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Nucleotides (DNA)

Proteins (tubulin/microtubule)

A major key concept in human 
physiology (or any organism) is 
how all the biological matters work 
in the bodies. From systems (such 
as gastrointestinal), organs, 
tissues, to cells, all comes down to 
operations of biological 
macromolecules, such as DNA or 
proteins.

As we discuss the molecular 
interactions, we are looking at 
reactions that happen among 
thousands of atoms that make up 
individual macromolecules.

This is the spirit of this course. We 
are looking at how proteins work 
in our bodies and how they 
contribute to the physiological 
functions at “atomic” resolution.



Structural Biology

• Understanding biology by examining three dimensional (3-D) molecular 
architectures and their changes.

• Learning life in action with the eyes of atoms: chemical and physical 
properties of biological matters.

• Structures of biological molecules determine their functions.

Central dogma:
Sequence ➜ Structure ➜ Function
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The Nobel Prize in Physics 1915

William Bragg
Lawrence Bragg
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The Nobel Prize in Physics
1915

Photo from the Nobel
Foundation archive.

Sir William Henry
Bragg
Prize share: 1/2

Photo from the Nobel
Foundation archive.

William Lawrence
Bragg
Prize share: 1/2

The Nobel Prize in Physics 1915 was awarded
jointly to Sir William Henry Bragg and
William Lawrence Bragg "for their services in
the analysis of crystal structure by means of
X-rays."
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Making Structural Biology Possible

1952: DNA Double-Helix Structure
Rosalind Franklin

(1962: Nobel Prize to Watson/Crick/Wilkins)



How ”Tiny” Can We See?

From human’s eyes to analytical 
instruments, we are all limited to 
how small objects we can see.

For cells, we can easily observe 
under a light microscope and with 
more detailed information using 
electron microscopes.

To see objects at atomic 
resolution, so far, we know X-ray 
crystallography, transmission 
electron microscopy, and NMR 
spectroscopy can enable such 
high-resolution imaging.

This course will selectively focus 
on these three methodologies that 
enable vast protein structure-
function studies so far.



Resolution: Rayleigh Criterion

6

“Two points or two spectral lines of equal intensity are just resolved by an
optical instrument when central maximum of the diffraction pattern of one falls
on the first minimum of diffraction pattern of the other.”



Resolution in the context of protein structure

Increasing resolution

Resolution is the minimum distance between two points that allows each point to be 
distinguished as a separate entity”

(b-Galactosidase, S. Subramaniam, UBC)

7 Å 1.5 Å



X-ray Crystallography involves 3 main steps:

X-ray crystallography

Step 1: protein 
crystallization
of a protein 
crystal

Step 3: build  and refine 
a structural  model

Step 2: collection and 
interpretation of diffraction data



Protein crystals

Properties of protein crystals:

1. regular repeating 3-dimensional lattice of protein molecules

2. differ from precipitates by their regular, repeating nature

3. differ from solids in that when broken, they break into smaller 
replicas of the original crystal

4. interact in a unique fashion with visible light and X-rays

5. vary tremendously in terms of size, shape, and morphology

6. often loosely packed with proteins leaving a lot of empty 
space for solvent

Protein crystal morphology (how proteins pack in the crystal) dictates how a 
crystal interacts with X-rays, so we must understand crystal morphology to 
understand X-ray crystallography.  

A

B



1. Asymmetric Unit: the smallest unit that is repeated in the crystal by rotation 
and/or translation 

Protein crystal morphology



Protein crystal morphology

2. Lattice Motif: the smallest unit that is repeated translation alone



Protein crystal morphology

3. Unit Cell: 
(i)  assign a dot to the center of each lattice motif
(ii)  draw lines between adjacent dots
(iii)  each box represents a unit cell, but… 



Protein crystal morphology

3. Unit Cell: 
(i)  assign a dot to the center of each lattice motif
(ii)  draw lines between adjacent dots
(iii) each box represents a unit cell, but a unit cell has three dimensions

2D representation of 
a crystal and a unit cell

3D representation of a 
crystal and a unit cell



Protein crystal morphology

3. Unit Cell:

Can you identify the asymmetric unit, the lattice motif, and the unit cell in this 
crystal?



There are 14 different types of unit cells called the Bravais Lattices

Protein crystal morphology

4. Bravais Lattice: each unit cell is characterized by: 
1) the lengths of its axes [(x, y, z) or (a, b, c)] 
2) the angles between the three axes (a, b, g)



Bravais Lattices

Triclinic

Monoclinic

Orthorhombic

P

P C

P C                  I                   F

Location of Lattice Points

P = primitive

I   = body-centered

F = face-centered

C = base-centered

R = rhombohedral



Bravais Lattices (continued)

Tetragonal

Trigonal

Orthorhombic

Location of Lattice Points

P = primitive

I   = body-centered

F = face-centered

C = base-centered

R = rhombohedral

Hexagonal

P I

P P

P I                          F



Protein crystal morphology

5. Space groups: for asymmetric molecules, such as proteins, there are 65 ways 
to arrange them in the 14 Bravais Lattices – each is called a space group

P21

monoclinic

2-fold
symmetry

screw axis



click here

Protein crystal growth: idea



Question: how do you get a protein crystal?
Answer: Basically, you precipitate the protein out of solution, but…

protein crystal amorphous precipitate

Protein crystal growth: idea



Crystallization is a slow controlled precipitation:

1) Select a target

2) Express and purify large amounts of protein target (>95% pure)

3) Prepare a concentrated solution of pure protein target

4) Slowly increase the concentration of a protein in the presence of a 
precipitant until a supersaturated solution is obtained

5) Allow protein to crystallize over a period of hours, days, weeks or 
months

Proteins will hopefully nucleate and then a crystal will hopefully grow.

(Protein crystallization is Science and Art.)

Protein crystal growth: idea



(Naomi Chayen, Curr Opin Struct Biol, 2004)

Phase Diagram of Protein Crystallization

Protein crystal growth: idea

Phase diagram tells us what conditions we 
would expect during protein crystallization.

Nucleation zone:
Protein aggregation starts showing signs of 
becoming crystalline. Sometimes it’s called 
phase separation.

Metastable zone:
Mature protein crystals are being observed.

Precipitation zone:
Irregular protein aggregation becomes 
irreversible and makes proteins denatured 
or misfolded.

Undersaturation:
Crystallization never happens.



Protein crystal growth: idea

(Nemčovičová & Smatanová, Chemistry, 2012)

What do we expect to see during protein 
crystallization experiments?

No crystals:
Protein precipitation (irreversible), D
Phase separation , A/E
Microcrystals or quasicrystals, B/C

Crystals:
Small crystals, F
Needles, H/I
Rod clusters, G
Single big crystal, J



Protein crystal growth: ways
What to consider before crystallizing proteins?

1

Introduction to the Crystallization of Biological 
Macromolecules
The Crystal Growth 101 series prepared by Hampton Research presents an 
overview of the preparation of the sample, methods, screening, optimiza-
tion, reagent formulation, and other aspects of protein crystallization.  We 
hope Crystal Growth 101 will prove a useful resource and inspiration in your 
crystal quest.  Best of success with your crystals!

The First Protein Crystal & Beyond
The first record of crystals of biological macromolecules were those of 
hemoglobin, reported by Hunefeld around 1840.1,2 During the 1880s,                   
crystallization moved from being a mere curiosity to a method for purifi-
cation.3,4  During the 1920s and 1930s crystallization grew in popularity, 
with the crystallization of insulin by John Jacob Abel and colleagues, as well 
as work by James B. Sumner, demonstrating enzymes could be obtained as 
crystalline proteins, alongside the work with a number of important crystal-
line enzymes by John Northrop and colleagues.5-7  It was not until the late 
1930s that crystalline proteins were introduced to X-rays, beginning a torrid 
affair that shines bright to this day.8  

Much has changed with how biological macromolecules are sourced.  Early 
on, and to a small extent today, samples were obtained by protein chemists 
through extraction and purification from natural sources, including plants, 
as well as various organs and tissues of pigs, cows, and other animals.  In 
the 1980s, with the near cataclysmic death of heavy metal and the fortuitous 
end of disco, geneticists and molecular biologist rose above the fog and hair 
spray, allowing DNA technology to integrate with structural biology, totally 
accelerating and transforming the field of structural biology.

It’s Simple, But Complicated
Although much change, and the numerous advancements in molecular 
biology and crystallography has reduced many of the arduous, laborious, 
math and physics infused tasks to, in some cases, the mere push of a but-
ton, crystallization remains at the crossroads where science meets art.  The 
growth and optimization of crystals of biological macromolecules remains 
largely empirical in nature.  There is no comprehensive theory to guide ef-
forts and experiments related to the crystallization of proteins, nucleic ac-
ids, and other biological macromolecules.  Although much knowledge and 
experience has been accumulated, the crystallization of a protein involves 
collected wisdom, intuition, creativity, patience, and perseverance.

Crystallization of biological macromolecules composed of many thousands 
of different atoms, bound together with many degrees of freedom, is a com-
plex task.  Confounding this many variables and factors influencing the 
crystallization experiment (Tables 1 & 2).9-11  

This extensive number of variables confounded with typically limited sam-
ple material negates a precise and reasoned strategy typically applied to a 

scientific problem.  Instead, crystallization is often a matter of searching, as 
systematically as possible, through crystallization experiments, to identify 
those variables key to success, as well as their ranges.  Initially, one employs 
crystallization screening, typically to identify a hit, an association of vari-
ables that produces a crystal.  In some instances this will produce crystals 
with the desired characteristics.  More often than not, a series of successive 
experiments, termed optimization, will need to be carried out, in order to 
produce crystals with the desired properties, be it for structural biology, puri-
fication, formulation, or the delivery of a biological therapeutic.

