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Manuscript Number BBAPRO-22-225 

Response to Reviewers (March 20th, 2023) 

 

Dear Editor and Reviewers, 

 

Thank you for giving us the opportunity to submit a revised draft of the manuscript 

“Antibody conserved residues show favorable outcomes for the affinity-stability trade-off” for 

publication in Biochimica et Biophysica Acta - Proteins and Proteomics. We appreciate the time 

and effort that you and the reviewers dedicated to providing feedback on our manuscript and are 

grateful for the insightful comments and valuable improvements to our paper. 

We have incorporated most of the suggestions made by the reviewers. Those changes 

are highlighted within the manuscript in red font. Please see below, in blue, for a point-by-point 

response to the reviewers’ comments and concerns. All page numbers/paragraphs/lines refer to 

the revised manuscript file with tracked changes. 

 

 

Reviewer #1:  

Arslan et al have demonstrated their work on enhancing on improving antibody affinity-stability in 

their manuscript entitled Conserved residues of an antibody underlie favorable outcomes for the 

affinity-stability trade-off". Authors claims that they successfully demonstrated the generation of 

stable antibody with better stability, compared to wild type using site directed mutagenesis, 

Dynamic scanning fluorimetry coupled with molecular dynamics in the anti-Vascular Endothelial 

Growth Factor (VEGF) scFv structure. To generate such stable model, that they selected a 

conserved salt bridge interaction (VH-K94 and D101) on the heavy chain pi-pi interacting residues 

(VHY100E and YL-Y49) between heavy and light chain and summaries their study the salt bridge 

is crucial for HCDRH3 loop conformation while the pi-pi interacting residues were crucial for the 

overall antibody stability. Overall, the manuscript was well written. Also, the work has been 

reported and presented in clear way with necessary references. Below were few minor comments 

for the authors to address.  

 

1. Despite of tons of structures available in the pdb database, authors should elaborate in one or 

two lines what motivated to select the scFv antibody-antigen system for their work. 

 

Author Response: We thank the referee for pointing this out. We revised our introduction text 

highlighting scFv format with related references in Introduction (Page 2, 2nd paragraph). 

 

2. Consider changing the title of the manuscript, as the current one is a bit difficult to read 

 

Author Response: We thank the referee for the suggestion. We agree that the title might be a 

bit complicated. Therefore, we revised our title to “Antibody conserved residues show favorable 

outcomes for the affinity-stability trade-off”.  

 

3. Consider removing the "developability" before parameters from line 18. 

 

Response to Reviewers



Author Response: Thanks for pointing this out. Using “developability” and “development” in the 

same sentence was unnecessary, so we removed it (now, line 20) 

 

4. Consider re-phrasing “ We complement our wet-lab characterization with molecular dynamics 

simulations that not only confirm our measured trends but also provide detailed insight correlated 

with the spatial orientation of HCDR3” line 25. 

 

Author Response: We thank the referee for this suggestion. We rephrased this part to “We 

confirm that our experimental measurements agree with the molecular dynamics simulations 

providing detailed insights for the spatial orientation of HCDR3.“ (now, line 32). 

 

5. Line 175, Instead of "this tyrosine, consider writing Y49" 

 

Author Response: We thank for the suggestion, we corrected it to “VL-Y49” (now, line 193). 

 

6. The author should check the residues numbering throughout manuscript, for example, VHD101 

residue is Histidine in the deposited structure, I assume they mean VH D111, if not please fix it 

through out manuscript, or if authors are using Kabat annotation to label residues , consider giving 

alphabet numbering beside HDCRH3 residue. Also, VH 102 residue I see it as tyrosine not as a 

valine, VH 94 is tyrosine not lysine. Please clarify 

 

Author Response: We thank the referee for pointing this out. We are sorry for the confusion. 

Kabat numbering and numbering on PDB deposited structure sometimes do not match. We added 

a supplementary figure (Fig. S1) aligning both deposited structure number and Kabat number of 

the residues. Here we utilized the web server SabPred-ANARCI 

(https://opig.stats.ox.ac.uk/webapps/newsabdab/sabpred/anarci/) which is a tool for numbering 

amino-acid sequences of antibody variable regions. We cited this tool and added related text in 

the Materials and Methods section (Page 4, 2nd paragraph). We updated the supplementary figure 

numbers in the main text and supplementary file according to this change. 

 

7. Line 248 " instead of "experimentally produced", perhaps recombinantly produced ? 

 

Author Response: We thank for the suggestion. We corrected this word (now, line 268). 

 

8. They are few areas in the manuscript (abstract and introduction), which needed some language 

correction. 

 

Author Response: We thank the referee for pointing this out. We re-checked and revised our 

abstract and introduction text and highlighted the changes. 
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Reviewer #3: 

 The manuscript describes the role of residues, mainly on HCDR3, of an antibody for the affinity 

and stability based on both experimental and simulation data. The results seem to be interesting, 

but several concerns are raised as below. 

 

1. Anti-VEGF antibody was used to analyze the role of conserved residues. The authors should 

discuss the generality of results obtained for anti-VEGF antibody. 

 

Author Response: We thank the referee for this suggestion. All the domains of antibody heavy 

and light chains share the same structural conformation called “immunoglobulin fold”. This fold is 

mainly specified with anti-parallel β-sheets and loops. Besides, the salt bridge we focused on is 

very conserved among all organisms. Please see below for amino acid distributions of all 

organisms on positions 94 and 101 (salt bridge forming residues). 

(http://www.abysis.org/abysis/searches/distributions/distributions.cgi). Here, positions 94 and 

101 within the heavy chain have 81% of positively charged amino acids (K + R) and 79% of 

negatively charged amino acids (D+E), respectively. Those findings support the applicability of 

the results and the designs we used to other antibodies.  We revised our discussion text according 

to these findings and highlighted these changes (line 466 – 468). 

 

 
2. The authors should comment on the residues whether they change or not change on the affinity 

maturation process. On the affinity maturation, the affinity increases. Then, how about the 

stability? 

 

Author Response: We thank the referee for this suggestion. We added a comment in our 

discussion text (line 460-461). 

http://www.abysis.org/abysis/searches/distributions/distributions.cgi


 

3. The authors should check whether the scFvs fold correctly. Secondary structure analysis using 

circular dichroism would be needed. 

 

Author Response: We thank the referee for pointing this out. VL-Y49 is placed within the β-sheet 

while VH-V102 is placed within the loop in the deposit structure. Because we did not have a CD 

instrument in our laboratory use, we assessed the effect of point mutations in in silico secondary 

structure prediction tool (http://sable.cchmc.org/). These predictions show that the secondary 

structure of the scFvs seem to tolerate single point mutations when we compared mutated scFv 

predictions with WT prediction. We added these in the method section with a title “In silico 

secondary structure prediction” (line 141-145), shared the results in Supplementary Figure 6, and 

mentioned it in the Result section (line 251-252). We updated the supplementary figure numbers 

in main text and supplementary file according to this change. 

 

4. For protein concentration determination, molecular coefficient should be described. 

 

Author Response: We thank the referee for pointing this out. We have added the molecular 

coefficients of the proteins in the materials and methods section (line 168-170). 

 

5. For SPR experiments, regeneration methods should be described. 

 

Author Response: We are sorry for omitting this important information. We added the 

regeneration method details in the materials and methods section (line 183-184).  

 

 

 

http://sable.cchmc.org/


Antibody conserved residues show favorable outcomes for the 

affinity-stability trade-off 

Merve Arslan 1,2,†, Tuğçe Uluçay 1, †, Seyit Kale 1, Sibel Kalyoncu 1,* 

1 Izmir Biomedicine and Genome Center, 35340 Balçova, Izmir, Turkey 

2 Izmir International Biomedicine and Genome Institute, Dokuz Eylul University, 35340 

Balçova, Izmir, Turkey 

† The authors wish it to be known that, in their opinion, the first two authors should be regarded 

as joint First Authors. 

 

* Corresponding author:  

Sibel Kalyoncu 

Izmir Biomedicine and Genome Center, 35340 Balçova, Izmir, Turkey 

Email:  sibel.kalyoncu@ibg.edu.tr 

Phone: +90 232 4126567  

Highlights 

 Antibodies are effective in treating various diseases due to many advantages. 

 Having insights on antibody structure-function is key for antibody development.  

 Mutations on conserved regions can be critical for the antibody developability. 

 Antibody affinity-stability trade-offs can be overcome by the help of conserved residues. 

Highlights (for review)

mailto:sibel.kalyoncu@ibg.edu.tr
tel:+90%20232%20412%2065%2064


  

Engineering of conserved residues near heavy chain complementary 1 

determining region 3 (HCDR3) improves both affinity and stability 2 

Merve Arslan 1,2,†, Tuğçe Uluçay 1, †, Seyit Kale 1, Sibel Kalyoncu 1,* 3 

1 Izmir Biomedicine and Genome Center, 35340 Balçova, Izmir, Turkey 4 

2 Izmir International Biomedicine and Genome Institute, Dokuz Eylul University, 35340 Balçova, 5 

Izmir, Turkey 6 

† The authors wish it to be known that, in their opinion, the first two authors should be regarded as 7 

joint First Authors. 8 

 9 

* Corresponding author:  10 
Sibel Kalyoncu 11 

Izmir Biomedicine and Genome Center, 35340 Balçova, Izmir, Turkey 12 

Email:  sibel.kalyoncu@ibg.edu.tr 13 

Phone: +90 232 4126567  14 

 15 

  16 

REVISED Manuscript (text UNmarked) Click here to view linked References

mailto:sibel.kalyoncu@ibg.edu.tr
tel:+90%20232%20412%2065%2064
https://www.editorialmanager.com/bbapro/viewRCResults.aspx?pdf=1&docID=12935&rev=2&fileID=352986&msid=226b8d88-4411-4dcf-b7f5-4f9753172c36
https://www.editorialmanager.com/bbapro/viewRCResults.aspx?pdf=1&docID=12935&rev=2&fileID=352986&msid=226b8d88-4411-4dcf-b7f5-4f9753172c36


 
2 

Abstract 17 

Affinity and stability are crucial parameters in antibody development and engineering approaches. 18 

Although improvement in both metrics is desirable, trade-offs are almost unavoidable. Heavy chain 19 

complementarity determining region 3 (HCDR3) is the best-known region for antibody affinity but 20 

its impact on stability is often neglected. Here, we present a mutagenesis study of conserved residues 21 

near HCDR3 to elicit the role of this region in the affinity-stability trade-off. These key residues are 22 

positioned around the conserved salt bridge between VH-K94 and VH-D101 which is crucial for 23 

HCDR3 integrity. We show that the additional salt bridge at the stem of HCDR3 (VH-K94:VH-24 

D101:VH-D102) has an extensive impact on this loop’s conformation, therefore simultaneous 25 

improvement in both affinity and stability. We find that the disruption of π-π stacking near HCDR3 26 

(VH-Y100E:VL-Y49) at the VH-VL interface cause an irrecoverable loss in stability even if it 27 

improves the affinity. Molecular simulations of putative rescue mutants exhibit complex and often 28 

non-additive effects. We confirm that our experimental measurements agree with the molecular 29 

dynamic simulations providing detailed insights for the spatial orientation of HCDR3. VH-V102 right 30 

next to HCDR3 salt bridge might be an ideal candidate to overcome affinity-stability trade-off. 31 

Keywords: Antibody, Antibody Engineering, Vernier Zone, Affinity-Stability trade-offs, Molecular 32 

