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Charles Darwin
(1809-1882) 

Transmutation of Species

“Survival of the Fittest”



Charles Darwin – Natural Selection

The concept of natural selection was originally developed 
in the absence of a valid theory of heredity; at the time of 
Darwin's writing, nothing was known of modern genetics.

The concept of fitness is central to natural selection. In 
broad terms, individuals that are more "fit" have better 
potential for survival, as in the well-known phrase 
"survival of the fittest".

Proposed in parallel by Alfred Russell Wallace



Mendel demonstrated that the 
inheritance of certain traits in 
pea plants follows particular 
patterns, now referred to as the 
laws of Mendelian inheritance. 

“Particulate” nature of 
inheritance of traits.

The laws formed the foundation 
of the modern science of 
genetics

Gregor Mendel
(1822 – 1884)



British-born geneticist, protein 
chemist. and evolutionary 
biologist generally credited with 
a central role in the 
development of neo-Darwinian 
thinking . 

Genetic (gene) – basis of 
transmutation of species

Mutations of genes give rise to 
“transmutation of species” by 
changing the structure of the 
encoded gene product

J.B.S. Haldane
(1892– 1964)



Francis Crick in 1957

In February 1953, Watson and 
Crick completed their model, 
which is now accepted as the 
first correct model of the double-
helix of DNA.

On 28 February 1953 Crick 
interrupted patrons' lunchtime at 
The Eagle Pub in Cambridge to 
announce that he and Watson 
had "discovered the secret of 
life"

One strand templates 
the second strand

Francis Crick
James Watson
Rosalind Franklin

“Structural Biology” – using 
molecular structures to 
understand biology



Francis Crick in 1957

Paradigm of Molecular Biology
DNA Sequence

RNA Sequence

Protein 
Sequence

translation

transcription

In 1979, Alexander Rich and co-workers at MIT grew a 
crystal of Z-DNA. This was the first crystal structure of any 
form of DNA.



Paradigm of Molecular Biology
DNA Sequence

RNA Sequence

Protein 
Sequence

3D Protein 
Structure

translation / post-
translational 

modification (PTM)

transcription

protein folding

3D Nucleic Acid
 Structure

nucleic 
acid 

folding

X-ray crystallography
Nuclear Magnetic Resonance (NMR)
Cryo Electron Microscopy



Sequence 
Length

Organism



The number of 
genomes 
sequenced 
increases by > 
10-fold every 5 
years

Over the next 15 
yrs we expect to 
have 1,000 -fold 
more sequences 
than we have 
today.



1 Gene  1 Protein

 Splicing 
 Proteolytic Processing
 Posttranslational modifications
 glycosylation
 phosphorylation 
 acetylation
 methylation
 ubiquitination and sumylation
 other modifications

1 Gene   Multiple Proteins



Protein Structure Databank (PDB)
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Paradigm of Molecular Biology

DNA Sequence

RNA Sequence

Protein 
Sequence

3D Protein 
Structure

translation

transcription

protein folding

3D Nucleic Acid
 Structure

nucleic acid 
folding

International Protein Structure Initiative
The long-range goal of the Protein Structure Initiative (PSI) is to 
make the three-dimensional atomic-level structures of most 
proteins easily obtainable from knowledge of their 
corresponding DNA sequences.



By the end of the PSI program (2000 – 2016), more than 9400 
structures determined, with the majority of them being unique.



NMR:  Arrowsmith, Kennedy, Montelione Powers, Prestegard, Szyperski, Valafar
(Aramini, Cort,  Eletsky, Gutmanas, Lamack, Lee, Liu, Mani, Mercier, Mills, Pederson, Pulavarti, 
Ramelot, Rossi, Singarapu, Shen, Stark, Swapna, Tang, Wu, Xu, Yang, Yee and others)
   
X-ray:  Hunt, Tong, Montelione  labs

NMR:    570 structures
X-Ray:   664 structures
Total:  1,234 structures 
177 Euka; 150 Human 
> 200,000 homology models



Paradigm of Molecular Biology

DNA Sequence

RNA Sequence

Protein 
Sequence

3D Protein 
Structure

translation

transcription

protein folding / 
PTM

Can we do this ALL
in silico



Evolutionary Co-Variance (EC)



PNAS, 110, 20533 2011



Backbone RMSD of top model 
to Xtal structure of 3 – 5 Å

PLoS ONE 6, e28766 (2011).



EC restrained Rosetta: Backbone RMSD of top 
models to Xtal structure of 2.7 – 6 Å
eLife 2015;  Science 2017

DCA-fold, integrating DCA contacts
with an accurate knowledge of local 
information is sufficient to fold proteins in 
the range of 1–3 Å accuracy
PNAS 2012

2014

2014



Can we enable protein structure determination 
by combining sparse NMR data with EC restraints?

