


Macromolecular Crystallography is a technique used to study biological molecules such as proteins,
viruses and nucleic acids (RNA and DNA) to a resolution higher than ~5 A. This high resolution helps
elucidate the detailed mechanism by which these macromolecules carry out their functions in living

cells and organisms.

DNA double helix: A, B, Z RNA molecules
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Basic techniques of STRUCTURAL

BIOLOGY
‘Macromolecular X-ray Molecules, complexes,
Crystallography assemblies - as single crystals

Useful for very large assemblies,

Electron Microscopy - EM | where X-ray crystallography
becomes very difficult

*Nuclear Magnetic Molecules in solution; useful to
Resonance - NMR study flexible parts, invisible for
X-ray crystallography
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3 = - 7o N
s q ) iR 2=t i (O
R Radius 1.95 A Radius 3.40 A
(a) (b)

(@) The density in a cylindrical mantle of 1.95 A radius, corresponding to the mean
radius of the main-chain atoms in an a-helix. The calculated atomic positions of the
a-helix are superimposed and roughly correspond to the density peaks. (b) The
density at the radius of the B-carbon atoms; the positions of the (3-carbon atoms
calculated for a right-handed a-helix are marked by the superimposed grid
(Kendrew & Watson, unpublished). Reprinted with permission from Perutz (1962 ).
Copyright (1962) Elsevier Publishing Co.

A model of the myoglobin molecule at
6 A resolution (1959 ).


http://it.iucr.org/Fa/ch1o2v0001/?

A Steric Mechanism for Inhibition of CO Binding to Heme Proteins
Kachalova, G. S., Popov, A. N. & Bartunik, H. D.. (1999). Science, 284, 473



Proteins are formed by a chain of repeating molecules. One such molecule is

called an amino-acid. There are 20 types of amino-acids but they have all a
common backbone or main-chain:

R ' An a-amino acid. "CORN
| R
C O-H
S
H-N (ﬁ
|
o © CO
Two amino acids.
The protein chain is R R’
formed by linking the | |
amino-acids together. /C.:,L /C",;,L /O’—H
The linkage is called the \C ? ‘\Ca
peptide bond: H-N N



Primary structure
amino acid sequence

Structure in four dimensions:
Primary Structure: Amino-acid sequence.
Secondary Structure: Local regular structure: a-helices and
B-sheets.
Tertiary Structure: Packing of secundary structure into one or
several compact globular domains
Quarternary Structure: The arrangement of several folded
chains together:multimeric proteins

Water in and around protein

Secondary structure
regular sub-structures

Tertiary structure

three-dimensional structure

Water density isocontour for the bulk water
density. AChE (actylcholine esterase) is the
dark gray ribbon, oriented with the Quaternary structure

amino terminus at the top and carboxyl complex of protein molecules
terminus at the lower left. In the middle is the

active site gorge
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Reverse furns.

Type | Type I

Two-residue beta-hairpin turns.

1_,,_

i+1 i+1

The white dots indicate hydrogen
bonds.

The beta-hairpin turn.

"'—,_- Beta-strand Hairpin
b Lo Lo
I P P

*‘—( Beta-strand

The dashed lines indicate main chain hydrogen bonds.

The main difference
orientation of the pe




Hydrolysis is a chemical process in which a certain molecule is split into two parts by the addition of a molecule of water.

Why study structure?

Digestive serine proteases - Catalytic mechanism.
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The Catalytic
Triad of Trypsin
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Structural arrangements, 2Fo—Fc
(cyan) electron density maps and
Fourier difference maps

Structural formulas of the synthetic trypsin
inhibitors included in the study

PP

Arrangement of the superimposed S1 binding pockets and
water molecules of (A)

Leiros at al., (April 2004). "Trypsin specificity as elucidated by LIE calculations, X-ray structures, and association

constant measurements". Protein Sci. 13 (4): 1056-70.



