Macromolecular crystallography

Lecture 1

Pavel Plevka



* Lecture 1 — Introduction to X-ray
crystallography, basic diffraction

* Lecture 2 — Solution of phase
problem, model building, and
structure validation



* Development of crystallography

 Waves, radiation, and diffraction



WILHELM CONRAD RONTGEN (1845- | JgS
1923) .

* 1901 Nobel Laureate in Physics

discovery of the remarkable rays subsequently
named after him.




MAX VON LAUE
(1879-1960)

* 1914 Nobel Laureate in Physics

for his discovery of the diffraction of X-
rays by crystals

Friedrich and Knipping
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Coherent beam




Addition of waves
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Diffraction of light




Diffraction of light




MAX VON LAUE
(1879-1960)

* 1914 Nobel Laureate in Physics

for his discovery of the diffraction of X-
rays by crystals




Wavelength and diffraction
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Wavelength comparison of X-rays and visible light
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—X-rays (0.1nm)

—visible light (500
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SIR WILLIAM HENRY BRAGG (1862-1942)
SIR WILLIAM LAWRENCE BRAGG (1890-1971)

1915 Nobel Laureates in Physics

for the analysis of crystal structure by means
of X-rays

‘nk = 2d sinO




James Batcheller Sumner
(1879-1960)

* 1946 Nobel Laureate in Chemistry

for his discovery that enzymes can be
crystallized




FRANCIS HARRY COMPTON CRICK (1916~2004)
JAMES DEWEY WATSON (1928~)
MAURICE HUGH FREDERICK WILKINS (1916~2004)

* 1962 Nobel Laureates in Physiology and Medicine

for their discoveries concerning the molecular structure
of nuclear acids and its significance for information
transfer in living material.

James Watson
and Francis Crick Maurice WllklnS Rosahnd Franklin



Max Ferdinand Perutz (1914 — 2002)
John Cowdery Kendrew (1917 — 1997)

1962 Nobel Laureates in Physics



Information from X-ray diffraction
experiment
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Representative electron density for amino
acid side chains
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Comparison of microscope and

diffraction

Light path
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Waves and Radiation
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Wave as a vector

imaginary axis

A- wave amplitude

o.- wave phase

real axis
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X-rays scatter from electrons in all
directions

Primary beam

Secondary beams



X-ray scattering from several electr
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e Scattering from a single molecule is not
detectable

* If molecules are all oriented in the same
way, the scattering from individual
molecules will add in certain directions

—Which directions?



There is no path and PHASE
DIFFERENCE when rays reflect
from a plane




There 1s NO PHASE DIFFERENCE if the path

differences are equal to whole number multiplies of

wavelength () 1
Bragg’s law:
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There 1s NO PHASE DIFFERENCE if the path
differences are equal to prime number multiplies of

wavelength () 1
Bragg’s law:
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Diffraction pattern from a protein crystal
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Fhkl)=YV f f f p(x yz)exp|2mi(hx + ky + 12)|dxdydz
x=0y=07=0

F(hkl) = |F(hkl)|eetkD



Real space cat Fourier amplitudes
and phases
3
& = -
Fourier
transform
Circular rainbow scale of Linear intensity scale
phases of amplitude size Observed
amplitudes
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Electron density equation + PHASE
PROBLEM
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Summary:

1. X-rays have suitable wavelength for study of
molecular structures

2. Crystals allow measurement of useful diffraction data
because they diffract strongly in certain directions

3. Our goal is to obtain three-dimensional distribution
of electron density, because it shows the shape of a
molecule

4. Diffraction experiments provide only amplitudes of
structure factors => Phase problem



Human cardiovirus Saffold virus 3
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1. Rentgenové paprsky se pouzivaji ke studiu makromolekularnich
struktur protoze:

A.) Maji vinovou délku podobnou meziatomovym vzdalenostem.
B.) Jako jediné elektromagnetické zareni interaguji s biologickym
materialem.

C.) Byly objeveny v dobé¢ intenzivniho zajmu o strukturu
makromolekul a z historickych diivodu se pouzivaji dodnes.

2. To, ze makromolekuly tvori krystaly znamena ze:
A.) Maji enzymatickou aktivitu

B.) Jsou soucasti kostry bunky (cytoskeletu)

C.) Maji stabilni strukturu.

