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X-Ray Crystallography
“If a pictureisworth a thousand words, then a macromolecular
structureis pricelessto a physical biochemist.” —van Holde

Topics:
1. Protein Data Bank (PDB)

Data mining and Protein Structure Analysis Tools
2. Image Formation

Resolution / Wavelength (Amplitude, Phase) / Light Microscopy / EM / X-ray/ (NMR)
3. X-Ray Crystallography (after NMR)

a) Crystal Growth — Materials / Methods

b) Crystal Lattices - Lattice Constants/ Space Groups/ Asymmetric Unit

c) X-ray Sour ces— Sealed Tube/ Rotation Anode/ Synchrotron

d)Theory of Diffraction —Bragg's Law / Reciprocal Space
e) Data Collection = Methods/ Detectors/ Structure Factors
f) Structur e Solution —Phase Problem: MIR/ MR/ MAD

h) Refinement, Analysis and Presentation of Results

1) Use of Difference Fouriers
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Single Hole Scattering Experiment

Transforms / Reciprocal Space
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Single Hole Scattering Experiment

Transforms / Reciprocal Space

Different size holes

(a) o (b) ®




Effect of Multiple “Scatterers”

Transforms / Reciprocal Space
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Transforms / Reciprocal Space

Five harizontal holes
with various spacings
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Transforms / Reciprocal Space
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Vertical holes and nets of holes
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What Are Thay

More About the Bragg Formula

®-rays scattered from different layers of atomns can interfere with each
ather. The interference depends on the wavelength of the ®-ray and on the
distance between the atom layvers, &n ¥-ray with well-known wavelength can
be used to explore the structure of the crystal. For a well-known crystal, the
m-ray properties can be examined.

Incident 7 Scattered
wawve S A wave
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Crystal planes, in Nacl,
ordinary salt, Other planes
are also possible,

W-ray scattering from three crystal planes, separated by the distance

d. For canstructive interference in a direction 8 the path difference
rmust be an even nurmber of wavelengths,

Related Laureates

The Mobel Prize in

@ FPhysics 1915 - Sir
William Henry Bragg »

The Mabel Prize in
Phyzics 1915 - william
M Lawrence Bragg #




Diffraction: Scattering from (two) “atoms’

i

Resultant

>
FJ’,

3 /
2~ _ 4 Resultant

P

Figure 2.10. Diffraction from E, and E, as if
reflected from plane P.
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Scattering from “ many atoms’

F(hkl) = F(hkl)ei®hkD = E f,(hkl) Z fi(hkl)e , i (hkD)

<+— Calculated

«—— Experimental

F(hkl) = SQRT [cl(hkI)]

A

F(hki)

<~ Resultant

© NN B

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 fJ and
phase phi..



Scattering from “atomsin two unit cells’

<« Resultant
P

<« Resultant
P




Crystals: Scattering from “ planes’

Resultant scattering of resultant scattering!

Bragg Equation

Sg nA\=2d Sln(e) S

Q PQ+QR= A
—p Scattering will only be * observed” at discrete Bragg angles(0)

The spacings of the Bragg reflections =—» L attice Constants



Bragg Planes

T

100]

Figure 2.7. Unit cell showing bounding planes and edges.



Name that Bragg “ plan€’

110 130 2-10
(or -210)
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(a) (b) (c)

a

Figure 2.5. Three families of lattice "planes" in a two-dimensional
lattice.




Reciprocal

- Space Lattice ,o °?
: 1,1 ©
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Space
Lattice

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

Figure 2.11. Planes in direct space represented by points in reciprocal space.



