlap; score: 75.0; gap frequency: 3.3 %
B4-M4 36.4 % identity in 55 residues overlap; score: 80.0; gap frequency: 7.3 %

undesirable quality changes during handling, processing,
and storage (Ali et al. 2015; Quevedo et al. 2014a, b). To
prevent PPO activity in fruits and vegetables, many efforts
have been previously done. One of them is the use of reducers
which revive o-quinones precursors and convert them into
non-colored compounds (Wu 2014; Zhou et al. 2015). The
inhibitors of PPO are classified into two categories, including
competitive and non-competitive. Importantly, competitive
inhibitors interact with the copper site, and non-competitive
inhibitors interact with the phenolic site (Ackaah-Gyasi et al.
2015; Boeckx et al. 2015). For example, bisulfite is a com-
petitive inhibitor, and L-cysteine is a non-competitive inhi-
bitor (Ali et al. 2014; Saeidian 2014).

To find an inhibitor for a specific enzyme, a computer-
based method (CBM) has been introduced (Jiménez-
Atiénzar et al. 2004; Ma et al. 2014). Although researchers
have been studied on different inhibitors (Altunkaya and
Gokmen 2008; Kuijpers and Vincken 2013), most of them
are toxic and can change texture and taste of fruits. Here, a
CBM was used to find a new inhibitor for PPO in two types
of fruits (banana and apple) and one type of mushroom.
Moreover, the efficacy of inhibitor was checked by some
experiments. This article carried out in the Pajoohesh
Medical Lab, Yazd, in 2015.

Materials and methods

Materials

(35)-2-(3,4-dihydroxyphenyl)-3,5,7-chromanetriol (DHPC)
was purchased from Merck, Germany. Apple, banana, and

Table 3 The average homology between different polyphenol
oxidases

Sample Mean of identity (%)
Apple 81.6

Banana 49.1

mushroom 52.6

Apple-Banana 65.35
Apple—mushroom 73.47
Banana—mushroom 50.85

mushroom were provided from different shops of Yazd,
Iran.

Simulation study

PPO sequences of apple, banana, and mushroom were
separately obtained from Protein Data Bank (PDB), http://
www.rcsb.org/pdb (Table 1). In order to check homology
of these sequences, an online software was used, http://
www.isb-sib.ch. Then, the place of all histidines (H) and all
phenyl alanines (F) was highlighted. Then, the quantity of
HH, FF, HF, FH, H1-20H, F1-20F, H1-20F, and F1-20H
was quantified. In the next level, the best sequence was
selected, based on its frequency. Then, this sequence was
interacted with various phenolic and benzoic compounds
by a molecular dynamic (MD) software, Ascalaph
Designer. Finally, the average of intermolecular energy
was calculated for each compound.
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Table 4 The quantity of different sequences, containing histidines (H) and phenyl alanines (F)

