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B - Crystal Systems . .
C ryStal I Og rap hy o ¥ The 14 Bravais Lattices
2014
o . . : Crystal Type(s) ||External Minimum Symmetry Unit Cell Properties!
Topics: international year of Tricline P [None b0 al be, ga,
. crystallography Monoctinic [P, C |One 2-fold axis, parallel b (b unique)||a, b, c, 90, be, 90
L mage Formation Orthothombic ||P,LF Three perpendicular 2-folds a, b, ¢, 90, 90, 90
Resolution / Wavelength (Amplitude, Phase) / Diffraction & Interference Tetragonal _||P,1 [One 4-fold ais, parallel ¢ 2 2, ¢,90,90, 90
igh R / / / Trigonal F,R One 3-fold axis a1, c,90,90,120
ng tM icroscopy EM X-ray (N M R) Hexagonal P One 6-fold axis 4, 8, ¢, 90,90, 120
Cubic P, F,1 |Four 3-folds along space diagonal ||a, 1, ,a 90, 90, 90

2. Protein Data Bank (PDB)
Symsmetsy operations : 1,346, -1,:2,:3,4,6, m

Data mining and Protein Structure Analysis Tools
_3.1YCr2014 - Celebrating 100 years of X-ray Crystallography _ _ _ _ _ _ _ _ _ _ _____ Crystal oint groups Laue Class |[Patterson Symmetry
. Tricline 1,-1 -1 P-1
4. X-Ray Crystallography — practical aspects T T =3 T &
a) Crystal Growth — Materials / Methods Orthorhombic /222, mm2, maun mmm Prosn, Crunan, Fananan, Imanm P Tetsgonm T Trgoeagonal P Trgonal R
. . . . Tetragonal  |(4, -4, 4/m, 422, 4mm, -&2m, 14/m, P4/manm, 14/mmm| 1 \
c) Crystal Lattices - Lattice Constants / Space Groups / Asymmetric Unit oo TR T TR e %
== d) X-ray Sources — Sealed Tube / Rotation Anode / Synchrotron Hexagonal _|[6, -6, 6/m, 622, 6mam, -62m, PG/mmm / ) T Q‘ ’.
¢) Data Collection — Methods / Detectors / Structure Factors / Computers Skl a3 0% O 20n s ndn [ : ] £
Theory of Diffraction — B ’s Law / Reci 1S =
== ) Theory of Diffracti rage's Law/ Reciprocal Space waes  Note: Only 2-, 3-, 4-, and 6-fold rotations allowed
=== @) Structure Solution — Phase Problem: MIR/ MR/ MAD s i
® Laue class 10 symmetry of p 0 )
== ) Refinements and Models / Analysis and presentation of results #/eaceon symmeiy Je Leoe dete pion slwrod Buerai ompeiie, L oeuironymmelrie Sl eyl
A unit cell is defined by its lattice constants: How to identify “the” unit cell ?
a,b,c anda, B,y ®9 9 990
9 9 9 9 909
Regular two-dimensional array.
29 % 999
9 9 9% 990
299 9 99

Three-dimensional lattice, showing unit cell (heavy lines). Three different grid systems referred to the array same array.
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How to identify “the” unit cell ? Role of Symmetry How to identify “the” unit cell ? Role of Symmetry
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The crystal structure of silver chromate

Marvin L. Hackert '*, Robert A. Jacobson

» for Atomic Research, lowa

AgoCrO4

Pnma a=10.06,b=7.03,c=554; V=392A3
“325 observed reflections used in the analysis”

~ 10,000 X
JMB
Ci i of a PLP-D:
Ornithine Decarboxylase from Lactobaciilus 30a
to 3.0 A Resolution OrnDC from L30a (dodecamer 8760 aa)

Cory Momany, Stephen Ernst, Ratna Ghosh, Ming-Leh Changand  P6 @ = 195.6, ¢ = 97.6; V = 3,230,000 A3
Warvin L. Hackert"
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Sketch
A Half Century of Ad in Small lecule 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 H atoms 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

o
1972 1976 1980 1984 1988 1902 1996 2000 2004 2008

Structures in the Protein Data Bank
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Advances in Crystallography - What happened?

