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Motivation: For neutron protein crystallography
large crystals are required -

Necessary crysal size:
At least 0.5 mm3

» Deeper understanding of the undelying crystallization mechanism is required
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Lysozym als Modell fur die -
*vl/ Proteinkristallisation

> Gewonnen aus

Wirkstoffe: HUhnerelwelB

:”:::;Ol:!;;er_-.-'im||r.ill'|i:.:|1| chilorid | |
frubjenzym > Antibakteriel

Holsschmetz riobesn
> In Tranenflissigkeit und

Speichel enthalten

+ hohe biologische Bestandigkeit
+ hohe chemische Reinheit
+ monodisperse Verteilung frei von Aggregaten

+ hohe Prasenz in der Literatur

Motivation Zﬁﬁ‘ 4

R
E T

20.11.2014



Uberpriifung der Sauberkeit der -
Probe mittels FPLC

150 T T T T i T T T T T
I Chromatographie
— Lysozymprobe &
2 NaAc/HAc Puffer
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hohe chemische Reinheit
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L= . Chosen crystallization conditions -

» Lysozyme 60 mg/mlin D,O, pH adjusted with 1M NaAc 0,02 um filtered

> NaCl 6wt% in D,O Puffer 10mM NaAc HAc 0,02 um filtered

\ }
|

»1:1 mixture:
Lysozyme 30 mg/ml + NaCl 3 wt% in D,O buffer @ pH 4.35

crystals ca. 1 mm at
Monomer size: r = 1.9 nm T =298 K
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Scattering Methods
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J/Juch Centre for Neutron Science Meth Oden & InStru mente -

Kristallisationsprozess lauft auf verschiedenen Zeit- und Gré3enskalen ab

Einkristall Diffraktometer
(z.B. BioDiff)

SANS:
Small Angle Neutron

Neutronen (ZB KWS'Z, D1 1)

4mn 0
gestreutes q =—— *Sin—

Licht A 2
Photonen
>

DLS: Dynamic Light Scattering

SLS: Static Light Scattering
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Methoden & Instrumente -

Kristallisationsprozess lauft auf verschiedenen Zeit- und Gré3enskalen ab

Einkristall Diffraktometer
(z.B. BioDiff)

Neutronen
. SANS:

Small Angle Neutron

PR | L P ] 2
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2 The SANS experiment -
/ Jiilich Centre for Neutron Science




: The SANS experiment -
/ Jiilich Centre for Neutron Science
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;) The SANS experiment
74




;} Methoden & Instrumente
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1" " SANS Daten BioDiff

3‘\\;\\%\.4 / — Lysozym (Puffer abgezogen)
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Radius ermittelt durch Formfaktor einer Kugel weist auf Monomere hin
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b}Juch Centre for Neutron Science Meth Oden & InStru mente -

Kristallisationsprozess lauft auf verschiedenen Zeit- und Gré3enskalen ab

gestreutes

Licht
Photonen
>
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Exkurs: Kleinwinkelstreuung

Partly taken from:

Introduction to Small-Angle Neutron Scattering and Neutron
Reflectometry

Andrew J Jackson

NIST Center for Neutron Research

May 2008
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;) Scattering of neutrons: Nuclel as -
4 point scatterer

v

- Scattered circular wave: E gl

[ (/7N

Incident plane wave: e*

MNucleus at r=0

- lal 1

k' sing :T“(l
d 41
= i =2 sing
28 q =2k sinf X
_______ -
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;) Differential cross section
74
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Scattering direction

Incident Meutrons
c—-—._._l_"__

Z-axis

Figure 2: The geometry of a scattering experiment (after Squires)
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} Some formulas -
/ Jiich Centre for Neutron Science

2

% (@) =
YT N

N
E b?' !'-_"-?Iq'r
i

p(r) = b;6(r — rj)

For small angle scattering we can use the integral instead of the sum:

2
d. N do, | 1

oo el s o B NeldT gy > i b
= (@) = o0 (@) 1;£ﬁﬂﬁ ! ?

with ==

Coherent and incoherent scattering including absorption give the
complete differential cross section:

0\ ="q @+—n 10
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) The small angle scattering secret -
/ Jillich Centre for Neutron Science

r

Figure 3: Scattering length density of water as a hunction of distance from a given oxygen atom

(after Kline)
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2 The final formula to calculate a -
2 v i scattering law

