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100+ years of X-ray crystallography

* 1912 Max von
Laue and his
colleagues
demonstrate that
a crystal (copper
sulfate) can
diffract X-rays

* Awarded the Friedrich, Knipping and von Laue, 1912
Nobel Prize 1914

 Showed that X-rays behaved as waves
* Failed to correctly relate the scattering to the
underlying structure
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100+ years of X-ray crystallography

e 1912 William Lawrence
Bragg interpreted the
diffraction from sodium
chloride

 Awarded the Nobel Prize
with his father (W.H.
Bragg) in 1915

Mr Bragg, Diffraction of Short Electromagnetic Waves, etc. 43

A ; rystal.
The: Diffracts Short Electromagnetic Waves by a Crysta
By w. I}:ﬁ;’g[ctig,:},oj;.A., Trinity College. (Commumcat‘.ed by

rofessor Sir J. J. Thowmson.)
[Read 11 November 1912.]

[PLA;I‘E IL]

1edri ippi ished
Herren Friedrich, Knipping, and Laue h_a,ve lsﬁ;ely pubhsw ,
8 paper entitled ¢ Interference bPhe_I{omen:ﬂx with Ron\tgﬁ{lﬂ[ﬁ.ays. *:1

— W.L. Bragg still remains the i *
youngest Nobel laureate at / |
25 years of age
Braggs, 1912 g
* Showed that the diffraction was equivalent to the % 4

reflection from planes drawn through the crystal
e Could predict the positions of the diffracted spots ¥ o 1

1 ’ . H and the position of the interference maximum on the photographic
using Bragg’s law: A = 2dsin® e P tound i vonms of hess aamtiies

The corresponding wave-length is 2d cos § where d is the

perpendicular distance between successive planes. Now 4 is the

angle of incidence, therefore cos 8 =n above. It is easier to find

the intercepts which successive planes cut off on the z axis, than

their perpendicular distance apart. Calling these intercepts I, thes

A=2dcosf=2.lcosf.cosf=2n"

ﬁ
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Timeline of biological crystallography - 1

1895
1912
1912
1929
1951

1953
1954

1959
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Rongten: discovers X-rays (Nobel 1901)

von Laue: demonstrates diffraction (Nobel 1914)
Braggs: first crystal structure (Nobel 1915)
Sumner: crystallises an enzyme (Nobel 1946)

Pauling: protein components a-helix and B-sheet
(Nobel Chemistry 1954, Peace 1962)

Watson, Crick & Wilkins: DNA structure (Nobel 1962)

Crowfoot-Hodgkin: vitamin B12, penicillin
(Nobel 1964)

Kendrew & Perutz: myoglobin and haemoglobin
(Nobel 1962)




Timeline of biological crystallography - 2

1970+

1985

1997

1998
2000

2011
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Klug crystallographic electron microscopy and nucleic
acid-protein complexes (Nobel 1982)

Michel, Deisenhofer & Huber: the photoreaction
centre, first membrane protein (Nobel 1988)

Boyer & Walker: ATPsynthase a rotating molecule
(Nobel 1998)

MacKinnon: K+ ion channel (Nobel 2003)

Yonath, Ramakrishnan & Steitz: the ribosome (Nobel
2009)

Lefkowitz & Kobilka: G-protein coupled receptors
(Nobel 2012)




The Nobel Laureates in Crystallography

Linus Paqu'ng
Alpha-helical
structure of
proteins, nature of
chemical bonds

Wilhelm Rontgen
Discovery of X-rays

1901 1954

See a complete list of winners at
iucr.org/people/nobel-prize

_ }g v &

Venki Ramakrishnan, Tom Steitz
& AdaYonath Dg“. n ““"“"i"
Studies of the structure and lscio:ew?
function of the ribesome i e

2009

Highlights of the Many Nobel Prizes
Awarded to Crystallographers

[

Herbert Houptman & Jerome Karle
Direct mathematical methods of
determining crystallized materials

Clifford Shull & Bertram Brockhouse
Electron diffraction and
neutron diffraction

Francis Crick, James Watson & Maurice Wilkins
Created DNA model: double-helical structure
for biological information storage

1962 1985 1994

[ I | | ]

2011

1914 1915

Max von Loue SirWiliam H. &
First demonstrated  Sir Williom L Emgg
X-ray diffraction First atomic
through crystals  crystal structure
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Herm:uglobin '.Transporl Structures of

protein, which led to  cholesterol, boranes, illuminating & Raderick
the undcrstanding of penicillin,vitamin  problems of MGCKFHH?H
Sickle Cell Anemia BI12, and insulin chemical bonding D[SCU\-"&ITI&S
CONCerning
channels in cell
membranes Uy

Johann Deisenhofer, Robert Rager Koenberg Martin Karplus, Michael Levitt
Huber & Hartmut Michel Studies of the ElAn'eh Warshel
First membrane protein mo'\fcu;: B bas_'s Development of sophisticated
' 3 Of CUKaryoatic
1962 1964 1976 1988 thatis essential to 2003 50O 2006 computer simulations for 2013
John Kendrew & Max Perutz  Dorothy Hodgkin William Lipscomb phatpspitinas Pster A Somplecchemics processes
ter gFE

The structure of

Additional Important Contributors to Crystallography

Arthur Patterson David Harker

The Patterson Applied Patterson's
Function (equation) 3 ¥ ¢ *  map to identify
gives a map of the f X planes and sections

vectors between i o on different axes in
atoms h malecular structures
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The beginnings of (X-ray) protein crystallography

* 1930’s Dorothy Crowfoot (later Hodgkin) and J.D.
Bernal made the first X-ray diffraction pictures of
an enzyme — they realised that the crystals had to
be kept wet or they didn’t diffract

1937 Max Perutz began the structure analysis of
haemoglobin with W.L. Bragg as his supervisor —
the structure was not solved until 1961!

What has changed from 1937 to today that enables
the same structure to be solved in minutes?

THE UNIVERSITY OF
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Excellent text for biomolecular crystallography

* Excellent coverage of BIOMOLECUL AR
both the theory and EE??ET ﬁﬁ—;:lﬂgﬁfﬁiiﬁ
practice of the subject Bornhard Rupp

 Many of my illustrations
come from this text

e See Bernard Rupp’s
website for more detail

http://www.ruppweb.org/default.htm
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What is a crystal?

* An solid containing of
atoms or molecules ) e
that repeats in three
dimensions

e Or, the convolution of
a motif (molecule)
with a lattice

Convolution
 Place an instance of the motif at each
point of the lattice

In this case a “duck” is convoluted
with a 2-dimensional lattice to give a
2D “duck crystal”
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3-dimensional protein crystals

 The unit lattice is the 3D Unit lattice Motif Unit cell
set of points described by
the 3 non-colinear vectors
that give the repeating
units

 The motif is the content
of the unit lattice (Note: it
may be one or a number
of actual molecules)

e The unit cell is the unit
lattice with its contents

* The crystal is the 3D array
of unit cells that fill space
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What is diffraction?

Diffraction takes place with sound;
with electromagnetic radiation, such
as light, X-rays, and gamma rays; and
with very small moving particles such
as atoms, neutrons, and electrons,
which show wavelike properties.

The phenomenon is the result

of interference (i.e., when waves are
superposed, they may reinforce or
cancel each other out) and is most
pronounced when the wavelength of
the radiation is comparable to the
linear dimensions of the obstacle.

Since X-rays are of approximately the
same wavelength as inter-atomic
bonds they will be diffracted by _

k4 Welsch & Partner, Tublngen
molecules and crystals. entific multimedis

£
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Diffraction simulation

http://www.pas.rochester.edu/ ksmcf/p100/java/Optics/Diffraction.html

élnterference and Diffraction Resat

' Interference and Diffraction - _'

SCreen

”::”Elengﬂ; » Eﬂmhﬂnfmm b Click on graph above for x
537.0 nm (distance from center) and

slit Spacing 5lit Width i1y (relative intensity).

dd — 1.V al —0..— !

Distance to the Screen

e b
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Scattering from a molecule

The image is the scattering of the 2D projection
protein molecule on the left. It is the sum of the
scattering from each atom (j at position S). The
diffraction (F) is continuous and can occur in any
direction S.
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Fy= ), fy.exp(2miSr,)

Jj=1
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Diffraction from a lattice

(a, b) Diffraction from a line of OAIGINAL DIFFRACTION
. GRATING PATTERN
evenly spaced dots (or holes) is a AT
series of lines perpendicular to the
row of dots. The lines have inverse o
spacing to the dots.
NS

K/a

(c) Diffraction from a 2D array of
dots is an array of dots at right
angles to the original rows.

{b)

convolution of the dots in (a) and
(b). The diffraction patternin (c) is
the product of the diffraction
patternsin (a) and (b). What you
see in the (c) is a real lattice and the
associated reciprocal lattice

The array of dots in (c) is the @fw
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The convolution theorem and diffraction from a
crystal

The convolution theorem states that under
suitable conditions the Fourier transform of a
convolution of two functions is the pointwise
product of Fourier transforms of the individual
functions.

Remember a “crystal” is the convolution of a
lattice and a “molecule”. Therefore the
diffraction from a crystal will be the product of
the diffraction of the lattice and of one
molecule.
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Scattering from a crystal

The underlying pattern remains the same. It is simply “sampled” at points allowed by
the repeating lattice.

&
¥
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Scattering from a protein crystal

-V'T

04‘

The effect of the crystal is to reinforce the diffraction signal at points where the waves from all
the molecules are in phase. This makes the signal sufficiently large to be measured but all the
information is theoretically in the scattering from one molecule.

%*
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*
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Scattering from a crystal

The following formula shows how you can calculate the position and
magnitude [F(hkl) is a vector] of the scattered X-rays if you know the electron-
density [p(x, y, z)] at every position in space.

F(hkD=V ) > > p(x,y,2)eexp[2zi(hx +Ky+1z)]

y 'y

Since the electrons are associated with atoms we can express F(hk/) in terms of
the atomic positions and the scattering from a single atom of the appropriate

type.
atoms

F(hkl)= Zf ~eexp[27i(hx, +ky; +1z,)]

Where f° represents the scattering from the jth atom at position (x (x,y,,2;). But
that is the answer — we wish to calculate the electron density [p(x y, z)] from
the diffraction pattern.

THE UNIVERSITY OF
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Calculating the electron density

We can measure the intensities in the diffraction pattern [I(hk/)] that are
proportional to the squares of the amplitudes of the structure factors.

