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Designing proteins with language models

Foundations of protein language models

Fundamentally, protein language models aim to predict how likely
we are to observe a particular protein sequence S given all the pro-
tein sequence data collected thus far. We denote a protein sequence
S=(s,$,,... 5,), where s, represents the amino acid at positioniin the
sequence.Asafirstapproximation, we might consider the probability
of observing a protein as the joint probability of observing each of its
constituentaminoacids. Under this model, referred to asunigram, we
calculate the probability of a sequence S as

PS) =T Ps) <+

In practice, to compute P(S), we simply tabulate the frequency
of each amino acid occurring in our sequence database and multiply
the probabilities for the specific sequence S. However, proteins are
not unordered collections of amino acids. Rather, the specific order
inwhich we observe theamino acids is acritical determinant of struc-
ture and function. To capture this order dependency, we can use the
preceding residues to inform the probability of the next amino acid.
Inann-gram model, we multiply these contextualized probabilities to
form the overall probability of the sequence:

P(S) = H?P(Sflsi—(::—l}‘ s Si1)

Nat Biotechnol, 2024, 42, 200-202

Biological
sequence
analysis

Probabilistic models

of proteins and
nucleic acids
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O Erwin Schrodinger, 19444, What Is Life?
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WHAT IS LIFE?

The Physie J’i; et of the
Living Cell
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(0 Max Delbruck, Salvador Luria, Alfred
Hershey TR AT

& Fl BIEE AR EE BT EE
& B FKERNERERIBEER
& 1969FiE DI/RE

[ Max Delbruck (1906-1981)
£ 1930s, Niels Bohr
& 1943, fluctuation test (GEZISEIE) |
& 1944, What is life?
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0 BFHHIBFENFIRTENS
& Bernard Puliman (1919~1996)

$# 7 3International Academy of Quantum Molecular
Science

O 9FahHE
& BiEFWmMhE, BWMEFEINNEF
_ The Nobel Prize in

j]M S Chemistry 2013

e
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BUREAH The International Academy of Quantum Molecular Sciences congratulates

VEEMBERS Martin Karplus (Univ. of Strasbourg and Harvard Univ.), MNichael

HISIORY Levitt (Stanford Univ.), and 4rieh Warshel (Univ. of Southern

- California) on winning the 2013 Nehel Prize in Chemistry fer their

STEATHEEES work on Multiscale Medels for Complex Chemical Systems.

VARDS Josef ]'.|'[1ch1 Photo: A Mahmoud Photo: A. Mahmoud Photo: A. Mahmoud

President Martin Karplus Michael Levitt Arieh warshel
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B, HEF 19224598, LETA. 1936 &£ 9 ASmMPERKERK
48PN, 1937 &£ 5 BSmPELER, KENERMMTIE. 1938 FEEK
EEH, 1944 FEIVTEIAREBEEAE (BB BERLER. 1945 £
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DNA

O 19684, RIx (Ray Wu)
ZHAE—/1DNANFF 5%
& “S[¥EMIE” (Primer
extension methods)
& BN EMEARARLEREY
12N 5

Victor Ling HE
HER
REVIEW

DNA sequencing at 40: past, present
and future )

Nature 2017 550 345 353

Technical milestones

1953: Sequencing of insulin protein?

1965: Sequencing of alanine tRNA*

1968: Sequencing of cohesive ends of phage lambda DNA®

1977: Maxam-Gilbert sequencing®

1977: Sanger sequencing®

1981: Messing's M13 phage vector!?

1986-1987/: Fluorescent detection in electrophoretic

sequencing!41217

1987: Sequenase!®

1988: Early example of sequencing by stepwise dNTP
incorporation!3®

1990: Paired-end sequencing®?

1992: Bodipy dyes!'*®

1993: In vitro RNA colonies®’

1996: Pyrosequencing™*

1999: In vitro DNA colonies in gels®®

2000: Massively parallel signature sequencing by ligation®’

2003: Emulsion PCR to generate in vitro DNA colonies on beads*?

2003: Single-molecule massively parallel sequencing-by-synthesis>3>*

2003: Zero-mode waveguides for single-molecule analysis®’

2003: Sequencing by synthesis of in vitro DNA colonies in gels*®

2005: Four-colour reversible terminators®1-33

2005: Sequencing by ligation of in vitro DNA colonies on beads®!

2007: Large-scale targeted sequence capture39

2010: Direct detection of DNA methylation during single-molecule
sequencing®®

2010: Single-base resolution electron tunnelling through a solid-
state detector!®!

2011: Semiconductor sequencing by proton detection!#?

