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Structure Determination HZB......

Zentrum Berlin
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Diffraction Data Collection HZB......

Zentrum Berlin

Q

D

Crystal

Detector

BioStruct-X Course, 03.09.2013, Budapest, Hungary



Diffraction Data Collection HZB.....

Zentrum Berlin

h,k,| Miller indices
I(h,k,]) intensity Sl
sl(hkI) =
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The Structure Factor Equation HZB......
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The Structure Factor Equation HZB......

Zentrum Berlin

_’ The calculation of F(hkl) from a structure (x;,y;,z;) Is nothing
but a summation of the waves originating from each atom ())
In the direction defined by (hkl).

F(hk|) — Zj fj eZni(hXj+kyj+IZj)

TR

It is Important to note that every atom of the structure
contributes to each and every reflection of the diffraction
pattern.
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The Structure Factor Equation HZB......

Zentrum Berlin

"= F(hkl) = [F(hKI)| e0k) = 3 f. e2mithxj+iojriz)

Structure factor amplitude

F(hKD] o 1(hkl)22 Atomic form factor fj

Phase o/(hkl)
Fe“ =A+iB
F
A=F cos o
0
B=Fsina
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The Structure Factor Equation HZB......

Zentrum Berlin
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The Electron Density Equation HZB......

Zentrum Berlin

- 0(X,y,2) = 1/V thl IF(hkl)| eiedhkD) g-2mi(hx+ky+z)

Structure factor amplitude
|F(hkl)| oc I(hkl)2/2

Phase o/(hkl)
Fe“ =A+iB
F
A=F cos o
0
B=Fsina
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The Electron Density Equation HZB......

Zentrum Berlin

= The electron density p(X,y,z) is a three-dimensional function
(with the unit e/A3), which describes where in the unit cell of

. the crystal the electrons (and therefore the atoms) are. It is
5 L basically the image of the structure we want to determine.

o(x,y,z) = 1/IV thl |F(hKI)| eiohk) g-2mi(hx+ky+z)

It is important to note that every reflection (hkl) of the
diffraction pattern contributes to the electron density p at
each and every position (xyz) in the unit cell of the crystal.
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The Phase Problem HZB....

Zentrum Berlin

‘_ From the diffraction pattern, we can only obtain the
Intensities I(hkl) of the reflections (hkl).

I(hkI) oc F(hKI) - F*(hkI)
= |F(hkl)| eK) . |F(hkl)| e-ichk)
= |[F(hkD)|®

The phase o(hkl) cannot be measured.
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A Flowchart of a Crystal Structure Analysis HZB......

Zentrum Berlin
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Phase Determination Methods HZB......

Zentrum Berlin

1. SIR, SIRAS, MIR, MIRAS

(single/multiple isomorphous replacement with anomalous scattering)

2. MAD
f (multiple wavelength anomalous diffraction)

3. SAD (SAS)

(single wavelength anomalous diffraction/scattering)
4. RIP, RIPAS

(radiation damage induced phasing with anomalous scattering)
5. MR

(molecular replacement)

6. Direct Methods
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Isomorphous Replacement

2

HZB....

Zentrum Berlin

SH

SH

SH

——> h, k, |, |Fp(hkl)]

oL (hKI)

SHg

——> h, k, |, |Fpy(hkl)]
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Isomorphous Replacement HZB......

Step 1: put |Fp(hkl)| and

Zentrum Berlin

Foy(hkl)| on the same scale

Foul = 1Fpl |/ Zpq [Fpl )
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Isomorphous Replacement HZB......

Step 1: put |Fp(hkl)| and

(R=100¢ZXZp|

Zentrum Berlin

Fon(hkl)] on the same scale

Feul = IFpl |/ Zni [Fel )

Step 2 : determine the positions of the heavy atoms ( F )

from the differences ( |Fpy(hkl)| - [Fo(hkl)| )
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Isomorphous Replacement HZB......

Step 1: put |Fp(hkl)| and

Zentrum Berlin

Fon(hkl)] on the same scale

Feul = IFpl |/ Zni [Fel )

i Step 2 : determine the positions of the heavy atoms ( F )

from the differences ( |Fpy(hkl)| - [Fo(hkl)| )

. Step 3: calculate a,p(hkl) from |Fo(hkl)|, |Fey(hkl)] and F,,
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The Harker Construction - SIR HZB......
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) (h,k, 1)
-
o
Fon i
Fen &)
Fe Fe Fe
o | O
-F, /:PH
Fo + Fy = Fpy
Fo =-F, + Fpoy
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The Harker Construction - SIR HZB......

