
Reprogramming Pretrained Language Models for Antibody Sequence Infilling

Introduction

Igor Melnyk1, Vijil Chenthamarakshan1, Pin-Yu Chen1, Payel Das1, Amit Dhurandhar1, Inkit Padhi1, Devleena Das2

               1IBM Research, 2Georgia Institute of Technology

• Antibody Design
• Essential in treatment of cancer, infectious and other diseases
• Antigen high specificity results in less adverse effects during treatment
• Complementarity Determining Region (CDR) crucial for antigen 
   recognition and binding

• Challenges
• Design and tailoring of CDR 
• Need for sequence and structural diversity in designed CDRs
• Limited training data

• Our Work 
• ReprogBert for protein sequence infilling
• Model Reprogramming English LLM for the task of CDR design
• Diverse generated sequences while maintaining protein structural 

integrity
• Efficient performance in data-scarce domains

ReprogBert

Experiments

Code: github.com/IBM/ReprogBert 

Reprogrammed Language BERT (ReprogBert) 
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Input Antibody sequence 

Predicted CDR

Linear 
projection

Linear
projection

VQLVESGGGLVQPGGSLRLSCAAS********MSWVRQAPGKGLEWVS
A*******YYADSVKGRFTISRHNSKNTLYLQMKSLRPEDTAIYYC**
*****************WGQGTMVTVSSASTKGPSVFPLAPGGTAALG
CLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSS
SLGTQTYICNVNHKPSNTKVDKKVEP

VQLVESGGGLVQPGGSLRLSCAASGVTVSSNYMSWVRQAPGKGLEWVS
AVYSGGSTYYADSVKGRFTISRHNSKNTLYLQMKSLRPEDTAIYYCAR
LINHYYDSSGDGGAFDIWGQGTMVTVSSASTKGPSVFPLAPGGTAALG
CLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSS
SLGTQTYICNVNHKPSNTKVDKKVEP

CDR-H1 CDR-H2 CDR-H3

CDR-L1 CDR-L2 CDR-L3 Light chain
Heavy chain
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CDR-H1 CDR-H2 CDR-H3

CDR-L1 CDR-L2 CDR-L3

• Baselines
• LSTM Saka et al., 2021 and Akbar et al., 2022

• sequence-only model, smaller capacity, single attention 
layer

• AR-GNN Jin et al., 2021
• autoregressive graph neural network, a sequence and 

structure-based model
• RefineGNN Jin et al., 2021

• designs protein sequence and 3D structure of CDR 
together as graphs

• AbLang Tobias H. Olsen & Deane, 2022
• LM trained on the antibody sequences to restore 

missing residues
• Our proposed baselines:

• ProtBert Elnaggar et al., 2020
• specialized protein BERT model, pretrained on 

millions of protein sequences
• EnglishBert

• out-of-domain token embeddings replaced with in-
domain AA embeddings 

• Structural Antibody Database (SabDab)
• Dataset statistics

• Infilling results

• Coronavirus Antibody Database (CoV-AbDab)
• Dataset statistics

• SARS-CoV2 virus neutralization

• Proposed System
• Protein sequence infilling inspired by masked language modeling
• Design CDR by infilling, guided by the rest of protein sequence
• Model reprogramming repurposes English LLM to protein domain
• Sequence-only method, protein structure information is not used
• Based on                                    from HuggingFace 

• Model Reprogramming
• Protein sequence (target domain), with                 tokens 

• Language sequence (source domain), with                      tokens 

• Mappings:  target to source and reverse

• Constrain the maps to be linear

• Example

•  Training: Only     and      are learned, all other model parameters fixed
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<latexit sha1_base64="gV2Wr59XOQl/P9Z448/zgimy3II=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWBRXJVEvG2EohuXFewF2hAm00k7dDIJMydiDcFXceNCEbe+hzvfxulloa0/DHz85xzOmT9IBNfgON/W3PzC4tJyYaW4ura+sWlvbdd1nCrKajQWsWoGRDPBJasBB8GaiWIkCgRrBP3rYb1xz5TmsbyDQcK8iHQlDzklYCzf3n3wM53jw0tsAPI29BgQ3y45ZWckPAvuBEpooqpvf7U7MU0jJoEKonXLdRLwMqKAU8HyYjvVLCG0T7qsZVCSiGkvG12f4wPjdHAYK/Mk4JH7eyIjkdaDKDCdEYGenq4Nzf9qrRTCCy/jMkmBSTpeFKYCQ4yHUeAOV4yCGBggVHFzK6Y9oggFE1jRhOBOf3kW6sdl96x8entSqlxN4iigPbSPjpCLzlEF3aAqqiGKHtEzekVv1pP1Yr1bH+PWOWsys4P+yPr8ATatlRc=</latexit>