. 2012: Reduction to practice of nanopore sequencing!43144

2012 Single-stranded library preparation method for ancient DNA#°
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Mapping and Sequencing the Human Genome

Mational Research Council (US) Committee on Mapping and Sequencing the
Human Genome

Washington (DC): National Academies Press (US), 1988
ISBM-10: 0-309-03840-5

Copyright and Permissions

Hardcopy Version at Mational Academies Press

Search this book

http://www.ncbi.nlm.nih.gov/books/NBK218252/
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O FHAREMERE?

] Bioinformatics is a new subject
of genetic data collection,
analysis and dissemination to
the research community (1987)

O Bioinformatics refers to
database-like activities, involving
persistent sets of data that are
maintained in a consistent state _ =
over essentially indefinite l:J\r4
periods of time (1994) Hwa A. Lim

http://www.dtrends.com/HAL.html H‘iit‘ﬁ
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[ Bioinformatics is the field of science in which
biology, computer science, and information
technology merge into a single discipline. The
ultimate goal of the field is to enable the
discovery of new biological insights as well as
to create a global perspective from which
unifying principles in biology can be discerned

Biology in the 21st century is being
transformed from a purely lab-based
science to an information science as well

from NCBI’s science primer

https://www.ncbhi.nlm.nih.gov/Class/MLACourse/Modules/MolBioReview/bioinformatics.html
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[ Biology may be viewed as the study of
transmission of information: from mother cell
to daughter cell, from one cell or tissue type
to another, from one generation to the next,
and from one species to another. This
informational viewpoint is termed
bioinformatics

O £PMEMRALUIBEREMREENEFIE: N
DNALRENFRIERKR, MWK PEIHmE%
A, MNEBREFa, N—Hpas—4 B4R
%—Afmﬂ@‘i%—/\éﬂm, M—REBT—K, N—
MBS — NI E LR . 1Xif¢1n.uu’éﬂ'\ﬂﬁl
= FRAEME 2 S (Eisenberg et al., 2006)
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i 6] RSN

1962 EIPREY AT EALE R

1965 Margaret Dayhoff #) 2 & H it /7% E il

1970 Needleman-Wunsch B %= F &

1977 DNA Ml 7 e f# FH A F Staden ¥ #4720
1981 Smith-Waterman Ei&H &

1981 FHIEAEREE (motif)

1983 FYEEESFREENF A (Wilbur-Lipman )
1985 HEFFAE LR T A FASTP/FASTN f9H &
1990 PEFF AL R T A BLAST (AR
1996 B REEL R 4 0 5l T

1997 PSI-BLAST T AR &

1998 75 i £k 2 F 4H 1 T2l T

1999 R F A 0582 T
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Genome milestones Computational milestones )
. ami 156

1977: Bacteriophage ®X174 (ref. 72) L128L: Smith-Waterman >,

1982: Bacteriophage lambdal3 1982: GenBank (https://www.nck
. 16

1995: Haemophilus influenzae?® 1990: BLAST 0y

1996: Saccharomyces cerevisiae®’ 1995: TIGR assembler

1998: Caenorhabditis elegans®® 1996: RepeatMasllg;ar

2000: Drosophila melanogaster®? 1997: GENSCAN ’

2000: Arabidopsis thalianal46 1998: phred, phrap, consed

2000: Celera assembler?®

2001: Homo sapiens®>31
2002: Mus musculus?’ 2001: Bioconductor
2004: Rattus norvegicus'*® 2001: EULER”*
2005: Pan troglodytes'*? 2002: BLAT!>8
2005: Oryza satival5° 2002: UCSC Genome Browser!®?
2007: Cyanidioschyzon merolagl26  2002: Ensembl!0
2009: Zea mays!'>1 2005: Galaxy!®!
2010: Neanderthal®® 2007: NCBI Short Read Archive
2012: Denisovan!4® 2008: ALLPATHS162
2013: The Hela cell line152152 2008: Velvet’®
2013: Danio rerio5* 2009: Bowtie?3
2017: Xenopus laevis>® 2009: BWA82
2009: SAMtools®4
2009: BreakDancer!3
2009: Pindel1®4
2009: TopHat!1®
2010: SOAPdenovol®
2010: GATK®®
2010: Cufflinks116
2011: Integrated Genomics Viewer
2013: HGAP/Quiver!®’

: Canu®!

T ¢

Application milestones

1977: Genome sequencing’?2

1982: Shotgun sequencing!®

1983, 1991: Expressed sequence tags

1995: Serial analysis of gene expression

1998: Large-scale human SNP discovery

2004: Metagenome assembly 122

2005: Bacterial genome resequencing with NGS#041

2007: Chromatin immunoprecipitation followed by sequencing
(ChlP-seq) using NGS117

2007-2008: Human genome and cancer genome resequencing using

NGs55,90—92

2008: RNA-seq using NGS110-114

2008: Chromatin accessibility using NGS!18

2009: Exome resequencing using NGS?’