Dynamics 33 

Introduction 34 

Antibodies are widely utilized as diagnostics and therapeutics tools thanks to their high affinity and 35 

specificity toward target antigens. Hundreds of therapeutic antibodies in different formats such as 36 

Fab, single-chain variable fragment (scFv), or nanobodies, continue being developed and tested in 37 

clinical trials 1, 2. Due to their small size, monovalent nature, and simpler folding paths 3 , scFvs offer 38 

several beneficial attributes for in silico and in vitro developability applications 4-6 . Although scFvs 39 

might show some drawbacks such as lower stability, and fast clearance, they are readily suitable for 40 

protein engineering strategies to overcome them 7, 8 .The eventual success of the antibody depend 41 

strongly on its developability properties such as activity and stability. The activity of an antibody is 42 

related to its strong and specific binding to its cognate antigen, a metric that is known as antigen 43 

affinity 9. A molecular-level understanding of the affinity is a challenging, that might limit antibody 44 

development. Affinity improvement efforts can result in detrimental effects on the overall profile 10, 45 
11. The primary bottleneck here is stability which is another important developability parameter often 46 

negatively correlated with the affinity 12-14.  For a successful antibody, it is critical to maintaining a 47 

necessary level of stability while engineering the affinity. Thus, co-screening of stability and affinity 48 

is essential to find the optimal mutations 15, 16. 49 

Affinity modulation efforts have historically focused on the complementarity determining regions 50 

(CDRs), particularly heavy chain CDR3 (HCDR3) 17, 18. These regions are intrinsically hypervariable 51 

originating from somatic hypermutations in mature B cells which leads to CDR sequence diversity 19. 52 

Several studies point out that non-CDR regions (known as framework residues) can also be important 53 

for affinity because they impact the overall antibody structure 11, 20, 21. Affinity gains by substitutions 54 

of non-CDR residues have been generally underestimated in directed evolution strategies. And there 55 

has been little systematic study to assess the consequences of this bias. In this context, one of the 56 

non-CDR regions is the Vernier zone 22. The Vernier zone of an antibody is characterized by a set of 57 

critical framework residues underlying the CDRs 23, 24. These residues potentially affect the 58 

conformations of the CDR loops and their orientation with respect to the antigen epitope; thus, they 59 

are common targets of humanization efforts to regain affinity via back mutations 22, 25, 26. Roles of the 60 
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Vernier zone region on other antibody properties such as specificity and stability remain to be 61 

elucidated 27. 62 

Powerful experimental technologies such as directed evolution and rational designs have made in 63 

vitro evolution of antibodies more efficient and have taken the field of modern antibody engineering 64 

further 28. While experimental approaches can generally provide reliable results, scalability can be 65 

cumbersome, labor-intensive, and prohibitively expensive 29. In this context, in silico approaches can 66 

provide invaluable opportunities with their high-throughput potential and ready access to atomic-67 

level details 30. Molecular dynamics (MD) simulations investigate the biomolecular structures of 68 

antibodies at their natural dynamics on timescales relevant to their physiological function. These 69 

efforts can provide critical supporting information, including (i) computed free energy differences 70 

and measured forces behind protein-protein binding 31, 32, (ii) atomic-level dynamics, (iii) information 71 

about protein stability in different physiological and experimental conditions 33-35 and (iv) the nature 72 

of the interactions between an antibody and its cognate antigen 36. MD methods combined with 73 

rational design approaches can be used to design better antibodies in a shorter time, with improved 74 

accuracy and at a reduced cost 37. The number of successful examples of this approach published in 75 

literature is on the rise 38-43. 76 

In this study, we generated rationally chosen mutations on an anti-Vascular Endothelial Growth 77 

Factor (VEGF) scFv to investigate their effects on affinity and stability. Salt bridges are one of the 78 

most critical non-covalent forces in protein structure and function 44. The salt bridge between the two 79 

heavy-chain residues 94 and 101 (according to Kabat numbering) is a highly conserved structural 80 

motif that supports the robust shape of HCDR3 45, 46. Modifying or altering this interaction is 81 

virtually always detrimental for both stability and affinity 47. Motivated by this critical observation, 82 

we hypothesized that the vicinity of this salt bridge is a natural starting point to investigate the trade-83 

off between affinity and stability. To this end, we generated an anti-VEGF scFv antibody 48 and 84 

designed mutations in both heavy chain (VH) and light chain (VL) sides of this salt bridge 85 

accompanying the Vernier zone residues around (Figure 1A). Anti-VEGF antibodies are successful 86 

anti-cancer therapeutics 49 and thanks to its universal nature of the Vernier zone, the lessons learned 87 

in this study could be transferable to other antibodies in general. We performed both comparative 88 

molecular dynamics simulations and experimental characterizations to gain a molecular-level 89 

understanding of the factors that modulate this trade-off. We found that existing and de novo 90 

secondary/tertiary interactions around this HCDR3 salt bridge are a critical determinant of both 91 

antigen binding and the robustness of the VH-VL interface, thus playing a crucial and complex role in 92 

the co-evolution of affinity-stability. Our overall findings obtained from our experimental and MD 93 

studies show the importance of joint efforts to elucidate the molecular mechanisms of antibody 94 

design. 95 

Materials and Methods 96 

Setup Preparation and analysis of  Molecular Dynamics Simulations 97 

Atomic coordinates of the anti-VEGF scFv antibody fragment were taken from the Protein Data 98 

Bank (PDB ID:1BJ1; chains H, L and W) 50. Constant fragment groups and the linker between the 99 

variable groups were omitted. When scFv linker length is longer than 12 residues, covalently linked 100 

VH and VL form a functional and monomeric scFv 51-53 and it was previously shown that absence of 101 

linker do not affect calculated distributions of molecular dynamic simulations 54. Amino acid 102 

distributions of each Kabat numbering positions were extracted from AbYsis database 103 

(www.abysis.org). Mutant constructs were prepared using the Wizard Mutagenesis tool of PyMOL 104 

http://www.abysis.org/
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Molecular Graphics System, version 2.1.1, Schrödinger LLC. Each antibody-antigen complex is 105 

solvated in a cubic water box that is sufficiently large to provide a minimum buffer zone of 12 Å 106 

between biological material and the cubic system boundaries. Na+ and Cl– ions were placed randomly 107 

to neutralize the system electrostatically at a physiological salt concentration of 0.150 M. 108 

CHARMM36m force field 55, 56 was chosen together with the four-site OPC water model 57 subject to 109 

periodic boundary conditions. A combination of conjugate gradient and steepest descent methods 110 

were applied for initial energy minimization. Later, the system was equilibrated in the NVT ensemble 111 

at 100K for 1 ns, and at 310K for 1 ns, both using a small integration time step of 1 fs. Production 112 

trajectories were collected in the NPT ensemble at 310K and 1 atm atmospheric pressure using a 2 fs 113 

of integration time steps for a total of 500 ns. Atomic coordinates were saved every 100 ps. 114 

Kabat numbering scheme and the domain definitions were used to determine complementarity-115 

determining regions (CDRs) and the frameworks (FWs) 58, 59 utilizing the web server SabPred-Anarci 116 
60. Since there are some differences between the Kabat number of the residues and the deposited 117 

structure number of the residues, the alignments of the numbering schemes were presented in 118 

Supplementary Figure 1. The contacts and distances between VH and VL chains were utilized to 119 

assess stabilities, the contacts and distance between both antibody chains and the antigen for 120 

affinities. A contact between two interacting domains was defined geometrically for when two heavy 121 

(i.e., non-hydrogen) atoms are close to each other within a cutoff of 5 Å or less. Contacts were 122 

averaged over all recorded molecular configurations in each trajectory (5000 frames for each 123 

simulation). The proximity between two given residues was calculated by the distance between the 124 

centers of mass of interacting atoms of given residues. Root mean square fluctuations (RMSFs) were 125 

calculated based on the α-carbons of protein chains. The area of the VH-VL interface is calculated by 126 

subtracting the solvent-accessible surface area (SASA) of the complexed VH-VL pair from the sum of 127 

the SASAs of the individual VH and VL domains. Mass centers, per residue RMSFs, SASA 128 

computations were performed by VMD-Python library (https://vmd.robinbetz.com/), and distances 129 

between the centers were computed by Python’s Numpy. Gromacs version 2018.3 61 was used for all 130 

simulation setups and for the collection of trajectories. VMD 62 and in-house Python scripts were 131 

used for all analyses and visualizations.   132 

In silico secondary structure prediction 133 

The secondary structure of the wild-type and all mutant antibodies were predicted via SABLE 134 

prediction webserver 63. One letter amino acid codes of the antibody sequences were used as input 135 

separately. Secondary structure was chosen for prediction goal, SABLE II was chosen for server 136 

version, WApproximator was chosen for predictor type.  137 

Protein constructs and protein expression 138 

The anti-VEGF single chain antibody fragment (scFv) heavy chain (VH) and light chain (VL) fused 139 

via a 21 amino acids length non-repetitive linker “SPNSASHSGSAPQTSSAPGSQ” 53. The scFv 140 

mutants were generated by QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). The 141 

scFv mutants with the leader sequence (PelB), FLAG-tag and polyhistidine-tag were transformed 142 

into E.coli strain BL21 (DE3) pLysS (Thermo Fisher) with pET17-b (GenScript) expression plasmid. 143 

Transformant cells were grown on LB-agar plates containing 100μg/mL ampicillin and 25μg/mL 144 

chloramphenicol. Single colonies were inoculated in LB broth containing 100μg/mL ampicillin and 145 

25μg/mL chloramphenicol and grown overnight at 225 rpm, 37 °C. These cells were inoculated into 146 

300 mL autoinduction-media and incubated at 18°C, 250 rpm for 48 h 64. 147 
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Protein purification 148 

Cultures were centrifuged at 6500xg and 4°C (Avanti, Beckman Coulter). Protein containing 149 

supernatant was incubated with His-Pur Ni-NTA resin (Thermo Fisher) for 2 h at 4°C shaking 150 

vigorously. The mixture was loaded into a 10 ml vacuum column (Thermo Fisher) and purified 151 

according to recommended commercial protocol. Phosphate buffered saline (PBS) with 25 mM 152 

Imidazole, pH 7.4 and PBS with 500 mM Imidazole, pH 7.4 were used as wash and elution buffers, 153 

respectively. Purified protein was buffer-exchanged into PBS (pH 7.4) through membrane filtration 154 

(Amicon® Ultra-4 Centrifugal Filter Units, MWCO 10 kDa, Merck). Protein samples were loaded 155 

onto HiTrap TM Protein L column (GE Healthcare) as a second purification step to maximize protein 156 

purity. Protein purities were confirmed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis 157 

analysis (TGX ™, FastCast™, 12% Acrylamide kit; Bio-Rad). Precision Plus ProteinTM Dual Color 158 

standard was used as a marker (Bio-Rad). Protein concentrations were determined by NanoDrop 159 

2000 (at 280 nm). Extinction coefficients were determined 68550 M-1 cm-1 for WT and VH-V102D, 160 

67060 M-1 cm-1  for VL-Y49D, VL-Y49K, VL-Y49N, 70040 M-1 cm-1 for VH-V102Y via Expasy 161 

ProtParam webserver while using the protein sequences as input 65. 162 

Thermal denaturation assay 163 

Thermal unfolding profiles of purified scFv proteins were determined by thermal shift assay by ABI 164 