Zentrum Berlin

Instead of one value for ap(hkl) we obtain two possibilities
- phase ambiguity

- How can this be made unambiguous ?
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The Harker Construction - SIR HZB......

Zentrum Berlin

Instead of one value for ap(hkl) we obtain two possibilities
- phase ambiguity

How can this be made unambiguous ?
-> a second heavy atom derivative (MIR)
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The Harker Construction - MIR HZB......
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) (h,k,1)
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The Harker Construction - SIR HZB......

Zentrum Berlin

Instead of one value for ap(hkl) we obtain two possibilities
- phase ambiguity

How can this be made unambiguous ?
-> a second heavy atom derivative (MIR)
- density modification
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Density Modification HZB......

Zentrum Berlin

@= Density Modification is a technigue that uses additional
Information to improve an electron density
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Density Modification HZB......

Zentrum Berlin

@= Density Modification is a technigue that uses additional
Information to improve an electron density

Q solvent flattening
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Solvent Flattening HZB......
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Density Modification HZB......

Zentrum Berlin

\ Additional
Y Information

| ;
X,Y,Z > Pmo (X,y,Z)
ET. PCHR) | : -

Fel, m, a F.T. C F.T.

A J

|FP|1 Mmods Cmod < IFcaIc » Lealc

BioStruct-X Course, 03.09.2013, Budapest, Hungary



Density Modification HZB......

Zentrum Berlin

W= Density Modification is a technique that uses additional
iInformation to improve an electron density

Q solvent flattening

Q non-crystallographic symmetry averaging
Q histogram matching

Q map interpretation and refinement

BioStruct-X Course, 03.09.2013, Budapest, Hungary



The Harker Construction - SIR HZB......

Zentrum Berlin

Instead of one value for ap(hkl) we obtain two possibilities
- phase ambiguity

How can this be made unambiguous ?
-> a second heavy atom derivative (MIR)
- density modification
—> Incorporation of anomalous scattering (SIRAS)
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The Harker Construction - SIR HZB......

Zentrum Berlin

Instead of one value for ap(hkl) we obtain two possibilities
- phase ambiguity

How can this be made unambiguous ?
-> a second heavy atom derivative (MIR)
- density modification
=> Incorporation of anomalous scattering (SIRAS)
-> second derivative plus anomalous scattering
(MIRAS)

BioStruct-X Course, 03.09.2013, Budapest, Hungary



Anomalous Scattering HZB......

-

Zentrum Berlin
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Normal Scattering - 1 HZB......

Zentrum Berlin

_‘ aka Elastic Scattering or Thomson Scattering or
Scattering without Loss of Energy

le

observation point

ANARANAR ;
\VARVIRVERE x

z

An X-ray wave impinges on an atom and causes the
electrons to oscillate in the same frequency as the
Incoming X-ray wave.

BioStruct-X Course, 03.09.2013, Budapest, Hungary



Normal Scattering - 2 HZB......

Zentrum Berlin

@= I'he moving electrons emanate X-rays in all directions of
space.

- The amplitude of the
' / / scattered wave depends

= on the number of electrons
and the scattering angle.

f(s) =Jp(f) - f(s) is the atomic form factor
Vv

f(s) Is a scalar function, dependent only on the atom type
and 20.
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Normal Scattering - 3 HZB......

Zentrum Berlin

since p(r) = p(-r) > f(s) = f(-s), this results eventually In
Friedel’'s Law

IF(hKD)| = [F(-h-k-1)|
a(hkl) = - a(-h-k-I)

|F(hki)]

a(hkl)
o(PKI) |

|F(hkl)|
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Anomalous Scattering - 1 HZB.......

Zentrum Berlin

ﬁ When the energy of the incident X-ray wave Is close to an
elemental absorption edge, something else happens in addition.

v E ; | scattered photon

incident photon
re-emitted photon
(Ainorescence)

In addition to being scattered elastically, the incident X-ray
wave is absorbed and ejects a core electron. A higher-shell
electron then falls back to a lower shell, emitting X-radiation.
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Anomalous Scattering - 2 HZB......

Zentrum Berlin

Py As a net result of absorption, the scattered wave is retarded
and the atomic form factor becomes a vectorial quantity.

f :
Af

V™ S
n,f 1 fo .{\f

f=f"+ Af'+ IiAf"

f °1s the normal atomic form factor, Af ’ is called the dispersive
component and Af ” the anomalous component.
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Anomalous Scattering - 3 HZB......