I(hkl) oc [F(hkl)?

h -k -l
o(x,y,2)=1 /VZZU F(hkI)| exp[=2 7i(hx + Ky +1z — (k)]
-h -k 1
The electron Structure factor We can’t measure the
density we are amplitudes we relative phases — they
trying to find can measure need to be determined —
“solving the structure”

'% THE UNIVERSITY OF
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The so-called ‘phase problem’

exp[27i(hx+ ky+ 1z ]

The crystallographic
phase problem

O Garland Science 2010
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The crystallography experiment

Ehjl‘fgilifigfti;g l:iS l \‘ < Representation of a molecule.

A o i ﬂ @%OMPUTEDTHREE DIMENSIONAL
r A cattere:

Enlarged image, /
magnification n"!l

/

L \/ ELECTRON DENSITY MAP
P ﬂ 7 radiation /"’ A N (Fourier Synthesis)
% % “703JECTWE LENS p ,f \ \ Atoms represented by regions of high
/ \\ \\ / Magnlflcatlon m 7/ electron density
/ Ny ;"/ (Diffracted light is /
hY 7,
recombined by this e —
TER PHASES i ;
tA%BaJrEf?:t-JaJ lens to \form an image) f-“_fh:zuo = Fourier synthesis
/ \ peeeezy COMPUTER CRYSTALLOGRAPHER
/ \ - 4
/ \ N
& VISIBLE LIGHT \ Scatteredy,

o \ DETECTOR
iR s, A Photographic or electronic detector.
\\\ f//’ Diffracted X-rays cannot be re-
s

EBJEC-I; N focused to form an image.
(A crystal) 7 Therefore they are intercepted and
measured by a counting device or

. . X-ray sensitive film
Enlarged image of object
Magnification mn

X-RAYS
(a) MICROSCOPE

(b) X-RAY DIFFRACTION

The X-ray crystallography experiment is like a light microscope except (1) use X-rays
and not visible light and (2) we have no objective lens for X-rays so we cannot
refocus to make the image. In other words while we can measure the amplitudes
of the diffracted waves we cannot measure their relative phases. This is the
“phase problem” of crystallography.
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Overview of protein structure determination

"S¢. . TARGET GENE

. -
L oo
_. .':.._,‘-".'-
. o SR
z b a
R R & " e W W -
e = - T - e -
o i 0 aeletiRiashs SiabareiBie . Pe waie

sscaeesnmans SOLUBLE
Expression ~ - 11 PROTEIN

Purification # [P i- HR - &

Crystallization
CRYSTAL

collection . "'-.'.-: 3
& PHASING

Structure
STRUCTURE

Initial
bioinformatics

determination

Validation
Analysis

V

Bioinformatics
VLS, SGD

BN THE UNIVERSITY OF

\/
* BE % SYDNEY o N Cheiron 2014, Guss 23

il O Garland Science 2010




Life wasn’t meant to be easy!

Cloning
Number Expression
of Purification

constructs Crystallization

$40
Cost

Harvesting of
N collection 50K-150K
@?ﬁ% Structure $

(\\\gﬁjﬂ' determination

DIUINLDC I Cheiron 2014, Guss 24



Importance of data quality (resolution)

THE UNIVERSITY ¢

SYDNE®

.

P e e

M e B

Garland Science 2010
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What has been achieved since 1962

120000
100000
80000

60000

- Mmmnlmll-ll'

1974 1979 1984 1989 1994 1999 2004 2008 2014

Protein Data Bank (PDB) depositions by year

o
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PDB depositions by technique

PDB Entries

Cheiron 2014, Guss

“ X-RAY

“ NMR

- ELECTRON MICROSCOPY
“ HYBRID

- other
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The experiment

1. Expression of proteins using molecular biology instead of isolation
from natural sources — makes more and most importantly purer
protein

2. Grow crystals — the most uncertain and often the most time
consuming step — use of factorial screens and robotics

3. Record diffraction data — high speed detectors and intense
synchrotron sources can reduce what once took months to
minutes or even seconds

4. Solve the structure — determine the phases. New methods
including anomalous phasing have significantly improved this step
although it can still be difficult in some cases

5. Build a model — aided by highly intelligent computer graphics

6. Refine the structure — optimise the model to fit the data. Fast
computers have reduced this step from hours to seconds

7. Deposit the structure in the Protein Data Bank, and;
8. Write a paper — often the slowest step
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Introduction to:

CRYSTALLISATION
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Vapour diffusion —in theory!

Mix cocktail Turn slide and Observe for
and protein on seal well crystal formation

—_ glass slide

—~

) L

| ]

N @@ &

Well with crystallization cocktail Vapor diffuses
(precipitants, additives, into well, Harvest and mount
detergents, etc. — unlimited concentrations in crystals

combinations possible) drop increase
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Different apparatus

— — M— R
@ : +
S — -
The classic: The variant: Micro- Micro- Free-interface
hanging-drop sitting-drop batch dialysis diffusion

vapor diffusion vapor diffusion under oil
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What you are looking for!

-




n

P S

The basic crystallisation diagram

1 metastable precipitate + protein solution
solution two-phase region
- will unstable, spontaneous
= eventually decomposition
o separate
= into protein
@ .
2 (maybe in form ®
Q y of crystals)
- solubility plus saturated 4
g ine solution  jecomposition
o clear protein solution line
single phase
stable
P t Precipitant concentration =—»
ure water

Cheiron 2014, Guss
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Successful vapour diffusion experiment

‘' spontaneous

\ ;
\ nucleation ®

t growth

)

Protein concentration

. v N\
J

Pure water Precipitant concentration =—»

E |
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Screening — can’t do everything

Additive concentration ——

=
i.:ééi. S YDNEY Cheiron 2014, Guss

@ random sample

3
® footprint screen

o8 grid screen

4x oversampled

|
3
A
5 g O )
| fﬂ |
] s
S 5 ﬁ.ﬂ@ 5
(4y]
g | e® o
3 g " 5
- 5 3
@]
O 5
) ]
o 900
o Q
Q

sparse screen
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Can you predict whether a protein will crystallise

The xtalpred server: http://ffas.burnham.org/XtalPred-cgi/xtal.pl

18

\ Crystallization propensity of protein samples

\ 9
© i
J ‘ \ i,
= = -
N
@
||| ’g?’ -
(s | +
6 |||| 3 il
i :6_
| T
4 =
I :
Ir
LI
Al

‘H ‘ l Proteins by descending crystallization propensity -
il

WL
L
“More efficient to improve the inherent crystallisability than to do further
screening” Rupp, 2010
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Introduction:

DATA COLLECTION (SOURCES)
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SYDNEY Cheiron 2014, Guss 38




Laboratory X-ray sources

Table 1

Approximate X-ray beam brilliance for the main types of in-house sources with optics.

System Power (W) Actual spot on anode (pm) Apparent spot on anode (pm) Brilliance (photons s~ ' mm™2 mrad™)
Standard sealed tube 2000 10000 x 1000 1000 x 1000 0.1 x 10°
Standard rotating-anode generator 3000 3000 x 300 300 x 300 0.6 x 10°
Microfocus sealed tube 50 150 x 30 30 x 30 2.0 x 10°
Microfocus rotating-anode generator 1200 700 x 70 70 x 709 6.0 x 10°
State-of-the-art microfocus 2500 800 x 80 80 x 80 12 x 107

rotating-anode generator

Excillum JXS-D1-200 200 20 x 20 20 x 20 26 x 107
W camsize at the sample 100 - 200 depending on optics Roadig

Motor drive

Water for
cooling

In the 1960s and 1970s typical
problems were considered By
insoluble unless crystals at least W
300u could be grown. Even with

modern optics most protein = Fi e
crystals suitable for a laboratory { |
source are > 100. MRTSY gty
Focusing
“ 1 fiI:rr?;nt
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Synchrotron radiation and protein
crystallography

Brilliance

— Use of small crystals; rapid data collection

Low Divergence

— Resolve close reflections from large unit cells e.g.
viruses

Tunability

— Enhance anomalous signal for phasing

Pulsed beam

— Perform time-resolved experiments on enzymes

THE UNIVERSITY OF
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Biologists were not always welcome at
synchrotrons

w

0
|! ’
| !;
il il
it i i |"
il Gt =~ ool oA M.!'-‘
! = e it —
= S A [ms=q
¥ :l'l' | ;
,ol‘ ' »)
\ \
A g
/ _
/ ’;' dx
“Sure been a heap more work for ME around here since those Biologists
got granted research time on the o’ Synchrotron
41
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Protein crystallography at the Australian
Synchrotron

e Two beamlines

1) Bending magnet, high
throughput, MAD
phasing, small
molecule
crystallography

2) Undulator, high
brilliance, small crystals

e Extensive use of
remote access

— large country, only one
synchrotron
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Protein crystallography endstations

e Robot

e CCD detector
— Would like Dectris!

e Overhead frame

— Easy access
— But less stable

* On-line software

— Processing on-the-fly
allows for rapid
evaluation of crystals

B o2  THE UNIVERSITY OF 43
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Introduction:

DATA COLLECTION (DETECTORS)
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SYDNEY Cheiron 2014 , Guss 44



Detectors - film

* Film
— Cheap and linear

response — no longer
used except for teaching

— Requires use of
darkroom

— Requires separate
scanner to digitize the
images

— Can provide overall view
illustrating the crystal
symmetry

"'% THE UNIVERSITY OF
5 45

* BE % SYDNEY Cheiron 2014, Guss

#*




Detectors —image plates

* Image plates

— Essentially a reuseable
plastic film
* Read out by laser that
detects excited
centres created by X-
rays
* Erased by light

— Relatively cheap for
large area. Wide
dynamic range. Low
noise.

— Relatively slow
readout (about 120 s).

* Restricts usefulness at
a synchrotron where
an exposure is about
1s.

e Still used at home
sources where
exposures are 1-10
minutes

'% THE UNIVERSITY OF
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Detectors - CCD

FIBEROPTIC TAPER
PHOSPHOR
i (3.6:1 TAPER RATIO)

* CCD
q ,4_*__ e cco
— CCD NEEd to be t||€d for X-RAY ANY - ELEC?‘RONS
« o PHOTON IN CCD PIXEL
large area. Requiring
. ] VISIBLE
cooling to reduce noise. ueHT

VISIBLE

Relatively fast readout (< LIGHT

PHOTONS

1s). Need to demagnify
the image to match CCD
Size.

— Relatively expensive.
Need careful calibration.

— Physically large ADSC CCD detector
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Detectors — pixel arrays

* Pixel arrays

— Can tile many
modules.

— Virtually zero
noise.

— Operates at room
temperature.

