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Outlook

* Small Angle Scattering: neutron, X-ray
e Particle form factor: direct analysis
 SANS: contrast variation technique

* Particle shape reconstruction

e Structure factor

» Assessing protein structure and conformation in

solution




Why 1s small-angle scattering
different ?

Typical resolution >1 nm

Samples: nano-scale size features
Models: 1gnore atoms

Data: no sharp peaks; fitting curves
Experimental setup




Small Angle Scattering Geometry

Real space Reciprocal space

Primary beam, k, =2n/» Solution
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Typical 2D SAS

- Take radial profile (because 1sotropic)
- (Isotropic) Scattering patterns usually show
“featureless” decay




Initial remarks

Table 3. Advantages and limitations of major methods for structure analysis of biological
macromolecules.

Method Samples Advantages W&\
T —

Crystallography Crystals Very high resolution Crystals required.
fealing ns are not seen.

fine detail of Structure may be influenced
by cryvstal packing forces

NME
5 St solution
Cryo-EM Low amount of mdeeri
Direct visualizatie

SAXS/SANS Analysis of structure,
j Kinetics and interaction?
in nearly native conditions.
Study of mixtures and ambiguity in
non-gquilibrium systemé. model building
Wide MM range
NMew kDa to hundge
Static and dynamic  Very dilute solutions Non-dé e. Yield overall parameters only
light scattering, (=1mg ml—1) Low amount of material.
ultracentrifugation Simplicity of the experiments




Small Angle Scattering advantages in protein
structure analysis

* in-solution experiment;
 experimental conditions
similar to in vivo conditions;
 small system perturbation;
 simultaneous information about
structure and interactions;,
e protein at work (conformational
changes);
» folding/unfolding/aggregation;
» available experimental settings
to perform pressure and
temperature treatments
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Neutron scattering vs. X-ray scattering

SANS SAXS

Coherent scattering length
densities:
b (isotopic) and B (magnetic)

Significant

Atomic Scattering factor « Z
Parameters

Different scattering from

Hand D H-sensitive Low scattering from H

Low neutron flux Sources High Brillance

High flux SR:
radiation damage

Low energy:

.. Sample risks
no radiation damage P




Elastic scattering of neutrons
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detector
l"-, 99 :.l.'.:lHl-L‘i]l,E,]mr[i._-],a
BOITOE s n ﬂ,l A '
Y ;_/‘UM VA VAV g /\

e [he interaction with a nucleus in r is described by an elastic potential

Ulr)
(V2 + k2)(R)

. 9 / ) ik |R—r|
(R) (R _ dr U(r) ¢(r)
" ) dr|R —r|

e Each nucleus becomes a source of a spherically symmetrical wave




Scattering amplitude

e When |r| < |R| b; scattering length of the i-th nucleus

etk R a /
=D bie'd"

i=1

e Amplitude of the spherically scattere

N
AQ) = Z bie' ¥ dimension of a length

=1

e [he scattering vector in the reciprocal space is the momentum trans-
ferred from the neutron to the nucleus
4qr sin 0

Q=kyo—k Q) = \

magnitude




Neutron scattering lengths
of selected isotopes (units of 10

Isotope peoh  pincoh
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Differential cross section

~30)
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scattering particle
g P scattered neutrons

7]

incident neutrons
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e [he “microscopical” differential cross section,
represents the ratio between the number of neutmns scattered In the
unit of time by an angle 26 into a solid angle element df2 and the
incident neutron flux ¢. It can be shown that it corresponds to

E

A(Q)|* dimension of an area




Constructive interference

e Constructive interference of all elastically coherently scattered waves
only at very small angle




Constructive interference

e Larger is the particle, smaller is the angle at which the constructive
interference takes place




The Bragg Law ""

Scattered beam, | K R '

Radiation sources: K, =2n/h h i
X-ray generator (A= 0.1- 02 nm) “~_ Detector :
s :

