
11/18/2014 

1 

Crystallography 

Topics: 

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. IYCr 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) Data Collection – Methods / Detectors / Structure Factors  /  Computers 

 f) Theory of Diffraction – Bragg’s Law / Reciprocal Space  

 g) Structure Solution – Phase Problem: MIR / MR / MAD 

 h) Refinements and Models  /   Analysis and presentation of results 

Note: Only  2-, 3-, 4-, and 6-fold rotations allowed 

Three-dimensional lattice, showing unit cell (heavy lines). 

 

A unit cell is defined by its lattice constants: 

  a, b, c   and a, b, g 

Three different grid systems referred to the array same array. 

 Regular two-dimensional array. 

How to identify “the” unit cell ? 
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 A 4-fold rotation axis. 

 

How to identify “the” unit cell ?  Role of Symmetry 

Rotation axes:            2-fold         3-fold          4-fold          6-fold 

              180o          120o          90o              60o  

Translations:                    1/2             1/3        1/4              1/6 

 

Rot + Trans (Screw Axes) /  Mirror / Inversion 

 A 2-fold rotation axis. 

 

How to identify “the” unit cell ?  Role of Symmetry 

Screw  Axes 
(rotation + translation) 

2-fold screw 

       180o  +  1/2 

 

3-fold screw 

       120o  +  1/3 

  

4-fold screw 

         90o  +  1/4 

 

6-fold screw 

         60o  +  1/6 

41 and 43 Screw Axis We will only look at examples having only 2-fold (2) or 2-fold screw (21) axes. 
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M.C. 

Escher 

Escher 

Sketch 

OrnDC from  L30a  (dodecamer  8760 aa) 

P6  a = 195.6, c = 97.6;  V = 3,230,000 A3 

Pnma    a = 10.06, b = 7.03, c = 5.54;  V = 392 A3 

“325 observed reflections used in the analysis” 

~ 10,000 X 

Decade 1950’s 1960’s 1970’s 1980’s 1990’s 2000’s 

Size  30 
atoms 

<100 
non-H 
atoms 

<200 non-
H atoms 

<400 
non-H 
atoms 

<600 non-
H atoms 

<1000 
non-H 
atoms 

Time / Structure ~ 1year 3-6 
months 

1 month 1 week Few days Few hours 

# Structures <500 ~8300 32,000 95,000 229,000 528,000 

A  Half  Century  of  Advances  in  Small  Molecule  Crystallography 

Advances  in  Crystallography  -  What  happened? 

Phase  Problem 

Source 

Detectors 

Computers 

    computing 

     modeling 

     refinement 

http://escher.epfl.ch/escher/
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X-ray tubes:    the “sealed” tube 

X-ray Sources: Origin of characteristic X-rays 

K 

M 

L 
K 

Characteristic X-rays arise from electronic transitions 
Characteristic X-rays have defined l 
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the “sealed” tube 

X-ray Sources: 

10 

10 

7 

13 

10 
21 

Visual intensity estimation 

Precession film of  

Phosphorylase 

From Blundell and Johnson p.156 

Detectors 

Film 
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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 Ron Hamlin – Supper Award talk 

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 

 

Early Image Plate 

(MAR 180) 

ADSC multiwire 

Counter system Single counter 

diffractometer 

Computers 

    ~ 1960s 

Computers 

    ~late 1970s 

Display - $100,000 
Computer  -  $100,000 

Computers 

2014 -  

$1000 
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Crystallography 

Topics: 

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. IYCr 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) Data Collection – Methods / Detectors / Structure Factors  /  Computers 

 f) Theory of Diffraction – Bragg’s Law / Reciprocal Space  

 g) 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 

cells)  

Diffraction + Interference:  2D  Crystal 

   Object / Real Space 

Transform / Reciprocal Space 

   Object  Transform                            Image    

  Models 

 Electron 

Density 

Maps 
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Waves    ( Amplitudes  &  Phases ) 

Adding waves / phase effect 

Joseph Fourier /  Fourier Series   ~1808 
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Fourier Series Applet     http://www.falstad.com/fourier/  

Euler's formula (Leonhard Euler, 1707-1783) gives the relationship 

between the complex exponential function and common trig terms.  For 

any real number “j” 

Replace list of  

an / bn with  Fn  and jn  

bn 

an 

jn 

Fn  
n     a    b      F      j   

1      7    0      7      0   

2      0    8     8      90   

3      5    5    7.1    ??   