xs = xt✓
<latexit sha1_base64="TwU/QpEXdV7yPhnuuf4O3QHZNS0=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4qok4m0jFN24rGAv0IYwmU7aoTOTMDMRYgi+ihsXirj1Pdz5Nk7bLLT1h4GP/5zDOfMHMaNKO863VVpYXFpeKa9W1tY3Nrfs7Z2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoZlxvPxCpaCTudRoTj6OBoCHFSBvLt/dSP9M5PLqCBlTeGyDOkW9XnZozEZwHt4AqKNTw7a9eP8IJJ0JjhpTquk6svQxJTTEjeaWXKBIjPEID0jUoECfKyybX5/DQOH0YRtI8oeHE/T2RIa5UygPTyZEeqtna2Pyv1k10eOllVMSJJgJPF4UJgzqC4yhgn0qCNUsNICypuRXiIZIIaxNYxYTgzn55HlonNfe8dnZ3Wq1fF3GUwT44AMfABRegDm5BAzQBBo/gGbyCN+vJerHerY9pa8kqZnbBH1mfPxzPlQY=</latexit>yt = ys�

<latexit sha1_base64="baYHuzg80y+0Pvo9xtuTKYwSQQc=">AAACFHicbVDLSgMxFM34rPVVdekmWBRBKDPia1l047KKfUBnLJk0bUMzmSG5I5RpP8KNv+LGhSJuXbjzb8y0s9DWA4GTc+7l3nv8SHANtv1tzc0vLC4t51byq2vrG5uFre2aDmNFWZWGIlQNn2gmuGRV4CBYI1KMBL5gdb9/lfr1B6Y0D+UdDCLmBaQreYdTAkZqFY5c6DEg+MDlErsBgZ7vJ7ej+2RYa8EQu8ADprH56OGoVSjaJXsMPEucjBRRhkqr8OW2QxoHTAIVROumY0fgJUQBp4KN8m6sWURon3RZ01BJzCwvGR81wvtGaeNOqMyTgMfq746EBFoPAt9UpmvraS8V//OaMXQuvITLKAYm6WRQJxYYQpwmhNtcMQpiYAihiptdMe0RRSiYHPMmBGf65FlSOy45Z6XTm5Ni+TKLI4d20R46RA46R2V0jSqoiih6RM/oFb1ZT9aL9W59TErnrKxnB/2B9fkDBG2e1w==</latexit>

✓ 2 R|Vt|⇥|Vs|
<latexit sha1_base64="kryc9PGD8Z7K0syNhrMSwdZsWBQ=">AAACFHicbVDLSgMxFM34rPVVdekmWBRBKDPia1l047KKfUCnlkyatqFJZkjuCGXaj3Djr7hxoYhbF+78GzNtF9p6IHByzr3ce08QCW7Adb+dufmFxaXlzEp2dW19YzO3tV0xYawpK9NQhLoWEMMEV6wMHASrRZoRGQhWDXpXqV99YNrwUN1BP2INSTqKtzklYKVm7sjvECkJPvC5wr4k0A2C5HZ4nwwqTTPAPnDJDLYfGAybubxbcEfAs8SbkDyaoNTMffmtkMaSKaCCGFP33AgaCdHAqWDDrB8bFhHaIx1Wt1QRO6uRjI4a4n2rtHA71PYpwCP1d0dCpDF9GdjKdG0z7aXif149hvZFI+EqioEpOh7UjgWGEKcJ4RbXjILoW0Ko5nZXTLtEEwo2x6wNwZs+eZZUjgveWeH05iRfvJzEkUG7aA8dIg+doyK6RiVURhQ9omf0it6cJ+fFeXc+xqVzzqRnB/2B8/kD5IaexA==</latexit>

