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What is Structural Biology?

"Structural biology studies the molecular structure and dynamics of biological macromolecules, 
revealing the 3D shape  of life at the atomic level."

The Central Question

How does the 3D shape of a molecule determine its 

biological function?

The Scale

Atoms: 0.1–0.3 nm. Proteins fold into nm structures with 

precise geometry  with function into organelle/cell up to 

μm

Why It Matters

Structure reveals mechanism, enabling drug design, 

diagnostics & disease understanding.

The Molecular Actors

Proteins, DNA, RNA, lipids, carbohydrates and their 

complexes, all at atomic resolution (possibly).



(Gene sequence
 & 

Biochemical data)
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Why Does Structure Matter? Three Iconic Examples

Three cases where understanding 3D structure unlocked everything:

Haemoglobin & Oxygen Transport

The allosteric mechanism

Haemoglobin's T-state (deoxygenated) and R-state (oxygenated) differ by a 15° rotation of two subunit pairs. Without the 

structure, the cooperative sigmoid O₂-binding curve could never be explained mechanistically. Structure revealed allostery.

Penicillin & Bacterial Cell Walls

How antibiotics work

Penicillin mimics the D-Ala-D-Ala peptide terminus of bacterial cell walls. It irreversibly inhibits transpeptidases. An insight 

impossible without the enzyme structure. Structure enabled rational antibiotic design.

Prion Diseases & Protein Misfolding

Same sequence, lethal shape

Prion protein (PrP) exists in two conformations: normal α-helix-rich PrPc and infectious β-sheet-rich PrPSc. The same 

sequence, two radically different folds, one fatal. Structure is the disease (Creutzfeldt-Jakob  - “mad cow”).



S E C T I O N

The Early History
1895 — 1950s
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Wilhelm Röntgen & The Discovery of X-rays (1895)

8 November 1895

In his laboratory in Würzburg, Röntgen noticed that a fluorescent 

screen glowed even when shielded from his cathode ray tube. A 

new type of invisible, penetrating ray was passing through 

cardboard. He named them X-rays → 'X' for unknown.

The First X-ray Image

Röntgen imaged his wife Anna Bertha Ludwig's hand (22 Dic 1985), 

revealing bones and her ring. She reportedly said: 'I have seen my 

own death.' Within months X-rays were used in hospitals on 3 

continents.

Impact

◆  Nobel Prize in Physics 1901 — the very first Nobel!

◆  Used in medicine within months of discovery

◆  Applied in 14 countries within 1 year

  In Italy 

  - the first  x-ray apparatus January  1896, Bologna
  - World first: military clinical X-ray , Naple

◆  Led to discovery of radioactivity (Becquerel, 1896)

◆  Foundation for all crystallography & structural biology

More: Mazzorana lecture at 2 pm  
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Max von Laue & The First X-ray Diffraction Experiment

"If X-rays are waves, and crystals are regular arrays of atoms, then crystals should act as a diffraction grating for X-rays"  
 von Laue's insight, 1912

The Experiment

1 The Hypothesis  Von Laue proposed that X-ray wavelengths (~0.1–1 nm) are 

comparable to atomic spacings in crystals, so a crystal should diffract X-rays 
just as a ruled grating diffracts visible light.

2 The Setup — Munich, April 1912  With colleagues Walter Friedrich and Paul 

Knipping, von Laue directed a narrow X-ray beam through a copper sulfate 
crystal onto a photographic plate.

3 The Result  The plate revealed a central spot surrounded by a regular, 

symmetric array of spots — definitive proof of X-ray diffraction by the periodic 
crystal lattice.

What Was Proved

① X-rays are waves
The regular diffraction pattern proved X-rays 

have wave-like behaviour with Ångström 
wavelengths, ending a decade of debate 

about their fundamental nature.

②
Crystals are periodic
The pattern's symmetry confirmed that 

atoms in a crystal sit in a regular, repeating 
3D lattice, validating the lattice theory of 

solid matter.

③
A new tool is born
Crystals can serve as natural diffraction 

gratings for X-rays — making it possible to 
locate individual atoms inside any crystalline 

material.

Nobel Prize in Physics 1914  ·  Max von 
Laue

The von Laue experiment of April 1912 is the birth certificate of X-ray crystallography 
— and therefore of all modern structural biology.
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Bragg's Law: The Mathematical Key (1913)

Father-and-son William Henry & William Laurence Bragg showed that X-rays 

reflecting off parallel crystal planes interfere constructively only at specific 

angles (using “table salt” as sample for diffraction experiment):

nλ  =  2d · sin(θ)
λ = wavelength  ·  d = inter-planar spacing  ·  θ = angle of incidence

Practically:

Measure diffraction angles → calculate atomic spacings. The foundation of 

all crystallography.

Nobel Prize in Physics 1915  ·  W.H. & W.L. Bragg  ·  

William Lawrence was 25, the youngest Physics Nobel laureate ever

Key Concepts

Crystal: regular 3D repeat of a unit 
cell

Diffraction: wave interference from 
periodic structure

Reciprocal space: Fourier transform 
of real space

Unit cell: smallest repeating unit in 
the crystal

Space group: crystal symmetry (230 
possible)

Miller indices: notation for crystal 
planes (h,k,l)

Geometrical interpretation: 

“Reflections” are actually reflection of the X-ray beam by virtual planes in 

the crystal lattice  
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Milestones in crystal structures (after Laue and Bragg):

1912 Max von Laue First X-ray diffraction from a crystal — Nobel 1914. Proved atoms have regular positions.

1913 W.L. Bragg First crystal structure: NaCl (table salt). Atoms arranged in a perfect cubic lattice.

1920s Many groups Mineral and small organic molecule structures — building the crystallographic toolkit.

