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Supplementary Results 
 

Supplementary Table 1. Data collection and refinement statistics for the CC0651-Cdc34A-

ubiquitin complex. Data was collected from a single frozen crystal. Highest resolution shell is 

shown in parenthesis.  

 

Data collection  

Space group P1 

Cell dimensions    

    a, b, c (Å) 55.4, 72.2, 75.9 

    α, β, γ  (°)  71.9, 79.6, 81.6 

Resolution (Å) 44.6-2.6  

Rsym or Rmerge 7.9 (45.7)  

I/σI 13.7 (1.2) 

Completeness (%) 95.8 (85.5) 

Redundancy 2.2 (1.7) 

  

Refinement  

Resolution (Å) 44.6-2.6 

No. reflections 31377 

Rwork/ Rfree 0.204/0.259 

No. atoms  

    Protein 7545 

    Ligand/ion 166 

    Water 46 

B-factors  

    Protein 39.2 

    Ligand/ion 56.9 

    Water 51.5 

RMS deviations  

    Bond lengths (Å)  0.008 

    Bond angles (º) 1.26 
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Supplementary Table 2. Compound Characterization Data 
 
Compound Analytical Data 

1 (CC0651) 1H NMR (400 MHz, CD3OD): δ (ppm) 7.49-7.59 (m, 4H), 7.30-7.42 (m, 3 H), 

4.37 (ddd, J = 9.8, 8.2, 4.3 Hz, 1 H), 4.30 (d, J = 2.0 Hz, 1 H), 3.99 (dd,  J = 

8.2, 2.0 Hz, 1 H), 3.81 (d, J = 15.3 Hz, 1 H), 3.71 (d, J = 15.3 Hz, 1 H), 3.3 

(s, 3 H, overlapping with solvent), 3.24 (dd, J = 14.1, 4.3 Hz, 1 H), 2.87 (dd, 

J = 13.9, 10.0 Hz, 1 H). LC (Method B): Ret. time = 2.14 min. HRMS (ESI-

TOF) m/z: [M + H]+ Calcd for C20H22Cl2NO6 442.0819; found: 442.0813. 

[α]D20 41 (c 0.18, CHCl3). 

2  1H NMR (400 MHz, CD3OD): δ (ppm) 7.49 (pseudo d, J = 8.1 Hz, 2 H), 7.31 

(pseudo d, J = 8.2 Hz, 2 H), 7.18 (s, 2H), 6.96 (s, 1 H), 4.41-4.33 (m, 1 H, 

CHN), 4.31 (d, J = 1.8 Hz, 1H, CHCO2H), 3.98 (dd, J = 7.9, 1.8 Hz, 1 H, 

OCHCHN), 3.83 (d, J = 15.3 Hz, 1 H, CH2OMe), 3.72 (d, J = 15.3 Hz, 1 H, 

CH2OMe), 3.30 (s, 3 H, OCH3, overlapping with solvent signal), 3.21 (dd, J = 

13.9, 4.5 Hz, 1 H, CH2Ar), 2.86 (dd, J = 14.1, 9.7 Hz, 1 H. CH2Ar), 2.34 (s, 6 

H, ArCH3). 13C NMR (100 MHz, CD3OD, CH(1-3) from HSQC): δ (ppm) 130.6 

(CH), 129.4 (CH), 127.7 (CH), 125.5 (CH), 74.0 (OCHCN), 72.3 (CH2OMe), 

71.9 (CHCO2H), 59.3 (OCH3), 53.9 (CHN), 37.3 (CH2), 21.2 (CH3). HRMS 

(ESI-TOF) m/z: [M + H]+ Calcd for C22H28NO6 402.1911; Found 402.1934. 