‘ Molecular Biology ‘ ‘ Biochemistry ‘

‘ Genetics ‘ —>. > ‘ Pathology
/ N

‘ Immunology ‘ ‘Virology ‘

v

‘ Structure-Function Analysis ‘
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Crystal Screen Kit ——
Growth TechniqM Hanging drop
1- Hanging Drop ' :

2- Sitting Drop _
3- Sandwich Drop — N
4- Free interface diffusion (NASA)
5- Batch (Robots)

6- Microbatch - under oil.

Micro-bridges
(Sitting drop)

Virus Crystal

~0.15mm Dialysis Buttons




atoms

Fown = Efu:l exp[2n'i(hxm +ky ;) + L'Zu':l)]
=

Puyn = F;;ZE&.E.H EXgp[—Z.TE Hi(hx + ky + 1)

= k2 L) =4 O
I TR TR T N |

fP(singy2) =

The importance of phases in FT
carrying information. Top, the
diffraction pattern, or Fourier
transform (FT), of a duck and of a

cat. Bottom left, a diffraction
1% e J

pattern derived by combining the
amplitudes from the duck
diffraction pattern with the phases

from the cat diffraction pattern. ) 7

Bottom right, the image that would Amplitudes PR

give rise to this hybrid diffraction P

Phases

pattern. In the diffraction pattern,
different colours show different
phases and the brightness of the
colour indicates the amplitude.
Reproduced courtesy of Kevin
Cowtan

.'v T

from G.Taylor, Acta Cryst. (2010). D66, 325-338




The process of molecular replacement.

Rotation -
>
E g nl
@ , 3
= Translation
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Homology model W%
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xnew - R xnew + t

Unknown structure

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Isomorphous replacement

Argand diagram for SIR. |FP| is the amplitude of a reflection for the

native crystal and |FPH]| is that for the derivative crystal.

(b)

(@)
(a) An uninterpretable 2.6 A SIR electron-density map with
the final C trace of the structure superimposed. (x) = (1/V)
m|FP|exp(i best)x exp(-2 ih-x). (b) A small section of the

map with the final structure superimposed.

from G.Taylor, Acta Cryst. (2010). D66, 325-338

Harker construction for SIR.
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Harker diagram for MIR with two

heavy-atom derivatives.



Electrons

Anomalous scattering

The atomic scattering factor contains three components: a normal scattering term fO
that is dependent on the Bragg angle and two terms f' and f' that are not dependent
on scattering angle but are dependent on wavelength.

Dispersive term

l ﬁ\bsorption term
SO, 0) =£0) +f'A) + if"(A)

2 4 ]
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~10 ‘ . ‘ .

10 000 12 000 14 000 16 000

X-ray energy (eV)

?

Se K edge = 0.9795 A

Variation in anomalous scattering signal versus incident X-ray

energy in the vicinity of the K edge of selenium

from G.Taylor, Acta Cryst. (2010). D66, 325-338
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[Fp(H)

[Fp ()
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Breakdown of Friedel's law when an anomalous
scatterer is present. f(, ) =f0() +f'() +if"().
|[FhKkl| [F-h-k-I] or |[FPH(+)] |FPH(-)]. F£=
|[FPH(+)| - |FPH(-)| is the Bijvoet difference.


http://reference.iucr.org/dictionary/Atomic_scattering_factor
http://reference.iucr.org/dictionary/Bragg_angle
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Estimation of signal size. The expected Bijvoet ratio is r.m.s.(
\ Ft)/rm.s.(|[F]) (NA/2NT)1/2(2f"AlZeff). The expected dispersive
ratiois rm.s.(F )/rm.s.(|F|) (NA/2NT)1/2[|f'A(1) - F'A(])[)/Zeff,
where NA is the number of anomalous scatterers, NT is the total
| y—r number of atoms in the structure and Zeff is the normal scattering
‘)§ ; power for all atoms (6.7 e- at 2 = 0)

. . (©) .
MAD phasing. (a) Typical absorption curve for an anomalous
scatterer. (b) Phase diagram. |FP| is not measured, so one of the

_ S : from G.Taylor, Acta Cryst. (2010). D66, 325-338
data sets is chosen as the "native'. (c) Harker construction.



