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Macromolecular Crystallography is a technique used to study biological molecules such as proteins, 

viruses and nucleic acids (RNA and DNA) to a resolution higher than ~5 Å. This high resolution helps 

elucidate the detailed mechanism by which these macromolecules carry out their functions in living 

cells and organisms.

DNA double helix: A, B, Z
RNA molecules

Viral suppressor of RNAi p19 Minute Virus of Mice
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Methods in Structural Biology
X-ray 
Crystallography(113958)

• High resolution
• Static snapshot
• Requires crystals

NMR(1427)

• High resolution
• Molecules in solution
• Dynamics
• Size limit (<40 kDa)

Electron 
Microscopy(1427)

• Low resolution
• Sample preparation
• Size limit (>400 kDa)



Nobel Prize winners associated with macromolecular crystallography

2012 Chemistry R. J. Lefkowitz and B. K. Kobilka For studies of G-protein-coupled receptors

2009 Chemistry V. Ramakrishnan, T. A. Steitz and A. E. Yonath Studies of the structure and function of the 

ribosome

2006 Chemistry R. D. Kornberg Studies of the molecular basis of eukaryotic transcription

2003 Chemistry P. Agre and R. MacKinnon Discoveries concerning channels in cell membranes

1997 Chemistry P. D. Boyer, J. E. Walker and J. C. Skou Elucidation of the enzymatic mechanism underlying 

the synthesis of adenosine triphosphate (ATP) and discovery of an ion-transporting enzyme

1988 Chemistry J. Deisenhofer, R. Huber and H. Miche For the determination of the three-dimensional 

structure of a photosynthetic reaction centre

1982 Chemistry  A. Klug Development of crystallographic electron microscopy and discovery of the structure of 

biologically important nucleic acid-protein complexes

1972 Chemistry C. B. Anfinsen Folding of protein chains

1964 Chemistry D. Hodgkin Structure of many biochemical substances including Vitamin B12

1962 Physiology or Medicine F. Crick, J. Watson and M. Wilkins The helical structure of DNA

1962 Chemistry J. C. Kendrew and M. Perutz For their studies of the structures of globular proteins



A model of the myoglobin molecule at

6 Å resolution (1959 ).

(a) The density in a cylindrical mantle of 1.95 Å radius, corresponding to the mean

radius of the main-chain atoms in an α-helix. The calculated atomic positions of the

α-helix are superimposed and roughly correspond to the density peaks. (b) The

density at the radius of the β-carbon atoms; the positions of the β-carbon atoms

calculated for a right-handed α-helix are marked by the superimposed grid

(Kendrew & Watson, unpublished). Reprinted with permission from Perutz (1962 ).

Copyright (1962) Elsevier Publishing Co.

http://it.iucr.org/Fa/ch1o2v0001/?#bb19


A Steric Mechanism for Inhibition of CO Binding to Heme Proteins

Kachalova, G. S., Popov, A. N. & Bartunik, H. D.. (1999). Science, 284, 473



The peptidyl-transferase center in the 50S ribosomal subunit is attacked by a large number of existing antibiotics, now 

revealed at high resolution in 50S subunit crystal structures (Figure 8) (Franceschi and Duffy, 2006).



Structure in four dimensions:

Primary Structure: Amino-acid sequence.

Secondary Structure: Local regular structure: α-helices and 

β-sheets.

Tertiary Structure: Packing of secundary structure into one or 

several compact globular domains

Quarternary Structure: The arrangement of several folded 

chains together:multimeric proteins

Water in and around protein

Water density isocontour for the bulk water 

density. AChE (actylcholine esterase) is the 

dark gray ribbon, oriented with the 

amino terminus at the top and carboxyl 

terminus at the lower left. In the middle is the 

active site gorge 
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Crystal Screen Kit
Hanging drop

Micro-bridges

(Sitting drop)

Dialysis  Buttons  

The Crystallization Experiment

Growth Techniques

1- Hanging Drop

2- Sitting Drop

3- Sandwich Drop

4- Free interface diffusion  (NASA)

5- Batch (Robots)

6- Microbatch - under oil.

7- Mcrodialysis (Buttons)

Virus Crystal

~0.15mm



High-Throughput Nanovolume 
Crystallization (R. Stevens, TSRI)



Lipidic cubic phase

Tools and Technologies



from G.Taylor, Acta Cryst. (2010). D66, 325-338

The importance of phases in 

carrying information. Top, the 

diffraction pattern, or Fourier 

transform (FT), of a duck and of a 

cat. Bottom left, a diffraction 

pattern derived by combining the 

amplitudes from the duck 

diffraction pattern with the phases 

from the cat diffraction pattern. 

Bottom right, the image that would 

give rise to this hybrid diffraction 

pattern. In the diffraction pattern, 

different colours show different 

phases and the brightness of the 

colour indicates the amplitude. 