3 1H NMR (400 MHz , CD3OD): δ (ppm) 7.60-7.51 (m, 2 H), 7.42-7.32 (m, 2 

H), 7.28-7.15 (m, 2 H), 6.93-6.84 (m, 1 H), 4.43-4.33 (m, 1 H), 4.23 (d, J = 

1.9 Hz, 1 H), 3.97 (dd, J = 7.9, 1.9 Hz, 1 H), 3.81 (d, J = 15.6 Hz, 1 H), 3.71 

(d, J = 15.3 Hz, 1 H), 3.30 (s, 3 H, overlapping with solvent signal), 3.23 (dd, 

J = 13.8, 4.4 Hz, 1 H), 2.86 (dd, J = 13.9, 9.8 Hz, 1 H). 13C NMR (100 MHz, 

CD3OD, CH(1-3) from HSQC): δ (ppm) 131.0 (CH), 127.7 (CH), 110.3 (CH), 

102.7 (CH), 74.0 (OCHCN), 72.3 (CH2OMe), 72.1 (CHCO2H), 59.3 (OCH3), 

53.9 (CHN), 37.5 (CH2Ar). HRMS (ESI-TOF) m/z: [M + H]+ Calcd for 

C20H22F2NO6 410.1410; Found 410.1420. 

4 1H NMR (400MHz ,cd3od): δ (ppm) 7.50 (pseudo d, J = 8.2 Hz, 2 H), 7.35 (s, 

1 H), 7.33-7.26 (m, 3 H), 7.16 (d, J = 7.9 Hz, 1 H), 4.41-4.32 (m, 1 H), 4.31- 

4.26 (m, 1 H), 3.98 (d, J = 8.2 Hz, 1 H), 3.82 (d, J = 15.3 Hz, 1 H), 3.72 (d, J 

= 15.3 Hz, 1 H), 3.30 (s, 3 H, overlapping with solvent signal), 3.20 (dd, J = 

14.1, 4.4 Hz, 1 H), 2.85 (dd, J = 13.8, 9.7 Hz, 1 H), 2.31 (s, 3 H), 2.28 (s, 3 

Huang et al. Supplementary Information p.3



 

H). 13C NMR (100 MHz, CD3OD, CH(1-3) from HSQC): δ (ppm) 130.8 (CH), 

130.5 (CH), 128.7 (CH), 127.4 (CH), 124.9 (CH), 73.9 (CH), 72.3 (CH2), 72.0 

(CH), 59.3 (CH3), 53.9 (CH), 37.3 (CH2), 19.7 (CH3), 19.2 (CH3). HRMS 

(ESI-TOF) m/z: [M + H]+ Calcd for C22H28NO6 402.1911; found 402.1926. 

5   1H NMR (400 MHz , CD3OD): δ (ppm) 7.52 (psudo d, J = 8.2 Hz, 2 H), 7.32 

(pseudo d, J = 8.2 Hz, 2 H), 6.93-6.79 (m, 2 H), 4.42-4.34 (m, 1 H), 4.27 (d, 

J = 1.5 Hz, 1 H), 3.97 (dd, J = 7.6, 1.4 Hz, 1 H), 3.90 (s, 6 H), 3.83 (d, J = 

15.1 Hz, 1 H), 3.79 (s, 3 H), 3.73 (d, J = 15.3 Hz, 1 H), 3.32 (s, 3 H, 

overlapping with solvent signal), 3.21 (dd, J = 13.9, 4.3 Hz, 1 H), 2.86 (dd, J 

= 13.9, 9.5, 1 H). 13C NMR (100 MHz, CD3OD, CH(1-3) from HSQC): δ (ppm) 

130.1 (CH), 127.2 (CH), 104.7 (Ar CHCO), 73.7 (OCHCN), 71.9 (CH2OMe), 

71.5 (CHCO2H), 60.8 (p-ArOCH3), 58.9 (CH2OCH3), 56.0 (m-ArOCH3), 53.7 

(CHN), 36.8 (CH2Ar). HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C23H30NO9 

464.1915; found 464.1926. 