Electron Density Function
pX,¥2) = 7 D3 Fihkl) expliathkl)]exp—2mithX + kY + L2)

M easure thousands of Amplitudes - [Fhkl ]'s - ?? How do we obtain Phases Othkl ??
— Phase Problem



X-Ray Crystallography
“If a pictureisworth a thousand words, then a macromolecular
structureis pricelessto a physical biochemist.” —van Holde

Topics:
1. Protein Data Bank (PDB)

Data mining and Protein Structure Analysis Tools
2. Image Formation

Resolution / Wavelength (Amplitude, Phase) / Light Microscopy / EM / X-ray/ (NMR)
3. X-Ray Crystallography (after NMR)

a) Crystal Growth — Materials / Methods

b) Crystal Lattices - Lattice Constants/ Space Groups/ Asymmetric Unit

c) X-ray Sour ces— Sealed Tube/ Rotation Anode/ Synchrotron

d)Theory of Diffraction —Bragg' s Law / Reciprocal Space

e) Data Collection —= Methods/ Detectors/ Structure Factors
f) Structure Solution — Phase Problem: MIR/ MR/ MAD

h) Refinement, Analysis and Presentation of Results

1) Use of Difference Fouriers



Advanced Methods in Modern Biomolecular Crystallography

The information we get from a single diffraction

Forwssing Mirrers LI 5
it WMok amatle " a

4-Cirele Conlometer {Euledian or Kapps Geometry)

LT I - P

The reflections are indexed
(consistent assignment of
reciprocal cell indices h k| and
all we get for the money 1s a
long list of intensities from
several ten thousand reflections
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Advanced Methods in Modern Biomolecular Crystallography @

Cryo-cooling efficiently improves data quality

+ Crystals are rapn:ily»r
cooled (N "ROZEN)
to near |IC|LlId nltrngen
temperature

o ) © Reduced thermal
: vibrations

« |ncreased resolution
+ Reduced disorder

+ Eliminated radiation
damage

" |+ No merging and scaling
errors




B e

@ CrystalCiear 116 - [Sample: pyvn lnstrument: R-AXIS [V4 4] -
Fitlw-wmmmxnwlmamum

s 0 E D2 EE DB 2R ACDOO - G| ¥

1

b
1x

Syl [T

it

HO 2@ [8 ]

o B0

Image name
lnage rumber
Reflecton ket
i Start arge [ * Sl
E e vkt [ * ] 450

Exponure bme o] IT'E'B.'-

CrsToDet et mm] 15000

| Detectr 26 (] [a0
| Proced poebaon
! | Prosd viss
| Peak risrcty 137
: : o™ 15 Ac
O oy a4

T

do D -5—_-,r 11 l_l_r_
Requected wetrue e '

Stat Erd  Widh  Teoe [oec)

i 2 i = - - ;: gt
!- _""’ﬂl_l 4 mage 1200 1805 050  Sm6 5
; 3 = Scan 1800 1805 —

More spoiy

i o I-\"r PH]  Prels I

Expectad frech e

Py scsseri 0T oo

Wed Acxr 07 0450 PM
Wed Age 07 04 50 PM

S "y

Schecie

[ Thess e e
R g e ox exllechon. Pescores = OF U058 15307
ST g T ::.3” :"h'.""'m“"’h'l’f_.hﬂ_b.

g e Colecion sched e 7 Regorse « Yes 0

L oy b uriiess able i i VLI B Crvervnie ‘

7704 16 3 29 Ererrcurly collected mages as el 31 overnte renlls obianed by proces g Bese prevously colects m

@_

Efumgt ot o o e

Freh b wined 2y 07 04
‘“.ﬁ o

85 ‘_-'_.’1"”'*""”'_} -

RS ey | 36 - . R —
— —!F ;_a_"_"r‘_";'JI' Crrvtalllear 1.0 Bc Frooes s

| B T s e g s



| R : Amplitudes and Phases

0.0 1.0 2.0 3.0 00 1.0 2.0 3.0
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Representation of the electron density of a one-dimensional "crystal" by a superposition of waves. The
crystal is formed by a periodic repetition of a diatomic molecule, as shown at the top of the right-hand
column. The component waves, each with proper phase and amplitude, are on the left. The curves on the
right show the successive superposition of the five waves on the left. (From Waser, 1968.)