1928 Kathleen Lonsdale Proved benzene ring is flat. First woman elected Fellow of the Royal Society.

1934 Bernal & Hodgkin First X-ray diffraction of a protein (pepsin), proving that proteins have regular internal structure!

1945 Dorothy Hodgkin Structure of penicillin (Nobel 1964). First antibiotic mechanism defined structurally.

1949 Dorothy Hodgkin Structure of Vitamin B12 (181 atoms), Nobel-winning complexity, solved without computers.
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Linus Pauling & Protein Secondary Structure (1951)

"Pauling predicted the α-helix and β-sheet from bond geometry alone — before a single protein structure was 
solved. He was exactly right."

The Alpha-Helix

Right-handed coil, 3.6 residues per turn, 5.4 Å pitch. 

Stabilised by backbone N-H···O=C H-bonds between 

residues i and i+4. Found in ~33% of amino acids in 
proteins.

The Beta-Sheet

Extended chains running parallel or antiparallel, H-bonded 

laterally. Form the structural core of antibodies, amyloid 

fibrils, and many enzymes.

The Peptide Bond Insight

Pauling showed C-N has partial double-bond character — 

it is planar and rigid. This single insight about resonance 

was the key to predicting secondary structure from first 
principles.

Nobel Prize 1954

Pauling won Chemistry Nobel for the chemical bond — 

then Peace Nobel in 1962. One of only four people with 

two Nobel Prizes, and the only one to win two unshared 
Nobels.

Figure from: Hargittai, I. Struct Chem 21, 1–7 (2010). 
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DNA: The Double Helix
The greatest molecular discovery of the 20th century



Watson, Crick & the Structure of DNA 
(1953)



Before scientists could determine how DNA was shaped, they had to figure out what it was and what it did.

1869 – Friedrich Miescher: The Swiss physician isolated a substance he called "nuclein" from the nuclei of human 
white blood cells (laboratory of Felix Hoppe-Seyler, University of Tübingen). This was the first discovery of DNA, 
though its function remained a mystery.

1929 – Phoebus Levene (Lithuanian biochemist): Levene identified the components that make up a nucleotide: a 
phosphate group, a sugar (deoxyribose), and one of four nitrogenous bases (Adenine, Thymine, Guanine, and 
Cytosine). However, he incorrectly hypothesized that DNA was a repetitive, simple "tetranucleotide" structure, 
leading many to believe it was too simple to carry genetic information.

1944 – The Avery-MacLeod-McCarty Experiment: This team proved that DNA, not protein, was the "transforming 
principle" responsible for transferring genetic traits in bacteria, shifting the scientific spotlight firmly onto DNA.

The Early Foundations (1869–1940s)



Chargaff's Rules: The Chemical Key to the Double Helix

"The composition of DNA is species-specific, not tissue-specific — and certain remarkable regularities exist between the bases." 
Erwin Chargaff, 1950

Erwin Chargaff
Columbia University  ·  1948–1950

Austrian biochemist at Columbia. 
He measured base composition of DNA 
from many different species.

Method: Paper Chromatography
Hydrolyse DNA  →  separate bases  →  
measure UV  →  molar ratios

Chargaff's Rules

Rule 1 — Species Specificity
Base composition is characteristic of each species but 
constant across all its tissues,  a molecular species-
signature.

Rule 2 — Base Equivalence (The Pairing Rules)

In any DNA sample, regardless of species:

Purines pair with Pyrimidines:

A
Adenine

T
Thymine

2H

= always

equal

G
Guanine

C
Cytosine

3H

= always

equal

Why It Mattered

The Physical Constraint 
A=T and G=C demands physical 
pairing…



The Cavendish Laboratory @University of 
Cambridge.

As Director, Bragg secured funding and 

provided critical mentorship to Perutz and 
Cric for discoveries on protein and DNA 
structures.

Crick first was involved, with Perutz on 
hemoglobin (protein) structure, and then 

with Whatson on DNA structure.

1951-1953 → 23-25 years old !! 

The Race to DNA: Two Teams, One Structure



Obtained the first high-quality X-ray fibre diffraction patterns 
of DNA (1950)

Showed his early patterns to Watson at a Naples 

conference (1951) — sparking Watson's interest 
(redirected him, with Crick ,to DNA)

(A) dry form 

(B) Wet (physiological)  form

1952
Photo 51

The Race to DNA: Two Teams, One Structure



1953–1973, it 
received only 
97 citations.

Watson and Crick 
themselves have 
only cited their 
own paper twice 
since 1961.

Changed biology forever

RNA Tie Club  an informal, humorous, and 
select scientific club founded in 1954 by 
physicist George Gamow and biologist James 
Watson. Its goal was to determine how genes 
synthesize proteins. 
The club had exactly 20 members 
(representing the 20 amino acids) and 4 
honorary members (representing the four 
nucleotides).
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The Golden Age
Protein Crystallography  ·  1958–1990
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Myoglobin: The First Protein Structure (1958)

John Kendrew, MRC Cambridge

Myoglobin stores oxygen in muscle. Kendrew spent 10 years growing 

crystals, collecting data, and computing the electron density map — 

partly by hand, partly using early punch-card computers. Solved at 6 Å 

in 1957, then atomic-resolution at 2 Å in 1959.

What They Found

153 amino acids; a single polypeptide chain

8 α-helices surrounding a central heme group

Heme iron binds oxygen — structure explains function directly

No β-sheets; largely irregular loops between helices

Looked like 'a pile of spaghetti' — complex but purposeful

Myoglobin Theorell, 1924

Myoglobin was crystallized > 30 year ago 



Historical Context

Kendrew's team used EDSAC 

(Electronic Delay Storage 
Automatic Calculator) — one of 

the first electronic computers — 
to compute the 3D electron 

density. The calculation that 
takes milliseconds today took 

weeks.