‘Overview of the X-ray Crystal!ographic Method

X:-ray
Detector  DEtECTOrS

Diffraction
Source e Computers
X-rays o Compute computing
+ Graphics modeling
\ ;\ refinement

l(c)
Phase}Problem

(d)

Protein Model Electron Density Map



http://escher.epfl.ch/escher/

X-ray Sources:

X-ray tubes: the “sealed” tube

Water Focal spot viewed
l from side

_——Anode m

_-Be window (b)

r
X-rays -Tube window

Focal spot viewed
from end

~—Anode foce

(c)

Figure 1.5. (a) Section along the axis of an X-ray tube. (b, Anode
with focal spot viewed from side. (c) Focal spot viewed
fa) through tube window.

Origin of characteristic X-rays

Characteristic X-ray Lines

The high energy electron can also cause an electron close
to the nucleus in a metal atom to be knocked out from its
place. This vacancy is filled by an electron further out from
Related Laureate the nucleus. The well defined difference in binding energy,
The Nobel Prize in characteristic of the material, is emitted as a

\ Physics 1917 - Charles  monoenergetic photon. When detected this X-ray photon
X Glover Barkla » gives rise to a characteristic X-ray line in the energy
spectrum. C. Barkla observed these lines in 1908-09 and
was given the 1917 Nobel Prize for this discovery. He also
made the first experiments suggesting that the X-rays are
electromagnetic waves.
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Characteristic X-rays arise from electronic transitions
K, K, L-K

Kig Kg,, Kp, M-K
Kg
Ke
Ke
4 Mo
/’\ Cu
L I
05 10

|
15

X (A)

Figure 1.2, X-ray spectra with characteristic
peaks: MoKz, 50 Kv; CuKe, 35 Kv.

Characteristic X-rays have defined A

Table I.1. Target Materials and Associated Constants

Cr Fe Cu Mo

z 24 26 42
oy, A 2.2896 1.9360 0.70926
o, A 2.2935 1.9399 1.5443 0.71354
a* A 2.2909 1.9373 1.5418 0.71069
Bi, A 2.0848 1.7565 1.3922 0.63225
B, filt. V, 0.4 milt Mn, 04 mil Ni, 0.6 mil  Nb, 3 mils
a, filt. Ti Cr Co Y
Resolution, A 1.15 0.95 0.75 0.35
Critical potential, kV 5.99 7.11 8.98 20.0
Operating conditions, kV: 3040 35-45 35-45 50-55

half- or full-wave- 10 10 20 20

rectified, mA

constant potential, mA 7 7 14 14

* g is the intensity-weighted average of a, and a, and is the figure usually used for the
wavelength when the two lines are not resolved.
¥ 1 mil = 0.001 inch = 0.025 mm.
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APS - Advanced Photon Source

Argonne National Laboratory

A A
Low-EnEnay
GnbutATOn

Brilliance of the X-ray beams
(mmnnlnlm’lmmd’lDJ'/.BW) Detecto rS
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X-ray Sources:

the “Sealed” tube Visual intensity estimation

- ESRF futur Fi I m
3 )
Water Focol spot viewed N
l ) from side ESRF (1994)
== 1
Anode d
Anode 2"generation .
sources
Be window (b} °
1*! generation
X-rays ~Tube window sources = !
®

Precession film of

Focal spot viewed
from end
~Anode face Xeray tubes
(c) {
Phosphorylase

10
la} 1900 1920 1940 1960 1980 2000 From Blundell and Johnson p.156
Year




Diffractometer: automatic but
measured only one hkl reflection at a time

Robert Sweet, Methods in
Enzymology 1985

Area Detectors: Typical coverage of diffraction
pattern by a pair of ADSC multiwire detectors