6 1H NMR (400MHz , CD3OD): δ (ppm) 7.51 (d, J = 8.2 Hz, 2 H), 7.46 (d, J = 

7.3 Hz, 2 H), 7.41-7.35 (m, 2 H), 7.35-7.27 (m, 4 H), 7.21-7.14 (m, 2 H), 6.96 

(dd, J = 2.1, 7.9 Hz, 1 H), 5.14 (s, 2 H), 4.37 (d, J = 2.9 Hz, 1 H), 4.32-4.24 

(m, 1 H), 3.98 (d, J = 8.2 Hz, 1 H), 3.82 (d, J = 15.3 Hz, 1 H), 3.72 (d, J = 

15.3 Hz, 1 H), 3.30 (s, 3 H, overlapping with solvent signal), 3.21 (dd, J = 

4.4, 13.8 Hz, 1 H), 2.86 (dd, J = 9.8, 13.9 Hz, 1 H). 13C NMR (100 MHz, 

CD3OD, CH(1-3) from HSQC): δ (ppm) 130.6 (CH), 129.3 (CH), 128.7 (CH), 

128.3 (CH), 127.6 (CH), 120.2 (CH), 114.4 (CH), 114.3 (CH), 73.9 

(OCHCN), 72.3 (CH2OMe), 71.9 (CHCO2H), 70.8 (OCH2Ar), 59.1 

(CH2OCH3), 54.0 (CHN), 37.2 (CH2Ar). HRMS (ESI-TOF) m/z: [M + H]+ 

Calcd for C27H30NO7 480.2017; found 480.2044. 

7 1H NMR (400 MHz, CDCl3): δ (ppm) 7.43 (pseudo d, J = 8.6 Hz, 2 H), 7.10 

(pseudo d, J = 8.2 Hz, 2 H), 4.72 (br. s., 1 H), 3.83 (br. s., 1 H), 3.61-3.72 

(m, 1 H), 3.48-3.61 (m, 1 H), 2.81 (d, J = 7.04 Hz, 2 H), 2.19 (br. s., 1 H), 

1.42 (s, 9 H). LC (Method A): Ret. time = 2.22 min. LC-MS (APCI) m/z: [M - 

Boc + H2]+ Calcd for C9H13BrNO 230.0; found 230.2, 232.0. [α]D20 –24.9 (c 

1.07, CHCl3). 

8 1H NMR (400 MHz, CDCl3): δ (ppm) 7.49 (d, J = 8.2 Hz, 2 H), 7.41-7.46 (m, 

2 H), 7.28-7.36 (m, 3 H), 4.76 (br. s., 1 H), 3.91 (br. s., 1 H), 3.71 (dt, J = 
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10.3, 4.8 Hz, 1 H), 3.60 (dt, J = 10.8, 5.2 Hz, 1 H), 2.91 (d, J = 7.0 Hz, 2 H), 

2.19 (br. s., 1 H), 1.43 (s, 9 H). LC (Method A): Ret. time = 2.69 min. LC-MS 

(APCI) m/z: [M - Boc + H2]+ Calcd for C15H16Cl2NO 296.1; found 296.0, 

298.2. 

9 1H NMR (400 MHz, CDCl3): δ (ppm) 9.67 (s, 1 H), 7.49 (d, J = 7.0 Hz, 2 H), 

7.44 (s, 2 H), 7.34 (d, J = 1.6 Hz, 1 H), 7.27 (t, J = 3.5 Hz, 3 H), 5.08 (br. s., 

1 H), 4.48 (d, J = 5.9 Hz, 1 H), 3.03-3.32 (m, 2 H), 1.45 (s, 9 H). 

10 1H NMR (400 MHz, CDCl3): δ (ppm) 7.49 (d, J = 8.2 Hz, 2 H), 7.45 (d, J = 

2.0 Hz, 2 H), 7.32-7.37 (m, 1 H), 7.23-7.30 (m, 2 H), 6.93 (dd, J = 15.7, 5.1 

Hz, 1 H), 5.82-5.96 (m, 1 H), 4.65 (br. s., 1 H), 4.54 (br. s., 1 H), 3.74 (s, 3 

H), 2.95 (d, J = 6.7 Hz, 2 H), 1.31-1.49 (m, 9 H). LC (Method A): Ret. time = 

2.89 min. LC-MS (APCI) m/z: [M - Boc + H2]+ Calcd for C18H18Cl2NO2 350.1; 

found 350.2, 352.0. 

11 1H NMR (400 MHz, CD3OD): δ (ppm) 7.48-7.60 (m, 4 H), 7.32-7.43 (m, 3 H), 

4.31-4.40 (m, 1 H), 3.93 (td, J = 9.5, 3.7 Hz, 1 H), 3.69-3.88 (m, 4 H), 3.24 

(dd, J = 13.7, 3.5 Hz, 1 H), 2.70 (dd, J = 13.7, 10.2 Hz, 1 H), 1.26-1.38 (m, 9 

H). LC (Method A): Ret. time = 2.79 min. LC-MS (APCI) m/z: [M - Boc + H2]+ 

Calcd for C18H20Cl2NO4 384.1; found 384.0, 386.0. 