2.1 A electron-density map for the S-SAD example before and after density modification using SHELXE.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Autotraced polyalanine
model produced by
SHELXE
superimposed on the
density-modified
electron-density map
at 1.45 A resolution.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Improving phases for the S-SAD problem. (a) 2.1 A resolution density-
modified map. (b) 1.45 A resolution phase-extended map. (c) 1.0 A
resolution’ free-lunch map

from G.Taylor, Acta Cryst. (2010). D66, 325-338
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Figure 1-6 Data quality determines
structural detail and accuracy. The
qualitative relation between the extent
of X-ray diffraction, the resulting amount
of available diffraction data, and the
quality and detail of the electron density
reconstruction and protein structure
model are evident from this figure: The
crystals are labeled with the nominal
resolution d,,, given in A (Angstrom) and
determined by the highest diffraction
angle (corresponding to the closest
sampling distance in the crystal, thus
termed d_,) at which X-ray reflections are
observed. Above each crystal is a sketch
of the corresponding diffraction pattern,
which contains significantly more data

at higher resolution, corresponding to

a smaller distance between discernible
objects of approximately d,,.. As a
consequence, both the reconstruction of
the electron density (blue grid) and the
resulting structure model (stick model)
are much more detailed and accurate.
The non-Sl unit A (10® cm or 0.1 nm

= 107% m) is frequently used in the
crystallographic literature, simply because
it is of the same order of magnitude

as atomic radii (~0.77 A for carbon) or
bond lengths (~1.54 A for the C-C single
bond).



Ewald Sphere :
radius deterrmined
by wawelength, 1/

Incoming
5 Hray

Fiberoptic
Taper

Resolution Sphere
radius determined
by di ffraction limat
of crystal, 1/d(res)
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Darwin’s Formula

\V/ 3
I(NKI) = 1 gq T2 —2 P A| F(hkl) |2
cell wvcell
- photons/spot (fully-recorded) w - rotation speed (radians/s)
- incident (photons/s/m?) L - Lorentz factor (speed/speed)
- classical electron radius P - polarization factor
G ), (1+¢0s2(26) -Pfac-cos(2P)sin2(26))/2
- volume of crystal (in m3) A _ absorption factor

V
A

cell

- volume of unit cell (in m?3)

- X-ray wavelength (in meters!)

eXp('“xtal'lpath)

F(hkl) - structure amplitude (electrons)

C. G. Darwin (1914)



Complications 1
Large cell parameters




Complications 2
« Weak diffraction intensity — light atoms
 Poor crystal quality — big B-factor
 Background intensity > diffraction intensity
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Photon interaction
with soft matter

Complications 3
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1o 102 10! 1 ¢! e 3

Radiation damage

1x10keV
scattered

N\,

10x100 eV ’/l\‘ 10x10 keV

Auger electrons

/N

10x10x10 eV

photoelectrons

/N

10x1000x10 eV

Thermal electrons

Auger electron
(0.25 keV)

Ziaja et

£
Auger Photoelectron
cascade (1 2 keV)

. al, 2000-2002

>100 fs
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Sample storage

ID23-1 experimental hutch

T ID23-2 control with sample position
cabin and sample 44,9m from Source
preparation area

Optics hutch
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S RS232 =2
DG-4 Relative Humidity control 2 -
Saturated Air Condenser
_’_

==

Peltier Element

Beamline

—
Heat Exchanger Control

Temp. Control Dry air

Humidifier X \ s
Sonolunh, -\

« WAGO X
electronics HC1-Head

Sanchez-Weatherby et al. 2010 Acta Cryst. D65, 1237-1246
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Sanchez-Weatherby et al. 2010 Acta Cryst. D65, 1237-1246
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proteins are dynamic molecules

* enzymes, sensor proteins, inhibitors, etc.

