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Supplementary Fig. S1. 4 Å contact map of inter-Fab residue pairs. Heavy and light chains are 
arbitrarily represented by concatenation from left to right and top to bottom. Map coloring on log2 
scale reflects the number of times a contact is observed in the lattices of Fab structures, with 0 being 
the minimum and 512 being the maximum count.  
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Supplementary Fig. S2. Fab dimers mediated through VH-CH1 and VL-CL elbow regions. Structural 
similarity between elbow region Fab oligomers that interact as HC-HC (top) or LC-LC (bottom) dimers. 
Domains are colored as follows: VH (light blue), CH1 (dark blue), VL (pink), CL (dark red). The labels 
for each interface include the cluster rank, interface name, nonredundant prevalence percentage, and 
mean buried surface area.  
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Supplementary Fig. S3. Interface profiles of three β-sheet dimers VH-57, CH1-210, and CL-205. 
For all interfaces, the upper left-most pie chart provides the sequence distribution of cluster 
members based on species: human (blue, H), mouse (red, M), and other (e.g., rat, rabbit, etc., 
green). The lower left-most pie chart provides the sequence distribution of cluster members based 

on light chain type: kappa (blue, ), and lambda (red, ). The four right-most pie charts provide the 
sequence distribution of human VH (H VH), human VL (H VL), mouse VH (M VH), and mouse VL 
(M VL) subgroups. The labels above the pie charts in the upper left profile VH-57 are not repeated 
in the other charts for visual simplicity. The %ID plot on the right provides the intra (red) versus inter 
(black) cluster sequence identity for both the entire variable region (Fv) as well as only those 
residues at the interface as shown in the sequence logo and Supplementary Table 2. For the Fv, 
these values reflect the mean pairwise identities for all VH and VL sequences within the cluster 
(intra) versus the mean pairwise identities between each member of the cluster and all other 
members of all other clusters (inter). A similar comparison is made for each interface, where %ID 
reflects the mean pairwise identity of the residues at the interface of a given cluster aligned with 
those same residues for each member of the cluster (intra) versus all other members of all other 
clusters (inter). The sequence logo at the bottom provides weighted sequence composition at 
interface residues for members of the designated cluster, with numbering according to Kabat and 
EU conventions for the Fv and constant regions, respectively 
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Supplementary Fig. S4. OX40 binding by WT IgG and Fab, VH-16 dimer, and CH1-176 dimer by 
SPR. All antibodies contain the Fv region of the anti-OX40 antibody 3C8. VH-16 represents the Fab 
dimer of cysteine variant VH(S113C) / CH1(G178C), and CH-176 represents the Fab dimer of 
cysteine variant VH(P14C) / CL(D151C). Shown are the sensorgrams (top) and kinetic fit values 
and normalized analyte binding (bottom). The dimers have slightly slower on/off rates but have the 
same KD as the WT Fab and IgG. The normalized binding data are consistent across Fab monomer 

(WT) and dimer. The value is slightly lower for IgG, but that is expected due to the extra mass of the 
Fc on the capture ligand. 

*Rmax normalized to ligand capture level 
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Supplementary Fig. S5. Electron density at engineered Cys locations. 2Fo-Fc density at 1 sigma 
contour (blue) and Fo-Fc difference density at +/- 3 sigma contour (green/red) are shown in the vicinity 
of the targeted cysteine sites. Maps shown were calculated at the initial stage of refinement before 
introducing the engineered cysteines such that the Fab model (ivory) still had its native sequence. 
Positive difference density (green mesh) and the contiguous blue mesh between sites thus are 
consistent with the introduction of the expected cysteine-mediated disulfide bonds, as shown in the 
overlaid final refined models for (a) CL-205 (final model cyan), (b) CH1-207 (brown), and (c) VL-108 
(teal).  
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Supplementary Table S1. Prevalence and structural parameters for the 42 most prevalent 
interface clusters.  
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Supplementary Table S2 (Part 1). 
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Supplementary Table S2 (Part 2). Residue positions of the 42 most prevalent interfaces. Positions 
are numbered according to Kabat for the VL/VH and EU for the CL/CH1. 
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Supplementary Table S3 (Part 1). 
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Supplementary Table S3 (Part 2). Cysteine variants at heavy chain / heavy chain (HCHC) 
interfaces. Data represent normalized integrated peaks of monomer, dimer, and higher order (> 
dimer) species from analytical SEC. Due to the nature of the peak integration the results do not 
necessarily add to precisely 100%. Variants are labeled according to Kabat for the VH and EU for 
the CH1. 
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Supplementary Table S4 (Part 1). 
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Supplementary Table S4 (Part 2). Cysteine variants at light chain / light chain (LCLC) interfaces. 
Data represent normalized integrated peaks of monomer, dimer, and higher order (> dimer) 
species from analytical SEC. Due to the nature of the peak integration the results do not 
necessarily add to precisely 100%. Variants are labeled according to Kabat for the VL and EU for 
the CL. 
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Supplementary Table S5 (Part 1). 
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Supplementary Table S5 (Part 2). Cysteine variants at heavy chain / light chain (HCLC) 
interfaces. Data represent normalized integrated peaks of monomer, dimer, and higher order (> 
dimer) species from analytical SEC. Due to the nature of the peak integration the results do not 
necessarily add to precisely 100%. Variants are labeled according to Kabat for the VH/VL and EU 
for the CH1/CL. 
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Supplementary Table S6. In vitro assembly of select cysteine variants. Data represent normalized 
integrated peaks of monomer (Mon), dimer (Dim), and higher order (HO, > dimer) species from both 
expression and in vitro oxidation. Due to the nature of the peak integration the results do not necessarily 
add to precisely 100%. Control mismatched (MM) variants represent in vitro assembled heavy and light 
chains cysteine variants that were not designed based on the discovered interfaces. Variants are labeled 
according to Kabat for the VH/VL and EU for the CH1/CL. 
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Supplementary Table S7. Crystallographic data collection and refinement statistics. Statistics for the 
highest resolution shell are shown in parentheses. The first two column datasets were treated with 
anisotropic data inclusion criteria, for which parameters of the ellipsoid are described. 