~1k RAM !!
2D Fourier of 400 terms at 2000 
points = 90 minutes

When the wire model was 

assembled, it looked like 'a pile 
of spaghetti' — nothing like the 

neat diagrams scientists had 
imagined. But the heme was 
perfectly placed to bind oxygen.

Kendrew realized computers 
could make a difference. 
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Haemoglobin & Allostery (Max Perutz, 1960)

Max Perutz spent 22 years solving haemoglobin — the oxygen carrier in red blood cells. 

The structure revealed one of biology's most important mechanisms: allostery.

Quaternary Structure

Haemoglobin has FOUR subunits: 2α and 2β chains, each 

with a heme group. The subunits cooperate to bind oxygen 

more efficiently than any subunit alone.

Allostery

When one subunit binds O₂, it changes conformation — 

causing the other three to bind O₂ more easily. This 

cooperative binding creates the sigmoidal oxygen saturation 
curve.

T-state and R-state

Deoxygenated Hb: tense T-state (low O₂ affinity). 

Oxygenation switches to relaxed R-state. A 15° rotation of 

two subunit pairs drives this global conformational change.

The Bohr Effect

CO₂ and H⁺ shift Hb to T-state, reducing O₂ affinity. Causes 

O₂ release in tissues (which make CO₂) and uptake in lungs 

— structural biology explaining physiology.

Kendrew & Perutz Nobel Prize in Chemistry 1962 for their studies of the structures of globular proteins

Haemoglobin
Hünefeld, 1839

Funke, 1851
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The Era of Protein X-ray Crystallography has begun

1 Grow Crystals

Purify protein to homogeneity; screen 

hundreds of conditions (pH, salt, 
precipitant, temp) to find crystals. Often the 
bottleneck → can take months to years.

2 Collect Diffraction Data

Expose crystal to intense X-ray beam → 
diffractometers.

3 Process Data

Index reflections; determine unit cell and 

space group. Scale multiple datasets. 
Calculate structure factor amplitudes |F| 
from measured intensities.

4 Solve the Phase Problem

Amplitudes are measured but phases are 
lost. 

5 Build Atomic Model

Place amino acid chain into electron 
density map  and structure refinement.

6



Giacovazzo’s Plenary Lecture
The Phase Problem in X-ray Crystallography

Diffraction records only intensities |F(hkl)|² — the phase information φ(hkl) is lost. Without phases, the electron density map ρ(xyz) cannot be computed directly 
from the Fourier transform.

ρ(xyz)  =  (1/V) Σ  |F(hkl)| · e^(iφ(hkl)) · e^(−2πi(hx+ky+lz))

known from diffraction UNKNOWN (lost)

01

Patterson Methods

Heavy-atom positions from 
|F|²

02

Isomorphous 
Replacement

SIR / MIR — experimental 
phases

03

Direct Methods

Statistical phase relationships

04

Anomalous Dispersion

SAD / MAD — wavelength-
dependent scattering

05

Molecular Replacement

Phases from a known model

My lecture “Structural Studies of Proteins: From Early Techniques to Modern Approaches”  at 16:30

Introduced by A.L. Patterson, 
1934

Sayre, 1952
Harper & Kasper , 1948 

Hautpman , 1953
Giacovazzo , 80s…

Perutz  applied it 
1953

Karle & Hendrickson, 1950-1960 Rossman, Blow and Huber , 1960

→ hkl (indices & Intensities) list → atoms positions → structure

"The phase problem is not a problem — it is a 
solvable constraint. Large amplitudes demand 

compatible phases."  — Herbert Hauptman



S E C T I O N  0 4   ·   G O L D E N  A G E

Landmark Protein Structures: 1965–1990

1965 Phillips et al. Lysozyme — first enzyme structure; Asp52/Glu35 catalytic mechanism directly visible

1969 Richards et al. Ribonuclease S — first sub-2 Å protein structure: atomic-level detail for the first time

1975 Huber, Colman Immunoglobulin G — antibody structure reveals how immune recognition works molecularly

1978 Klug et al. Tobacco Mosaic Virus — first virus at atomic resolution; Nobel 1982

1980 Multiple groups Transfer RNA — first RNA structure; the adapter molecule of the genetic code revealed

1984 Michel, Deisenhofer, Huber Photosynthetic Reaction Centre — FIRST membrane protein complex; Nobel 1988

1989 Steitz et al.
RNA Polymerase II fragments — foundation for transcription structural biology (full structure 

Nobel 2006)

1991 Yonath et al.
Ribosome subunits — start of ribosome structural biology (Nobel 2009 w/ Steitz & 

Ramakrishnan)
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The Protein Data Bank: Open Science in Action

250,000+

Structures deposited

1971

Year PDB was founded

7 entries

The original 1971 deposit

100%

Open access, free forever

The Foundation Era (1976–1990): Annual releases remained extremely 
low, staying under 150 structures per year as structural determination 
methods like X-ray crystallography were highly manual and technically 
demanding.
The Structural Genomics Boom (1993–2010): Annual releases exploded 
from 696 in 1993 to a staggering 7,742 by 2010. This period was 
characterized by automation, high-throughput pipelines, and 
widespread access to synchrotrons.
The Modern Cryo-EM Era (2015–2025): Driven by the resolution 
revolution in electron microscopy, annual structure counts broke past 
10,000 and established an all-time historical peak in 2025 with 17,616 
new structures released in a single year.
Current Year Progress (2026): As of July 2026, the archive has already 
released 9,042 structures, keeping the field on a highly productive pace 
for the rest of the year.
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NMR Spectroscopy
Structures in Solution  ·  1970s–Present

NMR (Nuclear Magnetic Resonance) and MRI (Magnetic Resonance Imaging) are rooted in the exact same quantum mechanical 
phenomenon—the manipulation of nuclear spins using magnetic fields and radiofrequency pulses—they are optimized for completely 
different objectives.
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NMR Milestones & Kurt Wüthrich