R : Amplitudes and Phases
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Representation of another one-dimensional crystal, this one containing a triatomic
molecule. Note that this crystal is built up from the same waves as the crystal of (a) ;
only the amplitudes and phases have been changed. (From Waser, 1968.)
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Dramatic improvements in the overall structure are
likely to result from better definition of disordered
regions regardless of resolution



X-Ray Crystallography
“If a pictureisworth a thousand words, then a macromolecular
structureis pricelessto a physical biochemist.” —van Holde
Topics:
1. Protein Data Bank (PDB)
Data mining and Protein Structure Analysis Tools
2. Image Formation
Resolution / Wavelength (Amplitude, Phase) / Light Microscopy / EM / X-ray/ (NMR)
3. X-Ray Crystallography (after NMR)
a) Crystal Growth — Materials / Methods
b) Crystal Lattices - Lattice Constants/ Space Groups/ Asymmetric Unit
c) X-ray Sour ces— Sealed Tube/ Rotation Anode/ Synchrotron
d)Theory of Diffraction —Bragg' s Law / Reciprocal Space
e) Data Collection —Methods/ Detectors/ Structure Factors
f) Structure Solution —Phase Problem; MIR /MR /MAD

h) Refinement, Analysis and Presentation of Results

1) Use of Difference Fouriers



Solving the Phase Problem

1. MIR: Multiple lsomorphous Replacement (Heavy Atom)
2. MR: Molecular Replacement

3. MAD: multiwavelength anomolous dispersion
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Effect of adding 1 “heavy” atom with lots of electrons!

i Fpy = Fp + Fy

F(hki)

m F
. Fyl
- | PH| *"—:
-4 o —
|Fr | iys

Fy| #Fpy |- [Fp ]!



Difference Patterson Map (F )2

hki
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Multiple Isomorphous Replacement (MIR) method

Fpu = Fp + Fy

Fp = Fpy - Fy
A A
c S
“_IFyl
_FH




Multiple Isomorphous Replacement (MIR) method
Fp = Fpy - Fy

FPHE




Solving the phase problem by “Molecular Replacement".

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.



"Multiwavelength Anomolous Dispersion™
(MAD) methods

Additional information used in calculating phases can be obtained
If x-ray diffraction intensities can be measured at wavelengths
near the absorption edge of the heavy atom derivative.

A tunable x-ray source is required (provided by a synchrotron). In
a synchrotron, accelerated electrons traveling near the speed of
light emit intense x-rays.

a) often only a single heavy atom derivative is required to
solve a structure (selenomethionine).

b) it is possible to solve structure of higher molecular weight
molecules (such as the ribosome, at MW = 2,500,000).



f”‘

=The largest signal will come from choosing the wavelength with maximal f* (A, in
the figure above).

=The second wavelength is usually chosen to have maximal |[f"| (A, in the figure
above). Note that (1 and 2) are very close together, requiring great precision in
setting up the apparatus which controls wavelength during data collection.

=Additional wavelengths (3 and 4) are chosen at points remote from the absorption
edge. The available signal increasing slowly as the distance from the first two
wavelengths increases. However the diffraction conditions (crystal absorption and
diffracting power, diffraction geometry, etc) become more disparate as the
distance increases. The choice usually comes down to the practical limitations
imposed by the particular beamline apparatus being used. Typically A, and A, are
between 100eV and 1000eV from the absorption edge.



