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Short presentation of current available techniques at beamline SWING

Memprot program: why and how

AQPO as the « Guinea pig » protein

Example of a recent application using Memprot:

MhsT protein in 4 different detergents
Dadimodo program: why and how

Example of application coupling Memprot & Dadimodo:

HasA-HasR protein with two different constructs

Short conclusion: foreseen new functionalities for Memprot and Dadimodo
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SULEIL Current techniques at beamline SWING

SYNCHROTRON © o
A https://www.synchrotron-soleil.fr/en/beamlines/swing
© o\ = * Small and Wide angle X-ray scatterING
Since 2008 From macromolecule to material.
* Hard X-rays Energy (U20 undulator): 5 keV to 16 keV (wavelength: 2.5 A to 0.75 A)

* BioSAXS *  Usual beam size (FWHM): 25-400 (H) x 25-100 (V) pm?2
* «Classical » SWAXS *  Structural information from non-crystalline samples (scale: nm to pm)
* PSAXS mapping sample

* PXCT (ptycho-tomography) X-rays
A~1A
F=% E~12Kev

Distance : sample-detector

Deformation under strain Phase transition of lipids/ liquid crystals

(=

Beaudoin, E., et al. (2017), Nanoscale, 9(44): 17371-17377

Protein conformations

)

Bizien, T, et al.
(2015), Langmuir,
31(44):12148-
12154.

aseajos ulens
w

intensity (a.

Strain application

Temp® increase

Roudenko O., Thureau A. & Pérez J., March 2018
Petrella, S., et al. (2019). Structure, 27, 579-589.
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SULEIL SWING Beamline A

SYNCHROTRON

Experimental Hutch N Optical Hutch

Tunnel under vacuum with X- XY and Z Q
motorized table
By

-

SEC-HPLC device SEC-SAXS SAXS cell vacuum chamber  Details of the SAXS cell Quartz capillary
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SWLEIL

Imaging activities
SYNCHROTRON

Microfocus set-up Local ultrastructure of Bone sarcoma
Scanning SAXS cartography

Slice ~100 pm thick
2D scattering/diffraction maps (spatial resol 25 um)
Sample size: a few mm

Intensity

atropy qd

A
g

%
Organisms Tissue
\ J

Cells Organelles Complexes
| J \

Proteins
Macro

Atoms
J
Micro/Meso Nano/molecular

A. Bardouil, F. Artzner et al., submitted.
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SVLEIL

SYNCHROTRON

Nanoprobe set-up

Ptychography X-rays Computed Tomography

- § 0 5w

Organisms Tissue Cells Organelles Complexes Proteins Atoms
|| J || J \ J

Macro Micro/Meso Nano/molecular

Based on diffraction from a coherent X-rays beam

Ptycho-tomography (PXCT) A

Dentin high resolution density map
Dentinogenesis Imperfecta study (cyl. @ 15 pm)

Microtubule
(brown)
diam ~ 1 pm

Collagen
network
(blue)

Elsa Vennat Alexandre Jeetoo D .
Margot Riou Thomas Reiss Cemef
Muriel De la Dure-Molla Alexis Nicolay Em
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SULEIL HPLC — MALLS/QELS - SAXS - Rl online

SYNCHROTRON
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Injector
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HELEOS- 11

18-ang|e MALLS/DLS

Refractometer
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SULEIL

SYNCHROTRON

« High-throughput injecting robot
— Duty cycle : 3'30”

— Injection volumes 10 to 50 uL
— No dilution effect : [0.2 — 2 mg/mL]

+ |njection / measurement / cleaning / drying

SWING: a robotic arm for BioSAXS

~ 170 pL of tubing from injection to SAXS capillary
$ Wetting effect induce loss of sample volume
$ Difficulties for injecting viscous samples
$ Cleaning and drying take time
$ Cross contamination might occur

0 pL of tubing from injection to SAXS capillary
© No sample loss
© Faster Cleaning and Drying process
© Viscous samples are allowed
© No cross contamination

nr..
ISAC Support Group @ SOLEIL (Laura Mufioz) a DeepSAXS

+ Automatic switch with SEC-SAXS mode
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SULEIL Motivation: apply SAXS to Membrane proteins o

SYNCHROTRON

* SAXS is good at monitoring conformation changes

* Membrane proteins undergo conformational changes

>

.... Y ) pH, ATP, effectors . 0000

One conformation A One conformation B

* How can we use SAXS to monitor membrane proteins conformation
changes ?

* ~ How can we use SAXS with a membrane protein of known structure ?
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SULEIL Our starting model protein: Aquaporin-0

(@)
SYNCHROTRON © =
Crystalline lens (eye) Purification of Full AQPO
AQPO (ex-MIP)
cornea 60 % of the membrane * From bovine eye to lens membrane
protein content
Natively tetramer
SN en Water transport across
cell membranes
v’ Two types of known existing states
v 3D already obtained * From lens membrane to AQPO in solution
: 2 [® * Detergent:
E iS5 Dodecyl-B-D-maltopyranoside (DDM)
3\ y = v’ Concentration reached 4 mg/ml (2ml)
‘é’:\l X - |10A
Q) TN NP 2 problems for SAXS:
Full AQPO, from cortex Truncated AQPO, from core e  Mixture
-> Tetramer -> Octamer . Detergent belt

Gonen et al., Nature 2004
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SVLEIL

Optical Density (mAu)

SYNCHROTRON

* Mixture problem solved with the HPLC

500 —

400 —

300 —

SEC elution using a 0.2% DDM buffer 0

100 |~

SEC-HPLC / SAXS combination

v’ Prevents the aggregates in
the sample

v’ Subtraction of free micelles
of detergent

%

Tw

N )

L@ Y
L
=

S
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SEC elution : O.D. (280nm) + R.I.