— Ultrafast readout
permits
continuous
exposure.

— Very expensive —
early adoption of
new technology,
not inherent.

8 %21 THE UNIVERSITY OF
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Hybrid Pixel Array Detector

Photon

B g x i 0 Ed z
+ ' L |
S G20 &
s S 'y
— Q@ o q
Signal Signal P‘ Signal
- processor processor processor
|
| - .
Counts 172 pm
|

Data

Cheiron 2014, Guss
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Introduction:

STRUCTURE SOLUTION AND
REFINEMENT

THE UNIVERSITY OF
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Solving the phase problem

 Marker atom substructure methods do not depend on prior structural knowledge
about the protein (other than the sequence and the structures of the amino
acids). Once the marker atoms (heavy metals, selenium) have been located by
Patterson or direct methods starting phases for the modelling can be calculated.
These are de novo or experimental phasing methods.

* Density modification are powerful methods for improving the initial phases and
are used in practically all de novo phasing experiments. These methods included
solvent flattening, and non-crystallographic symmetry averaging. As they do not
require any model information they may also be considered experimental
techniques.

* Molecular replacement require a similar structure as a molecular search probe.
Replacement is to be understood as the placing of the search model in the crystal
structure not as “substitution”. Phase bias can be a serious problem with this
technique.

* Direct methods exploit the fact that relationships exist between certain sets of
structure factors. They require very high resolution (1.2 A or better) for ab initio
determination of a protein structure and have been limited to very small proteins.
They are commonly used for small molecule structures. They are, however, very
important in sub-structure (marker atom) determination.

THE UNIVERSITY OF
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The concept of isomorphous difference

If we add an atom to a protein O O

crystal and change nothing O O

else (isomorphous) then the . O - O — .
difference in the diffraction o o |© o o (O

patterns of the “derivative”

structure with added heavy I I ﬂ @

atom and the “native” protein ~ _______— e —— —
structure approximates the S A
diffraction pattern from the
heavy atom alone.

...........

F., = F, + F, and thus

F,=F, - F, but these are vectors and the amplitudes (things we can measure) don’t add
up: F, # Fp, — Fp but we can still use the differences to solve the sub-structure.

THE UNIVERSITY OF
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Revision — graphical construction of the structure factor

Graphical illustration of the
summation that yields one
structure factor for a 7-atom
structure — with 6 relatively
light atoms and one heavier
atom. The resultant structure
factoris F,.

atoms

F, = 2 f. exp(27ihx )
j=1

% THE UNIVERSITY OF
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The “true” isomorphous differences

When computing the total
structure factor the
contributions from the
individual atoms are
summed vectorially. Thus, if
we add one more atom to a
protein we simply add its
structure factor to that of
the total for the protein.

The radii of the circles are
the amplitudes for the
protein and heavy-atom
derivative structure factors.

210°
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Graphical illustration of phase determination

Once we know where the
heavy atom is we can
calculate F, — the amplitude
AND phase of its contribution.

For each reflection we can
make the construct closing
the vector triangle. We know
the amplitudes F, and Fp,
from the experimental
measurements and the total
contribution F,.

If we draw a circle radius, F,,,
at the origin and then move
along F, and draw a circle
radius, F,, there should be
TWO points of intersection
that satisfy the phase addition
giving two solutions for ¢,.

THE UNIVERSITY OF
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Resolving the phase ambiguity

We have a phase ambiguity if there is: a single isomorphous
derivative (SIR) or anomalous scattering from the native
crystal (e.g. from sulfur) (SAD).

This problem can be resolved:

#*

By adding more derivatives — multiple isomorphous
replacement (MIR)

By using the anomalous signal — single isomorphous
replacement with anomalous scattering (SIRAS) or multiple
isomorphous replacement with anomalous scattering
(MIRAS)

By using the dispersive and anomalous signal together —
multiple wavelength anomalous diffraction (MAD)

With the help of density modification
With dedicated direct methods programs
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Anomalous scattering
fs.2) = f(8)+f +f<z>

The scattering from an atom actually contains two wavelength (energy) dependent
terms. These vary rapidly near an absorption edge.

=+ 1+ 1

e)

EXAFS

XANES

/

white line

EXAFS
wiggles

X-ray energy (keV)

=]

pre-edge
features

N

X-ray absorption ——

+—— absorption edge jump

Anomalous scattering factors (

— absorption edge shift

—_
o

X-ray energy —

".% THE UNIVERSITY OF

¥ BE * SYDNEY Cheiron 2014, Guss 56

#*




Anomalous scattering for phasing

90° |/ 90° |i 90°

270° 270° 270°
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Anomalous scattering only significant for heavier elements in a protein

e At most synchrotrons PX
beamlines one can access
the L-edges for elements
form iodine to uranium
and the K-edges for
transition metals

 Most importantly the
edge for selenium is at
0.979 A (1.27 Kev)

— Se can be introduced into — T T T T
. 0 10 20 30 40 50 60 70 80 90 100
recombinantly expressed Atomic number
proteins replacing the
sulfur in the amino acid
methionine

— —
[y B~
1 1

X-ray energy (keV)
=)

o M LN (e} co
1 1 L 1
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Single Isomorphous Replacement with
Anomalous Scattering (SIRAS)

In this case for each

reflection we have 1

observation of the

native amplitude, F, £ (Fo).

and two for the I P

derivative, Fp,_and Fp,.. Fope Sf) T0
FPA= U‘,""Q ( Ii:} \J

In the absence of AKX Fp

anomalous scattering 7 op 0
(blue circle) there are
two solutions with
anomalous scattering
(light green circles)
there is only one.
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Phasing Phasing Remarks Available data Marker Difference data Data to

method marker be phased
SAD via sulfur S in Met, Cys Highly redundant data collection, Anomalous pairs Fr; , Fog Sulfur positions, AF,, from | Fo—Fil Merged F..
atoms (5-5AD)  residues must be combined with density also serve as native data F.

modification

SAD via Naturally Requires density modification Anomalous pairs F, , Fou Anomalous scatterer  AF,from |Fy—Fy.| Merged F,,
naturally bound metal for resolution of phase ambiguity also serve as native F, positions, F,
bound metals ion, cofactor

SIR(AS) via Heavy atom ion, Isomorphous phasing power Native data F,, Isomorphous/ AF, from |F,,—Fl Native F,
isomorphous specifically bound  proportional to z,,, anomalous isomorphous data ., anomalous and AF, from
metals anions Br, I, I, signal or density modification in pairs Fup , Fou for SIRAS scatterer | For. = Feal

also Xe needed to break phase ambiguity positions, F,
MIR(AS) via Heavy atom As above, except multiple Native data F,, Isomorphous/ n-AF,, from Native F,
isomorphous ions, clusters, derivatives or anomalous signal isomorphous data anomalous n+|Fpu—Fs|, and
metals specifically break phase ambiguity. n+(F,,) in scatterer AF, from

bound anions Hg, Pt, Au, etc. phase several pairs N+ (Fon , Fon) positions, | Fo = Foa| pairs

Br, I, I> hundred residues, heavy atom for MIRAS n-(F)

clusters more.

MAD via Se Se in Se-Met 1 Se phases 100-200 residues, Bijvoet pairs at Anomalous AF,. from |Fon—Feal; Best merged
residues introduced by expression host n wavelengths , scatterer pairs data f,,,
n+(Fon.For )i » Optional positions F;, AF,from |F,,—F,| optional
native data pairs native £,
MAD via Heavy atom, Strong signal on XAS "white Bijvoet pairs at n Anomalous AF, ., from |Fon=Foul, Native F,,
isomorphous specifically lines,” particularly at L-edges, wavelengths n-(Fom, Fo)in s scatterer pairs optional
metals bound can phase several hundred native data F, (not positions F, AF, from |F,—F,| best
residues needed for phasing) pairs merged F,,
Direct methods None Near atomic resolution data F All non-H atom N/A Native F,
(1.2 A or better), relatively small positions
proteins ab initio
Density None Needs multiple copies of motif s Multiple copies N/A Native F,
modification in asymmetric unit for ab initio of a subunit
phasing
MR via model Positioned Needs search model with Native data F, and Entire model MN/A Native F,
aeliuciuie oy . xodel i Stl‘!-ll:tl.lral simllarity, suhjec't 1o snarch model serves as

Ze2rch.E
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Early tools for model building
: :' = — . ’ _ J.;T?;-‘f

The “Richards” box — named after Fred Richards
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Viewing the structure in a Richards’ box

-

.

The reflection of the model in the half-silvered mirror is seen “superposed”
on the electron-density contoured on transparent sheets behind the mirror.
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Modern graphics - COOT

File Edit Calculate Draw Display Manager Measures Validate HID Beset View  #bout

5
%
i* R
Sonrm M

@
:

e '{‘ -

Centring on molecule number O tutarial pdb
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Refinement procedures

* Local real-space refinement: fragments of the model once situated in electron-
density (using COOT or O). The fit (overlap) to electron-density can be
automatically optimised for short segments of polypeptide. At the same time the
peptide geometry can also be regularised by comparison with a dictionary.

* Global reciprocal-space restrained refinement: the parameters of the model
atoms (x, y, z, and B) and overall parameters such as scale factor, bulk solvent
correction, and anisotropy are refined against the experimental data. The most
common target functions are either derived from maximum likelihood or least-
squares.

* Cycling in real- and in reciprocal-space: fitting in real-space (especially manually)
has a large radius of convergence and major errors and omissions in the model can
be corrected. On the other hand reciprocal space refinement makes concerted
movements of all the parameters to improve the overall agreement. Reciprocal
space refinement will improve the electron-density maps that can then once again
be subject to local real-space refinement.

* Stereochemical restraints: protein crystals rarely diffraction to atomic resolution
so there are insufficient data to refine all the atomic parameters — that is the ratio
of observations/variables is too small. This can be addressed either by increasing
the number of observations (adding restraints) or reducing the number of variable
parameters (constraints).

THE UNIVERSITY OF
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Monitoring refinement — linear R-value

Z| |:obs o |:calc |
h
Z |:obs
h

The R-value gives an estimate of the overall agreement between the
observed and calculated structure factor amplitudes. It is relatively
insensitive to local errors as the effect is spread over all the data. Hence the
importance of the alternation of real- and reciprocal-space optimisation.

R =

The R-value generally varies from 0.15 to 0.30 for most protein structures
and is lower for higher resolution structures in general.
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Local minima in a complex landscape

F 9

Target function value

/

local minimum
global minimum —

v

Parameter value

A refinement program may not be able to cross the barrier
necessary to reach the global minimum but it would be obvious
manually.
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How many parameters?