Solutions for Crystal Growth

Table 1. 
%LRFKHPLFDO�	�&KHPLFDO�YDULDEOHV�WKDW�FRXOG�RU�GR�DႇHFW�
protein crystal growth

Purity of the sample 'ĞŶĞƟĐ�ŵŽĚŝĮĐĂƟŽŶƐ

�ŽŶĨŽƌŵĂƟŽŶĂů�ŇĞǆŝďŝůŝƚǇ�ŽĨ�ƚŚĞ�
sample ^ǇŵŵĞƚƌǇ�ŽĨ�ƚŚĞ�ŵŽůĞĐƵůĞ

Homogeneity of the sample ^ƚĂďŝůŝƚǇ�ĂŶĚ�ůĞǀĞů�ŽĨ�ĚĞŶĂƚƵƌĂƟŽŶ�
of the sample

Ɖ,�ĂŶĚ�ďƵīĞƌ /ƐŽĞůĞĐƚƌŝĐ�ƉŽŝŶƚ

dǇƉĞ�ĂŶĚ�ĐŽŶĐĞŶƚƌĂƟŽŶ�ŽĨ�ƚŚĞ�
ƉƌĞĐŝƉŝƚĂŶƚ�;ƌĞĂŐĞŶƚͿ

,ŝƐ�ƚĂŐƐ�ĂŶĚ�ŽƚŚĞƌ�ƉƵƌŝĮĐĂƟŽŶ�
ƚĂŐƐ�ʹ�ƉƌĞƐĞŶĐĞ�Žƌ�ĂďƐĞŶĐĞ

�ŽŶĐĞŶƚƌĂƟŽŶ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ dŚĞƌŵĂů�ƐƚĂďŝůŝƚǇ

Purity of the sample Ɖ,�ƐƚĂďŝůŝƚǇ

�ĚĚŝƟǀĞƐ͕�ĐŽͲĨĂĐƚŽƌƐ͕�ůŝŐĂŶĚƐ͕�
ŝŶŚŝďŝƚŽƌƐ͕�ĞīĞĐƚŽƌƐ͕�

ĂŶĚ�ĞǆĐŝƉŝĞŶƚƐ
History of the sample

Chaotropes Proteolysis

Detergents DŝĐƌŽďŝĂů�ĐŽŶƚĂŵŝŶĂƟŽŶ

Metals Storage of the sample

/ŽŶŝĐ�ƐƚƌĞŶŐƚŚ ,ĂŶĚůŝŶŐ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ�ĂŶĚ�
ĂƐƐŽĐŝĂƚĞ�ĐůĞĂŶůŝŶĞƐƐ

ZĞĚƵĐŝŶŐ�Žƌ�ŽǆŝĚŝǌŝŶŐ�ĂŐĞŶƚƐ �ŶŝŽŶ�ĂŶĚ�ĐĂƟŽŶ�ƚǇƉĞ�ĂŶĚ
ĐŽŶĐĞŶƚƌĂƟŽŶ

^ŽƵƌĐĞ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ �ĞŐƌĞĞ�ŽĨ�ƌĞůĂƟǀĞ
ƐƵƉĞƌƐĂƚƵƌĂƟŽŶ

WƌĞƐĞŶĐĞ�ŽĨ�ĂŵŽƌƉŚŽƵƐ�Žƌ
ƉĂƌƟĐƵůĂƚĞ�ŵĂƚĞƌŝĂů

/ŶŝƟĂů�ĂŶĚ�ĮŶĂů�ĐŽŶĐĞŶƚƌĂƟŽŶ�ŽĨ�
the reagent

WŽƐƚͲƚƌĂŶƐůĂƟŽŶĂů� 
ŵŽĚŝĮĐĂƟŽŶƐ WĂƚŚ�ĂŶĚ�ƌĂƚĞ�ŽĨ�ĞƋƵŝůŝďƌĂƟŽŶ

�ŚĞŵŝĐĂů�ŵŽĚŝĮĐĂƟŽŶƐ

Introduction
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Despite the largely empirical nature of crystallization, today’s crystal grower 
may choose from a readily available collection of screens, plates, and tools 
for identifying initial crystallization conditions.  These tools are accom-
panied by a portfolio of methods (Table 3), screens, and reagents (Table 
4) for crystal optimization.  These tool chests, together with a rich pool of 
crystallization literature to explore, along with a caring and sharing group 
of mentors and instructors offering wisdom and advice through meetings, 
workshops, and the internet, provide a tremendous resource for today’s crys-
tal grower.

Alas, there is much more to crystallization than making, formulation, or 
buying and using tools.  So before heading off to grab a pipette or pressing 
go on the robot, consider some important principles as a foundation of your 
crystallization strategy, as presented originally by the giant of crystallization, 
Alex McPherson.12-13  

The Sample
The sample is the most important variable in the crystallization experiment.  
Prepare, purify, handle, and store the sample with only the greatest care and 
respect.  Manipulate the sample and refine its environment (buffer, reagent) 
as needed to produce the desired crystals.

Homogeneity
Purify, purify, then purify some more.  Start with a pure, uniform population 
of the sample.

Solubility
Solubilize the sample in a sample buffer that is optimized with regard to 
pH, buffer, and excipients that dissolve the sample to high concentration 
free of aggregates, precipitate, or other phases.  Pursue monodispersity not 
polydispersity.

Stability
Prepare and maintain the sample in a chemical and physical solution that 
promotes optimal stability of the sample.  Do not allow the sample to go to 
the dark side, form oligomers, undergo significant conformational change, 
denature or change in any way before and during crystallization.  Pursue a 
stable and unchanging sample.

Supersaturation
Find and pursue ways to move the sample into a supersaturated state.  Using 
reagents, pH, temperature, and other variables to move sample equilibrium 
from a solution to a solid.

Association
Promote the orderly association of the sample molecules while avoiding 
non-specific aggregation, precipitate, or phase separation.  Manipulate the 
chemical and physical environment to facilitate positive molecular interac-
tions.

Nucleation
Promote and induce a few nuclei in a controlled manner.  The number, size, 
and quality of the crystal depend upon the first nuclei and the mechanism 
of their growth.  Manipulate the chemical and physical environment to pro-
duce limited nucleation and controlled growth.

Solutions for Crystal Growth

7DEOH����3K\VLFDO�YDULDEOHV�WKDW�FRXOG�RU�GR�DႇHFW�
              protein crystal growth

Temperature �ůĞĐƚƌŝĐ�ĂŶĚ�ŵĂŐŶĞƟĐ�ĮĞůĚƐ

ZĂƚĞ�ŽĨ�ĞƋƵŝůŝďƌĂƟŽŶ ^ƵƌĨĂĐĞ�ŽĨ�ƚŚĞ�ĐƌǇƐƚĂůůŝǌĂƟŽŶ�
ĚĞǀŝĐĞ

DĞƚŚŽĚ�ŽĨ�ĐƌǇƐƚĂůůŝǌĂƟŽŶ sŝƐĐŽƐŝƚǇ�ŽĨ�ƚŚĞ�ƌĞĂŐĞŶƚ

'ƌĂǀŝƚǇ͕ �ĐŽŶǀĞĐƟŽŶ͕�ĂŶĚ�
ƐĞĚŝŵĞŶƚĂƟŽŶ

,ĞƚĞƌŽŐĞŶĞŽƵƐ�ĂŶĚ�ĞƉŝƚĂǆŝĂů�
ŶƵĐůĞĂŶƚƐ

sŝďƌĂƟŽŶ�ĂŶĚ�ƐŽƵŶĚ 'ĞŽŵĞƚƌǇ�ŽĨ�ĐƌǇƐƚĂůůŝǌĂƟŽŶ�
ĚĞǀŝĐĞ

sŽůƵŵĞ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ�ĂŶĚ�
reagent Time

Pressure �ŝĞůĞĐƚƌŝĐ�ƉƌŽƉĞƌƚǇ�ŽĨ�ƚŚĞ�ƌĞĂŐĞŶƚ

Table 3. Crystallization Methods –  Achieving 
              Supersaturation

sĂƉŽƌ��ŝīƵƐŝŽŶ�
;^ŝƫŶŐ͕�,ĂŶŐŝŶŐ͕�^ĂŶĚǁŝĐŚͿ ^ĞƋƵĞŶƟĂů��ǆƚƌĂĐƟŽŶ

�ĂƚĐŚ�
;DŝĐƌŽďĂƚĐŚ�ǁŝƚŚ�Žƌ�ǁŝƚŚŽƵƚ�ŽŝůͿ Ɖ,�/ŶĚƵĐĞĚ

�ŝĂůǇƐŝƐ�;DŝĐƌŽĚŝĂůǇƐŝƐͿ dĞŵƉĞƌĂƚƵƌĞ�/ŶĚƵĐĞĚ

&ƌĞĞ�ŝŶƚĞƌĨĂĐĞ�ĚŝīƵƐŝŽŶ�
;�ŽƵŶƚĞƌ�ĚŝīƵƐŝŽŶ͕�ůŝƋƵŝĚ�ďƌŝĚŐĞͿ �īĞĐƚŽƌ��ĚĚŝƟŽŶ�;^ŝůǀĞƌ��ƵůůĞƚͿ