Storage ring (» = 0.03 - 0.4 nm)
Neutron reactor (» = 0.1- 1 nm) Solvent

2d sin @

if d~ A, 0 is large

if d ~ (10 — 100)A, @ is small

b &

For d ~100A and A =5 A, § ~ 1.4°




Coherent and incoherent scattering

e [he experimental differential cross section depends on the average over the position r; and
Ielati@n exists neither between r; and

b; scattering length of the i-th nucleus

der
df}

Q(riT)

(Q) =< |AQ)* >

< bib; > < by >< by > 44 5(< '5'33 > — < b >7)

where <b; > = b°' and

then

N N
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£ i=1

de . do . L
( ) (Q) + (—) the incoherent scattering is independent on ()
coh incoh
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Neutron scattering lengths
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Scattering length density

N N
[k s - —1 P
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i i=1
dor . do _ .
(ﬂ‘ﬂ () + the incoherent scattering is independent on ()
=%/ coh incoh

df}

e |t is then convenient to write ﬁ—{‘i’} in terms of scattering length density

2
/ dr p(r)e'?® Fourier transform
V

N
]- o . C - ¢ . .
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‘E_I —

atoms in v i=1




Macroscopical differential

scattering cross section

1(Q)

&

= QN ADTqt ”T——E Q)
df}

Neutron or photon counts
Neutron or photon flux

! Solid angle subtended by the detector cell

Efficiency of the detector cell for the wavelength A

Beam area
Sample thickness

T Sample transmission factor

Measuring time
Macroscopical differential scattering cross section
Irradiated sample volume
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Volume fraction of the scattering particles
Particles in solution
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Absorber (e.g. Cd)




The master equation

e Macroscopic differential coherent scattering cross section per unit

volume

dd , .

dS)

Irradiated sample volume

Position vector

Scattering length density

(electrons for SAXS, nuclei for SANS)
Scattering vector

Average over all possible configurations




Scattering length density fluctuations

excess scattering density

pp 1s an uniform average value

V

. 2
/ dr dp(r)e’ " >
Jv

0(Q) is the Dirac delta which is zero except when Q = 0, i.e. when
the radiation is not scattered by the particles.

2
fdrépf r)e’® + po(2m)°0(Q) >




: / dr dp(r)e'?”
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Form factor

e V; is the volume of the scattering
particle 7. It describes the distri-
bution of scattering centres in the
i-th particle

e R; position vector, uj intra-

particle vector

r; = R, + uy

1 / ) .
— dr dp;(r) et
fi Jv; o

/ dr dp;(r)
LF "L.'
: \ Scattering amplitude at zero angle




Form factor of the i-particle
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Particle-particle interaction




e Average over the single particle distribution function

2 _ Jdwi PY(w) FF(Q)
<F(Q)>u= [ dw; PO (w,)

e Average over the pair distribution function

< FJQ)P:;(QWQ["E_RJJ :bmijmjj]_-{,i,ﬂj:
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Effective form factor and
structure factor
e [he master equation can be written as

d¥
df)

(Q) =np <(ApVp)*> P(Q)S(Q)

np = Np/V  Number density
< (ApVp)? > Average square scattering length per particle
< (ApVp)? Z i
P(Q) Effective ﬂ:}rm factr:rr
N :
e e,
P'.{ — r=1 ¢ i i
Y i £

S(Q) Effective structure factor




Interacting, ordered particles
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A small angle scattering experiment

The detected patterns may be 1sotropic, oriented, bimodal, etc.



processed results

| Size | Shape

Particle / Solution I
Il Lattice / Unit Cell

LC [ Polymere

It 1s helpful to recognize some of the more typical SAXS patterns of i1sotropic
systems, 1.e. whether macroscopic orientation exists or not in the scattering volume.




In-solution Small Angle Scattering

« Samples: independent objects

— Objects are 1n a uniform, featureless matrix (e.g. solvent).
— Assume dilute enough so scattering independently
— Assume randomly oriented 1n all directions

— “Objects” may be proteins, micelles, vesicles 1n solution,
polymer chains in melt/solution, inorganic nano-particles...