=2

dl. 1 =]
S — — . 4T
H‘ﬂ_“” =V o1 — p2) ./;-'1 £ dry

For example for a sphere one obtains for the modulus of the integral:

P

P(q):[SjI(QRJT { 3 lsm(QIi.)_ms(QR) H
QR QrR| (@R’ QR
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V;) Formfactor of a sphere
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Figure 7: Form Factor spheres of radius 3A. R, = 234
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7 Different sizes of particles -
/ Jillich Centre for Neutron Science

100000 E Particles with diameter of
; 300 nm
10000 4 ——50 nm

1000_; \ 1.9 nm (lysozyme)
100

(concentration=constant)
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©
> ]
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g
e ]
o 0.1 3
© E
O ]
n 0,01 -
1E_4- r r — r r — L - hll
1E-4 1E-3 0,01 0,1

q/A’
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b} Formfactor of a cylinder
74
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/

Figure 8: Form Factor for cylinders of radius 30A and length 400A. Ry = 117A
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2 Influence of a size distribution=
) e s Polydispersity

! T T T T
10 Polydispersity
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gm Dynamische Lichtstreuung

Kiithlkreislauf |

Klivette -\
Interlock . '
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Methoden & Instrumente

Autokorrelationsfunktion weist drei verschiedene Zeitkonstanten auf

J— _2qut URAZLLL LRI U L LA R AL L LR L) ML L R R AL
82(7)_1_6 ol l ]
. Zeitkonstante: t;, t,, t, 08 |- * 1
- ‘ o P | i
« Diffusionskoeffizient: S y
l 04 \‘\ .
« Hydrodynamischer Radius: A\
02} \.\ |
r, = Kyl 2t q° —
H — n4 0,0 I N v
6717
1E-5 1E-4 1E-3 0,01 0.1 1 10 100 1000 10000
4dtn ] 6 time [ms]
q=—— *sihg : . . -
A 2 Keine Forminformation moglich
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Pre-characterization of the
lysozyme sample in the lab using
light scattering

-
31.03.2014 ﬁmﬁﬁ Motivation 7;’ 27



2 Dynamic light scattering gives the
= esoeses AUMber of particle sizes present

T=2945K

#
00 | N

PEEERTIT B R AT B AR AT BT
1E-5 1E4 1E-3 0,01

T R SR TTTT B AT B AR ETTT |

0,1 1 10 100 1000 10000
time [ms]

g'(t) -1[a.u.]

T=298 K

1,2 e T T T T

1,0 i
0,8} ° oooq?% i
0.6 o |

Q
| %
04} 3 .
02} "'4_' i
O’O [ G o o Syimei 65 vend W LGt © Y eIt 4 SRl G Sl % Rlen
1E-4 1E-3 0,01 01 1 10 100 1000 10000

Verzdgerungszeit t [ms]
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!

Pre-characterisation of the
crystallisation speed with DLS

T=2945K T=298 K
N J ' ' ! ' ' ! ' ' b ' ' J 8 LT T TTT T T T T TTT T T T ]
— 10 F DLS Daten . [ ]
E 9 = kleinste beobachtbare Struktur _ T 7 — o Taten .
Tz 8F : ,_-E'I s b B kleinste nachweisbare Partikelfraktion
2 Ty T 2 z
T | 3 5f _ E
S ohf TLTEE I
s 5 Mfiﬁ# ;.l; % LEE L 4 r n n " .
- L
g 4 ' : 8 af
b= 2 3 E I
% 2 ; ] S 2f
g 2 E > [
C - L
B 1t S 1[
e E o] [
© : > [
E 0 ! 1 L L 1 f L i 1 1 1 1 n 1 f "Co'. | PSR TR | | EPURMETEN EEETEPUN MRS SR B UPTAT O ISR M
0 30 60 90 120 150 0 1 2 3 4 5 6 7 8 9 10
Zeit [min] Zeit [min]
» Constant radius of the dimer fraction in both cases
20.11.2014 ﬁmﬁﬁ Messergebnisse 7;;( 29



