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Adapted from Molecular Machinery: A tour of the Protein Data Bank, http://www/rcsb/org

ATP 

Synthase Cyotchrome b-C1

complex

Cytochrome C

oxidase

Rhodopsin

Cycloxygenase

Photosynthetic

reaction center

Light harvesting

complex

Photosystem I

RNA 

polymerase

DNA 

polymerase

Lac 

repressor

Nuclesome

Nucleosome

Catobolite gene

Activator protein

TATA-binding protein/

Transcription factor IIBTopoisomerase

Form (or structure) gives a clue to the function.



Stealth fighter

Biplane

SR-71

Spitfire

Space shuttle

Hot air balloon

B52

Hang-glider

Unidentified

http://www.chattbike.com/photos/Chattanooga/hangglider.jpg


Nothing there, 

false observation?

Two wings, must fly 

really high?

Sleek, 

very mobile?

False eyes to scare predators

Only flies 

vertically?

Needs others for 

reproduction

Excretes numerous droppings

Symbiotic relationship?

Still unidentified

http://www.chattbike.com/photos/Chattanooga/hangglider.jpg


Crystallographic information provides an average 
picture of the macromolecule

Biological information is also needed to explain 
that picture.



Aim 1.

The research proposal

Aim 2.



80% of crystallization 

is failure



Failure …

• I have not failed. I've just found 10,000 ways that won't work – 

Thomas Edison

• Failure is instructive. The person who really thinks learns quite as 

much from his failures as from his successes – John Dewey

• A life spent making mistakes is not only more honorable but more 

useful than a life spent in doing nothing – George Bernhard Shaw.

• Genius is one percent inspiration and ninety-nine percent 

perspiration – Thomas Edison.

• Crystallization is one percent inspiration and ninety-nine percent 

optimization – Unknown crystal grower.

• Garbage In, Garbage Out – From a syndicated article about the first 

stages of computerisation of the US Internal Revenue Service that 

appeared in several US newspapers on 1 April 1963.

• Rule 2 – Be an optimist.



The Essence of Crystallization

• There are known knowns. These are things 

we know that we know. There are known 

unknowns. That is to say, there are things 

that we know we don't know. But there are 

also unknown unknowns. There are things 

we don't know we don't know.

• Donald Rumsfeld, Feb 12th 2002. 

Image:Donald Rumsfeld Defenselink.jpg

Shamelessly copied from a slide by Ted Baker

• Rule 3 – Write everything down.

http://upload.wikimedia.org/wikipedia/commons/8/87/Donald_Rumsfeld_Defenselink.jpg


Simplified phase diagram for crystallization

• Rule 4 – Know this diagram by heart.



Crystallizing 

Macromolecules

Many different methods but 

they all have things in 

common:

• They are designed to 

traverse the crystallization 

phase diagram.

• They use many different 

kinds of solutions to 

sample crystallization 

space at many points.



Simplified phase diagram for crystallization

Different techniques traverse the 

crystallization space differently.



What results can we expect to see?

Experiment 

dehydrates 

over time

Macromolecule

Precipitates

(amorphous)

Showers of

crystals

Precipitate and 

microcrystal

formation

Single 

nice

crystal

Microcrystals



Typical situation, multidimensional area sampled

e.g. temperature

or pH



The HWI crystallization 

cocktail screen.

The 1536 diverse chemical 

cocktails (Luft et al., 2003). The 984 

in-house conditions comprise an 

incomplete factorial sampling 

of 36 salts, eight buffers, and 5 

different PEGs.

The remainder of 1536 cocktails are 

comprised of commercial screens 

available from Hampton Research. 

Specifically, in order of use; the 

Natrix Screen, Quick Screen, 

Nucleic Acid Screen, Sodium 

Malonate Grid, PEG/Ion, PEG 6000 

Grid, Ammonium Sulfate Grid, 

Sodium Chloride Grid, HT Screen, 

Index and the SaltRx screen.



The HWI crystallization 

cocktail screen.
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cocktails (Luft et al., 2003). The 984 

in-house conditions comprise an 

incomplete factorial sampling 

of 36 salts, eight buffers, and 5 

different PEGs.