Xuong Nguyen-huu

Ron Hamlin — Supper Award talk Ron Hamlin

Image Plate Detectors
brute force solid angle coverage

Ron Hamlin — Supper Award talk

Fiberoptic Tapers / CCD Dectors

Ron Hamlin — Supper Award talk
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CCD Detectors:

Diffraction pattern from a Quantum 315

315mm

Early Image Plate
(MAFEEE0)

315 mm)

L0y 0 ey e

-

Computers
~ 1960s
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Crystallography

Topics: international year of
crystallography

1. Image Formation
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 Crystalography _ _ _ ____________
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) Data Collection — Methods / Detectors / Structure Factors / Computers
== T) Theory of Diffraction — Bragg’s Law / Reciprocal Space
=== @) Structure Solution — Phase Problem: MIR/ MR/ MAD
== h) Refinements and Models / Analysis and presentation of results

Wave Properties: Diffraction / Interference

Interference: 1D crystal - 5 identical “objects” with but different spacings (unit

ce (a) (j) oosoee ()@ o o o o (h)::

Object — Transform == |mage

Transform / Reciprocal Space

Electron
Density

Diffraction Maps

X-rays (a) 0/
—_— —

Models

4-Clreln Gomlarnsta {Eslertan or
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Waves (Amplitudes & Phases)

. o

phase | / s 2 yacosx
I"— \_//. (b

sin?# + cos’f = 1

Adding waves / phase effect N SN TN
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A\ /\/\/\/
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Outof phase

Joseph Fourier / Fourier Series -1sos

Fourier series are named in honor

of Joseph Fourier (1768-1830), who
made important contributions to the
study of trigonometric series, after
preliminary investigations by Euler,
d'Alembert, and Bernoulli. He applied
this technique to find the solution of
the heat equation, publishing his initial
results in 1807, and publishing his
Théorie analytique de la chaleur in 1822

= +Za,.cos +Zb am"’”
1y fL At

[~
&
Il

1L nnt 1L . nnt
I _[_Lj(t) cos Tdt b, = I J_Lf(t) sin Tdt

wheren=1,2,3 ...

Fourier Series
Example - Square Wave

My

/\A/\A/vvvvvv\=

previous result  + AN\MNWW\N\ =

previous result 4 wMWINY =

1f we graph many terms, we see that our series is producing the required fiiction. We
graph the first 20 terms:

@n-
2.5 A_ 20 . (2n- Dxt
3+ E”" '2" 1) — 4

previous result  +  MWWWWWAWWW

previous result  + AWV

ééé%
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Example - Saw Tooth Function /=1 +2sr- s+ S

Aty = 1 (first term of

the series):

K \

15

fix)= 1+ 2sint - sin2

e

fiy= 1+ 2 sim 1 (first 2 terms of the series): J\ 3
\ o\ \ / A

A \ \ \/J ’

\ 2

\ s / The graph of the first 40 terms is:
Vo

P B (,%H s smnl)

Zin1
A1) = 1+ 2 sin £~ sin 2¢ (frst 3 terms of the serics).

N A S 4 L
LE T it a7

Fourier Series Applet  http://www.falstad.com/fourier/

Sines / Cosines / and Expoentials

oo ,I.ﬂ
exp(z) = ¢ = -
n=0 n:

‘!‘2 ’1'3 ‘1‘4 1.:':

2 6 24 120 +

If we let x be jmaginary, © = iff (where 6 is real). then this can be witten

I

2 3 g 5
f"6:1+i9—6——i— d +i—...
2 6 24 120

recall 2 g thus
cost 1—72—+£—.._ = —

P | e’ = costl 4 isinf |
o i
s = 0-%+1% - Euler's Equation

Euler's formula (Leonhard Euler, 1707-1783) gives the relationship
between the complex exponential function and common trig terms. For
any real number “¢”

Im &

—— Replacelist of
a, /b, with|F,]and g,

e"¥=cos p + i sin g
i

Fourier Series [/ Fourier Transforms

==+ Zancos ngt o Zb,, sin 2= m”

\

o ag = —j fodt

a, _[ f(l)cosm”dt b, =—.[ j(t)sm"’”

Now consider electron density (as a function or a set of coefficients)

p(x)= ‘l/ ZF(h)cxp(—2rtih x) or

Real Space h

F(h)= Jp(x) exp(2mih-x)dv

Reciprocal Space  cell

AND — Fhk‘ can also be calculated as the resultant scattering or the sum of the
individual scattering atoms!!