? Comparision with the literature -
/ Jillich Centre for Neutron Science

T=294 5 K Y. Georgalis, A. Zouni, W. Eberstein, W.
Saenger, Crystal Growth 126, 245-260
T ¢ I * = [ & & [ ¢ % ]| ® & T =® ¢ 400 I, T - —
__ 900 DLS Daten: § '
£ o Zwischenzustand Th
~ 400 | Rt) = R (1+ct)] . 300 ¥
1] I =6 : |
e i —_
g 300+ . £
5 | _ _ E 200
g 200 | R0—2,Onm 1
g = 1365 A
© B 2 ]
= 1007 N,=3,14x10" cm” 100
'c L
2 I
1= O ¢ 4
-C [ 5% ¢ s o4 ¢ s v s 0w o5 o» § ow ¢ 4 ow 0 L )
0 15 30 45 60 75 90 0 15 30 45
Zeit [min] i [min]
DLS with 60mg/ml Lysozyme mixed with DLS with 61.3 mg/ml Lysozyme
6wt% in D,O Puffer mixed with 7.2wt% NaCl in H,O Puffer
pH 4.35; T = 294.5 K; scattering anglel 174° pH 4.2; T = 293 K; scattering angle 20°

E‘n
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gm Change in fractal demension -
observed at T=294.5 K

T=2945K

df= 1,3

0,006 T T
SLS Daten nach
0,004 | o ¢ 20s
. A 40s
S e f _ O 80s
, < o O 10 min
£ 0002, ST © 20 min
o o 60 min
g CJ »
(1] -0,
= 1E-3f q R ]
- N )
> 8E-4} S SN ]
Q A o\‘_
> 6E-4} B\
© VERY O
4E-4 | SEN. o
1 1 I
2E-4 5E-4 1E-3 0,0025
-
q[A]

Fractals form! gﬂ%%&;g‘%
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2 Dynamic light scattering to -
= esaases characterize the sample system

T=298 K
152 LB 2250 | LR LB | LR L LEELL ) LR LR | L ELB R EL LR 2B | LS EEEL ) LR ELERLL
» No third particle fraction observed [ Dimere bzw. DLS Daten =~
1,0 + kleine Oligomere o Kristallisationsansatz -
nach 9 Stunden
0,8~ ° ooo i
3 %,
> Crystals grow larger in size = 08} 1 1
as at 294.5 K = oal ) |
™ Mikrokristalle
02k §
N - . | F}I: E 0’0 B L it i kil i 1 ERTTI BT B I I ‘

Verzégerungszeit © [ms]

1E-4 1E-3 0,01 01 1 10 100 1000 10000

—
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) Long term observation of the -
= -enee CryStallisation process with DLS

DLS Daten
o Nuklide und Mikrokristalle
der Lysozymkristallisation

w
—

N
s

Wachstum der
Mikrokristalle =

) |
co
_ Weéc% ® .
PO a2 1
" Bildung der Nuklide l

& Erreichen des metastabilen Bereichs |
PO S N TN W W (N TN T WO N VO WY S [N N WO W O T T T T S S Y T W

3 4 5 6 ¥ 8 9 10
Messzeit [h]

—
T LI

1

A

&4
hydrodynamischer Radius r, [um]

o

o
N
N

« In the beginning we have two particle fractions
« After three hours the sample is not ergodic any more: Large size
fluctuations in the larger size fraction is observed

 Interpretation: Small crystals diffuse through the observation volume
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Small angle scattering signal can be
;} calculated using a model fit of the DLS
data

Volume of the crystal nucleus 500]  DLS Daten:

o Zwischenzustand
R(t) = R (1+ct)™ ¢

400 [

dX

300 [

*
<
A\

Ra =20nm

hydrodynamischer Radius r” [nm]

dQ 1
r c=136s
L & d =16 ]
100f o - ]
Scattering contrast of lysozyme 3 N,=3,14:10" cmf ]
ol
(i).l1l5lI3IOII4I5I‘6IOI.7'5II90
Zeit [min]




) In-situ experiments at the instrument -
/Ji_ilichCentreforNeutronScience D1 1

Time resolved structural information
on the Lysozyme crystallization:
In-situ DLS and quasi-in-situ SLS together with
mit Small angle neutron scattering (SANS)
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gw Scheme of the set-up -

Waste-syringe

laser
path

neutron path J-
D11

Syringe pump beam collimation
& final apperture
___lysozyme solution T

",
| L -
L _I ,:rié]mixer .
__ | — RN Y

NaCl solution /}

forward

— :| monitor

18 detector tubes
scattering angles
22.5t0 147
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Picture of the set-up at D11