7500 Fast RT-PCR. SYPRO™ Orange Protein Gel Stain (Thermo Fisher) at 5x concentration was 165 

used with a 5 µM antibody concentration. Temperature range of 25-99°C with a 0.05% ramp rate was 166 

used. Thermal transition mid-points (i.e., Tm values) from the thermogram data were determined 167 

using the Hill equation fit by Origin 8.5 software.  168 

Surface Plasmon Resonance (SPR) 169 

Affinity measurements were performed using surface plasmon resonance (SPR) on a Biacore T200 170 

instrument (Biacore Inc., Piscataway, NJ). All experiments were performed in an HBS-EP buffer, pH 171 

7.4. 1000 nM His-tagged VEGF protein was immobilized on a CM4 chip at a flow rate of 10 µl/min 172 

for ∼1 min (target RU for immobilization was 100 RU). A series of solutions ranging from 10 to 100 173 

nM scFv fragments were subsequently injected at a flow rate of 30 µl/min onto the VEGF-174 

immobilized surface. Regeneration was performed with 10 mM glycine-HCl at pH 2.7 at a flow rate 175 

of 30 µl/min for 30 seconds after each concentration in the run. Data were corrected by double-176 

referencing against a control flow cell containing no VEGF and injecting buffer solution. Sensogram 177 

curves were analyzed using the BiaEval 3.0 manufacturer's software. KD, kon and koff values were 178 

calculated by fitting the kinetic association and dissociation curves to a 1:1 binding model.  179 

Results 180 

Rationale behind mutational designs 181 

Two positions, one from light chain (VL-Y49) and one from heavy chain (VH-V102) are chosen to 182 

evaluate affinity/stability trade-offs through secondary interactions of the conserved salt bridge (VH-183 

K94 and VH-D101) under the stem of HCDR3. VL-Y49 is a conserved framework residue which is 184 

positioned at the VL-HCDR3 interface. VL-Y49 makes π-π contacts with an HCDR3 residue, VH-185 

Y100E. On the other hand, VH-Y100E makes an either hydrophobic or anion-π contact with VH-186 

D101 66, so there is an anion-π-π interaction between those three residues (VH-D101:VH-Y100E:VL-187 

Y49, Figure 1A). For VL-Y49, we designed three mutations, Y49N to evaluate anion-π-amino 188 

interaction, Y49K to evaluate anion-π-cation interaction and Y49D, anion-π-anion interaction. 189 
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Because this position is surface accessible, all these mutations would also help to improve solubility 190 

leading to a possible stability increase. However, Y49D mutation is designed as disruptive mutation 191 

due to possibility of repulse between two negatively charged amino acids, VL-D49:VH-D101.  192 

VH-V102 is the last residue of  HCDR3, does not have contacts with antigen and it is relatively 193 

conserved according to its distribution in Homo sapiens (Supplementary Figure 5). The most 194 

common residue is tyrosine (33%) followed by valine (24%). This residue is also highlighted as one 195 

of the key stabilizing contacts for HCDR3 structural diversity 46. On the other hand, aspartate in this 196 

position is rarely found (1%). We designed two mutations for this position: VH-V102Y and VH-197 

V102D. While VH-V102Y would show the difference between the two most conserved amino acids, 198 

VH-V102D might form complex salt bridge at the stem of HCDR3 and it might also improve stability 199 

in soluble conditions due to its negative charge. 200 
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 201 

Figure 1: Mutations in the vicinity of the conserved salt bridge (VH-K94:VH-D101) of the variable 202 

heavy chain modulate antibody affinity and stability characteristics. (A) View of the antigen 203 

(Vascular Endothelial Growth Factor, VEGF) bound to its cognate scFv fragment (left panel, PBD 204 
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ID: 1BJ1 50). Insets show the salt bridge as well as the nearby mutational landscape investigated in 205 

this study (center and right panels, respectively). Orange, yellow, and green colors indicate the scFv 206 

heavy chain (VH), scFv light chain (VL) and VEGF proteins, respectively. The conserved salt bridge 207 

between VH residues K94 and D101 is indicated via dashed black lines (top right panel). Rational 208 

mutations on scFv involve residues V102 (on VH) and Y49 (on VL). (B-D) Molecular dynamics of 209 

the wild-type (WT) and mutated scFv constructs. The flexibility of the proteins are illustrated by the 210 

average root mean square fluctuations (RMSFs) of backbone atoms of the heavy chain (B), the light 211 

chain (C) and the antigen VEGF (D). Blue, orange, red, green, brown, purple, pink and gray lines 212 

indicate WT, VL-Y49N, VL-Y49K, VL-Y49D, VH-V102Y, VH-V102D, VL-Y49N-VH-V102D, VL-213 

Y49N-VH-V102Y mutants, respectively. This color convention is used throughout the rest of the text. 214 

Complementarity determining regions (CDRs) of the heavy chain, the light chain and the epitopes of 215 

VEGF are highlighted in orange, yellow and green, respectively. Mutated residues are annotated with 216 

circles. The time evolution of the VH:VL contacts for all mutants are shown in Supplementary 217 

Figure 2. The time evolution of the antibody:antigen contacts for all mutants are shown in 218 

Supplementary Figure 3. (E-F) Scatter plots of affinity and stability differentials with respect to the 219 

WT antibody. The green areas represent “increased affinity and increased stability”, red “decreased 220 

affinity and decreased stability” and oranges “decreased affinity or stability”, meaning a trade-off. 221 

(E) Computed contact differentials from the molecular dynamics trajectories (See Methods). 222 

Differences in the mean of total contact counts between the VH and VL chains (an indicator of 223 

stability, x-axis) and between scFv and VEGF (an indicator of affinity, y-axis) with respect to their 224 

WT counterparts are shown. Distribution of contact counts between VH:VL (stability) and antibody 225 

antigen (affinity) are shown in Supplementary Figure 4A and 4B, respectively. (F) Experimentally 226 

measured stability (Tm, thermal melting temperature, x-axis) and affinity (as illustrated via KA = 227 

1/KD, the association constant, y-axis) differentials of each mutant with respect to the WT. The 228 

experimentally unstable construct VL -Y49D is annotated via a dashed-edged circle. Considering 229 

their discouraging MD properties, we did not attempt to produce the two double mutants (VL-Y49N-230 

VH-V102D, VL-Y49N-VH-V102Y) (square marks in E). 231 

Affinity and stability profiles of designed scFvs 232 

The conserved salt bridge between VH-K94:VH-D101 at the stem of HCDR3 defines the robustness 233 

of this loop (Supplementary Figure 5). HCDR3 is the main paratope for most antigens 67, thus we 234 

designed several mutations around this salt bridge, preferentially on a Vernier zone residue. We 235 

aimed to modulate the antigen affinity without compromising HCDR3 because it is critical that the 236 

stem of HCDR3 has a light-chain interface that can contribute to the stability of the antibody. We 237 

chose residues VH-V102 and VL-Y49 to understand the secondary/tertiary effects on the VH-VL 238 

interface (Figure 1A). In the MD simulations of these constructs, average root means square 239 

fluctuations (RMSF) values near the mutations remained within the range of 6 to 10 Å, indicating 240 

that the antibody and antigen structures can still maintain a robust binding configuration. These 241 

results suggest that the overall structural flexibility of scFvs is not altered significantly by the 242 

introduced mutations (Figure 1B-D). In silico secondary structure predictions also showed that point 243 

mutations are well tolerated within scFv secondary structure (Supplementary Figure 6). However, 244 

the conserved or drastic mutations on VH-V102 and VL-Y49 revealed notable affinity and/or stability 245 

changes 68 (Figure 1B-F, Figure 2). 246 

On the VH side, while VH-V102Y is a mutation to a more conserved residue for this specific position 247 

(33% Y, 24% V, Supplementary Figure 5), VH-V102D mutation is a drastic change to see whether 248 

the ionic bonding of the salt bridge at the stem of HCDR3 is disrupted by the introduction of a 249 

proximal acidic residue. Both mutations improve affinity and stability as suggested jointly by our 250 
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MD simulations and experimental measurements (Figure 1E, F, Figure 2). Only V102D has a 251 

higher than predicted affinity while showing slight difference in stability.  252 

HCDR3 is in direct contact with the VL chain through the VH-Y100E:VL-Y49 π-π interaction (Figure 253 

1A). Although VH-Y100E is in HCDR3, this π-π stacking proves to be a crucial contact for the VH-254 

VL interface and the HCDR3 robustness through VH-D101:VH-Y100E:VL-Y49 anion-π-π stacking. 255 

We designed VL-Y49K, VL-Y49N and VL-Y49D mutations to convert this triple stacking into anion-256 

π-cation, anion-π-amino and anion-π-anion, respectively. Here, we designed the VL-Y49D mutant as 257 

a negative control to disrupt this stacking interaction and we showed that it has very low stability 258 

according to MD simulations. Probably related to this stability loss, it even could not be 259 

recombinantly produced (Figure 1E, F). The other mutants were successfully produced and purified 260 

from the supernatant (Figure 2A). Among the mutants, VH-V102Y showed the highest increase in 261 

thermal stability while VH-V102D mutant improved the thermal stability slightly compared to WT 262 

(Figure 2C). Those two mutants also showed improved affinity in SPR analysis (Figure 2B, 263 

Supplementary Figure 7). Although VL-Y49N, VL-Y49K mutations showed slightly increased 264 

affinity, their stability is compromised according to both computational and experimental findings 265 

(Figure 1B-F, Figure 2B-C, Supplementary Figure 7). 266 

 267 

Figure 2. Experimental affinity and stability profiles of scFv constructs in this study. (A) SDS-PAGE 268 

analysis of scFvs after bacterial expression and purification, (B) Thermal melting temperature (Tm, in 269 

degrees) and dissociation constant (KD, in molarity units) values, (C) Tm plots (repeated at least two 270 

times in three replicates with different batches of protein) (D) SPR profile of WT for affinity 271 

determination (SPR profiles of all mutants are in Supplementary Figure 7). Color coding follows 272 

Figure 1.   273 
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Rescue mutations have non-additive effects 274 

To restore the stability loss of VL-Y49N by the stability-favoring mutations (VH-V102D and VH-275 

V102Y), we designed two in silico double mutants, VL-Y49N:VH-V102D and VL-Y49N:VH-V102Y. 276 

Surprisingly, both rescue mutants showed even worse stability profiles as observed in the MD 277 

simulations (Figure 1E). As a result, we did not pursue these mutants experimentally. Most 278 

importantly, this finding shows that the effects of single point mutations are not additive and more 279 

complex secondary/tertiary interactions are at play for affinity/stability profiles. We tried to have an 280 

insight into the affinity/stability profiles of our designed mutants through more detailed structural 281 

studies.  282 

HCDR3 is essential for both affinity and stability 283 

Computed pairwise contact counts between the protein components of VL-Y49N suggested specific 284 

regions for the increase in affinity and the loss in stability (Figure 3). While the affinity gain is 285 

mostly due to HCDR3-VEGF contact increase as expected, stability decrease is mostly caused by 286 

VH-VL interface disruption through HCDR3, LCDR3 and/or light framework 2 (LFW2) contact loss 287 

(Figure 3A, B). As expected, VEGF binding occurs mostly with VH chain (Figure 3C). Same 288 

regions (HCDR3-VEGF for affinity, HCDR3, LCDR3 and LFW2 for stability) play similar roles in 289 

other mutants (Supplementary Figures 8-13). Although VH-V102Y and VH-V102D mutants are not 290 

directly in the VH-VL interface, they have a drastic stability increase probably due to secondary 291 

