Crystallography . 2014 :

Topics: [nternational year of
crystallography
1. Image Formation (what we see is not always accurate)
Resolution / Wavelength (Amplitude, Phase) / Diffraction & Interference
Light Microscopy / EM / X-ray / (NMR)
2. Protein Data Bank (PDB)
Data mining and Protein Structure Analysis Tools
_3.1YCr 2014 - Celebrating 100 years of X-ray Crystallography, _ _ _ _ __ ________.
4. X-Ray Crystallography — practical aspects
a) Crystal Growth — Materials / Methods
c) Crystal Lattices - Lattice Constants / Space Groups / Asymmetric Unit
d) X-ray Sources — Sealed Tube / Rotation Anode / Synchrotron
e)Theory of Diffraction — Bragg’s Law / Reciprocal Space
) Data Collection — Methods / Detectors / Structure Factors
g) Structure Solution — Phase Problem: MIR / MR/ MAD

h) Refinements and Models / Analysis and presentation of results

Five common human senses iClicker Question
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Name your favorite sense?
A) Taste B) Sight C) Hearing D) Smell E) Touch
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“No Highway in the Sky” (1951)




Crystallography — Worlds of Wonder

= °Crystallography - Whatis it?
How does it Work? Why should | care?
Early Years — historical overview
Demonstration of diffraction / image formation
Crystals + X-rays 2 record of Nobel Prizes

« Advances in X-ray crystallography (last 50 years)
sources / computers / detectors

« Benefits of Crystallography to Society / IYCr 2014
Crystallographic Awareness / Celebration/ Training
IYCr:  Summits (Africa/Asia/ Latin America)
Crystal growth contests / Exhibits / etc.
Crystallography Discovery Kit for teachers & museums
symmetry / crystal growth / diffraction
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The Law of Constancy of Angles

1669 The Danish physician Nicholas Steno was
the first to notice that in_guartz crystals the
angles between the faces are constant - the

Law of Constancy of the Angles. He made
enlightened hypotheses concerning the

mechanism of crystal growth. His work marks the
beginning of crystallography as an independent

discipline.

Sunsrancrs Trmmresss P

1801 In Traité de Minéralogie, René-Just Haly
described how The Law of Rational Indices
relates the orientations of crystal faces, and
explained how crystalline solids consist of
replicas of a_unit cell.

Words

Trees
BY JOYCE KILMER

I think that I shall never see
A poem lovely as a tree.

A tree whose hungry mouth is prest
Against the earth’s sweet flowing breast;

A tree that looks at God all day,
And lifts her leafy arms to pray;

A tree that may in Summer wear
A nest of robins in her hair;

Upon whose bosom snow has lain;
‘Who intimately lives with rain.

Poems are made by fools like me,
But only God can make a tree.

Crystallography - What is it?

Crystals — (Strabo ~7 BC; used Greek word krustallos describing quartz crystals)
a body that is formed by the solidification of a chemical element, a compound, or a
mixture and has a regularly repeating internal arrangement of its atoms and often
external plane faces
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Asymmetric Unit  Unit Cell Growing Crystal

René Just Haily (1743-
1822)

X-ray Crystallography - a
method used for determining
the atomic and molecular
structure of a crystal.

Sodium Chloride (NaCl)
(a.k.a. Table salt)
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Trees
BY JOYCE KILMER
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I think that I shall never see
A poem lovely as a tree.

A tree whose hungry mouth is prest
Against the earth’s sweet flowing breast;

A tree that looks at God all day,
And lifts her leafy arms to pray;

A tree that may in Summer wear
A nest of robins in her hair;

Upon whose bosom snow has lain;
‘Who intimately lives with rain.

Poems are made by fools like me,
But only God can make a tree.




“If a picture is worth a thousand words, then a macromolecular Resolution Limit

structure is priceless to a physical biochemist.” — van Holde The diffraction limit of a microscope
is, A
d=

~ 2nsing

« Light Photography
A ~ 400 - 700 nm .
where d is the resolvable feature

'J_.'..r “) size, A is the wavelength of light, n is
"\ the index of refraction of the
medium being imaged in, and 6
(depicted as o in the inscription) is

the half-angle subtended by the

« Electron Microscopy %
A ~ 0.001-0.1nm

ical ive len

- X-Ray or NMR optical objective lens.