�ŽŶƚƌŽůůĞĚ��ǀĂƉŽƌĂƟŽŶ

Table 4. Examples of reagents used in protein
              crystallization
^ĂůƚƐ�;�ŵŵŽŶŝƵŵ�ƐƵůĨĂƚĞ͕�^ŽĚŝƵŵ�

ĨŽƌŵĂƚĞ͕��ŵŵŽŶŝƵŵ
ƉŚŽƐƉŚĂƚĞ͙Ϳ

EŽŶͲsŽůĂƟůĞ�KƌŐĂŶŝĐƐ�
;нͬͲͿͲϮͲDĞƚŚǇůͲϮ͕ϰͲƉĞŶƚĂŶĞĚŝŽů͕�
'ůǇĐĞƌŽů͕�ϭ͕ϲͲ,ĞǆĂŶĞĚŝŽů͙Ϳ

WŽůǇŵĞƌƐ�;WŽůǇĞƚŚǇůĞŶĞ�ŐůǇĐŽůƐ�
;Dr�ϮϬϬ�ʹ�ϮϬ͕ϬϬϬͿ͕��ƚŚǇůĞŶĞ�

ŝŵŝŶĞ͕�:ĞīĂŵŝŶĞΠ͙Ϳ

�ƵīĞƌƐ�;,�W�^͕�dƌŝƐ͕�^ŽĚŝƵŵ�
ĂĐĞƚĂƚĞ͕�D�^͙Ϳ

sŽůĂƟůĞ�KƌŐĂŶŝĐƐ�;ϮͲƉƌŽƉĂŶŽů͕�
ϭ͕ϰͲ�ŝŽǆĂŶĞ͕��ƚŚĂŶŽů͙Ϳ

�ĚĚŝƟǀĞƐ�;�ĂůĐŝƵŵ�ĐŚůŽƌŝĚĞ͕�
^ŽĚŝƵŵ�ĐŚůŽƌŝĚĞ͕�d��W͕ �
ŶͲKĐƚǇůͲƘͲ�ͲŐůƵĐŽƐŝĚĞ͙Ϳ
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(Crystal Growth 101, Hampton Research, 2019)
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Introduction to the Crystallization of Biological 
Macromolecules
The Crystal Growth 101 series prepared by Hampton Research presents an 
overview of the preparation of the sample, methods, screening, optimiza-
tion, reagent formulation, and other aspects of protein crystallization.  We 
hope Crystal Growth 101 will prove a useful resource and inspiration in your 
crystal quest.  Best of success with your crystals!

The First Protein Crystal & Beyond
The first record of crystals of biological macromolecules were those of 
hemoglobin, reported by Hunefeld around 1840.1,2 During the 1880s,                   
crystallization moved from being a mere curiosity to a method for purifi-
cation.3,4  During the 1920s and 1930s crystallization grew in popularity, 
with the crystallization of insulin by John Jacob Abel and colleagues, as well 
as work by James B. Sumner, demonstrating enzymes could be obtained as 
crystalline proteins, alongside the work with a number of important crystal-
line enzymes by John Northrop and colleagues.5-7  It was not until the late 
1930s that crystalline proteins were introduced to X-rays, beginning a torrid 
affair that shines bright to this day.8  

Much has changed with how biological macromolecules are sourced.  Early 
on, and to a small extent today, samples were obtained by protein chemists 
through extraction and purification from natural sources, including plants, 
as well as various organs and tissues of pigs, cows, and other animals.  In 
the 1980s, with the near cataclysmic death of heavy metal and the fortuitous 
end of disco, geneticists and molecular biologist rose above the fog and hair 
spray, allowing DNA technology to integrate with structural biology, totally 
accelerating and transforming the field of structural biology.

It’s Simple, But Complicated
Although much change, and the numerous advancements in molecular 
biology and crystallography has reduced many of the arduous, laborious, 
math and physics infused tasks to, in some cases, the mere push of a but-
ton, crystallization remains at the crossroads where science meets art.  The 
growth and optimization of crystals of biological macromolecules remains 
largely empirical in nature.  There is no comprehensive theory to guide ef-
forts and experiments related to the crystallization of proteins, nucleic ac-
ids, and other biological macromolecules.  Although much knowledge and 
experience has been accumulated, the crystallization of a protein involves 
collected wisdom, intuition, creativity, patience, and perseverance.

Crystallization of biological macromolecules composed of many thousands 
of different atoms, bound together with many degrees of freedom, is a com-
plex task.  Confounding this many variables and factors influencing the 
crystallization experiment (Tables 1 & 2).9-11  

This extensive number of variables confounded with typically limited sam-
ple material negates a precise and reasoned strategy typically applied to a 

scientific problem.  Instead, crystallization is often a matter of searching, as 
systematically as possible, through crystallization experiments, to identify 
those variables key to success, as well as their ranges.  Initially, one employs 
crystallization screening, typically to identify a hit, an association of vari-
ables that produces a crystal.  In some instances this will produce crystals 
with the desired characteristics.  More often than not, a series of successive 
experiments, termed optimization, will need to be carried out, in order to 
produce crystals with the desired properties, be it for structural biology, puri-
fication, formulation, or the delivery of a biological therapeutic.

Solutions for Crystal Growth

Table 1. 
%LRFKHPLFDO�	�&KHPLFDO�YDULDEOHV�WKDW�FRXOG�RU�GR�DႇHFW�
protein crystal growth

Purity of the sample 'ĞŶĞƟĐ�ŵŽĚŝĮĐĂƟŽŶƐ

�ŽŶĨŽƌŵĂƟŽŶĂů�ŇĞǆŝďŝůŝƚǇ�ŽĨ�ƚŚĞ�
sample ^ǇŵŵĞƚƌǇ�ŽĨ�ƚŚĞ�ŵŽůĞĐƵůĞ

Homogeneity of the sample ^ƚĂďŝůŝƚǇ�ĂŶĚ�ůĞǀĞů�ŽĨ�ĚĞŶĂƚƵƌĂƟŽŶ�
of the sample

Ɖ,�ĂŶĚ�ďƵīĞƌ /ƐŽĞůĞĐƚƌŝĐ�ƉŽŝŶƚ

dǇƉĞ�ĂŶĚ�ĐŽŶĐĞŶƚƌĂƟŽŶ�ŽĨ�ƚŚĞ�
ƉƌĞĐŝƉŝƚĂŶƚ�;ƌĞĂŐĞŶƚͿ

,ŝƐ�ƚĂŐƐ�ĂŶĚ�ŽƚŚĞƌ�ƉƵƌŝĮĐĂƟŽŶ�
ƚĂŐƐ�ʹ�ƉƌĞƐĞŶĐĞ�Žƌ�ĂďƐĞŶĐĞ

�ŽŶĐĞŶƚƌĂƟŽŶ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ dŚĞƌŵĂů�ƐƚĂďŝůŝƚǇ

Purity of the sample Ɖ,�ƐƚĂďŝůŝƚǇ

�ĚĚŝƟǀĞƐ͕�ĐŽͲĨĂĐƚŽƌƐ͕�ůŝŐĂŶĚƐ͕�
ŝŶŚŝďŝƚŽƌƐ͕�ĞīĞĐƚŽƌƐ͕�

ĂŶĚ�ĞǆĐŝƉŝĞŶƚƐ
History of the sample

Chaotropes Proteolysis

Detergents DŝĐƌŽďŝĂů�ĐŽŶƚĂŵŝŶĂƟŽŶ

Metals Storage of the sample

/ŽŶŝĐ�ƐƚƌĞŶŐƚŚ ,ĂŶĚůŝŶŐ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ�ĂŶĚ�
ĂƐƐŽĐŝĂƚĞ�ĐůĞĂŶůŝŶĞƐƐ

ZĞĚƵĐŝŶŐ�Žƌ�ŽǆŝĚŝǌŝŶŐ�ĂŐĞŶƚƐ �ŶŝŽŶ�ĂŶĚ�ĐĂƟŽŶ�ƚǇƉĞ�ĂŶĚ
ĐŽŶĐĞŶƚƌĂƟŽŶ

^ŽƵƌĐĞ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ �ĞŐƌĞĞ�ŽĨ�ƌĞůĂƟǀĞ
ƐƵƉĞƌƐĂƚƵƌĂƟŽŶ

WƌĞƐĞŶĐĞ�ŽĨ�ĂŵŽƌƉŚŽƵƐ�Žƌ
ƉĂƌƟĐƵůĂƚĞ�ŵĂƚĞƌŝĂů

/ŶŝƟĂů�ĂŶĚ�ĮŶĂů�ĐŽŶĐĞŶƚƌĂƟŽŶ�ŽĨ�
the reagent

WŽƐƚͲƚƌĂŶƐůĂƟŽŶĂů� 
ŵŽĚŝĮĐĂƟŽŶƐ WĂƚŚ�ĂŶĚ�ƌĂƚĞ�ŽĨ�ĞƋƵŝůŝďƌĂƟŽŶ

�ŚĞŵŝĐĂů�ŵŽĚŝĮĐĂƟŽŶƐ
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(Crystal Growth 101, Hampton Research, 2019)
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Despite the largely empirical nature of crystallization, today’s crystal grower 
may choose from a readily available collection of screens, plates, and tools 
for identifying initial crystallization conditions.  These tools are accom-
panied by a portfolio of methods (Table 3), screens, and reagents (Table 
4) for crystal optimization.  These tool chests, together with a rich pool of 
crystallization literature to explore, along with a caring and sharing group 
of mentors and instructors offering wisdom and advice through meetings, 
workshops, and the internet, provide a tremendous resource for today’s crys-
tal grower.