Nt

E fi(hklye i@inkD
=1

j=

N
F(hkl) = F(hkDei=® 0 = 3 f,(hki)
i=1

11/18/2014
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Diffraction: Scattering from (two) “atoms”

Resultant

« Resultant E,y
p O P

E

Figure 2.10. Diffraction from E, and E, as if
reflected from plane P.

Represent a wave
as an amplitude +
phase.

Scattering from “many atoms”

Calculated

A’ A*
F(hkl) = F(hkl)e' @ = 3 £,(hkl) =, fi(hkl)e®1"k0
( 1 ‘ I'ZI ?*—‘_'/1 ! ’t\

«— Experimental
F(hkl) = SQRT [cl(hkl)]

/

F(hki)

% Resultant
P

© N )

The structure factor for a reflection may be thought of as the vector sum of the x-ray scattering
contributions from many atoms.

Each of the j contributions may be represented as a vector in the complex plane, with amplitude f; and
phase phi;.

Scattering from “atoms in two unit cells”

% Resultant
P

e Resultant
P

@ The Nobel Prize in Physics 1915
William Bragg, Lawrence Bragg

The Nobel Prize in
Physics 1915

X-ray apparatus

Sir William Henry William Lawrence
Bragg Bragg

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”

Bragg’s Law (nA=2d sing@)

11/18/2014
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Crystals: Scattering from “planes”

Resultant scattering of resultant scattering!

Bragg Equation | nA=2 d sin(e)

Q PQ+ QR = nA

==p Scattering will only be “observed” at discrete Bragg angles(6)

The spacings of the Bragg reflections == L attice Constants

(12)

Planes and Indices

Reciprocal
3.1 Space Lattice 3,1

1 Set Bragg Planes =
1 Spot (Diff. Max.)

Planes in direct space represented by points in reciprocal space.

Electron Density Function
pX.YZ) = %222 F(hkl) explic(hkD)]exp|—2mi(hX + kY + [Z)]

h k0

(-1,-19,0) %=
..

Yo

Measure thousands of Amplitudes - [Fhki ]'s - ?? How do we obtain Phases athkl 2?
———— Phase Problem

11/18/2014
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Crystallography

Topics: international year of
. crystallography
1. Image Formation

Resolution / Wavelength (Amplitude, Phase) / Diffraction & Interference
Light Microscopy/ EM/ X-ray / (NMR)
2. Protein Data Bank (PDB)
Data mining and Protein Structure Analysis Tools
_31YCr 2014 - Celebrating 100 years of X-ray Crystalography _ _ _ ____________
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) Data Collection — Methods / Detectors / Structure Factors / Computers
f) Theory of Diffraction — Bragg’s Law / Reciprocal Space
=== @) Structure Solution — Phase Problem: MIR/ MR/ MAD
== h) Refinements and Models / Analysis and presentation of results

Solving the Phase Problem
Early Days:

Centric structures (all phases 0° or 180°) Heavy atom / Patterson method

Macromolecular Crystallography
1. MIR: Multiple Isomorphous Replacement (Heavy Atom)
2. MR: Molecular Replacement

3. MAD: Multiwavelength anomolous dispersion

»  Molecular Modeling (predicting starting structure from sequence alone)

Hemoglobin Molecule

g ochain Qcheln
~. b

: . [
fars__woor dRE

The first protein structures
were of myoglobin and
hemoglobin ~ 1960.