HCDR3 interactions and/or stronger intra-HCDR3 contacts. We can examine the HCDR3 loop on 292 

two sides, one face to VEGF (HCDR3 residues 95-100B) that play roles in binding and shows mostly 293 

change in VEGF binding, while the other face (HCDR3 residues 100B-102) shows changes in VL 294 

interacting surface (Figure 1A). This emphasizes that HCDR3 has crucial roles in both affinity and 295 

stability profiles of antibodies.  296 

 297 

Figure 3. Difference in pairwise contact counts of VL-Y49N mutant with respect to WT. VH, VL and 298 

VEGF interactions per residue are colored orange, yellow and green, respectively. (A) VL and VEGF 299 

contact count differences for VH residues. (B) VH and VEGF contact count differences for VL 300 

residues. Mutated residue is annotated with a circle. (C) VH and VL contact count differences for 301 

VEGF residues. FW regions are not shown: FW1 is before CDR1, FW2 is in between CDR1-CDR2, 302 

FW3 is in between CDR2-CDR3, FW4 is in after CDR3. Color coding follows Figure 1. 303 

VH-VL interface is compromised in low-stability mutants 304 

B

A

C
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The VH-VL interface and its packing are known to have a significant effect on the stability of an 305 

antibody 69, 70. We analyzed the VH-VL interface by computing the buried surface areas (BSAs) of 306 

each mutant (Figure 4, Supplementary Figure 14). We calculated this property by subtracting 307 

solvent accessible surface area (SASA) of the complete VH-VL complexes from the sum of the 308 

SASAs of the individual VH/VL proteins (Figure 4A). Mutants with high measured thermal melting 309 

points (VH-V102Y, VH-V102D) also have computed BSA values close to or higher than that of the 310 

WT (~1750 Å2 or higher). On the other hand, mutants with low measured thermal melting points 311 

(VL-Y49N, VL-Y49K, VL-Y49D) also have computed BSA values that are less than of that of the WT 312 

(lower than 1700 Å2, Figure 4B).313 

314 
Figure 4: Correlation between measured thermal stabilities and computed VH-VL buried surface areas 315 

of all mutants. The area of the VH-VL interface is calculated by subtracting the solvent-accessible 316 

surface area (SASA) of the complexed VH-VL pair from the sum of the SASAs of the individual VH 317 

and VL domains. (A) Surface representation of the calculated buried surface area. Surfaces of VH, VL 318 

and their buried surface areas are colored orange, yellow and gray, respectively. (B)  Computed 319 

average buried surface areas are scattered with the experimental melting temperature values (Tm).  320 

The low-stability mutant VL-Y49D (annotated with a dashed circle) is arbitrarily assigned a melting 321 

temperature of 40 degrees. Color coding follows Figure 1.  Distributions of buried surface area of all 322 

mutants are shown in Supplementary Figure 14. 323 

Interaction between VL-Y49 and HCDR3 VH-Y100E is a critical determinant of stability 324 

We examined the anion-π-π interactions between the triplet VH-D101:VH-Y100E:VL-Y49 in all 325 

mutants (Figure 5A, B). The distances between the alpha carbons of these residues showed that 326 

stability-improved mutants (VH-V102Y, VH-V102D) mimic those values reminiscent to the WT data 327 

VH VL

Buried 

Surface

45o45o
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while stability-compromised mutants have disrupted the interactions particularly between VL-Y49 328 

and VH-Y100E (Figure 5C). The VL-Y49:VH-100E interaction is a π-π stacking contact that is 329 

located at the HCDR3-LFW2 interface, so we checked whether other interactions on this VH-VL 330 

interface have a role in this stability loss, but no significant relationship is found (Supplementary 331 

Figures 15, 16). This result shows that HCDR3 has a substantial effect on stability, especially 332 

through the residue VH-Y100E. Even the addition of affinity/stability increasing VH-V102D/Y 333 

mutation did not rescue the stability of VL-Y49N mutant, it got even worse (Figure 1E). Therefore, 334 

VL-Y49:VH-Y100E interaction at the core of the VH-VL interface is proven to be very crucial for the 335 

overall antibody stability. 336 

 337 
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338 
Figure 5: Antibody stability as assessed via critical inter-residue distances at the VH-VL interface. 339 

(A) The anion-π-π interaction (VH-D101:VH-Y100E:VL-Y49) at the VH-VL interface of HCDR3-340 

LFW2. (B) The core salt bridge VH-K94:VH-D101 and the complex salt bridge VH-K94: VH-341 

D101/D102 in VH-V102D (C) Distances between the Cα atoms of VL-Y49:VH-Y100E and VH-342 

Y100E:VH-D101 residues. Distance values of mutants are plotted together with the WT counterpart 343 

to demonstrate the shifts. (D) Distances between the O atom of VH-K94 and N atom of VH-D101 that 344 

is the backbone salt bridge and distances between the Nζ atom of VH-K94 and O atom of VH-D101 345 

that is the side-chain salt bridge for all variants. VH-V102D mutation is also invented a new ionic 346 

interaction with its side chain oxygen atom that competes with the ionic interaction of VH-D101 347 

oxygen atom, shown as an inset. Color coding follows Figure 1. 348 

K94

D101

D102

BA

C

D

WT V102D
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A de novo salt bridge near the stem of HCDR3 leads to a substantial affinity improvement in 349 

V102D  350 

While the improvements in stability in the two VH-V102 mutants can be primarily traced to a more 351 

robust HCDR3-VL interface, affinity improvements occur mainly through the improved HCDR3-352 

VEGF interactions (Supplementary Figures 10, 11). The VH-V102D forms a complex salt bridge 353 

where one residue forms ionic interaction with more than one residue (Figure 5B) 48, 71. The core salt 354 

bridge (VH-K94:VH-D101) is accompanied by a mutated aspartate (VH-K94:VH-D102). Although the 355 

backbone ionic interaction of VH-K94:VH-D101 is not disrupted at all, side-chain ionic interactions of 356 

VH-K94 were shared with VH-D101 and VH-D102 for both VH-V102D and VL-Y49N-VH-V102D 357 

mutants (Figure 5D). Forming this complex salt bridge between VH-K94:VH-D101/D102 might 358 

contribute to the affinity increase for both VH-V102D and VL-Y49N-VH-V102D mutants. The 359 

indirect effect of VH-V102 residue on both affinity and stability through HCDR3 loop conformation 360 

is notable and worth investigating. 361 

The complex salt bridge at the stem of HCDR3 improves packing of epitope-paratope 362 

interaction 363 

When we checked epitope-paratope interactions, VEGF-I91 is found to be the key player by having 364 

an interaction with VH-H101 of HCDR3 (Supplementary Figure 17). We recognized that VH-365 

H101:VEGF-I91 interaction might explain drastic affinity changes for affinity improved mutants 366 

(VH-V102D, VH-V102Y, VL-Y49N-VH-V102D, VL-Y49N-VH-V102Y) by having less distant 367 

interaction overall (Supplementary Figure 17). There are also other important epitope-paratope 368 

interactions such as VH-Y102:VEGF-I80, VH-Y102:VEGF-G92, VH-G100:VEGF-R82 (HCDR3-369 

VEGF for all), but no significant difference was observed except for double mutants which have the 370 

highest improvements in their VEGF affinities that can be attributed to de novo contacts formed 371 

between side chains and backbone functional groups (Supplementary Figure 18, 19). 372 

To see whether the packing of HCDR3 with VEGF has any contribution to observed affinity, we 373 

analyzed the HCDR3 conformation change for VH-V102D (Figure 6A). An angle is calculated to 374 

represent tilt of HCDR3 towards VEGF (Figure 6B). To measure this angle, two vectors, 𝑃1
⃗⃗  ⃗ between 375 

the center of masses of scFv and VEGF, 𝑃2
⃗⃗⃗⃗  between the center of masses scFv and middle residues of 376 

HCDR3 (VH-G100 Cα and VH-S100A Cα) are used. Θ angle is determined as the cosine angle 377 

between those 𝑃1
⃗⃗  ⃗ and 𝑃2

⃗⃗⃗⃗  vectors (Figure 6B, Supplementary Figure 20). Scatter plots of calculated 378 

θ angle and experimental affinity change showed that there is an obvious correlation for HCDR3 379 

conformation with affinity changes (Figure 6C). While mutants with slight affinity increase (VL-380 

Y49N, VL-Y49K, VH-V102Y) are clustered together with angles values very close to that of WT, 381 

mutant with the most significant affinity change (VH-V102D) had more increase from those of all 382 

mutants (Figure 6C). This might show that the formation of a complex salt bridge at the stem of 383 

HCDR3 might alter overall HCDR3 conformation tilting towards VEGF affecting its affinity 384 

drastically.  385 
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 386 

Figure 6: Changes in affinity correlate with a global tilt in HCDR3. (A) HCDR3 loop conformations 387 

are visualized for WT and VH-V102D. Alignment is performed based on the reference of the VH-388 

K94:VH-D101 salt bridge. HCDR3s are represented as the tubes, HCDR3 frames of VH-V102D and 389 

WT are colored in purple and blue, respectively. (B) The cosine angle (θ) change of HCDR3 is 390 

calculated between two vectors 𝑃1
⃗⃗  ⃗ and 𝑃2

⃗⃗⃗⃗ . 𝑃1
⃗⃗  ⃗ vector is the vector between the center of mass of the 391 

scFv fragment and the center of mass of antigen VEGF. 𝑃2
⃗⃗⃗⃗   is the vector between the center of mass 392 

of the scFv fragment and the center of masses of VH-G100 and VH-S100A Cα atoms. 𝑃1
⃗⃗  ⃗  and 𝑃2

⃗⃗⃗⃗  393 

vectors are colored in gray. Selected atoms are represented as spheres. (C) Angle decrease of mutants 394 

compared to WT-HCDR3 are scattered through every 100th frame of the whole trajectory (5000 395 

frames). The experimental affinity of the VL-Y49D mutant could not be obtained, so its 396 

representation is made based on our computational results. Color coding follows Figure 1.  397 

Distributions of angle of all mutants are shown in Supplementary Figure 20. 398 

Discussion  399 

Monoclonal antibodies are promising biomacromolecules for various therapeutic and diagnostic 400 

applications. However, numerous trade-offs can be encountered during development and 401 

improvement stages due to the intrinsic complexity and the structural limited modularity of these 402 

molecules 72. While the antigen affinity is the most natural and crucial developability parameter, its 403 

improvement cannot be decoupled from the stability of the antibody in a systematic manner, resulting 404 

in an unavoidable affinity versus stability trade-offs 11, 15, 73. A primary driver of this mutual 405 

dependence could lie in the architecture of the HCDR3 region, an elongated loop that forms critical 406 

interactions with both the antigen and the antibody light chain.  407 

In this study, we focused on two pivotal residues (Y49 on the light chain and V102 on the heavy 408 

chain) that modulate the global orientation of HCDR3 while maintaining its overall shape and 409 

structural integrity (Figure 1). Of these two residues, the light chain Y49 tolerated a mutation that 410 

improved the antigen affinity but a crucial π-π interaction was lost in the VH-VL interface, one that 411 

proved irreplaceable for the stability. The second residue of focus, heavy chain V102, not only 412 

tolerated mutations that reoriented HCDR3 more favorably for antigen binding, but interactions lost 413 

with the light chain could be compensated via novel contacts not present in WT. We identified one 414 

such mutation, VH-V102Y, that demonstrated a joint increase in stability and affinity in both our 415 

experimental measurements and atomistic molecular dynamics simulations. HCDR3 has two main 416 

interfaces, one toward the antigen and the other one spanning part of the VH-VL interface. We have 417 