2009: Ribosome profiling using NGS119

2010: Completion of Phase | of the 1000 Genomes Project?®

2010: De novo assembly of a large genome from short reads!®®

2011: Haplotype-resolved human genome resequencing using
NG5170,171

2016: Human genome de novo assembly with PacBio

2017: Human genome de novo assembly with nanopore

107,108
109
168

172
64

166

025, HUST
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(Rudolf Virehow Lecture, 5 Novesber 1962)

1901 ~ 1994

I belleve that it is likely that a human being mamufectures 50,000 or
100,000 differeat kinds of protein molecules. A represemtative protein mole-
cile, such as hemoglobin, is bullt of about 10,000 stoms. It has a well de-
fined structure; for most of the protein molecules not e single stom is out

of place.
Bioinformatics, 2025, HUST
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19784, 34NERFRBIHRIE
FF5#E{L14285%

1572 R R

PAM Accepted Point Mutation, RJ
EZHNRRE

O/RA[KIER (Markov Model): i
R IRZ I I

PAM1: FF51457 15 ~1%B I S EEE X
T 5776 P4

Margaret Dayhoff,
1925 ~ 1983
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O 19745, George l. BellZE AWEDNARFY, 1z
GenBank##EE, 1982H &£ E —/ A

[ 19804, Ei;MEBI-ENAZIEREEN
O 19844, HADDBJHIEEE I AL
O 20165, FRpedtRERELHFTBIG Data Center at

Beijing Institute of Genomics (BIGD) #iEEREII; &
Bl B8 EF SRR FBio-Med Big Data Center
(BMDC)#IEPEZE AL

O 20194, BIGDZAANGDC (National Genomics Data
Center) ; BMDCZNGDC/NODE (National Omics
Data Encyclopedia)

Bioinformatics, 2025, HUST




[ https://ngdc.cncb.ac.cn/
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O https://Ingdc.cncb.ac.cn/ncov/

GCNCB/SNGDC ERE SERESH - SRESE- SRERSSHN-  SARE - GRS XEEE EMIH - XF- 55/ Language -

RCoV19
2019 RBREBIERE

A - -
@ R @ sEmiEs @ BT @ AR

2022£E10-12 B EIRITERHAES (2023-01-09)

Pangolini 2 (hitps://ngdc.cncb.ac.cn/ncov/monitoring/country/China). & a0i&
RZ—EBF7 (278, 34% ) , HFEJIEAEH20225108 E12HNIL=
(208 ,74.8% ). Lig (30, 10.8% ) flEee (18, 6.5% ) . FHILLE S A — MERAB
H , FEEEEERSTIBFTFISERBRTRE18 R (#E2023F187 =
H ) =£ARE , 88T ERBF.7FFIEBIN T A1 #2825 , BIORF1aV274L.

ORF1b:L238F, S:C1243F, ORF7a:H47YFIORF10:C29632T, X8 , fEFH
E—NMMUVKBFTUAERE M BHERE*REHAGE A
BF.7.14(https://github.com/cov-lineages/pango-designation/issues/1470),

BH20225E108 B3k |, FEARMEATT817 1 SARS-CoV-2F5 |, =794 ——_ s
e

L . ]

BE7 Ching
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Growth of the International Nucleotide
Sequence Database Collaboration

Base pairs of
DNA (billions)

s

5

Aug-00
Aug-01
Aaag-03

Aug-04
Sg-05

Base pairs contributed by GenBank® EMBL DDBJHM



FRRFIRRRALEEE R

O EntrezfYF/ %, David J. LipmanZF A

O REXBFIRENTE

O “BRER": BRXEFH, STELEMER
O “BBR":. SEHMATHEHXNER

O Elﬁl j:."ﬁ' A/’“ar:'u\ﬂ']%f"\ *'Tlls‘flh:a j[ﬁk\
aﬁu\_n’hﬁ

|11)~I

Bioinformatics, 2025, HUST




Search NCBI

O https://www.ncbi.nim.nih.gov/search/

National Library of Medicine

National Center for Biotechnology Information

Search NCBI

Search NCBI

COVID-19 resources

COVID-19 treatment — . SARS-CoV-2 genomes
Coronavirus Disease 2019 i i Download viral genome and
(COVID-19) Treatment . protein sequences, annotation
Guidelines (National Institutes of and a data report

Health)

Literature

PubMed

PubMed® comprises more than 35 million citations for biomedical literature
from MEDLINE, life science journals, and online books. Citations may include
links to full text content from PubMed Central and publisher web sites.