Zentrum Berlin

Thus, the total structure factor (h.kl)
Fey contains the normal

scattering of all atoms Fo+F_°,

the dispersive component of

. the anomalously scattering

" atoms AF,, and the

anomalous component of the
anomalously scattering atoms

AF,”.
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Anomalous Scattering - 4 Hzgtrj;maga:;;
(h,k,I)
_ As consequence of
anomalous scattering,
Friedel’'s Law is not
valid anymore.
(-h,-k,-1) AR
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Anomalous Scattering - 5 HZB......

(h,k,I)

Zentrum Berlin

As conseqguence of

AF?! anomalous scattering,
\E Friedel’'s Law Is not
- valid anymore.
FO

|F(hkl)| # |F(-h-k-I)]

a(hkl) # - o(-h-k-1)
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Synchrotron Radiation

a Synchrotron Radiation
occurs when a charge
moves at relativistic
speed following a
curved trajectory.

HZB......

Zentrum Berlin

1. high brilliance

2. large spectral range

3. time structure
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HZB......

Anomalous Scattering - 6 b

) The tunable synchrotron radiation can be used to maximize
the effect of anomalous scattering.

3.0 1.5 1.0 0.75

f', f" [electrons]
=)

-10 ¢

-20 ¢

6000 8000 10000 12000 14000 16000 18000
Photon energy [eV]
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How Can This Be Measured? HZB......

Zentrum Berlin

cryostat
{(monitor and remote control; ESCAN)

-~ fluorescence detector collimator slits
(ESCAN) (ESCAN)

(marccd)

beamstop
(ESCAN)
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How Can This Be Measured? Hzgtr“f;r;z:ﬁ

6 T T 1 T T I T T I T
'pBE Se K 09:06:53 efs' using 1.2 —+

| 1 | | 1 | | 1 | L

12630 12840 12650 12860 12670 12680 12690 12700 12710 12720 12730 12740
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HZB......

Zentrum Berlin

How Can This Be Measured?

f:

Measured fluorescence Derived anomalous scattering factors

()= [ma) c/47r Ne? ],u(a))

(@)= @/ o @)/ - 0 o
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What 1s this Good for?

- 1. Phase Determination
2. Structure Validation

3. Element Identification

HZB......

Zentrum Berlin
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The Harker Construction - SIRAS HZB......

Zentrum Berlin

(h,k,I)
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Which Elements Can Be Used? Hzgtr“:rgm;;i::;

N Se Hg
11 ¢
N-ddges Periodic Table of the Elements
10 1
H He
9T L | Be g lc|n| o] F | N
M-edges )
8 | Na | Mg Al Si P 5 a | Ar
: L K Ca Sc Ti
7 B
K-edges
- II . 6 i
._ . - * Mt 110 | 111 112
— 5t
:}'ﬁi* { 47 + Lanthanides
t .“} , 3 ! ** Actinides
q.{' .
. 9.
2
1 CuK,
1

10 2

Atomic number
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EX p er | ments HZB Helmholtz

Zentrum Berlin

-~ 1. conventional heavy-atom derivatization by soaking or
co-crystallization
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Experiments HZB......

Zentrum Berlin

é 1. conventional heavy-atom derivatization by soaking or
co-crystallization

2. quick-soaking
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EX p er | ments HZB Helmholtz

Zentrum Berlin

a 1. conventional heavy-atom derivatization by soaking or
co-crystallization

2. quick-soaking

3. quick-soaking using anions ( Br-, I, I71,, ...))
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EX p er | ments HZB Helmholtz

Zentrum Berlin

G 1. conventional heavy-atom derivatization by soaking or
co-crystallization

2. quick-soaking

3. quick-soaking using anions ( Br-, I, I'/l,, ...))

4. pressurization using noble gases ( Xe, Kr)
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EX p er | ments HZB Helmholtz

Zentrum Berlin

@ 1. conventional heavy-atom derivatization by soaking or
co-crystallization

2. quick-soaking

3. quick-soaking using anions ( Br-, I, I'/l,, ...))

4. pressurization using noble gases ( Xe, Kr)

5. covalent modification of the protein (e.g. Met = Se-Met)
or of DNA (T - Br-U)
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Phase Determination Methods HZB......