No long-range order: experimental resolution
not better than 1 nm

Nano-scale particle size features
Data: no sharp peaks
Models: 1gnore atoms




Homogeneous, not interacting particles
.- e *4( 6 o o 5

Two-phase model

Np identical particles per unit volume with homogeneous scattering
length density p

Particles widely separated, fully isotropic orientation. The structure
factor can be neglected

Particles imbedded in a matrix of homogeneous scattering length
density (electron density) pg




Excess scattering cross section

e [he macroscopic differential coherent excess scattering cross section
provided by a SAS experiment reduces to

m | {/L} ) = :\PI p | Il,r:r — I||f_J|:, | < |_E-_I| {’2 | | ~ w'r_‘r}

PLQJ — .::FE(Q} wgQ

S,

Average over the polar angles of Q)

.-..-' WIII:"}

Particle volume




SAS from 1sotropic solution (S(Q) = 1)




Form factor: particle size and shape

* (Isotropic) Scattering patterns usually
show “featureless” decay.

 First part of curve tells you the objects’
S1Ze.

* Next part of the curve tells you the
objects’ shape.




Form factor: particle size and shape




Form factor: particle size and shape

Resolution, nm

100 &y (150 0.33

Atomic
structure




Basic functions. 1

o Form factor of one single particle,

Vp

e Position and shape function

if r lies in the particle
otherwise

e Scattering function

PQ) = <[F(QI >y,




P(()) for particles of different shapes

. Sphere of radius R

. - S
oo | Sn(QR) — (QR)cos(QR) |
P(Q)) = ®<(Q)R) = [3 OR)

. Tri-axial ellipsoid with axes 24, 2B, 2C

PlQ) = :[ [ sin 7 dF de

x B2 (ﬂ,j‘f (A2sin® o+ B2cos? ) sin? 3 4+ C2 cos? 3 )

. Cylinder of radius R and height H

PQ) - J,.fgsinﬁd_?sing[;%{;) Heosfl) AJ2(QRsin 3)
0 o [%QH:DEIBJE (QRsin 3)?

where J;(x) is the Bessel function of order 1,

_ {_]_JFEIT‘.!--I-EE'
@) =2 IR+ ).
=0




| ——— Sphere R = 30A
= ——— Ellipsoid A =38, B=23, C
Cylnder R = H = 39 A

0.1 (.2 0.3
QA




Basic functions.

e Radius of gyration




Radius of gyration

e [he fully isotropic average of the squared form factor is

5 1
< F“l{él :::'w'r_: — /”'rwﬂ_ / / I’n'll-!’j'rl}r"lf,ﬂ[lla‘]f,n[ .Ir i()-(ro—ry)

sin ((ro — 1)
— / / e’frllrn'[ Ir"!'IIrJIll Ir"l'l;JIl:-l : L| |

f?

Q|ra — 11

e \We take as coordinates origin the “center of mass” (weighed on the
scattering length) of the scattering particle

/ drdp(r)re =10 o = I,
. T}_Ir,r

e Expansion the Taylor series,

SIN &

£




o It results

= F '._ {2 .| > w0 1] — — /.. (a‘rl r"!'ll.r;ll I .f
]!"l

/ dry dp(ry)ry / dry dp(ry) rycosbis + . ..
Vp Vp

-‘if ‘.

e Radius of gyration




Law of Guinier

For small - we can approximate ¢* ~ 1 + x,

Ly BV (L.)EEJE —
<F*(Q)>., = exp| — 3 QR, <13

e Apparent radius of gyration for a system containing different kind of
particles

N
o Zz’zpl szRg,:’

2
RE:E o

N
2 f7
e Radius of gyration for the two phase model

dr 1°
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Then,what do we mean by “size™?

