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Recap o
= Real and reciprocal space . ,
The crystallographic L '
phase problem et A% i S mithvelils
. nel sy \C AR p-\’.\'t=E|Fhkl|e Phut =27 (hxsky+12)
= Symmetry in real and  ..[_ ikl
reciprocal space " RAAAAAAAAAAS N
=S+ 2mi(hx ; +ky ; +1z;)
i Fyy = Efje
Sum [\/\ /\/\ [\/\ Jj=1
0.0 1.0 VZ.O V3.0

For chiral objects forming crystals,
only 65 space groups (lattice + point
group) are possible. That is all!
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Phasing methods
Experiments
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Ab Initio
INPUT: F,,, only
Needs data to a resolution where atoms are separated, i.e. 1.1 A
Molecular Replacement
INPUT: Fp,, / homologues structure model / position and orientation
Needs homologues model
Model Bias
Multiple Isomorphous Replacement (MIR)
INPUT: F, for native, F,,, for derivative 1, F,, for derivative 2
Derivatization
Non-isomorphism
Anomalous Diffraction (MAD, SAD)
INPUT: F,, from one crystal
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Molecular Replacement

Assuming that the

structure of the Rotation =

molecule of interest ) E ~l

and the structure of a ﬁ\"’ .ﬁ@ﬁ)

molecule with similar ) ;%}\-, : —_—

amino-acid sequence V\"i}\“z - Translation
(the search model) are Ny

similar, an approximate s
model of the content of Homology model wﬁ
the crystal can be made L
by placing the search - P
model into the crystallographic il
unit cell via a 6D-search. Xoew = R Xpey 8

Consistent packing is a strong criterion for correctness.

From this model, phases can be calculated, combined

with the measured structure factors amplitudes and

used to calculate an (F,,,, phi_, )electron density map. B

N
25i(hx +ky +z;)
F;lkl,calc - E sfje

j=l
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Model bias |

= The first electron density map after molecular replacement is
calculated with phases derived from the potentially/likely incorrect
search model.

=) A
\

real structure

I £l

positioned search model
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. http://www.ysbl.york.ac.uk/~cowtan/fourier/fourier.html
Model bias Il

= If the search model is very different from the target model, the image

resulting from the (F,,, phi_,. ) synthesis can be misleading. 'phase
bias'.

obs
Il F
II Fcalc calc
hkl ’whkl In reality, distinguishing
between | and Il is difficult

real structure
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Model Bias

Fig. 6. The effects of various omit-map techniques around Trp 91 located
in the light chain of the ANO2 Fab fragment. The correct conforma-
tion of Trp 91 is shown in black, the initial incorrect conformation is
shown in gray. All maps are of the o 4 -weighted 2F,, — F type (see
Methods) at 2.8 A resolution. Residues 89-97 in the light chain, 93—
102 from the heavy chain, and the hapten molecule were omitted for
all map calculations and refinements. (@) Ordinary omit map of the
initial incorrect structure shown at a contour level of 1.25. (b) The
fourth iteration of density modification on the initial incorrect struc-
ture shown at a contour level of 0.7c. The region of modification was
defined by 2 2.0 A cushion around the omitted region. (c) Minimized
omit map of the initial structure shown at a contour level of 1.2¢. The
partial structure was refined through 120 cycles of conjugate-gradient
minimization at 8.0-2.8 A resolution. (d) Randomized and minimized
omit map of the initial structure shown at a contour level of 1.20.
(e) SA omit map of the initial structure shown at a contour level of
1.20. The partial structure was refined using a SA slow-cooling pro-
tocol (Briinger ef al., 1990) with a starting temperature of 3000 K at
8.0-2.8 A resolution.

(e)
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Taylor (2010) Acta Cryst D66:325

Isomorphous Replacement

= By introducing extra-
atoms into a crystal, its
diffraction properties
become altered.

= Determining phases
experimentally is better
than inventing phases
based on insecure
assumptions.
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A protein and an extra scatterer

N
2mi(hx ; +ky ; +1z ;)
Fhkl=2fje L

Jj=1

Assumption. Apart from adding the extra
scatterer, ‘nothing’ changes -> isomorphism Thomas R. Schneider | Meth. moderner Rntgenphysik Il | 8/7/2014 EMBL




Isomorphous replacement

Addition of heavy atoms leads
to changes in diffracted
intensities. E.g. a single Hg-
atom (80 e’) in 1000 CNO-
atoms (6-8 e) changes the
intensities on average by 25%.

