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SUPPLEMENTAL DATA 

 

Experimental Procedures 
 

Construct DesignPlasmids pGEX-4T1-Ufd2, pGEX-4T1-Rad23, and pGEX-Dsk2 for the 

expression of N-terminally GST-tagged Saccharomyces cerevisiae Ufd2, Rad23, and Dsk2 were 

kindly provided by Stefan Jentsch. The UBL domains of Rad23 (aa 1-84) and Dsk2 (aa 1-79 and 

aa 1-84) were PCR amplified and inserted into the pET21b vector (Novagen, C-terminal His-tag, 

NdeI/BamHI). N-terminal His-tagged Rad23-UBL (aa 1-74) and Dsk2-UBL (aa 1-74) were 

cloned additionally from chromosomal DNA into the vector pETM11 (EMBL Heidelberg, 

NcoI/XhoI). C-terminal GST-tagged Ufd2 expression plasmid: The open reading frame (ORF) of 

Ufd2 was PCR amplified and inserted into the pET3a-GST plasmid (NdeI/ApaI). The pET3a-

GST plasmid was generated by cloning the GST-encoding ORF of pGEX-4T1 (GE-Healthcare) 

into the pET3a vector (Novagen, ApaI/BamHI) (Sven Eiselein). C-terminally GST-tagged Ufd2 

was used to compare and validate the optimal binding of N-terminally GST-tagged Ufd2 with the 

UBL domains in the SPR interaction studies. For cloning of the Schizosaccharomyces pombe 

homolog of Ufd2 and the UBL domains of SpRad23 (Rhp23) and SpDsk2 (Dph1), S. pombe 

cDNA was prepared by reverse transcription. The fragments encoding for UBLs as well as the 

ORF of Ufd2 were amplified and inserted into pET21b (Novagen, NdeI/BamHI) or pET3a-GST 

(NdeI/ApaI), respectively. 

 Protein Expression and PurificationAll proteins were expressed in E. coli BL21(DE3) RIL 

cells (Novagen). GST-Ufd2 was expressed after heat shock at 42C for 30 minutes and by 

induction at an OD600 = 0.6 with 0.01 mM IPTG (isopropyl--thiogalactoside) at 16C for 40 h. 

His6 tagged Rad23-UBL and Dsk2-UBL proteins were expressed by induction at an OD600 = 0.6 

with 0.4 mM IPTG at 37C for 4-5 h. 

 Untagged Ufd2 was purified in PBS buffer by affinity chromatography using immobilized 

glutathione (GST•Bind Resin, Novagen) followed by overnight on-column cleavage with 
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thrombin at 16 C and size-exclusion chromatography (HiLoad 26/60 Superdex 200 prep grade, 

GE Healthcare) or (High performance Superdex 200 10/300 GL) in 50 mM HEPES pH 7.4, 150 

mM NaCl and 1 mM -mercaptoethanol.  

 For GST pull-down and comparative SPR binding studies, GST-tagged Ufd2 was eluted from 

the GSH column with 20 mM reduced glutathione and desalted either by size-exclusion 

chromatography on Sephadex G-25 equilibrated with 50 mM HEPES pH 7.4, 150 mM NaCl and 

1 mM -mercaptoethanol or using U-tube concentrators (Novagen). 

 Rad23- and Dsk2-UBL domains were purified in sodium phosphate buffer by metal affinity 

chromatography (Ni-NTA, Invitrogen) followed by size-exclusion chromatography (HiLoad 

26/60 Superdex 200 prep grade, GE Healthcare) in 50 mM HEPES pH 7.4, 150 mM NaCl and 1 

mM -mercaptoethanol. All proteins were concentrated to ~20 mg/ml by ultrafiltration (Vivaspin, 

Sartorius), shock frozen, and stored at -80 °C. 

Site Directed MutagenesisFor site directed mutagenesis the QuikChange® II Site-Directed 

Mutagenesis Kit from Stratagene was used. The following mutants were created: (a) pGEX-4T1-

Ufd2: E26A, D40A, L44A, E49A, R92A, G96A, V100A, I104A, F107A, T48A, Y97A, 

L44A/F107A, E26A/E49A, R92A/G96A, and V100A/I104A (b) pET21b-Rad23-UBL (C-

terminal His-tag): F9A, K10A, I45A, S47A, G48A, V50A, Q52A, Q67A, V69A, M71A, 

I45A/V69A, S47A/G48A, F9A/K10A, V50A/M71A, Q52A/Q67A, and S47A/V50A (c) pET21b-

Dsk2-UBL (C-terminal His-tag): G10F/Q11K/S67Q/H69V/V71M, and 

G10F/Q11K/I50V/K52Q/S67Q/H69V/V71M. 
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SUPPLEMENTAL TABLE 1 

Data collection 

 Ufd2:Rad23-UBL Ufd2:Dsk2-UBL 

Data Collection   

Resolution (Å) 45.5-2.4 (2.53-2.4) 73.5-2.4 (2.53-2.4) 

Wavelength (Å) 0.9 0.976 

Space group P212121 P212121 

Cell dimensions (Å) a = 65.0, b = 126.6, c = 

180.9 

a = 65.1, b = 125.7, c = 

181.2 

Unique reflections 59,314 58,089 

<I/I>  15.6 (3.3) 12.9 (2.2) 