R, is the average squared
distance of the scatterers
from the centre of the
object

R = (12+ 12+ 12+ 22+ 22+ 32))/6=20/6
R,="3.333=1.82




R, tor different objects

* Solid sphere, radius R:
R,=\(3/5) R

e Thin rod, length L
R,=V(1/12) L

 Thin disk, radius R:
R,=\(1/2) R




How to find out Rg . Guinier Law

For O < 1.3/R,

]
[=1, exp(—ngRgz)

True for all shapes (but works best for spheres)

1 2 2
In/=In/, —gq R,
- Plot of In / against O? (Guinier plot)

- At low Q, straight line, slope —R,/3




Example: bovine serum albumin (BSA)

Aggregated

Rg for fresh BSA is 2.87 nm

After 2 hours room
temp, Rg has
increased to 3.50 nm.
There are also
aggregates of

Rg=1 Tnm




Eftects of concentration

e Inreality, objects will
probably not be scattering
independently

Try a range of
concentrations
— ~3-30 mg/ml for

proteins

Extrapolate to zero
concentration

10 20 30 40 50 60
Protein concentration (mg/ml)




Basic functions. 3

e Distance distribution function

p(r)=— [ dQP(Q)Q sinQr

mJo

/ d;pl,{fj —1
0

probability to find a vector with modulus r having both the ends
into the particle

e Radius of gyration




Distance distribution function

Fourier transform of P(Q))

The average of the squared particle form facto/ P(Q) =< F%(Q) >uwg

2] - -\. -

can be written in terms of its isotropic Foufier transform

p(r) 1s given by the inverse transformation

* O

/ dQ) P(Q) () sin Q)r with / drp(r) =1

-
of 1)




3. plr) is connected with the orientational average of the autocorrela-
tion function of dp(r)

B

- 5 1 . .
plr) = 4;T*;'“F<f dry 5p{r1)5,0{1"1—|—1‘)>
V

Ll

4. Relation with R,

o0 o ()22
P(Q) / dr p(r) {1 — 96; + ... }
0

( 2 o0
1 — %V/ﬂ dr 12 P'UJ' 4.

-

drr* p(r)




Homogeneous, not interacting particles

e |n the two-phase model, we can write
dp(r) = Aps(r)

where s(r) is the position function

= I I' | f—

1 if ris into the particle
0  otherwise




e The p(r) becomes

1

prk;) _ '—’lﬂ"";'z 7
F

/ dry <s(rj4r)>,,
V,

This result shows that, for particle with constant contrast, the p(7) is
the distance distribution function which represents the probability
density to find a vector having the first end in the particle point r

and the second end again in the particle at distance r from ry.




Sphere

Ellipsoid A = 35, B =23,

Cylhinder R =

R
C
H







Behaviour of p(r) at small r
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1

e <s5(ry+r)>,= f dw,s(ry + r) represents the fraction of the

o AT «

solid angle from which r; looks the particle at distance r




If 1 is in the inner volume <s(r;+r)>_, =1 and

/ dry <s(ri+1)>,=Vp— Spr
Inner "I.-"CIII_IIT'IE‘

If ry is at depth & from the surface

1 - | Z ! , 1 £
— / dw,s(ri+r) = / dﬂ-/ dcos 3 = — (1 + —
- ' 4 0 —x/r 2 T

f d[‘l < S|:I'1 +r) = o=
shell




e Combining, the p(r) results

Aar? [ Spr
1 — L small r

-




LLaw of Porod

e The trend of P((Q)) for large ()-value corresponds to the part of the

2] B

curve of p(r) at small values of r

2]

_ 0 sin Or (4wt Spr
P(Q) g v __I 1 — P_,I + ...
J 0 ' Vp 4Vp

— sin( Q7 e )

large ()

where 7,45 is the distance at which p(r) becomes zero

.'\.




e [he principal terms is 24“3,2, to which are added damped oscillations

)

of pseudoperiod _r,“

large ()

Sphere with R, = 30 i

= (Guiner law
P:::r::::lzl law




Invariants
Integral of ()? over the P(Q)

% &

T
bl —
.-L}'.-'l.