1946 Bloch & Purcell independently discover NMR Nobel 1952

1966 First NMR spectrum of a protein (Ribonuclease A) — low field, 1D, heavily overlapping peaks

1975 Ernst introduces 2D NMR (COSY) — resolves overlapping signals Nobel 1991

1980 Wüthrich develops systematic protein assignment strategy using 2D NOESY and COSY

1985 Wüthrich solves first protein structure entirely by NMR: BPTI (58 amino acids) Nobel 2002

1989 First NMR structure of a DNA duplex — structural biology of nucleic acids in solution

1997 TROSY (Pervushin & Wüthrich) extends NMR to large proteins in solution

2000s Solid-state NMR: membrane proteins, amyloid fibrils, insoluble assemblies

2010s Paramagnetic NMR, in-cell NMR, intrinsically disordered protein characterisation
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Kurt Wüthrich - The First Protein Structure by NMR

"For the first time, the complete three-dimensional structure of a protein in solution was determined without crystals — using only 
the magnetic resonance of its own atoms."

Kurt Wüthrich
ETH Zürich  ·  The Scripps Research Institute

1938–

Swiss physical chemist who spent two decades 

developing the systematic NMR assignment 
methodology that made protein structure 

determination in solution possible.

Career Milestones

1970s Starts systematic protein NMR at ETH Zürich

1980 COSY/NOESY assignment method developed

1982 Sequential assignment strategy published

1984 First 2D NMR structure of a peptide

1985 BPTI — first complete protein structure by NMR

1986 Book: 'NMR of Proteins and Nucleic Acids'

2002 Nobel Prize in Chemistry

BPTI: The Test Case
Bovine Pancreatic Trypsin Inhibitor

58
amino acids

6,512
Da mass

3
disulfide bonds

Why BPTI was chosen:
Small (58 aa) — manageable spectral complexity

Rigid (3 disulfide bonds) — expected clear NOEs

Well-studied by X-ray — perfect benchmark

High symmetry — simplified assignment

Excellent solubility — concentrated NMR samples

PDB 
entry:

5PTI (X-ray reference)  
2KAI (Wüthrich NMR, 1985)

What the BPTI Structure Proved

NMR = crystallography  — The solution structure agreed with X-ray within 0.4 Å 
backbone RMSD — validation that NMR gives true atomic structures.

No crystals needed  — Any soluble protein under 50 kDa could now be studied by 
NMR — without the bottleneck of crystal growth.

Dynamics included  — The 20 conformers 

revealed genuine backbone flexibility 
invisible to X-ray — NMR as a dynamics 
method was born.

Legacy
Wüthrich's sequential assignment method 
became the universal NMR toolkit. Over 
14,000 NMR protein structures now in the 
PDB — all built on the foundation of BPTI 
1985.



Move over X-ray crystallography. Cryo-EM is

kicking up a storm in Structural Biology by

revealing the hidden machinery of the cell.

Nature (2015) 525, 172

Single-particle cryo-electron microscopy (cryo-EM) is our choice for Method of 

the Year 2015 for its newfound ability to solve protein structures at near-atomic 

resolution. 

Featured is the 2.2-Å cryo-EM structure of β-galactosidase as recently 

reported by Bartesaghi et al. (Science 348, 1147–1151, 2015).

The Cryo-EM Revolution

2013 — The Resolution Revolution begins
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History of Electron Microscopy & Cryo-EM

1931 Ernst Ruska
First electron microscope built — Nobel 1986. Shorter wavelength than light, so higher 

resolution.

1950s Various groups Negative staining enables visualisation of viruses and proteins at ~20 Å

1975 Henderson & Unwin First membrane protein structure (bacteriorhodopsin) by electron crystallography

1975 Joachim Frank Develops single-particle averaging - combine many 2D images into a 3D reconstruction

1984 Jacques Dubochet Vitrification: flash-freeze samples in liquid ethane — preserves native hydrated structure

1990 Richard Henderson Near-atomic 3.5 Å resolution of bacteriorhodopsin by electron crystallography

2013 Multiple groups Direct electron detectors enable sub-4 Å cryo-EM: the 'Resolution Revolution' begins

2017 Nobel Committee Nobel Prize in Chemistry: Dubochet, Frank & Henderson for developing cryo-EM
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Why Cryo-EM Changed Structural Biology

No Crystals Required

Crystallization is often impossible for 

membrane proteins, flexible complexes, 

and IDPs. Cryo-EM needs only 

micrograms of purified protein in solution 

— the natural state.

No Size Limit

From small 60 kDa proteins (with modern 

techniques) to entire 500 MDa virus 

capsids. X-ray cannot handle these 

extremes due to crystallization and unit 

cell constraints.

Native Biological State

Proteins flash-frozen in physiological 

buffer — with lipids, cofactors, ligands, 

and binding partners intact. No crystal 

packing artifacts distorting native 

conformation.

Conformational Heterogeneity

A single cryo-EM dataset contains 

particles in different conformational 

states. Computational classification 

separates them — multiple structures 

from one experiment.

In-situ Cryo-ET

Cryo-electron tomography: tilt series of 

cells enable 3D reconstruction in the 

native cellular environment — structural 
biology in context of the living cell.