O
SOLEIL Yo
SYNCHROTRON 0.4 3 10.4
(A) Zone 1  Zone 2 Zpe 3 Zone 4 |~
=)
<03t . )™
~— \\\"ll’ N\ Q*“”” :,’ § — 2
> $ 2 ' ST
= " - & A ’”':‘.“* 1
(7)) A Wy s <3 ””E\ 5,,:‘ W
_§ 0.2r E’:m\\\s {m\ ‘\:E- 5 - Fa Wu%
— ”'m«‘e
S 11
501k Excess of
@) DDM
Elution Aggregates Isolated '\ . loading
buffer AQPO
\D'uftar
00— 16 18 20 22 °
. Elution time (min)
300 ( C) 04 = 3x10®
From Refractive Index & UV abs (280nm) = | o
0]
—1 o —03 =1
_ OD X(dn/dC)Detx RI- OD x[(dn/dC)Prot (dn/dC)Det § -2 &
o
EAQPO £AQPO | I oz | &
-9 M 112
NDet=—(p x Lot H017 | 3
¢  Mpet L=
Npe: = 238 £ 15 molecules per protein ” h 00 -0

Baranowski, M., Pérez, J. in Methods in
Molecular Biology., 2168: 177-197. (2021)

Elution time (min)
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ion : O.D. + A
SULEIL SEC elution : O.D. (280nm) + SAXS

.. m
SYNCHROTRON
0.4 4
(A) zone 1 Zone 2 Zpoe 3 Zone4 10
=)
E 0.3} N\ W,
- A 3*""”,:%,“ ‘\;: -2
"? - s S M
2 ) S oW, W\ T
cC O 2 B S % ML - 2 = \
-8 IR a’m‘:é S gjwu%
_ T
S =41
S04k Excess of
@) DDM
Elution Aggregates Isolated '\ . loading
buffer AQPO
\D'uftar
073 18 20 22 0
+SAXS > 1(0) & Rg - time (min)
2 2
I(O)_M.re neNA_ —
c N, \ M PoV

— M is constant
—> No depletion of detergent
—> Monodisperse solution

Optical density (mAU) &
o

o
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ion : O.D. + 0
SULEIL SEC elution : O.D. (280nm) + SAXS v\

SYNCHROTRON ot
10"

,..g 10° - \

s f \

>

e [ A

3 %

k= - \

\ .'fm\
10° \' .'~ “’J“f\
: Y % .
I i ,;3 "'*;*:JVG".;«.& o
e . v"‘-:-f"':.i_‘ .
"'-l .I'g‘ ,0':"‘-:*':\:::":3
+ SA i o i
8x101; . . . . .
soof  |(B) 10” 0.1 02 EE 0.4 05
2 Q) 0nm)
E
= 1(0)MppotN
@ prot™NA _
o - (HprotNA_PszrotMprot)
S Cprotf”
G prot
8 Npet= (nderN A—PVaetMaer)
3 Ndet™A™PSVdetVidet
0

Npo: = 225 * 25 molecules per protein
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SULEIL How to find a model which fits the curve -

SYNCHROTRON

Several electronic densities : protein/detergent

> SimpleWethod

A parametrized torus with two electronic densities The torus volume is filled with beads.

(A)

2(b/e+t)+a

The SAXS curve is calculated with CRYSOL

« Z
Beads « atoms » and grid parameters
chosen for Crysol input :

Prits = 0282 A > Leu/CD2
Pheags = 0520 A> Lys/NZ
Lipfert et al. (2007), Phys.Chem.B, 111, 12427-12438
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SULEIL Validating the beads modeling A

SYNCHROTRON N ComoaraiconC rveolSs e D)
File LCalc Tools Help
Core-shell ellipsoid A s || mens
for global fiting )

— . param=ters
A=22A T « Calculate with Crysol
B=182A e 270384 A
T=5 A / No i

. Te+Hl0B
2
o ¥ b s e ° |t US|
0000404 B 100000 . .
B NMNNANNNNN functiony from SASFit
>~ > ’ ,‘ ¢ ’ ~ .‘ 5 N / éll LI IDl|1I LI IDl|2I LI IDl|3I LI IDlldl LI I:Il5
e A o B R S T S o G A
e e K X K * Check consisténcy
S I R R SR e G
- N N 4§ & * 0 ¢ & ¢ < File  Options Help
. > b ~ * “ ' ¢ g ‘ contribution: 1 4| Previous | Mext Add | Femove | :;ﬁxl b
A H ’ M ) A calc sublract

chisqr: 312443

F i tted VG | u e S zctor calculation (Under construction) 1

EllipsoidalCoreShell 4| Farameter Range...

A=2242 A

Beads « atoms » qnd grid parameters B =1798 A ’
chosen for C_ryssol input : T =490 A :
P, = 0.282 e /)& i F— a|¥[r r
P.: = 0.520 e7/A3 Validated T -

 alvir -
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SULEIL

SYNCHROTRON

Intensity (cm™)

Modelization of a circular torus of
detergent

Three free geometric parameters, a, b,

Circular detergent corona 0

0~7 1 L 1 1
tl 0.00 0.05 0.10 0.15 0.20 0.2
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Elliptical detergent corona A

@. |

SWLEIL

SYNCHROTRON

Berthaud et al. (2012), JACS, 134 (24),10080-10088

Addition of the ellipticity
parameter : e

a=30A I

_ i ® experimental curve
b =35 A a ~ circular model
t=55A ~elliptical model
e=112

Relevancy of the model

Number of detergent molecules from the
coarse grain model by volume’s calculations: |

N = 270 £ 30 detergent molecules

—> Good agreement with previous values !

7 ] 1 1 1
T w "70.00 0.05 0.10 0.15 0.20 0.2
o
QA
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Memprot : a program to generate/optimize the corona geometrical model A
SULEIL

SYNCHROTRON

Pérez J. & Koutsioubas, A. (2015), Acta Cryst., D71, 86-93

2ble+1) +a

minimum_chi € infinite
for each g in the range [a_min,a_max], do
for each b in the range [b_min,b_max], do
for each tin the range [t_min,t_max], do
for each e in the range [e_min,e_max], do
for each phiin the range [phi_min,phi_max], do
generate corona_model(a,b,t,e,phi)
calculate chi (corona, protein pdb, experimental data) calling CRYSOL
if minimum_chi > chi, then
minimum_chi € chi
return chi

Algorithm of the Memprot program. The program essentially creates
PDB files with the models made of the full-atom protein structure and the
parameterized coarse-grained detergent corona, and CRYSOL 1s called
to calculate the SAXS curves. An overall sorting on the y value 1s
performed to keep the best model.

