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The horse in motion
Eadweard Muybridge 1877

e L e

Sallie Gardner at a gallop

HHHN
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The horse in motion

yright, 1878, by MUYBRIDGE MORSE’'S Gallery, 417 Montgomery St

Tue Morse in MoTioN,
; : 1

MUYBRIDGE
“SALLIE GARDNER,” owned by LELAND STANFORD; running at_a 1.40 gait over the Palo Alto track, 19th June, 1878
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he “BIOSANS” instrument D22 at the ILL

- Source-to-sample distances:
from1l.4mto 17.6 m

* g-range:
1.5x103 nm*<qg<10 nmt

¢ MaX ﬂUX at SpGClmen Neutroln\,;elocit},r Collirl”nator Apenuge
1.23x108 neutron/cm=2 st ‘

e Spot on sample: Nebironbear ;
5 X 5 m m2 <> < Vacszlm tube Detector
Aperture A T Neu_tdron L=20m @&25m 128x128 pixels
guide
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Synchrotron based time-resolved SAXS

- Source-to-sample distances:
Up t010 m (ID02 ESRF)

o |
S S S S S

* g-range:
1x10°3 nm'<q<10 nm

R —
=}

APS, Chicago

« Max. flux at specimen:
Up to 10%° ph/cm= st

» Spot on sample:
50 x 50 pm?

020%0%0%
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Time resolved Small angle scattering

FreeFoto.cam

Petra-1ll inauguration November 2009
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SAXS: Using the laser!

Fast kinetics on the chaperonin system GroE

Complex formation kinetics
ATPase activity

(
0.0
0.0.0
00,0
.......
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The Chaperonin folding machinery

(d) Chaperones of the GroE
m,,mm,. e family are part of the heat
Pase 7 \ shock response of a
@ ) ) g bacterial cell. It consists of
B v @l 5@ n ©  the large GroEL cylindrical
-~ S e wa»  protein and a small GroES
‘ﬂsﬁ“ A n+= The refolding is a multistep
ATP: “ATR
0 BLE ATP driven process and

7= allosteric regulated.
Highly symmetrical particles:

2 X 7 subunits GroEL Nice system for small angle scattering!
1 x 7 subunits GroES

8 02.05.2011 EMBO Global Exchange Lecture Beijing 28t April to 6" May 2011 E M B L . B3



The Chaperonin folding machinery

main chaperonin GroEL
o ADP e two heptameric rings
R | e 800 kDa MW
e hollow cylinder
e binds denatured protein
and facilitate the refolding

co chaperonin GroES

e heptameric dome

e 70 kDa MW

e bind to one end of the GroEL
cylinder and close the cavity
like a lid

9 02.05.2011 EMBO Global Exchange Lecture Beijing 28" April to 6" May 2011 E M B L .



Time resolved SAXS

Investigation of Structural Kinetics

Example:

Reaction kinetics of an ATP
driven two component protein
system. Classical stopped-flow

i |“ AN AIAAL,,‘IIIIIMM i

) (1A I‘ | '
2 60 f I""“vnl‘"'"“' WI ' sl
H T i J“" WI f
2 A L
e M |

tion [A]

\(q)

fesiduae of he i

experiment.

- Typical mixing time in the range of several ms

« Suitable for the sub-second time range -

 50pul to 80ul total volume oo

+ on a third generation synchrotron radiation e
source such as the ESRF’s ID02 about 5 to 10
repetitions necessary

Apln

Reactand B

[
me fs) 40

M. Roessle et. al. J.Appl. Cryst.

Repetitive measurements

High sample consumption

Need of a suitable detector system
Time resolution ~ 10ms

guartz capillary

mixer

[ ]
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The Chaperonin folding machinery
Time-resolved SAXS data recording

Time resolved SAXS data
recording at IDO2 ESRF
Grenoble

100

150 ms frame rate
80 ul sample volume
10 repetitions

<& ~1mltotal volume

0,00

q[A™
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The Chaperonin folding machinery
Formation of the GroEL/GroES complex

radius of gyration [A]

66 — | il

0 AN
N 'I‘ PN Al
1YL A ) T ¥ a4 VA o G
e | ] N (kA | T1L=N] - q N
i » TH qﬁ"”l s 1 YRS T M A
(- 111 Y1 v E 1 T My
th 'L"%|’ ll !. 4! h‘jj A un !FML KT Iy |:,g I"r TNA AN 1L

— (GroEL+ GroES) + ADP (1mM)
— (GroEL + GroES) + ATP (0.1mM)
— GroEL + Buffer (Referenz)

02.05.2011

time [9]

EMBO Global Exchange Lecture

Beijing 28" April to 61" May 2011 E M B L

The complex formation is
Investigated by the time
course of the radius of
gyration.