Alas, there is much more to crystallization than making, formulation, or 
buying and using tools.  So before heading off to grab a pipette or pressing 
go on the robot, consider some important principles as a foundation of your 
crystallization strategy, as presented originally by the giant of crystallization, 
Alex McPherson.12-13  

The Sample
The sample is the most important variable in the crystallization experiment.  
Prepare, purify, handle, and store the sample with only the greatest care and 
respect.  Manipulate the sample and refine its environment (buffer, reagent) 
as needed to produce the desired crystals.

Homogeneity
Purify, purify, then purify some more.  Start with a pure, uniform population 
of the sample.

Solubility
Solubilize the sample in a sample buffer that is optimized with regard to 
pH, buffer, and excipients that dissolve the sample to high concentration 
free of aggregates, precipitate, or other phases.  Pursue monodispersity not 
polydispersity.

Stability
Prepare and maintain the sample in a chemical and physical solution that 
promotes optimal stability of the sample.  Do not allow the sample to go to 
the dark side, form oligomers, undergo significant conformational change, 
denature or change in any way before and during crystallization.  Pursue a 
stable and unchanging sample.

Supersaturation
Find and pursue ways to move the sample into a supersaturated state.  Using 
reagents, pH, temperature, and other variables to move sample equilibrium 
from a solution to a solid.

Association
Promote the orderly association of the sample molecules while avoiding 
non-specific aggregation, precipitate, or phase separation.  Manipulate the 
chemical and physical environment to facilitate positive molecular interac-
tions.

Nucleation
Promote and induce a few nuclei in a controlled manner.  The number, size, 
and quality of the crystal depend upon the first nuclei and the mechanism 
of their growth.  Manipulate the chemical and physical environment to pro-
duce limited nucleation and controlled growth.

Solutions for Crystal Growth

7DEOH����3K\VLFDO�YDULDEOHV�WKDW�FRXOG�RU�GR�DႇHFW�
              protein crystal growth

Temperature �ůĞĐƚƌŝĐ�ĂŶĚ�ŵĂŐŶĞƟĐ�ĮĞůĚƐ

ZĂƚĞ�ŽĨ�ĞƋƵŝůŝďƌĂƟŽŶ ^ƵƌĨĂĐĞ�ŽĨ�ƚŚĞ�ĐƌǇƐƚĂůůŝǌĂƟŽŶ�
ĚĞǀŝĐĞ

DĞƚŚŽĚ�ŽĨ�ĐƌǇƐƚĂůůŝǌĂƟŽŶ sŝƐĐŽƐŝƚǇ�ŽĨ�ƚŚĞ�ƌĞĂŐĞŶƚ

'ƌĂǀŝƚǇ͕ �ĐŽŶǀĞĐƟŽŶ͕�ĂŶĚ�
ƐĞĚŝŵĞŶƚĂƟŽŶ

,ĞƚĞƌŽŐĞŶĞŽƵƐ�ĂŶĚ�ĞƉŝƚĂǆŝĂů�
ŶƵĐůĞĂŶƚƐ

sŝďƌĂƟŽŶ�ĂŶĚ�ƐŽƵŶĚ 'ĞŽŵĞƚƌǇ�ŽĨ�ĐƌǇƐƚĂůůŝǌĂƟŽŶ�
ĚĞǀŝĐĞ

sŽůƵŵĞ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ�ĂŶĚ�
reagent Time

Pressure �ŝĞůĞĐƚƌŝĐ�ƉƌŽƉĞƌƚǇ�ŽĨ�ƚŚĞ�ƌĞĂŐĞŶƚ

Table 3. Crystallization Methods –  Achieving 
              Supersaturation

sĂƉŽƌ��ŝīƵƐŝŽŶ�
;^ŝƫŶŐ͕�,ĂŶŐŝŶŐ͕�^ĂŶĚǁŝĐŚͿ ^ĞƋƵĞŶƟĂů��ǆƚƌĂĐƟŽŶ

�ĂƚĐŚ�
;DŝĐƌŽďĂƚĐŚ�ǁŝƚŚ�Žƌ�ǁŝƚŚŽƵƚ�ŽŝůͿ Ɖ,�/ŶĚƵĐĞĚ

�ŝĂůǇƐŝƐ�;DŝĐƌŽĚŝĂůǇƐŝƐͿ dĞŵƉĞƌĂƚƵƌĞ�/ŶĚƵĐĞĚ

&ƌĞĞ�ŝŶƚĞƌĨĂĐĞ�ĚŝīƵƐŝŽŶ�
;�ŽƵŶƚĞƌ�ĚŝīƵƐŝŽŶ͕�ůŝƋƵŝĚ�ďƌŝĚŐĞͿ �īĞĐƚŽƌ��ĚĚŝƟŽŶ�;^ŝůǀĞƌ��ƵůůĞƚͿ

�ŽŶƚƌŽůůĞĚ��ǀĂƉŽƌĂƟŽŶ

Table 4. Examples of reagents used in protein
              crystallization
^ĂůƚƐ�;�ŵŵŽŶŝƵŵ�ƐƵůĨĂƚĞ͕�^ŽĚŝƵŵ�
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ĂĐĞƚĂƚĞ͕�D�^͙Ϳ

sŽůĂƟůĞ�KƌŐĂŶŝĐƐ�;ϮͲƉƌŽƉĂŶŽů͕�
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The  sitting  drop vapor diffusion  technique is a popular method for the 
crystallization of macromolecules. The principle of vapor diffusion is 
straightforward. A drop composed of a mixture of sample and reagent is 
placed in vapor equilibration with a liquid reservoir of reagent. Typically the 
drop contains a lower reagent concentration than the reservoir. To achieve 
equilibrium, water vapor leaves the drop and eventually ends up in the res-
ervoir. As water leaves the drop, the sample undergoes an increase in relative 
supersaturation. Both the sample and reagent increase in concentration as 
water leaves the drop for the reservoir. Equilibration is reached when the 
reagent concentration in the drop is approximately the same as that in the 
reservoir.

Benefits of Sitting Drop Crystallization
• Can be cost effective.
• Can be time efficient.
• Often easier when using detergents, organics and hydrophobic reagents.
• Drops can be positioned in a stable sitting position.
• Compatible with gels.

Using the Cryschem™ Plate
The Cryschem Plate is a 24 well plate manufactured from clear polystyrene. 
Each well contains a post in the center which is elevated above the bottom 
of the reservoir. The smooth, concave depression in the post can hold up to     
40 μl drops and the reservoir can hold up to 1.2 ml of reagent. The Cryschem 
Plate is sealed with clear sealing tape or film. Rows are labeled A-D and 
columns are labeled 1-6.

1. Pipet 0.5 ml of crystallization reagent into reservoir A1 of the Cryschem 
Plate. (Note: Recommended reservoir volume is 0.5 to 1.0 ml)

2. Pipet 2 μl of sample into the post of reservoir A1. (Note: Recommended 
total drop volume is 0.1 to 40 μl)

3. Pipet 2 μl of reagent from reservoir A1 into the drop in post A1. (Note: 
Some prefer to mix the drop while others do not. Proponents of mixing 
leave the pipet tip in the drop while gently aspirating and dispensing 
the drop with the pipet. Mixing ensures a homogenous drop and con-
sistency drop to drop. Proponents of not mixing the drop simply pipet 
the reagent into the sample with no further mixing).

4. Repeat steps 1 through 3 for the first two rows of wells so that reservoir 
and post A1 - B6 are complete.

5. Seal the first two rows with 1.88 inch wide Crystal Clear Sealing Tape.

6. Repeat steps 1 - 5 for reservoir and post C1 - D6.

Cryschem Plate Tips
•  Use 1.88 inch wide Crystal Clear Sealing Tape to seal the Cryschem plate 
two rows (12 reservoirs) at a time.
• Use 3 inch wide Crystal Clear Sealing Tape or Crystal Clear Sealing Film or 
ClearSeal Film to seal the Cryschem M and Cryschem S plate four rows (all 
24 reservoirs) at a time.
• To access a drop and/or reservoir of a Cryschem Plate sealed with tape, 
make a circular incision in the tape using the X-Acto Gripster Knife and the 
inside of the reservoir as a guide. Use the X-Acto Gripster Knife to cut the tape 
and hold the incised piece of tape with forceps. The opening can be sealed 
with Crystal Clear Sealing Tape or a 22 mm circle or square glass cover slide 
and vacuum grease.

Using Micro-Bridges®

The Micro-Bridge is a small bridge (inverted U) manufactured from clear 
polystyrene or clarified polypropylene which contains a smooth, concave 
depression in the center of the top region of the bridge (figure 3). The Mi-
cro-Bridge can hold up to 40 μl drops. It is inserted into the reservoirs of 
VDX™ plates to perform a sitting drop 
vapor diffusion experiment. The design 
is such that the bridge is quite stable in 
the reservoir and does not require the 
Micro-Bridge to be bonded to the plate. 
The Micro-Bridge can be removed from 
the plate for crystal manipulation and 
observation if desired.