N 2
o1 meﬂ_thﬂ
X‘NZ; o(a)

J. Pérez, FASEM, Lund, March 2024



A~ Memprot : a program to generate/optimize the corona geometrical model
SOLEIL

SYNCHROTRON

Pérez J. & Koutsioubas, A. (2015), Acta Cryst., D71, 86-93

2(ble+1) +a

Abe+t)+a

be al2

(b

:

Figure 4

30
a(A)
(d)

35
b (A)
(e)

t(A)

P50 52 54 58 58 60
t(A)
)

Contour plots of x as a function of different torus parameter pairs while the remaining parameters are kept at their optimum value, as determined by
Berthaud er al. (2012) (a=30 A, b=35A,t=55 A, e=1.12). See Fig. 1 for the definition of the parameters. No strong correlations between the fitting
parameters appear to exist, except between the parameters a and b, which define the diameter and thickness of the corona, respectively. The dotted line
in (a) is a guide for the eye showing the main direction of this correlation.

X

) - Icalc(CIi) 2

N
2 _ l lexp (i
N

o(q;)
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ow far can we discriminate different protein constructs ?

SULEIL :

SYNCHROTRON ¢ @o

Full Ag0 (2b6p)
— Aq0 (2b60) T
Ag0 (2b6o) fit .

Full Agp-0

(2b6p) N _g—

000 005 010 015 020 025
-1
Figure 7 q (A7)

Scattering curves corresponding to corona parameters a = 29.6 A,

b=354A.1=56 A, e=1.12, heaas = 0.512 ¢ A7, elape = 0270 e A™) for

Truncated qu_o the fu]! (Zb6p) and truncated (2b6o) structures of aquaporin-ﬂ. The

respective y values are 1.31 and 3.79. The curve corresponding to an

(2 b60) artificial optimized corona using the truncated form of aquaporin-0 is also

plotted. The associated yx value is 3.47, which is still much higher than that
for the complex based on the actual 2b6p structure.

J. Pérez, FASEM, Lund, March 2024



SULEIL Outline £\

SYNCHROTRON

v' Example of a recent application using Memprot:

MHST protein in 4 different detergents
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S

LEIL

SYNCHROTRON

MhsT in different detergents A

De Pol et al., submitted

B. halodurans multi-hydrophic amino acid transporter MhsT — bacterial SLC6 transporter

The SLC6 family of secondary active transporters:
integral membrane solute carrier proteins
Na+-dependent translocation of small amino acid or amino acid-like substrates

includes the serotonin, dopamine, norepinephrine, GABA, taurine, creatine
associated with a number of human diseases and disorders making this family a critical

target for therapeutic development
several members directly involved
in the action of drugs of abuse such
as cocaine, amphetamines, and
ecstasy.

(coll: Poul Nissen, Aarhus University, Denmark)

Extracellular

«

TM5 unwound
(Na+ release,
AW stimulated)

intracellular

J. Pérez, FASEM, Lund, March 2024




Parallelization of Memprot code A

SULEIL /A

SYNCHROTRON

262

» Typical Memprot runs range from thousands to M. Baranowski

hundreds of thousands of trials — the speed of
calculations and scalability is an important
issue

(2016-2018)

—

(o8]
—
n
[iw)]
(=]

frials per
second

[ |

» We have implemented MPI-based, data-
driven parallelization in Memprot to benefit

from HPC clusters (here SOLEIL HPC) 0131
1 node 1 node Ideal
. ) . 1core 20 cores Scaling for
» 449 residue protein MHST (PDB id 4us3) was I cores
used as a test case (sample provided by Cuusiers acsessmashine
collaborators and measured at SWING) - . ’ @

R 2hd

» To prevent saturation of the cluster’s network,

Memprot stores all i/o files (experimental data, Hoo ¢ ~_ oo
protein’s PDB model, intermediate files) locally ! <> Mem.pmt \‘<> Me#m
in the node’s RAM, utilising /dev/shm partition s e @5 ee e

Mode n Mode n+1

J. Pérez, FASEM, Lund, March 2024



SULEIL MhsT in different detergents

SYNCHROTRON (coll: Poul Nissen, Aarhus University, Denmark)
De Pol et al., submitted 0 - ——MhsT-DDM
DDM DM Cymal4 DMNG ——MhsT-DM
5 1 q S By f . MhsT-Cymal4
Maltoside J@: ) gl LY X -1,5 1 MhsT-DMNG
heads ‘ 6{?/5 5015 %& 6”9%5 23 ’a — 4US3
72 glo gle J\FELe —_—
4 ) o OK,.J 8)
Aliphatic  _ g //3 — -3 1
tails
§
{
'4,5 T T T T 1
0 0,05 0,1 0,15 0,2 0,25
e N R —1
A i A g [A ]
|

First broad
scan of a, b,
t,teandr

Narrow the
parameter
space

S value
calculation
and ranking

maps of the x?
for each couple
of parameter

equally well
fitting
models

A
1
1
1
i
Plot 2D contour i Recover
|
i
]
1
]
1

h First broad scan 1st narrowing scan 2nd narrowing scan \

64 cores x 2.65 GHz
- 1 min for 1000 models

2 L El 35 @ FY 2

e

alh] ald] alh)
a:20A - 40A (Aa = 14) a:28A - 33A (Aa = 0.5A) a:31A -33A (Aa = 0.25A) )
A b : 10A - 35A (Ab = 14) b : 25A - 284 (Ab = 0.5A) b : 25A - 28A (Ab = 0.25A) S
9 x 60,000 fits 9 x 90,000 fits 9 x 200,000 fits
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Example of fitting improvement steps on MhsT protein A
SOLEIL ™™™ il i i

SYNCHROTRON (coll: Poul Nissen, Aarhus University, Denmark)
451 - oxp
—fit 1
—4E-2 - \ fit 2
5 fit 3
Z4E3 - |
~———
4E-4 .
0,00 0,25
4E-3 °
= //’/ Fit 2
£ s
~ N\ ,’/"
s i
4E-4 . . . .
0,08 0,09 0,10 0,11 0,12
a[A] b[A] t[A] e rotation[deg] X2 N, N
fit1 28.0 280 50 1.00 0.0 83.807 230 215 Fit 3
280 290 50 1.20 -10.0 6.398 255 220
283 281 50 1.22 -5.0 1.937 237 219
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SWLEIL

SYNCHROTRON

DDM

heads

Aliphatic

79 e”

tails

In principle, N

Maltoside f -
- 20::: © 181 e
::,g

tails

Keep only physically meaningful models

De Pol et al., submitted

t 3 E—— % &wx i
............... 3 i & o &g‘( }

TR . S ‘} A §E(® o,
e [ ° S

> 1 RO

B, Gty s
o

YO O

From total number of yellow beads
— Ne", _ =total # electrons of the hydrophobic area
2> N /79

inner

tails = Ne inner

From total number of blue beads
- Ne™_,.. = total # electrons of the hydophilic area
> Npougs = Ne“ e / 181

outer

heads

should be equal to N, 4 !