A B C
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shown that in these mutants (i) the contacts at the HCDR3-VEGF interface increase, resulting in an 418 

improved affinity and (ii) the contacts at the HCDR3, LFW2, and LCDR3 region of the VH-VL 419 

interface increase, probably resulting in an improved stability. These two mutants are direct evidence 420 

that HCDR3 is not only important for affinity but also for stability and not necessarily in an 421 

antagonistic manner. We note that caution should be taken to avoid drastic trade-offs during affinity 422 

maturation efforts on HCDR3. The findings here are a novel proof of concept demonstration with 423 

implications for other antibody engineering efforts. 424 

Understanding antibody stability is a more complex issue because the residues contributing to 425 

stability are scattered across diverse positions (core domain, surface exposed residues, VH-VL 426 

interface) 74-77. In our study, stability increasing mutations (VH-V102Y and VH-V102D) showed 427 

significantly higher VH-VL interface buried surface area (Figure 4). This demonstrates the 428 

importance of the scope of VH-VL packing for the overall antibody stability. In addition, the VH-VL 429 

orientation is also known to be important for stability 78-81. In our mutants, no significant correlation 430 

was observed between this metric and stability. 431 

It is known that π-π stacking is very important for protein structure and function. Besides π-π, π-432 

cation/amino/anion contacts are also a part of these crucial stacking interactions 82. Even triple π-433 

stackings are known to contribute to the activity of proteins 83. In the specific example of light chain 434 

Y49, we mutated this residue to collect structural insights into the effect of triple π-stacking 435 

interactions at the VH-VL interface. We showed that drastic affinity and stability changes occur when 436 

the anion-π-π interaction (VH-D101: VH-Y100E:VL-Y49) was mutated through VL-Y49N/K/D 437 

mutations (Figure 4, 5). VL-Y49 is one of the Vernier zone residues. Although Vernier zone residues 438 

are by definition not in the CDR regions (but rather usually at the stem of CDRs), they are known to 439 

be indispensable for antibody function 24. These residues are usually back mutated to restore antibody 440 

affinity in humanization efforts 84. Here, we provide further evidence on the importance of Vernier 441 

zone residues for antibody engineering efforts 27.  442 

There is a highly conserved salt bridge (VH-K94:VH-D101) at the stem of HCDR3 that is critical for 443 

HCDR3 to assume its bulge form 85. If the lysine (or arginine) at position 94 is converted to any other 444 

amino acid, HCDR3 loses function due to lack of stabilizing salt bridge and it does not form the 445 

bulge 86. When this salt bridge was converted into a complex salt bridge by VH-V102D mutation, 446 

affinity and stability increased. In-depth analysis of a molecular dynamics simulation of this mutant 447 

showed that the complex salt bridge at the stem shifted the HCDR3 loop to tilt towards VEGF, 448 

thereby contributing to the affinity increase (Figure 6). Even though VH-V102 is a highly conserved 449 

residue in the antibody framework 87, it is nonetheless a potentially interesting locus for future 450 

antibody engineering and affinity maturation efforts. As a general approach, V102 might be mutated 451 

to “D” or “Y” to increase antibody affinity with no loss or even better stability. Aspartate in this 452 

position is very rare (1%), thus immunogenicity should also be considered while designing mutations 453 

with rare amino acids in particular positions.  454 

We should also note here the complementarity aspect of our molecular dynamics simulations in 455 

understanding the detailed molecular mechanisms associated with the involvement of HCDR3. 456 

Hence all the domains of an antibody share the same structural fold 19, 88 and framework residues, 457 

especially chosen HCDR3 salt bridge interaction, are usually very conserved among organisms, these 458 

findings can be applied to other antibodies in general. The measured energetic differences in the 459 

affinities are on the order of a few thermal energies at ambient conditions (as inferred from the 460 

dissociation constants), meaning that accurate prediction of protein-protein binding energies is of 461 

utmost importance in this context. As an intuitive measure of the relative changes in binding 462 
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interfaces, here, we have used pairwise contacts between the epitope and paratope groups. Such 463 

geometric metrics are commonly employed in heuristic correlations with experimentally measured 464 

energies 89. 465 

Affinity improvement or re-gaining efforts are usually encountered with numerous trade-offs such as 466 

loss of stability, lower solubility, and/or higher aggregation propensity, as reviewed elsewhere 11. 467 

Although these in vitro properties of a candidate antibody can be co-screened with a variety of 468 

experimental tools, scalability is typically costly and cumbersome. In this context, the use of in silico 469 

tools can alleviate the load by providing precise predictions at a fraction of the cost and time typically 470 

invested in an experimental undertaking. In this work, we tapped into the strength of sufficiently long 471 

molecular dynamics simulations which not only validated our physico-chemical wet-lab 472 

characterization of our mutants but also provided molecular level understanding into the favorable 473 

and unfavorable outcomes. 474 
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Abstract 17 

Affinity and stability are crucial developability parameters in antibody development and engineering 18 

approaches. Although a joint improvement in both metrics is desirable, trade-offs are almost always 19 

unavoidable. Heavy chain complementarity determining region 3 (HCDR3) is the best-known and 20 

most heavily studied region for antibody affinity but its impact on stability is often neglected. Here, 21 

we present a mutagenesis study into a selected number of conserved residues near critical for the 22 

integrity of HCDR3 to elicit elucidate the role of this region in the affinity-stability trade-off. without 23 

directly mutating it. These key residues are positioned around the conserved salt bridge between VH-24 

K94 and VH-D101 which is crucial for HCDR3 integrity. We show that the additional salt bridge at 25 

the stem of HCDR3 (VH-K94:VH-D101:VH-D102) has an extensive tremendous impact on this loop’s 26 

conformation, with room for therefore simultaneous improvement in both affinity and stability. We 27 

find that the disruption of π-π stacking near HCDR3 (VH-Y100E:VL-Y49) critical contact elements at 28 

the VH-VL interface cause an irrecoverable loss in stability even if it improves the affinity. Molecular 29 

simulations of putative rescue mutants exhibit complex and often non-additive effects. We confirm 30 

that our experimental measurements agree with the molecular dynamics simulations providing 31 

detailed insights for the spatial orientation of HCDR3. This study shows the power of molecular 32 

dynamics studies in complementing our rational antibody design efforts with critical insights from a 33 

structural point of view. VH-V102 right next to HCDR3 salt bridge might be an ideal candidate to 34 

overcome affinity-stability trade-off. 35 

Keywords: Antibody, Antibody Engineering, Vernier Zone, Affinity-Stability trade-offs, Molecular 36 

Dynamics 37 

Introduction 38 

Antibodies are naturally occurring biological molecules that are widely utilized as diagnostics and 39 

therapeutics tools thanks to their high affinity and specificity toward target antigens. Hundreds of 40 

therapeutic antibodies in different formats such as Fab, single-chain variable fragment (scFv), or 41 

nanobodies, continue being developed and tested in clinical trials 1, 2. Due to their small size, 42 

monovalent nature, and simpler folding paths 3 , scFvs offer several beneficial attributes for in silico 43 

and in vitro developability applications 4-6 . Although scFvs might show some drawbacks such as 44 

lower stability, and fast clearance, they are readily suitable for protein engineering strategies to 45 

overcome them 7, 8 .The success of these efforts and the eventual success of the antibody depend 46 

strongly on its developability properties such as activity and stability. The activity of an antibody is 47 

related to its strong and specific binding to its cognate antigen, a metric that is more commonly 48 

known as antigen affinity 9. A molecular-level understanding of the this affinity is a challenging, and 49 

open question that might limit antibody development. because Affinity improvement efforts can 50 

result in detrimental effects on the overall profile 10, 11. The primary bottleneck here is stability which 51 

is another important developability parameter often negatively correlated with the antigen affinity 12-52 
14.  For a successful antibody, it is critical to maintaining a necessary level of stability while 53 

engineering the affinity. Thus, co-screening of stability and affinity is essential to find the optimal 54 

mutations 15, 16. 55 

Affinity modulation efforts have historically focused on the complementarity determining regions 56 

(CDRs), particularly heavy chain CDR3 (HCDR3) 17, 18. These regions are intrinsically hypervariable 57 

originating from somatic hypermutations in mature B cells which leads leading to CDR sequence 58 

diversity 19. Several studies point out that non-CDR regions (known as framework residues) can also 59 

be important for affinity because they impact the overall antibody structure 11, 20, 21. Affinity gains by 60 
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substitutions of non-CDR residues have been generally underestimated in directed evolution 61 

strategies. And there has been little systematic study to assess the consequences of this bias. In this 62 

context, one of the non-CDR regions that can lead to drastic differences is the Vernier zone 22. The 63 

Vernier zone of an antibody is characterized by a set of critical framework residues underlying the 64 

CDRs 23, 24. These residues potentially affect the conformations of the CDR loops and their 65 

orientation with respect to the antigen epitope; thus, they are common targets of humanization efforts 66 

to regain affinity via back mutations 22, 25, 26. Roles of the Vernier zone region on other antibody 67 

properties such as specificity and stability remain to be elucidated 27. 68 

Powerful experimental technologies such as directed evolution and rational designs have made in 69 

vitro evolution of antibodies progressively more efficient and have taken the field of modern 70 

antibody engineering further 28. While experimental approaches can generally provide reliable 71 

results, scalability can be cumbersome, labor-intensive, and prohibitively expensive 29. In this 72 

context, in silico approaches can provide invaluable opportunities with their high-throughput 73 

potential and ready access to atomic-level details 30. Molecular dynamics (MD) simulations 74 

investigate the biomolecular structures of antibodies at their natural dynamics on timescales relevant 75 

to their physiological function. These efforts can provide critical supporting information, including 76 

(i) computed free energy differences and measured forces behind protein-protein binding 31, 32, (ii) 77 

atomic-level dynamics, (iii) information about protein stability in different physiological and 78 

experimental conditions 33-35 and (iv) the nature of the interactions between an antibody and its 79 

cognate antigen 36. MD methods combined with rational design approaches can be used to design 80 

better antibodies in a shorter time, with improved accuracy and at a reduced cost 37. The number of 81 

successful examples of this approach published in literature is on the rise 38-43. 82 

In this study, we generated rationally chosen mutations on an anti-Vascular Endothelial Growth 83 

Factor (VEGF) scFv to investigate their effects on affinity and stability. Salt bridges are one of the 84 

most critical non-covalent forces in protein structure and function 44. The salt bridge between the two 85 

heavy-chain residues 94 and 101 (according to Kabat numbering) is a highly conserved structural 86 

motif that supports the robust shape of HCDR3 45, 46. Modifying or altering this interaction is 87 

virtually always detrimental for both stability and affinity 47. Motivated by this critical observation, 88 

we hypothesized that the vicinity of this salt bridge is a natural starting point to investigate the trade-89 

off between affinity and stability. To this end, we generated an anti-VEGF scFv antibody 48 and 90 

designed mutations in both heavy chain (VH) and light chain (VL) sides of this salt bridge 91 

accompanying the Vernier zone residues around (Figure 1A). Anti-VEGF antibodies are successful 92 

anti-cancer therapeutics 49 and thanks to its universal nature of the Vernier zone, the lessons learned 93 

in this study could be transferable to other antibodies in general. We performed both comparative 94 

molecular dynamics simulations and experimental characterizations to gain a molecular-level 95 

understanding of the factors that modulate this trade-off. We found that existing and de novo 96 

secondary/tertiary interactions around this HCDR3 salt bridge are a critical determinant of both 97 

antigen binding and the robustness of the VH-VL interface, thus playing a crucial and complex role in 98 

the co-evolution of affinity-stability. Our overall findings obtained from our experimental and MD 99 

studies show the importance of joint efforts to elucidate the molecular mechanisms of antibody 100 

design. 101 

Materials and Methods 102 

Setup Preparation and analysis of  Molecular Dynamics Simulations 103 
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Atomic coordinates of the anti-VEGF scFv antibody fragment were taken from the Protein Data 104 

