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REVIEWER COMMENTS 

 

Reviewer #1 (Remarks to the Author): 

 

The paper by Chidyausiku and colleagues presents a computational workflow for the de 

novo design of Ig-like folds. This challenge has been a long-standing one in 

computational design, particularly because beta structure only proteins have been 

rather challenging for computational design. The paper is well written and the results 

clearly presented. The computational and experimental methodologies and results are 

sound. 

The strategy proposed relies on defining strict structural “rules” based on the frequency 

of particular structural motifs that are the building blocks of the fold to be designed. 

This strategy has been used extensively by the Baker group to design many other folds 

using de novo approaches, however given the challenge of designing such folds this 

paper reports a very important achievement. The designed sequences were extensively 

characterized experimentally, both biochemically as well as structurally. Experimentally 

many of the sequences were found to be dimers rather than monomers, which is not 

particularly problematic, nevertheless it begs the question: why not having used some 

type of negative design to avoid edge strand dimerization. It would be worth to include 

a short paragraph about this aspect. 

The structural characterization of one of the designed proteins (dIG14) was somehow 

disappointing given that some considerable differences were observed in the design, 

which however could even be related to the crystallization artefacts. In a follow up 

design (dIG18-CC), where a disulfide was design to stabilize the correct configuration of 

the fold. 

The functional loop scaffolding is an effort to functionalize some the dIG scaffolds with 

some type of functionality, but besides the fact that it shows that new loop motifs can 

be added to the scaffold, it does not show particularly striking results. 

The computational methods are available, which is valuable addition to the paper. 

 

Specific points: 

I) discuss the lack of a negative design step to avoid dimerization 

II) clarify in figure 4 the disulfide design step which is very unclear 

III) I would suggest to the authors to add the SEC results in the main text 

IV) in table S2 – despite the lack of sequence relationships according to the different 

sequence search algorithms, for instance the pdbid 2r39 is in fact an Ig like fold – would 

be important to be clear about this, mentioning that despite the very low sequence 

identity and distant evolutionary links there are some detectable sequence signatures 

V) for figure 7 – I understand the motivation of the representation but it would be much 

more informative to plot the maximum TM score of the designs to any native structure 

or the distribution of the designs vs the native Ig-like folds 

 

 

 

Reviewer #2 (Remarks to the Author): 

 

Review of Chidyausiku … Marcos “De novo design of immunoglobulin-like domains” 

 

This an important, landmark piece of work that will be of great interest and built upon 

by a spectrum of readers, from theoretical design and folding to focused translational 

medicine. The research is thoroughly and capably executed. However, the paper omits 

discussion of several major aspects, is too-briefly and confusingly written and 

illustrated, and is therefore very hard work to understand. Because of its really 

important contribution, the needed discussions, clarifications, and figure improvements 

are very well worth doing, and I look forward to seeing it in a revised form. 

 

Immunoglobulin domains have a number of highly conserved features in the core beta-

sandwich which presumably give enough stability to permit enormous variability of 

sequence and conformation in the hypervariable loops that bind the amazingly wide 



variety of antigens. This work concentrates almost exclusively on the two conserved 

beta-arches which form what they have named the “cross-beta” motif of high-contact-

order organization central to the immunoglobulin fold. This is a relatively recent and 

clearly productive perspective for analyzing these structures. However, the paper makes 

essentially no mention of other conserved immunoglobulin features. One is the SS bond 

that is both cross-barrel and between beta-arches, with its contacting Trp (and these 

designs later add a differently placed SS between beta-arches for stability). Another is 

the Greek key motif that has long been hypothesized to aid folding by turning the non-

local beta-arch contacts into local ones by being part of a long beta hairpin that can curl 

to make a second pair of strands that look non-local in a topology diagram or by 

sequence numbers (Fig 100 in Richardson 1981 Anatomy and Taxonomy of Protein 

Structure, Adv Prot Chem 34:167). The 3rd strand of the Greek key motif forms the 

necessary top-to-bottom sequence connection between the two beta arches, and it is 

present in every one of the final designs shown here. However, the fact that all 

therefore have a Greek-key motif, and its possible influence on folding and on effective 

contact order, is not mentioned at all. Such a discussion of the Greek key must be added. 

More details of the SS in DIG8-CC are needed. The design-model conformation has 

several near-eclipsed dihedrals, which would make it relatively unstable. Are they also 

eclipsed for the database entry, and for the crystal structure? What is the mean and 

range of occupancy for the open vs bonded alternates seen in the many crystal-structure 

copies? Those open disulfides are presumably some combination of occurrence in 

solution and radiation damage during data collection (an effect that must be 

mentioned), although both indicate relatively poor SS stability. 

What is the specific definition that identifies the end residues of a beta strand? In my 

experience, many cases are ambiguous. Those identities are central to the design 

process, and without a specification this work is not reproducible. Natural IGGs have 

variable loops only at one end of the sandwich (at bottom in all these figures), which is 

not noted in the paper. It would seem that one advantage of these designs is that a 

binding site could be designed at either end. However, the edge rather than face dimer 

here is probably a disadvantage because a long line of 6 loops would probably make it 

harder to use most of them in a binding site. 

 

Try to help your readers. The multiple supplemental files must have descriptive 

filenames, and at the end of the main text there must be a clear explanation of what is 

in the supplement, so readers do not have to download all of it and try to figure out 

what’s in each file and which ones they need. For things like ABEGO, you should explain 

in a few words before referring readers to details in the Supplement. For figures that 

compare a model with a crystal structure, the caption needs to specify which PDB code 

and which copy are shown. At the end of the crystallography section of Methods, pair 

the 3 PDB codes explicitly with which construct and space group. 