In practice, not always exactly the case.

A scoring function was designed to account for this constraint:

S = (1 + |1 — al + |1 — TOHD *XZ’ where ToH = Ntails/NheadS

J. Pérez, FASEM, Lund, March 2024



SOLEIL

SYNCHROTRON
DDM

Al(g)/o(q)

Log I(q)

-4,5

Al(g)/o(q)

1,5

0,025
10 -

0,100

0,175

0,250

OHOH

0,175

0,250

-4,5 T T 1
0,025 0,100 0,175 0,250
10
0
-10 + T T 1
0,025 0,100 0,175 0,250
q[A]

MhsT in different detergents

Log I(a)

Al(g)/o(q)

J

C

Log I(a)

Al(q)/o(q)

De PoI et al.,, submitted W.!.iﬂ

3 3
D -
1,5 A
-3
-4,5 T T ]
0,025 0,100 0,175 0,250
10
0
-10 + T T 1
0,025 0,100 0,175 0,250
q[A1]
Cymal4
;
33 3
o
5 ga
2 («]
o o
-1,5
3
-4.5 T T 1
0,025 0,100 0,175 0,250
10 4
o *h, Pl ,m.‘wmhm,"
-10 T T 3
0,025 0,100 0,175 0,250

q[A]

30.3
30.3
30.4
304
30.1
30.1
30.3
30.0
30.1
30.7

3585,
32.0
28.5
31.5
2.5
SilaD
35.0
32.5
Sie5)
32.0

31
30
31

32.2
324
320
319
313
il
31.7
32.0
320
315

=

26.2
26.2
26.1
26.1
26.3
26.3
26.2
26.3
26.3
259

21.0
20.5
22,5
21.5
20.0
21.5
21.1
20.5
21.0
20.5

20
19
19
19
19
19
20
20

19.5
19.6
19.8
19.1
20.5
19.0
19.0
20.5
19.1
220

5.6
5.8
5.8
5.9
5.7
5.7
5.8
5.9

5.8
6.0
6.1
5.8
6.6
6.1
6.6
5 9

5.6
5.9
5.8
5.8
5.9
5.8
5.6
5.7

6.1
6.3
6.4
6.1
6.9
6.9
6.0
6.0
6.3

1.25
1.25
1.25
1.25
1.24
1.24
1.24
1.25
1.25
1.26

1.28
1.28
1.22
1.28
1.28
i3l
1.37
1.31
1.25
1.31

1.35
1.28
1.38
1.41
1.38
1.38
1.35
1.35
1.28
1.38

1.28
1.28
1.28
1.28
1.25
1.30
1.30
1.25
1.28
1.28

180
0
180
0
180

0
0
0
0

120
30
30

120

120

120

120
30

90
0
90
90
90
90
90
60

[

90
90
90
90
90
90
90
90
90

0.541  0.28

0.541  0.281
0.536  0.278
0.536 0.278 2.081
0.541 0.281 2.106
0.541 0.281 2.119
0.536 0.278 2.164
0.536 0.278 2.160
0.541  0.281 2.154
0.536 0.278 2.197

0.515 0. 28
0.530 0.275 1.
0.530 0.275 1.821
0.536 0.288 1.818
0.530 0.275 1.772
0.505 0.273 1.900
0.536  0.288 1.900
0.510 0.275 1.839
0.541  0.291 1.859
0.510 0.275 1.862

0.524 0.281 2.748
0.510 0.284 2.829

1.02
1.02
1.03
1.02
1.01
1.03
1.02
1.04
1.02

0.97
0.98

0.508 0.26.94

0.513 0.276 2.739
0.518 0.278 2.762
0.502  0.251 2.677
0.508 0.263 2.686
0.518 0.278 2.816
0.510 0.284 2.893
0.518 0.278 2.835

0.536 0.299 2.388
0.541 0302 2.465
0.541 0302 2.369
0.536 0.299 2.403
0.541 0302 2.534
0.520  0.270
0.520 0.270
0.541  0.302 o
0.536 0.299 2.656
0.536 0.299 2.636

0.95
0.96
0.93
0.94
0.96
0.98
0.96

1.03
1.04
1.04

1.03
1.03

176
169
191
173
196
188
187
178

142
152
166
150
156
152
156
142

84
84
84
81
82
82
81
84
87

169
172
187
162
199

199
173
191

Pr
e/ A e/ A #heads

1.038
1.041
0.983
1.021
1.068
0.985

0.940
1.029
0.932

2.128
2.134
2.141
2.154
2.201
2.214
2.251
2.255

1.816
1.866
1.888
1.911
1.928
1.948
1.957
1.986
1.987
2.026

151 0.987 2.866
142?@ 2.886
159 0.856 2.890
163 1.018 2.925
153 098 2.928
160 0975 2.931
157 0968 2.933
157 o 994  2.946
1422000 ) 2.951

2.968

IIIIIIIII‘III'. II. A #heads I!!!!.!!