1. Pipet 1.0 ml of crystallization reagent into reservoir A1 of a VDX Plate 
with Sealant. (Note: Recommended reservoir volume is 0.5 to 1.0 ml)

2. Place a clean (blow the Micro-Bridge with clean, dry compressed air 
before use) Micro-Bridge into the bottom of reservoir A1 such that the 
concave depression in the Micro-Bridge is facing up.

Solutions for Crystal Growth
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Process of Vapor Diffusion

Figure 2

Crystallization Droplet
(Sample & Reagent)

Reservoir
(Crystallization Reagent)

       Figure 3
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The hanging drop vapor diffusion technique is a popular method for the 
crystallization of macromolecules. The principle of vapor diffusion is 
straightforward. A drop composed of a mixture of sample and reagent is 
placed in vapor equilibration with a liquid reservoir of reagent. Typically the 
drop contains a lower reagent concentration than the reservoir. To achieve 
equilibrium, water vapor leaves the drop and eventually ends up in the res-
ervoir. As water leaves the drop, the sample undergoes an increase in relative 
supersaturation. Both the sample and reagent increase in concentration as 
water leaves the drop for the reservoir. Equilibration is reached when the 
reagent concentration in the drop is approximately the same as that in the 
reservoir.

Benefits of Hanging Drop Crystallization
• Can be cost effective.
• Sample and reagents in contact with a siliconized glass surface.
• Easy access to crystals.
• Can perform multiple drops (experiments) with a single reservoir.

Using the VDX Plate for Hanging Drop Vapor Diffusion
The VDX Plate is a 24 well plate manufactured from clear polystyrene. The 
VDX Plate is typically sealed with High Vacuum Grease and Siliconized 22 
mm Circle or Square Glass Cover Slides. Rows of the plate are labeled A-D 
and columns are labeled 1-6 on the VDX Plate.

Applying Sealant to a VDX Plate
1. Apply a bead of High Vacuum Grease along the top edge of the raised reser-
voir A1 of the VDX Plate. It is recommended that one apply the high vacuum 
grease prior to pipetting the reagent. Create a circular bead on the upper 
edge of the reservoir. Do not complete the circle. Leave a 2 mm opening 
between the start and finish of the circular bead. Leave a 2 mm opening be-
tween the start and finish of the circular bead as this will allow air pressure 
to escape when sealing the reservoir with a cover slide. For convenience, time 
savings and a consistent seal, the VDX Plate is also available with sealant.

2. Pipet 1.0 milliliter of crystallization reagent into reservoir A1 of the VDX 
Plate. (Note: Recommended reservoir volume is 0.5 to 1.0 milliliters)

3. Clean a Siliconized 22 mm Circle or Square Cover Slide by wiping the 
cover slide with lens paper and blowing the cover slide with clean, dry com-

pressed air. Pipet 2 microliter of sample into the center of a Siliconized 22 
mm Circle or Square Cover Slide. (Note: Recommended total drop volume 
is 2 to 20 microliters)

4. Pipet 2 microliter of reagent from reservoir A1 into the drop on the cover 
slide containing the sample. (Note: Some prefer to mix the drop while others 
do not. Proponents of mixing leave the pipet tip in the drop while gently as-
pirating and dispensing the drop with the pipet. Mixing ensures a homoge-
neous drop and consistency drop to drop. Proponents of not mixing the drop 
simply pipet the reagent into the sample with no further mixing. Not mixing 
allows for the sample and reagent to mix by liquid diffusion).

5. Holding the cover slide with forceps, the Pen-Vac, or on the edge between 
your thumb and forefinger, carefully yet without delay invert the cover slide 
so the drop is hanging from the cover slide.

6. Position the cover slide onto the bead of grease on reservoir A1. Gently 
press the slide down onto the grease and twist the slide 45º to ensure a com-
plete seal.

7. Repeat for reservoirs 2 (A2) through 24 (D6).

Hanging Drop Tips
• Note the VDX Plate has a raised cover to protect the cover slides during 
transport and storage.
• To access a drop and/or reservoir simply grasp the edge of the cover slide 
with forceps or fingertips, twist and pull gently while holding the plate 
steady.  The Thick (0.96 mm) cover slides resist heavy handling better than 
the regular (0.22) cover slides.
• VDX Plates can be stacked for convenient storage.
• One can pipet multiple drops onto the cover slide. This technique is often 
useful when screening additives since one can use the same reservoir with 
multiple drops with each drop containing a different additive. This tech-
nique can also be used to screen different drop sizes and ratios versus the 
same reservoir. Use care not to avoid mixing the drops during pipetting, 
plate transport, and plate viewing.
• Label plates with protein name, experiment, drop & reservoir volumes, 
and date.
• Use the Glass Cover Slide Gizmo Dispenser for fast and easy handling of 
siliconized cover slides.  Or try the Cover Slide Vacuum Gadget (HR8-098) or 
Pen-Vac (HR3-251) for holding and manipulating cover slides.

Solutions for Crystal Growth
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Figure 1
Process of vapor diffusion

Figure 2

Siliconized Coverslip

Crystallization Droplet
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Vapor diffusion: sitting-drop Vapor-diffusion: hanging-drop
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Microbatch Crystallization

Method
Microbatch crystallization is a method where the sample and reagent are 
combined and sealed in a plate, tube, container, or sealed under a layer of 
oil.

Oils can also be used as a barrier between the reservoir and the drop in tra-
ditional Hanging or Sitting Drop crystallization experiments.  This is known 
as Vapor Diffusion Rate Control.

Microbatch Under Oil
The crystallization of pro-
teins under a thin layer of 
Paraffin Oil was originally 
described by Chayen et al 
(Appl. Cryst. 23 (1990) 
297).  In this technique a 
small drop of sample combined with the crystallization reagent is pipetted 
under a small layer of Paraffin Oil (Figure 1) HR3-411.  The oil generally 
used is a mineral oil of branched paraffins in the C20+ range and allows 
for little to no diffusion of water through the oil.  Essentially a batch, or 
microbatch experiment, all of the reagents involved in the crystallization 
are present at a specific concentration and no significant concentration of 
the protein nor the reagents can occur in the drop.

Modified Microbatch
D’Arcy et al (A novel 
approach to crystal-
lizing proteins under 
oil, Journal of Crystal 
Growth 168 (1996) 
175-180) modified the 
microbatch under oil 
technique by using 
silicone fluids which 
are polymeric compounds composed of repeating dimethylsiloxane units 
-(Si(CH3)2-O-)n-.  Using a mixture of 1:1 Silicon Oil (HR3-415) and Paraf-
fin Oil (HR3-411), also known as Al’s Oil (HR3-413), one can perform a 
microbatch experiment under oil and have diffusion of water from the drop 
through the oil, hence a microbatch experiment that does allow for concen-
tration of the sample and the reagents in the drop (Figure 2). 

Using the MRC Under Oil Plate for Microbatch Under Oil & Modified 
Microbatch
Use a robot or pipette to dispense 20 μl of oil into each of the 96 wells of 
the MRC Under Oil Plate (HR3-104). Use a robot or pipette to dispense 100 
to 200 nl of reagent plus 100 to 200 nl of sample so the drop is completely 
covered by oil. 

Microbatch - Use Paraffin Oil and seal with optically clear tape or film for 
microbatch with little to no evaporation from the drop (fixed reagent and 
sample concentration). Access wells and mount crystals by cutting the seal. 

Modified Microbatch - Al’s Oil or Silicon Oil without a seal for Modified Mi-
crobatch controlled evaporation (increased sample and reagent concentra-
tion) and view the drops daily for up to a week before the drop completely 
evaporates. 

Using the 72 Well Plate for Microbatch Under Oil & Modified
Microbatch
Pipette 6 ml of Paraffin Oil (Microbatch) or 6 ml of Al’s Oil or Silicon Oil 
(Modified Microbatch) into a 72 well Microbatch plate (HR3-081 or HR3-
121) as shown in figure 1 or 2. Note: one can also utilize other ratios of Par-
affin Oil and Silicon Oil to manipulate the rate of drop evaporation; higher 
% of Silicon Oil = higher rate of drop evaporation.

Pipette the reagent and sample into the conical flat bottom well of the Mi-
crobatch plate. Typical drop ratios and final drop sizes are 1:1 and 1 to 2 μl 
when set using a manual pipette. Drops up to 10 μl are possible with this 
plate. Vary drop ratio to evaluate different reagent and sample concentra-
tions. Place plate cover over Microbatch plate to slow drop evaporation and 
prevent debris from entering experiment.

Microbatch without Oil
Microbatch can also be performed without oil.  Batch crystallization experi-
ments used for small molecules typically involved larger volumes than those 
used for proteins, on the order of tens or hundreds of milliliters, oftentimes 
in a covered beaker, rather than micro- or nanoliters. Today, some bioprocess 
protein crystallization experiments employ much larger volumes still, many 
liters. Neither of these methods utilize oil to cover the protein and reagent.  
Such experiments are performed in a sealed container, with or without the 
possibility of evaporation, and can often involve temperature manipulation 
and control.  Microbatch without oil can also be accomplished on a micro- 
or nanoliter scale  in a sealed plate, and is termed Drop Drop crystallization.