The formation of the
static GroEL-GroES
complex is slower in the
presence of ADP, and
the ATP introduces a
second binding phase In
the complex formation
Kinetics.




The Chaperonin folding machinery
The GroEL/GroES two stroke motor

JAF Ny,

4
-

S A
- &

'

+ ADF

== -

The results support the
,Iwo stroke motor*
proposed for the
chaperion mediated
refolding process.

The switching between
the ADP and ATP bound
state faciltiate the
refolding by enlarging
the refolding cage under
the GroES lid. If ATP
bind on the other GroEL
ring the GroES is
released.

00 0
0%0%0%0%

T
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The Chaperonin folding machinery

GroEL ATP ase activity

radius of gyration [A]

64.0 —
63.8 —

636 T

VL ANA LS
63.2 —|f|+ “__ | v

63.0 —

0.2 —

time [s]

40

0042

-0.2 —

02.05.2011

EMBO Global Exchange Lecture

T
30

Beijing 28" April to 61" May 2011

Cooperative ATP
binding mechanism
for the ATPase
activity.

The early stage of
the ATP binding is
not visible (< 125
ms), but the lack
phase at the
beginning indicates
a cooperative
binding and activity
behaviour

®
« [
[ @
€ ®
' @
<
JQ,()C)@



SANS: Using the candle....

Slow kinetics on the chaperonin system GroE

Casing experiments
Complex formation with deuterated components

(
0.0
0.0.0
0,0,0.0
........
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Cell, Vol. 93, 125-138, April 3, 1998, Copyright ©1998 by Cell Press

Crystal Structure of the Thermosome,
the Archaeal Chaperonin and Homolog of CCT

Lars Ditzel,* Jan Lowe,*5 Daniela Stock,*§
Karl-Otto Stetter,t Harald Huber,™
Robert Huber,* and Stefan Steinbacher*#
*Max-Planck-Institut far Biochemie

Am Klopferspitz 18a

D-82152 Martinsried

Germany

TInstitut fur Mikrobiologie

Universitat Regensburg
Universitatsstrasse 31

D-93053 Regensburg

Germany

folded proteins prone to aggregation (Staniforth et al.,
1994). This interaction seems to be largely independent
of the structure or sequence of the substrate proteins
(Viitanen et al., 1992; Horwich et al., 1993), but exposed
hydrophobic regions appear to be a common feature
for substrate recognition (Fenton et al., 1994). Bound
substrate molecules are released in an ATP-dependent
manner from the binding regions and are encapsulated
in a closed compartment where folding proceeds (Weiss-
man et al., 1995; Hayer-Hartl et al., 1996; Mayhew et al.,
1996). Several rounds of binding and release may be
required to reach the folded state (Weissmanet al., 1994;
Mayhew et al., 1996; Rye et al., 1997). A characteristic

Group II chaperonin in an open conformation
examined by electron tomography

Michael Mitsch , Jochen Walz |, Dieter Typke , Martin Elumpp ,

Lars-Oliver Essen & Waolfgang Baumeister

Max-Planck-Institut fiir Biochemie Martinsried

02.05.2011 EMBO Global Exchange Lecture

Beijing 28" April to 61" May 2011

The Thermosome: Open or Closed structure?
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The Thermosome: The complete cycle

. : : _ Nucleotide conformation
] AMP-PNP open
ADP-AIF open
. ADP-Pi closed
ADP open
Pi (control) open

activated Thermosome ATP

> R
'
i)

Open and closed ““ mmmmmmm @

4
.. \ Thermosome ATP
conformations exists during ——

the active cycle! > .?@ ./

| .Gutsche, et.al CURRENT BIOLOGY, 10:405, 2000. Thermosome ADP+P,

17 02.05.2011 EMBO Global Exchange Lecture Beijing 28" April to 6" May 2011 E M B L .
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GP31 the bacteriophage Chaperonin cap

02.05.2011

p(r)*1000 (a.u.)

0 50 1(|)0 150 200
r [A]

The GroEL-gp31 chaperonin complex, composed of
the E. coli GroEL and the bacteriophage T4 encoded
gp31, is essential for the folding of the T4 major
capsid protein (gp23). Interestingly the E.coli GroEL-
GroES complex cannot satisfy the folding
requirements of gp23. Although the amino acid
sequence of gp31 and GroES s only 14% identical,
their structure is quite similar.