0.977 2.515
84 ?‘l:l:l:’ 2.564
88 0.955 2.570
90 0.933 2.636
83 0.976 2.6%
98 0.837 2711
98 038 2.711
81 2.749
83 1.012 2.768
89 0.978 2.773

J. Pérez, FASEM, Lund, March 2024



SULEIL

MhsT in different detergents

SYNCHROTRON
DDM
0=30.3+0.2
b=26.2+0.1
5{@* t=5.840.1
e e=1.250.01

Al(g)/o(q)

Al(g)/o(q)

0 p;=0.539+0.003
p,;=0.280%0.002
15 ToH=1.005+0.005
-3
-4,5 T ‘ ‘
0,025 0,100 0,175 0,250
10 4
0 w*m'\wﬂmﬁmﬁw-wvmﬂvwﬁm
-10 T T 1
0,025 0,100 0,175 0,250
q[A7]
DMNG
5% T 0=318:04
[y
Q\ J- b=19.8+1.0
£ u@é & t=6.310.3
&os v e=1.28+0.02
0 o o
) p;=0.535+0.008
S0 py=029420013
-1,5 , {
S ToH=0.95+0.06
3
-4,5 T T d
0,025 0,100 0,175 0,250
10
0
-10 + T T 1
0,025 0,100 0,175 0,250
q[A]

Al(g)/o(q)

J

C

Log I(a)

Al(q)/o(q)

0 A

-4,5
0,025

10

10 4

De PoI et al.,, submitted

x

. 0=321#17

b=21.0%0.7
9 t=6.2+0.3
e=1.29+0.04
o p;=0.524£0.013
p,=0.280+0.007
ToH=1.004+0.044

0,100 0,175 0,250

-10 - T T 1
0,025

0,100 0,175

q[A]

0,250

Cymal4

g 5 0=30.9+0.6
b=19.3+0.5

3 t=5.7+0.1
e=1.35+0.04
p=0.5130.007
p,=0.274%0.011

OH

15 ToH=0.98910.019

0,025 0,100 0,175 0,250

0,025 0,100 0,175

q[A]

0,250

e/ A2 e/ A3 #heads

303  26.2 1.25 0.541 0.281 2.046 1.04 1.000 2.128
n 303 26.2 5.6 1.25 180 0.541 0.281 2.052 1.04 210 210 1.000 2.134
n 304 261 58 125 O 0.536 0.278 2.069 1.03 211 210 1.005 2.141
n 304 26.1 5.8 1.25 180 0.536 0.278 2.081 1.03 211 210 1.005 2.154
301 263 59 124 0 0.541 0.281 2106 1.04 211 210 1.005 2.201
n 30.1 263 5.7 1.24 180 0.541 0.281 2.119 1.04 211 210 1.005 2.214
303 262 57 124 0 0.536 0.278 2164 1.03 212 210 1.010 2.251
n 30.0 263 5.8 1.25 0 0.536 0.278 2.160 1.03 211 208 1.014 2.255
n 30.1 263 5.9 1.25 0 0.541 0.281 2.154 1.04 211 209 1.010 2.262
m 30.7 259 1.26 0 0.536 0.278 2.197 1.03 1.000 2.263
W!!!-HII@IQ
335 21.0 1.28 0.515 0.288 1.700 1.03 1.038 1.816
n 32.0 20.5 5.8 1.28 120 0.530 0.275 1.759 1.02 176 169 1.041 1.866
n 285 225 60 122 30 0530 0275 1.821 1.02 169 172 0.983 1.888
“ 315 215 6.1 1.28 30 0.536 0.288 1.818 1.03 191 187 1.021 1.911
“ 32,5 20.0 5.8 1.28 120 0.530 0.275 1.772 1.02 173 162 1.068 1.928
n 315 215 6.6 1.31 120 0.505 0.273 1.900 1.01 196 199 0.985 1.948
350 21.1 61 137 120 0.536 0.288 1.900 1.03 188 188 1.000 1.957
n 32,5 20.5 6.6 1.31 120 0.510 0.275 1.839 1.02 187 199 0.940 1.986
n 315 21.0 5 9 1.25 30 0.541 0.291 1.859 1.04 178 173 1.029 1.987
320 205 1.31 0.510 0.275 1.862 1.02 0932 2.026
WI!!HHII!IQIQ

e/ A3 e/ A’ #heads

n 31 1.35 0.524 0.281 2.748 0.97 0.987 2.866
n 30 20 5.6 1.28 90 0.510 0.284 2.829 0.98 142 142 1.000 2.886
n 31 19 59 138 90 0.508 0.263 2.618 0.94 152 159 0.956 2.890
n 32 19 5.8 1.41 90 0.513 0.276  2.739 0.95 166 163 1.018 2.925
31 19 5.8 138 90 0.518 0.278 2.762 0.96 150 153 0.98  2.928
n 31 19 5.9 1.38 90 0.502 0.251 2.677 0.93 156 160 0.975 2.931
31 19 58 135 90 0.508 0.263 2.686 0.94 152 157 0.968 2.933
n 30 20 5.6 135 90 0.518 0.278 2.816 0.96 156 157 0.994 2.946
n 31 20 5.7 1.28 60 0.510 0.284 2.893 0.98 142 142 1.000 2.951
m 31 1.38 0.518 0.278 2.835 0.96 1.007 2.968
WI!!HHI!&IQ
n 32520 915 1.28 0.536 0.299 2.388 1.03 0.977 2.515
n 324 19.6 6.1 1.28 90 0.541 0.302 2.465 1.04 84 84 1.000 2.564
“ 32.0 19.8 6.3 1.28 90 0.541 0.302 2.369 1.04 84 88 0.955 2.570
n 319 19.1 6.4 1.28 90 0.536 0.299 2.403 1.03 84 S0 0.933 2.636
“ 31.3 205 6.1 1.25 90 0.541 0.302 2.534 1.04 81 83 0.976 2.6%6
n 31.2 180 69 130 90 0.520 0.270 2.331 1.00 82 98 0.837 2711
31.7 18.0 6.9 1.30 90 0.520 0.270 2.331 1.00 82 98 0.837 2.711
“ 320 205 60 125 90 0.541 0302 2643 1.04 81 81 1.000 2.749
n 320 18.1 6.0 1.28 90 0.536 0.299 2.656 1.03 84 83 1.012 2.768
m 315 220 6.3 1.28 90 0.536 0.299 2.636 1.03 87 89 0.978 2.773