Using the Drop Drop Method - 
Microbatch Without Oil
Use a robot to dispense 400 nl of sample and 
400 nl of reagent into each of the 96 wells of 
the MRC Under Oil Plate (HR3-104). Promptly 
seal the plate using optically clear film or tape. 
View drops daily for up to 21 days before the 
drop completely evaporates. Access wells and 
mount crystals by cutting the seal. See Image 
1 for an example of a Drop Drop Experiment.

Figure 1

Paraffin Oil

Al’s Oil

Figure 2

Image 1.  Drop Drop experiment 
with 400 nl protein plus 400 nl 
reagent and no oil using the 
MRC Under Oil 96 Well Crystal-
lization Plate.

Solutions for Crystal Growth
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Method
In the microdialysis crystallization method the sample is separated from the 
crystallization reagent by a semi-permeable membrane.  The semi-perme-
able membrane allows small molecules, such as salts, additives, and other 
crystallization reagents to pass, but prevents biological macromolecules 
from crossing the membrane.  Crystallization of the sample takes place due 
to the diffusion of crystallization reagent out of, or into the sample, at con-
stant sample concentration.

Microdialysis Buttons
The Dialysis Buttons are injected molded polystyrene.  The button has a 
chamber which varies from 5 to 350 microliters depending upon which size 
button one chooses to use. The sample is placed in this chamber so as to 
create a slight dome of liquid at the top edge of the button.  A Dialysis Mem-
brane (having the appropriate molecular weight cut-off) is placed over the 
top of the button/sample and is held in place with an O-ring.  The O-ring is 
held in place by a groove in the dialysis button.  See Figure 1.

A typical dialysis experiment is used to take the sample from the presence of 
a high ionic strength solution to a lower ionic strength solution (however, 
the technique can just as easily be used to proceed from low ionic strength 
to a higher ionic strength). This is accomplished by placing the sample in 
high ionic strength in the Dialysis Button, sealing the button with a dialysis 
membrane and placing the sealed button in a solution of ionic strength 
lower than that inside the button.  Salts, ligands, and compounds smaller 
than the pore size of the dialysis membrane will leave the button as long as 
their concentration is lower on the opposite side of the membrane.  Once 
the concentration of the diffusible species is the same on both sides of the 
membrane, the system is in equilibrium.

Using the Dialysis Buttons
The following two practical’s offer examples of how to set up a dialysis ex-
periment using the Dialysis Buttons.

Practical 1 - Carboxypeptidase A
1. Using Carboxypeptidase A, make an 8 to 20 mg/ml solution of the Car-
boxypeptidase A in 20 mM TRIS HCl pH 7.5, 1.5 M LiCl.  

2. Place 100 μl of 10 mg/ml Carboxypeptidase A in 20 mM TRIS HCl pH 
7.5, 1.5 M LiCl in a 100 μl Dialysis Button.  The droplet should have a slight 
dome shape following the hemispheric edge of the top of the Dialysis Button.

3. Seal the Dialysis Button with the Dialysis Membrane.  Using a one inch 
(2.5 cm) square of Dialysis Membrane which has equilibrated in water, place 
the membrane over the top of the button.  Place an inverted golf tee on top 
of the membrane and button. Roll the O-ring down the golf tee until the 
O-ring rolls of the golf tee onto the edge of the button. Roll the O-ring into 
the machined groove on the edge of the button. Remove the golf tee. There 
should be no bubbles between the membrane and the sample inside the but-
ton. Bubbles will prevent dialysis.

4. Place 0.9 ml of 20 mM TRIS HCl pH 7.5 in the reservoir of a VDX™ plate.

5. Place the Dialysis Button in the well, membrane side up. Be sure the res-
ervoir solution covers the top of the membrane/button.  Seal the VDX plate 
using vacuum grease and a cover slide. See Figure 3 below.

6. Observe under a microscope.  Crystals will appear within 2 to 3 days.  Final 
concentration of LiCl will be 0.15 M.

Practical 2 - Lysozyme
1. Prepare 20 mg/ml Lysozyme in 50 mM Sodium acetate trihydrate pH 4.6.  
Filter the solution using a 0.2 micron filter.

2. Fill and seal a 100 microliter Dialysis Button with 100 microliters of the 
Lysozyme solution as described for the Carboxypeptidase A practical.

3. Pipet 1 milliliter of 1.0 M Sodium chloride, 50 mM Sodium acetate pH  4.6 
into reservoir of a VDX plate.

4. Place the filled button, membrane side up in the beaker.

5. Observe under a microscope.  Crystals will appear within 2 to 3 days.

Solutions for Crystal Growth

Microdialysis Crystallization

Figure 1
Microdialysis chamber

Dialysis Button
O-ring

Figure 2

Golf Tee

O-ring

Figure 3
Cover slide

Dialysis Button

Reagent VDX Plate well

Vacuum Grease

Micro-dialysis

Water evaporation to concentrate proteins in the crystallization drops. 

Buffer exchange to gradually precipitate 
proteins in the dialysis cassette.
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Water will evaporate from both the reservoir 
and the drop until the environment is 
saturated and each solution has an equal 
vapour pressure.  As water evaporates from 
the protein drop, the [protein] and 
[precipitant] both increase, leading to slow 
precipitation of the protein and hopefully 
protein crystallization.  

But crystallization is an art and depends on 
numerous factors…

Protein crystal growth: ways
Vapor diffusion



Protein crystal growth: preparation for data collection (harvest)
Cryo-cooling

(Pflugrath, Methods, 2004) (Haas & Rossmann, Acta Crryst, 1970)

Liquid 
nitrogen 
(N2(l))

~10x

Crystal



X-ray Crystallography involves 3 main steps:

X-ray crystallography

Step 1: protein 
crystallization
of a protein 
crystal

Step 3: build  and refine 
a structural  model

Step 2: collection and 
interpretation of diffraction data



Electron beam

f(x) f(x)F(X)

If   F(X)=FT[f(x)],  then  f(x)=IFT[F(X)]
where FT=Fourier transform & IFT=Inverse Fourier transform.

Note: important in X-ray crystallography and 3-D reconstruction algorisms.

Optical & X-ray Diffractions



X-ray crystallography

1. Scattering of X-ray

2. Constructive vs Destruct 
interference 

3. Bragg’s Law

A protein crystal is exposed to X-rays.  Most x-rays travel right through the crystal, but some 
are scattered by the electrons surrounding each atom (electron density).  Although scattering 
occurs in all directions most scattered X-rays interfere destructively – so no X-ray is detected.  
Some scattered X-rays interfere constructively leading to a relatively intense “diffracted” X-
ray (red lines).  Scattering and diffraction are at the heart of x-ray crystallography.

To understand x-ray crystallography, we must first understand basics of how x-rays are 
scattered and interfere with each other.

Data collection: principles



X-rays can be thought of as having wave properties where the electric field of the 
radiation oscillates as it travels through space.  The oscillating electric field of the 
incident X-ray (Io) causes the negatively charged electrons in a molecule to 
oscillate at the same frequency.  The oscillating electrons can then emit x-rays of 
the same wavelength, but the x-rays are emitted in every direction. These emitted 
x-rays are called scattered x-rays.  

Note that x-rays are scattered in the forward direction more intensely than in other 
directions (as q increases, the scattering intensity decreases).

Diffraction data
1. Scattering of x-rays

scattered x-ray

-

electron

+

-

Incident x-ray

+

-

+

-

+

-

+

-
as q ­
scattering ¯

q = 0o



The x-rays scattered from atom A (black) will overlap and thus interact with the x-
rays scattered from atom B (gray), etc., a process referred to as “interference”.  
Interference can be either constructive or destructive.

Diffraction data
2. Constructive versus destructive interference: what happens if we have more 
than one electron?

-

-

A

B



1)  if the scattered x-rays are “in phase” 
(i.e. they reach their max and min at 
same point in space), they add together 
to increase the intensity – constructive 
interference.

2) if you add 2 waves that oscillate only 
slightly out of phase, the resultant X-ray is 
not as intense as above.

3) if you add 2 waves that are completely 
out of phase (one reaches a max while 
the other is at its minimum), they cancel 
each other – destructive interference.

Diffraction data
2. Constructive versus destructive interference:



The scattered x-rays that emerge in phase interfere constructively.  These “enhanced” x-rays 
are called diffracted x-rays, and they lead to on the x-ray detector.  The resulting pattern of 
spots is called a diffraction pattern. What determines whether the scattering of x-rays leads 
to diffraction?

Diffraction data
2. Constructive versus destructive interference:

diffraction pattern



Diffraction data
3. Bragg’s Law (Nobel Prize in Physics 1915):

x-rays

crystal

detector

diffracted x-rays

Scattering is most intense in the forward direction 
(q = 0o).  The scattering intensity decreases as 
you move away from q.



Diffraction data
3. Bragg’s Law: scattering as reflections

incident x-ray

detector

diffracted/“reflected” x-ray

crystal
q1

q2

imaginary plane

Scattering from a particular site can be thought of 

as reflection from an imaginary plane with the 

plane drawn so that the angle of incidence, q1, is 

equal to the angle of reflection, q2.

In the next slide we zoom in on the crystal – shown as the blue rectangle



Diffraction data
3. Bragg’s Law: scattering as reflections

Scattering of x-rays from a single atom, A1, in a single protein within the crystal (the 
diagram situates A1 in the unit cell.

plane 1

q

q

x-ray 1

sc
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re

d
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Diffraction data

plane 1

plane 2

scattered

x-ray 1

scattered

x-ray 2x-ray 2

x-ray 1

3. Bragg’s Law: scattering adjacent planes and interference

B D
C

Given that x-ray 1 and x-ray 2 are from the same source, they have the same frequency 
and phase. Bragg noticed that x-ray 2 travels a longer distance before it hits A2 than x-ray 
1 travels until it hits A1 Scattered x-ray 2 also travels a similar distance until it catches up 
to scattered x-ray 1.  