3. Mapa elektronové hustoty, ktera je vysledkem rentgenové
analyzy krystalu:

A.) Ukazuje tvar molekul, které tvori krystal

B.) Ma vzdy bilou barvu

C.) Ukazuje tvar molekuly po denaturaci
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crystallography
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* Phase problem and its solution

* Building macromolecular structures
based on X-ray diffraction data

e Validation of macromolecular
structures



Bragg’s law




Bragg’s law




Adition of waves
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Real space cat Fourier amplitudes
and phases
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Solving the phase problem by:
Molecular replacement

1. source of initial phases is a model

2. the model is oriented and positioned to obtain the
best agreement with the x-ray data

3. phases are calculated from the model

4. The calculated phases are combined with the
experimental data

Molecular Replacement
was invented by
Michael Rossmann




Unknown structure,
unknown orientation
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Observed amplitudes (tailed cat),
calculated pha es (Manx cat)
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Inverted
Fourier
transform

Even the tail becomes visible!



Model Bias

Duck Fourier transform
of duck
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Fourier
transform
Duck amplitudes | Looks like a cat!!
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Solving the phase problem by:

Multiple/Single Isomorphous
Replacement (MIR/SIR)

e source of phases — intensity differences between
data from native and derivative (heavy atom
containing) crystals

* Positions of heavy atoms identified from
isomorphous difference Patterson maps



Solving the phase problem 3

Multiple/Single-wavelength
anomalous diffraction (MAD/SAD)

e source of phases — intensity differences between
structure factors due to the presence of atom that
specifically interacts with X-rays of a given
wavelength

* Positions of heavy atoms identified from
anomalous difference Patterson maps



Model building & resolution

1.0A 2.5A

3.0A 4.0A



Model building & refinement




Model building & refinement

File Edit Calculate Draw Measures Validate HID About Extensions

Q Reset View }:I Display Manager

{mol. no: 15) C4 f1/B/14 Cr occ: 1.00 bf: 19.40 ele: C pos:{ 9.55,27.85,78.93)

| Help |

Job title |rigid body refinement of PM3F structure

Do rigid body refinement —_ |using no prior phase information — |input

_I Input fixed TLS parameters

W Generate weighted difference maps files in (] — |furrnat
W Extend map to cover molecule with border |5.0

MTZ in asciu_sawaya—-|pmk_2l]l]4_sca]eit1 mtz Browse | Sew |

FP F_pmsfi — | Sigma SIGF_pmsfl =

MTZ out ascio_sawaya— |pmk_2l]l]4_refmac1 .mtz . Browse | e |
PDB in ascio_sawaya— |pmk _pimsfl.pdb ' ' ' ' "' Browse | Sew |
PDB out ascio_sawaya— |pmk _pmsf0_refmaci .pdﬁ - T T Browse | e |
Output lib ascio_sawaya— |pmk _pmsf0.cif ' ] ' ' Browse | e |

_| Specify an extemal keyword script file for Refmacs

Hegewred Paramelers |

Do mazimum likelihood — |r'eﬁnement

20 cycles of refinement in each Refmac run

Use hydrogen atoms: generate all hydrogens — |and _I output to coordinate file

_1 Resolution range from minimum |56.796 to |1.697

Use mathiz — |scaling. Diagonal weighting term 0.5 W Use expt sigmas to weight Xray terms
_| Refine overall B-factor

W Exclude data with freeR label FreeR_flag — | with value of |0
Biid Domaiis Definiion |
| Initialise rotation and translation parameters

Edit hist ~ | Add Domain Definition |
Farliaf Sirciowe Factors =
Data Qulpat o MTZ fie I~

Run — Save or Restore — Close |




Validation

Assesment of model quality:

Is the model in agreement with experimwntal data?
How the geometry of amino acids look like?

Are atoms far / close enough from each other?

Are residues “happy” in their environment?

Are the hydrogen donors/acceptors satisfied?
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Ramachandran plot
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Geometry and stereochemistry

Bond lengths Dihedral angles
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Real-space fit
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Data deposition

* Protein Data Bank (PDB)
 Some structures are wrong!