J. Pérez, FASEM, Lund, March 2024



SULEIL

MhsT in different detergents

SYNCHROTRON De Pol et al., submitted
DDM DM
;:/ . 0=30.302 4, a=321#17 MhsT-DDM MhsT-DM MhsT-DMNG MhsT-Cymal4
ogﬁ: b=26.210.1 b=21.0+0.7
‘gp* t=5.8+0.1 2% 1262403
A 0 e=1.250.01 B {V e=1.29+0.04
04 p;=0.539+0.003 ° 5 p=0.524+0.013
G p,=0.280+0.002 = p,=0.280+0.007
= e ToH=1.005+0.005 = ToH=1.004+0.044
S g
-
-3 4 -3 4
-4,5 T ‘ w -4,5 . T :
? 0,025 0,100 0,175 0,250 0,025 0,100 0,175 0,250
B 10, T w
Z o -,;*Mwwwmmwﬁv&"—”‘ﬁ 2, W
— c’ o
< -10 T T d 5 -10 +4 T T . q:‘{,' 0
0,025 0,100 0,175 0,250 0,025 0,100 0,175 0,250 %.
-~ q (A n q[A] i
DMNG Cymald Case of MhsT-DDM, MhsT-DM Case of MhsT-Cymal-4 and
Q\) £ . 0=31.8+0.4 . 0=309:06 MrsTDMNG
/
© 4% b=19.8+1.0 j’ b=19.310.5 T TTT
sV & = 2L°
9% o 1263103 U3 t=5.7+0.1 ’\\TT /;' '3 ’«‘
oA G — —0 VS o -@
C 2\ile  e=1.2840.02 D ) e=1.35+0.04 (Jul u\:. . -
0 ‘s ©
9 p;=0.535+0.008 ° p p;=0.513+0.007 L "
G S0 p,=0204%0013 o 0,=0.274£0,011
2 b I ToH=0.95+0.06 = 5 ToH=0.989+0.019 @ Can be well modelled by Can be only approximated by
ki S 90TV, §, . =Y flat hemi-torus a flat hemi-torus
-3 N . . . .
’ A “bicelle-like” model should be implemented in the future
45 T 4 ' -4,5 T . ] : ;
= 5 0,100 0175 il B 0,025 0,100 0,175 0,250
E 10 % 10 - Tt
a@ 0 WMW T o WMWW“W
10 + T T 1 a -10 - T \
0,025 0,100 0,175 0,250 0,025 0,100 0,175 0,250
q[A] q[A1]
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g&iEIL Outline

" SYNCHROTRON

v" Short presentation of current available techniques at beamline SWING

v' Memprot program: why and how

AQPO as the « Guinea pig » protein

v" Example of a recent application using Memprot:

MHST protein in 4 different detergents
v" Dadimodo program: why and how

v' Example of application coupling Memprot & Dadimodo:

HasA-HasR protein with two different constructs

Short conclusion: foreseen new functionalities for Memprot and Dadimodo

J. Pérez, FASEM, Lund, March 2024



| DADIMODO : Data-Driven Modules Dockin A
SOLEIL =2 SHVen JREHIES ZOEHINT

SYNCHROTRON Collab : Christina Sizun & Frangois Bontems (ICSN, Gif sur Yvette)) © o
F. Mareuil, et al. (2007) Eur Biophys J.
Evrard et al. (2011), J. Appl. Cryst.

Modelling approach : complete atomic Prior knowledge:

model * Sequence

Full structure initiated with : * Sub-parts moved as rigid-bodies (user-defined)
* Crystal or NMR domain structures * A correct stereochemistry is maintained at all steps by
* Homology models minimizing en

gy

m‘U —

Experimental data:

* SAXS (—Z ")

* NMR C (—Z ‘
RDC

ADR (chem. shift map.) SAYS score RDC score ADR score

Optimisation of the all-atom structure via a genetic algorithm

J. Pérez, FASEM, Lund, March 2024



Dadimodo Implementation A

SWLEIL

SYNCHROTRON

» Initial (slow) version : Evrard et al. (2011), J. Appl. Cryst., 44:1264-1271.

» Current (faster) version : 0. Roudenko , A. Thureau, J. Pérez (2019), GECCO '19, ACM, NY,
USA, 401-402.

o Parallel implementation of the genetic algorithm
* 7300 Atoms = 7 hours on a 20 processor node (200 generations)

o User-friendly input
* Tools for completion of pdb input files (if needed)
* User-defined topology : Pdb file + rigid bodies definitions

o Web server since end 2018
 Accessible to external users (after login in Soleil DB)
* Five independent runs launched in parallel

J. Pérez, FASEM, Lund, March 2024



SULEIL Before launching Dadimodo: PDB generation step A

@.. B
SYNCHROTRON A. Sali & T.L. Blundell. Comparative

protein modelling by satisfaction of
/ spatial restraints. J. Mol. Biol. 234, 779-
815, 1993.

Shell script launching « Modeller »

A script is available on Swing Website
https://www.synchrotron-soleil.fr/en/beamlines/swing

Original PDB files

missing atoms & residues
Generates

* missing atoms coordinates
* missing residues in linkers and tails
aleatory orientations for flexibly connected domains

FASTA sequence of
the entire protein

Complete PDB file

nterpretable by MMTK, the MD python librar
used in Dadimodo

Mycobacterium tuberculosis DNA Gyrase (PDB 6GAV)

J. Pérez, FASEM, Lund, March 2024



SULEIL Dadimodo Web Server

SYNCHROTRON

https://dadimodo.synchrotron-soleil.fr

3 input files needed to launch Dadimodo on the Web Server

New submission

Cluster State : @

cadimodo

Refining Atomic MultiL-omain Profeins against SAXS Data

My submissions

Thanks to report bugs to the DADIMODO Development Team.
(Liste-EXP-dadimodo.at.synchrotron-soleil.fr)

About

DADIMODO is a program for refining atomic models of multidomain proteins or complexes against small-
angle X-ray scattering data. Domain structures are mainly kept rigid and can be user defined. Stepwise
generic conformational changes are applied cyclically in a stochastic optimization algorithm that
performs a search in the protein conformation space. The algorithmic structure guarantees that a
physically acceptable full atomic model of the structure is present at all stages of the optimization.How
To Use It

Three input files have to be uploaded

= The configuration file, where the rigid body domains are defined

= A PDB file with all the atoms of the initial guess protein structure.

« A file with SAXS experimental data with three columns q. I(q). Sigma(q). with qin AT
One DADIMODO run taking several hours, you will be notified by email as soon as your calculation is
completed.