Juilich Centre for Neutron Science

Detector tube
D11

In-situ set-up with
dynamic light scattering

y/ "
Collimation with last
apperture of D11

et
e

Syringe pump

e
Wyatt Static light
Scattering instrument
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;) DLS-data recorded in-situ at D11
74
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bl bR | HERELARLL | UL || LR | LAY | vor T
1,00 | stable dimers %300 [ ﬁ%ﬁ _
l g {}ﬁﬁﬁ '
T 200t ﬁﬁﬁ{%
— 0,75 N E ﬁﬁ i
= [ g0 % DLS data 1
.S, "g" { o lysozyme oligomers |
«- o < ol ! ! \
~ 050F  DpLSdataon Y e
%  lysozyme crystallization
- 5 min /oligomers
0,25 [ ——12min
- —— 35 min
double exp.
- decay fit
0,00 T T R T B T I
1E-5 1E-4 1E-3 0,01 0,1 1 10 100

delay time t [ms]
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J SANS + SLS
4
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e ———eree————— | T= 298 K

@
: \ Quasi in-situ SANS & SLS data
- on lysozyme crystallization

o  SANS after 80 s
—=— SLS after 80 s
—&— SLS after 10 min

o SANS after 40 min
—e— SLS after 40 min

7
"

—
LI |
1]

e

dz / dQ [cm™]

01

0,01 0,1 0,4

2E4  1E3
q[A7]
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2 On the reproducibility of the -
7 crystallisation runs

40

(93]
(92
o

= = N N W
c o o U O
o O O O

hydrodynamic radius r, [nm]
[$)]

0

o

o o

1 ' 1 ' 1 ! I ! I ! I ! I ' I

In-situ DLS data on lysozyme crystallization 1 Differences in the Speed of the

N I T ¥ 1, | Crystallisation process:

- DoEAF 359 % %i”ﬁ ) « Possible reasons are

I 3 §i§ iggignf- fluctuations of the

[ ¢ %%_%ﬁicm.?“;u ] temperature in the

_ T g?g%ﬂ -!-;Wu\m_- vicinity of the sample
e o
il

20 25 30 35
time [min]

Scaling factor necessary to account for the differences

o
[¢,]
N
o
-
[6)]

20.11.2014
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2 Reproducibility of the results -
/ Jillich Centre for Neutron Science

'g' 400 T T T T T T T T T T T T T T T T T T T
IIIIIIIIIIIIIII = - In-situ DLS Daten des Kristallisationsansatzes
400 [ ] o 5 350F o Messung A .
= | In-situ DLS data on lysozyme crystallization b
E 350 measurement sequence: i i ¢ Messung B % ]
= 5 AoBoG . 39958 ® 300 © MessungC G % y
§ 300 DoE&F 23 ¢ % %i@%? = < Messung D 1% e
3 200 é%ﬁ%ﬁﬁggégf ii — &P 0 Rl aea T
5 200[ sgeeliosotois Tl L - 43
CRS S S 1 H i @ 200t :
g or g adtigertt e et 5
& 100 - %gﬂ :*-ﬁglf JM\H\ H L 150 | s
8" Al Hh (71714 =
2 %r %EJ [T c 100} -
2 . !
ol > I
............... §o)
0 5 10 15 20 25 30 35 O 50 Z mzzzz:gg <
time [min] E, A i | | e 1

N 1 i 1 1 1 L 1 L 1 L 1 L 1 1
0 5 10 15 20 25 30 35 40 45 50
Zeit [min]

» A scaling factor can be determined to correct for tiny differences in
crystallisation speed

298 K

T=
20.11.2014 ﬁmﬁﬁ In-situ Messungen /7;/ 41



Results of the SANS a

ok
measurements at 298 K

» Extended g-range due to SLS

» temporal evolution of the 10
structure of the lysozyme
nuclei can be followed

dZX\dQ [cm™]

» Change of fractal dimensions

— ——ry —
Quasi in-situ SANS & SLS Daten |
des Kristallisationsansatzes ]

o SANS nach 80 Sekunden

—=— SLS nach 80 Sekunden

—a— SLS nach 4 Minuten

—a— SLS nach 7 Minuten

—&— SLS nach 10 Minuten

0 SANS nach 40 Minuten

—e— SLS nach 40 Minuten -

einer Kugel
2,1 nm

observed 0,1 hsfunktion /(q)ec g mit d=1,72 e
o et e i el il W,
2E-4 1E-3 0,01 0,1 0,4
Aq
qlA’]
d,=1,72
T=298 K
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Agreement of SLS/SANS data with in-
situ DLS data at 298 K