The remainder of 1536 cocktails are 

comprised of commercial screens 

available from Hampton Research. 

Specifically, in order of use; the 

Natrix Screen, Quick Screen, 

Nucleic Acid Screen, Sodium 

Malonate Grid, PEG/Ion, PEG 6000 

Grid, Ammonium Sulfate Grid, 

Sodium Chloride Grid, HT Screen, 

Index and the SaltRx screen.



What do we see from the data?



What do we actually see?

Optimize crystals by screening 

around the hit conditions, i.e. 0.1 M 

ammonium phosphate dibasic, 0.1 

TAPS pH 9 and 20% (w/v) PEG 

4000



20% PEG 20K

20% PEG 8K

20% PEG 4K

20% PEG 1K

10 9 8 7 6 5 4pH

Small to 

large Small to 

large

Bad Bad Bad

Grid Grid
GridGrid

Grid

Grid

Unknown

Clear

If we plot the results in chemical space the road 

becomes clear



6 578

PEG 4K

PEG 8K

PEG 1K

PEG 0.4K

pH

Chemical space provides a vector for optimization

Precipitate

Crystals

Clear

In this case the path from 

precipitate through crystals to clear 

is obvious. The phase diagram is 

reversed. Also clear are the 

number of chemical conditions that 

have not been sampled.

Ubiquitin, 40% PEG, 0.1M zinc acetate



It also illustrates the space we do not sample

We only sample discrete points within the sampling  space



AutoSherlock

“Because scientists would rather spend less time organizing 

their data, and more time learning from it.”

TM

As of the New Year:

Over 850 laboratories sending samples (multiple samples from PSI centers)

Over 9,500 different macromolecules to date

Over 14.5 million images

Over 3000 years of computing time spent analyzing 1% of those images

A difficult task to easily visualize results.

Develop automated procedures.

Numbers – the quantity of data



Decreasing pH leads to 

crystallization. A large 

area of space along the 

crystallization pathway 

remains un-sampled. 

There are clear areas to 

pursue optimization.

Decreasing PEG % 

leads to crystallization. 

Again a large area of 

space along the 

crystallization pathway 

remains un-sampled. 

There are clear areas to 

pursue optimization.