The isomorphous difference:
|FH| =|FPH|_|FP|

can be used as an estimate of

the heavy atom structure factor

amplitude
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Single Isomorphous Replacement

After finding the heavy atoms,
complex structure factors for
the heavy atoms can be
calculated.

N

2iChx +ky +1z)
Fy it care = Efje

j=l1

However, for a given set of
heavy atom positions, two
phases are possible for |F,| and
| Fpyl

(’.”
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Tafel - Harker construction
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Isomorphous Replacement

=  From the differences observed —
between the measurements on the
native and the derivate crystal, the //F
positions of the extra atoms can be \a»
found. Zs SN

= By clever combination of the
knowledge about the positions of
the extra atoms and the differences ——
in the measurements, phase
information can be derived.

= Unfortunately, usually
two phase angles

are consistent \

with the data. A "
. . 1 best \

'Phase ambiguity' . D 1

Probability

m=023, a,., = 203°

100 200 300
Phase angle (°)

(=
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Multiple Isomorphous Replacement

= When two 'derivatives' are .,
used, the phase ambiguity a P AN

can be resolved and a uni- / O\

model phase distribution / @ 1

can be constructed. - :

= An electron density map \ Fin 2 /

can be calculated. \ /
|

2z 2|
e .. = 203°, m=0.23 2| O, =285°,m=0.96
(- f o
0 100 200 300 0 100 200 300
Phase angle (°) Phase angle (°)
(a) (b)
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Non-isomorphism!!




Anomalous Scattering

Normal Scattering (centrosymmetry)

Friedel's law |Fhkl| = ‘FW‘

Anomalous Scattering

Friedel's law is broken |Fhkl| * ‘FW‘

Fhkl # Fm can be measured experimentally




Physics of Anomalous Scattering

.
= Normal scattering L
= elastic g
= direction-dependent N "y
= Anomalous scattering . )
= resonant / inelastic s
= direction independent <
\“
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Normal diffraction into hkl and -h-k-I

9 hkl

|Fhkl|=‘Fh_

kl‘

Py =~

hkl
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Anomalous diffraction into hkl and -h-k-|

[ =Syt L

Fhk1| = ‘F;,_

kl‘

F+

*|F
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Anomalous Diffraction into hkl and -h-k-I

Im

Im

Re

Pictures courtesy of Zbyszek Dauter
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A protein and an anomalous scatterer A

A non-elastic interaction between
the X-rays and the electrons can

be incorporated into the AF /.
structure factor by modifying the /
scattering factor for the
anomalous scatterer 'A': \ :

f=for feif”
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Anomalous Dispersion

f"(E) can be measured by
X-ray absorption

spectroscopy:
mc
"(E) = Eu(E
p f'(E) == Eu(E)

A 4

f'(E) can be calculated
from f"(E) by a Kramers-
Kronig transformation

(g2 TESE)
f(E)—n{(Ez_E'z)dE
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A MAD Experiment

£ /—_E

'high E remote’

'peak’

for one pair of refl:

F FFF

from the same crystal
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The MAD Observational Equations

PkF—
N Hendrickson WA et al. (1985)
i Meth.Enz. 115:41-55

2 1-2 2
‘F:)bs =‘FT‘

2
+a(A)|F,|

+b(A) FTHFA‘cosa

xc(A) FTHFA‘sina

‘FT HFA ‘cosa + ‘FT HFA ‘sma
‘FT HFA ‘cosa - ‘FT HFA ‘sma
‘FT HFA ‘cosa + ‘FT HFA ‘sma

F

FTJLF y Lcos a- T;HF L |sino
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The meaning of FH/A-values

In principle, F,; s-values represent the substructure of
anomalous / heavy scatterers only. This reduces the initial
step of phasing to finding a few atoms in a large unit cell.

Ab initio methods can be used for finding the anomalous /
heavy scatterers.