» standard crystallography only gives static
picture

* how does the structure of the molecule
change along its reaction pathway?

{

y

\\\\J a“ a\ \\j\/

1 a0

\
2 \
=1

Structure of the blue light sensor,
photoactive yellow protein (PYP)

Borgstahl et al., Biochemistry (1995) 34,
62786287



Laue crystallography

Probability distribution of measurable
reflections in reciprocal space.

Ren et al., J. Synchrotron Rad. (1999) 6, 891-917.

-11 -5 2 (4.0A)

-8 -4 2 (53A)
-12 -6 3 (3.5A)

-16 -8 4 (2.7A)
-13-7 4 (3.2A)
-14-8 5 (2.8A)

HKL assignments and resolution of
reflections in an ellipse. Multiple
assignments for a single spot indicates
harmonically overlapped reflections.



X-ray probe

G

* length of X-ray exposure is
dependent on time resolution

 short monochromatic oscillation
exposures are adequate for long
biological reactions

* most systems demand the use of
Laue crystallography

theoretical Laue diffraction pattern with the
reflection color coded according to the wavelength



synchrotron bunch
structure

» necessary bunch length dependent on
desired time resolution

* maximize current to minimize exposures

 ~100mA total current in all modes

Jdlich fast shutter, ~ 2us
minimum open-time at 900Hz



experimental setup

'fast X- ra

shutter

‘-ﬁh"‘\\




Pump-probe experiments and time-resolved diffraction
Pico-second Crystallography

Snapshot of myoglobin MbCO taken 100
picoseconds after the dissociation

of CO was triggered by a flash of light

from a femtosecond laser. Blue and

red colours show regions where the protein
gained or lost electron density.

By recording Laue images as a function of
the delay from the laser flash,

the change in the electron density is mapped
as a function of time

Myoglobin in Action

_—y

) =
A 2\

F. Schotte et al. Science, 300, 1944-1947 (2003)



Snapshots of a photosynthetic reaction centre

Overview of the structure and energy transfer reactions
of the bacterial photosynthetic reaction centre of Blastochloris viridis.
Light causes electrons to move from the special pair (P960) to

Time-resolved Laue diffraction snapshots quinone molecules (QA and QB) on the opposite side of the
can show movement of atoms and changes membrane. P+960 is, in turn, reduced from the tetra-heme cytochrome
subunit.

in electron density on a millisecond time scale

)

L-subunit

A.B. Wéhri et all.
Light-induced structural changes in a photosynthetic reaction center caught by Laue diffraction,
Science 328, 630-633 (2010).



A gallery of selected important large biological structures that have been solved with
data from SR sources. (a) F1-ATPase (351kDa; PDB ID 1BMF). The three non-active a
chainsare in red, the three active B chains in yellow and the y subunit in blue. (b) The
nucleosome core particle (206 kDa; PDB ID 1AQI). The four histone proteins, H2A, H2B,
H3 and H4, are in pink, yellow, blue and green, respectively and 146 bp of DNA in dark
and light blue. (c) Cytochrome BC1 complex (480kDa; PDB ID 1BE3). The
transmembrane region is in the centre and the matrix space below. The bovine
mitochondrial protein is a dimer and the 11 different subunits are shown in different
colours. (d) RNA polymerase Il in complex with DNA (dark and light blue spheres) and
RNA (red spheres) (500kDa; PDB ID 1Y1W). The 12 subunits are in different colours
with the major subunit Rpb1in grey. (e) The 70S ribosome in complex with tRNA (green
spheres for the P site and dark red spheres for the A and E sites) (2500 kDa; PDB ID
2J00, 2J01). The 50S proteins and RNA are in light blue and cyan, respectively, and the
30S proteins and RNA in pale yellow and orange, respectively. (f) Fungal fatty acid
synthase (2600 kDa; PDB ID 2UV9, 2UVA). The six a subunits are in cyan and form a
central wheel. The six B subunits are in green. The enzyme contains six different
enzyme activities at different sites within the large (210kDa and 230kDa) polypeptide
chains.