12 1H NMR (400 MHz, CD3OD): δ (ppm) 7.50-7.60 (m, 4 H), 7.33-7.43 (m, 3 H), 

4.32-4.42 (m, 2 H), 3.97 (dd, J = 8.0, 2.2 Hz, 1 H), 3.68-3.86 (m, 5 H), 3.33 

(s, 3 H, overlapping with solvent signal), 3.23 (dd, J = 13.7, 4.3 Hz, 1 H), 

2.87 (dd, J = 13.9, 10.0 Hz, 1H). LC (Method A): Ret. time = 2.22 min. LC-

MS (APCI) m/z: [M + H]+ Calcd for C21H24Cl2NO6 456.1; found 456.2, 458.0. 

 

 

  

Huang et al. Supplementary Information p.5



a

105

110

115

120

125

15
N

 (p
pm

)
7.08.09.0 6.0

1H (ppm)

[15N-Ub] : [Cdc34AFL] : [CC0651]  
        1       :         1        :       0       
        1       :         1        :       0.5     

[15N-Ub]  : [CC0651]  
        1     :       0       
        1     :       2     105

110

115

120

125

15
N

 (p
pm

)

7.08.09.0 6.0
1H (ppm)

 

7.08.09.0 6.0
1H (ppm)

105

110

115

120

125

15
N

 (p
pm

)

                    [15N-Ub]  :  [Cdc34AFL]  
                         1       :         0       
                         1       :         1     

7.08.09.0 6.0
1H (ppm)

105

110

115

120

125

15
N

 (p
pm

)

[15N-Ub]  :  [Cdc34ACAT]  
     1       :         0       
     1       :         1     

c

b

d

15N-Ub +/- Cdc34ACAT 

15N-Ub +/- Cdc34AFL 

15N-Ub +/- CC0651 

(15N-Ub+Cdc34AFL) +/- CC0651 

Supplementary Figure 1. Interaction analysis of 15N-Ub, Cdc34A and CC0651. (a-d) Superposition of the 1H, 
15N-HSQC spectra of (a) 15N-Ub (black) versus 15N-Ub:Cdc34ACAT (red), (b) 15N-Ub (black) versus 15N-Ub:CC0651 
(red), (c) 15N-Ub (black) versus 15N-Ub:Cdc34AFL (red) and (d) 15N-Ub:Cdc34AFL (black) versus 15N-
Ub:Cdc34AFL:CC0651 (red). Stoichiometric ratios of components in each experiment are indicated. (e-f) Peak 
intensity change versus residue number for (e) 15N-Ub versus 15N-Ub:Cdc34AFL (panel c) and (f) 15N-Ub:Cdc34AFL 
versus 15N-Ub:Cdc34AFL:CC0651 (panel d). (g) Interaction surfaces on ubiquitin for Cdc34AFL in the absence and 
presence of CC0651. Surfaces were defined using peak intensity change cut-offs shown as red dashed lines in 
panels e and f.  
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Supplementary Figure 3.  Representative electron density maps. (a) Unbiased electron density map of the 
CC0651-Cdc34A-ubiquitin complex before inclusion of CC0651 coordinates into the refinement model. 2Fo-Fc 
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Supplementary Figure 4. Notable contact features of the CC0651-Cdc34A-ubiquitin complex. Stereo views 
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and Cdc34A and (c) hydrophobic contacts between ubiquitin and Cdc34A. Color scheme as in Fig. 3.
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Cdc34A+Ub
+SumoUbc9