� 2 R|Vs|⇥|Vt|

<latexit sha1_base64="LfwRqlXPpcyUy8tqU7SGH710pWg=">AAACC3icbVC7TsNAEDzzDOEVoKQ5JUKiimzEq4ygoQyIPKTYWOfLJTnlfLbu1ojISU/Dr9BQgBAtP0DH33BOUkDCSCuNZna1uxPEgmuw7W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCjKajQSkWoGRDPBJasBB8GasWIkDARrBP3LzG/cM6V5JG9hEDMvJF3JO5wSMJJfKD74gF0usRsS6AVBejO6S6ULPGQaD+s+DEd+oWSX7THwPHGmpISmqPqFL7cd0SRkEqggWrccOwYvJQo4FWyUdxPNYkL7pMtahkpidnnp+JcRPjBKG3ciZUoCHqu/J1ISaj0IA9OZXaxnvUz8z2sl0Dn3Ui7jBJikk0WdRGCIcBYMbnPFKIiBIYQqbm7FtEcUoWDiy5sQnNmX50n9qOyclk+uj0uVi2kcObSPiugQOegMVdAVqqIaougRPaNX9GY9WS/Wu/UxaV2wpjN76A+szx9+/5te</latexit>

xt 2 Rn⇥|Vt|

<latexit sha1_base64="RrloO59ZX0JHdzwONCh5RtnFm0I=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSyK4LKKfUATw2QybYdOJmFmIpQ0Wzf+ihsXirj1D9z5N07aLLT1wIXDOfdy7z1+zKhUlvVtlBYWl5ZXyquVtfWNzS1ze6clo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX94mfvtByIkjfidGsXEDVGf0x7FSGnJM+EVdCiHTojUwPfT2+w+Hbc8OXYUDYmEQeaZVatmTQDniV2QKijQ8MwvJ4hwEhKuMENSdm0rVm6KhKKYkaziJJLECA9Rn3Q15UjvcdPJJxk80EoAe5HQxRWcqL8nUhRKOQp93ZlfLGe9XPzP6yaqd+6mlMeJIhxPF/USBlUE81hgQAXBio00QVhQfSvEAyQQVjq8ig7Bnn15nrSOavZp7eTmuFq/KOIogz2wDw6BDc5AHVyDBmgCDB7BM3gFb8aT8WK8Gx/T1pJRzOyCPzA+fwB25Jo5</latexit>

E 2 R|Vs|⇥d
<latexit sha1_base64="dup5nPhNn7NRwrrdotUd1r4x3h4=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJxNtGKErBZQV7gTaGyXTSDp1MwsxErKFP4saFIm59FHe+jdPLQlt/GPj4zzmcM3+QcKa043xbuaXlldW1/HphY3Nru2jv7DZUnEpC6yTmsWwFWFHOBK1rpjltJZLiKOC0GQyux/XmA5WKxeJODxPqRbgnWMgI1sby7eKjr+6z6ghdIkOo6tslp+xMhBbBnUEJZqr59lenG5M0okITjpVqu06ivQxLzQino0InVTTBZIB7tG1Q4IgqL5scPkKHxumiMJbmCY0m7u+JDEdKDaPAdEZY99V8bWz+V2unOrzwMiaSVFNBpovClCMdo3EKqMskJZoPDWAimbkVkT6WmGiTVcGE4M5/eREax2X3rHx6e1KqXM3iyMM+HMARuHAOFbiBGtSBQArP8Apv1pP1Yr1bH9PWnDWb2YM/sj5/AIW7klw=</latexit>

xE
s = xsE

<latexit sha1_base64="baYHuzg80y+0Pvo9xtuTKYwSQQc=">AAACFHicbVDLSgMxFM34rPVVdekmWBRBKDPia1l047KKfUBnLJk0bUMzmSG5I5RpP8KNv+LGhSJuXbjzb8y0s9DWA4GTc+7l3nv8SHANtv1tzc0vLC4t51byq2vrG5uFre2aDmNFWZWGIlQNn2gmuGRV4CBYI1KMBL5gdb9/lfr1B6Y0D+UdDCLmBaQreYdTAkZqFY5c6DEg+MDlErsBgZ7vJ7ej+2RYa8EQu8ADprH56OGoVSjaJXsMPEucjBRRhkqr8OW2QxoHTAIVROumY0fgJUQBp4KN8m6sWURon3RZ01BJzCwvGR81wvtGaeNOqMyTgMfq746EBFoPAt9UpmvraS8V//OaMXQuvITLKAYm6WRQJxYYQpwmhNtcMQpiYAihiptdMe0RRSiYHPMmBGf65FlSOy45Z6XTm5Ni+TKLI4d20R46RA46R2V0jSqoiih6RM/oFb1ZT9aL9W59TErnrKxnB/2B9fkDBG2e1w==</latexit>