Speed

Modern automated cryo-EM collects 

overnight. The COVID-19 Spike protein 

structure was determined in under 2 

weeks — enabling rapid vaccine design 

in a pandemic.
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Landmark Protein Structures: 1965–1990

1965 Phillips et al. Lysozyme — first enzyme structure; Asp52/Glu35 catalytic mechanism directly visible

1969 Richards et al. Ribonuclease S — first sub-2 Å protein structure: atomic-level detail for the first time

1975 Huber, Colman Immunoglobulin G — antibody structure reveals how immune recognition works molecularly

1978 Klug et al. Tobacco Mosaic Virus — first virus at atomic resolution; Nobel 1982 for Aaron Klug

1980 Multiple groups Transfer RNA — first RNA structure; the adapter molecule of the genetic code revealed

1984 Michel, Deisenhofer, Huber Photosynthetic Reaction Centre — FIRST membrane protein complex; Nobel 1988

1989 Steitz et al.
RNA Polymerase II fragments — foundation for transcription structural biology (full structure 

Nobel 2006)

1991 Yonath et al.
Ribosome subunits — start of ribosome structural biology (Nobel 2009 w/ Steitz & 

Ramakrishnan)
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Aaron Klug & the Structure of a Complete Virus

"For the first time, scientists could see the complete architecture of a virus — protein and RNA together — at atomic resolution: 
nature's most elegant nanotube."

Aaron Klug
1926 – 2018

Born in Lithuania; raised in South Africa; 

joined MRC LMB Cambridge from 1958. 
Combined X-ray crystallography, electron 

microscopy, and Fourier image 

reconstruction to solve virus and chromatin 

structures.

Key Milestones

1958 Joins MRC LMB; begins TMV 
structural work

1962
First TMV fibre diffraction — helix 
confirmed

1968 Develops crystallographic image 
reconstruction

1978 TMV at 2.9 Å — complete atomic 
structure

1980 Zinc finger protein — new DNA-
binding motif

1982 Nobel Prize in Chemistry

1995 President of the Royal Society

Tobacco Mosaic Virus — Structure
Helical protein coat encasing a single ssRNA strand

Structural Parameters

Length: 300 nm

Outer diameter: 18 nm  ·  Inner channel: 4 nm

Protein subunits: 2,130 identical coat proteins  (158 aa each)

Historical context:

TMV was the first virus discovered 

(Beijerinck 1898) and crystallized  
1935 (Stanley, Nobel 1946).

Klug completed the century-long 
journey from 'infectious juice' to 
atomic structure.

Scientific significance:

➢ First complete virus at atomic 

resolution — proved X-ray can tackle 
assemblies of millions of daltons.

➢ Klug's image reconstruction → 

mathematical foundation of cryo-
EM

➢ Template for all helical virus structures 
(influenza, HIV, SARS-CoV-2)

25 Å resolution

A slice through the 5 Å 
electron density map of the 
disk obtained by X-ray 
analysis, showing rod-like α-
helices

TMV coat protein spontaneously forms discs that 

elongate into rods upon RNA binding.
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Landmark Protein Structures: 1965–1990

1965 Phillips et al. Lysozyme — first enzyme structure; Asp52/Glu35 catalytic mechanism directly visible

1969 Richards et al. Ribonuclease S — first sub-2 Å protein structure: atomic-level detail for the first time

1975 Huber, Colman Immunoglobulin G — antibody structure reveals how immune recognition works molecularly

1978 Klug et al. Tobacco Mosaic Virus — first virus at atomic resolution; Nobel 1982 for Aaron Klug

1980 Multiple groups Transfer RNA — first RNA structure; the adapter molecule of the genetic code revealed

1984 Michel, Deisenhofer, Huber Photosynthetic Reaction Centre — FIRST membrane protein complex; Nobel 1988

1989 Steitz et al.
RNA Polymerase II fragments — foundation for transcription structural biology (full structure 

Nobel 2006)

1991 Yonath et al.
Ribosome subunits — start of ribosome structural biology (Nobel 2009 w/ Steitz & 

Ramakrishnan)



X-ray crystallography requires successfully extracting membrane proteins 
with detergents and crystallizing them. 
Still a big challenge! 
Now Cryo-EM & AI a huge help, BioSAXS as well 

MP
~10 k

Membrane Structural Biology is lagging 20-25 years behind the study of soluble proteins
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Landmark Protein Structures: 1965–1990

1965 Phillips et al. Lysozyme — first enzyme structure; Asp52/Glu35 catalytic mechanism directly visible

1969 Richards et al. Ribonuclease S — first sub-2 Å protein structure: atomic-level detail for the first time

1975 Huber, Colman Immunoglobulin G — antibody structure reveals how immune recognition works molecularly

1978 Klug et al. Tobacco Mosaic Virus — first virus at atomic resolution; Nobel 1982 for Aaron Klug

1980 Multiple groups Transfer RNA — first RNA structure; the adapter molecule of the genetic code revealed

1984 Michel, Deisenhofer, Huber Photosynthetic Reaction Centre — FIRST membrane protein complex; Nobel 1988

1989 Steitz et al.
RNA Polymerase II fragments — foundation for transcription structural biology (full structure 

Nobel 2006)

1991 Yonath et al.
Ribosome subunits — start of ribosome structural biology (Nobel 2009 w/ Steitz & 

Ramakrishnan)



By Kelvinsong - Own work, CC0
https://commons.wikimedia.org/w/index.php?curid=22952603

1.Nucleolus

2.Nucleus

3.Ribosomes (dots on rough reticulum walls)

4.Vesicle

5.Rough endoplasmic reticulum

6.Golgi apparatus (or "Golgi body")

7.Cytoskeleton

8.Smooth endoplasmic reticulum

9.Mitochondrion

10.Vacuole

11.Cytosol

12.Lysosome

13.Centriole

14.Cell membrane

Components of a typical eukaryotic  cell
Yonath et a. Ribosome subunits — start of ribosome structural biology



By LadyofHats - Own work 
using:nih.govmiami.edumolecularassembler.comufl.eduphschool.comuic.eduyoutube.co
myoutube.com, Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=4889777

By Bensaccount at en.wikipedia, CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8287100

Ribosome mRNA translation



• ADA YONATH: Started ribosome crystallography in 1980 when everyone said it was impossible. 