£ 300f | 5LS Batan - Quasi in-situ SANS & SLS Daten |
= i o groBte nachweisbare ] des Kristallisationsansatzes
® - : ! 1 | o SANS nach 80 Sekunden
T 250 | Pamkelfraktlond ] 10 ] —m— B[ & ngch 80 Sekunden
E [ —— R =R(T+c)" ! e ¢ —a— SLS nach 4 Minuten
S 200 4 = —e— SLS nach 7 Minuten
o I : ©, —&— SLS nach 10 Minuten
O [ ! e o0 SANS nach 40 Minuten
& 190F . T 4L —e— SLS nach 40 Minuten i
2 iy s o :
g 100 - Pé
c
= Formfaktor einer Kugel
-‘g 50 ] mit Radius 2,1 nm
= i 0.1F Anpassungsfunktion /(q)o g mit d=1,72 -
° 0 20 30 40 2E4  1E3 o I(I)I,01 — “6,1 I0,4
Zeit [min] q [A'1]
» Agreement of fractal dimension at 40 min. d;
. df = 1, 72
> Fixed parameter R, from SANS used for the model
fit of the DLS data
> Verification of the diffusion limited aggregation model T=298 K
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Just the SLS data is needed for
fitting the fractal dimension

0.01 L SLS data on |
F lysozyme crystallization
— O 5 min
£ O 7.5min
L,
O
o
o
c
[ 1E-3 | -
'
% —_— S(q)red; de=1,00+ 0,07
14 ——5(q),.; df= 1,24+ 0,05
——5(q),,; df= 1,40+ 0,02
——S(q),; df= 1,66+ 0,03
1E-4 L S -
1E-4 1E-3 0,004
A1
q[A]
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} Change of fractal dimension -
/ Jillich Centre for Neutron Science

- 1 r - Ir - - 1  r T * T 1T T ' 1
1,75 |- -
N~ B /}/ -
S 150 2 -
.9 - / -
)
c
"E’ I ]
=S 1,25+ :
= i SLS data on lysozyme crystallization
‘g’ —o— evaluated from S(q) __
- - ]
1,00 | -
) ) | ) ) | ) ) | ) ) | ) ) | ) ) |
0 15 30 45 60 75 90
time [min]
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Agreement of the changing fractal
dimension with the DLS data

300 |

N

o

o
|

hydrodynamic radius r, [nm]
o
o
|

d=1,0 »-ﬁ;
/
A /;/ DLS data
Y O lysozyme oligomers

Plots with d(t) from SLS |

31.03.2014

R () = R (1+ct)"
0 10 20 30
time [min]
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;} - Model for the crysallization process -

(A) Maonomers % (B) Oligomers % (C) Nuclei 9
B g B ¢
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;}h =~ Model for the crysallization process -

(A) Monomers (B) Oligomers (O) Nuclei

&K, &
DITAGEI L QY W 3
3 TG by

(E) Fractals

(D) Crystals Q D

Y. Georgalis, P. Umbach, J. Raptis and Wolfram Saenger, Acta Cryst. 53 (1997) 703-712
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Crystallisation at 298 K

5005 0 6.6, 83 g,8FPFD @ 3 BPBEEDS @
A) 0% 0 9500 B) o o 000%8 8g C) | ¢ opads
oo ° 59,0000 g ® . PP @8 @ ® @ %‘3?9
° 0 098 0% 0 | t<20s (PP Pg®BBge® @ | t~2-5min | L geb88gf “»
51 ) ) or S o (% b8 > % 8% S BP®
00 00080008 og 00 | —— ® " P8 % %$ @® — - m@ g)%%se »®
0 85 0% 08 0 9%, | after mixing 8&?@ B8P ® 3% o g o
0 99 600050 o 0% 2P PRD ® 8 o £ 8 RS ®
0959070 50 0 G D @88 Ba,® o Eab8 8 g ®
%OOOO oo 00 oo S GDQDGD é_)ec%% %(B é—)% %}%N
oo Ooooooooooo 8@%%%‘3’ ® cbfe &P 8@ Wy
t~ 10 =90 min
E) [P b
(2] t> 24h
~—
D
- ®
& &
31.03.2014 ﬁmﬁﬁ Motivation 49

o
= FRATME

SEVENoGR



;) | Summary
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> Lysozym dimers/ small Oligomers