I = ti A~ 0.1nm

mage Formation ® Secondary school
Abbe (~1873): “a”(‘;)‘,’m'fnr::iz’r*nbbe Memorial to Ernst Abbe
Limit Res. ~ wavelength/2 University of Jena
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Resolving Power Line , | TOOTHACHE!, .. HMM-M. MY X-RAY
What can you see with the different types of microscopes? The human eye is capable of Superman S

- S TER sse%un DENTIST
X-ray Vision IMMEDIATELY?

distinguishing objects down to a fraction of a millimeter. With the use of light and electron
microscopes it is possible to see down to an angstrom and study everything from different
cells and bacteria to single molecules or even atoms.
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includes transmisson electron microscope.




Image Formation - "Photography" vs. EM vs. X-ray

SOURCE SCATTERING RECOMBINATION
OBJECT LENS

IMAGE

Phase Problem

vu

calculoted

image
-ray mm

Abbe (~1873); Limit Res. ~wavelength /2

EXAMPLE

Wavelength
Radio: 100 MHz (300 cm)

Visible light: 600 nm =6 x 105cm

X-rays: 0.1nm= 1x10%cm

To understand the beginnings of X-ray crystallography, one needs to understand
three key properties of waves — wavelength, diffraction and interference.

Electromagnetic Wave
e— Magnetic Fieid (B)

Yisible

Warelength {cm)

To understand the beginnings of X-ray crystallography, one needs to understand
three key properties of waves — wavelength, diffraction and interference.

Diffraction

Have you noticed how you can hear someone

around a corner before you can see them? Why
is this2

To understand the beginnings of X-ray crystallography, one needs to understand
three key properties of waves — wavelength, diffraction and interference.

Wavelength
Radio: 100 MHz (300 cm)

Visible light: 600 nm =6 x 10->cm

X-rays: 0.1nm= 1x10%cm

Diffraction

Light has a very small wavelength, so only very small
objects or gaps can effect its direction. The wall blocks
the light and the person can't see round the corner.

Diffraction

Sound waves bend round objects of a similar size to
their wavelength. The wall below has a similar size to
the sound's wavelength. The effect is called diffraction.




The Nobel Prize in Physics 1901
Wilhelm Conrad Réntgen

The Nobel Prize in
Physics 1901

Wilhelm Conrad
Rontgen

The Nobel Prize in Physics 1901 was awarded to Wilhelm Conrad Réntgen
“in recognition of the extraordinary services he has rendered by the
discovery of the remarkable rays subsequently named after him".

To understand the beginnings of X-ray crystallography, one needs to understand
three key properties of waves — wavelength, diffraction and interference.

Diffraction: When a wave encounters an obstacle, such as the apparent bending
of waves around small obstacles and the spreading out of waves past small
openings. Diffraction occurs with all waves, including sound waves, water waves,
and electromagnetic waves such as visible light, X-rays, and radio waves.

for waves where the wavelength is

Diffraction effects are most pronounced |m'

roughly similar to the dimensions of

the diffracting objects. ’U\?L

Interference: Interference is a phenomenon in which two waves superimpose to
form a resultant wave of greater (constructive interference) or lower

(destructive interference) amplitude. ||||

CONSTRUCTIVE INTERFERENCE DESTRUCTIVE INTERFERENCE
o Siit 1
AN ~oe ot
\/\/ X X0 .
J O Q7S Siit 2
Similar phases Added Different phases Canceled | |
Plain wave Interference

Young (1801) used a 2-slit experiment to show that light was made of waves instead of particles.
Von Laue (1912) proposed that the concept could be applied to X-rays using crystals.
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Wave Properties: Diffraction / Interference

Interference: 1D crystal - 5 identical “objects” with but different spacings (unit cells)
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Diffraction + Interference: 2D Crystal
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Wave Properties: Diffraction / Interference

Interference: 1D crystal - 5 identical “objects” with but different spacings (unit cells)
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Diffraction + Interference: 2D Crystal

In 1912 Max von Laue proposed that f X-rays were short wavelength waves, then if a crystal were exposed to short wavelength
X-ray waves, the small spacings in crystals should result in a “diffraction / interference” patter of “spots”. Ifthe wavelength is
known, then the spacings of the spots can be used to calculate the spacings of the atoms in the crystals (e.g. unit cell lengths)!