Structure and function of the ribosome
In 2009 Nobel Prize in Chemistry is awarded to Venkatraman Ramakrishnan, Thomas A. Steitz and Ada E.
Yonath for their studies of the structure and function of the ribosome.

DNA(gene) =>transcription>RNA(MRNA)->>>translation>>>Protein

The central dogma (Crick, 1970) of molecular biology in its simplest form

Binding of terna
" m(?r: Iexm i GTP hydrolysis EF-Tu dissociation tRNA accomodation Peptidyl transfer

SEa- o T »‘;gf:y__g‘%%?’
EF-Tu*GDP
tRNA rejection E_ﬁf . }

Scheme for ribosomal decoding and peptidyl-transfer. Ternary complex binds to the ribosomal A site with rate constant ka
and dissociates with rate constant kd. GTP on EF-Tu is hydrolyzed with rate constant kKGTP, EF-Tu leaves with rate constant ktu,
tRNA accommodates in the A site with rate constant kac or dissociates by proofreading with rate constant qd and peptidyl-
transfer occurs with rate constant kpt. The tRNAs are drawn to show their familiar L-shape, rather than their exact orientation on

the ribosome.



Components of the ribosome. The bacterial (70S) ribosome consists of a small (30S) and a large (50S) subunit,
with molecular weights of about 800 000 and 1 500 000 Dalton (Da), respectively, where S stands for the
Svedberg unit for sedimentation velocity. The 30S subunit consists of about 20 different proteins and a sequence,
16S, of ribosomal RNA (rRNA) containing about 1600 nucleotides. The 50S subunit consists of about 33 different
proteins, a 23S rRNA sequence with about 2900 nucleotides, and a 5S rRNA sequence with about 120

nucleotides.

Binding of EF-Tu and tRNAs to the ribosome seen by cryo-EM. (A) Aminoacyl-tRNA in A/T site in ternary complex,
peptidyl-tRNA in P site and deacylated tRNA in E site. (B) Pre-translocation ribosome with peptidyl-tRNA in A site, deacylated
tRNAs in P and E site (From Valle et al., 2003).



The path to the 50S subunit structure at high resolution. The 50S subunit structure at 9A resolution (left, 1998),
5A resolution (middle, 1999) and 2.4A resolution (right, 2000) (From Ban et al., 1998; 1999; 2000).

Cédon U3

How the ribosome increases the intrinsic selectivity, d, of codon recognition. (A) The geometry of base pairing between
U1 in first codon position and A36 in the anticodon is monitored by A1493. (B) The geometry of base pairing between U2 in
second codon position and A35 in aminoacyl-tRNA is monitored by A1492 and G530, while the geometry of the base pairing
in third codon position (U3:G34) is less stringently monitored, explaining the wobble hypothesis (From (Ogle and
Ramakrishnan, 2005)).



\ ram mutations

Shoulder

Restrictive
mutations

Closing and opening of the 30S subunit. The subunit opens and closes by intra-subunit rotations (red arrows)
around the A site The open conformation is stabilized by ribosomal proteins S4 and S5, while the closed conformation
is stabilized by ribosomal protein S12. Cognate aminoacyl-tRNAs and some error inducing drugs (e.g. paromomycin)
stabilize the closed conformation. Mutations in S12 tend to stabilize the open conformation (increased accuracy) and
mutations in S4 and S5 tend to stabilize the closed conformation (decreased accuracy) (From (Ogle and
Ramakrishnan, 2005)).
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The peptidyl-transferase center in the 50S ribosomal subunit is attacked by a large number of existing antibiotics, now
revealed at high resolution in 50S subunit crystal structures (Figure 8) (Franceschi and Duffy, 2006).