Completeness (%) 100 (100) 98.6 (95.1) 

Redundancy 5.1 (5.2) 3.8 (3.5) 

Rsym 0.070 (0.492) 0.062 (0.509) 

Numbers in parentheses refer to the respective highest resolution data shell in each data set. Rsym 

= hkli|Ii-<I>|/hkli<I> where Ii is the ith measurement and <I> is the weighted mean of all 

measurements of I. <I/I> indicates the average of the intensity divided by its average standard 

deviation. 
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SUPPLEMENTAL FIGURE LEGENDS 

SUPPLEMENTAL FIGURE S1. Comparative SPR analysis for binding of Ufd2 to wild type 

Rad23-UBL and its variants. His6-tagged wt Rad23-UBL, its single (A, B) or double mutants 

(C) were captured on a Ni-NTA sensor chip to an equal response unit (100 RU) in each cycle and 

GST-Ufd2 was applied in the mobile phase. D, The relative binding responses of UBL-variants at 

the end of two-minute injections of GST-Ufd2 are measured and percent wt responses are 

presented (Table 2). 

 

SUPPLEMENTAL FIGURE S2. Comparative SPR analysis for binding of Ufd2 variants to 

Rad23- and Dsk2-UBL. His6-tagged Rad23-UBL (A) or Dsk2-UBL (B) are captured on a Ni-

NTA sensor chip and variants of GST-Ufd2 were applied in the mobile phase as indicated. 

Percent wt responses are shown in a bar graph in supplemental Fig. S4B and Table 2. 

 

SUPPLEMENTAL FIGURE S3. ITC experiments with Ufd2, Rad23-UBL, Dsk2-UBL, and 

their variants. A, Wt-Ufd2 titrated with Rad23-UBL variants. B, Ufd2 variants titrated with wt-

Rad23-UBL. C, Ufd2 variants titrated with wt-Dsk2-UBL. All experiments were performed under 

the same conditions and the measured binding enthalpies are plotted as a function of the molar 

ratio of Rad23-UBL/Dsk2-UBL to Ufd2. The resulting binding parameters are summarized in 

supplemental Table S2. 

 

SUPPLEMENTAL FIGURE S4. Comparison of the Ufd2:Rad23-UBL and Ufd2:Dsk2-UBL 

interface regions. A, Superposition of the Ufd2:Rad23-UBL and Ufd2:Dsk2-UBL interface 

region with residues involved in interaction shown as sticks. The N-terminal binding domain of 

Ufd2 is colored in orange (Rad23 complex) and gray (Dsk2 complex), Rad23-UBL in green and 

Dsk2-UbL in yellow. B, Relative binding responses of Ufd2 variants to the Rad23- and Dsk2-

UBL are shown in bar graphs. 
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SUPPLEMENTAL FIGURE S5. Sequence alignment of S. cerevisiae Ufd2 and human Ufd2s 

E4A and E4B. The secondary structure elements of S. cerevisiae Ufd2 assigned using DSSP (1) 

are labeled above the sequences. The alignment was performed using DaliLite (2) and the figure 

was prepared with ESPript (3). Strictly conserved amino acids are highlighted with white letters 

in red and similar amino acids are in red letters. Residues colored in red represent the core region 

of the Ufd2:Rad23-UBL binding domain, which is essential for UBL interaction, while yellow 

shaded residues contribute moderately to the interaction. 

 
 
References 

 
1. Kabsch, W., and Sander, C. (1983) Biopolymers 22, 2577-2637 
2. Holm, L., Kaariainen, S., Rosenstrom, P., and Schenkel, A. (2008) Bioinformatics 24, 

2780-2781 
3. Gouet, P., Courcelle, E., Stuart, D. I., and Metoz, F. (1999) Bioinformatics 15, 305-308 
 
 



A B

C D

Figure S1



Figure S3

A B

Figure S2



kc
al

/m
ol

e 
of

 In
je

ct
an

t

A

molar ratio

Rad23 variants

Figure S3

kc
al

/m
ol

e 
of

 In
je

ct
an

t

B

molar ratio

Ufd2 variants

molar ratio

kc
al

/m
ol

e 
of

 In
je

ct
an

t Ufd2 variants

C

0 1 2 3 4

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

 wt-Rad23
 F9A
 K10A
 I45A
 S47A
 V50A
 Q52A
 Q67A
 V69A
 M71A

0 1 2 3 4

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

 wt-Rad23
 E26A
 D40A
 L44A
 E49A
 R92A
 G96A
 V100A
 I104A
 F107A
 T48A
 Y97A

0 1 2 3 4

-14

-12

-10

-8

-6

-4

-2

0

2

 wt-Dsk2
 E26A
 D40A
 L44A
 E49A
 R92A
 G96A
 V100A
 I104A
 F107A
 T48A
 Y97A



Figure S4

A

S47

V50/I50

G48

I45

M71/V71

F9/G10

K10/Q11V69/H69
Q67/S67

R92

D40

Y97

F107

E49

E26

I104

V100

L44

T48G96

L93

N106

B



Figure S5

2 31



 









2 4

5 63

3

yUfd2
hE4A
hE4B

yUfd2
hE4A
hE4B

yUfd2
hE4A
hE4B


	Revised_Supplemental data.pdf
	SupplFig-final_SHR
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5



<<
  /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