A = wavelength of ight used (m)

n=2 X = distance from central fringe (m)
,:[ a1 d = distance between the sits (m)
|-AF’ o n = the order of the fringe s
ey L= length from the screen with slis to the viewing screen (m) [}
2 2 #
| vd \ dsin@ )
nL n

Wiliam Lawrence Bragg realized that the intensity of the “spots” could be combined with the distance information to determine
the structural arrangement of the atoms in the crystals. In 1913, young Bragg and his father determined the first crystal
structures of NaCl, diamond, etc. Note the reciprocal relationship of “d” and “sin6" in Bragg's Law.

Spacings of spots = size of unit cell

abec C
'
Iaﬂ/b

Intensity of spots = location of atoms

Incident

Bragg’s Law (nA = 2d sin@ )

@ The Nobel Prize in Physics 1914

Max von Laue

The Nobel Prize in
Physics 1914

Crystals

Defracted Rays

Friedrich & Knipping's

Max von Laue first diffraction
photograph - 1912.

The Nobel Prize in Physics 1914 was awarded to Max von Laue “for his

discovery of the diffraction of X-rays by crystals’.

Optical Transforms (iClicker Question)

Below are four objects (e, f, g, h) and four transforms. Match the objects with their corresponding optical
transforms by placing the appropriate letter on the blank provided.
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The Nobel Prize in Physics 1915
William Bragg, Lawrence Bragg

The Nobel Prize in
Physics 1915

X-ray apparatus Sodium Chloride (NaCl)

Incident
beam

Sir William Henry William Lawrence
ragg Bragg g besm

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

dsinf

crystal structure by means of X-rays”
st i ¥ Bragg’s Law (NA = 2d sin@)

Max von Laue was awarded the 1914 Nobel Prize for his work, and the Braggs the 1915 Nobel Prize for their contributions.
William Lawrence Bragg was just 25 years old when he won the Nobe! Prize!

Crystals + X-rays = record of Nobel Prizes

H hts of the Many Nobel Prizes hnm::tdum-
Awarded to Crystallographers
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John Kendrew & Max Perutz - Davothy Hodghin phemmoymiess complex chemical processes
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@ The Nobel Prize in Chemistry 1964
Dorothy Crowfoot Hodgkin

The Nobel Prize in
Chemistry 1964

T.ff

CHs

COOH
Penicillin

e

Dorothy Crowfoot - r}*

Hodgkin i ODGKIN20

The Nobel Prize in Chemistry 1964 was awarded to Dorothy Crowfoot
Hodgkin "for her determinations by X-ray techniques of the structures of
important biochemical substances".

@ The Nobel Prize in Chemistry 1954
Linus Pauling

The Nobel Prize in
Chemistry 1954

Linus Pauling & Roger Hayward

Linus Carl Pauling

The Nobel Prize in Chemistry 1954 was awarded to Linus Pauling "for firs
research into the nature of the chemical bond and its application to the
elucidation of the structure of complex substances”.



//upload.wikimedia.org/wikipedia/commons/9/99/Penicillin_core.svg
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m The Nobel Prize in Physiology or Medicine 1962
Francis Crick, James Watson, Maurice Wilkins

The Nobel Prize in
Physiology or Medicine
1962

Francis Harry James Dewey Watson Maurice Hugh
Compton Crick Frederick Wilkins
The Nobel Prize in Physiology or Medicine 1962 was awarded jointly to
Francis Harry Compton Crick, James Dewey Watson and Maurice Hugh
Frederick Wilkins “for their concerning the structure
of nucleic acids and its significance for information transfer in living
material”.