“Numguam ponenda est pluralitas sine necessitate”
William of Ockham (1288-1347)

Shows in this example how with
sufficient parameters a perfect fit
can be achieved. The result,
however, must be physically
meaningful.

Data points O
Linear fit, R = 0.24 — |

juadratic 1it, = = U.Uy

o < —DMN

9-parameterfit, R=0 —]

In protein crystallography we would
normally restrict the number of
parameters per atom to 4 or even 3
at low resolution. In small
molecule crystallography we
routinely describe the atomic | | |
motion by 6 parameters making 9 0 4 X
per atom in total.
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Cross-validation and R,

R ce is Simply the R-value

calculated for a set of reserved 0.6
reflections that have never

been used in the refinement. Model parameters

The remaining reflections are 0.5 - e oo il
termed the working set, R, . ¥ _
0.4 -

>

R:.c. is related to the mean Best model
phase error and is therefore a
measure for phase accuracy

and for model quality.

Heé

0.3 4

R-values
| K 2

0.2 -
R:.e is a very useful tool to i
monitor the refinement as ¢ R-free

0.1 - r
long as it decreases along with R, to R-free gap
R, the refinement can m R-work (R,,)

continue. Beyond that point 0.0 o § :
t00 many parameters may —— R-values at successive iterations of —

have been added. model building and refinement

He
@
D
4
&
He—
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Data-to-parameter ratio in protein crystallography

120

The number of > mmmey=()  mm e m e — e — e —— - -
reflections equals the ‘; 100 - 1.2 A
number of o
parameters at a S 80 -
resolution of about "g
2.5 A. The data only = 60 -
become sufficient for =
unrestrained O A e o s e i e e e e e e e el b
refinement at 1.0 A o
resolution. g 90 =

Z --10A 5A SA- K- --. r=1 -

0 & T T T
0.0 g.2 0.4 0.6 0.8
2 sin(0)/\
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Other restraints

 Molecules related by non-crystallographic symmetry can be
restrained to be similar.
— The programs generally allow for different restraints for main-
chain and side-chain atoms and weights for tight, medium or
loose restraint. These can be useful in the early stages of

refinement to ensure that subjective model-building doesn’t
make the structures deviate too much.

* Experimental phase restraints can be applied at early stages
of refinement when the model phases are not very good.

* Displacement parameter (B-factor) restraints are applied so
that atoms that are bonded to each other in the structure
don’t have wildly different B-factors, which would be
physically unreasonable.
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SOME EARLY ACHIEVEMENTS IN
MACROMOLECULAR CRYSTALLOGRPAHY
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Vitamin B12

A complex organic molecule — not
able to be synthesised or
characterised by other means in HNOG
the 1950s :

 Vitamin B12 is a water-soluble
vitamin with a key role in the
normal functioning of the brain
and nervous system, and for the
formation of blood.

* Neither fungi, plants, nor animals
are capable of producing vitamin
B12 only bacteria

 Humans get their normal intake
of B12 from animal products R = §'-deoxyadenosyl, Me, OH, CN

|t contains an essential cobalt
atom at the centre of a pterin
ring
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Crystal structure of vitamin B12
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Provided the first complete structural AND
chemical characterisation of vitamin B12

Royal Society stamp honouring Dorothy
Crowfoot Hodgkin
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10 stamps issued to celebrate the 350" anniversary of
the Royal Society (of Great Britain) in 2010

- . |I .. ] . " i
= il o L :
wd r¥ o kR . & ) .
e e £ P i by
| lomic Brechers  The Foyat Sooetr | e el
Mailserfoed 150 Teary 3 -.II: G
r F "I - E ..

Boyle (Chemistry) Newton (Optics) Franklin (Electricity) Jenner (Vaccination) Babbage (Computing)
Wallace (Evolution) Lister (Antisepsis) Rutherford (Atomic Structure) Hodgkin (Crystallography) Shackleton (Earth Sciences)

Chosen from more than 1400 members including 60 Nobel Laureates — crystallography 1 of 12 sciences, Dorothy Hodgkin the only woman
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The most important discovery in molecular biology:
the birth of the double helix

Sodium deoxyribose nucleate from calf thymus, Rosalind Eranklin - March 1956
Structure B, Photo 51, taken by Rosalind E. Franklin
and R.G. Gosling. This is a diffraction photo from a

fibre of DNA not a crystal!
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X-ray diffraction and DNA

Same experiment that Pauling
and Corey used to define the a-
helix & B-sheet protein
structures

Cross pattern indicates a helix

Axial spacings define the
dimensions of the helix:

— 0.34 nm (3.4 A) reflection gives
projected height of repeating unit

— 3.4 nm line spacing gives helix
repeat

— 10 lines = 10 repeating units/helix
turn
Equatorial spacings give radii of
the helices and their separation

Density and pattern of weak
spots indicate a double helix
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X-ray diffraction and DNA

Fibre axis
Meridian

B:nse:p:]ir f 0.34 nm
L T —— 10t line
Pitch length _ Wi .
4.4 nm e '% """
- T
Equator

0.AnNnm=1A=10%m
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Greatest understatement in history?

we aass  April 25, 1953 NATURE 747

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Mucleic Acid

E wish to suggest & strocture for the salt

of desxyribose mucleic aod (DUNAL.  This
atructurs haa novel foatures which are of sonaiderable
bialogical intercst.

A struoture for nuoleic scid has already been
proposed by Pauling and Corey?',  They kindly mades
their mamuseript svsilable 0 ws in sdvanes of
cation. Their model consists of theee intes-
chaing, with the phosphaies near the fibre
mxcia, ol the bases on the outside. In our opinkon,
this structure is unsstisfactory for two ressons :
(1} We boliove that the materinl which gives the
Xoray dingrams is the salt. not te free soid. Withowt
the aoidie hydrogen atoma it i8 not clear what foress
would hold the strusture together, sspecinlly as the
nogatively eharged 1.1 hoaphates near the sxis will
ropol pach other. () Some of the van der Waals
distanons appesr tu be too small.

Another three-chain structure has also been sug-
gosiod by Fraser (in the preas), Tn his model the

are on the outaide and the basea on the
T

imside, lnked her b h.vd.m?m nds.  This
SLRBOLR: A8 ae.;??tm 'u':'allmr illslofined, and for

- hiks romson we shall ot commvont
an it.

We wish to put forwand s
radically different stirocture for
the salt of deoxyriboss ruchie
woid.  This structure his  two
helienl ehaing each ooilod roand
thi swmns axis (son dingrarm). Wi
have made the usual chemical
nasumptions, namely, that oach
ohnin consists of phosphate di-
ostor groups joining f-ndeoxy-
ribofurancse residues with 375"
linkages. The two chains (but
not. their bases) are related by o
dysd perpendicular to the fAbro
axia. Hoth ehains follow right-
hirebed  holices, but owing to
tha dynd the soquences of thea
atoms in the two ohains run

the bases are on the inside of
the helix and ihe phoaphates on
the outside. The configuration
of the sagar snd the atoms
miar it (8 close o Purberg's
Jtlnr]a.ﬂl configuration’, the

""ﬁ: ing roughly -
wdnnuehad.hn.

is & residue on each eiumnwaryshi, i the zadirecs
tion, We have amumed an angle o betwoor

adjncent residues in the samo nh-m, o that the
atructurs regeata aftor 10 fosidues on each ohain, that
is, aftor 34 A, The distance of & phosphors atom
firom the Abre axis is 10 A, As the phoaphates are on
the ontside, eations have casy nocoss to thom.

Tha structurs fs an open ans, and its water content
im rather high. At lower water contonts we would
oxpect the bases to tilt so that the stracture could
becorme mare compaat.

The novel featuro of the strusture is the mmm-\
in w]m:ll the two chains are hold together

idino boacs, The planos of the
nrbpu'pe ialar ta the fibro axis. They are joined

@ 2005 Brooks/Cole - Thomson

THE UNIVERSITY OF
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together in pmr-. & single fmm chain balng

hg‘dhf:gun-lmn o 10 A aingle bass from the other
that the two lis g.dg by side with identical

zepp-ondinatos. Ono of the pair must be s purine

the other & imidine for bonding to ooour. The

h;—dm@un homnre rivicle ms fallows : purine position

1 o pyrimidine position 1; purine position § to

ino poaition B,

If it s assimed that the bases only ooour in the
atrunture in the most plausible tautomeric forms
ithat is, with the keto rathor shan the enol con-
flgurations) it is found that only spocific pairs of
bawses can bond together. Thess pairs are: sdenine
(puring) with thymine (pyri o), mnd  guanine
[puring} with eytosing {pyrimid

In other words, if an ndumn-n forms ans member of
a8 pair, on either chain, then on thess sssurmptions
the other membor must be thymine ; similarly for
guaning and cytosine. The sequence of bases on &
single chain docs not apposr to be rostricted in any
way. However, if anly sposifio pairs of bases can bo
foreed, it follows that if the sequonce of basss on
one chain is given, thon the sequenco on the other
chain is sutomatically detormined.

It haa boeon found exporimantally™® that the mtio
of tho smounts of sdoniso to thymine, and the ratio
of guanine to eytosine, are always very closs to unity
for deoxyriboss nucleic soid.
probably impossible to buikd this structure
with & ribose sugar in placo of the deoxyriboss, &s
the extra oxygen atom workd make too close & van
dar Waalas coniact,

The provieusly published Xy datadd on deoxy-
ribosa mucloie acid nr inmfleient for n rigorous tet
of our structure. So fisr ae we oan tell, it is roughly

ibbe with the i al date, but it must
be rognrded na unproved until it hae been checlkod
against moro oxact resulia. Some of theso are given
in the following oommurications. We were nat swin
of the details of the reaulls prosented thers when we
devised our strocturs, which rosts muuy though mot
wntirely on published experimental date aod stereo-
whamical

BOTUTOnE,
It has not escaped our notics le v apecific
p-m wo hove postulated immedintely suggosts o

possible copying mechaniom for the un material.

Full datails of the structure, inchuding the oon-
ditions sssumed in building i, togwther with & set
of oo-ordinaies for the stoms, will be published
wlsowhere.

