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Studies on the Prediction of Selective Cleavage Sites and Cleavage
Profile of Proteasome Using VHSE Amino Acid Descriptor
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Abstract The ubiquitin-proteasome system (UPS) plays a critical role in proteolysis and degradation in
many physiological processes of the eukaryotes, such as antigen presentation, cell cycle regulation, and
transcription factors activation. Recently, due to the importance of selective substrate cleavage of protea-
some in the UPS, the cleavage site prediction has attracted considerable interest in computational biology.
However, the existing methods are mostly based on nonlinear models with little physicochemical meanings.
In this paper, VHSE (Principal component score vector of hydrophobic, steric, and electronic properties), a
novel set of amino acid descriptors, was used to characterize the source proteins of 2650 natural MHC class I
ligands. Based on the structural descriptions of the amino acids adjacent to the cleavage site, support vector
machine (SVM) was then employed to establish the prediction models using linear and RBF kernel func-
tions. A linear SVM model with high prediction capability was obtained, of which the sensitivity, specificity,
area under the receiver operating characteristic curve (AUC), and the Matthews correlation coefficient
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(MCC) were 0.9018, 0.6963, 0.8797 and 0.6131, respectively. The results showed that the hydrophobic,
electronic, and steric properties of the amino acids adjacent to the cleavage site are closely related to the se-

lective substrate cleavage, especially for those at the positions of P9, P8, P4, P1, P3', P4', and P5'. The results

also showed that hydrophobic potential difference between P1 position and P1'~P5' positions may benefit

the cleavage process of the proteasome.

Keywords proteasome; MHC-I ligand; VHSE; SVM; cleavage site
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Table 1 VHSE scales for 20 natural amino acids

AA VHSE, VHSE, VHSE; VHSE, VHSE;5 VHSE; VHSE, VHSE;g
Ala A 0.15 —1.11 —1.35 —0.92 0.02 —0.91 0.36 —0.48
Arg R —1.47 1.45 1.24 1.27 1.55 1.47 1.30 0.83
Asn N —0.99 0.00 —0.37 0.69 —0.55 0.85 0.73 —0.80
Asp D —1.15 0.67 —0.41 —0.01 —2.68 1.31 0.03 0.56
Cys C 0.18 —1.67 —0.46 —0.21 0.00 1.20 —1.61 —0.19
Gln Q —0.96 0.12 0.18 0.16 0.09 0.42 —0.20 —0.41
Glu E —1.18 0.40 0.10 0.36 —2.16 —0.17 0.91 0.02
Gly G —0.20 —1.53 —2.63 2.28 —0.53 —1.18 2.01 —1.34
His H —0.43 —0.25 0.37 0.19 0.51 1.28 0.93 0.65
Ile I 1.27 —0.14 0.30 —1.80 0.30 —1.61 —0.16 —0.13
Leu L 1.36 0.07 0.26 —0.80 0.22 —1.37 0.08 —0.62
Lys K —1.17 0.70 0.70 0.80 1.64 0.67 1.63 0.13
Met M 1.01 —0.53 0.43 0.00 0.23 0.10 —0.86 —0.68
Phe F 1.52 0.61 0.96 —0.16 0.25 0.28 —1.33 —0.20
Pro P 0.22 —0.17 —0.50 0.05 —0.01 —1.34 —0.19 3.56
Ser S —0.67 —0.86 —1.07 —0.41 —0.32 0.27 —0.64 0.11
Thr T —0.34 —0.51 —0.55 —1.06 0.01 —0.01 —0.79 0.39
Tp W 1.50 2.06 1.79 0.75 0.75 —0.13 —1.06 —0.85
Tyr Y 0.61 1.60 1.17 0.73 0.53 0.25 —0.96 —0.52
Val Vv 0.76 —0.92 0.17 —1.91 0.22 —1.40 —0.24 —0.03
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Table 2 The performance and parameters of SVM models
Model  Acc/%  Sen/%  Spe/% MCC AUC Pre/% ER F-measure/% C € y
1 79.85 89.13 70.11  0.6382  0.8781 7631  1.4893 81.95 10.0000  0.2437
2 79.70 89.36 69.55  0.6063  0.8743  76.01  1.4835 81.89 3.6788 0.1600
3 79.81 91.47 67.66  0.6101 0.8803  75.10  1.4658 82.30 12.8403  0.3632
4° 80.16 90.18 69.63  0.6131 0.8797 7597  1.4828 82.32 11.3315  0.2875
5 80.05 89.20 70.42  0.6087 0.8784  76.29  1.4890 82.07 10.6449  0.2388
6 79.97 89.96 69.47  0.6090 0.8803  76.12  1.4857 82.17 10.0000  0.2610  0.5000
7 80.08 89.88 69.79  0.6109 0.8802 7621  1.4873 82.25 3.6378 0.2675  1.3591
8 81.09 88.68 73.11  0.6270  0.8834 77.85 1.5193 82.76 21.1700  0.2385  1.0000
9 81.71 90.95 72.00  0.6430 0.8889  77.67 1.5162 83.63 25.5359  0.3517  1.3591
10 80.97 89.36 72.16  0.6261  0.8840  77.34  1.5095 82.78 25.5359  0.3031  1.0000