41˚

Cdc34A+Ub
Ubc1+Ub
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Supplementary Figure 5. Binding orientation of ubiquitin to Cdc34A induced by CC0651 is similar to a 
previously characterized E2-SUMO interaction. Overlay of the CC0651-Cdc34A-ubiquitin complex with 
a UbcH9-SUMO complex (PDB 1Z5S 1) is shown. Superposition was performed using the E2 coordi-
nates. Rotation angles relate the orientations of ubiquitin and SUMO subunits. Overlay of the CC0651-
Cdc34A-ubiquitin complex with the Ubc1-Ub covalent complex (PDB 1FXT 2) shown in Fig. 3e is 
included for reference.
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Cdc34A M A R P L V P S S Q K A L L L E L K G L Q E E P V E G F R V T L V D E G - - - D L Y N W E V A I F G P - P N T Y Y E G G Y F K A R L K F P I D Y P Y S P P A F R F L T K MW H P N I Y E T G -
Cdc34B M A Q Q Q M T S S Q K A L M L E L K S L Q E E P V E G F R I T L V D E S - - - D L Y N W E V A I F G P - P N T L Y E G G Y F K A H I K F P I D Y P Y S P P T F R F L T K MW H P N I Y E N G -
Ube2G1 - - - M T E L Q S A L L L R R Q L A E L N K N P V E G F S A G L I D D N - - - D L Y R W E V L I I G P - P D T L Y E G G V F K A H L T F P K D Y P L R P P K M K F I T E I WH P N V D K N G -
Ube2G2 - - - - M A G T A L K R L M A E Y K Q L T L N P P E G I V A G P M N E E - - - N F F E W E A L I M G P - E D T C F E F G V F P A I L S F P L D Y P L S P P K M R F T C E M F H P N I Y P D G -
Ube2A - - - - M S T P A R R R L M R D F K R L Q E D P P A G V S G A P S E N - - - - N I M V WN A V I F G P - E G T P F E D G T F K L T I E F T E E Y P N K P P T V R F V S K M F H P N V Y A D G -
Ube2B - - - - M S T P A R R R L M R D F K R L Q E D P P V G V S G A P S E N - - - - N I M QW N A V I F G P - E G T P F E D G T F K L V I E F S E E Y P N K P P T V R F L S K M F H P N V Y A D G -
Ube2C S G G A A R G P V G K R L Q Q E L M T L M M S G D K G I S A F P E S D N - - - - L F K W V G T I H G A - A G T V Y E D L R Y K L S L E F P S G Y P Y N A P T V K F L T P C Y H P N V D T Q G -
Ube2D1 - - - - - - - M A L K R I Q K E L S D L Q R D P P A H C S A G P V G D D - - - - L F H W Q A T I M G P - P D S A Y Q G G V F F L T V H F P T D Y P F K P P K I A F T T K I Y H P N I N S N G -
Ube2D2 - - - - - - - M A L K R I H K E L N D L A R D P P A Q C S A G P V G D D - - - - M F H W Q A T I M G P - N D S P Y Q G G V F F L T I H F P T D Y P F K P P K V A F T T R I Y H P N I N S N G -
Ube2D3 - - - - - - - M A L K R I N K E L S D L A R D P P A Q C S A G P V G D D - - - - M F H W Q A T I M G P - N D S P Y Q G G V F F L T I H F P T D Y P F K P P K V A F T T R I Y H P N I N S N G -
Ube2D4 - - - - - - - - A L K R I Q K E L T D L Q R D P P A Q C S A G P V G D D - - - - L F H WQ A T I M G P - N D S P Y Q G G V F F L T I H F P T D Y P F K P P K V A F T T K I Y H P N I N S N G -
Ube2E1 K N S K L L S T S A K R I Q K E L A D I T L D P P P N C S A G P K G D N - - - - I Y E WR S T I L G P - P G S V Y E G G V F F L D I T F T P E Y P F K P P K V T F R T R I Y H C N I N S Q G -
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Supplementary Figure 6. Structure-based sequence alignments for human E2 enzymes and for ubiquitin. (a) 
Residue numbers and secondary structure elements for human Cdc34A are indicated above the aligned sequences. 
A region of disorder in the Cdc34A structure is indicated by a dashed line. Residues mutated in this study are high-
lighted by red stars. The catalytic cysteine and asparagine are in red and conserved hydrophobic residues in yellow. 
Cdc34A residues comprising the ubiquitin interface are in pink and boxed across all E2 enzymes. Ubiquitin contact 
residues of UbcH5A and UbcH5B (PDB 4AP4; PDB 4AUQ), and Ubc9 (PDB 1Z5S) are in purple. (b) Residue 
numbers and secondary structure elements for human ubiquitin are indicated above the aligned sequences of wild 
type ubiquitin and SUMO-1. Residues that contact Cdc34A and Ubc9 are in cyan and green. 
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Supplementary Figure 7. Effect of structure-guided mutations in Cdc34A on interactions of 15N-Ub, Cdc34A 
and CC0651 detected by NMR. (a-d) Superposition of the 1H, 15N-HSQC spectra of (a) 15N-Ub:Cdc34ACAT 
(black) versus 15N-Ub:Cdc34ACAT:CC0651 (red), (b) 15N-Ub:Cdc34ACAT-Glu133Arg (black) versus 15N-
Ub:Cdc34ACAT-Glu133Arg:CC0651 (red), (c) 15N-Ub:Cdc34ACAT-Ser129Leu (black) versus 15N-Ub:Cdc34ACAT-