Sequences Quantity Sequences Quantity Sequences Quantity Sequences Quantity
FF 12 FH 10 HF 7 HH 12
FIF 11 F1H 12 HIF 5 HIH
F2F 8 F2H 12 H2F 6 H2H
F3F 12 F3H 12 H3F 2 H3H 12
F4F 5 F4H 9 H4F 12 H4H 3
F5F 9 F5H 4 HS5SF 12 H5H 4
F6F 8 F6H 11 H6F 4 H6H 6
F7F 8 F7TH 7 H7F 2 H7H 4
F8F 10 F8H 4 HSF 4 H8H 12
F9F 10 FOH 3 HOF 1 H9H 6
F10F 4 F10H 0 HI10F 4 H10H 5
F11F 4 F11H 3 HI11F 1 H11H 4
FI2F 8 FI12H 1 HI12F 5 H12H 2
F13F 8 F13H 1 HI3F 1 HI13H 2
F14F 4 F14H 2 HI14F 3 H14H 4
F15F 4 F15H 3 HI15F 2 H15H 2
F16F 3 F16H 2 HI16F 3 H16H 3
F17F 1 F17H 1 H17F 1 H17H 0
F18F 7 F18H 0 HI18F 1 H18H 0
FI9F 6 F19H 2 HI19F 1 H19H 1
F20F 3 F20H 0 H20F 0 H20H 5
Table 5 The selected sequences, containing histidines (H) and phenyl alanines (F)
H3H H8H H4F H5F F1H F2H F3H F3F
Al HAPVH HNSWLFFPFH HNSWLF HRYYLYF FAH FPFH FFPFH FALPF
HSHKH FFAH FFAHH FAGSF
FAHH
A2 HAPVH HNSWLFFPFH HNSWLF HRYYLYF FAH FPFH FFPFH FALPF
HSHKH FFAH FFAHH FAGSF
FAHH
A3 HGPVH HQSWLFFPFH HRISSF HRYYLYF FSH FSHH FFPFH FLSPF
HQSWLF FPFH FFSHH FALPF
FFSH FAGSF
A4 HSHKH HNSWLFFPLH HNSWLF HRYYLYF FAH FAHH FFAHH FAGP
HAPVH FPLH FFPLH FAGSF
FFAH
Bl HGPVH HFSYPDRRRH HNSWLF HNSWLFF FAH FAHH FFPWH FACAF
HKHKH HNSWLFFPWH FPWH FFAHH FAGSF
FFAH FYLYF
FALPF
B2 HNTLH HRSWLFFPWH HRSWLF HRSWLFF FAH FKIH FFPWH FAGTF
HNFWRQANMH HGDKPEF FPWH FIYFH
FMYH FFAHH
FAHH FVNLH
FFAH

)
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Table 5 continued
H3H H8H H4F HSF FIH F2H F3H F3F
B3 HNAAH HFESWIFLPWH HFSWIF HRYYLHF FKH FCHH FLPWH FTIPF
HSTFLF FCH FLFH FFCHH FPAIF
FFCH FSWIF
FVGSF
B4 HNAVH HFSWIFLPWH HFSWIF HRYYLHF FKH FSHH FLPWH FTIPF
FSH FFSH FFSHH FPAIF
FSWIF
Mil HDDIH HGQVLFPTWH HGQVLF HPIDPSF FIH FWLH FPTWH FSLLF
HDYSSF HDYSSFF FSNH FWLHH FFAAF
FDPIF
M2 HFSSH HGSTLFPTWH HGSTLF HEVGQSF FRH FSSH FPTWH FDPIF
HDNIH HTGLPSF FLH FLHH FFLHH
FFLH
M3 HDDIH HGQVLFPTWH HGQVLF HDYSSFF FIH FWLH FPTWH FFAAF
HDYSSF HVAFKKF FSNH FWLHH FDPIF
HPIDPSF FSLLF
M4 HYKFH HLYKANYCTH HGTVLF HPIEPTF FVH FSNH FWMHH FSIIF
HNTVH HGTVLFPTWH HNTVHF FWMH FPTWH FEGDF
HKHYGF FDPIF

Table 6 The average of intermolecular energy and number of hydrogen bonding between HLFH and some phenolic and benzoic compounds

Intermolecular energy

No. of hydrogen bonding

(+)-Epicatechin —-0.05
(35)-2-(3,4-dihydroxyphenyl)-3,5,7-chromanetriol —-17.37
[3,4-Dihydroxy(2H3)phenyl](2H2)acetic acid —0.05
[3,4-Dihydroxy(5-2H)phenyl]acetic acid —0.03
{4-[(Z)-hydroxy(oxonio)methyl]phenyl }oxonium —0.00
2,3-Dihydroxybenzoate —0.04
2,3-Dihydroxybenzoic acid —1.80
2-Hydroxy(1-14C)benzoic acid —1.76
2-Hydroxy(2H4)benzoic acid —0.40
2-Hydroxy(carboxy-11C)benzoic acid —-0.45
3,4,5-Trihydroxy(1,3,5-13C3)benzoic acid —0.11
3,4,5-Trihydroxy(2H2)benzoic acid -0.77
3,4,5-Trihydroxybenzoic acid —0.01
3,4-Dihydroxy(2-2H)benzoic acid —0.09
3,4-Dihydroxy(5-2H)benzoic acid —0.32
3,4-Dihydroxy(6-2H)benzoic acid —0.08
3,4-Dihydroxybenzeneacetate —2.48
3,4-Dihydroxybenzoate —-0.97
3,4-Dihydroxybenzoic acid —0.75
3,4-Dihydroxyphenylacetic acid —0.02
3-Hydroxybenzoate —-0.94
3-Hydroxybenzoic acid —0.02
3-Hydroxybenzoic acid —1.57
4-(2H3)methyl(2H3)benzene-1.2-(2H2)diol —0.05

