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Table S1. Summary of ChABC stabilization studies. Each row represents a mutant or 
construct with columns for the study manuscript, sequence mutation from wild type or buffer, 
substrate, and measured activities where available, including specific activity, Vmax, Km, kcat, 
kcat/Km, Tm, ΔTm, and t1/2 in normalized units.  

 
Modifications Vmax 

(µM/min) 
Km 
(µM) 

kcat 
(min-1) 

kcat/Km 
(µM-1 min-1) 

Tm 
(°C) 

ΔTm 
(°C) 

Half-Life 
@ 37°C 

(min) 

Study 

ChABC-SH3 392 2132, 
2175 

4894, 4560 2.30, 210 49 - 991 Current 
Studya,b 

ChABC-37-
SH3 

387 2821, 
3655 

4640, 5759 1.72, 1.58 55 6 6299  

ChABC-55-
SH3 

64 16180, 
4778 

802, 2776 0.05, 0.58 57 8 9104  

ChABC-92-
SH3 

140 2120, 
3297 

1753, 3722 0.83, 1.14 53 4 4626  

Wild type 0.028 44 5090 116 47 - 2 [43] a 
With glycerol 0.026 39 4727 121 49 2 30  
With sorbitol 0.023 33 4182 127 52 5 50  

With trehalose 0.025 35 4545 130 54 7 80  
Wild type 

 
42 4980 120 47 - 2 [26] a 

Q140G 
 

34 5340 156 50 3 5  
Q140A 

 
31 5280 168 53 6 7  

Q140N 
 

50 4800 96 45 -2 1.5  
Wild type 18.7, 

5.04 
73.1, 
8.17 

35088, 
9396 

480,  
1150 

 
 

 
[44] a,b 

D433A 
     

 
 

 
S441A 

     
 

 
 

N468A 
     

 
 

 
S474A 

     
 

 
 

N515A 
     

 
 

 
N564A 

     
 

 
 

Y575A 
     

 
 

 
Y594A 

     
 

 
 

F609A 
     

 
 

 
Y623A 

     
 

 
 

R660A 
     

 
 

 
N795A 22.5, 

4.59 
7.25, 
13.65 

21859, 
10008 

3015,  
733.2 

 
 

 
 

W818A 19.84, 
2.94 

16.92, 
2.29 

15055, 
8029 

890,  
3506 

 
 

 
 

Wild type 0.029 40.2 5140 128 47 - 3.8 [27] a 

R692L 0.045 47.3 7000 148 43 -4 3.5  
H700A 0.039 49.2 6877 140 45 -2 3.5  
H700N 0.045 42.2 12,971 307 41 -6 10  



L701T 0.028 56.7 4763 84 57 10 7.5  
Q787A 0.028 40.3 5000 124 51 4 2.5  

H700N, L701T 0.024 48.8 3703 76 63 16 15.8  
R692L, H700A 0.05 27.6 13,210 479 39 -8 2.3  
R692L, Q787A 0.095 28.3 14,875 526 37 -10 2.2  

H700A, 
Q787A 

0.106 29.9 16,562 554 35 -12 1.9  

R692L, 
H700A, 
Q787A 

0.116 34.3 23,200 676 33 -14 1.5  

Wild type 0.03 41.6 5317 128 
 

 3.9 [45] a 

L679S 0.044 40.6 10682 263 
 

 6.6  
L679D 0.029 41.8 5178 124 

 
 9.5  

Wild type 0.012 0.52 2223 4254 48 - 8.3 [22] a 

E131P 0.014 0.692 2072 3427 48 0 9.6  
K132P 0.013 0.84 2028 2414 48 0 5.4  
I134P 0.015 0.75 2438 3223 48 0 4.4  
T136P 0.012 0.48 2034 4172 48 0 6.4  
E138P 0.015 0.76 2238 2920 50 2 18  

Wild type 0.0295 40.8 5090 125 
 

 3.8 [46] a 

M889K 0.0502 27.7 13319 481 
 

 9.1  
M889L 0.0296 43.4 5045 116 

 
 2.9  

L679D, 
M889K 

0.1055 30 16484 549 
 

 11.4  

L679S, M889K 0.0436 41 12262 299 
 

 6  
Wild type 

 
0.6624 3433.6 5183.74 

 
 

 
[47] a 

N806Y, 
Q810Y 

 
0.398 2571.8 6461.83 

 
 

 
 

N806A, 
Q810A 

 
0.6099 4395 7206.09 

 
 

 
 

N806A, 
Q810Y 

 
0.9494 1860.6 1959.76 

 
 

 
 

N806Y, 
Q810A 

 
1.037 2838.6 2737.34 

 
 

 
 

Wild type 0.01073 662.4 3433.6 5.18374 
 

 
 

[48] a 
I295Y Inactive - - - 

 
 

 
 

S581Y 0.01022 614.8 3289.3 5.35024 
 

 
 

 
G730Y 0.00908

7 
388.1 2368.7 6.10307 

 
 

 
 

Wild type 0.00732
1 

0.66 3669 5542.2 
 

 22.2 [49] a 

S474H 0.00846
1 

0.77 4231 5436.2 
 

 10.6  

H475A Inactive - - - 
 

 -  
Y476H Inactive - - - 

 
 -  



Y476A Inactive - - - 
 

 -  
H475A, 
Y476H 

Inactive - - - 
 

 -  

Wild type 0.01 0.57 2426 4257 48 - 8.5 [50] a 

E138A 0.0136 0.82 2321 2831 48 0 9.9  
E138K 0.015 1.06 1211 1143 48 0 9.9  
E138D Inactive - - - 42 -6 -  
E138P, 
Q140A 