SRR SR T [ AR © A 0 B AR 2 S (R DR 2
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Table 3 The predictive performance of the model 4 and the model 9

Model Acc/% Sen/% Spe/% MCC AUC Pre/% ER F-measure/%
4 75.25 89.81 59.95 0.5236 0.8300 70.21 1.3702 78.81
9 73.98 90.72 56.38 0.5037 0.8310 68.61 1.3390 78.13
R4 ARSCBALE IAL TR (4 8 A _ ,
Table 4 The predictive performances of this model compared 8 i [ Weight/% of VHSE,
with other models 61
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PAProC 217 456 30 —0.25 % 2]
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Figure 1 The weight coefficients of properties of amino acids
adjacent to the cleavage site
A: hydrophobic property; B: steric property; C: electronic property
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Table 5 Selective cleavage profiles at AA positions of substrate

Amino acid position Property Preferred amino acids Contribution to cleavage
P9 Positive charge K, R, H +
P8 Hydrophobic F,W,L,LLM,V,Y +
P4 Steric W,R,Y,F, K —
P1 Hydrophobic, Positive charge, Bulky F,W,L,LLV,Y,K,R,H +
P3' Hydrophobic F,W,LLLM,V,Y —
P4' Hydrophobic F,W,L,LLM,V,Y —
P5' Hydrophobic, Positive charge, Bulky F,W,L,L V,Y,K,R,H —
¢+, positive contribution; —, negative contribution.

References

1 Kloetzel, P. M. Biochim. Biophys. Acta, Mol. Cell Res.
2004, 1695, 225.

2 Nath, D.; Shadan, S. Nature (London, U. K.) 2009, 458,
421.

3 Lévy, F.; Burri, L.; Morel, S.; Peitrequin, A. L.; Lévy, N.;
Bachi, A.; Hellman, U.; Van den Eynde, B. J.; Servis, C. J.
Immunol. 2002, 169, 4161.

4  (a) Kuttler, C.; Nussbaum, A. K.; Dick, T. P.; Rammensee,
H. G.; Schild, H.; Hadeler, K. P. J. Mol. Biol. 2000, 301,
229.

(b) Nussbaum, A. K.; Kuttler, C.; Hadeler, K. P.;
Rammensee, H. G.; Schild, H. Immunogenetics 2001, 53,
87.

5 Holzhutter, H. G.; Frommel, C.; Kloetzel, P. M. J. Mol.
Biol. 1999, 286, 1251.

6 Kesimir, C.; Nussbaum, A. K.; Schild, H.; Detours, V.;
Brunak, S. Protein Eng. 2002, 15, 287.

7 Burges, C. J. C. Data Min. Knowl. Disc. 1998, 2, 121.

8 Blythe, M. J.; Doytchinova, I. A.; Flower, D. R.
Bioinformatics 2002, 18, 434.

9 Schneider, M.; Lane, L.; Boutet, E.; Lieberherr, D.;
Tognolli, M.; Bougueleret, L.; Bairoch, A. J. Proteomics
2009, 72, 567.

10 Altuvia, Y.; Margalit, H. J. Mol. Biol. 2000, 295, 879.

11 Mei, H.; Liao, Z. H.; Zhou, Y.; Li, S. Z. Pept. Sci. 2005, 80,
775.

12 Sanchez, V. D. Neurocomputing 2003, 55, 5.

13 Hofmann, T.; Schélkopf, B.; Smola, A. J. Ann. Math. Stat.
2008, 36, 1171.

14 Pardo, M.; Sberveglieri, G. Sens. Actuators, B 2005, 107,

730.
15 Saxova, P.; Buus, S.; Brunak, S.; Kesmir, C. Int. Immunol.
2003, /5, 781.

16 Nussbaum, A. K.; Dick, T. P.; Keilholz, W.; Schirle, M.;
Stevanovic, S.; Dietz, K.; Heinemeyer, W.; Groll, M.; Wolf,
D. H.; Huber, R.; Rammensee, H. G.; Schild, H. Proc. Natl.



324 t

Eibd Vol. 70, 2012

Acad. Sci. U. S. A. 1998, 95, 12504.
17 Falk, K.; Rotzschke, O.; Stevanovic, S.; Jung, G
Rammensee, H. G. Nature (London, U. K.) 1991, 351, 290.

18  Strehl, B.; Textoris-Taube, K.; Jakel, S.; Voigt, A
Henklein, P.; Steinhoff, U.; Kloetzel, P. M.; Kuckelkorn, U.
J. Biol. Chem. 2008, 283, 17891.

(A1106042 Zhao, X.)




<<
  /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 600
  /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 600
  /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 <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /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