Bank (PDB ID:1BJ1; chains H, L and W) 50. Constant fragment groups and the linker between the 105 

variable groups were omitted. When scFv linker length is longer than 12 residues, covalently linked 106 

VH and VL form a functional and monomeric scFv 51-53 and it was previously shown that absence of 107 

linker do not affect calculated distributions of molecular dynamic simulations 54. Amino acid 108 

distributions of each Kabat numbering positions were extracted from AbYsis database 109 

(www.abysis.org). Mutant constructs were prepared using the Wizard Mutagenesis tool of PyMOL 110 

Molecular Graphics System, version 2.1.1, Schrödinger LLC. Each antibody-antigen complex is 111 

solvated in a cubic water box that is sufficiently large to provide a minimum buffer zone of 12 Å 112 

between biological material and the cubic system boundaries. Na+ and Cl– ions were placed randomly 113 

to neutralize the system electrostatically at a physiological salt concentration of 0.150 M. 114 

CHARMM36m force field 55, 56 was chosen together with the four-site OPC water model 57 subject to 115 

periodic boundary conditions. A combination of conjugate gradient and steepest descent methods 116 

were applied for initial energy minimization. Later, the system was equilibrated in the NVT ensemble 117 

at 100K for 1 ns, and at 310K for 1 ns, both using a small integration time step of 1 fs. Production 118 

trajectories were collected in the NPT ensemble at 310K and 1 atm atmospheric pressure using a 2 fs 119 

of integration time steps for a total of 500 ns. Atomic coordinates were saved every 100 ps. 120 

Kabat numbering scheme and the domain definitions were used to determine complementarity-121 

determining regions (CDRs) and the frameworks (FWs) 58, 59 utilizing the web server SabPred-Anarci 122 
60. Since there are some differences between the Kabat number of the residues and the deposited 123 

structure number of the residues, the alignments of the numbering schemes were presented in 124 

Supplementary Figure 1. The contacts and distances between VH and VL chains were utilized to 125 

assess stabilities, the contacts and distance between both antibody chains and the antigen for 126 

affinities. A contact between two interacting domains was defined geometrically for when two heavy 127 

(i.e., non-hydrogen) atoms are close to each other within a cutoff of 5 Å or less. Contacts were 128 

averaged over all recorded molecular configurations in each trajectory (5000 frames for each 129 

simulation). The proximity between two given residues was calculated by the distance between the 130 

centers of mass of interacting atoms of given residues. Root mean square fluctuations (RMSFs) were 131 

calculated based on the α-carbons of protein chains. The area of the VH-VL interface is calculated by 132 

subtracting the solvent-accessible surface area (SASA) of the complexed VH-VL pair from the sum of 133 

the SASAs of the individual VH and VL domains. Mass centers, per residue RMSFs, SASA 134 

computations were performed by VMD-Python library (https://vmd.robinbetz.com/), and distances 135 

between the centers were computed by Python’s Numpy. Gromacs version 2018.3 61 was used for all 136 

simulation setups and for the collection of trajectories. VMD 62 and in-house Python scripts were 137 

used for all analyses and visualizations.   138 

In silico secondary structure prediction 139 

The secondary structure of the wild-type and all mutant antibodies were predicted via SABLE 140 

prediction webserver 63. One letter amino acid codes of the antibody sequences were used as input 141 

separately. Secondary structure was chosen for prediction goal, SABLE II was chosen for server 142 

version, WApproximator was chosen for predictor type.  143 

Protein constructs and protein expression 144 

The anti-VEGF single chain antibody fragment (scFv) heavy chain (VH) and light chain (VL) fused 145 

via a 21 amino acids length non-repetitive linker “SPNSASHSGSAPQTSSAPGSQ” 53. The scFv 146 

mutants were generated by QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). The 147 

http://www.abysis.org/
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scFv mutants with the leader sequence (PelB), FLAG-tag and polyhistidine-tag were transformed 148 

into E.coli strain BL21 (DE3) pLysS (Thermo Fisher) with pET17-b (GenScript) expression plasmid. 149 

Transformant cells were grown on LB-agar plates containing 100μg/mL ampicillin and 25μg/mL 150 

chloramphenicol. Single colonies were inoculated in LB broth containing 100μg/mL ampicillin and 151 

25μg/mL chloramphenicol and grown overnight at 225 rpm, 37 °C. These cells were inoculated into 152 

300 mL autoinduction-media and incubated at 18°C, 250 rpm for 48 h 64. 153 

Protein purification 154 

Cultures were centrifuged at 6500xg and 4°C (Avanti, Beckman Coulter). Protein containing 155 

supernatant was incubated with His-Pur Ni-NTA resin (Thermo Fisher) for 2 h at 4°C shaking 156 

vigorously. The mixture was loaded into a 10 ml vacuum column (Thermo Fisher) and purified 157 

according to recommended commercial protocol. Phosphate buffered saline (PBS) with 25 mM 158 

Imidazole, pH 7.4 and PBS with 500 mM Imidazole, pH 7.4 were used as wash and elution buffers, 159 

respectively. Purified protein was buffer-exchanged into PBS (pH 7.4) through membrane filtration 160 

(Amicon® Ultra-4 Centrifugal Filter Units, MWCO 10 kDa, Merck). Protein samples were loaded 161 

onto HiTrap TM Protein L column (GE Healthcare) as a second purification step to maximize protein 162 

purity. Protein purities were confirmed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis 163 

analysis (TGX ™, FastCast™, 12% Acrylamide kit; Bio-Rad). Precision Plus ProteinTM Dual Color 164 

standard was used as a marker (Bio-Rad). Protein concentrations were determined by NanoDrop 165 

2000 (at 280 nm). Extinction coefficients were determined 68550 M-1 cm-1 for WT and VH-V102D, 166 

67060 M-1 cm-1  for VL-Y49D, VL-Y49K, VL-Y49N, 70040 M-1 cm-1 for VH-V102Y via Expasy 167 

ProtParam webserver while using the protein sequences as input 65. 168 

Thermal denaturation assay 169 

Thermal unfolding profiles of purified scFv proteins were determined by thermal shift assay by ABI 170 

7500 Fast RT-PCR. SYPRO™ Orange Protein Gel Stain (Thermo Fisher) at 5x concentration was 171 

used with a 5 µM antibody concentration. Temperature range of 25-99°C with a 0.05% ramp rate was 172 

used. Thermal transition mid-points (i.e., Tm values) from the thermogram data were determined 173 

using the Hill equation fit by Origin 8.5 software.  174 

Surface Plasmon Resonance (SPR) 175 

Affinity measurements were performed using surface plasmon resonance (SPR) on a Biacore T200 176 

instrument (Biacore Inc., Piscataway, NJ). All experiments were performed in an HBS-EP buffer, pH 177 

7.4. 1000 nM His-tagged VEGF protein was immobilized on a CM4 chip at a flow rate of 10 µl/min 178 

for ∼1 min (target RU for immobilization was 100 RU). A series of solutions ranging from 10 to 100 179 

nM scFv fragments were subsequently injected at a flow rate of 30 µl/min onto the VEGF-180 

immobilized surface. Regeneration was performed with 10 mM glycine-HCl at pH 2.7 at a flow rate 181 

of 30 µl/min for 30 seconds after each concentration in the run. Data were corrected by double-182 

referencing against a control flow cell containing no VEGF and injecting buffer solution. Sensogram 183 

curves were analyzed using the BiaEval 3.0 manufacturer's software. KD, kon and koff values were 184 

calculated by fitting the kinetic association and dissociation curves to a 1:1 binding model.  185 

Results 186 

Rationale behind mutational designs 187 
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Two positions, one from light chain (VL-Y49) and one from heavy chain (VH-V102) are chosen to 188 

evaluate affinity/stability trade-offs through secondary interactions of the conserved salt bridge (VH-189 

K94 and VH-D101) under the stem of HCDR3. VL-Y49 is a conserved framework residue which is 190 

positioned at the VL-HCDR3 interface. This tyrosine VL-Y49 makes π-π contacts with an HCDR3 191 

residue, VH-Y100E. On the other hand, VH-Y100E makes an either hydrophobic or anion-π contact 192 

with VH-D101 66, so there is an anion-π-π interaction between those three residues (VH-D101:VH-193 

Y100E:VL-Y49, Figure 1A). For VL-Y49, we designed three mutations, Y49N to evaluate anion-π-194 

amino interaction, Y49K to evaluate anion-π-cation interaction and Y49D, anion-π-anion interaction. 195 

Because this position is surface accessible, all these mutations would also help to improve solubility 196 

leading to a possible stability increase. However, Y49D mutation is designed as disruptive mutation 197 

due to possibility of repulse between two negatively charged amino acids, VL-D49:VH-D101.  198 

VH-V102 is the last residue of  HCDR3, does not have contacts with antigen and it is relatively 199 

conserved according to its distribution in Homo sapiens (Supplementary Figure 5). 4). The most 200 

common residue is tyrosine (33%) followed by valine (24%). This residue is also highlighted as one 201 

of the key stabilizing contacts for HCDR3 structural diversity 46. On the other hand, aspartate in this 202 

position is rarely found (1%). We designed two mutations for this position: VH-V102Y and VH-203 

V102D. While VH-V102Y would show the difference between the two most conserved amino acids, 204 

VH-V102D might form complex salt bridge at the stem of HCDR3 and it might also improve stability 205 

in soluble conditions due to its negative charge. 206 
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 207 

Figure 1: Mutations in the vicinity of the conserved salt bridge (VH-K94:VH-D101) of the variable 208 

heavy chain modulate antibody affinity and stability characteristics. (A) View of the antigen 209 

(Vascular Endothelial Growth Factor, VEGF) bound to its cognate scFv fragment (left panel, PBD 210 
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ID: 1BJ1 50). Insets show the salt bridge as well as the nearby mutational landscape investigated in 211 

this study (center and right panels, respectively). Orange, yellow, and green colors indicate the scFv 212 

heavy chain (VH), scFv light chain (VL) and VEGF proteins, respectively. The conserved salt bridge 213 

between VH residues K94 and D101 is indicated via dashed black lines (top right panel). Rational 214 

mutations on scFv involve residues V102 (on VH) and Y49 (on VL). (B-D) Molecular dynamics of 215 

the wild-type (WT) and mutated scFv constructs. The flexibility of the proteins are illustrated by the 216 

average root mean square fluctuations (RMSFs) of backbone atoms of the heavy chain (B), the light 217 

chain (C) and the antigen VEGF (D). Blue, orange, red, green, brown, purple, pink and gray lines 218 

indicate WT, VL-Y49N, VL-Y49K, VL-Y49D, VH-V102Y, VH-V102D, VL-Y49N-VH-V102D, VL-219 

Y49N-VH-V102Y mutants, respectively. This color convention is used throughout the rest of the text. 220 

Complementarity determining regions (CDRs) of the heavy chain, the light chain and the epitopes of 221 

VEGF are highlighted in orange, yellow and green, respectively. Mutated residues are annotated with 222 

circles. The time evolution of the VH:VL contacts for all mutants are shown in Supplementary 223 