Origins and Dependencies

The DADIMODO you run when using the present web interface has its roots in [1, 2]. It calls MMTK [3]
for the chemical structure manipulations and CRYSOL [4] for the calculation of the simulated SAXS

Funme Camnarad tnite aradacacenr tha naw NANIMAND affars han main advantanae Tha firet ana ic

SOLEIL e o iNEXT

4 CONF file = ¥ example

4 PDBfile # example

|:|I accept tha

without warranty (Terms of use)

Please cite this reference if you use DADIMODO
server:

Dadimodo (https://dadimodo_synchrotron-soleil fr),
2018 March, Roudenko O, Thureau A. & Perez J.

¥ example

J. Pérez, FASEM, Lund, March 2024



SULEIL Dadimodo Web Server

SYNCHROTRON

https://dadimodo.synchrotron-soleil.fr

3 input files needed to launch Dadimodo on the Web Server

Linker (¢, Y) mutation

(b, )

B:83-124
loop

Double linker (axis) mutation

[ Fixed part

Mutated residue is chosen randomly

b:42/ —
linker A: 422 - 452

A: 453 -1179
&
B:455-1179

OIS

arch 2024




SVLEIL

SYNCHROTRON

Dadimodo Web Server

https://dadimodo.synchrotron-soleil.fr

« My submissions » tab:

Mew submission My submissions

Filter Show Deleted submissions

Submission Number

thureau_2018-05-23_15-55-59
thureau_2018-05-23_08-58-26
thureau_2018-05-23 08-53-23
thureau_2018-05-09_09-52-27
thureau_2018-04-11_12-47-38
thureau_2018-04-11_12-39-01
thureau_2018-04-11_12-30-34
thureau_2018-04-09_10-54-18
thureau_2018-04-09_08-12-06

thureau_2018-04-09_08-04-09

Status of current submission and history of past jobs

Results download (zip file)

Last Update

2018-05-23 2359

2018-05-23 15749

2018-05-23 08:53

2018-05-09 15-11

2018-04-11 21:26

2018-04-11 12:38

2018-04-11 12:30

2018-04-09 21:08

2018-04-09 08:12

2018-04-09 08:03

Dadimodo

Refining Atomic MultiDomain Proteins against SAXS Data

Last State

uploaded to ISEI cluster

uploaded to ISEI cluster

uploaded to ISEI cluster

deleted

deleted

deleted

deleted

deleted

deleted

deleted

Message ClusterCalculation

Calculation done

Calculation done

INVALID INPUT: download results (Details column) and
check input_errors_txt for more details

Calculation done

Calculation done

Calculation done

Calculation done

Calculation done

Calculation done

Calculation done

e Administration

ltems per page: 10 1-100f18 < >

State ClusterCalculation

Details

|

|

|

J. Pérez,

FASEM, Lund, March 2024



Dadimodo results files

SOLEIL ’
®. H
ANCHROTRON https://dadimodo.synchrotron-soleil.fr
4 | perez_2018-09-13 12-20-55_results & Mam :
. dadimodo_results eulat e _— The final pdb files from the several runs
S calculation_results
> perez_2018-10-26_08-12-52 _results B h . o
I P § N . 4 . input _files — The 3 input files
> e perez_2018-09-13 12-20-55_results.zip \
. . log > . o o Lo .
. @ perez 2018-10-26_08-12-52 results.zip The exhaustive log files + the statistics files
40 70 40 70
35 —rFitness (Crysol x2) 0 35 60l
Higher x2 of the current step N
* rl\ max mutation amplitude (°) * T Fitness (Crysel)
[ ) P = Higher x2 of the current step *
2 —mutation success (%) i 25 ‘J max mutation amplitude (°) o
. ‘;‘ ||| f 0 w ——mutation success (%)
\
A TN :
L[ Y . 01,00 .
Ll ‘”" | M‘\ rl |‘|‘I‘ IVHH i sl | \'II M' \\ w‘ ‘ |F\
w |\|‘I Ll | H r
. J A | \ \ I “ e, | 0 X*=1.66 10 s n ) ,“ ‘ Lo | | ‘ ‘\ xX=1.82 w
" L I |||H‘”|‘ il 1, \ Il ‘ ) P s e Ll ,
0 ATAN I nuu"mh TR I o ol | 0L s 2 .
40 70 40 70
35 “ 60 35 60
10 ".‘ —Fitness (Crysol x2) 30 —Fitness (Crysol x2)
‘ ‘ ’ Higher x2 of the current step 50 Higher x2 of the current step 5"
25 ‘ max mutation amplitude (°) 25 max mutation amplitude (°)
‘| ‘ ——mutation success (%) 40 “\I mutation success (%) 49
20 20 4
l | “H ﬁ ‘H 30 ‘ F ] 30|
15 \ ‘M 1 H 15 r \Il
il \I\ I \' | u | Hl\n' I
MRIELTE |4 - * 1o |\‘\|\”“'f IR “
! |‘ w“ ’|\ (1, | ] X?=1.90 |||| H| 1 " X?=2.36
ll Wi \\u ‘ f . H r l . H Il ) H MI" 10
s i i\ I H Wi L T RN f
T e F[Ba S SR R e
o WLV ALY =t WAL ° Vi LAY LI 1 1 =a UL o
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- Example: DNA Gyrase
SULEIL P Y

SYNCHROTRON ©

Mycobacterium tuberculosis DNA Gyrase
Start model (from GGAV) -> X2=4O Petrella S et al. (2019) Structure, 27(4):579-589

Best final fit -> x?<1.68

Logi{q) (em™)
SE-OL

SE-02

SE-08

+ l{q) Exp

amw|(q) Start Model
SEOE

SE-05 -+ v ’ . . . v r v . v v ' v '
0.00 005 010 0.15 020 025 030

J. Pérez, FASEM, Lund, March 2024



DNA Gyrase

Example

SVLEIL

SYNCHROTRON

:1.68<x2<1.76

5 best final fits

Mycobacterium tuberculosis DNA Gyrase

J. Pérez, FASEM, Lund, March 2024



SULEIL Outline £\

SYNCHROTRON

v' Example of application coupling Memprot & Dadimodo:

HasA-HasR protein with two different constructs

J. Pérez, FASEM, Lund, March 2024



SULEIL

SYNCHROTRON

Outer
Membrane

Periplasm

Inner
Membrane

Y
@ Institut Pasteur

Has: Heme acquisition system o

I

Gram- Bacteria, e.g. Serracia marcescens, opportunist pathogen

2N

,3@

»

Transcription

oW«
(1
v/
¢ e
/3// VeSS
'y 0’9 \J

Hemophore
HasA

Collab: Nadia Izadi, Institut Pasteur, Paris

J. Pérez, FASEM, Lund, March 2024



Y| Our approach: a two-step strategy A
SQLEIL e

A construct of known
structure is needed

% I(Q)

N \/\ Memprot ‘
- ’
Q

Tl'a n SfEI' th e corona Pérez J., Vachette P. (2017) In: Biological

Small Angle Scattering: Techniques,
Strategies and Tips. Advances in
Experimental Medicine and Biology, vol 1009.
Springer, Singapore

I(Q)
\,\ Dadimodo
+ >

Q

| J. Pérez, FASEM, Lund, March 2024



HasA-HasR: Modeling strate o
SULEIL 9 TR

.. u
SYNCHROTRON

SAXS measurements
(distance constraints)

— ~
/ -
e e
~———HasAHasRHasB, Rg=40.92A, Dmax~145A
3.0x10°
__2.0x10°
=
o
1.0x10°4
0.0 . . T T T T T
0 20 40 60 80 100 120 140
r(A)
NMR structure of HasR
signaling domain
+ SAXS data

Entire HasR complex
including the signaling
domain

J. Pérez, FASEM, Lund, March 2024



SWLEIL

SYNCHROTRON

Wojtowicz et al., Biochem. J. (2016) 473, 2239-2248

a= 33.500
b= 2600
t= 5400
e= 1110

chi®2 = 2.005
electron density of hydrophobic part=

0.272

electron density of hydrophilic part= 0.506
Number of detergents (tails calc) = 285
Number of detergents (heads calc) = 240

Corona geometrically adapted to protein shape °

<<\\[// 7>
= g

= =
"ﬂll\\‘.

ASA1L: Constant thickness on the line between a
given pseudoatom of the corona and the center
of the corona.

ASA2: Thickness defined as the shortest
distance to the protein’s surface.

View Thick Er Ghd Gnd ON/OFF GidSave Cunves Tales Swe SoveDec Swedpp Specal Dpon Filelist Hep Quit
best_fit Dro:0.075 Ra:1.780 RGE:43.29 RGT:42.76 Vol:326487. Chi:0.649
Log{!}
N — 1<
A 2<
-1.5 H
\\
-2 7J \.\
\x
\
-2.5 4 ,
\
\
-3 ] oL
U L L B "‘\""""I“"“"VI
0 0.05 0.1 0.15 0.2 0.25
best_fit_deleted00 fit )

J. Pérez, FASEM, Lund, March 2024



HasR-HasA, now including the signal domain o
SOLEIL

e. =
SYNCHROTRON . . .
Dadimodo = specially adapted for coarse grain corona .

Wojtowicz et al., Biochem. J. (2016) 473, 2239-2248 P V.
1071 T T ' : 3 |
=— HasRhemeHasA exp «~— HasR exp AAP ST
_ — HasRhemeHasA start — HasR start r L€ "“j
102b . .™_ .. . . . ... |— HasRhemeHasA fit — HasR fit . ': ",..' [
< " R g Y
2 1073 BN
g 10 ] e
c A iehny
g Ay 5
£ / v
10" ~ J;
10° | | i 'i ' Average position
— HasRhemeHasA start HasR start gep
12 ~ ! , ! — HasRhemeHasA fit —NHasR fit  [] in presence of

q=4rsinl [Afl ]

Average positio

in the absence of
The interaction of HasA with HasR seems to bring the HasA

signaling domain closer to the membrane

J. Pérez, FASEM, Lund, March 2024



HasR-HasA, now including the signal domain

ey
SULEIL ’
SYNCHROTRON /©
. . . a v HasR d 107 RY t Has? fit ‘
Wojtowicz et al., Biochem. J. (2016) 473, 2239-2248 : i |
g HasR-heme-HasA ‘:‘
: m s IS

Extracellular
side

Peripl::mic
Dadimodo models are in agreement
with further EM analysis !

Extracellular
side

Periplasmic
side

The interaction of HasA with HasR seems to bring the
signaling domain closer to the membrane

J. Pérez, FASEM, Lund, March 2024



SULEIL Outline

SYNCHROTRON

v" Short conclusion: foreseen new functionalities for Memprot and Dadimodo

J. Pérez, FASEM, Lund, March 2024



SULEIL Roadmap A

SYNCHROTRON

Dadimodo

* Better stop criteria (different from number of generations)

* More friendly output for each run (plot figures,...)

* Summary file for all runs (classification of individual results)

* ADR constraints available on WebServer version (currently only available on local version)

Memprot
* Commissioning of other geometries (bicelles & nanodiscs)

* Web server for direct access by users (currently only staff can use the HPC)

J. Pérez, FASEM, Lund, March 2024



SULEIL Collaborations A

SYNCHROTRON
. AQP-0
. Alice Berthaud, Institut Curie
. Stéphanie Mangenot, Institut Curie

. Alexandros Koutsioumpas, Swing + Julich ForschungsZentrum

. MHST gqt"“'"#%%

. Poul Nissen team, Aarhus University z 2

. Maciej Baranowski, Swing % =

%
— gy

*  HasA-HasR = Institut Pasteur

. Nadia lzadi

. Alexandros Koutsioumpas, Julich ForschungsZentrum o JULICH
«  DNAGyrase )

. Stéphanie Petrella, Unité de Microbiologie Structurale

Institut Pasteur

. Memprot
. Maciej Baranowski
. Alexandros K jfoum

. Dadimodo on the Web

*  Olga Roudenko, SOLEIL Beamline SWING
. Aurélien Thureau, Swing . Maciej Baranowski
. Alejandro Diaz, SOLEIL . Javier Pérez

. Thomas Bizien

. Youssef Liatimi

. Aurélien Thureau
. Arnaud Gibert

BioStructy /g~ INEXT

J. Pérez, FASEM, Lund, March 2024
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