X-Ray Crystallography
“If a pictureisworth a thousand words, then a macromolecular
structureis pricelessto a physical biochemist.” —van Holde

Topics:
1. Protein Data Bank (PDB)

Data mining and Protein Structure Analysis Tools
2. Image Formation

Resolution / Wavelength (Amplitude, Phase) / Light Microscopy / EM / X-ray/ (NMR)
3. X-Ray Crystallography (after NMR)

a) Crystal Growth — Materials / Methods

b) Crystal Lattices - Lattice Constants/ Space Groups/ Asymmetric Unit

c) X-ray Sour ces— Sealed Tube/ Rotation Anode/ Synchrotron

d)Theory of Diffraction —Bragg' s Law / Reciprocal Space

e) Data Collection —Methods/ Detectors/ Structure Factors

f) Structure Solution — Phase Problem: MIR/ MR/ MAD

h) Refinement, Analysis and Presentation of Results

1) Use of Difference Fouriers
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Energy Refinement
(Simulated Annealing)

ETOTAL = EEMPIRICAL + EEFFECTIVE
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PROCHECK

Ramachandran Plot

che.ck

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.
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Plot statistics
Residues in most favoured regions [A,B,L] 3149 85.9%
Residues in additional allowed regions [a,b,],p] 460 12.6%
Residues in generously allowed regions [~a,~b,~l,~p] 24 0.7%
Residues in disallowed regions 31 0.8%
Number of non-glycine and non-proline residues 3-(;6-4 I{-)-(i-(:}%
MNumber of end-residues (excl. Gly and Pro) 228
Number of glycine residues (shown as triangles) 312
Number of proline residues 168
Total number of residues 4-3;'}-2
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Crvstal Structure of M. tuberculosis Alanine Racemase

Table I: Data Collection and Processing Statistics for the MAD
and Natve Data Sets of Alry

MAD1 MAD2 MAD3 MAD4 native

A(A) 0.9788  0.9790 0.9562 09809 09160
resolution (A) 2.20 1.80
mosaicity 0.50 0.65

no. of reflecions 432376 46744 431524 336135 779600
observed > lo

no. of unique 35817 37506 36020 36242 67592
reflections > lo

Rierge” (%) 69 64 5. 37 6.0(67.2)

completeness (%)  91.8 95.8 92.1 92.1 99.3(95.6)

(o) 0.3 M3 41.6 50.9 34.5(2.6)

ap =Yy — Lol - - . . -
merge — 2love = Luvgl/ 2 ol Table 2: Final Refinement Statistics for Alryy at 1.9 A Resolution

R factor® (%) 20.4
Rgee (%) (for 1747 reflections) 25.4
average B factor (A%)°

Biochemisiry 2005, 44, 1471- 1461 1471 ;
main chamn 25.5
: . , side chain 3l.5
The 1.9 A Crystal Structure of Alanine Racemase from Mycobacterium tuberculosis PLP 519
% . ) . - . . ;,..a, e
Contains a Conserved Entryway into the Active Site™ wabers 2.4
Pierre LeMagueres,® Hookang Im Jerry Ebalunode? Ulrich Strych¥ Michael J. Benedik® James M. Briges§ rms deviations
Harold Kohnt and Kunt L. Krause*$@ bond |El1gths (A) 0.006
Depariment of Blofogy and Blochemistry, University of Howston, Houston, Tevas 77204-5001, Deparimen of Blalogy, bond ang]eﬁ {deg} 1.9
Texas A&M University, College Station, Tevas 77843-3258 Division of Medicinal Chemistry and Natural Products, b . =) g
School of Pharmacy, University of North Caroliva, Chapel Hill, Nortk Caroling 27599-7360, and no. of re ﬂ,"-"‘f“‘:’ Lot 55001
Section of fnfections Diseases, Department of Wedicing, Bavlor College of Medicine, Howston, Tevas 77030 no. ﬂF]’u:SldlI(.‘E 722
Receired June 27, 2004; Revised Mamncript Received October 22, 2004 no. of protein atoms 5360
no. of PLP atoms 30
no. of water molecules 350

“ R-factor = ¥|Fape — Feac) 2 |Fas]. © All isotropic model.