Zentrum Berlin

1. SIR, SIRAS, MIR, MIRAS

(single/multiple isomorphous replacement with anomalous scattering)

2. MAD
f (multiple wavelength anomalous diffraction)

3. SAD (SAS)

(single wavelength anomalous diffraction/scattering)
4. RIP, RIPAS

(radiation damage induced phasing with anomalous scattering)
5. MR

(molecular replacement)

6. Direct Methods
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The MAD Method HZB......

Instead of using two different crystals, we can also collect
data from one crystal at two (or more) different wavelengths.

3.0 1.5 1.0 0.75

', " [electrons]

f= £+ A+ iAF"

-20 |

6000 8000 10000 12000 14000 16000 18000
Photon energy [eV]
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The MAD Method HZB......

Zentrum Berlin

20
\ A3

= MM

A2

2y J (h,k,l)
. A
M / A3 i

]

A
-20 A4
Energy -

20 » H

" A4 FP
f A2

A
0
-20 .I:l 0
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EX p er | ments HZB Helmholtz

Zentrum Berlin

- 1. in proteins: replacement of Met with Se-Met
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HZB Helmholtz

EX p er I m e n tS Zentrum Berlin

é 1. In proteins: replacement of Met with Se-Met

2. almost any other heavy atom derivative

Periodic Table of the Elements

L B B C N o] F N
N Mg Al 5 P 5 a A
. K | Ca 5 T
&, _‘___.}.-"‘.’; y
2 \ o
T 0e ey 1
I &4
v
2 & &
(et W

Bk | Cf | Es | Fm | Md | No
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EX p er | ments HZB Helmholtz

Zentrum Berlin

@ 1. in proteins: replacement of Met with Se-Met
2. almost any other heavy atom derivative

3. naturally present Fe, Cu, Zn, etc.
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Experiments Hz&ﬁfﬂl‘iﬁﬁ

@ 1. in proteins: replacement of Met with Se-Met
2. almost any other heavy atom derivative
3. naturally present Fe, Cu, Zn, etc.

4. In DNA: replacement of T with Br-U
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Phase Determination Methods HZB......

Zentrum Berlin

1. SIR, SIRAS, MIR, MIRAS

(single/multiple isomorphous replacement with anomalous scattering)

2. MAD
f (multiple wavelength anomalous diffraction)

3. SAD (SAS)

(single wavelength anomalous diffraction/scattering)
4. RIP, RIPAS

(radiation damage induced phasing with anomalous scattering)
5. MR

(molecular replacement)

6. Direct Methods
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The SAD/SAS Method HZB......

Zentrum Berlin

In principle, two, three or four wavelengths are not needed.
@=  One should be enough if other information is available, e.g.
possibility for solvent
(h,k,1) flattening.

The situation is exactly
analogous to SIR.
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S IR an d SA D HZB Helmholtz

Zentrum Berlin

- (h,k,I)
ii AF;;
AF},
0 -
FH Fou F Fey
Fey o Oy
Fs F. (not observed)
o | Oe Olp
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EX p er | ments HZB Helmholtz

Zentrum Berlin

é 1. Se-Met-protein

BioStruct-X Course, 03.09.2013, Budapest, Hungary



EX p er | ments HZB Helmholtz

Zentrum Berlin

e 1. Se-Met-protein

2. almost any other heavy atom derivative
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EX p er | ments HZB Helmholtz

Zentrum Berlin

a 1. Se-Met-protein
2. almost any other heavy atom derivative

3. naturally present Fe, Cu, Zn, etc.
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Experiments Hzgtr“ﬁ:“;;?ﬁﬁ

@ 1. Se-Met-protein
2. almost any other heavy atom derivative

3. naturally present Fe, Cu, Zn, etc.

4. light atoms (P, S, Cl, Ca, ...), the absorption edges of
which are not accessible
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Long Wavelength S-SAD HZB.......

Af" [electrons]

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Element
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Long Wavelength S-SAD HZB.......

*
r.i.m.

Rca nom / R

08 |

0.6

0.4t

0.2

Zentrum Berlin

o ——

0.5 1.0 1.5 2.0 2.5 3.0

wavelength [A]
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Long Wavelength S-SAD HZB.......

Zentrum Berlin

“ Proteinase K:
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Phase Determination Methods HZB......