We are much indebted to D, Jorry Donchus for
oonstant adviee and coriticiam, especially on inter-
atomio distances. We have also been stimulated by
& knowlesdgs of the gensral naturs of the unpublished
c:ﬁmmmm idess of Dr. M, H, F,
‘Wilkins, De, B, E. Franklin and their co-workers a1
I{mgal:ullvfe. n. Oy of ua (1. 10 W] has boen

ellowship from the National Foundation
for Infantile Prrnlysis
J. D. Watsox
F. H. U, Upiex
Medizal Rossareh Counsil Unit for the
Study of the Moleeulnr Structure of
Biologienl Systems,
Caw h L ratory, Cambridge.
Apsil 2

.. wnd Cores, Tt B, Natars, 171, 346 (105315 Pree 0.8,
oad, i, 39, 80 (0959,

L BRL 1, Nuchele Aebd, 08 (amb.
~ and Rundall, J. ¥, Bisthim. of Misplige. ik,

‘It has not escaped our notice that the
specific pairing we have postulated
immediately suggests a possible copying
mechanism for the genetic material’
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Did Rosalind Franklin examine the wrong pattern?

* 2 patterns A-form — low B-form — high
— A-form semi-crystalline humidity humidity
— B-form oriented fibre e
e Rosalind Franklin worked on the -
A-form because as a :
crystallography it seemed to her s
to have more information
* The extra information gave : y, 4
greater detail about helix to helix Pt}
packing *: . N

— All the information is in the A-
form it is just difficult to interpret

— Ultimately A-form data were
used for a full refinement of DNA
by Arnott and Wilkins
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First protein structures: myoglobin & hemoglobin

* Crystals were first grown in
1930s

* Perutz began work on
nemoglobin in 1938

* Dorothy Hodgkin had
shown that the crystals
needed to be kept wet or
they fell apart

e At the time the intensities
of diffraction spots were
estimated ‘by eye’ — took
teams of people months to
get a partial data set

THE UNIVERSITY OF
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Structure of myoglobin (Mb)

Mature Reviews | Malecular Cell Biology

John Kendrew constructing the first atomic Earlier low resolution models of

model of myoglobin myoglobin constructed from
modeling clay. a-helices are seen
as tubes at this resolution.
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Structure of hemoglobin (Hb)

M-SErTnLE  C-IEmnus

Cterminus
M-ierrrings

Max Perutz constructing the atomic model Myoglobin Hemoglobin
of hemoglobin (> 20 years after starting the

project). Hb is like a complex of 4

myoglobin molecules pointing to an

evolutionary relationship between the two

proteins.
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Relating structures of hemoglobin (Hb) and

myoglobin (Mb) to their functions

LLIMNGS or GILLE

VEINS / ARTERIES

HG,-

MHG OO \/

5

KHC O

Dmhamglal:m-./—\cmyhamnglnbur

TIZSLES

THE UNIVERSITY OF
o’y SYDNEY

Hb functions to
transport O, from a
region of high pO,
(lungs) to one of
relatively low pO,
(resting muscle)

Mb binds O, tightly at
a point when Hb is
binding less tightly but
will eventually release
the O, if the pO, falls
to a low enough level
(working muscle)

When Hb binds O, its
structure changes —
this change can be
related to the O,
binding behaviour
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Use of Hb structure to understand disease

e Sickle cell F
anemia is
caused by a
single
mutation (1
amino acid in 1

chain of Hb)

e Theresultis
that the Hb
molecules
form fibers
that distort the
red blood cells

Normal & sickled red blood cells Hb molecules form a fiber
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Nobel laureates of 1962

Steinbeck
Wilkins ? Kendrew Perutz Crick Watson

N~ el T

il T e | %
| i (‘-?_IF‘ i ! I o : %
| LBl !'-, hﬂ

| SR} .
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Success:

AN EXAMPLE FROM MY
LABORATORY

THE UNIVERSITY OF
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Something new about haemoglobin?

Structural basis of haemoglobin capture by
Staphylococcus aureus - stealing haem from
haemoglobin

BN THE UNIVERSITY OF
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Max Perutz and haemoglobin

1937: Commenced work on
his Ph.D. in Cambridge in
the laboratory of J.D. Bernal
(also supervisor of Dorothy
Crowfoot Hodgkin) under
the overall direction of
Lawrence Bragg

1962: Nobel prize for
Chemistry for the structure
of haemoglobin

Now > 600 structures in the Max Perutz John Kendrew

) with heamoglobin with myoglobin
PDB for haemoglobin —
what can be new?
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Bacteria cause majority of emerging infectious disease

Viruses

Bacteria

Protozoa

Fungi .
g Hel mi nth S Jones et al., Nature, 2008

THE UNIVERSITY OF
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Staphylococcus aureus — ‘Superbug’

e Pneumonia

e Meningitis

e Toxic shock syndrome
e Bacteremia

e Septic endocarditis

* Around 25 % of systemic infections in Australia are due to
methicillin-resistant S. aureus (MRSA)

— MRSA strains have until recently been restricted to hospital
settings but now become evident in the community

* Thereis a pressing need to develop new therapeutics
— Need to think outside the box!

".% THE UNIVERSITY OF

;_:éu SYDNEY Cheiron 2014, Guss 90




Bacteria require iron

* Iron limitation is one of the most important innate
defences against bacterial infection used by
mammals
— Low solubility of iron at physiological pH (exists as

-e3* in free solution)

— Intracellular location of iron

— Sequestration of Fe within iron-binding proteins
* Ferritin, transferin, lactoferin, haemoglobin, myoglobin

* In humans, 75% of total Fe is bound to
haemoglobin!
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lron acquisition by Staphylococcus aureus

. . a Siderophore-mediated iron acquisition b Heme-mediated iron acquisition

* Siderophores bind Fe very s |
tightly with affinities O i‘jﬁrv’“
ranging over 30 orders to o % g €

o) H
OH HO

magnitude (enterochelin
K, 1052 M)

— Bind free iron or rip iron

from proteins such as 4 G

transferrin W

e Surface receptors, IsdB o > BT
and IsdH can bind and
extract haem from ocy con y g
haemoglobin WY
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lron acquisition system
- Isd (Iron regulated surface determinant) system

IsdH Hh “&
NI B

N: NEAT (Near
Transporter) domain

IsdH

Cell wall
AN
Membrane

Cytoplasm

In IsdH, N1 & N2 bind Hb but not haem; N3 binds haem but not Hb. N1 also binds
haptoglobin but less tightly than Hb (35 vs 10 nM). N2 & N3 of IsdH are homologous
with N1 and N2 of IsdB.
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Questions to be addressed

 How does IsdH bind haemoglobin (Hb)?

* How is the haem extracted from Hb and transferred to IsdHN3?
Pre-existing structural work addressed the issue of haem binding:

1.  Structure of IsdA and IsdA-haem complex (Murphy and colleagues, X-ray;
Clubb and colleagues, NMR)

2. IsdBN2-haem complex (Murphy and colleagues; IsdBN? is homologous to
|sdHN3)

3. IsdC-haem complex (Paoli and colleagues)

4. IsdHN3-haem complex (Tsumoto and colleagues, X-ray)

Our structural work:

1. IsdHN'bound to Hb (Krishna Kumar et al. J. Biol. Chem. 2011)

2. IsdHN! bound to Hb® (Dickson et al. Acta Cryst. 2014)

3. IsdHN?& IsdHN?N3 bound to Hb (Dickson et al. J. Biol. Chem. 2014)

Techniques used: X-ray crystallography, NMR spectroscopy, small angle X-ray
scattering +
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Structure of HbA(a3):IsdHN! complex

IsdHN! ~Loop 8

Y . % 4
__J ; ty‘, . ,i;‘ 1

Resolution 3.0 A

PDB code 3SZK

Space group | P2,2,2,

Reryst 0.245

Riree 0.275

Solved by molecular
replacement with

either at® or BHP as Krishna Kumar et al. J Biol Chem. (2011) 286, 38439-47.
search model
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Key findings from IsdHN! work

* |sdHN! binds HbA through its a-subunit

* Sequence differences can explain the
preference for atb over pHP

e K11 of a"? is important for binding
— Mutant oK11T does not bind IsdHN?

* Binding is on opposite side to the haem
pocket
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Haemoglobin receptors- IsdH

IsdH

110 resig lsgd HNIN2

70 residues
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SAXS: IsdHN! & IsdHN? attached by a flexible

0.002 6
2 5
5 000151 =
@ x 47
= >
£ 0.001 - & 3
= E
™ o 2+
— @
@ 0.0005 - R N
0 T T T T T T 1 . i 0 I | | | | T
0 25 50 75 100 125150 175 200 225 0 0.1 0.2 0.3 20 30 40 50 60 70 80 90
r(A) | QA1) R,(A")
Natively unfolded 1 |
; It
| i
1 S . .
] i -..,«ﬂr‘ﬂ:#"' '! Can model the SAXS data with a flexible model
1 Globular - ',I L . . .
1~ Y with 2 populations — one with a compact form
i/ \Y b -I-'il'lh'~|‘l'hf‘r I .
WA LN and the other with an extended form.
/ b
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Model for HbA capture by IsdH

- — .'r.
2

o, S0 AR
Linker & Q7 Rt

BN THE UNIVERSITY OF

m SYDNEY Cheiron 2014, Guss 100

#*




Haemoglobin receptors- IsdH

IsdH

110 residues

70 resic |sd HN2N3
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SAXS: IsdHN?N3 gppears to be rigid
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IsdHN2N3 |inker is structured
PDB code: 2LHR

Structural statistics for the solution structure of IsdH linker domain
The notation of the NMR structures is as follows. {SA) are the final 20 simulated
annealing structures; (SA) is the average energy-minimized structure. The number
of terms for each restraint is given in parentheses,

(SA) (SA)

Root mean square. deviations

013 c NOE interproton distance restraints (A) (1469)  0.046 + 0.002 0.051
C Dihedral angle restraints (degrees)*‘ (118) 0.072 = 0.099 0.306
™ coupling constants (Hz) (54) 0.532 = 0.018 0.543
& Secondary '*C shifts (ppm)
0'.2 1.&3(3“ (76) 1.212 = 0.206 1.267
13~ +
o 1 g0° Cpg (76) 0.816 = 0.206 0.791
Deviations from idealized covalent geometry
Bonds (A) 0.0044 = 0.0002 0.0174
Angles {degmes} 0.623 = 0.028 1.538
N N Impropers (degrees) 0.492 = 0.031 1.181

PROCHECK results (%)°

Most favorable region 96.7 + 2.8 96.7
Additionally allowed region 33+ 28 3.3
470 531 Generously allowed region 0.0+ 0.0 0.0
1 Disallowed region 0.0 0.0 0.0
Structured region Val*/°-Asp e
Coordinate precision (A)
Protein backbone 0.42 = 0.10
Protein heavy atoms 0.87 + 0.07

% None of the structures exhibits distance violations greater than 0.5 A, dihedral
angle violations greater than 5°, or coupling constant violations greater than 2
Hz.