AF-values can be considered as lower limit estimates of F,-
values.
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Solving the substructure against |F,|

hkl F, O

#atoms
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Knowing the substructure allows to calculate ¢A and ¢T

K,

o2\

O

NSe
2mi(hx ; +ky ; +z ;)
Fy o = Efje
Jj=1

ip
e A hkl

Real life is not that simple - ML
as implemented e.g. in SHARP
is the way to go.

= |F Akl

b
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. In proteins
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Aldose Reductase - experimental vs. refined

experimental refined (remote)
(Fops Pman)- map o, weighted (2F . -1F .g1c @ cqic)-Ma
0.9 A, contoured at 1o ’ (9).9 A, E:onofzsuregﬂgt iccﬂ;) P

Thomas R. Schneider | Meth. moderner Rontgenphysik I | 8/7/2014 EMBL

Aldose Reductase - Level of Detail

CYS 298

= Multiple conformations
= O>N>C

Thomas R. Schneider | Meth. moderner Rontgenphysik Il | 8/7/2014 EMBL




Choosing the right hand

= The correct solution for the substructure and its enantiomorph have the
same agreement with the experimental data.

= But they give rise to different phase sets for the crystal structure

o ~ . )

s g6 oW g v T ___'Contrast' (SHELXE) @W

5 o B dhe 5 e inverted > 4
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= local r.m.s. density Terwilliger & Berendsen (1999) Acta Cryst. D55:1872
= size of the PNG-file: 591451 vs. 399487 Bytes
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Back to the experiment

= Anomalous diffraction T » AAAMA44
occurs when when the
energy / wavelength used
is close to an absorption
edge where transitions of

electrons can be excited.

Inergy

http://en.wikipedia.org/wiki/X-ray_absorption_spectroscopy
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ACCE SS | b I e Ed g es http://ruppweb.dyndns.org/Xray/101index.html

20000.0
18000.0
16000.0

4——— 12.4keV /20 keV = 0.62 A

14000.0

g

& 10000.0

S 80000

6000.0

4000.0

2000.0
00

<+——— 12.4keV/5keV = 2.48 &

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 10
0

Element Number

Thomas R. Schneider | Meth. moderner Réntgenphysik Il | 8/7/2014 EMBL

Accessible Edges BL9-2 @ SSRL: 0.85-2.06 & / 6.0-14.5 keV
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Derivatization Laboratory, (11 m?) |

Heavy atom
Fume hood ||brary: a4
N elemens in 152
with d
analytical compounds
Uranyl Scale
compounds

minispin pH
xenon meter etc.
chamber

gas cabinet
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SAD Phasing - Only one wavelength

= A good option when:

= the absorption edge is not reachable, e.g. for sulphur, the K edge is at
2.4 keV, 5.04 A (http://skuld.bmsc.washington.edu/scatter)/AS_form.html)

Sulphur

X-ray wavelength in &

6.194 2918 1.90& 1414 1124 0.934 0.79R 0,694
6.0e sr

4.0e

0.0e

-2.0e
-4.0e

-6.0e

CuKa

-8.0e — "‘,K

2000 4000 €000 8000 10000 12000 14000 16000 18000 20000
X-ray energy In ev

Edgepiots wed ool Mtp.//sh Ud brrec mashingten e du/scatter/

= when crystals can not stand 3 successive data collections
= when the beamline / home source is not tunable
= when the beamline is not sufficiently stable

= Best explanation: Dauter (2002) Acta Cryst D58:1958
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SAD

= How can we derive phase information if we have
only one wavelength data?

1. extract substructure structure factors
2. solve substructure

3. derive phase angles
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A protein and an anomalous scatterer A

A non-elastic interaction between
the X-rays and the electrons can

be incorporated into the AF /.
structure factor by modifying the /
scattering factor for the
anomalous scatterer: R )

J=to+ S+
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Relation between F, and AF

Im A

\\<i AFt=2 F",

AF£= 0

=  The magnitude of AF depends on the relative orientation between FP
and F,

Picture courtesy of Zbyszek Dauter
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Sinusoidal dependence of AF and F,

AF*=F"-F"
A I~ =2F"sin(p, —@,)

Im /
AP? /

' ’ . Hendrickson (1979)
= S | Acta Cryst. A35:245

For large anomalous
. differences:

AF*=2F, =2F,(f 1 f°)

\ o

\ Rossmann (1961)
- Acta Cryst.14:383

Re

Picture courtesy of Zbyszek Dauter
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SAD Phasing - Substructure Solution

Anomalous differences can be considered as lower limit
estimates to the F, values for the anomalously scattering

substructure.