Salt RX 

screen

Conc 4.6 7 8.5

1.5M A3 A4 A5

3.5M A6 A7 A8

1.0M B3

1.8M B4 B5

2.0M B6

2.5M D1 D2 D3

6.0M D4 D5 D6

1.0M E1

1.8M E2

1.5M E3

2.4M E4

1.5M F1 F2 F3

2.5M F4 F5 F6

0.7M G7 G8 G9

1.1M G10

1.3M G11

1.4M G12

Acetate 4.0M H8 H9 H10

1.8M A1

2.8M A2

2.2M A9 A10 A11

3.2M A12 B1 B2

0.7M B7 B8

1.2M B9 B10

2.0M C3 C4 C5

3.5M C6 C7 C8

1.4M C11

2.4M C12

1.5M D7 D8 D9

4.0M D10 D11 D12

0.4M B11 B12 C1

0.7M C2

1.0M G1 G2 G3

1.8M G4 G5 G6

0.8M F7 F8 F9

1.0M F11

1.5M F10 F12

0.6M H1 H3

1.2M H2 H4

Thiocynat

e
0.5M H5 H6 H7

1.2M C9

2.2M C10

0.5M E11

1.0M E12

35% H11

60% H12

5 6.9 8.2

1.0M E1 E2 E3Sodium 

phosphat

pH

pH

Formate 

dihydrate

Sulfate 

hydrate

Sulfate 

monohydr

ate

Sodium 

tartrate 

Citrate 

tribasic 

Formate

Malonate

Sulfate

Tartrate 

dibasic

Acetate 

trihydrate

Chloride

Potassium

DL-Malic acid

Succinic acid

Tacsimate

Ammonium

Sodium

Magnesium

Lithium

Chloride

Citrate 

dibasic

Nitrate

Phosphat

e 

Phosphat

e dibasic

Nitrate

None 4.6 5.6 6.5 7.5 8.5 9

A2 A1 A9 A7 A5 A4

A3 A10 C2 A8 A12 A6

C6 B8 D4 A11 B2 B1

C7 B12 B3 B4 B5

C8 C10 B6 B11 B7

C9 D1 B9 C3 B10

D6 D11 C1 C5 C12

D7 C4 C11 D12

D8 D9 D2

D10 D3

D5

E1 E9 F2 F8 G4 H3 H10

E2 E10 F3 F9 G5 H4 H11

E3 E11 F4 F10 G6 H5 H12

E4 E12 F5 F11 G7 H6

E5 F1 F6 F12 G8 H7

E6  F7 G1 G9 H8

E7  G2 G10 H9

E8  G3 G11

G4 G12

H1

Buffer pH

Crystal Screen HT

Conc

(M) 4 5 6 7 8 9

1 A1 A2 A3 A4 A5 A6

2 B1 B2 B3 B4 B5 B6

3 C1 C2 C3 C4 C5 C6

4 D1 D2 D3 D4 D5 D6

Sodium Chloride

pH

The Commercial Screens in the HWI 

crystallization cocktails

The commercial screens incorporate several distinct 

mechanisms of sampling the crystallization space. Examples 

are shown here.

The original Hampton Research 

1+2 sample a set of conditions 

known to produce crystals in the 

past with the predominant 

variable being pH. Although 

described as a sparse matrix 

the number of samples is small 

and the distribution in chemical 

space wide therefore it is difficult 

to relate results from one 

condition to results from other 

conditions. This is the primary 

reason that crystallization today 

is target focused.

The SaltRx screen samples 22 

crystallization salts with varying 

concentration and pH. It is a 

true sparse matrix where results 

can be related in terms of 

chemical space.

A number of Grid screens are 

incorporated, in this case 

Sodium Chloride. These provide 

a fine sampling of a small 

subset of individual conditions 

and serve to indicate the 

sensitivity (or lack of it) to small 

changes in precipitant 

conditions.
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Hampton Research Index Screen

Note, the HT screen is not a convential screen as such. It is designed to sample a range of reagents and provide an indication of the 

appropiate chemical area and variables that w ould be appropiate for crystallization and should be used in this manner. 
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PEGs and Salts as a function of pH PEG 3350 and salts

Hits here indicate that a variation of salt 

concentration and pH in a grid screen 

has a strong potential for crystallization 8.5

A special case – The Hampton Research Index Screen

Coarse test for chemical conditions likely to produce crystallization



Automagic? A process carried out automatically in such 

a clever way that the result appears to be 

magic

Rule 1:  Think

• Remember, Garbage In, Garbage Out

Not yet….



• Crystallization is one percent inspiration and ninety-nine percent 

optimization – Unknown crystal grower.

• Rule 2 – Be an optimizer
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Three basic methods: 

batch, vapor and liquid

Batch
Vapor

(also known as vapour) Liquid



Batch in a Vial: Set up

Precipitant

solution
+ Sample solution

= Crystals

(or not)

See rule 2

Wait



Vapor Diffusion Setup

Add sample

solution
+ Precipitant

solution

Precipitant

solution

Grease rim for 

air tight seal

(cue bad joke)

Wait

= Crystals

(or not)

See rule 2



Dialysis Experiments

Not a hamburgerSee rule 1



Useful websites:

www.hamptonresearch.com

http://www.hamptonresearch.com/


Nice 101 technical notes on 

many basic techniques.