 Experimental dihedral angle restraints comprised 48 ¢, 48 s, and 16 y, angles.

¢ PROCHECK-NMR data include residues Val*""—Val®*! of the linker domain.

4 The coordinate precision is defined as the average atomic root mean square de-
viation of the 20 individual simulated annealing structures and their mean coor-
dinates. The reported values are for residues Val*™®-Vval®® of the linker domain.

20 lowest energy structures

Spirig et al., J Biol Chem (2012) 288, 1065-1078.
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Structure of IsdHN?N3 bound to HbA

Crystals:

Diffraction data:

synchrotron

Structure solution:

Search models:

Program:

Refinement:

HbA and IsdN2N3 (Y642A)
purified complex

MX2 Australian

molecular replacement

Stepwise searches with:
Hb, IsdHN? and IsdHN3

PHASER — 4 |sdHN2N3 bound
to HbA tetramer (1 N3
domain absent)

N2-N3 linker was not
included in search but
clear electron-density was
seen. NMR model was
fitted to the density.

BUSTER with strong
geometric and NCS
restraints
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IsdH™:Hb [sd NN YORA)
Data collection
Space group P22 2
Cell dimensions
a,b,c(A) 132.90, 185.30, 103.21
a, By (°) 90, 90, 90
Resolution (A) 49.7-4.23 (4.24-4.32)
Rinerge (%) 9.2 (72.7)
I/l 12.5 (1.83)
Completeness (%) 99.9 (100)
Redundancy 3.8(3.8)
Refinement
Resolution (A) 29. 1
No. reflections 18
Ryok ! Riee 0.310/0.299
No. atoms
Protein 13375
Ligand/ion 172
Water -
B-factors
Protein 86.14
Ligand/ion 65.65
Water -
R.m.s. deviations
Bond lengths (A)
Bond angles (%)
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Structure of IsdHN2N3 bound to HbA

IsdHN3 (2) 4 JJJ‘r IsdHN2 (2)

4.2 A resolution

PDB code 3FC4

Space group | P2,2,2

Reryst 0.310

Riree 0.299 e

Manuscript in preparation
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Structure of IsdHN?N3 bound to HbA

e [sdHN?N3 3re bound to
both a and B chains of
Hb

* Density is seen for the
links between the IsdHN? (2)
domains but not good
enough to model

 The N3 domain of the IsdHN3 (1)
4t 1sd molecule is not
seen

BN THE UNIVERSITY OF

[ = SYDNEY Cheiron 2014, Guss 106

¥

»*




Haem transfer to IsdHN3 from oHP

Difference electron-density
Anomalous difference density
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Haem transfer to IsdHN3 from oHP

4 .
{ /
B IsdHN3- haem bound
PDB code: 2Z6F
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Model for IsdH capture of HbA

a or B hemoglobin chain

apo hemoglobin
gerum
hemaoglobin dimer
IsdB/H Hb can bind
Hb-caplure domain lsdB/H a second IsdB/H
lsdB/| racaptar
N-:erminal P
crogs-link to @
peptidcglycan ?
@ ledB/H
lsdB/H ﬁ
:ﬁ:ﬁl heme fransferred to
heme-capture domain poised ledB/H @

to extract heme lesdA/C downstraam
heme

— transferto
@ bacterial

lsdB/H docks with IsdA/C cytoplasm
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WHAT DOES THE FUTURE HOLD?
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The future with and without crystals

 Modeling structures without any experimental data

— By homology with reference to the increasingly large library of
experimentally determined structures (currently >100,000 in the PDB)

— Ab initio using evermore sophisticated energy algorithms — THIS IS THE
HOLY GRAIL OF THEORETICAL STRUCTURAL BIOLOGY

* Free electron lasers providing many orders of magnitude more X-
rays in very short pulses
— Time-resolved studies of fast reactions
— Structures from micro-crystals

— Structures from single particles or — “crystallography without crystals”
— THE DREAM OF FELs FOR BIOLOGY

* |ncreasing power of electron microscopy with new direct electron
detectors

— Single particle averaging with cryo electron microscopy has yielded
structures to 3.5 A resolution — MAY SUPPLANT THE NEED FOR FELs
FOR LARGE STRUCTURAL COMPLEXES

THE UNIVERSITY OF
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FEL Facilities

Built/ In construction

. DESY / TTF->FLASH: (2000)

- Superconducting LINAC, ~1.2 GeV, 1000A -> 41A
. SLAC / LCLS (2007): o

- Room Tefmperat)ure LINAC, 15 GeV 25A -> 1.2A 1.2A Lasi ng at
. Trieste / FERMI (2010):

- Room Temperature LINAC, 1.2 GeV 1000A - 100A (planned)
. Spring-8 SACLA (2011)

- Room Temperature LINAC, C-band, 8 GeV 1.2A -> (0.8A planned)
. DESY / European-XFEL (est 2015)

- Superconducting LINAC, 17.5) GeV, 1A — 60A

SACLA

Proposed / Funded (Parameters and schedule subject to change)

. Pohang XFEL (~2015)
- Room Temperature 10 GeV LINAC
- 0.6A to 50A (planned)
. PSI Swiss-FEL (~2016)
- Room Temperature 6 GeV LINAC (C-band)
- 1A -70A
. Shanghai XFEL (?)
- Room temperature LINAC, 6 GeV ~1A
. SLAC LCLS_II (2017)
- Room Temperature LINAC 14 GeV 50A- 1A
. LBNL NGLS (2020s)
- CW superconducting LINAC, 2 GeV, 50A- 10A
. LANL MaRIE (2020s)
- Room Temperature LINAC, 0.25A
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Brilliance Comparison
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Recent experiments - highlights

 Gedunken experiment — Hajdu

* Mimivirus — Chapman, Hajdu

* Photosystem | — Chapman, Fromme, Spence
* Cathepsin B - Chapman
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Hajdu’s thought experiment — Nature, August 2000

R R R R R R R R R R R R R )

Potential for hiomolecular imaging
with femtosecond X-ray pulses

Richard Neutze*, Remco Wouts*, David van der Spoel*, Edgar Weckert
& Janos Hajdu*

* Department of Biochemistry, Biomedical Centre, Box 576, Uppsala University,
5-75123 Uppsala, Sweden

T Institut fiir Kristallographie, Universitiit Karlsruhe, Kaiserstrasse 12, D-76128 ,
Germany

Sample damage by X-rays and other radiation limits the resolu-
tion of structural studies on non-repetitive and non-reproducible
structures such as individual biomolecules or cells'. Cooling can
slow sample deterioration, but cannot eliminate damage-induced
sample movement during the time needed for conventional
measurements . Analyses of the dynamics of damage forma-
tion’’ suggest that the conventional damage barrier (about 200
X-ray photons per A? with X-rays of 12keV energy or 1A
wavelength’) may be extended at very high dose rates and very
short exposure times. Here we have used computer simulations to
investigate the structural information that can be recovered from
the scattering of intense femtosecond X-ray pulses by single
protein molecules and small assemblies. Estimations of radiation
damage as a function of photon energy, pulse length, integrated
pulse intensity and sample size show that experiments using very
high X-ray dose rates and ultrashort exposures may provide useful
structural information before radiation damage destroys the

t=—2fs t=2fs t=5fs t=10fs t=—20fs t=50fs

(Above) Simulation of the destruction of
a lysozyme molecule with an 2 fs
(FWHM) X-ray pulse of 3 x 1012 (12 keV)
photons per 100-nm diameter spot.

(Right) Simulated planar section
through the continuous scattering
image of a single T4 lysozyme molecule.

I at such ultras , hig
pulses from free-electron lasers™ that are currently under devel-

We predict that such ultrashort, high-intensity X-ray
pulses from free-electron lasers®’ that are currently under devel-
opment, in combination with container-free sample handling
methods based on spraying techniques, will provide a new
approach to structural determinations with X-rays.
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The real thing — structure of photosystem |

LETTER Nature 470, 73-77, 2011

dok: 10,1038/ nature097 50

Femtosecond X-ray protein nanocrystallography

Henry N. Chapman’?, Petra Fromme®, Anton Barty', Thomas A. White!, Richard A. Kirian®, Andrew Aquila’, Mark 5. Hunter®,

Joachim Schulz', Daniel P. DePonte’,

Artem Rudenk
chastien Boutet

Lothar Strilder™", €

Florian Schopper'”, Heike Soltau®, Kai U\w Kithnel®,
Matthias Frank'®, Christina Y. lhmptun Raymond G. Sie
Nicusor Timneanu®, M, Marvin ‘mtxrt ts J.iknb Andreassol
Karol N , Robert Andritschike'
Ingo irmt]nhann James M. Ilnltnn T
Sebastian Schorh', ]Jamem Rupp'”,

Xeray crystallography provides the vast majority of macromolecular
structures, but the success of the method relies on growing crystals of
sufficient size. In conventional measurements, the necessary increase
in X-ray dose to record data from crystals that are too small leads to
extensive damage before a diffraction signal can be recorded' . It is
particularly challenging to obtain large, well-diffracting crystals of
membrane proteins, for which fewer than 300 unique structures have
been determined despite their importance in all living cells. Here we
present a method for structure determination where single-crystal
Xeray diffraction “snapshots’ are collected from a fully hydrated
stream of nanocrystals using femtosecond pulses from a hard-X-
ray free-electron laser, the Linac Coherent Light Source'. We prove
this concept with nanocrystals of photosystem I, one of the largest
membrane protein complexes’. More than 3,000,000 diffraction
patterns were collected in this study, and a three-dimensional data
set was assembled from individual photosystem | nanocrystals
(~200 nm to 2pm in size). We mitigate the problem of radiation
damage in crystallography by using pulses briefer than the timescale
of most damage processes”. This offers a new approach to structure
determination of macromolecules that do not yield crystals of suf-
ficient size for studies using conventional radiation sources or ane
particularly sensitive to radiation damage.