« Size constant in time
« Concentration decreases (consumption
due to crystal growth)

LN NN S O B NN T S B R E B B E S B B N S B BN S B N R S B B B e A

DLS Daten
o Nuklide und Mikrokristalle
der Lysozymkristallisation

W
L

» Lysozyme oligomers

]
LI L

- Fractal Strukture ik ko : 5 o
 Involved in crystal growth Mikrokristalle s &na? 50
o & o]

« Are not present at T=298 K

hydrodynamischer Radius r, [um]

o - ek .
> Crystals _ “Bildung der Nuklide ]
L & Erreichen des metastabilen Bereichs |
0JA_L.I;;|JJ_.|_I..._.I;l;l;;..l;;..il.ljl.;;l..l;
« Growth at surfaces o 1 2 3 4 5 6 7 8 9 10
* Nucleation observed at T = 298 K Messzeit [h]

« At the beginning: Fractal dimension with
changing exponent

—
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Results form the instrument BioDiff
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Ergebnisse vom BioDiff -
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2 The crystallization solution
L s mounted in the instrument

-
z ] J@‘J&
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v] Ermittlung der Raumgruppe und der -
== Einheitszelle der Lysozymkristalle

Integration der Daten durch “hkl-DENZO" Software

Einheitszelle: 79.5 79.5 37.8 90.0 90.0 90.0

Raumgruppe: p 43212
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;} Methoden & Instrumente
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1" " SANS Daten BioDiff

3‘\\;\\%\.4 / — Lysozym (Puffer abgezogen)
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) Analyse des Kristallwachstums -
/Jl’.’llichCentreforNeutronScience am BiODi f f

T=298 K

600 - Neutronenstreudaten BioDiff
o Bragg-Reflex 1
A Bragg-Reflex 2
500 o Bragg-Reflex 3
¢ Bragg-Reflex 4

£
2,
)
S 400 | .
2 '
B
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C
2
= 200} i
=
| .
[®)
Z 100} 4
| 1 1 PR T B | |
0 10 20 30 40 50
Zeit [N]

« Zeitliche Entwicklung der Intensitat der Bragg-Reflexe
veranschaulicht das Kritsallwachstum

—
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)= SANS Messungen am BioDiff -

T=298 K
| LN LU L U LR RS AR AR
SANS Daten BioDiff
—DQO Puffer
. — 10 e .
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;) From small angle scattering to
74

Jlich Centre for Neutron Science s I n g Ie c rystal d Iff ra ct I o n
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Outlook
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‘ Detektor KWS-2

> In-situ DLS at KWS-2 = § ¢

« Additional scattering angles % -

£

o ——— Laserlicht

- —-— gestreates
‘ Laserlicht

v e BN Kollimator
N\

-

HAUOLNAN]
]

* Moving final apperture ;

Spiegel

verfahrbare
Strahlrohrnase

VT TSI SIS TSI IS4
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V;) Combination of FTIR and SANS
74

Juilich Centre for Neutron Science

from IR (1) (6)
light source \\ / to detector
n(z) (5)!]

J sarnple \
_ofife 7"

nutron beam —Hlj_lllj—’
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V;) Combination of FTIR and SANS
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P&+ a7
CO stretch :
stretc . >
~ 0201 8, i
CH stretch CH, scissor C \,' o~ . 90°C
CD StretCh C=C : 3 0 ,15 i .' .. . 11{3‘(:
stretch o Y H': ~\ ¢ 135°C
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Figure 3. Temperature dependence of Q/A-1

FTIR spectra measured in parallel with Figure 4. Temperature dependence of

the SANS measurement on a SANS one-dimensional intensity
sPS/TEGDME cocrystal film. The functions, | (Q) along the meridian.

temperatures are 25, 61, 80, 100, and
135° C from the top to the bottom.
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Many thanks to... ... The D11 team:

« Raimund Heigl|

« Joachim Wuttke
 Dieter Richter

« Simon Starringer
 Ralf Biehl

» Aurel Radulescu
« JOrg Stellbrink

* Ralf Schweins

» David Bowyer

» David Hess

* Emanuel Kenzinger

Thank you for your attention!
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