Analyze — structure (Ramachandran Plot) and biochemistry
Publish in leading biochemical or structural biology journal

Contributeresults (coordinates, etc.) to PDB

R IRt i S S S g e b b b b 4b Sb S S b b b b b 4b b S S S b b b b 4b S Sl S S b b b b 4b A S S S e b b b b ¢

Data Mining
Visualization programs (Cn3D / RasM ol / SwissPDBV / etc)

SCOP - Structural Classification of Proteins

CATH —Classification / Arch / Topology



Difference Fourier

Obs. pc,(x y, z) __Z Z Z Fo e-—2w1(hx+ky+lz)+ R

1 -
e —2mi(hx+ky+liz) ’
Cac. (%, ¥, 2) =7 2 2. 2, Femae 2T+ R

po(x, y, z) — p(x, y,z)= Z Z Z (Fo— Fc)hkfe_"zwi(hﬁkyﬂz) + R— R’
h k I

<|=

— pc= Z Z Z AFhkle——Zwi(hx+ky+lz)
h k 1
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. Kevin Cowtan's Picture Book of Fourier Transforms - Netscape = 0] =]

File Edit \iew Go Communicator  Help
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Kevin Cowtan's Book of Fourier

| & [

Thiz 15 a bool of pictonial 2-d Feounier Transforms. These are particulatly relevant to my own field of A-ray
crvsiallograpiy, but should be of interest to anyone mvelved m signal processing or Fequency domarm calculations.

Contents:
http://www.ysbl.york.ac.uk/~cowtan/fourier/fourier.html
* Introduction
o Book of Crystallography
o Ducl Tales and mizzing data.
s A Little Animal IMagc and cross phasing,
o A Tail of Twe Cats and image restoration.
o Anitnal Tiberation and free-sets.

* The Gallery. Other interesting pictures. |
(rther topics:

The Interactive Structure Factor Tutonal: Learn about structure factors and maps.

Anntroduction to crystallographic Fourier transforms. The mathematical hinlke between Scattering theotry and Fourer theoty.
An explanation of the conwvelution theorem.

Teachine materials elsewhere hd




Object / Real Space Transform / Reciprocal Space




Object / Real Space

Transform / Recip
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Objects— Transforms

and | mage Formation " ' g‘gg

Transform
A Duck

of a Duck




Kevin Cowtan's Book of Fourier

http://www.ysblLyork.ac.uk/~cowtan/fourier/fourier.html

Hete iz our old friend; the Fourier Duck, and his Fourier tratsform:

Andhere iz a new friend, the Fourer Cat and fus Fourier transform:




Kevin Cowtan's Book of Fourier

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

Duck Transform Amplitudes + Cat Phases

v J

Cat Transform Amplitudes + Duck Phases




Kevin Cowtan's Book of Fourier

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

¢) Cat Amplitudes + Manx Phases

a) Cat - Cat Transform (Amplitudes only) : 3 :
b) Manx (tailless) Cat - Manx Transform L ExiCat f;"l[; ::;“;’lfl?se :rlanx Amplitudes]







Examples of Difference Fouriers

MIF - 1.5A 2Fo-Fc
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X-Ray Crystallography

Quiz questions:
1. Crystal Growth — Materials / Methods
What isthe single most important factor that deter mines crystal growth?

What arethe two most common precipitating agentsfor growing protein crystals?

D

2. Crystal Lattices- Lattice Constants/ Space Groups/ Asymmetric Unit

"
| dentify the unit cell, asymmetric unit and symmetry {*
. 1

present in the pattern shown.
‘

¥
What isresponsible for “characteristic” X-rays? J

x

3. X-ray Sources— Sealed Tube/ Rotation Anode/ Synchrotron

What are the major advantages of using synchrotron radiation?
4. Theory of Diffraction —Bragg'sLaw / Reciprocal Space
When collecting an X-ray data set, what is being measured and how isthat data useful ?
5. Phasing and Refinement
| dentify the meaning of theterms. MIR, MR, MAD, Difference Map, Simulated Annealing



	Least-Squares Refinement