Radiation damage has always limited resolution in biological
imaging using electrons or X-rays’. With the recent invention of the
ferntosecond X-ray laser, an opportunity has arisen to break the nexus
between radiation dose and spatial resolution. It has been proposed
that femtosecond X-ray pulses can be used to outrun even the fastest
damage processes by using single pulses so brief that they terminate
before the manifestation of damage to the sample®. Experiments at the
FLASH free-electron laser (FEL), Germany, confirmed the feasibility of
“diffraction before destruction” at resolution lengths down to 80A on
test samples fixed on silicon nitride membranes”. It was predicted that

THE UNIVERSITY OF

SYDNEY

Uwe Welerstall, R. Bruce Doak®, Filipe R.N.C. M
ola € u];puli'f Robert L. ‘\!Hh,m.m Sascha W, Epp'
Kimmel'’, (.mrf: Weidenspointner

, Michael J. [iug ', I.Lu.k Krezywinski', Christoph Bostedi', Saa Baji™,
Benjamin Erk™*® , Carlo Schmidt®®, André Hombke®™*, Christian Reich®, Daniel Pietschner'?,
Hubert Gorke', Joachim Ullrich® 4 ‘su 1 He rmnnn” Gerhard Schaller
Marc Mea‘.uu hrrudl Lo hn D. E &Jrel\' * Stefan P. Hau Riege™
. Dimitri STm»duh . Garth 1. '\\IEInm-.

7, Richard Neutze !
Garkhover', Inger Andersson™, Helmut Hirsemann'?,
Guillaume Prm.lum , Heinz G r\mr‘an\\l H]nru Nilsson' & John C,

. Andrew V. Martin', -
, Robert Hartmann”, Daniel Rolles™”

L0 peter Holl?, \1(_ngningl.i:mg',

Janos ||'§_‘|dl|

. Ol lf Jénsson”, Martin Sw u.mh Stephan Stern',
ario Bott’, Kevin E. Schmidt®, Xiaoyu Wang®,
. Stefano \Iarr:hmm , Raimund Fromme?®,

H. Spence’

the irradiance (or power density) of focused pulses from a hard-X-ray
FEL such as the Linac Coherent Light Source (LCLS), USA, would be
sufficient to produce diffraction patterns at near-atomic resolution®.

We demonstrate here that this notion of diffraction before destruc
tion operates at subnanometre resolution, using the membrane protein
photosystem | as amodel system, and establish an approach tostructure
determination based on X-ray diffraction data from a stream of nano-
crystals™®, Membrane proteins have a central role in the functioning of
cells and viruses, yet our knowledge of the structure and dynamics
responsible for their functioning remains limited. Photosystem 1 is a
large membrane protein complex (1-MDa molecular mass, 36 proteins,
381 colactors) that acts as a biosolar energy converter in the process of
oxygenic photosynthesis. Its crystals display the symmetry of space
group P6,, with unit-cell parameters a= b= 281 A and ¢ = 165 A,
and consist of 78% solvent by volume. We show that diffraction data
can be recorded from these fragile protein nanocrystals before destrue-
tion occurs. Furthermore, we demonstrate that structure factors can be
extracted from the “partial’ reflections of tens of thousands of single
crystal diffraction snapshots, showing that interpretable high-quality,
three-dimensional (3D) structure factor data can be olained from a
suspension of submicrometre crystals.

Our experimental set-up (Fig. 1 and Methods) records single-crystal
diffraction data from a stream of crystals carried in a 4-pm-diameter,
continuous liquid water jet® that flows across the focused LCLS X-ray
beam in vacuum at 10 plmin~". In contrast to cryo-electron micro-
scopy'™'* or standard crystallography on microcrystals’, which require
cryogenic cooling, these data were collected on fully hydrated, 3D
nanocrystals, The crystal located in the interaction region when an
X-ray pulse arrives gives rise to a diffraction pattern that is detected
on a set of two low-noise, X-ray p-n junction charge-coupled device
(pnCCD) modules™ and read out before the arrival of the next pulse at
the FEL repetition rate of 30 Hz, or 1,800 patterns per minute. The

Cheiron 2014, Guss

Rear pnGCD
(z =564 mm)

Interaction
point

Front pnCCD
(z =68 mm)

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-pm-diameter jet at a velocity of 10 ms™ "'
perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas™. Two pairs of high-frame-rate pnCCD detectors'* record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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The real thing — structure of photosystem |
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Figure S2 | Rate of hits. Complementary cumulative distribution of the number of
single-pulse patterns with N; or more measured Bragg reflections. From a run of
1.85 million pulses at 70 fs pulse duration, 6% of patterns (112,725) had 10 or more
measured peaks, and 13% of those were indexed, for a total efficiency of 0.8%.

Rate of hits is very low since there is no coordination between the crystal stream and the
X-ray pulses. The electron density maps at 8.5 A resolution (left from the 70-fs data;
right truncated conventional synchrotron data. Refined model is superposed.
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Structure based on single particle diffraction

[ ETTER Nature 470, 78-81, 2011

doi:10.1038/ nature09748

Single mimivirus particles intercepted and imaged

with an X-ray laser

M. Marvin %uh(_n" |t'lITI.JRlLE|)L‘rj,,1° Filipe R. N. C. Mz aia'*, Martin Svenda', Jakob Andreasson', Olof Jinsson', Dusko Odi¢',
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X-ray lasers offer new capabilities in understanding the structure of
biological systems, complex materials and matter under extreme
conditions' . Very short and extremely bright, coherent X-ray pulses
can be used to outrun key damage processes and obtain a single
diffraction pattern from a large macromolecule, a virus or a cell
before the sample explodes and turns into plasma'. The continuous
diffraction pattern of non-crystalline objects permits oversampling
and direct phase retrieval’. Here we show that high-quality diffrac-
tion data can be obtained with a single X-ray pulse from a non-
crystalline biological sample, a single mimivirus particle, which
was injected into the pulsed beam of a hard-X -ray free-electron laser,
the Linac Coherent Light Source’, Calculations indicate that the
energy deposited into the virus by the pulse heated the particle to
over 100,000 K after the pulse had left the sample. The reconstructed
exit wavefront (image) yielded 32-nm full-period resolution in a
single exposure and showed no measurable damage. The reconstruc-
tion indicates inhomogeneous arrangement of dense material inside
the virion. We expect that significantly higher resolutions will be
achieved in such experiments with shorter and brighter photon
pulses focused to a smaller area. The resolution in such experiments
can be further extended for samples available in multiple identical
copies.

Diffraction studies of crystalline samples have led to spectacular
breakthroughs in physics, chemistry and biology over the past hundred
years. Many important targets are difficult or impossible to crystallize,
and this creates systematic blank areas in the structural sciences. X-ray
lasers offer the possibility of stepping beyond X-ray crystallography, to
extend structural studies to single, non-crystalline particles or mol-
ecules'. In this Letter, we present results on biological imaging with
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an X-ray free-electron laser, and bring together all the elements
required for structural studies of single, non-crystalline objects.

Mimivirus (Acanthamoeba polyphaga mimivirus) is the largest
known virus®, Its size is comparable to the size of the smallest living cells
(in fact, the name mimivirus stands for “microbe-mimicking virus'). The|
viral capsid (0.45 pm in diameter) has a pseudo-icosahedral appearance
and is covered by an outer laver of dense fibrils™. The total diameter of
the particle, inr.'!udinp, fibrils, is about 0.75 pm. Mimivirus is too big fora
full three-dimensional reconstruction by cryo-electron microscopy” and
its fibrils prevent crystallization. The genome” has 1.2 million base pairs
{comparable to a small bacterium) and contains several genes previously
thought to be present only in cellular organisms, including components|
of the protein translation apparatus, Mimivirus can be infected by a

smaller virus, named a virophage™, which seems to be the first example

of a virus behaving as a parasite of another virus®, Studies of mimivirus|
are causing a paradigm shift in v lmlug', and have led to renewed debates
he he

e origin and the definition of viral and cellular life',

about t
Figure 1 shows the experimental arrangement for imaging singlel
virus particles. The sample injector, which uses aerodynamic focusing,
was mounted into the CFEL-ASG Multi-Purpose (CAMP) instru-
ment'? on the Atomie, Molecular and Optical Science (AMO) beam-
line"* at the Linac Coherent Light Source” (LCLS). We recorded far-field
diffraction patterns at a reduced pressure (10”“mbar) to minimize
background scattering. Mimivirus was acrosolized from a volatile buffer
(250 mM ammaonium acetate, pH 7.5) using a gas dynamic nebulizer™
ina I'Il.l um atmg IHI)!'I ere. TIH. Ilvl.dl'l'lllr.!dl.ll'.l IL.I]]\ L'll[]lLli virus [JJT['ICII.'\
was guided thnru},h an aerodynamic lens stack (similar to the one
described in ref. 15) and entered the interaction zone with an estimated
velocity of 60-100m s~ ". The particles were intercepted randomly by
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Figure 1| The experimental arrangement. Mimivirus particles were injected
into the pulse train of the LCLS at the AMO experimental station'* with a
sample injector built in Uppsala. The injector was mounted into the CAMP
instrument'”. The aerodynamic lens stack is visible in the centre of the injector
body, on the left. Particles leaving the injector enter the vacuum chamber and

Mimivirus (Acanthamoeba polyphaga mimivirus) is the largest
known virus®. Its size is comparable to the size of the smallest living cells
(in fact, the name mimivirus stands for ‘microbe-mimicking virus’). The
viral capsid (0.45 pm in diameter) has a pseudo-icosahedral appearance
and is covered by an outer layer of dense fibrils™*. The total diameter of
the particle, including fibrils, is about 0.75 pm. Mimivirus is too big for a
full three-dimensional reconstruction by cryo-electron microscopy” and
its fibrils prevent crystallization. The genome’ has 1.2 million base pairs
(comparable to a small bacterium) and contains several genes previously
thought to be present only in cellular organisms, including components
of the protein translation apparatus. Mimivirus can be infected by a
smaller virus, named a ‘virophage’'’, which seems to be the first example
of a virus behaving as a parasite of another virus®. Studies of mimivirus
are causing a paradigm shift in virology and have led to renewed debates
about the orLgm and the definition of viral and cellular life'".
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Structure based on single particle diffraction

a,b. Experimental
diffraction patterns from
individual virus particles
In two orientations

c. Transmission electron
micrograph of unstained
mimivirus particle

d,e. Autocorrelation
functions for “a” and “b”

f’g' ReconStrUCtEd images F Unconstrain Sphere lcosahedron @ Unconstrained ~ Sphere  Icesahedron

afte.r iterative phase . .. @ . @ I

retrieval — 200
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The first novel structure

Science 339, 227-230, 2013

Natively Inhibited Trypanosoma brucei

Cathepsin B Structure Determined
by Using an X-ray Laser

Lars Redecke,"*1 Karol Nass,”*f Daniel P, DePonte,” Thomas A. White,” Dirk Rehders,’
Anton Barty,” Francesco Stellato,” Mengning Liang,* Thomas R.M. Barends,** Sébastien Boutet,”
Garth . Williams,” Marc Messerschmidt,” M. Marvin Seibert,” Andrew Aquila,® David Arnlund,®
Sasa Bajt,” Torsten Barth, ™ Michael ). Bogan,"* Carl Caleman,” Tzu-Chiao Chao," R. Bruce Doak,™*
Holger Fleckenstein,® Matthias Frank,* Raimund Fromme,' Lorenzo Galli,** Ingo Grotjohann, 2