[ ]
EMBO Global Exchange Lecture Beijing 28" April to 61" May 2011 E M B L E
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Chasing experiments

Preloaded GroEL

N N/ N

ST~ Iy

- II||
Al

T e 1IN
11 111

AR o

HI

1111 N N

with GP31, both
native is mixed with
per-deuterated

GroEsS.

The GroES will
“chase out” the
GP31 from the

complex.

This reaction is dependent on the binding constants

19 02.05.2011

EMBO Global Exchange Lecture

Beijing 28" April to 61" May 2011
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Chasing experiments

1.07

1.06

1.05

1.04

sart (1(0))a.u.,

103 k29
1.0z F

1.01 =

PR 1 PR T PR T
o 5 10 15 20
t/h

Chasing of GP31
Chasing of native GroES (control)

02.05.2011 EMBO Global Exchange Lecture

Analysis of the I(0) time evolution

 double exponential behavior
» two different reaction mechanisms

» GroEL and GP31 show different
binding constants

Explanation:

Fast reaction the real chasing of bound
GroES or GP31 by invisible GroES
takes place.

Second slow phase chased GroES or
GP31 starts to compete with the
invisible GroES.

Beijing 28" April to 61" May 2011

EMBL ii



Time resolved SANS

A open to air B C open to air

o7 16y

buffer buffer
reservoir reservoir

buffer
reservoir

—

vacuum
pump

vacuum
pump

21 02.05.2011 EMBO Global Exchange Lecture

Beijing 28" April to 61" May 2011

Stopped flow
setup for SANS

« 100 pl needed
* large cell
 cleaningis an
Issue!

* Measurements
at high contrast
conditions

* D,0 buffer with

low incoherent
background

EMBL i



Time-resolved protein solution SANS

(q) au

10 x
averaged

—

=l(q) a.u.

0.0a q (iACH]

0.05 a ‘FAOL' D15

1 sec. exposure at D22

The lower flux Is partially compensated by the higher scatting
contrast of deuterated proteins in D,O!

22 02.05.2011 EMBO Global Exchange Lecture Beijing 28" April to 6" May 2011 E M B L '. $



Time-resolved protein solution SANS

50 — Formation of the
GroEL/GroES,
football complex

48 —

48 —

Native GroEL with
deuterated GroES in
100% D,O

radius of gyrafion [A]

42 — P

radius of gyration [A]

Rg decreasing
Indicates the
formation of this
symmetric complex.

40 —

ag 1§

38 —

o S0 1000 1500 20000 25040 300
time [=]
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Low flux SAXS: Using a LED lamp...

Slow kinetics on Insulin fibrill formation

Formation of large ordered protein complexes
Investigated by time resolved SAXS
From minutes to hours

(
0.0
0.0.0
0,0,0.0

.....
........
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Fibrillation of insulin

5 g/l 20% acetic acid 0.5M NaCl 45°C

. 0 hours: monomers N 8
lg |, relative 53\
4 o B -
. ‘
3 .
S
2 k 6 |
3 3
11 P Scattering and shape
01 5 of the intermediate - |5
-1 - 5
-2 - >
-3 A 8
-4 - 9
-5 1 10 -
-6 - 1
-7 - 1 & '
8 - 13 -~ ]
9 - 14 g ]
-10 A 15 B~ | ]
11 R YARSII A .y |
-12 T | I |... - 3 200 A Al l
000 005 010 015 020 _ ,.
s, A

log (Eigenvalue)

SAXS detects
] three components

1 2 3 456 7 8 9101112131415
Component

Growth rate of fibrils is
proportional to volume
fraction of intermediates

Monomers

Time ( hours)



Fibrillation of insulin

Oligomers are fibrillation nuclei and potential targets against amyloidosis

Assembly of protofilaments Formation of mature fibrils
from the helical precursors (5-6 units) from intertwinning protofilaments

Vestergaard, B., Groenning, M., Roessle, M., Kastrup, 1.S., de Weert, M.V., Flink, J.M., Frokjaer, S., Gajhede, M. & Svergun, D.I.
(2007) PLoS Biol. 5, €134

ra¥o¥e?
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The future iIs brilliant!