Example searches Search for titles, citations, identifiers and more

Cancer Statistics 2021
Tunyasuvunakool, Nature 2021
Revealing protein-protein interactions by transcriptome sequencing

GeneReviews

Pmeetj.gov

COVID-19 news »

NCBI Virus

@< The most up-to-date set of
SARS-CoV-2 nucleotide and

protein sequences

Literature databases

Bookshelf
Books and reports

MeSH
Ontology used for PubMed indexing

NLM Catalog

Books, journals and more in the NLM Collections

PubMed

Scientific and medical abstracts/citations

PubMed Central



3 19924, EntrezlnBz—

National Library of Medicine

National Center for Biotechnology Information

Pu bmed .gov

Advanced

PubMed® comprises more than 35 million citations for biomedical literature from MEDLINE, life science journals, and online books.
Citations may include links to full text content from PubMed Central and publisher web sites.

¥ o %

Learn Find Download Explore

About PubMed Advanced Search E-utilities API MeSH Database
FAQs & User Guide Clinical Queries FTP lournals




PubMed: Bk %=

m National Library of Medicine

National Center for Biotechnology Information

PUbﬁmed.gov covip-19

Advanced Create alert Create RSS User Guide
Save Email Send to Sorted by: Best match Display options %
MY NCRI EIITERS [®
AY NCBI FILTERS [& 332,931 results Page 1 of 33,294 > >>
RESULTS BY YEAR
Use COVID-19 filters from PubMed Clinical Queries to refine your search X
O Treatment  Mechanism  Transmission  More filters

See more SARS-CoV-2 literature, sequence, and clinical content from NCBI

1981 2023 [ ] €OVID-19 diagnosis -A review of current methods.
1 Yiice M, Filiztekin E, Ozkaya KG.

Cite Biosens Bioelectron. 2021 Jan 15;172:112752. doi: 10.1016/].bios.2020.112752. Epub 2020 Oct 24.

Abstract PMID: 33126180 Free PMC article. Review.
Share ; ; -
A fast and accurate self-testing tool for COVID-19 diagnosis has become a prerequisite to comprehend

[| Free full text

the exact number of cases worldwide and to take medical and governmental actions accordingly. SARS-
[ ] Full text CoV-2 (formerly, 2019-nCoV ...




20115, FHHEBDEFE (New

Taxonomy)

Toward Precision Medicine MNext =
THE NATIOMAL ACADEMIES Building a Knowledge Network for Biomedical Research and a NHew
i e e Vo e e Wl Taxonomy of Disease

Mational Research Council (US) Committee an A Framewark for Developing a
MNew Taxonomy of Disease.

Washington (DC): Mational Academies Press (US); 2011.
ISBM-13: 978-0-309-22222-8  |SBMN-10: 0-309-22222-2

[Riepots Funded By . . .
National Institutes of Health Copyright and Permissions

Hardcopy Version at Mational Academies Press

Search this book

Excerpt

A Knowledge Network of Disease could embrace and inform rapidly expanding efforts by the biomedical research
commumity to define at the molecular level the disease predispositions and pathogenic processes occurning in individuals. This
network has the potential to play a critical role across the globe for the public-health and health-care-delivery communities by
enabling development of a more accurate, molecularlv-informed taxonomy of disease.

http://www.ncbi.nlm.nih.gov/books/NBK91503/
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Large-cell

l BRAF ’}”N
MET MAP2K1
 Mutations associated with drug sensitivity
EGFR Gly7 19X, exon 19 deletion, LeuB85BArg, Leu861GIn
+ Mutations associated with primary drug resistance
EGFR exon 20 insertions
» Mutations associated with acquired drug resistance

Bioinformatics, 202& EGFR Thi790Met, Asp761Tyr, Leu7475er, Thi854Ak
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Bioinformatics Commons: The Cornerstone of Life and Health Sciences
Zhang Zhang, Yu Xue, Fangqging Zhao
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CIRCpedia v2: An Updated Database for Comprehensive Circular RNA Annotation and Expression Comparison
Rui Dong, Xu-Kai Ma, Guo-\Wei Li, Li Yang

View abstract
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A Scientist Guerilla Fighter in the Frontiers of Bioinformatics—In Memory of Bailin Hao
JunYu
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Original Research
Polyphyly in 165 rRNA-based LVTree Versus Monophyly in Whole-genome-based CVTree

Guanghong Zuo, Ji Qi, Bailin Hao

View abstract
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Layer 1 - Using web to analyze biological data
Layer 2 - Ability to install and run new programs

Layer 3 - Writing own scripts for analysis in PERL,
python or R

[ Layer 4 - High level coding in C/C++/Java for
implementing existing algorithms or modifying
existing codes for new functionality

[ Layer 5 - Thinking mathematically, developing own
algorithms and implementing in C/C++/Java

g ad

Layer 1-4 = Level 1; Layer 5 = Level 2

A beginner's guide to A beginner's guide to
bioinformatics - part I bioinformatics - part 11
http://www.homolog.us/blogs/blog/2011/07/2 http://www.homolog.us/blogs/blog/2011/07/2

2/a-beginners-guide-to-bioinformatics-part-i/ IS 2/a-beginners-guide-to-bioinformatics-part-ii/
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