EVFold 
Server

Restrained
Rosetta

Yuefeng Tang 
Janet Huang
Thomas Hopf 
Chris Sander

 Debora Marks 

EC-NMR Method

Fully automated NOESY / 
EC analysis with 
AutoStructure (ASDP)

Structure 
generation

Refined 
Residue Pair 
Contacts -> 
Atom Pair 
Contacts

Tang, Huang et al
Nature Methods 2015

C Sander D Marks
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Hybrid EC-NMR Method

NOESY cross peak assignment ambiguity is iteratively 
resolved

False positive ECs are identified and removed

ECs are deconvolved into atom-atom distance restraints.

More complete and precise distance restraints.

HN, ILV Me Assignments
1 15N-1H RDC alignment
Neff = 12,416         Neff / L = 33 

MBP – beta 
cyclodextrin 
complexes

Tang et al
 Nature  Methods 2015



22 kDa
NH ILV

Ras
21 kDa
NH only

MBP  NTD
41 kDa
NH ILV

MBP  CTD
41 kDa
NH ILV

EC-NMR structures have accurate core sidechain structures

Tang et al Nat Methods 



CASP – Critical Assessment of 
Protein Structure Prediction

A community-wide, worldwide experiment 
for protein structure prediction taking place 
every
two years since 1994

CASP provides research groups with an 
opportunity to objectively test their structure 
prediction methods and delivers 
independent assessment of the state of the 
art in protein structure modeling 

More than 100 research groups from all 
over the world participate in CASP on a 
regular basis 

http://predictioncenter.org/

Categories:
• Template-based Modeling
• ab initio modeling
• contact prediction
• Refinement
• Data-assisted prediction

http://predictioncenter.org/


CASP – Critical Assessment 
of Protein Structure 
Prediction

• Experimental Structures
• Sequences Distributed
• Blind Predictions
• Third-party Assessors

rmsd – root-mean square 
deviation of atomic 
coordinates.     
2 crystal structures < 1.5 Å

GDT – global distance 
test.  Percent of atoms < 
1 Å rmsd

CASP1 –  1994
…
CASP15 - 2022



Deep Learning
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Easy                                          Target Difficulty                                        Difficult

CASP14 CASP1
CASP2 CASP3
CASP4 CASP5
CASP6 CASP7
CASP8 CASP9
CASP10 CASP11
CASP12 CASP13
CASP14 CASP14 server
CASP14 w/o AF2

Kryshtafovych, Fidelis, 
Moult  et al, 2021

Remarkable  Performance of AlphaFold in 
CASP14 (2020) – for 96 Evaluation Units

For 96 CASP14 targets AF2 models had a mean 
GDT_TS of 0.88 ± 0.1, corresponding to RMSD 
between predicted and experimental protein 
structures of about 1.5 Å



Jumper et al Nature 2021

Highly Accurate Protein Structure Prediction with AlphaFold: 
Deep Learning from the Protein Structure DataBase

Deep Mind, 
Inc

AlphaFold – 
Convolutional 
Neural Network

AlphaFold2 – 
Attention-based 
Network



NMR 
Model

NMR Ensemble

well-defined region:
residues 305 - 426

well-defined region:
residues 310-428

<RMSD> = 0.97 Å
  GDT = 0.90

AF Model AF Ensemble

Common Region for RMSD / 
GDT comparison:  310-426

CASP14 Target T1055
AlphaFold 2020

Huang YJ, Zhang N, Bersch B, Fidelis K, Inouye M, Ishida Y, 
Kryshtafovych A, Kobayashi N, Kuroda Y, Liu G, LiWang A, Swapna 
GVT, Wu N, Yamazaki T, Montelione GT. Assessment of prediction 
methods for protein structures determined by NMR in CASP14: 
Impact of AlphaFold2. Proteins. 2021



CASP target T1053, a two-domain bacterial 
kinase. Both domains are difficult modeling 
targets (FM/TBM category). 

Kryshtafovych et al, 2021

largest CASP14 target 
was 949 res

AF2 and RosettaFold 
source freely available

attention-based 
machine learning 

Aug 2021  AF and RoseTTAFold Servers Google Cloud

Oct 2021  AF Running at RPI on CCI GPU Clusters

Dec 2020  CASP14

Jul 2021    AlphaFold (AF2) Published in Nature

Jul 2021   RoseTTAFold Published in Science

Jul 2022    200 M structures released by Deep Mind

Aug 2021  20  Proteomes published in Science



Eury DsrAB  Disulfide Reductase 
 1400 residues  ~ 155 kDa

GVT Swapna
C Royer



Science Magazine
“Breakthrough of 
2021”



NESG NMR, X-ray Pairs

Tejero et al, Frontiers in Mol. Biol. 2022

NMR
AF
Xray





Jumper, J et al. Highly accurate protein structure prediction with AlphaFold. Nature (2021).
Varadi, M et al. AlphaFold Protein Structure Database: massively expanding the structural coverage of protein-
sequence space with high-accuracy models. Nucleic Acids Research (2021).

