
Supplementary Table 1. List of the predictors compared with AI4AVP in this study. 

 

 

 

 

 

  

 Predictors  Machine 

learning 

Application 

type 

Website 

AVPpred (1) Support Vector 

Machine 

Web-server http://crdd.osdd.net/servers/avppred/  

AntiVPP1.0 (2) Random Forest Source code https://github.com/bio-coding/AntiVPP  

Meta-iAVP (3) Ensemble 

Model 

Web-server http://codes.bio/meta-iavp/  

FIRM-AVP (4) Support Vector 

Machine 

Web-server https://msc-viz.emsl.pnnl.gov/AVPR/  

AI4AVP  

(this study) 

Deep learning 

(CNN) 

Web-server https://axp.iis.sinica.edu.tw/AI4AVP/ 



Supplementary Table 2. List of databases we collected data from. 

 

 

 

 

 

  

 Database  Label Website 

APD3 (5) Positive https://wangapd3.com/main.php  

DRAMP (6) Positive http://dramp.cpu-bioinfor.org/  

YADAMP (7) Positive https://webs.iiitd.edu.in/raghava/satpdb/catalogs/yadamp/  

DBAASP (8) Positive https://dbaasp.org/home  

CAMP (9) Positive http://www.camp3.bicnirrh.res.in/index.php  

AVPdb (10) Positive http://crdd.osdd.net/servers/avpdb/  

Swiss-Prot (11) Negative https://www.uniprot.org/  



Supplementary Table3. 10-fold cross-validation results by AVP_training and 

AVP+GAN_training, respectively. Each fit is performed on a training set consisting of 

90% of total training set at random, with the remaining 10% used as testing set for 

validation.  

 

  

Training Set Encoding method Algorithm** Accuracy Precision Sensitivity Specificity MCC 

AVP_training 

PC6 encoding CNN 0.886േ0.012 0.876േ𝟎.𝟎𝟑𝟎 0.901േ0.024 0.870േ𝟎.𝟎𝟒𝟐 0.773േ0.022 

PC6 encoding RF 0.861േ0.020 0.837േ0.022 0.896േ0.030 0.826േ0.018 0.724േ0.040 

PC6 encoding SVM 0.842േ0.018 0.811േ0.035 0.889േ0.014 0.795േ0.027 0.686േ0.034 

descriptor encoding* CNN 0.861േ0.018 0.857േ0.021 0.866േ0.024 0.856േ0.021 0.722േ0.036 

AVP+ 

GAN_training 

PC6 encoding CNN 0.939േ0.005 0.935േ0.014 0.944േ0.011 0.934േ0.015 0.878േ0.009 

PC6 encoding RF 0.905േ0.005 0.861േ0.008 0.966േ0.004 0.844േ0.007 0.817േ0.008 

PC6 encoding SVM 0.934േ0.004 0.919േ0.007 0.952േ0.005 0.916േ0.007 0.868േ0.008 

descriptor encoding* CNN 0.875േ0.007 0.869േ0.008 0.883േ0.007 0.866േ0.011 0.750േ0.013 



Supplementary Table 4. The comparison of AVP predictors, trained with 

2012_training, evaluated the performance using AVP_testing (293 positives, 293 

negatives). There is no any overlap between AVP_testing and 2012_training. 

Training dataset Predictors Accuracy Precision Sensitivity Specificity MCC 

2012_training* 

AVPpred (1) 0.55 0.61 0.29 0.82 0.12 

AntiVPP1.0 (2) 0.56 0.58 0.44 0.68 0.13 

Meta-iAVP (3) 0.55 0.56 0.49 0.61 -0.04 

FIRM-AVP (4) 0.48 0.48 0.47 0.49 0.10 

AI4AVP **  
(this study) 

0.55 0.56 0.46 0.64 0.11 

Remarks:   
※ AVP_testing: 293 positives + 293 negatives, selected from a clean AVP collection in this study (AVP_fullset, 2,934 positives + 
2,934 negatives). 

*: 2012_training were collected by Thakur’s work (1) for the AVPpred with 506 AVPs and 506 non-AVP.  
**: we trained the same CNN model of AI4AVP with the 2012_training set.   