✓ 2 R|Vt|⇥|Vs|
<latexit sha1_base64="u1DfwTK0m1Bm3TRD0BBPvkrGgR8=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqgTxGitYGAuiD6kJkeM6rVXHiWwHUaXZWfgVFgYQYuUH2PgbnDYDtBzpSkfn3Kt77/FjRqWyrG9jYXFpeWW1tFZe39jc2jZ3dlsySgQmTRyxSHR8JAmjnDQVVYx0YkFQ6DPS9oeXud++J0LSiN+qUUzcEPU5DShGSkueWXnwJHQoh06I1MD305vsLuWOoiGRcNzy5DjzzKpVsyaA88QuSBUUaHjml9OLcBISrjBDUnZtK1ZuioSimJGs7CSSxAgPUZ90NeVI73LTyS8ZPNBKDwaR0MUVnKi/J1IUSjkKfd2ZXyxnvVz8z+smKjh3U8rjRBGOp4uChEEVwTwY2KOCYMVGmiAsqL4V4gESCCsdX1mHYM++PE9aRzX7tHZyfVytXxRxlMA+qIBDYIMzUAdXoAGaAINH8AxewZvxZLwY78bHtHXBKGb2wB8Ynz971ptc</latexit>

xs 2 Rn⇥|Vs|

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓
<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="/CmBuahYk8hSG2s5qSnywjT8P/w=">AAACG3icbVDLSsNAFJ3UV62vqEs3wVZwY0kKPpZFNy4r2Ae0oUwm03boZBJmboQS8h9u/BU3LhRxJbjwb5y0AWvrgYFzz33MvceLOFNg299GYWV1bX2juFna2t7Z3TP3D1oqjCWhTRLyUHY8rChngjaBAaedSFIceJy2vfFNlm8/UKlYKO5hElE3wEPBBoxg0FLfrFV6AYYRQJJNSStnvzGVMB/HgugKP630zbJdtaewlomTkzLK0eibnz0/JHFABRCOleo6dgRugiUwwmla6sWKRpiM8ZB2NRU4oMpNprel1olWfGsQSv0EWFN1viPBgVKTwNOV2aJqMZeJ/+W6MQyu3ISJKAYqyOyjQcwtCK3MKMtnkhLgE00wkUzvapERlpiAtrOkTXAWT14mrVrVuaie39XK9evcjiI6QsfoFDnoEtXRLWqgJiLoET2jV/RmPBkvxrvxMSstGHnPIfoD4+sHev+htg==</latexit>

base-bert-uncased

<latexit sha1_base64="tcN05Ia6/WK8Wlv1PQYBXwe0ArY="></latexit>

CDR Train Validation Test Average CDR length Average CDR diversity

CDR-H1 4050 359 326 8.1 60.8

CDR-H2 3876 483 376 7.9 68.2

CDR-H3 3896 403 437 14.5 76.9

<latexit sha1_base64="K3JWlv4l2oVrHLk81J/tUuDbf4o="></latexit>

SabDab CDR-H3

PPL PPL-ProGen RMSD RMSD-AF RMSD-IF TM-AF TM-IF AAR DIV

LSTM 9.20 – – – – – – – –

AR-GNN 9.44 – 3.63 – – – – – –

Refine-GNN 8.38 7.2 2.50 5.62 3.43 85.0 94.0 28.2 25.7

AbLang – – – – – – – 22.0 71.3

ProtBert – 6.8 – 5.40 3.39 85.2 94.0 41.5 14.5

EnglishBert – 5.9 – 5.53 3.26 84.9 94.0 35.6 59.8

ReprogBert – 5.4 – 5.54 3.44 85.1 94.0 32.6 67.4

<latexit sha1_base64="fJfnc6EcDtmurIPcfbwB3avHbXE="></latexit>

Dataset CDR Train Validation Test Average CDR length

CoV-AbDab CDR-H3 2282 291 291 15.7

<latexit sha1_base64="sJhni0FXexDSXnS6Wifq18BmoOQ="></latexit>

Neutralization Score

Model CoV-AbDab CoV-AbDab + SabDab

Original – 69.3

LSTM – 72.0

AR-GNN – 70.4

Refine-GNN – 75.2

ProtBert 72.7 74.7

EnglishBert 70.5 71.0

ReprogBert 75.6 76.7Paper: arxiv.org/abs//2210.07144