Homo sapiens



DOC1 and DOC1R – Deleted in Oral Cancer.  
CDK2 modulating proteins

Not used 
in AF 
training

L Spaman



Democatization
of
Structural
Biology

Web based
AF2 modeling











Protein-
Protein 
Complexes







BET Proteins:  ET : Peptide Complexes

15N-TP 15N-TP + unlabeled ET

MLV IN CTD ET – TP
complex

GVT Swapna 
M Roth et al

Epigenetic regulator

Viral integrase

Epigenetic regulators 
and viral proteins Disorder -> 

order



tight
Kd  90 nM

weak
Kd  ~ 250 µM

v. weak
Kd  ~ 950 µM

bioRxiv  2022

ET-TP

ET-NSD3

ET-JMJD6

Disorder -> 
order



tight
Kd  90 nM

weak
Kd  ~ 250 µM

v. weak
Kd  ~ 950 µM

bioRxiv  2022

ET-TP

ET-NSD3

ET-JMJD6

Disorder -> 
order

AF2 models of the 
peptide-receptor 
complex are an 
excellent match to 
experimental 
structures



Comparing 
MELD + NMR 
vs AlphaFold

tight
Kd  90 nM

weak
Kd  ~ 250 µM

v. weak
Kd  ~ 950 µM

bioRxiv  2022

Combining 
MD replica 
exchange 
and NMR 
chemical 
shift 
perturbation 
data through 
Bayesian 
inference



∆∆Gpred = - 2.4 kcal / mol

∆∆Gexp = - 4.7 kcal / mol

Predicting relative 
binding affinities

We are designing synthetic peptides that bind to ET and compete with natural ET binding 
proteins, by conventional de novo design and hallucination approaches.
- Antiviral or anticancer properties
- Create novel ET-protein complexes to modulate gene expression

AF2 for Docking ->  MELD for docking free energy



AF-CBA: 

AlphaFold 
Competition
Binding 
Assay



For 11 of 15 cases tested; AF-CBA identified correct region of the 
protein to bind to receptor, and correct experimental binding mode

A. Perez
A. Mondal

Univ of Florida

M. Roth - Rutgers



Predicted 
BIRCA 
binding 
peptides with 
ET receptor

BICRA
BET-binding 
protein 
identified by 
pull down



NESG BIOMEDICAL THEME PROJECT

Human Cancer Protein 
Interaction Network (HCPIN)

KEGG Pathways
• Apoptosis
• TGF-beta
• Innate Immune Response
• EGF receptor pathway
• NF-κB
• JAK/Stat
• MAPK

Protein Interaction Data from 
HPRD: Manually curated db of 
protein-protein interactions based 
largely on literature, describing 
physical protein- protein 
interactions

Systematic 
structural 
coverage of 
pathways and 
interaction 
networks 

Study structures of 
complexes



Generative Adversarial Networks (GANS) - Hallucination

Goodfellow et al 2014 https://iq.opengenus.org/



Jumper et al Nature 2021

T Ramelot









www.mdpi.com

Protein Dynamics

Protein Structures Sample a 
Conformational Landscape

SARS CoV2 PLpro SARS CoV2 Mpro

4D
Protein
Structures



Andrew Baldwin
research.chem.ox.ac.u
k

The Conformational Landscape Provides the 
Basis of the Protein’s Function
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Al Gibbs, Ruth Steele     
Janssen Pharma 

Gaohua Liu                      
Nexomics Biosciences
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Solution NMR Structure of DENV2-NS2B-
NS3pro Protease Complex

2H,15N,13C, ILVA Me Labeled 

G. Liu
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NMR Reveals Two Non-Overlapping Inhibitor Binding 
Sites in DENV2-NS2B-NS3pro Protease Complex 
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Klebsiella pneumoniae MipA in 
detergent micelles

YJ Huang
G Liu
Y Ishida
GVT Swapna
S. McCallum



Jumper et al 2021

attention-based 
machine learning 

Use shallow 
MSAs to provide 
subsets of ECs

Can we use AlphaFold to Predict the 
Multiple Conformational States of MipA?

AF-Alt AF-cluster AF-sample



AF_ALT generates three clusters of models 
structural variation in the strand β2, β3, β4, β5 

region 

AF_ALT_1
cluster 1

AF-ALT_2
cluster 2

AF_ALT_3
cluster 3

YJ Huang



AlphaFold2-sample – models 
conformational dynamics that 
match well to experimental data

Human DOC1 – Deleted in Oral Cancer

L Spaman
YJ Huang
R Tejero



Modeling Alternative Conformational States of Pseudo-Symmetric 
Membrane Protein Transporters  using Methods from Machine Learning

G.V.T. Swapna, Namita Dube, Monica J. Roth, and Gaetano T. Montelione



Small molecule binding: AF3 vs ground truth

bioRxiv
Nov 2023

Protein:Nucleic Acid 
Complex:  AF3 vs 
ground truth
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