Reproduced courtesy of Kevin 

Cowtan 



Isomorphous replacement

Argand diagram for SIR. |FP| is the amplitude of a reflection for the 

native crystal and |FPH| is that for the derivative crystal.

Harker construction for SIR. 

Harker diagram for MIR with two 

heavy-atom derivatives.

(a) An uninterpretable 2.6 Å SIR electron-density map with 

the final C  trace of the structure superimposed.  (x) = (1/V) 

m|FP|exp(i best)× exp(-2 ih·x). (b) A small section of the 

map with the final structure superimposed.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



The process of molecular replacement.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Anomalous scattering

Variation in anomalous scattering signal versus incident X-ray 

energy in the vicinity of the K edge of selenium

Breakdown of Friedel's law when an anomalous 

scatterer is present. f( , ) = f0( ) + f'( ) + if''( ). 

|Fhkl|   |F-h-k-l| or |FPH(+)|   |FPH(-)|.  F± = 

|FPH(+)| - |FPH(-)| is the Bijvoet difference. 

The atomic scattering factor contains three components: a normal scattering term f0 

that is dependent on the Bragg angle and two terms f' and f'' that are not dependent 

on scattering angle but are dependent on wavelength. 

from G.Taylor, Acta Cryst. (2010). D66, 325-338

http://reference.iucr.org/dictionary/Atomic_scattering_factor
http://reference.iucr.org/dictionary/Bragg_angle


MAD phasing. (a) Typical absorption curve for an anomalous 

scatterer. (b) Phase diagram. |FP| is not measured, so one of the 

data sets is chosen as the `native'. (c) Harker construction. 

Estimation of signal size. The expected Bijvoet ratio is r.m.s.( 

F±)/r.m.s.(|F|)   (NA/2NT)1/2(2f''A/Zeff). The expected dispersive 

ratio is r.m.s.( F )/r.m.s.(|F|)   (NA/2NT)1/2[|f'A( i) - f'A( j)|]/Zeff, 

where NA is the number of anomalous scatterers, NT is the total 

number of atoms in the structure and Zeff is the normal scattering 

power for all atoms (6.7 e- at 2  = 0) 

from G.Taylor, Acta Cryst. (2010). D66, 325-338
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Fast iodide-SAD phasing for high throughput membrane protein structure 

determination 
Igor Melnikov a *, Vitaly Polovinkin bce *, Kirill Kovalevce, Ivan Gushchince, Mikhail Shevtsove, Vitaly Shevchenkocde, Alexey Mishine, Alexey Alekseevce, 

Francisco Rodriguez-Valeraf, Valentin Borshchevskiye, Vadim Cherezoveg, Gordon Leonarda, Valentin Gordeliybce **, Alexander Popova **



2.1 Å electron-density map for the S-SAD example before and after density modification using SHELXE.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Autotraced polyalanine 

model produced by 

SHELXE

superimposed on the 

density-modified 

electron-density map 

at 1.45 Å resolution.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Improving phases for the S-SAD problem. (a) 2.1 Å resolution density-

modified map. (b) 1.45 Å resolution phase-extended map. (c) `1.0 Å 

resolution' free-lunch map 

from G.Taylor, Acta Cryst. (2010). D66, 325-338





Resolution and electron density

Low resolution ~5 Å
Errors in secondary
structure

Medium resolution~3 Å
Good secondary structure
Most residues

High resolution <2 Å
All residues
Water molecules
High fidelity



Darwin’s Formula

I(hkl) - photons/spot (fully-recorded)

Ibeam - incident (photons/s/m2 )

re - classical electron radius 

(2.818x10-15 m)

Vxtal - volume of crystal (in m3)

Vcell - volume of unit cell (in m3)

λ - x-ray wavelength (in meters!)

ω - rotation speed (radians/s)

L - Lorentz factor (speed/speed)

P - polarization factor 

(1+cos2(2θ) -Pfac∙cos(2Φ)sin2(2θ))/2

A - absorption factor 

exp(-μxtal∙lpath)

F(hkl) - structure amplitude (electrons)

C. G. Darwin (1914)

P A | F(hkl) |2I(hkl) = Ibeam re
2

Vxtal

Vcell

λ
3 

L

ωVcell



Complications 2 

• Weak diffraction intensity – light atoms

• Poor crystal quality – big B-factor

• Background intensity > diffraction intensity

Macromolecular crystallography problems



A.Popov 29

Global damage

Macromolecular crystallography problems
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Radiation Damage

Global damage
Site-specific damage

1. Dose of 0.3 MGy - X-ray radiation damage effects

are not detectable even at atomic resolution.