11/18/2014
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Use of Heavy Metal lons for Phasing by MIR Methods

Native Phosphorylase Phosphorylase + Ethyl Hg
thiosalicylate

11/18/2014

Effect of adding 1 “heavy” atom with lots of electrons!
(e.g. Hg, Pt)
! Fen=Fp+Fy
F(hkl)
f
FH
¢ Fey
_______ ¥,
« i T Gp
& IFy
¥ | R o
B e EE—
[Fe | o
[Fys| #[Fpy | - [Fp | !

Multiple Isomorphous Replacement (MIR) method

Fen=Fp+ Fiy Fp =Fpy-Fy

Multiple Isomorphous Replacement (MIR) method

Fp =Fpy-Fy

Fen [Fess |

Fonz -Fy,

|FP|’ o
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Solving the phase problem by ‘Mo lecular Replacem ent.

If an approximate model of the protein structure is known in advance, approximate
phases can be guessed, and the unknown parts of the structure can be calculated
in an iterative procedure.

No heavy atom derivative required.
BUT - need starting model and orientation (rotation and translation)

For example, molecular replacement can be used to determine the structure of an
complex with inhibitor bound to an enzyme active site, if the structure of the enzyme
itself is already known. Also, MR is often used to solve the structures of closely
related proteins in a superfamily.

3 Kevin Cowtan's Picture Book of Fourier Transforms - Netscape

File Edt View Go Communicetor Help

14 ¥ a4 4 . @ o= & A

Back  Fomaid Feload  Home  Seaich Mefscape Pt Secuity  Shop

i

1

op.

wif " Bookmarks i Locatior: [htp /e ysblyork ac. Lk /~cowtan fourier fourier him!

Kevin Cowtan's Book of Fourier

Eiri

| |

Contents:

Introduction

Book of Crystallopraphy

Duck Tales and missing data.

A Btile Animal Magic and cross phasing,
A Tail of Two Cats and image restoration
Animal Liberation and free-sets

* The Gallery Other interesting pictures
Other topics:

The Ir Structure Factor Tutorial Learn about structure factors and maps

An d te ll hic Fourier The i 1 linke between

This is a book ofpictorial 2-d Fonrier Transforms. These are pasticularly relevant to my own field of Xray
crystallography, but should be of interest to anyone mwolved in signal processing or frequency domain calevlations

http://lwww.ysbl.york.ac.uk/~cowtan/fourier/fourier.html

An explanation of the convolution theorem

| Teaching materials elsewhere

= (== [Document: Done.

theoty and Fourier theoty.

Kevin Cowtan's Book of Fourier
http://www.ysbl.york.ac.uk/~cowtan/fourier/fourier.html

Here is our old friend; the Foutier Duck, and his Fourier transform

t &

And here is a new friend; the Fourier Cat and his Fousier transform

s

Kevin Cowtan's Book of Fourier

http://www.ys|

Duck Transform Amplitudes + Cat Phases

L.york.ac.uk/~cowtan/fourier/fourier.html

v A

Cat Transform Amplitudes + Duck Phases

11/18/2014
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The Ph
==

2S¢ Problem

—

4

Fourier magnitudes of (a)
+ Fourier phases of (b)

Fourier magnitudes of (b)
+ Fourier phases of (@)

Energy Refinement

(Simulated Annealing)

ETOTAL = EEMPIRICAL + EEFFECTIVE

Eerrecrive = Exrer + Enoe + Evarm +
Ecom + Encs + Epg * Erera * Epian

Eempiricar = ZMp=1 [WPeonpEson + WPancLEanet +
WPoHEEDIHE + WPiMpREIMPR +
WPyowEvpw + WPg ecEgLec +
WPoypwEpyvow + WPpeL eEpeLe +
WPLgonErBon]-

11/18/2014

X-Ray Crystallography
“If a picture is worth a thousand words, then a macromolecular structure is priceless to
a physical biochemist.” — van Holde