She spent 20 years developing cryo-crystallography techniques. First Israeli woman and 4th 
woman to win the Chemistry Nobel.

• SIMULTANEOUS PUBLICATIONS: In September 2000, Ramakrishnan, Steitz, and Yonath all 
published atomic-resolution structures within weeks of each other.

MW ~4.2 MDa (eukaryote)
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AlphaFold & the AI Revolution
2020 — The 50-year problem is solved
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The Protein Folding Problem

Christian Anfinsen, 1972 Nobel: a protein's amino acid sequence completely determines its 3D structure. But 
predicting that structure from sequence alone was unsolved for 50 years.

Levinthal's Paradox (1969)

A 200-residue protein has ~600 rotatable bonds. Naively, 

3²⁰⁰ conformations to search. At 10¹³ per second, the age 

of the universe is insufficient. Yet proteins fold in 
milliseconds.

Why Proteins Fold Correctly

Evolution encodes the folding pathway in the sequence. A 

funnel-shaped energy landscape guides folding — 

hydrophobic collapse drives early events, then secondary 
structure forms cooperatively.

CASP: The Prediction Olympics

Critical Assessment of Structure Prediction (1994–): 

biennial competition where groups predict protein 

structures not yet released. The gold standard for 
measuring progress in the field.

Progress Before AlphaFold

30 years of CASP: homology modelling, Rosetta (physics 

energy functions), early ML. Best GDT scores 40–60 for 

hard targets. Expert-level is ~90 GDT. The gap seemed 
unbridgeable.
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AlphaFold 2: The Breakthrough (CASP14, 2020)

At CASP14, AlphaFold 2 achieved a median GDT score of 92.4 — within experimental error of solved 
structures. The protein folding problem was essentially solved. Scientists wept at the results.

Multiple Sequence Alignment

AlphaFold 2 searches hundreds of millions of protein 

sequences for evolutionary relatives. Co-evolving residues 

— those that change together across species — constrain 
3D contacts.

Evoformer Architecture

A novel attention-based neural network that jointly 

processes sequence information (1D) and pairwise 

residue–residue relationships (2D). Runs 48 iterations, 
progressively refining its model.

Structure Module

End-to-end differentiable: predicts 3D atomic coordinates 

directly. Uses Invariant Point Attention (IPA) to build an 

equivariant representation of the protein in 3D space — a 
genuinely new idea.

pLDDT Confidence Score

Per-residue confidence 0–100. AlphaFold 2 knows what it 

knows and what it doesn't. Low pLDDT flags disordered 

regions. Critical for appropriate use of AI predictions in 
research.
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AlphaFold DB: 200 Million Structures - Free

July 2021: DeepMind & EMBL-EBI released the AlphaFold Database — predictions for every human protein, then all 

200M+ proteins in UniProt. Free, instant, open access.

Drug Discovery

Structures for previously 'undruggable' 

targets now available. Dozens of biotech 
companies founded on AlphaFold-enabled 

target identification: Insilico, Recursion, 
Isomorphic Labs.

Infectious Disease

Structural maps of every Plasmodium 

(malaria), M. tuberculosis, and SARS-CoV-
2 protein — created within days of release. 

Vaccine and drug target identification 
accelerated dramatically.

Evolutionary Biology

Structural comparisons across the tree of 

life reveal deep homologies invisible at 
sequence level. ESMFold extended 

predictions to 617 million metagenomic 
sequences.

Protein Engineering

RFdiffusion (Baker lab, 2022): generates 

new protein backbones with desired 
structure. ProteinMPNN: designs 

sequences for those backbones. Entirely 
novel proteins, designed from scratch.

Academic Research

Over 1 million users of AlphaFold DB. 

Cited in 30,000+ papers. Structural papers 
no longer need experimental structures if 

AlphaFold predictions are sufficiently 
confident.

AlphaFold 3 (2024)

Extends predictions to DNA, RNA, small 

molecules, ions, and post-translational 
modifications. Models entire 

macromolecular complexes in a single 
framework. Published in Nature, May 
2024.
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Nobel Prize in Chemistry 2024

Nobel Prize in Chemistry 2024:  Demis Hassabis & John Jumper (AlphaFold)  ·  David Baker (de 
novo protein design)

Demis Hassabis

CEO, Google DeepMind

Founded DeepMind; led the AlphaFold 

project; oversaw AlphaFold 1 and the 
revolutionary AlphaFold 2. Recognised for 

using AI to solve the protein folding 
problem that had eluded scientists for 50 
years.

John Jumper

Principal Scientist, Google DeepMind

Led technical development of AlphaFold 

2. Designed the Evoformer architecture 
and end-to-end structure module. At 39, 

one of the youngest Chemistry Nobel 
laureates in history.

David Baker

University of Washington

Pioneered de novo protein design with 

Rosetta software. RFdiffusion and 
ProteinMPNN (2022–23) revolutionised 

protein engineering. Received half the 
Nobel Prize for the protein design 
achievement.



S E C T I O N

Drug Design & Real-World 
Impact

Structure-based medicine that changed the world
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Structure-Based Drug Design: The Concept

Structure-based drug design (SBDD) uses the 3D structure of a biological target to rationally design molecules that 
bind to it with precision — like designing a key for a specific lock, atom by atom.

1 Identify Target

Determine which protein is implicated in 

disease. AlphaFold and cryo-EM now give 
structural access to virtually any target.

2 Find Binding Site

Identify the active site, allosteric site, or 

protein–protein interface. Typically, a 
pocket on the protein surface.

3 Virtual Screening

Computationally dock millions of 

compounds. Score by predicted binding 
affinity. Select top candidates for testing.

4 Experimental Validation

Test candidates biochemically. Solve co-

crystal or cryo-EM structures to see exactly 
HOW the drug binds.