0.011 0.57 4421 7756 49 1 1.3  

E138P 0.015 0.76 2238 2920 50 2 18  
Wild type 

    
48 - 606 [3] a 

N1000G 
    

49 1 1218  
Q140G 

    
49 1 444  

T154F 
    

49 1 84  
S431L 

    
50 2 198  

Wild type 0.028 40.4 5224 129 48 - 
 

[51] a 

Q678E 0.03 42.5 5093 120 47 -1 
 

 
Q681E 0.04 51 7005 137 49 1 

 
 

Q678E, 
Q681E 

0.046 48.5 7165 148 51 3 
 

 

 
Parameters determined using a chondroitin sulfate A or b dermatan sulfate as the substrate. 
  



 

 
Fig. S 1. Dendrogram for ChABC sequences used to develop consensus design restraints.  Protein sequences from the NCBI 
non-redundant database with BlastP E-value < 1e-4 were aligned using MUSCLE and filtered for the absence of insertions or deletions 
in DSSP-labeled loops. This process identified 70 sequences. The multiple-sequence alignment is shown as a neighbor-joining tree 
without distance corrections computed using the clustalo52 package and plotted using FigTree 1.4.4l, with mid-point rooting labeled 
with the species and class.53



 

 

Fig. S2. Global  relaxation  of  wild  type ChABC  and  designed mutants using Rosetta. A)  
Wild type ChABC and mutants (ChABC-37, ChABC-55, ChABC-92) were relaxed 2000 times 
each using the FastRelax Rosetta protocol. The result of each relax run is plotted as the predicted 
energy vs. the backbone root-mean-square deviation (RMSD) from 1HN0. The lower energy 
designs are predicted to be more stable. B) Wild type ChABC and mutants (ChABC-37, ChABC-
55, ChaBC-92) as well as subsets of the ChABC-37 mutations for each domain1-4, having residue 
ranges 25-242, 243-604, 605-882, 883-1021, and 9, 18, 7, 4 mutations, respectively, were 
designed with the Rosetta FastDesign protocol. The energy of each design relative to the mean 
wild type energy is plotted overlaid with a boxplot (ggplot2::boxplot default parameters; mid: 
median, hinge: 25-75% quantile, and whiskers: 1.5 times inter quantile range of the hinge). C) 



Wildtype ChABC mutations, and prior art mutations designed with the Rosetta FastDesign 
protocol as in Upper Right panel. 

 
 

  
Fig. S3. Additional  ChABC and ChABC-SH3 structures. A) Residues mutated in prior to work.  
1HN0 with all 46 residues mutated in prior studies listed in Supplemental Table 1. B) Combined 
ChABC-SH3 model. ChABC (pdb: 1HN0) modeled with N-terminal SH3 domain (pdb: 1JO8) with 
different colors representing individual domains.    
 
 
 
 

 



Fig.  S4.  ChABC-3 7-SH3  mutant  demonstrates  higher initial activity  for   dermatan
sulfate compared to ChABC-SH3 and other mutants. (n=3, mean ± SD, *p < 0.05, ***p < 
0.001 compared to all other groups) 
 

 
Fig. S5.  Activity of wild type ChABC-SH3 and mutants was measured in terms of  
chondroitin sulfate A degradation and plotted as percentage of original activity. ChABC-
SH3 and mutants were incubated at 37 °C in 0.1% BSA in PBS for 7 d (*p<0.05 for ChABC-SH3 
vs. ChABC-37-SH3 at all time points) (n=3, mean ± SD). 
 

 
 

 
Fig.  S6.  Michaelis-Menten graphs for the activity of ChABC-SH3 and mutants.  Enzymatic  
activity was measured using two substrates of ChABC: A) chondroitin sulfate A, and B) dermatan 
sulfate.   
 



 
Fig.  S7.  ChABC-SH3  designs are more  resistant  to  proteolytic  degradation  than  wild 
type ChABC-SH3. Proteins were incubated in buffer (10 mM CaCl2, 20 mM Tris) with or without 
2 μg/mL of trypsin for 45 min at room temperature. A) Gel electrophoresis and Coomassie Brilliant 
Blue staining of ChABC-SH3 and mutated designs after trypsin treatment. B) Specific activity of 
wild type ChABC-SH3 and mutants for chondroitin sulfate A with or without trypsin treatment. 
(***p<0.001 compared to all other groups) (n=3, mean ± SD) 
 
 

 
Fig.   S8.   Activity  of ChABC-SH3  and ChABC-37-SH3 released  from  methylcellulose 
hydrogels containing affinity binding peptides. 20 μg of either ChABC-SH3 or ChABC-37-
SH3 were mixed into 100 μL of methylcellulose hydrogel modified with SH3 binding peptides. The 
hydrogels released protein into artificial cerebrospinal fluid over 7 d, and the enzymatic activity of 
the protein was evaluated using chondroitin sulfate A as the substrate. (*p<0.05) (n=3, mean ± 
SD) 
 
 
Data file S1.  Multiple sequence alignment for extant bacterial ChABC enzyme. 
 
Data file   S2. PROSS design output. Including FASTA and PDB files for each predicted design, and 
a Clustalo alignment of the designs against the wildtype sequence. 
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