@ The Nobel Prize in Chemistry 1962
Max F. Perutz, John C. Kendrew

The Nobel Prize in
Chemistry 1962

Max Ferdinand John Cowdery
Perutz Kendrew

The Nobel Prize in Chemistry 1962 was awarded jointly to Max Ferdinand
Perutz and John Cowdery Kendrew “for their studies of the structures of
globular proteins”
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% The Nobel Prize in Chemistry 1976
William Lipscomb

The Nobel Prize in N
Heg peH
H™X_/"H
Bonding diagramHof diborane (B,Hg)

w > e 7| showing with curved lines a pair of
T 3-center 2-electron bonds.

7
o ”
William N. Lipscomb Lipscombite Carboxypeptidase A Aspartate
o B - B carbamoyl
The Nobel Prize in Chemistry 1976 was awarded to William Lipscomb “for transferase

his studies on the structure of boranes illuminating problems of chemical
bonding".

@ The Nobel Prize in Chemistry 2009
Venkatraman Ramakrishnan, Thomas A. Steitz, Ada E. Yonath

The Nobel Prize in
Chemistry 2009

Venkatraman Thomas A. Steitz Ada E. Yonath
Ramakrishnan

The Nobel Prize in Chemistry 2009 was awarded jointly to Venkatraman
Ramakrishnan, Thomas A. Steitz and Ada E. Yonath “for studies of the
structure and function of the ribosome".

Ribosom
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@ The Nobel Prize in Chemistry 2011
Dan Shechtman

The Nobel Prize in
Chemistry 2011

Linus Pauling —
"Thereis no such

thing as quasicrystals,
only quasi-scientists.”

Quasicrystals have low
thermal and electrical
conductivity, while
possessing high structural
stability — ideal for non-stick
insulation for electrical wires
Dan Shechtman and cooking equipment.

Lgoataebe® Be " 2223

Quasicrystals - ordered crystalline
materials lacking repeating
structures, such as this Al-Pd-Mn
alloy.

The Nobel Prize in Chemistry 2011 was awarded to Dan Shechtman "for the

discovery of quasicrystals’.

@ The Nobel Prize in Chemistry 2012
Robert ). Lefkowitz, Brian K. Kobilka

The Nobel Prize in
Chemistry 2012

Robert J. Lefkowitz Brian K. Kobilka

GTP
ooP

" GDP displaced
by GTP.

Active G protein v

(b) G-protein system in action Celiular response
The Nobel Prize in Chemistry 2012 was awarded jointly to Robert J.
Lefkowitz and Brian K. Kobilka "for studies of G-protein-coupled
receptors”

A Half Century of Advances in Small Molecule Crystallography

Decade 1950’s  1960’s 1970’s  1980’s 1990’s 2000°s
Size 30 <100 <200non- <400 <600 non- <1000
atoms non-H Hatoms  non-H H atoms non-H
atoms atoms atoms
Time / Structure ~ lyear 3-6 1month 1week Fewdays Few hours
months
# Structures <500 ~8300 32,000 95,000 229,000 528,000

600000

500000

400000

300000

200000

100000

Structures in the Protein Data Bank
psid
- . ‘

ok
1972 1976 1980 1984 1988 1992 1996 2000 2004 2008

Max
circa 1959
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. Mapsections

fiatin use Richards Box

Map sections
inuse

Light

Building a model of myglobin in the old cycletron room
of the Cavendish Lab in Cambridgr, 1959
Scale 5cm =

Discovering the nucleotide
binding fold while
building the
ctate dehydrodenase

[ model
1970

Scale: 2cm = 1A

CRYSTALLOGRAPHY L]

Protein Data Bunk

A repository sysiem (o protein | p

crssabopriohic dis Wil be oper.
atlographic

Data Centre, L.mm.‘,c and the

Brookhaven National Laboratory

The system will be responsible for

storing atomic coordinates, structure

will be no charge for the service
other than handling costs. ~Files
will be updated as new material is
received The total holding will be

amnounced annualy m e oo | Creation 6f PDB

bibliographic volumes of the refer

ence series “Molecular Structures Walter Ham”ton’ Helen Berman,
= ,?‘..:nm.n: l,;fn:mh.nl e announced in 1971 Tom Koetzle in 1972
m,;.:\.) by f:oxlhmkx Utrecht (Nature NeW
Biology 1971, 233,