5 Medicinal Chemistry

Iterative: synthesise derivatives to optimise 

potency, selectivity, and pharmacokinetics. 
Structure-guided every cycle.

6 Clinical Development

Structure-based drugs have >2× higher 

clinical success rates than non-structure-
based candidates — a huge advantage.
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COVID-19: Structure Speeds Vaccine & Drug Design

Record-Breaking Structural Biology

10 Jan 2020  ·  SARS-CoV-2 genome published

5 Feb 2020  ·  Spike protein cryo-EM structure solved (McLellan lab) — 26 
days after genome release

Mar 2020  ·  ACE2:Spike complex structure — reveals how virus enters cells

Jun 2020  ·  Hundreds of viral protein structures deposited: Mpro, NSP12, 
RBD, NSP7-NSP8

Nov 2020  ·  Paxlovid design: Mpro main protease structure enables 
peptidomimetic inhibitor design

Dec 2020  ·  mRNA vaccines approved — prefusion-stabilised Spike guided 
by structural biology

2021–23  ·  Cryo-EM of antibody:Spike complexes explains immune evasion 
by variants

The Prefusion Fix

The Spike protein in its natural form 

rapidly changes shape after binding 

ACE2, losing the conformation 
targeted by protective antibodies.

Jason McLellan's group had solved 

this for MERS and RSV: introduce two 

proline mutations (2P) to lock Spike in 

its prefusion conformation.

Both Pfizer/BioNTech and Moderna 

mRNA vaccines encode the 2P-

stabilised Spike — a structural biology 

solution that enabled the fastest 

vaccine development in history.
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The Future
Where is structural biology going?
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In-cell Structural Biology: Structure Inside Living Cells

The ultimate goal: determine the structure of every protein in its native cellular environment with all binding 
partners, post-translational modifications, and membrane context intact.

Cryo-Electron Tomography (Cryo-ET)

Tilt series of frozen cells enable 3D reconstruction of 

subcellular structures at 30–50 Å. AI-based subtomogram 

averaging boosts resolution. Ribosomes, nuclear pores, 
cytoskeletal networks routinely solved in situ.

FIB-SEM Sample Preparation

Focused Ion Beam Scanning EM machines precisely thin 

frozen cell samples to 100–300 nm thick lamellae 

needed for cryo-ET. Now fully automated. Large-scale 
cellular cryo-ET is becoming practical.

AI Segmentation of Tomograms

DeepEMhancer, membrain-seg, cellcanvas: deep learning 

identifies and segments organelles, membranes, and 

macromolecular complexes in dense cellular tomograms 
automatically.

In-cell NMR

Proteins studied by solid-state NMR inside intact cells or 

cell extracts. Gives dynamics at atomic resolution in the 

native cellular milieu — including crowding
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Time-Resolved Structures: Watching Chemistry Happen

For 100 years, structural biology gave us static snapshots. Now we can watch molecules move — in real 

time, at femtosecond resolution.

X-ray Free Electron Lasers (XFELs)

LCLS (Stanford), SACLA (Japan), European XFEL 

(Hamburg) produce femtosecond X-ray pulses — 10¹² 
brighter than synchrotrons. 'Diffraction before destruction': 

the crystal is vaporised AFTER data is collected. Enables 
room-temperature, damage-free structures.

Serial Femtosecond Crystallography

Microcrystals (1–10 μm) flow through the XFEL beam in a 

liquid jet. Each pulse hits a fresh crystal — no accumulated 
radiation damage. Pump-probe experiments: laser flash 

initiates reaction, then X-ray snapshots at defined delays 
capture the trajectory.

Cryo-EM Time-resolved Methods

Mix-and-inject cryo-EM: plunge-freeze at defined time 

intervals after ligand addition. Captures intermediate states 
along a reaction pathway. TR-SAXS and TR-WAXS extend 
temporal resolution to microseconds.

What We Can Now See

Enzyme catalysis in action: CO photodissociation from 

myoglobin captured in picoseconds. Retinal isomerisation in 
bacteriorhodopsin: 200 fs. RNA folding at microseconds. Protein 

allostery at milliseconds. 
The movies of molecular machines are being made.
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De Novo Protein Design: Writing the Language of Life

If reading protein structures (AlphaFold) is one revolution, WRITING new ones from scratch is the other. 
David Baker's lab and the broader community now design proteins that evolution never made.

Rosetta (2003–)

Physics-based de novo design: score function balances 

van der Waals, electrostatics, H-bonds, solvation. First 

successful novel protein designs validated by X-ray 

crystallography. 

Still the gold standard for high-accuracy design.

ProteinMPNN (2022)

Neural network inverse folding given a 3D backbone, 

design an amino acid sequence that folds to it. 2000× 

faster than Rosetta sequence design. ~50% experimental 

success rate. 

Transformative for protein engineering.

RFdiffusion (2022–23)

Generative diffusion model for protein backbone design. 

Give it a target shape, binding epitope, or active site — it 

generates novel protein topologies. 

Enables rapid design of binders, inhibitors, and 

vaccine immunogens.

AlphaFold + ProteinMPNN

The tandem: design a sequence (ProteinMPNN) → predict 

its structure (AlphaFold) → validate in silico before 

synthesising. Experimental success rate >3× higher than 

single-tool approaches. 

Changing every area of biotechnology.
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AlphaFold 3 & The Next Generation of AI

AlphaFold 3 (Nature, May 2024): extends structure prediction to ALL macromolecules — proteins, DNA, RNA, 

small molecules, ions, post-translational modifications — jointly modelled in one framework.

Dynamic AlphaFold

AF2 predicts static structures. Next: 

dynamics — conformational ensembles, 
transition pathways, allosteric 

mechanisms. MSM + ML and diffusion-
based approaches are emerging rapidly.