4      8    6     ??   36.9   

Fourier Series   /  Fourier Transforms 

or 

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

or 

AND – Fhkl can also be calculated as the resultant scattering or the sum of the 

individual scattering atoms!!  

Reciprocal Space Real Space 

http://www.falstad.com/fourier/
http://www.falstad.com/fourier/
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Diffraction:  Scattering from (two) “atoms” 

Represent a wave 

as an amplitude + 

phase. 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 j and 

phase phij. 

F(hkl) = SQRT [cI(hkl)] 

Calculated 

Experimental 

 

Scattering from “many atoms” 

Scattering from “atoms in two unit cells” 

Sodium Chloride (NaCl) X-ray  apparatus 

Bragg’s  Law  (nl = 2d sinq ) 
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PQ + QR =  nλ 

nλ= 2 d sin(θ) Bragg Equation 

Crystals:  Scattering from “planes” 

Scattering will only be “observed” at discrete Bragg angles(q) 

Resultant scattering of resultant scattering! 

The spacings of the Bragg reflections                 Lattice Constants 

(1 1) 

(1 2) 

Planes and Indices 

Planes in direct space represented by points in reciprocal space. 

 

Real Space 

Lattice 

Reciprocal  

Space  Lattice 

1 Set Bragg Planes =  

            1 Spot (Diff. Max.) 

a 

b 

a* 

b* 

1,0 

1,0 
2,0 

3,0 

3,1 

1,1 
0,1 

2,1 

0,-1 
1,-1 

2,-1 

Electron Density Function 

Measure thousands of Amplitudes - [Fhkl ]‘s  -  ??  How do we obtain Phases ahkl  ??  

Phase Problem  
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Effect of 

Resolution 

Reduced Disorder at 

Lower Temperatures 
Crystallography 

Topics: 

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. IYCr 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) Data Collection – Methods / Detectors / Structure Factors  /  Computers 

 f) Theory of Diffraction – Bragg’s Law / Reciprocal Space  

 g) Structure Solution – Phase Problem: MIR / MR / MAD 

 h) Refinements and Models  /   Analysis and presentation of results 

Solving  the  Phase  Problem 

1. MIR:    Multiple Isomorphous Replacement (Heavy Atom) 

2. MR:      Molecular Replacement 

3. MAD:   Multiwavelength anomolous dispersion  

       ******************************************** 

• Molecular Modeling (predicting starting structure from sequence alone) 

Early Days: 

 

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

 

  

 

Macromolecular Crystallography 
The first protein structures 

were of myoglobin and 

hemoglobin ~ 1960. 
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Phosphorylase + Ethyl Hg 

thiosalicylate 
Native Phosphorylase 

Use of Heavy Metal Ions for Phasing by MIR Methods 

FPH = FP + FH 

Effect of adding 1 “heavy” atom with lots of electrons! 

(e.g. Hg, Pt) 

FPH = FP + FH FP  = FPH - FH 

Multiple Isomorphous Replacement (MIR) method 

FP  = FPH - FH 

Multiple Isomorphous Replacement (MIR) method 
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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. 

 

http://www.ysbl.york.ac.uk/~cowtan/fourier/fourier.html 
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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  (optical illusions) 

 Resolution  /  Wavelength (Amplitude, Phase) /  Light Microscopy / EM /  X-ray /  (NMR)  

2.  Protein Data Bank (PDB) 

 Data mining and Protein Structure Analysis Tools 

3. X-Ray Crystallography  

  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 

ETOTAL = EEMPlRICAL + EEFFECTIVE 

EEFFECTIVE = EXREF + ENOE + EHARM + 

  ECDIH + ENCS + EDG + ERELA + EPLAN 

EEMPIRlCAL = ΣN
p=l [w

p
BONDEBOND + wp

ANGLEANGL + 

  wp
DIHEEDIHE + wp

IMPREIMPR + 

  wp
VDWEVDW + wp

ELECEELEC + 

  wp
PVDWEPVDW + wp

PELEEPELE + 

  wp
HBONEHBON]. 

Energy Refinement 
(Simulated Annealing) 
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wwPDB  Structure  Validation  Report 

Difference Fourier 
Obs. 

Calc. 
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Examples  of  Difference  Fouriers 