  



 

 

 

Supplementary Figure 1. The proposed GAN model for generating AVPs. Two neural 

networks, the generator, and the discriminator, are wrapped to form a backpropagation 

relationship. Briefly, the generator takes noise as its input to create AVP-like sequences 

(generated AVPs). The discriminator is trained to distinguish real AVPs from generated 

AVPs. The training aims to increase the generator's success rate by producing AVP-like 

peptides that fool the discriminator. 

  



 

Supplementary Figure 2. The protein-encoding method PC6 is based on the 

physicochemical properties of each residue shown in the sequence. The normalized 

score of Hydrophobicity (H1), the volume of side chains (V), polarity (Pl), pH at the 

isoelectric point (pI), the dissociation constant for the -COOH group (pKa), and the net 

charge index of the side chain (NCI) are selected to present features of each residue 

component. The input peptide is padded with X if the length is shorter than 50 and is 

converted to a 50x6 matrix.  

 

 

  



 

 

Supplementary Figure 3. The pipeline of AI4AVP development.  

(A) The model trained on a positive dataset, AVP_training, consisting of real AVPs 

collected from AVP databases and an equal amount of non-AVP sequences. To make a 

balanced input in model training, the number of non-AVPs is limited. (B) The model 

was trained using AVP+GAN_training. We applied GAN for data augmentation; in 

this way, the positives consist of real AVPs plus GAN-generated AVPs, and almost all 

sequences in the negative data can be used for model training. 
  



 

References 

1. Thakur N, Qureshi A, Kumar M. 2012. AVPpred: collection and prediction of highly effective 

antiviral peptides. Nucleic acids research 40:W199-W204. 

2. Lissabet JFB, Belén LH, Farias JG. 2019. AntiVPP 1.0: A portable tool for prediction of 

antiviral peptides. Computers in biology and medicine 107:127-130. 

3. Schaduangrat N, Nantasenamat C, Prachayasittikul V, Shoombuatong W. 2019. Meta-iAVP: a 

sequence-based meta-predictor for improving the prediction of antiviral peptides using effective 

feature representation. International journal of molecular sciences 20:5743. 

4. Chowdhury AS, Reehl SM, Kehn-Hall K, Bishop B, Webb-Robertson B-JM. 2020. Better 

understanding and prediction of antiviral peptides through primary and secondary structure 

feature importance. Scientific reports 10:1-8. 

5. Li X, Wang Z, Wang G. 2015. APD3: the antimicrobial peptide database as a tool for research 

and education. Nucleic Acids Research 44:D1087-D1093. 

6. Kang X, Dong F, Shi C, Liu S, Sun J, Chen J, Li H, Xu H, Lao X, Zheng H. 2019. DRAMP 2.0, 

an updated data repository of antimicrobial peptides. Scientific Data 6:148. 

7. Piotto SP, Sessa L, Concilio S, Iannelli P. 2012. YADAMP: yet another database of 

antimicrobial peptides. International journal of antimicrobial agents 39:346-351. 

8. Pirtskhalava M, Amstrong AA, Grigolava M, Chubinidze M, Alimbarashvili E, Vishnepolsky 

B, Gabrielian A, Rosenthal A, Hurt DE, Tartakovsky M. 2021. DBAASP v3: database of 

antimicrobial/cytotoxic activity and structure of peptides as a resource for development of new 

therapeutics. Nucleic Acids Research 49:D288-D297. 

9. Waghu FH, Barai RS, Gurung P, Idicula-Thomas S. 2016. CAMPR3: a database on sequences, 

structures and signatures of antimicrobial peptides. Nucleic Acids Research 44:D1094-D1097. 

10. Qureshi A, Thakur N, Tandon H, Kumar M. 2014. AVPdb: a database of experimentally 

validated antiviral peptides targeting medically important viruses. Nucleic acids research 

42:D1147-D1153. 



11. Boeckmann B, Bairoch A, Apweiler R, Blatter M-C, Estreicher A, Gasteiger E, Martin MJ, 

Michoud K, O'Donovan C, Phan I. 2003. The SWISS-PROT protein knowledgebase and its 

supplement TrEMBL in 2003. Nucleic acids research 31:365-370. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