Time resolved SAS on modern high
brilliance SAXS beamlines

(
0.0
0.0.0
0,0,0.0
.........
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Parameters of the new BIOSAXS beamline at
the EMBL Hamburg

- Standard (DCM) mode 2 x 10%3 ph/s
« High flux (MLM) mode 1 x 10*° ph/s

* Pink beam mode 9 x 10> ph/s

= > - ] w; — o R Eﬁ\;\‘;
. AR i ) Ray tracing: beam size
205%64 um* - e and divergence @ 8 KeV
ho e -m%ﬂ‘qﬂ}; Nﬂfé;i?::

AHHHN
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Time resolved small angle scattering:
Fast Mixing in laminar flow geometry by microfluidics

Mylar Film

(22 ym Width)

Image intensifier & CCD

Syringe Drive

protein
solution —
pH2

29 02.05.2011

= ]

Mixing Plate S
Akyama, PNAS 2002 (400 um Width) Mixing Point

(O=ELy)

100 pm
Wty

buffer
Jsolution

pH7 :X-ray beam

focused protein
buffer solution

solution

pH?
L. Pollack PNAS 1999

EMBO Global Exchange Lecture

- fast mixing times ~10pus to ~100us

» continuous flow method but small sample

consumption!

« micromachining or lithographic
technology

SODT 38
{ ™ Unfolded at pH 2.0 24
(infinite dilution) ~24
-
500 Unfolded at pH 2.0 8227 % .92
@aimgm) 1 Go,. :
e S S £ .
d‘ —~ -
< 400+ [ ¥ 7
~ = N T
x ! D,
300-
200
L
Unfolded 10°  10*  10°  10® 10"  Native
Time (s)

Akiyama et al. PNAS 2002

020%
020%0%0%¢

0_0_0_0
Beijing 28t April to 61" May 2011 Se5020003
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Online sample preparation
Micro reactors

Mixing zone of the 100 SAXS curves taken along
tube-in-tube chip the mixing zone

\
W
) \
Y o F
.

ESRF microfocus beamline ID 13

Sample environment depends on :
scientific question .
e.g. silk fiber maturation under ®
shear forces 1.
v Q(r?r'r11")
Fibroin in solution Aggregates
(dmax = 38 nm) (dmax = 260 nm) Semi-
crystalline
aggregation maturation
o . é @y
0 > »
. . - de_so €y
A. Martel et. al. Biomicrofluidics 2008 ¥ v ¥
a-helix B-sheet
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Microfluidics of droplets

3.5
—> surface energy dominates Raio Ey 10E,y
20 for a droplet velocity v=2.5m/s
As the surface energy scales with L~
the 25 |
surface energy dominates over the
kinetic energy: =
LIJm 2.0
— 2 uf
Esurf =4onr Sphere of 15
radius r
— 3 /2
E., =4/6pnriv
1.0
Formation of stable droplets,
which can sputtered on a surface 05 suace eneryis dominan et ererty
without splashing
| Ty 3 abens |2 3 abenal 2 34k
\ 1 10 100
© ©O 0 0 0 0 0 o= . diameter of sphere [ym]
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Mixing of droplets on the fly

mixing of the droplets by Reagent A Reagent B
collision is very fast
tix ~ 10ps

Following the reaction o °
by scanning the flow after
the mixing with the X-ray o °
microbeam. 'meam
Example:

droplet volume:  65pl
droplet frequency: 1000Hz
exposuretime : 10s
time points : 100

=P 65 pl Volume R. Graceffa et.al. 2009

ESRF ID13
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Mixing of droplets on the fly
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Time resolved SAXS/WAXS

Access to structural dynamics

a - lj H
— = %’ L ?, pho?oe;:is
[ 31.6 ps after
%‘%107- § :l‘ photolysis
iq [ Bag ™
3% 0°F .
25 _ o
(8§105— % ;zz(\J\’\/\/‘vM/\r\
g oF
104 L1 1l L1 llllll. ?‘_20._"
107 107! 10° - o PR L
g (A y P ok -
DecxyHb-HbCO 3 s o Py
6r L5 J0 50 4 ¥ & G VoY
10" photons M L ot ; PR ; e aj e g{iﬁ
8 3 1012 photons - % <150 ns Sus 1-10 ms N .
& = 3r 10" photons W
2 £ . )
2 § Laser induced conformational change
i o of hemoglobin TR SAXS/WAXS in the
- ' sub ps time scale
|
0.5 1.0 15 0 20 40 80
q (A" Size (A)

M. Cammarata et. al. 2008 Nat. Meth
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Petra-lll Experimental Hall
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