DD D W = NN W W NN W N WD WD = W LW W W W
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Table 6 continued

Intermolecular energy No. of hydrogen bonding
4-(2H3)methyl-1.2-benzenediol —-0.01 3
4-Hydroxy(2H4)benzoic acid —1.71 3
4-Hydroxy(carboxy-11C)benzoic acid —0.10 2
4-Hydroxy(carboxy-13C)benzoic acid —-0.53 3
4-Hydroxy(carboxy-13C)benzoic acidl —0.02 3
4-Hydroxy(carboxy-14C)benzoic acid -0.27 2
4-Hydroxybenzoate —1.29 2
4-Hydroxybenzoic acid —0.48 2
4-Methyl-1,2-(2H3)benzenediol —0.00 2
4-Methyl-1,2-(3H3)benzenediol —0.26 2
4-Methylcatechol —0.01 2
D-(+)-Catechin —-0.07 2
DL-CATECHIN —0.07 3
Gallate —-0.22 1
Gallic acid —0.28 3
Guaiacol —2.54 3
o-Hydroxybenzoic acid —0.00 3
p-Hydroxybenzoic acid —0.03 2
Protocatechuic acid —0.14 2
Pyrogallol —0.01 2
Salicylate —1.53 2
Salicylic acid -0.73 2

50 1
- ® 300 mM I
L -
S = 150 mM
gj 40 m75mM
E 37.5mM
£ 35+
2
< 30 A
Nt
]
g 25 1
)
S 20 -
3
= 15 -
2
= -
;§ 10
= * * *
S 590 ] ] ] -

ol milin- AT -
1 2 3 24 72
Time (h)

Fig. 1 The inhibition of enzymatic browning at 4 °C. *P < 0.05 compared with 24, 48, and 72 h. n = 3

Experimental study

apple, banana, and mushroom were cut and separately held
in petri dish. Then, 100 pL. of DHPC was added to all slices

First, serial concentrations (37.5, 75, 150, and 300 mM) of  and incubated for 1, 2, 3, 24, 48, and 72 h. Temperature
DHPC were prepared in distilled water. In the next step,  and pH were separately adjusted as follows:
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Fig. 2 The inhibition of enzymatic browning at 25 °C. *P < 0.05 compared with 24, 48, and 72 h. *p < 0.05 compared with 300, 150, 75 mM,

n=3
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Fig. 3 The inhibition of enzymatic browning at 37 °C. *P < 0.05 compared with 24, 48, and 72 h. P <0.05 compared with 300, 150, 75 mM,

n=3

At 4 °C with pH 7

At 25 °C with pH 7
At 37 °C with pH 7
At 37 °C with pH 5
At 37 °C with pH 9

After incubation, a picture was taken from each petri
dish by a digital camera with resolution of 13 mega pixel.
Then, all pictures were inserted in Photoshop CS6 soft-
ware, and the color of slices was recorded. The total color
was measured by Formula 1. Finally, the inhibition of

enzymatic browning was calculated, according to For-
mula 2 (Holderbaum et al. 2010).

V R? + G? + B? = The total color (1)

where R, G, and B are red, green, and blue color,
respectively.

[ = TC, — TC,/TC, (2)

where (I) is the inhibition of enzymatic browning, TC, is
the total color in control, and TC, is the total color in test.