Zentrum Berlin

1. SIR, SIRAS, MIR, MIRAS

(single/multiple isomorphous replacement with anomalous scattering)

2. MAD
f (multiple wavelength anomalous diffraction)

3. SAD (SAS)

(single wavelength anomalous diffraction/scattering)
4. RIP, RIPAS

(radiation damage induced phasing with anomalous scattering)
5. MR

(molecular replacement)

6. Direct Methods
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The RIP Method HZB......

Zentrum Berlin

Radiation damage induced phasing is a relatively new method.

@ ——> h, k|, |Fbefore(hk|)|
SS SS

g@ BURN{ o(hkl)

~

R

== h, K, I, [Faper(NKD)]
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Experl ments HZB Helmholtz

Zentrum Berlin

@=  The RIP method is in principle applicable to all crystals,
which are damaged by X-rays (or UV).
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Phase Determination Methods HZB......

Zentrum Berlin

1. SIR, SIRAS, MIR, MIRAS

(single/multiple isomorphous replacement with anomalous scattering)

2. MAD
f (multiple wavelength anomalous diffraction)

3. SAD (SAS)

(single wavelength anomalous diffraction/scattering)
4. RIP, RIPAS

(radiation damage induced phasing with anomalous scattering)
5. MR

(molecular replacement)

6. Direct Methods
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The MR Method HZB......

Zentrum Berlin

- Molecular replacement can be used to solve a structure
when a homologous structure is available.

When the homologous structure can be correctly oriented

and positioned (6 parameters), it can be used as a starting
point for phase calculation.

MR does not necessarily need synchrotron radiation, but
MR phases can be validated by anomalous scattering.
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Molecular Replacement HZB......

Zentrum Berlin
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AL AL F L
L. at |
ﬁ A R
.® . . .
'-’o‘ - .
. " *

Exp. Patterson Mapx a

-
"+ o
-
- - . -2 -2 .
. ’ . b ’ -

ol el

: . .
-t -
N .b
¢ * .
o

. Rotation Function
._-,' RF(OL BY)

Model Patterson Map

BioStruct-X Course, 03.09.2013, Budapest, Hungary



MOIeCU|ar Replacement HZBHeImhottz

Zentrum Berlin

N

v R
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Model Patterson Map

EXp. iDatteréon
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Phase Determination Methods HZB......

Zentrum Berlin

1. SIR, SIRAS, MIR, MIRAS

(single/multiple isomorphous replacement with anomalous scattering)
s 2. MAD
i (multiple wavelength anomalous diffraction)
3. SAD (SAS)
(single wavelength anomalous diffraction/scattering)
4. RIP, RIPAS
(radiation damage induced phasing with anomalous scattering)
5. MR

(molecular replacement)

6. Direct Methods
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Direct Methods HZB......

Zentrum Berlin

@m Thisis the method of choice in small molecule crystallography.

It usually needs a resolution better than 1.2 A.

For proteins, it works only in exceptional cases:
% < 1000 non-hydrogen atoms,
“* heavy atoms present.
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The Electron Density Equation HZB......

Zentrum Berlin

i Once the phases o(hkl) have been determined, the three-

dimensional electron density function p(x,y,z) can be

calculated.

o(x,y,z) = 1/IV thl |F(hKI)| eiohk) g-2mi(hx+ky+z)
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Electron Density HZB......

Zentrum Berlin

All that is left to do now is to interpret the electron density
In terms of the three-dimensional structure.
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Signal Strength and Data Quality HZB......

Zentrum Berlin

S-SAD: ~1%

BioStruct-X Course, 03.09.2013, Budapest, Hungary



Signal Strength and Data Quality HZB......

Zentrum Berlin

Zhkl Zi | Ii,hkl ) Ith |

zth Zi | Ii,hkll

T (NI(N-1))12 2 | | g T |

thl Zi | Ii,hkll e

T W(N-1))22 2 | 1 g T |

Zth 2i | Ii,hkll

zth | Ith ] Ith

12 2 | g *+ g
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Summ ary HZB Helmholtz

Zentrum Berlin

= Two Fundamental Equations in Crystallography,

F(hkl) and p(x,y,2) B il
= The Phase Problem o f=feaPenr

——

« Normal and Anomalous Scattering

= Determination of Af ' and Af ” , |
= Phase Determination Methods (SIR(AS) MIR(AS)

(h,k,1)
AF;

.’/,f
aF,

o

S

s E 4
V4 K F.(not observed)
[ Op |

ourse, 03.09.2013, Budapest, Hungary
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HZB Helmholtz

Zentrum Berlin

Thank you for your attention
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