Ser129Leu:CC0651 (red) and (d) 15N-Ub:Cdc34ACAT-Ser129Arg (black) versus 15N-Ub:Cdc34CAT-Ser129Arg:CC0651 (red). 
Stoichiometric ratios of each component are indicated. (e-f) Peak intensity change versus residue number for 
the 1H, 15N-HSQC spectra of (e) 15N-ubiquitin:Cdc34ACAT Ser129Leu versus 15N-ubiquitin:Cdc34ACAT 

Ser129Leu:CC0651 (panel c) and (f) 15N-ubiquitin:Cdc34ACAT Ser129Arg versus 15N-ubiquitin:Cdc34ACAT 

Ser129Arg:CC0651 (panel d). (g) Sensitivity of the SCFCdc4 Sic1 ubiquitination reaction to CC0651 for the 
indicated mutants of Cdc34A. 
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Supplementary Figure 8. Interaction analysis of 15N-Rbx1 with Cdc34A, ubiquitin and CC0651. (a) Superposi-
tion of the 1H, 15N-HSQC spectra of 15N-Rbx1 (residues 12-108) (black) versus 15N-Rbx1 (residues 
12-108):Ub:CC0651 (red) are shown for the indicated stoichiometric ratios. (b) Chemical shift perturbation for the 
1H, 15N-HSQC spectra superpositions in panel a. (c) Front and back surface representations of the Rbx1 RING 
domain (PDB 2LGV 3) with residues affected by the addition of ubiquitin and CC0651 to 15N-Rbx1 shown in blue. 
Affected residues were defined by the red line in panel b. (d-g) Superposition of 1H, 15N-HSQC spectra for (d) 
15N-Rbx1 (black) versus 15N-Rbx1:Cdc34AFL (red), (e) 15N-Rbx1 (black) versus 15N-Rbx1:Cdc34AFL-Thr117Glu (red), 
(f) 15N-Rbx1 (black) versus 15N-Rbx1:Cdc34AFL-Tyr70Arg (red), and (g) 15N-Rbx1:CC0651:ubiquitin (black) versus 15N 
Rbx1:CC0651:Cdc34AFL:ubiquitin (red) at the indicated stoichiometric ratios. 
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Supplementary Figure 9. Functional characterization of Cdc34A mutations that alter the Rbx1 
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Supplementary Figure 12. Synthetic route for CC0651, and reproducibility of potency in vitro. (a) CC0651 
synthesis. Chiral amino alcohol 7 and (3,5-dichlorophenyl)boronic acid substrates were subjected to a Suzuki 
cross-coupling reaction to afford biaryl intermediate 8, which was selectively oxidized under non-racemizing 
conditions furnishing aldehyde 9. Wittig olefination gave an a,b-unsaturated ester 10 which was diastereose-
lectively syn-dihydroxylated by Sharpless oxidation to give 11. Boc deprotection followed by HATU-mediated 
acylation of the resulting amine with 2-methoxyacetic acid gave amide 12. Saponification of 12 followed by 
acidification to pH 2 yielded CC0651. Chiral SFC analysis yielded an enantiomeric ratio of >98%. (b) Sensitivity 
of the SCFCdc4 Sic1 ubiquitination reaction to different preparations of CC0651. Representative gels are shown 
for each preparation. IC50 values +/- S.E.M. were calculated for two replicate experiments.
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