Jo Vp
The integral only depends on the

/ dQ Q* P(Q)

particle volume, and not on its
shape

Integral of () over the P(Q))
> 27l
| dQer@)

0 Vp
[ is the average chord length i.e.

the average length of a line with

both the ends on the particle bor-
der




Then, what do we mean by “shape™?

Why should shape affect scattering pattern ?

Remember, scattering pattern 1s Fourier
Transform of the form factor

Imagine starting from the middle of your
object.

How much of your object 1s to be found a
distance r away 1f 1s globular ? And if 1t 1s not?




1) SPHERE

* Aslong as r <radius of sphere:

 Amount of material dV 1n a thin shell (radius 7,
thickness dr), varies with r* (dV = 4w r* dr).




2) THIN DISK
* As long as thickness (7) << r <<radius of disk:

CE > >

 Amount of material varies with » (volume of
annulus = 27 r t dr).




3) THIN ROD
* As long as thickness << r <<length of rod:

* Amount of material does not vary with r




“Dimensionality’ of different shapes

* Spheres (3D): amount of material ~ 72
 Disks (2D): a.om. ~r
e Rods (1D): a.o.m. ~#Y, i.e. constant

This changes the scattering behaviour.

At higher Q, scattering tends to
[~ Q_a e Spheres (3D): a=4
* Disks (2D): a =2
* Rods (ID): a=1




How to determine
dimensionality

[~qg*
In I = (constant) —a In g

- Plot In 7/ against In ¢
- Straight line, gradient —a




Dimensionality of a polymer
chain 1n solution

* A (strongly) self-attracting chain
would pack itself into a ball; this

would make a sphere (3D; a = 4)

A (strongly) self-repelling chain would
stretch out into a completely extended

rod (1D; a=1)




Polymer chains that neither attract nor repel
themselves show a = 2. This corresponds to a

‘random walk” ("Gaussian chain”).

(g D(1-D) e, d-PS/PS ¢ =048

N

104 3

IUS -

q {2.01=0.002)

u%c f:'
H H
| |
—-C—

@ @ | ~q(-2.01 + 0.002) \\\\\

Scattered intensity for a melt of h- - . .
and d-polystyrene (from Schwahn, o 10°2 10!
1991 using SANS) q (a1

I—C‘J-—I




Random walks

Properties:

* N “steps” each of length /

» Expected end-to-end distance is / VN
» Expected Rg = / \(N/6)




Deviations from a random walk

(Imagine a length of rubber tubing)

On a long enough size scale, it can behave
randomly

On a shorter size scale, because the tubing
1sn’t infinitely flexible, bits of tubing close to
each other aren’t independent

On a si1ze scale less than the “persistence
length” the tubing looks like a straight rod.




So, overall ....

I~exp(-Rg’0?/3)
Guinier
I ~Q'2
Random walk I~Q’
Thin rod




“Worm-like chain” (Kratky and Porod)

This behaviour 1s seen more clearly on a plot of
107 against O, called a “Kratky plot”. This is
very sensitive to behaviour of polymer chains.

Random walk

. Thin rod behaviour
behaviour

Q1 1s inversely related to Rg,
and Q2 1s inversely related
to persistence length




More on deviations from random
walk behavior

» At higher QO (short length scale), the worm-like
chain acted more like a rigid rod (1e, selt-
repelling)

* Conversely, folded proteins with internal
structure are self-attracting at a short length
scale.

* These often show a maximum 1n the Kratky
plot, and then decay at higher Q.