Topics:
1. Image Formation
Resolution / Wavelength (Amplitude, Phase) / Light Microscopy/ EM/ X-ray / (NMR)
2. Protein Data Bank (PDB)
Data mining and Protein Structure Analysis Tools
"3 XRay Crystallography T TTTTTTTTTT
a) 100 years of X-ray Crystallography
b) Crystal Growth — Materials / Methods
c) Crystal Lattices - Lattice Constants / Space Groups / Asymmetric Unit
d) X-ray Sources — Sealed Tube / Rotation Anode / Synchrotron
e) Data Collection — Methods / Detectors / Structure Factors
f) Theory of Diffraction — Waves, Fourier / Bragg’s Law / Reciprocal Space
g) Structure Solution — Phase Problem: MIR/ MR / MAD

== h) Refinements and Models / Analysis and presentation of results

Ramachandran Plot
check

Plot statistics

Gly and Pro

shown as triangles

Total number of residues 4372

16



wwPDB Structure Validation Report

Page 2 Full wwPDB X-ray Structure Validation Report

ANDJ

1 Overall quality at a glance (i)

The reported resolution of this entry is 1.85 A,

Percentile scores (ranging between 0-100) for global validation metrics of the entry are shown in

the following graphic. The table shows the number of entries on which the scores are based.

Crystal Structure of M. fuberculosis Alanine Racemase

Table 1: Data Collection and Processing Statistics for the MAD
and Native Data Sets of Alry,
MAD1 MAD2 MAD3 MAD4 native
LiA) 0.9788 09790 09562 09809 09160
resolution (A) 220 180
050 0.65
432376 46744 431524 336135 779600

no. of unique 35817 506 36020
reflections = la
Runerge® (95) 6.9 6.4 5.1 3.7 60(67.2)
completeness (%) 918 95.8 921 921 99.3 (95.6)
lla) 303 33 41.6 509 34.5(2.6)
* Rinerge = Xlhabs — Tovgl El g

Table 2: Final Refinement Statistics for Alrye at 1.0 A Resolution

Metric Percentile Ranks Value
Rfrec I 0.199
Clashscore 1 S
Ramachandran outliers M 0
Sidechain outliers ME—" W 3.7%
RSRZ outliers I M 2.1%
o e reative o all Xerry structures "
e relative to X-ray structures of simiar rsolution
Metric ‘Whole archive Similar resolution
(#Entries) (#Entries, resolution range(A))
Rfree 66092 1269 (1.86-1.86)
Clashscore 79885 1470 (1.86-1.86)
Ramachandran outliers 78287 1451 (1.86-1.86)
Sidechain outliers 78261 1451 (1.86-1.86)
RSRZ outliers 66119 1269 (1.86-1.86)

! 08,44 01148 0 v <<
main ehain 2.5

’ i side chain aLs

The 1.9 A Crystal Strueture of Alanine Racemase from Mpycol o e
Conta ed Entryway into the Active Site ators o

s deviations
bond lengths (A)
bond angles (deg)
no. of reflections = 2a
no. of residues
no. of protein atoms
no. of PLP atoms
no. of water molecules

* R-factor = X[ Fors — Fael X[ Fasl. * All isotropic model.

Difference Fourier

1 L
Obs. p“(x, ¥, z)= - Z Z Z Fopue 2mithx+ky+lz) 4 p
¥ h k |

1

cale.  Polx,y,2z)= ?Z 2D Fope 2mithetkytin) 4 pr
h ok T

PolX, ¥, 2) = pulx, y, 2) = ¥ Y (Fo= Fpge dmiriytio o R
k 1

1
V&

1
Po=Pe=7;

=1
=1

Z AF},H(' 2mwithx+ky+iz)
[

Kevin Cowtan's Book of Fourier

http://www.ysbl.york.ac.uk/~cowtan/fourier/fourier.html

& ~ - 4

¢) Cat Amplitudes + Manx Phases
d) [ 2x(Cat Amplitudes) - Manx Amplitudes]
+ Manx Phases

a) Cat - Cat Transform (Amplitudes only)
b) Manx (tailless) Cat - Manx Transform

11/18/2014
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Examples of Difference Fouriers

MIF - 1.5A 2Fo-Fc

/ o

/7‘:
=
Q

18



