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Figure S1. Bivariate normal density plot showing the association of non-canonical cysteine containing human 
CDR-H3s with different IGHV gene families and isotypes, Related to Figure 1, Table S1 and RESULTS section: 
Immunogenetic Analysis Reveals High Frequency, Extensive Diversity and Recurring Patterns of Non-Canonical 
Cysteines 
IGHV gene usage and Ig isotype diversity observed in 12,054,263 human VH sequences from dataset A are shown by 
bivariate normal density plots with a 90% coverage along with statistical summary. Total counts are shown on the right 
side. 



Figure S2. Box plots showing percentages of antibodies that were grouped into three different CDR-H3 length categories,
average (up to 15 AA), long (16-25 AA) and ultra-long (26-39 AA), Related to Figure 1B and Tables S1 and S2
(A and B) The percentage of antibodies of different CDR-H3 length categories for dataset A in all sequences, with and without non-canonical
cysteines, (A) and in non-canonical cysteine containing CDR-H3s only (B).
(C and D) The percentage of antibodies of different CDR-H3 length categories for dataset B in all sequences, with and without non-canonical
cysteines, (C) and in non-canonical cysteine containing CDR-H3s only (D).



Figure S3, Related to Figure 4
Treemapping of 118 high-frequency tetrapeptides within CX4C motifs of human CDR-H3s appearing more than 
1000 times, as observed in dataset A, is shown with frequencies at the top.
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Figure S5, Related to Figures 3A and S4, and Results section: CXnC Motifs Play a 

Determining Role in the Structure and Function of Antibodies 

Twenty-five human antibodies bearing a variety of disulfide-bonded CDR-H3s with distinctive 

IGHV/IGLV germline pairings, as analyzed from crystal structures available in the Protein Data 

Bank (PDB), are shown. These antibodies have longer CDR-H3s with lengths ranging from 16 to 

38 AAs by IMGT numbering scheme. Heavy chains are in green, light chains in cyan and 

disulfide bonds in yellow. The sequence and type of cysteine motif along with CDR-H3 length 

are given at the top of each structure. Antibody name, PDB code and IGHV/IGLV germline 

information are given at the bottom of each structure. These antibodies target a wide range of 

antigens; (A-G) HIV, (H-J) Influenza, (K and L) MERS CoV, (M-O) HCV, (P) RSV, (Q) 

HCMV, (R) L-rhamnose of Streptococcus pneumoniae, (S) Lecithin cholesterol acyltransferase 

(LCAT), (T) Tau peptide, (U) BLyS receptor 3 (BR3), (V) Unknown, (W) Celiac disease-

specific gluten peptide, (X) Protein M, (Y) Cn2 toxin from scorpion. 



Figure S6. Boxplots showing the variations in number of AAs separating and/or flanking the cysteines in human CDR-H3s, 
Related to Figure 1C
(A-H) Distributions of number of AA separating and/or flanking the non-canonical cysteines observed in 8,792,995 unique CDR-H3s from 
dataset A. The cysteine motifs consisting of one to eight cysteines, as designated with C1 through C8 for cysteines and X1 through X9 for 
number of other AAs, are shown.



Figure S7. The D-D fusions occurring in four cysteine motifs of human CDR-H3s, Related to Figure 7 and Results Sections: 
Multiple Non-Canonical Cysteine Motifs Exist and Reveal Immunogenetic Mechanisms
(A) IGHD germline segments encoding two-cysteine motifs (CC, CX3C, CX4C) that could potentially undergo the V(DD)J recombination to 
create the four-cysteine motifs. Possible frequencies for the D-D fusions which might have occurred in the CDR-H3s were shown using 
the dataset A. Note that the total number of actual frequencies for such V(DD)J recombination with other IGHD germlines, with possible 
cysteines generated through SHM, could tremendously increase the four-cysteines motif landscape. 
(B) WebLogos depicting the selected D-D fusions in several human CDR-H3s containing the four-cysteine motifs (dataset A).



Table S1, Related to Figure 1 and RESULTS section: Immunogenetic Analysis Reveals High Frequency, Extensive 
Diversity and Recurring Patterns of Non-Canonical Cysteines 
Analysis of non-canonical cysteines in human CDR-H3 repertoire. A total of 106,521,023 CDR-H3 sequences of NGS 
data sets from ten subjects (dataset A) were retrieved and analyzed. The data sets were binned by number of non-
canonical cysteines, 0 to 8, as observed in the CDR-H3s for each subject. The numbers under each column represents 
the number of unique sequences and the numbers in parenthesis represent % of total. 



Table S2, Related to Figure S2C and D, and RESULTS section: Immunogenetic Analysis Reveals High Frequency, 
Extensive Diversity and Recurring Patterns of Non-Canonical Cysteines 
Non-canonical cysteines in human CDR-H3s of naïve (N) and memory (M) repertoires. The NGS data sets containing a 
total of 29,573,273 sequences from three subjects (dataset B) were analyzed. The data sets were binned by number of 
non-canonical cysteine residues, 0 to 7, as observed in the CDR-H3 sequences for each individual. The numbers under 
each column represents the number of unique sequences and the numbers in parenthesis represent % of total. 



Table S3. IGHD gene segments in human VH repertoires, Related to Figure1 and RESULTS section: 
Immunogenetic Analysis Reveals High Frequency, Extensive Diversity and Recurring Patterns of Non-Canonical 
Cysteines 
(A) IGHD germline segments that encode cysteines with their corresponding accession numbers from the IMGT database. 
* indicates a stop codon in the sequence.  
(B) Total numbers of CDR-H3s as well as those that contain non-canonical cysteines involving different IGHD segments 
are given. IGHD2 segments encoding two cysteines (highlighted in gray) observed in human VH repertoire as seen in the 
dataset A. 
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