Diffraction data

plane 1

plane 2

q q

B D

C

q q

d

BC = CD = d  sinq.

X-ray 2 travels a farther distance (BC + CD) than x-ray 1.  The two  x-rays will only 

emerge in phase if the extra distance traveled by x-ray 2 is an integer multiple of the 

wavelength of the x-ray (l). Bragg’s Law states that diffraction will occur when:

nl = 2d  sinq (n = 1, 2, 3…).

scatte
re

d

x-ra
y 2

x-ray 2

x-ray 1
scatte

re
d

x-ra
y 1

3. Bragg’s Law: scattering adjacent planes and interference



Reciprocal Space
Real space & reciprocal space

Highway mileage marks

Real space

Reciprocal space

Perspective when looking at the mileage marks from one end of the road.



Reciprocal Space
Real space & reciprocal space

q



Reciprocal Space
Miller index

x
y

z

(1,0,0)

Miller plane: [100]



Diffraction data
3. Bragg’s Law: scattering adjacent planes

plane 1

plane 2

x-ray 1

x-ray 2

unit cell 2

unit cell 1

A1

A2

Scattering of x-rays from atoms A1 and A2.  Bragg asked the simple question.  What will 
determine whether scattered x-ray 1 and scattered x-ray 2 emerge in phase to interfere 
constructively?

scattered

x-ray 2
q q

scattered

x-ray 1



Diffraction data

If the x-rays scattered in one direction from two identical atoms in adjacent unit cells interfere 
constructively, then all x-rays scattered that direction from identical atoms in adjacent unit 
cells will interfere constructively.   The distance between these atoms depends on the type 
and size of the unit cell.

From the pattern of diffraction spots, you can determine the type and size of the unit 
cell - this is the first step in solving a structure! 

3. Bragg’s Law: the unit cell dictates the diffraction pattern

The correlation shown here is only for illustrative purposesThe correlation shown here is only for illustrative purposes



r

Diffraction data
3. Bragg’s Law: the unit cell dictates the diffraction pattern

The pattern of spots dictates the type of unit cell.

The distance from the center of the diffraction pattern to the location of the spot, r, is related 
to unit cell size.  You can calculate the “reflection angle”, q, using the formula:

tan2q = r/A

where A is the distance from the crystal to the detector.  



Diffraction data

Because distances between identical atoms in different unit cells, d, are repeated over and 
over (it is a crystal – a regular repeating array of protein molecules!), these distances (i.e. 
the unit cell) govern whether diffraction will occur or not and thus the pattern of spots in the 
diffraction pattern. 

The x-rays scattered from different atoms within the unit cell also interfere with each other, 
but as these differences between atoms in the unit cell are highly variable (i.e. they are 
governed by the 3D protein structure!), they only modulate the intensity of the diffraction 
spots.  So the intensity of each spot tells you about protein structure!

3. Bragg’s Law: the unit cell dictates the diffraction pattern

variability in spot 
intensity

How do we interpret spot intensity in terms of structure? 



X-ray Crystallography involves 3 main steps:

X-ray crystallography

Step 1: protein 
crystallization
of a protein 
crystal

Step 3: build  and refine 
a structural  model

Step 2: collection and 
interpretation of diffraction data



Diffraction data
From diffraction to electron density

x-ray

detector   

To fully describe any object in 3D, you must have “pictures” from every angle.  

The same goes for a protein in a crystal.  To solve the protein structure, we must record 
diffraction patterns (i.e. take “pictures”) from every angle.  To do this, the protein crystal is 
placed in a goniometer – a device that allows one to record a diffraction pattern, then rotate 
the crystal, then record another.  This allows one to get a 3D diffraction pattern.



Electron beam

f(x) f(x)F(X)

If   F(X)=FT[f(x)],  then  f(x)=IFT[F(X)]
where FT=Fourier transform & IFT=Inverse Fourier transform.

Note: important in X-ray crystallography and 3-D reconstruction algorisms.

Optical & X-ray Diffractions



Fourier Transform

The Fourier Transform is a tool that breaks a waveform (a function or signal) into an
alternate representation, characterized by sine and cosines. The Fourier Transform shows
that any waveform can be re-written as the sum of sinusoidal functions.



Diffraction data
From diffraction to electron density



map’ using amplitudes derived from the diffraction of a duck
and phases derived from the diffraction of a cat results in a cat:
the phases carry much more information.

2. Recovering the phases

There is no formal relationship between the amplitudes and
their phases; the only relationship is via the molecular struc-
ture or electron density. Therefore, if we can assume some
prior knowledge of the electron density, or structure, this can
lead to values for the phases. This is the basis for all phasing
methods, including phase improvement or density modifica-
tion (Table 1).

2.1. Direct methods

Direct methods are based on the positivity and atomicity of
electron density that leads to phase relationships between the

(normalized) structure factors, for which Hauptmann and
Karle shared the 1985 Nobel Prize in Chemistry (see
their Nobel lectures at http://nobelprize.org/nobel_prizes/
chemistry/laureates/1985/). The triplet relation (2) shows how
the phases of three reflections are related. For example,
consider the case where h is the (2, 3, 5) reflection and h0 is the
(1, 0, 3) reflection, such that h ! h0 is therefore (1, 3, 2). The
triplet relationship shows that the sum of the phases of the
(!2,!3,!5), (1, 0, 3) and (1, 3, 2) reflections is approximately
zero. Therefore, knowing the phases of two reflections allows
one to derive the phase of a third. The tangent formula (3) is
an equation derived for phase refinement based on the triplet
relationship,

!!h þ !h0 þ !h!h0 ’ 0; ð2Þ

tan !h ¼
hEh0Eh!h0 sinð!h0 þ !h!h0Þih0
hEh0Eh!h0 cosð!h0 þ !h!h0 Þih0

; ð3Þ

where E represents the normalized structure-factor amplitude;
that is, the amplitude that would arise from point atoms at rest.
Such equations imply that once the phases of some reflections
are known, or can be given a variety of starting values, then
the phases of other reflections can be deduced, leading to a
bootstrapping to obtain phase values for all reflections. The
requirement of what is for proteins very high-resolution data
(<1.2 Å) has limited the usefulness of ab initio phase deter-
mination in protein crystallography, although direct methods
have been used to phase small proteins (up to &1000 atoms).
This high-resolution requirement of 1.2 Å, or the so-called
Sheldrick’s rule (Sheldrick, 1990), has been given a structural

basis with respect to proteins (Morris &
Bricogne, 2003). However, direct
methods are routinely used to find the
heavy-atom substructure by programs
such as Shake-and-Bake (SnB; Miller et
al., 1994), SHELXD (Sheldrick, 2008),
ACORN (Foadi et al., 2000) and HySS
(Grosse-Kunstleve & Adams, 2003).

2.2. Molecular replacement (MR)

When a structurally similar model is
available, molecular replacement can be
successful, using methods first described
by Michael Rossmann and David Blow
(Rossmann & Blow, 1962). As a rule of
thumb, a sequence identity of >25% is
normally required together with an
r.m.s. deviation of <2.0 Å between the
C! atoms of the model and the new
structure, although there are exceptions
to this. Molecular replacement usually
employs the Patterson function. A
Patterson map is calculated using the
same Fourier summation that is used to
calculate an electron-density map but
with (Fhkl)

2, or intensities, as the coeffi-

research papers
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Figure 3
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.

Table 1
Methods used in structural solution.

Method Prior knowledge

Direct methods " ( 0, discrete atoms
Molecular replacement Structurally similar model
Isomorphous replacement Heavy-atom substructure
Anomalous scattering Anomalous-atom substructure

Density modification Solvent flattening
(phase improvement) Histogram matching

Noncrystallographic symmetry averaging
Automatic partial structure detection
Phase extensionDiffraction data

Importance to deal with phase problem in 
X-ray crystallography:

Duck: (top left)
An image of duck is take and converted 
into its reciprocal image by Fourier 
transform.

Cat: (top right)
An image of cat is take and converted into 
its reciprocal image by Fourier transform.

Image reconstruction: (bottom)
When using the amplitude information 
from “duck” and the phase information 
from “cat”, such hybrid operation 
generates an artificial reciprocal image 
(bottom left).

Via an inverted FT (FT-1), the 
reconstruction results in a “cat”.

This illustrates why the “phase” 
information is very important in construct 
a model from X-ray data.

From diffraction to electron density – the “phase” problem



If we can define all the structure factors, F(h,k,l), in terms of their l, intensity, and phase, 
then we can use a mathematical formula – the Fourier transform – to transform the data 
into a 3D electron density map. 

We know the l (from the x-ray source).  We can define the intensity of each diffracted 
x-ray, or structure factor, from the intensity of the spot in the diffraction pattern.  

A major problem is how to define the phase.

Diffraction data
From diffraction to electron density – the “phase” problem



The measurement is called Isomorphous Replacement (Perutz/1956 & Kendrew/1958):

1. Record a complete diffraction data set for the protein crystal.

2. Soak the crystal in a liquid containing a heavy metal.  Need the heavy metal to 
diffuse into the crystal and to select reproducible sites in each unit cell.  