Figure 2 1. The time evolution of the antibody:antigen contacts for all mutants are shown in 224 

Supplementary Figure 3 2. (E-F) Scatter plots of affinity and stability differentials with respect to 225 

the WT antibody. The green areas represent “increased affinity and increased stability”, red 226 

“decreased affinity and decreased stability” and oranges “decreased affinity or stability”, meaning a 227 

trade-off. (E) Computed contact differentials from the molecular dynamics trajectories (See 228 

Methods). Differences in the mean of total contact counts between the VH and VL chains (an indicator 229 

of stability, x-axis) and between scFv and VEGF (an indicator of affinity, y-axis) with respect to their 230 

WT counterparts are shown. Distribution of contact counts between VH:VL (stability) and antibody 231 

antigen (affinity) are shown in Supplementary Figure 4A 3A and 4B 3B, respectively. (F) 232 

Experimentally measured stability (Tm, thermal melting temperature, x-axis) and affinity (as 233 

illustrated via KA = 1/KD, the association constant, y-axis) differentials of each mutant with respect to 234 

the WT. The experimentally unstable construct VL -Y49D is annotated via a dashed-edged circle. 235 

Considering In light of their discouraging MD properties, we did not attempt to produce the two 236 

double mutants (VL-Y49N-VH-V102D, VL-Y49N-VH-V102Y) (square marks in E). 237 

Affinity and stability profiles of designed scFvs 238 

The conserved salt bridge between VH-K94:VH-D101 at the stem of HCDR3 defines the robustness 239 

of this loop (Supplementary Figure 5). 4). HCDR3 is the main paratope for most antigens 67, thus 240 

we designed several mutations around this salt bridge, preferentially on a Vernier zone residue. We 241 

aimed to modulate the antigen affinity without compromising HCDR3 because it is critical that the 242 

stem of HCDR3 has a light-chain interface that can contribute to the stability of the antibody. We 243 

chose residues VH-V102 and VL-Y49 to understand the secondary/tertiary effects on the VH-VL 244 

interface (Figure 1A). In the MD simulations of these constructs, average root means square 245 

fluctuations (RMSF) values near the mutations remained within the range of 6 to 10 Å, indicating 246 

that the antibody and antigen structures can still maintain a robust binding configuration. These 247 

results suggest that the overall structural flexibility of scFvs is not altered significantly by the 248 

introduced mutations (Figure 1B-D). In silico secondary structure predictions also showed that point 249 

mutations are well tolerated within scFv secondary structure (Supplementary Figure 6). However, 250 

the conserved or drastic mutations on VH-V102 and VL-Y49 revealed notable affinity and/or stability 251 

changes 68 (Figure 1B-F, Figure 2). 252 

On the VH side, while VH-V102Y is a mutation to a more conserved residue for this specific position 253 

(33% Y, 24% V, Supplementary Figure 5), 4), VH-V102D mutation is a drastic change to see 254 

whether the ionic bonding of the salt bridge at the stem of HCDR3 is disrupted by the introduction of 255 

a proximal acidic residue. Both mutations improve affinity and stability as suggested jointly by our 256 
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MD simulations and experimental measurements (Figure 1E, F, Figure 2). Only V102D has a 257 

higher than predicted affinity while showing slight difference in stability.  258 

HCDR3 is in direct contact with the VL chain through the VH-Y100E:VL-Y49 π-π interaction (Figure 259 

1A). Although VH-Y100E is in HCDR3, this π-π stacking proves to be a crucial contact for the VH-260 

VL interface and the HCDR3 robustness through VH-D101:VH-Y100E:VL-Y49 anion-π-π stacking. 261 

We designed VL-Y49K, VL-Y49N and VL-Y49D mutations to convert this triple stacking into anion-262 

π-cation, anion-π-amino and anion-π-anion, respectively. Here, we designed the VL-Y49D mutant as 263 

a negative control to disrupt this stacking interaction and we showed that it has very low stability 264 

according to MD simulations. Probably related to this stability loss, it even could not be 265 

experimentally recombinantly produced (Figure 1E, F). The other mutants were successfully 266 

produced and purified from the supernatant (Figure 2A). Among the mutants, VH-V102Y showed the 267 

highest increase in thermal stability while VH-V102D mutant improved the thermal stability slightly 268 

compared to WT (Figure 2C). Those two mutants also showed improved affinity in SPR analysis 269 

(Figure 2B, Supplementary Figure 7). 5). Although VL-Y49N, VL-Y49K mutations showed slightly 270 

increased affinity, their stability is compromised according to both computational and experimental 271 

findings (Figure 1B-F, Figure 2B-C, Supplementary Figure 7). 5). 272 

 273 

Figure 2. Experimental affinity and stability profiles of scFv constructs in this study. (A) SDS-PAGE 274 

analysis of scFvs after bacterial expression and purification, (B) Thermal melting temperature (Tm, in 275 

degrees) and dissociation constant (KD, in molarity units) values, (C) Tm plots (repeated at least two 276 

times in three replicates with different batches of protein) (D) SPR profile of WT for affinity 277 

determination (SPR profiles of all mutants are in Supplementary Figure 7). 5).Color coding follows 278 

Figure 1.   279 



 
10 

Rescue mutations have non-additive effects 280 

To restore the stability loss of VL-Y49N by the stability-favoring mutations (VH-V102D and VH-281 

V102Y), we designed two in silico double mutants, VL-Y49N:VH-V102D and VL-Y49N:VH-V102Y. 282 

Surprisingly, both rescue mutants showed even worse stability profiles as observed in the MD 283 

simulations (Figure 1E). As a result, we did not pursue these mutants experimentally. Most 284 

importantly, this finding shows that the effects of single point mutations are not additive and more 285 

complex secondary/tertiary interactions are at play for affinity/stability profiles. We tried to have an 286 

insight into the affinity/stability profiles of our designed mutants through more detailed structural 287 

studies.  288 

HCDR3 is essential for both affinity and stability 289 

Computed pairwise contact counts between the protein components of VL-Y49N suggested specific 290 

regions for the increase in affinity and the loss in stability (Figure 3). While the affinity gain is 291 

mostly due to HCDR3-VEGF contact increase as expected, stability decrease is mostly caused by 292 

VH-VL interface disruption through HCDR3, LCDR3 and/or light framework 2 (LFW2) contact loss 293 

(Figure 3A, B). As expected, VEGF binding occurs mostly with VH chain (Figure 3C). Same 294 

regions (HCDR3-VEGF for affinity, HCDR3, LCDR3 and LFW2 for stability) play similar roles in 295 

other mutants (Supplementary Figures 8-13). 6-11). Although VH-V102Y and VH-V102D mutants 296 

are not directly in the VH-VL interface, they have a drastic stability increase probably due to 297 

secondary HCDR3 interactions and/or stronger intra-HCDR3 contacts. We can examine the HCDR3 298 

loop on two sides, one face to VEGF (HCDR3 residues 95-100B) that play roles in binding and 299 

shows mostly change in VEGF binding, while the other face (HCDR3 residues 100B-102) shows 300 

changes in VL interacting surface (Figure 1A). This emphasizes that HCDR3 has crucial roles in both 301 

affinity and stability profiles of antibodies.  302 

 303 

Figure 3. Difference in pairwise contact counts of VL-Y49N mutant with respect to WT. VH, VL and 304 

VEGF interactions per residue are colored orange, yellow and green, respectively. (A) VL and VEGF 305 

contact count differences for VH residues. (B) VH and VEGF contact count differences for VL 306 

residues. Mutated residue is annotated with a circle. (C) VH and VL contact count differences for 307 

VEGF residues. FW regions are not shown: FW1 is before CDR1, FW2 is in between CDR1-CDR2, 308 

FW3 is in between CDR2-CDR3, FW4 is in after CDR3. Color coding follows Figure 1. 309 

VH-VL interface is compromised in low-stability mutants 310 
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The VH-VL interface and its packing are known to have a significant effect on the stability of an 311 

antibody 69, 70. We analyzed the VH-VL interface by computing the buried surface areas (BSAs) of 312 

each mutant (Figure 4, Supplementary Figure 14). 12). We calculated this property by subtracting 313 

solvent accessible surface area (SASA) of the complete VH-VL complexes from the sum of the 314 

SASAs of the individual VH/VL proteins (Figure 4A). Mutants with high measured thermal melting 315 

points (VH-V102Y, VH-V102D) also have computed BSA values close to or higher than that of the 316 

WT (~1750 Å2 or higher). On the other hand, mutants with low measured thermal melting points 317 

(VL-Y49N, VL-Y49K, VL-Y49D) also have computed BSA values that are less than of that of the WT 318 

(lower than 1700 Å2, Figure 4B).319 

320 
Figure 4: Correlation between measured thermal stabilities and computed VH-VL buried surface areas 321 

of all mutants. The area of the VH-VL interface is calculated by subtracting the solvent-accessible 322 

surface area (SASA) of the complexed VH-VL pair from the sum of the SASAs of the individual VH 323 

and VL domains. (A) Surface representation of the calculated buried surface area. Surfaces of VH, VL 324 

and their buried surface areas are colored orange, yellow and gray, respectively. (B)  Computed 325 

average buried surface areas are scattered with the experimental melting temperature values (Tm).  326 

The low-stability mutant VL-Y49D (annotated with a dashed circle) is arbitrarily assigned a melting 327 

temperature of 40 degrees. Color coding follows Figure 1.  Distributions of buried surface area of all 328 

mutants are shown in Supplementary Figure 14. 12. 329 

Interaction between VL-Y49 and HCDR3 VH-Y100E is a critical determinant of stability 330 

We examined the anion-π-π interactions between the triplet VH-D101:VH-Y100E:VL-Y49 in all 331 

mutants (Figure 5A, B). The distances between the alpha carbons of these residues showed that 332 

stability-improved mutants (VH-V102Y, VH-V102D) mimic those values reminiscent to the WT data 333 
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while stability-compromised mutants have disrupted the interactions particularly between VL-Y49 334 

and VH-Y100E (Figure 5C). The VL-Y49:VH-100E interaction is a π-π stacking contact that is 335 

located at the HCDR3-LFW2 interface, so we checked whether other interactions on this VH-VL 336 

interface have a role in this stability loss, but no significant relationship is found (Supplementary 337 

Figures 15, 16). 13, 14). This result shows that HCDR3 has a substantial effect on stability, 338 

especially through the residue VH-Y100E. Even the addition of affinity/stability increasing VH-339 

V102D/Y mutation did not rescue the stability of VL-Y49N mutant, it got even worse (Figure 1E). 340 

Therefore, VL-Y49:VH-Y100E interaction at the core of the VH-VL interface is proven to be very 341 

crucial for the overall antibody stability. 342 

 343 
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344 
Figure 5: Antibody stability as assessed via critical inter-residue distances at the VH-VL interface. 345 

(A) The anion-π-π interaction (VH-D101:VH-Y100E:VL-Y49) at the VH-VL interface of HCDR3-346 

LFW2. (B) The core salt bridge VH-K94:VH-D101 and the complex salt bridge VH-K94: VH-347 

D101/D102 in VH-V102D (C) Distances between the Cα atoms of VL-Y49:VH-Y100E and VH-348 

Y100E:VH-D101 residues. Distance values of mutants are plotted together with the WT counterpart 349 

to demonstrate the shifts. (D) Distances between the O atom of VH-K94 and N atom of VH-D101 that 350 

is the backbone salt bridge and distances between the Nζ atom of VH-K94 and O atom of VH-D101 351 

that is the side-chain salt bridge for all variants. VH-V102D mutation is also invented a new ionic 352 

interaction with its side chain oxygen atom that competes with the ionic interaction of VH-D101 353 

oxygen atom, shown as an inset. Color coding follows Figure 1. 354 
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A de novo salt bridge near the stem of HCDR3 leads to a substantial affinity improvement in 355 

