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Structural Data:
Introduction to X-ray Crystallography & Cryo-EM



Yale Structure Courses:
C&MP 710b/MB&B 710b4, Electron Cryo-Microscopy for Protein Structure Determination 
Fred J. Sigworth, C.V. Sindelar

MB&B 720a, Macromolecular Structure and Biophysical Analysis
Yong Xiong , Andrew Miranker, Anna Marie Pyle

MB&B 721b, Macromolecular Interactions and Dynamic Properties
Anna Pyle, Donald Engelman, Elizabeth Rhoades, Hongwei Wang 

MB&B 760b3: Principles of Macromolecular Crystallography
Thomas Steitz

MB&B 761b4: X-ray Crystallography Workshop
Yong Xiong, Yorgo Modis, and staff 

Pharmacology 529b: Structural Pharmacology
Ya Ha, Titus Boggon 

Additional Resources:
“Crystallography Made Crystal Clear: A Guide for Users of Macromolecular Models”

by Gale Rhodes (Third Edition, 2006 Elsevier/Academic Press)

“Crystallography  101”  http://www.ruppweb.org/Xray/101index.html

“Single particle electron cryomicroscopy: trends, issues and future perspective.” 
Vinothkumar KR, Henderson R. Q Rev Biophys. 2016 pubmed:27658821 

Thank you to Yong Xiong and Fred Sigworth for contributions to this lecture

http://www.ruppweb.org/Xray/101index.html


• There's a limit to how small an object can be seen under a light microscope. 

• The diffraction limit: you can not image things that are much smaller than 
the wavelength of the light you are using. 

• The wavelength for visible light is measured in hundreds of nanometers, 
while atoms are separated by distances of the order of 0.1nm, or 1Å. 

Yong Xiong

“Just as we see objects around us by interpreting the light reflected from them, 
x-ray crystallographers "see" molecules by interpreting x-rays diffracted from them.”

- Gale Rhodes



http://zeiss-campus.magnet.fsu.edu/articles/superresolution/introduction.html

The 2014 Nobel Prize in Chemistry:  Eric Betzig, W.E. Moerner, and Stefan Hell 
“The development of super-resolved fluorescence microscopy" 

1Å = 0.1nm



Experimental Determination of Atomic Resolution Structures
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Other methods for determining protein structures:
-EM (Electron Microscopy), Cryo-EM, ESR/Fluorescence 



Image of X-ray diffraction of a protein crystal



Why Crystals?

Yong Xiong



http://www.noble.org/PlantBio/Wang/crystallography.html



Data Collection

Crystallography 101



NSLS-II  Brookhaven

ALS BerkeleyAPS Chicago

CHESS Ithaca

Synchrotron X-ray Sources are the method of choice

Lab x-ray sources @ 1.54 Å  compared to Synchrotron X-ray @ 0.5 Å - 2.5 Å.



Most famous X-ray diffraction pattern



The information we get from a single diffraction experiment
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of the reflections
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• © 2006

• Academic Press

Electron  density map 

Building a structure model



The importance of resolution

Experimental electron density map created 
from multi-wavelength data collected at SSRL 
beam line 1-5 on a Gold derivative of tetanus C 
fragment. 

Example of high quality Experimental data
where very little refinement has been applied
to fit a tyrosine into the density map.

http://www.ruppweb.org/Xray/101index.html





Thomas Steitz shared 2009 Nobel Prize in Chemistry for this structure



# of PDB structures

2016:   115,559

2017:   117,184

2018:   137,178

Protein Structure Databases



PDB: What species are the structures from?

Which methods?

human

X-ray

http://www.rcsb.org/pdb/home/home.do

http://www.rcsb.org/pdb/home/home.do


Tools for Viewing Structures

• Jmol
– http://jmol.sourceforge.net

• PyMOL
– http://pymol.sourceforge.net

• Swiss PDB viewer
– http://www.expasy.ch/spdbv

• Mage/KiNG
– http://kinemage.biochem.duke.edu/software/mage.php
– http://kinemage.biochem.duke.edu/software/king.php

• Rasmol
– http://www.umass.edu/microbio/rasmol/

PDB X-ray Structures:
http://www.rcsb.org/pdb/results/results.do?outformat=&qrid=1B04C26E&tabtoshow=Current

Small % of the total x-ray data

http://www.rcsb.org/pdb/results/results.do?outformat=&qrid=1B04C26E&tabtoshow=Current


2015 Method of the Year: Single-particle Cryo-EM 

2017 Nobel Prize in Chemistry
"for developing cryo-electron microscopy for the high-resolution 
structure determination of biomolecules in solution"
Jacques Dubochet (University of Lausanne, Switzerland)
Joachim Frank (Columbia University, New York, USA)
Richard Henderson (MRC Laboratory of Molecular Biology, Cambridge, UK)

Cryo-EM for biomolecular structures



X-ray crystallography
Well-established (since 1960s)
Requires well-ordered crystals
>1012 copies of protein

Diffraction 
pattern

Density
map

Computer

Electron microscope

Image

Computer cluster

Synchrotron facility

Single-particle cryo-EM
Recent (1990s-present)
No crystals required!
~105 copies of protein

Density
map

Fred Sigworth

Two methods for structure determination

Some gaming PCs 
can now replace 
the cluster ☺



Image Projection

Y. Cheng and D. Julius lab.  Nature 2013

1/4 of a micrograph, showing some particles

The Cryo-EM specimen gives only a phase contrast image
• A constellation of images and data processing are essential.

• orientation assignment and averaging
• 3D reconstruction 

Fred Sigworth



Science 2015

2D class averages

A landmark study for high-resolution single-particle structures 

Fred Sigworth



Krios at National University of Singapore

New Technologies, Automation, & Computation are accelerating the field

Control room at Scripps Research Institute, La Jolla

Krios TEM installation on Yale’s West Campus. 

Fred Sigworth



Source: http://www.emdatabank.org/statistics.html



Less than 5Å
resolution 

https://www.ebi.ac.uk/pdbe/emdb/

Jan 2017: 4,492 total maps
3,614 (~77% single particle)
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