AF for Complexes

AF2-Multimer handles homo/hetero 

complexes. Boltz-1, Chai-1: predict full 
assemblies including small molecules. 

Goal: predict an entire signalling 
pathway's structural response to a drug.

Experimental Integration

Hybrid methods: use sparse experimental 

data (SAXS, HDX-MS, crosslinks, FRET) 
to constrain and improve AI predictions. 

Moving from pure sequence to all 
available data as input.

Generative Protein AI

ESM3: multi-modal model trained on 

sequence, structure, and function 
simultaneously. Generates novel proteins 

conditioned on functional requirements. 
The 'GPT-4 moment' for structural biology.

Virtual Drug Screening

AI structure + docking + ADMET 

prediction: computational drug discovery 
screening billions of compounds virtually. 

Isomorphic Labs and Recursion Pharma 
embody this vision.

Foundation Models for Biology

Protein language models (pLMs): ProtTrans, 

ESM-2, ProGen2. Pre-trained on the protein 
universe, fine-tuned for specific tasks. 

Biology's foundation model era has 
arrived.



S U M M A R Y

130 Years of Discovery: A Visual Timeline
1895

X-rays
discovered

1912

Von Laue:
Diffraction

1913

Bragg's
Law

1951

Pauling:
Helix/Sheet

1953

DNA
Double Helix

1958

Myoglobin
structure

1971

PDB
founded

1985

NMR
protein

2013

Cryo-EM
revolution

2017

Cryo-EM
Nobel

2020

AlphaFold 2
solves folding

2024

Nobel:
AlphaFold

Physics & Chemistry Early Structural Biology Techniques & Expansion AI Revolution

Nobel Prizes: Physics 1901, 1914, 1915, 1952, 1986  ·  Chemistry 1962 (×2), 1964, 1972, 1976, 1982, 1988, 1991, 2002, 2006, 

2009, 2017, 2024  ·  More than any other single field
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The Giants of Structural Biology

1920–58

Rosalind Franklin

Photo 51; DNA and virus 
structures; X-ray methodology

1914–2002

Max Perutz

Haemoglobin structure; founded 
MRC LMB Cambridge; Nobel 1962

1917–97

John Kendrew

Myoglobin structure; Nobel 1962; 
co-founder of EMBL

1910–94

Dorothy Hodgkin

Penicillin, B12, insulin structures; 
Nobel 1964.

1926–2018

Aaron Klug

Virus structures; chromatin; zinc 
finger proteins; Nobel 1982

1938–

Kurt Wüthrich

NMR methods for protein structure 
in solution; Nobel 2002

1942–

Jacques Dubochet

Vitrification for cryo-EM; Nobel 
2017

1940–

Joachim Frank

Single-particle image processing 
for cryo-EM; Nobel 2017

1945–

Richard Henderson

First membrane protein structure; 
cryo-EM pioneer; Nobel 2017

1962–

David Baker

De novo protein design; Rosetta; 
RFdiffusion; Nobel 2024

1976–

Demis Hassabis

AlphaFold; Google DeepMind; AI 
for science; Nobel 2024

1985–

John Jumper

AlphaFold 2 technical lead; 
Evoformer; Nobel 2024

"We are now, for the first time in history, able to see and design life at the atomic level."
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Further Reading & Exploration

Databases & Tools

• RCSB Protein Data Bank (rcsb.org) — explore all 220K+ structures with 
3D viewers

• AlphaFold Database (alphafold.ebi.ac.uk) — 200M+ AI-predicted protein 
structures

• UniProt (uniprot.org) — protein sequences, function, and disease links

• PDBe-KB (pdbe.org/kb) — knowledge base integrating all PDB entries 
with biological context

Textbooks

• Giacovazzo “Fundamentals of Crystallography” — a classical textbook

• Branden & Tooze 'Introduction to Protein Structure’ — a classic textbook

•     Blow 'Outline of Crystallography for Biologists' — a concise introduction 

to crystallographic concepts for biologists

•     Cavanagh et al. 'Protein NMR Spectroscopy’ — comprehensive NMR 
reference for biomolecular NMR practice

•     Frank 'Three-Dimensional EM of Macromolecular Assemblies' — cryo-
EM reference

Nobel Prize Lectures (free at nobelprize.org)

• 2024 Chemistry: Hassabis & Jumper (AlphaFold) + Baker (protein 
design)

• 2017 Chemistry: Dubochet, Frank, Henderson — cryo-EM development 
lectures

• 2002 Chemistry: Wüthrich — NMR of biological macromolecules in 
solution

• 1962 Chemistry: Perutz & Kendrew — protein structure by X-ray 
crystallography

Key Papers

• Jumper et al. (2021) Nature — AlphaFold 2 original paper, highly 
readable

• Evans et al. (2022) Science — AlphaFold DB: 200M+ protein structure 
predictions

• Baker & Bhattacharya (2022) Science — de novo protein design review

• Cheng et al. (2015) Cell — 'Resolution Revolution' in cryo-EM: the 2013 
watershed
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Potentiating the Italian Capacity for 
Structural Biology Services in Instruct-ERIC

NextGenerationEU
Strengthening and creation of Research Infrastructures

Mission 4 – Component 2 – Investment line 3.1

• Biophysical characterization of proteins and their interactions

• Service capacity for Structural Biology technologies (SAXS & cryo-EM)

• High-Performance Computing (HPC)

• Training & Outreach

(Catania & Caserta )

(Bari & Caserta )

(Bari)

(All)

Submit your proposal!

@



Thank You
Questions & Discussion

Discussion Questions

Q1.  How long does it take to solve a protein structure today and how has that changed over 70 years?

Q2.  Can AlphaFold and AI fully replace experimental structural biology? What are its limits?

Q3.  Which single structure do you think changed science most: DNA, myoglobin, or the ribosome?

Some answers during my next lecture 
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