* @ Springer



Int. J. Environ. Sci. Technol. (2016) 13:1109-1122

1120
a 60 -
=300 MM I I I
- = 150 mM
X
S 501 m75mMm
0 37.5mM
g
S 40 A
Pt
=
g
)
<
£ 30 -
&
=
%)
L]
(-] 20 A
=
2
b~
=
S 10 -
—
*
[ = | [ = 1
oL mlie- mlio- Bl--
1 2 3 24 48 72
Time (h)

b 60 -

m 300 mM

= 150 mM

504 m75mMm
37.5mM

D
o
1

N
o
1

Inhibition of enzymatic browning (%)
= w
o o

B-- -

ol mm-- mli- mll-. BN--
1 2 3 24

Time (h)

48 72

Fig. 4 The inhibition of enzymatic browning at pH 5 (a) and 9 (b). *P < 0.05 compared with 24, 48, and 72 h, n = 3

Results and discussion

Tables 2 and 3 show the homology between different
PPOs, used in this study. As seen, the highest homology
was seen between apples, and the minimum homology was
observed between banana. Table 4 shows the quantity of
HH, FF, HF, FH, H1-20H, F1-20F, H1-20F, and F1-20H
sequences. Table 5 demonstrates the selected sequences,
containing H and F. Based on this result, the best sequence
was histidine-leucine—phenylalanine-histidine (HLFH).

* @ Springer

The average of intermolecular energy between HLFH and
some phenolic and benzoic compounds is shown in
Table 6. As seen, DHPC had less intermolecular energy.

Figures 1, 2, and 3 show the inhibition of enzymatic
browning at 4, 25, and 37 °C, respectively. As seen, the
inhibitor had the highest efficacy at 4 °C. The decrease in
inhibition of enzymatic browning was seen with the increase
in temperature. Figure 4a, b shows the inhibition of enzymatic
browning at pH 5 and 9, respectively. As seen, the decrease in
pH led to increase in inhibition of enzymatic browning.
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Here, four different sequences of apple, banana, and
mushroom were used. Although the GenBank number of these
sequences is different, further sequences must be studied in
future. The homology study showed that mushroom had less
homology among others. Since mushroom is a kind of herb, its
sequence has less similar to apple and banana. Since H and F
are in different places of protein sequences, it cannot be cer-
tainly declared which they are in the actual place. It was found
that HIH-H2H-H3H-H4H-H5H-H8H-FF-F3F was simi-
lar. Remarkably, this similarity was only in number and not in
sequence. Note, HLFH was the best sequence and it had the
most similarity among the sequences. It must be mentioned
that further studies are needed to show whether HLFH
sequences are in active site or not. MD simulation showed that
DHPC was the best candidate for this study. Dirks—
Hofmeister et al. (2012) compared the characteristics of PPO
to find the structure—function correlation within the plant
PPOs. They showed differences in enzyme—substrate inter-
actions. Also, they found that one amino acid side chain,
position HB2 + 1, was the best. Nokthai et al. (2010) ana-
lyzed the active site of PPO by molecular modeling. They
found that epicatechin and catechin had high affinity with the
enzyme. Based on their results, trihydroxybenzoic acid had
high affinity and specificity. A homology modeling for PPO
was done by Mallick et al. They showed 224 hydrogen bonds,
15 helices, and 50 turns (Mukherjee et al. 2011). Koval et al.
(2006) modeled the active site of PPO. Saeidian (2013)
showed the inhibition of PPO by L-glycine. The agent inhib-
ited PPO activity at 0.4 mM in pH 6.7. Klabunde et al. (1998)
showed that the catalytic copper center was accommodated in
a central four-helix bundle. Also, metal-binding sites were
composed of three H ligands.

Conclusion

It could be concluded that DHPC can interact with PPOs.
Moreover, DHPC had more efficacies at low temperature
and pH. It seems that this compound can be used for dif-
ferent fruits and vegetables to inhibit enzymatic browning.
It must be mentioned that some additional experiments,
such as toxicity test, must be done in future studies.
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