Other sites include:

http://www.moleculardimensions.com/

http://www.emeraldbiosystems.com/

Rules of thumb to convert vapor 

diffusion to batch:

http://www.douglas.co.uk/convert.htm

Choosing a starting point for pH

http://www.ruppweb.org/cryspred/defaul

t.html

General crystallization phenomena

http://xray.bmc.uu.se/~terese/crystalliza

tion/library.html

http://www.moleculardimensions.com/
http://www.emeraldbiosystems.com/
http://www.douglas.co.uk/convert.htm
http://www.ruppweb.org/cryspred/default.html
http://www.ruppweb.org/cryspred/default.html
http://xray.bmc.uu.se/~terese/crystallization/library.html
http://xray.bmc.uu.se/~terese/crystallization/library.html


Bad news on X-rays 

Ionizing radiation can remove an electron from water:

H2O
++H2O  H3O

++OH

And the ejected electron

e-+H2O         OH-+OH

The simultaneous formation of H and OH free radicals gives further reactions

H+OH       H2O

H+H          H2

OH+OH    H2O2

Your body, cells, protein crystals contain water, the body ~66%, crystals 30-70%.



Synchrotron radiation is 109 times

More brilliant than the sun 

and about 100 million miles closer

Light%2520Bulb%2520-%2520800x600

http://images.google.com/imgres?imgurl=http://www.wallpaper.net.au/wallpaper/other/Light%2520Bulb%2520-%2520800x600.jpg&imgrefurl=http://www.wallpaper.net.au/wallpaper_other1.php&h=600&w=800&sz=21&tbnid=3_DBOWSvp3oJ:&tbnh=106&tbnw=142&hl=en&start=7&prev=/images%3Fq%3Dlight%2Bbulb%26svnum%3D10%26hl%3Den%26lr%3D%26sa%3DN


Processes of radiation damage

Primary, secondary, direct and indirect 

radiation-damage events in a protein 

crystal. 

The incoming X-ray photons cause 

primary damage events, represented by 

darker stars. The paths of secondary 

radicals are shown by dotted arrows, and 

the damage events they induce are 

represented by lighter stars. Direct 

events occur on the protein molecules, 

and indirect events occur in the solvent 

region.

Primary effects are a fact of life, we 

cannot prevent them.  Secondary effects 

can be reduced by cryocooling.

Image from Elspeth Garman

Effect on

Other

atoms

SeS

ONCH



Development of 

cryocooling

Hope Acta Cryst. B44, 

22-26 (1988) at 130K 

with oil and spatulas.

Loop mounting, Teng J. 

Appl. Cryst. 23, 387-

391 (1990) first 

introduced a metal loop 

which is now the nylon 

loop we know today.

Cryocooling with loops 

is younger than 

everyone that uses it!



Courtesy of Elspeth Garman



Cryocooling – How?

• Cool the crystal fast enough so that 

amorphous ice rather than crystalline ice is 

formed (vitrification).

• To vitrify water cooling has to occur in 10-8 s.

• Cryoprotectants extend this time to 1-2 s.

• A cryobuffer is the buffer the crystal is 

grown in with the cryoprotectant added.

• The cryoprotectant replaces water, it does 

not dilute the solutions.

• Visually clear is usually a good indication of 

a good cryoprotectant condition.

• Collect data below 130 K, preferably as low 

as possible but never above 140K.

Good cryobuffer

Bad cryobuffer

Read any of the papers by Elspeth Garman listed at http://biop.ox.ac.uk/www/garman/publications.html

http://biop.ox.ac.uk/www/garman/publications.html


Cryo-buffers (make your own)

• Look for similar crystallization conditions in other publications.

• PEG < 4K – increase PEG, add small PEGs

• PEG > 4K – add small PEGs

• 30% of cases – add 15-25% glycerol

• MPD – increase MPD concentration

• Salt – add MPD and/or ethylene glycol or glycerol

• Salt – increase concentration/add salt

• Salt – exchange salts

• Note low salt concentrations need greater concentration of cryoprotectant 
than higher salt concentrations.

• Other cryoprotectants, DMSO, propanediol etc.

• Butanediol is very effective but expensive.

• (with thanks to Elspeth Garman for many tips).



Getting the 

crystal



Flash cooling in the gas 

stream



Flash cooling by plunging



Summary

• Rule 1: Think

• Rule 2: Be an optimist (or an optimizer)

• Rule 3: Write everything down

• Rule 4: Know the phase diagram by heart.

Most of all, try.  If you get a crystal and get stuck at that point 

there are plenty of willing hands to help out and many other 

research opportunities open up.
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