Summary

1. X-rays have suitable wavelength for study of molecular
structures

2. Crystals allow measurement of useful diffraction data because
they diffract strongly in certain directions

3. Our goal is to obtain three dimensional distribution of electron
density, because it shows the shape of a molecule

4. Diffraction experiments provide only amplitudes of structure
factors => Phase problem

5. Solution of the phase problem:
Molecular replacement
Isomorphous replacement
Anomalous diffraction

6. Model building, refinement, validation, deposition



1. Virus purification | 2. Crystallization
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Structural studies of human
picornaviruses

Rhinoviruses
— 40% of common cold cases
— economic losses $16bn/year in USA

Enteroviruses (EV71)

— hand-foot-and-mouth-
disease Vit
— encephalitis

McMinn et al. Clin Infect Dis 2001. Image by Heng Soy, KI Media 2012.



Picornavirus replication cycle

2.Structure
of virus

replication

factories?

@ Nucleus

—




Human cardiovirus Saffold virus 3
(2.5A resolution)




Human Parechovirus 1 @ 3.1A




1.) Jakou cast strukturniho faktoru muzeme zmeérit
v difrakcnim experimentu:

a) amplitudu (ve formé intensity)
b) fazi

2.) Nejcasteéjsi metoda pro ziskani fazi je:

a) molekularni nahrazeni (molecular replacement)
b) isomorfni nahrazeni

c) anomalni diffrakce

3.) Ramachandran plot ukazuje:

a.) distribuci UhlU v hlavnim retézci proteinu

b.) vzdalenosti mezi atomy

c.) konformace postrannich retézcti aminokyselin



Honeybee viruses

O 1 | I | | 1 1
1940 1950 1960 1970 1980 1990 2000 2010

Year

Millions of honeybee colonies
w



[Leishmania RNA virus 1

Intracellular multiplication
of amastigotes

N %ﬁ 2 E'éit? metastasis to
7] - .4, amastigote
%E@@f b nasopharyngeal

AN R % tissues

Phagosome

@ Phagocytosed by
macrophage, Transforms into _—5
transformed into promastigote in

midgut of fly

Fly bites human
—regurgitates

figot Free Dictiona
promastigote y Macrophage

Ives et al. Science, 2011
Olivier. Nature, 2011

cutaneous leishmaniasis
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Johann Deisenhofer (1943)
Robert Huber (1937)
Hartmut Michel (1948)

1988 Nobel Laureates in Chemistry

for the determination of the structure of a
photosynthetic reaction centre




Venkatraman Ramakrishnan (1952)
Thomas A. Steitz (1940)
Ada E. Yonath (1939)

2009 Nobel Laureates in Chemistry
for studies of the structure and function of the ribosome




X-ray crystallography

First method to determine structure of
molecules with atomic resolution

As of September 17, 2013 there were more
than 70,000 structures determined by protein
crystallography in Protein Data Bank

Macromolecular structures are crucial for our
understanding of life at the molecular level

28 Nobel prizes



14 Bravais Lattices

Manoclinic

Triclinic




* E- electric field strength
 A-amplitude

Description of lectromagnetic waves

N LR
% Z

E = A cos 2ntz/A E = A cos (a+2nz/A)

* 7 -position along beam path
(] o - phase

A -wavelenght



Diffraction pattern from a protein crystal
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Phase problem

i 1D

| IF| = (A2 + BY)?2

Fiy \ _
Bhy= |Fl|sing
o
/ B

¢ = tan"'(B/A)

2 / Mote that the sign of both A and
- B determunes the quadrant of ¢ |



Phase problem

18 complex and
can be represented
with an Argand
diagram.

F,, =A+iB
We measured |F,;|

In the experiment
but we still need

O piet-

4 1D

gt

/ VAL
By= |Fisind
a \
n » = d

]F| — (1'312 AN Bijh’z

\ A=[Flcosd ) 0
%

/

\_,f ,,//

270 deg

& = tan"'(B/A)
Hote that the sign of both A and
B determunes the quadrant of ¢



Building macromolecular structures

Film

Diffracted
X-rays
X-ray
beam
T
S Z
A
X-ray
tube Observed

reflections



Building macromolecular structures

Calculated
diffraction pattern



Building macromolecular structures

Film

Diffracted

X-rays
Crysta

X-ray
beam
T
X-ray
tube

A

Observed
reflections

Calculated
diffraction pattern



Phase problem




Electron density equation

|
pxyD) = DN Y| FlikD|exp[—2mi(hx + ky +12) + z'
h k [

F(hkl) = |F(hkl)|eetkD



Wave as a vector

imaginary axis Wavelength
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Aexp(io) a - wave phase



Patterson function, Patterson space
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