3. Record a new set of diffraction data. 

Diffraction data

= heavy metal

Diffraction 1 (crystal) Diffraction 2 (crystal + heavy metal)

Microscopic 
view of crystal

From diffraction to electron density – the “phase” problem



What next?

If you subtract Diffraction 1 (protein) from Diffraction 2 (protein + heavy metal), you will 
get the diffraction pattern for the heavy metal alone.  As there is only (hopefully) one or 
two metals per unit cell, we can use mathematical tricks to define the phase of the 
heavy metal.  Additional tricks can then be used to define the phase of the x-rays 
diffracted from the protein alone. 

Diffraction data

= heavy metal

Diffraction 1 (crystal) Diffraction 2 (crystal + heavy metal)

Microscopic 
view of crystal

From diffraction to electron density – the “phase” problem



Diffraction data

GGNB Course A57: Macromolecular Crystallography

Isomorphous Replacement - Measurement

Tim Grüne 7/0

From diffraction to electron density – the “phase” problem



Diffraction data

Think of structural 
factors as vectors 

Vector of protein crystals alone

Vector of protein crystals in the 
presence of some heavy metals

Subtracted vector representing 
information from heavy metals

From diffraction to electron density – the “phase” problem



Diffraction data

1) Direct method (ab initio): Direct methods are based on the positivity and atomicity of
electron density that leads to phase relationships between the(normalized) structure
factors. The requirement of what is for proteins very high-resolution data (<1.2 A) has
limited the usefulness of ab initio phase determination.

2) Molecular Replacement (MR): if we know the structure of a homologous protein, we
can use this information to calculate approximate phases of scattered x-rays and thus
solve the phase problem.

3) Isomorphous Replacement: Soak a crystal in a solution containing a heavy metal
(SIR) and collect a second set of diffraction patterns. Repeat with other heavy metal
derivatives (MIR). Mathematical tricks are then used to solve the phase problem.

4) Anomalous Dispersion (or Scattering): Uses single (SAD) or multiple (MAD)
wavelengths of X rays and heavy atom labeled proteins (either with a selenomethionine
instead of methionine or chemical labeling) to solve phase problem. When used in
conjunction with isomorphous replacement, SIRAS or MIRAS. research papers
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When collecting X-ray diffraction data from a crystal, we
measure the intensities of the diffracted waves scattered from
a series of planes that we can imagine slicing through the
crystal in all directions. From these intensities we derive the
amplitudes of the scattered waves, but in the experiment we
lose the phase information; that is, how we offset these waves
when we add them together to reconstruct an image of our
molecule. This is generally known as the ‘phase problem’.
We can only derive the phases from some knowledge of the
molecular structure. In small-molecule crystallography, some
basic assumptions about atomicity give rise to relationships
between the amplitudes from which phase information can be
extracted. In protein crystallography, these ab initio methods
can only be used in the rare cases in which there are data to at
least 1.2 Å resolution. For the majority of cases in protein
crystallography phases are derived either by using the atomic
coordinates of a structurally similar protein (molecular
replacement) or by finding the positions of heavy atoms that
are intrinsic to the protein or that have been added (methods
such as MIR, MIRAS, SIR, SIRAS, MAD, SAD or com-
binations of these). The pioneering work of Perutz, Kendrew,
Blow, Crick and others developed the methods of isomor-
phous replacement: adding electron-dense atoms to the protein
without disturbing the protein structure. Nowadays, methods
from small-molecule crystallography can be used to find the
heavy-atom substructure and the phases for the whole protein
can be bootstrapped from this prior knowledge. More recently,
improved X-ray sources, detectors and software have led to the
routine use of anomalous scattering to obtain phase informa-
tion from either incorporated selenium or intrinsic sulfurs.
In the best cases, only a single set of X-ray data (SAD) is
required to provide the positions of the anomalous scatters,
which together with density-modification procedures can
reveal the structure of the complete protein.
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1. Introduction

1.1. Phasing

There are many excellent comprehensive texts on macro-
molecular crystallography that include sections on phasing
methods (Blundell & Johnson, 1976; Drenth, 1994, 2006; Blow,
2002; Lattman & Loll, 2008; Rhodes, 2006; McPherson, 2009;
Rossmann & Arnold, 2001; Rupp, 2009). This introduction to
the CCP4 Study Weekend on Experimental Phasing attempts
to give an overview of phasing for those new to the field. Many
entering protein crystallography come from a biological
background and are unfamiliar with the details of Fourier
summation and complex numbers. The routine incorporation

(Garry Taylor, 2010)

From diffraction to electron density – the “phase” problem



X-ray Crystallography involves 3 main steps:

X-ray crystallography

Step 1: protein 
crystallization
of a protein 
crystal

Step 2: collection and 
interpretation of diffraction data

Step 3: build  and refine 
a structural  model



A structural model
From electron density to an atomic model

The next step is to fit the amino acid sequence of the protein into the electron 
density map.  You do this “by hand” in silico, i.e. using a computer.  

Once you have a reasonable fit – i.e. a starting model - you then use 
computer programs to rotate bond angles, adjust bond lengths, etc. to 
improve fit between the amino acid sequence and the electron density to 
arrive at the final protein model.  

Electron  Density Map Fitting the aa sequence Starting Protein 
into the map Model



A structural model

The farther from the center that you can detect spots in the diffraction pattern, the higher the 
resolution of the resulting electron density map, and thus the more accurate the protein 
model.

From electron density to an atomic model – Parameters
i) Resolution



A structural model

Electron  Density Map Fitting the aa sequence Starting Protein 
into the map Model

It is not easy to fit a polypeptide chain into an electron density map.  How do we 
know that we have done a good job?

The R-factor allows us to assess the accuracy of our model – how well the protein 
has been fit into the electron density map.  

From electron density to an atomic model – Parameters
ii) R-factor (accuracy of “fit”)



A structural model

Experimental (observed) 
Diffraction Pattern

Calculated 
Diffraction Pattern

From electron density to an atomic model – Parameters
ii) R-factor (accuracy of “fit”)

! = ∑ $%&' − $)*+)
∑|$%&'|



A structural model

To avoid over-fitting, we assess by setting aside a small set of data and measuring free R-
factor (Rfree), how well the model predicts experimental observations that are not
themselves used to fit the model. Then compare with the R-factor calculated for the
working set (Rwork).

In a good model (<2.5Å), Rfree is close in value to Rwork (i.e. within ~10% difference).

Fitting the amino acid sequence Starting Protein 
into the map Model

A

B

Rfree model

Rwork model

From electron density to an atomic model – Parameters
ii) R-factor: Rwork (or cryst) v.s. Rfree



A structural model

CC1/2 between intensity estimates from half data sets. Primary indicator for use for selecting
high resolution cutoff for data processing. Is related to the effective signal to noise of the data

A

B
Model (1st half data)

Model (2nd half data)

Box 1 Approximate relation between CC1/2 and ᝧI/͵ᝨmrgd

Assuming that the ū�= ūmrgd values obtained from data processing are consistent with the 
spread of observations around their mean, we can derive an approximate expected 
relationship between CC1/2 and ׵I/ū׶mrgd in a high resolution shell. From the derivation 
of equation 1 in Karplus and Diederichs [5] we have

where ūŝ denotes the mean error within a half-dataset. Introducing q2 ׵I2׵/׶I2׵ – ׶I2׶, we 
can write

At this point, we note that for acentric reflections following a Wilson distribution q2 = 2 

and , which lets us write CC1/2 for acentric reflections as

Then, since ׵I/ū׶ is close to ׵I׵/׶ū׶, in particular at high resolution where ū is 
approximately the same for all reflections, it is a reasonable approximation that

Two factors that may shift this relationship are (1) that real data may include some 
centric reflections, for which q2 = 3/2, changing the 4 in the above equations to a 3, and 
(2) that at very low ׵I/ū׶mrgd the measured intensities are dominated by Gaussian noise 
and will not follow Wilson statistics and q2 = 1 applies, which changes the 4 in the above 
equations to a 2. Thus in resolution shells having weak data, the CC1/2 versus ׵I/ū׶mrgd 
relationship should be fall between the extreme cases of:

And tending to be closer to the first equation for data with  ≥1 for which 
Wilson statistics are still relevant. As seen in the figure, this implies that for accurately 
estimated ūmrgd values, CC1/2 between ~0.1 and ~0.4 can be roughly equated to ׵I/ū׶mrgd 
values between ~0.5 and ~1.5.

Karplus and Diederichs Page 12
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From electron density to an atomic model – Parameters
iii) Cross Correlation (CC1/2)

Fitting the amino acid sequence Starting Protein 
into the map Model



A structural model

Even in a high resolution electron density map, some atoms have tight density 
around each atom (often in the protein core), while others have “smeared” 
electron density (often on the protein surface).  The smearing of density can 
arise due to different factors, including movement of the side chain in the 
crystal.  The B-factor or “temperature” fact defines the amount of smearing 
and thus how accurately one can define the position of a side chain.  

68

tight electron smeared electron
density density

From electron density to an atomic model – Parameters
iv) B-factor (mobility of atoms)



A structural model

When solving a structure, one always checks the Ramachandran Plots to 
ensure that residues are found within the “allowed regions”. 

From electron density to an atomic model – Parameters
v) Ramachandran Plots



“Table 1” – data collection and refinement statistics

(McCarthy et al, mBio, 2021)