 

The figures are very comprehensive, and have a nice appearance and apparent clarity. 

However, their diagrammatic conventions and labeling are sometimes inherently 

confusing and very often inconsistent between and within figures, and Fig 1 of the main 

text dumps readers into the details without first a clear presentation of the main 

framework of analysis. Fig 1 S of the Supplement should be in the main text and come 

first, with two simple visual modifications shown in the attached Fig.1s_mod.png: a 

strong line along the sequence, and hairpin labels that actually show where the hairpins 

are. The caption should say “and backbone H-bond patterns (thin lines) between paired 

b-strands along the sequence”. Then it would be an excellent, intuitive introductory 

figure. 

In current Fig. 1, strand numbers for the beta strands start out as s1, s2, s3, s4 in parts 

a & b and then the same 4 strands are labeled as s2, s3, s5 s6 in the full domain. Don’t 

label/number the initial strands in a & b, just label the two arches. Somewhat harder, 

but extremely helpful, would be instead of up/down arrows, which suggest the strand 

relationships, to represent the sidechain direction of strand-end residues as short arrow 

pairs pointing left or right. Or possibly “I” or “In” for inward-pointing and “X” or “Ex” 

for outward-pointing, so Ex-Ex, In-Ex, … In the caption for part c, say “folding 

simulations (gray shaded squares)” and “Black-outline boxes highlight”. I’m puzzled 



how there can be only 3 combinations seen in natural Ig domains, since beta-arch 1 is a 

hypervariable loop. 

 

Jane Richardson 

 

 

 

 

Reviewer #3 (Remarks to the Author): 

 

In the present manuscript, the authors approach de novo design of immunoglobulin (Ig) 

domains by addressing an important feature of the Ig fold architecture, the non-local 

cross-beta structure connecting two beta-sheets. The structures of designed domains 

have been confirmed using X-ray crystallography and they also provide evidence of their 

functionality as scaffolds for functional loops. 

The manuscript is very clearly written and a pleasure to read as the reasoning behind 

the conceptualization and the experiments is straight forward. To that, the images are 

very clear, well presented and support the understanding of the inference. 

In detail, Rosetta folding simulations were first used to generate different versions of 7-

stranded scaffolds featuring a multitude of diverse pairs of cross-beta motifs, including 

beta-arch loops and beta-arch helices, and developed a set of rules by which the 

formation and structure of these motifs can be designed to be compatible with a set of 

beta strands. Using these principles, seven Ig-like topologies were designed de novo, 

avoiding cysteines and minimizing risk of edge-to-edge orientations. Folding of the 

novel designs was inspected using folding simulations and most promising designs were 

processed with ab initio folding simulation starting from an extended chain, as well as 

AlphaFold and RoseTTAFold. 

31 designs were then selected for experimental characterization, of which 24 could be 

expressed in the soluble form in E. coli, which is a great success. Moreover, 8 of those 

were monodisperse, of near-all beta-sheet structure as judged by far-UV circular 

dichroism and were mostly extremely thermostable, with Tm over 95°C. Of these 8 

designs, five were dimeric, one monomeric, for which also a well-dispersed NMR 

spectrum was determined, and one was in equilibrium between these states. Also 

chemical stability with unfolding in the increasing concentration of GdnCl was inspected. 

The most stable design, which was still folded in 5 M GdnCl, was found to be dimeric and 

crystallization was performed to discover an edge-to-edge dimer was formed. The 

AlphaFold monomer prediction recapitulated the design model, however the AF multimer 

correctly predicted the monomer subunits in the crystal structure. 

One of the mutants was additionally stabilized with a disulphide bond between the beta 

strands, which enabled its crystallization. In contrast with the previous example, a 14-

strand beta-sandwich was formed with an edge-to-edge interface between the N- and C-

terminal beta-strands. Into this mutant, an EF-hand calcium binding motif was grafted; 

12 designs were experimentally tested and one with graft in C-terminal loops was well 

folded, monodisperse and Tb3+ luminescence could be induced by FRET. Tb3+ binding 

was shown to be specific using Ca2+ displacement. 

 

Alltogether, the manuscript shows an elegant and very efficient method of de novo 

design of Ig-like domains with high stability and good biochemical properties, and 

highlights the importance of cross-beta motifs for design. As such it is very valuable to 

the scientific community. My only comment would be that the Discussion section is very 

short. The authors argue that edge-to-edge dimers that mostly result from the designed 

proteins are favorable because they shield the edges which are responsible for 

aggregation propensity. What options are there for designing face-to-face dimer forming 

oligomers (such as in naturally occurring Igs, e.g. VL and VH domains)? They also offer 

an interesting option of designing single chain – connected dimers based on described 

scaffolds, similar to scFvs, but their molecules are not yet binders. In what way will the 

introduction of antigen binding site(s) impact the stability and the dimerization 

propensity? What extent of freedom in design of possible binding sites do the authors 

envision, and what could they look like? I also believe that this would be of significance 



to make the last statement of the abstract, mentioning “antibody-like scaffolds” 

stronger. 

 









































































































       





            

            





          











     









b







         

           

















        





 



































bb















          

































 









 















































































     b    

             









b



  

b





















           















        











         































        





 

































   

              

            





         







           

cc

  



cc

cc





cc

c



cc

c







 





            





             







           

          

          



































b

           



b





           









































          



          



           



            

  

            



       























































  b

     















 















  

        

 









































b





































b









b









































        









 



















































































































b

















          



          



           



            






























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