2. Doses above 2 MGy lead to partial decarboxylation

of the most sensitive residues

3. Doses above 6 MGy may lead to wrong

interpretation of chemistry for some protein

residues

Absorbed Dose

0
KGy

MGy

10² MGy

Overall and q-dependent loss of diffraction 

peak intensity

Non-specific non-isomorphism

Changes in unit-cell parameters 

Increase in the mosaicity

Illustration of some processes involved in the radiation damage cascade.(a) X-ray-induced ejection of a primary photoelectron. (b) 

Generation of several hundred relatively low-energy (100 eV) electrons. (c) Bond breaking leading to internal stress and radical

formation. (d) Radical attack of the protein. (e) Conformation changes of side chains and flexible loops in response to chemical

damage. ( f ) Displacement and reorientation of individual damaged molecules. (g) Deformation and

reorientation of local lattice domains. (h) Plastic failure and crystal cracking.

Warkentin et al, 2013, J.Synchrotron Radiation, 20, 7-13

How fast does damage occur? (100K)



Cryo-crystallography 











Transport and ship in LN2

• Dry shipper

• Foam insulation

• Pour off LN2

• Fedex, Airborne

• Checked luggage

• Get the paperwork







Серийная кристаллография 

Суть метода заключается в измерении частичных наборов данных,

используя большое количества кристаллов, с последующим

шкалированием и объединением этих данных для получении полного

набора.

Мотивация

Преодоление эффектов радиационного повреждения

Сбор дифракционных данных используя кристаллы микронных 

размеров



Fully automatic multi-crystal position recognition, enhanced 

characterisation and data collection

Fast Two-dimension 

mesh scan

Recognition of crystals 

using diffraction images

Data collection



Thaumatin

Micromesh with crystals, size about 20um

Result of mesh scan: 22 hits, 

10 deg oscillation per spot were collected
Results:

• All data sets could be processed

• all were usable for merging

 Resolution: 1.3 A

 Completenness: 99.8% 

 I/SigmaI: 13.13

 Rmeas: 14.8%



Bacteriorhodopsin

Result of mesh scan: 59 hits, 

10 deg oscillation per spot were collected

Results:

• 14 data sets could be processed

 Resolution: 3 A

 Completenness: 91.2% 

Bacteriorhodopsin crystals,

size about 5um

Micromesh used 

for data collection

Bacteriorhodopsin crystals

size 10–20um

Result of mesh scan: 10 hits, 

10 deg oscillation per spot were collected
Results:

• All data sets could be processed

• 6 were usable for merging

 Resolution: 2.4 A

 Completenness: 95.3



© European XFEL 2013
PETRA III @ DESY
2.3 km – 6 GeV – 100 mA – 280 M€

01/07/07 Start of Reconstruction

13/04/09 First positrons stored

20/07/09 First X-ray beam

05/10/09 1 nmrad reached

07/09/10 100 mA stable

15/12/12 Users on 3/3 EMBL BLs

02/02/14 Shutdown for extension

04/15 Restrart
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Cathepsin B 
Redecke, L., ... Chapman, H. (2012): Natively Inhibited 

Trypanosoma brucei Cathepsin B Structure Determined by 

Using an X-ray Laser. Science 339:227 [4HWY:2.1 Å]

1 µm x 1 µm x 10 µm

ECS1, Pavia | Thomas 

R. Schneider  | 

5/09/2014



Cathepsin B suspension in a cryo loop
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Cathepsin B – diffraction 

exposure dose 34 MGy
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Fast rastering by rotation exposures

Series of frames acquired shutter-less during continuous motion of sample mount 

In such a way that each crystal passes through the beam while rotating by 1-2° and 

receiving its life-dose exposure

• Rotation method - angular integration (vs Monte-Carlo in SFX)



Cathepsin B data collection and 

processing

23/03/2017 48

22800 frames recorded

2200 frames indexed (CRYSTFEL, White et al. 2012)

600 frames passing successfully integrated/scaled (XDS, Kabsch 2010)

80 crystals contributed to the final data set

initial hits final data

P4122 a=123.5 Å, c=54.3 Å

Resolution= [88.1-3.0 Å] 

Completeness= 99.8%

Multiplicity= 12.3

CC1/2= 0.99 (0.79 high-res)

<I/SigI>= 3.7 (8.9 low, 1.0 high)

Mol. Replacement + refinement

Rwork,free = 22.9, 26.1

SFX + continuity = SSX













Data analysis



Experimental geometry for SFX at the CXI instrument. Single-pulse diffraction patterns from single 

crystals flowing in a liquid jet are recorded on a CSPAD at the 120-Hz repetition rate of LCLS. 

Each pulse was focused at the interaction point by using 9.4-keV x-rays.









European XFEL and PETRAIII in 

Hamburg

59

XFEL SPB/SFX beamline

Focus size 0.1 -1 μm

Photons/pulse    1 – 8 x 1012

Pulse length       few – 100 fs

PETRAIII P14 beamline

Focus size: 4-5 μm

Photons/second 7 1012

Altarelli & Mancuso (2014)



ESRF UPGRADE PROGRAMME PHASE II 2015 -2022