V102D  356 

While the improvements in stability in the two VH-V102 mutants can be primarily traced to a more 357 

robust HCDR3-VL interface, affinity improvements occur mainly through the improved HCDR3-358 

VEGF interactions (Supplementary Figures 10, 11). 8, 9). The VH-V102D forms a complex salt 359 

bridge where one residue forms ionic interaction with more than one residue (Figure 5B) 48, 71. The 360 

core salt bridge (VH-K94:VH-D101) is accompanied by a mutated aspartate (VH-K94:VH-D102). 361 

Although the backbone ionic interaction of VH-K94:VH-D101 is not disrupted at all, side-chain ionic 362 

interactions of VH-K94 were shared with VH-D101 and VH-D102 for both VH-V102D and VL-Y49N-363 

VH-V102D mutants (Figure 5D). Forming this complex salt bridge between VH-K94:VH-D101/D102 364 

might contribute to the affinity increase for both VH-V102D and VL-Y49N-VH-V102D mutants. The 365 

indirect effect of VH-V102 residue on both affinity and stability through HCDR3 loop conformation 366 

is notable and worth investigating. 367 

The complex salt bridge at the stem of HCDR3 improves packing of epitope-paratope 368 

interaction 369 

When we checked epitope-paratope interactions, VEGF-I91 is found to be the key player by having 370 

an interaction with VH-H101 of HCDR3 (Supplementary Figure 17). 15). We recognized that VH-371 

H101:VEGF-I91 interaction might explain drastic affinity changes for affinity improved mutants 372 

(VH-V102D, VH-V102Y, VL-Y49N-VH-V102D, VL-Y49N-VH-V102Y) by having less distant 373 

interaction overall (Supplementary Figure 17). 15).  There are also other important epitope-374 

paratope interactions such as VH-Y102:VEGF-I80, VH-Y102:VEGF-G92, VH-G100:VEGF-R82 375 

(HCDR3-VEGF for all), but no significant difference was observed except for double mutants which 376 

have the highest improvements in their VEGF affinities that can be attributed to de novo contacts 377 

formed between side chains and backbone functional groups (Supplementary Figure 18, 19). 16, 378 

17).  379 

To see whether the packing of HCDR3 with VEGF has any contribution to observed affinity, we 380 

analyzed the HCDR3 conformation change for VH-V102D (Figure 6A). An angle is calculated to 381 

represent tilt of HCDR3 towards VEGF (Figure 6B). To measure this angle, two vectors, 𝑃1
⃗⃗  ⃗ between 382 

the center of masses of scFv and VEGF, 𝑃2
⃗⃗⃗⃗  between the center of masses scFv and middle residues of 383 

HCDR3 (VH-G100 Cα and VH-S100A Cα) are used. Θ angle is determined as the cosine angle 384 

between those 𝑃1
⃗⃗  ⃗ and 𝑃2

⃗⃗⃗⃗  vectors (Figure 6B, Supplementary Figure 20). 18).  Scatter plots of 385 

calculated θ angle and experimental affinity change showed that there is an obvious correlation for 386 

HCDR3 conformation with affinity changes (Figure 6C). While mutants with slight affinity increase 387 

(VL-Y49N, VL-Y49K, VH-V102Y) are clustered together with angles values very close to that of WT, 388 

mutant with the most significant affinity change (VH-V102D) had more increase from those of all 389 

mutants (Figure 6C). This might show that the formation of a complex salt bridge at the stem of 390 

HCDR3 might alter overall HCDR3 conformation tilting towards VEGF affecting its affinity 391 

drastically.  392 
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 393 

Figure 6: Changes in affinity correlate with a global tilt in HCDR3. (A) HCDR3 loop conformations 394 

are visualized for WT and VH-V102D. Alignment is performed based on the reference of the VH-395 

K94:VH-D101 salt bridge. HCDR3s are represented as the tubes, HCDR3 frames of VH-V102D and 396 

WT are colored in purple and blue, respectively. (B) The cosine angle (θ) change of HCDR3 is 397 

calculated between two vectors 𝑃1
⃗⃗  ⃗ and 𝑃2

⃗⃗⃗⃗ . 𝑃1
⃗⃗  ⃗ vector is the vector between the center of mass of the 398 

scFv fragment and the center of mass of antigen VEGF. 𝑃2
⃗⃗⃗⃗   is the vector between the center of mass 399 

of the scFv fragment and the center of masses of VH-G100 and VH-S100A Cα atoms. 𝑃1
⃗⃗  ⃗  and 𝑃2

⃗⃗⃗⃗  400 

vectors are colored in gray. Selected atoms are represented as spheres. (C) Angle decrease of mutants 401 

compared to WT-HCDR3 are scattered through every 100th frame of the whole trajectory (5000 402 

frames). The experimental affinity of the VL-Y49D mutant could not be obtained, so its 403 

representation is made based on our computational results. Color coding follows Figure 1.  404 

Distributions of angle of all mutants are shown in Supplementary Figure 20. 18. 405 

Discussion  406 

Monoclonal antibodies are promising biomacromolecules for various therapeutic and diagnostic 407 

applications. However, numerous trade-offs can be encountered during development and 408 

improvement stages due to the intrinsic complexity and the structural limited modularity of these 409 

molecules 72. While the antigen affinity is the most natural and crucial developability parameter, its 410 

improvement cannot be decoupled from the stability of the antibody in a systematic manner, resulting 411 

in an unavoidable affinity versus stability trade-offs 11, 15, 73. A primary driver of this mutual 412 

dependence could lie in the architecture of the HCDR3 region, an elongated loop that forms critical 413 

interactions with both the antigen and the antibody light chain.  414 

In this study, we focused on two pivotal residues (Y49 on the light chain and V102 on the heavy 415 

chain) that modulate the global orientation of HCDR3 while maintaining its overall shape and 416 

structural integrity (Figure 1). Of these two residues, the light chain Y49 tolerated a mutation that 417 

improved the antigen affinity but a crucial π-π interaction was lost in the VH-VL interface, one that 418 

proved irreplaceable for the stability. The second residue of focus, heavy chain V102, not only 419 

tolerated mutations that reoriented HCDR3 more favorably for antigen binding, but interactions lost 420 

with the light chain could be compensated via novel contacts not present in WT. We identified one 421 

such mutation, VH-V102Y, that demonstrated a joint increase in stability and affinity in both our 422 

experimental measurements and atomistic molecular dynamics simulations. HCDR3 has two main 423 

interfaces, one toward the antigen and the other one spanning part of the VH-VL interface. We have 424 
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shown that in these mutants (i) the contacts at the HCDR3-VEGF interface increase, resulting in an 425 

improved affinity and (ii) the contacts at the HCDR3, LFW2, and LCDR3 region of the VH-VL 426 

interface increase, probably resulting in an improved stability. These two mutants are direct evidence 427 

that HCDR3 is not only important for affinity but also for stability and not necessarily in an 428 

antagonistic manner. We note that caution should be taken to avoid drastic trade-offs during affinity 429 

maturation efforts on HCDR3. The findings here are a novel proof of concept demonstration with 430 

implications for other antibody engineering efforts. 431 

Understanding antibody stability is a more complex issue because the residues contributing to 432 

stability are scattered across diverse positions (core domain, surface exposed residues, VH-VL 433 

interface) 74-77. In our study, stability increasing mutations (VH-V102Y and VH-V102D) showed 434 

significantly higher VH-VL interface buried surface area (Figure 4). This demonstrates the 435 

importance of the scope of VH-VL packing for the overall antibody stability. In addition, the VH-VL 436 

orientation is also known to be important for stability 78-81. In our mutants, no significant correlation 437 

was observed between this metric and stability. 438 

It is known that π-π stacking is very important for protein structure and function. Besides π-π, π-439 

cation/amino/anion contacts are also a part of these crucial stacking interactions 82. Even triple π-440 

stackings are known to contribute to the activity of proteins83 . In the specific example of light chain 441 

Y49, we mutated this residue to collect structural insights into the effect of triple π-stacking 442 

interactions at the VH-VL interface. We showed that drastic affinity and stability changes occur when 443 

the anion-π-π interaction (VH-D101: VH-Y100E:VL-Y49) was mutated through VL-Y49N/K/D 444 

mutations (Figure 4, 5). VL-Y49 is one of the Vernier zone residues. Although Vernier zone residues 445 

are by definition not in the CDR regions (but rather usually at the stem of CDRs), they are known to 446 

be indispensable for antibody function 24. These residues are usually back mutated to restore antibody 447 

affinity in humanization efforts 84. Here, we provide further evidence on the importance of Vernier 448 

zone residues for antibody engineering efforts 27.  449 

There is a highly conserved salt bridge (VH-K94:VH-D101) at the stem of HCDR3 that is critical for 450 

HCDR3 to assume its bulge form 85. If the lysine (or arginine) at position 94 is converted to any other 451 

amino acid, HCDR3 loses function due to lack of stabilizing salt bridge and it does not form the 452 

bulge 86. When this salt bridge was converted into a complex salt bridge by VH-V102D mutation, 453 

affinity and stability increased. In-depth analysis of a molecular dynamics simulation of this mutant 454 

showed that the complex salt bridge at the stem shifted the HCDR3 loop to tilt towards VEGF, 455 

thereby contributing to the affinity increase (Figure 6). Even though VH-V102 is a highly conserved 456 

residue in the antibody framework 87, it is nonetheless a potentially interesting locus for future 457 

antibody engineering and affinity maturation efforts. As a general approach, V102 might be mutated 458 

to “D” or “Y” to increase antibody affinity with no loss or even better stability. Aspartate in this 459 

position is very rare (1%), thus immunogenicity should also be considered while designing mutations 460 

with rare amino acids in particular positions.  461 

We should also note here the complementarity aspect of our molecular dynamics simulations in 462 

understanding the detailed molecular mechanisms associated with the involvement of HCDR3. 463 

Hence all the domains of an antibody share the same structural fold 19, 88 and framework residues, 464 

especially chosen HCDR3 salt bridge interaction, are usually very conserved among organisms, these 465 

findings can be applied to other antibodies in general. The measured energetic differences in the 466 

affinities are on the order of a few thermal energies at ambient conditions (as inferred from the 467 

dissociation constants), meaning that accurate prediction of protein-protein binding energies is of 468 

utmost importance in this context. As an intuitive measure of the relative changes in binding 469 
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interfaces, here, we have used pairwise contacts between the epitope and paratope groups. Such 470 

geometric metrics are commonly employed in heuristic correlations with experimentally measured 471 

energies 89. 472 

Affinity improvement or re-gaining efforts are usually encountered with numerous trade-offs such as 473 

loss of stability, lower solubility, and/or higher aggregation propensity, as reviewed elsewhere 11. 474 

Although these in vitro properties of a candidate antibody can be co-screened with a variety of 475 

experimental tools, scalability is typically costly and cumbersome. In this context, the use of in silico 476 

tools can alleviate the load by providing precise predictions at a fraction of the cost and time typically 477 

invested in an experimental undertaking. In this work, we tapped into the strength of sufficiently long 478 

molecular dynamics simulations which not only validated our physico-chemical wet-lab 479 

characterization of our mutants but also provided molecular level understanding into the favorable 480 

and unfavorable outcomes. 481 
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