223)

tory. Upton.
where the data will be computer
processed

The two centres will maintain iy .
e Sl ma o Wl rovics Walter Hamilton and Harold
bkt o8 ar Sssat e W. Wyckoff at the CSHL
Liute for b Llic: b meesting in 1971

A petition to establish a

central repository for atomic
coordinate data of protein
structures was written at -
the American

Crystallographic Association
Winter Meeting, Columbia,

SC, February 1971

,5»2 of BN, Siacbiey Tf sk, St Gash, 9%

"B Bescrnt _oult Mo 4 Y .;57?
Die GARL, ] b2 g
Stuctuse, Timis

Michael Rossmann - PDB40 address

Annual growth of the number of
structures available in the PDB
archive as of July 1, 2008.
Courtesy of the RCSB Protein
Data Bank

i 1971

The Protein Data Bank (PDB) was established at Brookhaven National
Laboratory as a repository for 3-D structural data of proteins and nucleic
acids.” When it was founded, the resource contained just seven structures.
The PDB, now headquartered at Rutgers University and directed by Helen
Berman, houses more than 50,000 structures. Funded by NIH

DETERMINATI

ars of Protein Structure Determination

http://publications.nigms.nih.gov/psi/timeline.html

[ View citations (7] (&) 1
NTRO | [F1971 1972 1976 1978
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The First protein structures

1958 6.0A Myoglobin Cambridge John Kendrew
1959 554 oxy-Haemoghin Cambridge Max Perutz
1959 2.0 A Myglobin Cambridge John Kendrew
1965 HEW lysozyme RI London David Phillips
1967 Carboxypeptidase Harvard Bill Lipscomb
1968 Ribonuclease Yale Fred Richards
1968 Chymotrypsin Cambridge David Blow
1968 Papain Groningen Jan Drenth
1970 2.8 A oxy Haemoghbin Cambridge Max Perutz
1970 De-oxy Haemoglobin Cambridge Max Perutz
1970 Lactate dehydrognase Purdue Michael Rossmann
1971 Staphylococcal nuclease MIT Al Cotton

1971 Carbonic anhydrase Uppsala Anders Liljas
1972 Subtilisin Groningen Wim Hol

1972 Lamprey Haemoglobin Johns Hopkins Werner Love
1972 Rubridoxin U of Washington Lyle Jensen
1972 Trypsin inhibitor Max Plank Robert Huber
1973 Cytachrome b5 Washington U Scott Matthews

1973 PDB holdings in red

Michael Rossmann - PDB40 address

Protein Data Bank in 1973

rubredoxin N

chymotrypsin

lactate dehydrogenase

Michael Rossmann - PDB40 address

1987: Users Compel Deposition
‘ 3

Yale University
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Stephen K. Burley - PDB40 address

10,000-Fold Growth in Four Decades

= 7=>>76,000 entries
= 2011 will see ~9,000 depositions
= Electron Microscopy is beginning to hit its stride

2000 Calendar Year Depositions by Experimental Method

8000 {— —— X-ray /”‘ r
7000 —  NMR

6000 4 = EM s
5000 //

4000

3000

7
2000 P

1000

StephenK. Burley - PDB40 address
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http://www.wwpdb.org/PDB40.html

Statistics For PDB Structures That Are Deposited And
Processed By Year And Site

Year Total Depositions Deposited To Processed By
RCSBPDB | PDBj| PDBe | RCSBPDB | PDBj | PDBe
2000 2983 2445 10 528 2297 158 528
2001 3287 2673 118 | 496 2408 383 496
2002 3565 2769 289 | 507 2401 657 507
2003 4830 3488 673 | 669 3135 1026 | 669
2004 5508 3796 900 812 3082 1614 812
2005 6678 4507 1166 | 1005 3563 2110 | 1005
2006 7282 5145 1052 | 1085 4252 1945 | 1085
2007 8130 5399 1603 | 1128 4703 2299 | 1128
2008 7073 5452 648 973 4106 1994 973
2009 8300 6715 527 | 1058 5069 2173 | 1058
2010 8878 6912 593 | 1373 5464 2041 | 1373
201 9250 772 582 | 1496 5938 1816 | 1496
2012 9972 7695 601 | 1676 6409 1887 | 1676
2013 9010 6856 607 | 1547 5774 1689 | 1547
TOTAL 94746 71024 9369 | 14353 58601 21792 | 14353
Note: Includes theoretical models and entries later withdrawn or obsoleted
Last Updated: 6 Nov 2013 PDB