If we only use the large anomalous differences, these are
actually proportional to the F, values for the anomalously

scattering substructure.

As ab initio methods rely only on the 10-20% strongest
reflections anyway, these methods can solve substructures

based on anomalous differences.

When we know the anomalous substructure, we can calculate
the ¢, and then orient the AF pair of vectors.
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SAD Phasing - Phase Ambiguity

A .
= |If the anomalous sites are

Im
vl
\ known (AF+, F,, F'n, F's,
: @,), there are two possible
-
; AN % solutions for the phase ¢ of
o ; the crystal structure.
" = There are various tricks to

resolve the phase ambiguity
= resolved anomalous phasing
= density modification
= direct methods
= NCS

Re
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By using X-rays with a

wavelength/energy close to an

absorption edge of atoms

inside the crystal, Friedel's AW
law F+=F- is broken. ’/\:/
'The crystal becomes a derivative

of itself'

From the knowledge of the

positions of the anomalous

scatterers and the differences

between the F+ and the F- reflections,

phase information can be derived.

This phase information is bimodal.

The bimodality can be resolved
experimentally by collecting data at different energies on the same crystal
computationally by using various tricks, including density modification (e.qg.
solvent flattening).
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1120 images of 1.0° for space group C2 (redundancy = 23) at a
wavelength of 1.9 A at BESSY (Berlin).

Expected Bijvoet ratio with f’<=0.82 at 1.9 A was 1.8%.

21 S-sites were found with SHELXD.

Phasing with SHARP / Density modification with SOLOMON
1

Electron-density map after density modification. One N-
acetylglucosamine moiety of the glycan attached to
Asn115 (for example) is already clearly visible in the
experimental map at a level of 1.5 A before the inclusion
of any model phases and manual intervention.
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Data Quality

High precision, low accuracy High accuracy, low precision

Of course we would like to achieve high accuracy and high
precision. We need accurate measures of accuracy and precision
to make sensible decisions during difficult structure determinations
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Anomalous signal-to-noise-ratio

- <d"lyig> vs. Resolution -
<d"/sig>

= Plot (AF)/{(0(AF)) & -
as a function of NAT
resolution HREM

INFL

= It is better to use
scaled but
unmerged data
to do this (in
order to not
dependonthe ' T
accuracy of the
error estimates
from data
processing ...)

N
1
T

I 1 1 3 1 L i 1 1 1
0 ™ T T T T T T T T + Resolution IA]

inf 197 99 66 4.9 39 33 28 25 22 2.0
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AF
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EMBL
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Apical Domain: P2,2,2
1x3Se/224 res = 1/74
SC =42%

RRF: P4;2,2
1x3Se/185 res = 1/63
SC = 65%

PFH: P2,
4x4Se/350 res
SC = 40%

100

80 +

60 +

w0 4 hrm/pk

ol hrm/ip
pk/ip

0

inf 22011.0 73 55 44 37 31 27 24 22

100

80 +

60 +

40 4

20 +

N

N

inf 30.0 15.0 10.0 75 6.0 5.0 43 3.7 33 3.0

100

80 +

60 +

40 1+ :—’_’\__._,
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0
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Statistically independent data ?

Table I. Crystallographic data

Crystal MA) Resolution (A)

pEAK] 09790 3.0 Multiplicity® Completeness (%)* fIfe
PEAK2 0.9790 32 sgen  ms e
INFLI1 0.9792 3.0 1317; (6.9) 98.8 -9/3
INFL2 0.9792 32 e L e
HREM1 0.9393 3.0 327 i -
HREM?2 0.9393 3.2

NATI 0.9393 2.2

is the mean intensity of the reflection with unique index h.

dCompleteness for unique reflections: anomalous completeness is identical because inverse beam geometry was used.

f’If"” ratio, as determined from a fluorescence scan of the crystal.

Correlation coefficients of anomalous differences at different wavelengths for MAD experiment 1: PEAKT1 versus INFL1, 0.54; PEAK1 versus

HREMI, 0.46; INFL1 versus HREM1, 0.39.
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