Mark S. Hunter,*** Linda C. Joh ¥ Stephan K ¢ Gergely Katona,® SEX approach (20). We used this instrument to = 3
Richard A. Kirian,"'* Rudolf Koopmann,'® Chris Kupitz,'* Lukas Lomb,™* Andrew V. Martin,® bt diffraction data from in vivo grown crys- 30 a 0
Stefan Mogk,'” Richard Neutze, Robert L. Shoeman,** Jan Steinbrener,™® Nicusor Timneanu,*  ls of ThCatB produced in the baculovirus- ]
Dingjie Wang,** Uwe Weierstall, ™ Nadia A. Zatsepin,* John C. H. Spence,' Petra Fromme,*  infected Spocdoprera frusiperda (baculovinus-S19) 25 § 5
lime Schlichting,*® Michael Duszenko,™ Christian Betzel,*3 Henry N. Chapman®*} insect cell system (1) (Fig. 1, A and B). Crystals %0 i
with average dimensions of about 0.9 by 0.9 by : 5
The Trypanosoma brucef cysteine protease cathepsin B (ThCatg), which is involved in host protein 11 am® (fig. $1) were sent in a dpm-diameter 15 15
degradation, is a promising target to develop new treatments against sleeping sickness, a fatal column of buffer fluid at room temperature, at 'E E
disease caused by this protozoan parasite. The structure of the mature, active form of ThCath a Mow rate of 10 pl'minute, by using a liguid 0 w
has so far not provided sufficient information for the design of a safe and specific drug against microjet (21). Xeray pulses from the FEL were B 5 & s
T. brucei. By combining two recent innovations, in vivo crystallization and serial femtosecond focused onte this column to a spot 4 pm in di-
crystallography, we obtained the room-temperature 2.1 angstrom resslution structure of the fully  ameter, before the breakup of the jet into drops o (]
glycosylated precursor complex of ThCatB. The structure reveals the mechanism of native (fig. $2). Single-pulse diffmction pattemns of mn- o2 0.5 10 14 18 10 20 30
ThCatB inhibitien and d that new biemolecular inf tion can be obtained by the domly enented crystals that, by chance, wene Crystal width {um) Crystal langth (m}
“diffraction-before-destruction” approach of x-ray free-electron lasers from hundreds of thousands  present in the i on region, wene ded
of individual microcrystals, at a 120-Hz repetition rate by a Comell-SLAC
pixel array detector (CSPAD) (19, 20) at9.4-keV
ver 60 million people are affected by cathepsin B (TbCatB) because of the lack of  photon energy (1.3 A wanvekength). An awra%n. 30 Cc
Ohumﬂn African trypanosomiasis (HAT),  structural information on the mode of propeptide — pulse enengy of 006 mJ at the sample (@ = 10" =
also known as sleeping sickness, which  mhibition and the lange extent of structural con-  photons per pulse) with a duration of less than 3 25
causes ~30,000 deaths per year (). The pm servalion at the active site between mammalian §
zoan parasitc Ty brucei, and tryp hepsin B (/0-12). Previ- - " i = 20
by tsetse flies, infiects the blood and the lymphatic  ously solved mature T7 bruced and human CatB ﬂ:mm;mm m of Hk:;)unm Mholecular ;H.ngl;— 15
system before invading the brin. Severe clinical — structures show diffesences at the S2 and in part  Universty of Hamburg, and institie of g
manifestations oceur within weeks or months.  of the $17 subsite of the substrate-binding cleft sty of Liveck, at Deumru-szleknrmmsynmurm EDB'I'I 10
Current treatments of HAT rely on antiparasitic  (Fig. 1C) and have been suggested as possible  Motkestiasse 85, 22607 Hambing, Gemnany. “German Centre §
drugs developed during the last century, without — targets for the development of species-spevific o 1o1og0 Beierch, Uebernty :mﬁ?m s
knowledge of the biochemical pathways. These  CatB inhibitors (/7). Together with the natively Noﬁnbm 85, 22607 Hamburg, Germany, 1W ef ros
treatmients are limited in their efficacy and safety,  inhibited human procathepsin B structune (13),  Physics, University of Hamburg, Luruper Chaussee 145, 22751 o 0 20 30 40 50 60
and drug resistance is increasing (2-4). Thus, new — our waork fills the gap to understand the structural - Hamburg, Gemany. *Mas-Planck-Institut e medizinische
Forschung, |ahestrasse 29, 69120 Heldelberg, Crystal volume (pm?)

compounds that sclectively mhibit vital pathways
of the parasite without adverse affects 1 the host
are urgently required. A promising strategy is o
target lysosomal papainlike cysteine

basis for species-specific inhibition.
The growth of large wellordered prodein crys-
tals s one of the major bottkenecks in structune

i ination by x-ry erystallography—with im-

that are involved in host-protein degradation,
such as cathepsin B (5). The knockdown of this
enzyme in T breced resulied in clear-
mmua'parasum from the blood of infected mice
and cured the mfection (6), which qualify cathep-
sin B as a suitable drug wrger. Cysteine prote-
ases are synthesized as inactive precursors with
MN-terminal propeptides that act as potent and se-
bective intrinsic inhibitors until the proteases enter
the Iysosome (7), where the propeptide is re-
beased and forms the mature active enoyme. Such
native propeptide-inhibited structures have been
used 1o develop spu.»cs-mlﬁ«. pmm inhib-
FHors against p Ty
specics, e.g., tllmm.lnol’ T eruzi (causing human
Chagas disease in America) and congopain of
T congolense (causing nagana in cattle) (8, ¥).
This approach could not be explored for T, fruced
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portant biokogical tangets, 'mdl as mu-yal e
brane proteins and p modified
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crystallography (SFX) (/7). X-ray free-clectron
Raser (FEL) pulses of less than 100-f duration
allow the dose to individual crystals 10 exceed the
~1 MGy limit by over a thousand times because
of the “diffraction-before-destruction” prineiplhe
(17, i%). Diffraction data are recorded for cach
pulse as crystals are continually replenished by a
mcrocTystal sispension in aquecus bufler Now-
myg across the FEL beam in a vacuum in a fine
liquid jet,

The Coherent Xery Imaging (CXI) beamline
(19) at the Linac Coherent Light Source (LCLS)
enables high-resolution data collection using the

Planck Advarced Study Group, Center for Free-Elecron Laser
Science $CFEL), DESY. Notkestrasse 85, 22607 Hamburg, Ger-
‘many. *Linac Coherent Light Source, Stanford Linear Accelerator
Cenier (SLAC) National Acelerator Laboratory, 2575 Sand Hill
Road, Merlo Park, CA 94035, USh. "Department of Chemitry
and Molecular , University of Gothenburg, SE-405 30

profeins, proving particularly challenging to crys-
tallize (§4). Stzable crystals are required to obtain
measurable high-resolution diffaction dat with-
i an exposure that is limited by the accumulation
of radiation damage {1 5). Although microfocus
heamlines enable the collection of diffraction
data from micron-sized prodein crvsials (14), the
tolerable dose limit of less than 30 MGy for ery-
ogenically cooled protein crystals nemains, which
limits the achicvable signal. The tolerable dose
for room lemperature measurements is about
1 MGy (75} We have previously shown that
micron-sized crystals of glycosylated ThCatB spon-
msously fomn in msedt el durmg profem over-
expression (1), Such crystals are extremely well
suited for the new method of serial femiosecond

Sweden. Sclence, DESY, Notkestrasse BS,

22607 Hamburg, Germany. “Intertaculty Institute of Bochem

istry, Ueitversity of Tikingen, Hoppe-Seyier-Sirasee 4, T2076

Tilbingen, Germany. “*Photon Uitrafast Laser Scence ard

Engineering (PULSE} dnstinge. SLAC National Accelerator

Lahu;lz‘wv 2575 Sand Hill Road, Menlo Park, CA 94025,
«
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Table S3.
Quality indicators for the individual resolution shells of the dataset
L@uw
Resolution Number of Redundanc Merged ot
shell [A] unique reflections y I/sigma(l) Repti [%] “u
20.000 - 4.509 2,793 7,541 32.91 3.0 \_
4.509 - 3.585 2,648 8,094 27.57 33 _
3.585-3.134 2,609 8,353 19.12 3.8 //
3.134 -2.848 2,588 7,656 12.04 5.8 7 hecaclion
2.848 — 2.645 2,588 7,656 8.22 11.5 /L/CLS pulses CSPAD detector
2.645 - 2.489 2,568 7,968 5.93 16.2 S0 % brkda S
2.489 - 2.365 2,552 8,212 4.55 19.6
2.365-2.262 2,560 7,899 3.59 24.4
2.262-2.175 2,536 7,505 2.93 28.5
2.175-2.100 2,540 7,060 2.37 35.3

Note: These are extremely good statistics for
compared with traditional synchrotron data. The
method results in extremely high values of
redundancy.
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The first novel structure

propeptide

The quality of the structure is B 4
evident in the unbiased electron R
difference density revealing the L.
unmodelled carbohydrate and O\
bound peptide.

propeptide

Fig. 2. Quality of the calculated electron density. (A) Surface representation of the ThCatB-propeptide
complex solved by molecular replacement using the mature ThCatB structure (11) as a search model. The
solution revealed additional electron density (2Fgs — Fear, 16, blue) of the propeptide (green) that is
bound to the V-shaped substrate-hinding cleft and of two carbohydrate structures (yellow) N-linked to the
propeptide (B) and to the mature enzyme (C). The propeptide, as well as both carbohydrates, are well-
defined within the electron density map (blue), which confirms that the phases are not biased by the
search model. Color codes correspond to Fig. 1C.
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Names to remember — Nobel prize?

Janos Hajdu

Laboratory of Molecular Biophysics

Uppsala University, Sweden

(Ph.D. Biology, Hungarian Academy of Sciences, 1980)

Will his vision of single molecule diffraction be realised? If so, when?

John H. Spence

Department of Physics

Arizona State University, U.S.A.

(Ph.D. Physics, University of Melbourne, 1973)

Henry Chapman

Centre for Free Electron Science

DESY, Germany

(Ph.D. Physics, University of Melbourne, 1992)
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