5 s wewee or e SPDB
= [ formati I to Biological lecul
(PDB B ... e
M Categories 2, Author i) Macomolecsle B Sequence "N}
e, mol ﬁ & Bowse @ Advanced
PDB Current Holdings Breakdown
Exp.Method Proteins Rucleic Acids Protein/NA Complexes Other Total
X-RAY 70690 1400/ 3562 3 75655
WR 8463 1010 191 7| %671
ELECTRON MICROSCORY m n 120 0 485
HYERID 45 3 2 1 Hl
other 144 4 5 13 166
Total 79664 2440 3850/ u 86008
(Click en any number to retrieve the results from that category.)
65078 structures in the PDB have a structure factor file.
6978 structures in the PDB hawe an NMR restraint file.
737 structures in the PDB have a chemical shifts file.
20 Person Years->20 Person Days
= Faster and Faster Computing
= Graphical Display (Geis>Frodo>O->COOT-...)
= Simulated Annealing Refinement
= Gene Cloning/Protein Expression Systems
= Protein Purification/Engineering
= Crystallization Strategies (Factorial, LCP, ...)
= Data Collection: Cryogenics/Area Detectors
= Synchrotron Beamlines>MAD/SAD Phasing
= Automated Map Interpretation/Model Building
= Micro Focus X-ray Beamlines
.

Stephen K. Burley - PDB40 address

Analyze — structure (Ramachandran Plot) and biochemistry
Publish in leading biochemical or structural biology journal
Contribute results (coordinates, etc.) to PDB

e e e e e e e e e e e e e e e e e e e e
Data Mining
Visualization programs (Cn3D / RasMol / SwissPDBV / etc)
SCOP - Structural Classification of Proteins

CATH - Classification / Arch / Topology
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SCOP Structural Classification of Proteins

Structural Classification of Profeins
i_J
=

el |4

Root: scop

Classes:

1. All alpha proteins (151)
2. Allbeta proteins (111)
3. Alpha and beta proteins (a/6) (117)
Mainly parallel beta sheefs (beta-alpha-beta units)
4. Alphs and beta proteins (a+6) (212)
Mainly antiparallel beta sheets (segregated alpha and beta regions)
5. Multi-domain proteins (alpha and beta) (39)
Folds consisting of two or more domains belonging fo different classes
6. Membrane and cell surface proteins and peptides (12) &
Does not include proteins in the immune system
7. Small proteins (59)
Usually dominated by metal ligand, heme, and/or disulfide bridges
8. Coiled coil proteins (5)
Not a frue class
9. Low resolution protein structures (17)
Not a frue class
10. Peptides (95)
Peptides and fragments. Not a true class
11. Designed proteins (36) EX
Experimental structures of proteins with essentially non-natural sequences. Not a frue class

CATH - Protein Structure Classification

CATH is a novel hierarchical classification of protein domain
structures, which clusters proteins at four major levels: Class
(C), Architecture (A), Topology (T), and Homologous (H)
Superfamily

Class, derived from secondary structure content, is assigned
for more than 90% of protein structures automatically.
Architecture, which describes the gross orientation of
secondary structures, independent of connectivities, is
currently assigned manually. The topology level clusters
structures according to their topological connections and
numbers of secondary structures. The homologous
superfamilies cluster proteins with highly similar structures
and functions. The assignments of structures to toplogy
families and homologous superfamilies are made by
sequence and structure comparisons.

TIM barrel  Sancgwich  Roll

[dhm} (LT 0]

Growth Of Unique Folds Per Ye: efined By SCOP
e can be viewed by he bar

55,000 %

~1280

Year
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