Macromolecular crystallography

Pavel Plevka



* Development of crystallography
* Waves and radiation

* Diffraction

* Solution of phase problem

* Model building and structure validation



WILHELM CONRAD RONTGEN (1845-1923)

* 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
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Addition of waves
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Particles & waves
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MAX VON LAUE
(1879-1960)

* 1914 Nobel Laureate in Physics

for his discovery of the diffraction of X-rays by
crystals
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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 (500nm)
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WILLIAM HENRY BRAGG (1862-1942)
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 Wilkins Rosalind Franklin



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

1962 Nobel Laureates in Physics
for their studies of the structures of globular proteins
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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
Magnification Visualized
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Wave as a vector

imaginary axis

A- wave amplitude

o.- wave phase

real axis
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Aexp(iat)



X-rays scatter from electrons in all directions

Primary beam

Secondary beams






Adition of waves

f F=Acoso+iAsino

1 R A

F(hkl) = [ f f (x vz)exp|2mi(hx + ky +12)]|dx dydz
x=0y=02z=0 F(hkl) = \F(hkl)\ei“(hk”



e Scattering from a single molecule is not detectable

* |f 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
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There is NO PHASE DIFFERENCE if the path differences are equal to
whole number multiplies of wavelength.
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Monoclinic

14 Bravais Lattices
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Diffraction pattern from a protein crystal

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



crystal

‘ nA = 2d sin0

1 R A0

F(hkl) = f f f p(x vz)exp[2mi(hx + ky + 17)]dxdydz

x=0y=07=0



Real space cat Fourier amplitudes
and phases
3
4 —- -
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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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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Model Bias
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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 by:

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

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 & refinement

O Coot

File Edit Calculate Draw Measures Validate HID About Extensions

Q Reset View H Display Manager

—

{(mol. no: 15) C4 /1/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 list ~ | Add Domain Definition |
Farliaf Sirciowe Factors =
Data Qulpat o MTZ fie I~

Run — Save or Restore — Close |




Model building & refinement




Model building & resolution

1.0A 2.5A

3.0A 4.0A



Validation

Assesment of model quality:

* |sthe 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



X-ray crystallography

First method to determine structure of molecules with atomic
resolution

As of November, 2022 there were almost 200,000 structures
available from Protein Data Bank (170,000 by X-ray)

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

28 Nobel prizes
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Deformed wing virus

Honeybee colonies in US
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Deformed wing virus
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His277

. ) Ser278

272 280 290

DWV (Q8B3M2) |IFAGVWHISFNNSNSLVFRWGSASBQIAQ
VDV-1(Q7TFAS5) |YAGVWHSFNNSNSLVFRWGSASDQIAQ
Kakugo (Q76LW4) | YAGVWHSFNNSNSLVFRWGSASDQIAQ
SBPV(A7IM73) |Y¥VGSWHSFFDSTKAILRYGAVSDHIAQ
HEI (X5G6F4) | ¥SENWHSVSG--VQVFRHKATSDAVAR
API (W6CLS3) | ¥VEHWHSAPL--VHVLRHAATSEAVGR




Thank you!



1.) Jakou cast strukturniho faktoru mizeme zmeérit
v difrakcnim experimentu:
a) amplitudu (ve formé intensity)

b) fazi

2.) Nejcastéjsi 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



1. Rentgenové paprsky se pouzivaji ke studiu makromolekularnich struktur protoze:
A.) Maji vinovou délku podobnou meziatomovym vzdalenostem.

B.) Jako jediné elektromagnetické zareni interaguiji s biologickym materialem.

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

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

B.) Jsou soucasti kostry buriky (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