Application to protein conformation study

Cytochrome C at pH 2
where it 1s denatured

0.5 ms after sudden
increase in pH (begins
folding)

10 ms after sudden
increase in pH , and
equilibrium

folded (green)




Measuring () range

10t :
10° :
10-1 ;
10-2 ;

1072 ¢

104 |

| |
Measuring ) range
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Scattered intensity

Primary beam ]

Background —— 4




Direct

determination of p(r)

I 1
SAS experiment
(Guinier approximation
Porod approsimation

—




2 Qr.lzin
plr) = ;’ [ / dO Painice(Q)Q sin(Qr)
[

4
¢ TRT

| dQF..,(Q)Qsin((r)

55 "\_

+ / d() Pporod( Q) Q) sin(Q)r)
JO.




SAS Data Analysis

O Guinier region. At very
small angles, the shape of
the scattering can be used to
give us an 1dea of the radius
of gyration of any distinct
structures that are on this
range of length scale.

8
o
=
L]
=]
-
B
i
E.

At higher angles, 1f we had a
system of relatively uniform [ 5N
particles, dilute enough for :
mutual interactions, we

might be able to see broad

peaks that would also give

us information on the shape

of the particles (form factor). p = 27/0 O = 2 sin6/A

min




SAS Data Analysis
O Porod region:

At higher angles, the
shape of the curve gives
information on the
surface-to-volume ratio of
the scattering objects. This
can also be used to obtain
information on the
dimensions of the

scattering particles.

O INVARIANT :

The area under the curve o lesree gt |
is a measure of the amount TGN SN
of scattering material seen LA N L
by the beam. Changes in S

the invariant are useful to

follow crystallization 1n

polymeric materials.




European Large Scale Facilities

Central Building

1D02

P

ynchrotron

B Fublic beamline:
milin
t for the machine

Grenoble (France)
ESRF (European Synchrotron Radiation Facility) and ILL, (Insitut Laue-
Langevin)




High-Brilliance Beamline Layout

8 x 1012 ph/s/100 mA Detector fube (10m)

0.8 mmx 0.3 mm WAXS

: . 40 prad x 24 pirad CCD
High [5 section i ur detector ™,

undutators ﬁ"
126 & Udé mm 'ﬂ)

Sry slits Shutter (ms)

T & rol USAXS

1.1 mmx 0.2 mm sample position

Spadx I3l g1 Chamett Bonse-Hart Camera
monochromator
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Lowest momentum transfer & lowest background
small-angle neutron scattering instrument D11

Velocity selector Neutron guides Detector
(Monochromator) (Collimators) (position sensifive)

Neutron guides
Collimators) | Diaphragms Evacuated tube (40m)




Neutron scattering vs. X-ray scattering

SANS SAXS

Coherent scattering length
densities:
b (isotopic) and B (magnetic)

Significant

Atomic Scattering factor « Z
Parameters

Different scattering from

Hand D H-sensitive Low scattering from H

Low neutron flux Sources High Brillance

High flux SR:
radiation damage

Low energy:

.. Sample risks
no radiation damage P

Very usefull for biology !




Neutron diffraction map
X-ray diffraction map

‘ X-Rays ‘ ‘ Neutrons

Strong
nuclear
force

Electromagnetic
interaction

‘ electrons ‘ ‘ atomic nucleous

Scattering
Isotopic
sensitive

Scattering o« Z.




Not homogeneous not 1nteraot1ng part1oles

e [he macroscopic differential coheren.. RS
provided by a SAS experiment reduces to

d¥

{uu

<...>., Average over the polar angles of Q

Vi Particle volume
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Fluctuations of pp(r)

e The particle scattering length density pp(r) changes locally

pr(x) = <pp>+pr(x) with [ depp(r) =0

< pp =
I|:l|:| —

Matriz Particle




Form factor and fluctuations

e General expression for the excess scattering density

dp(r) =

e Fourier transform

[ dre'?Ts(r)[<Ap> + pp(r)]
[ drs(r)[<Ap> + pp(r)]

1 . 1 O\ SOer
— ﬂ?-l't'.’e{'!.l -+ __ e {'Lrl'l,f_}P |;_1‘_:|t'.’€{"!.l

— ﬂmmcn ' {:‘! ' +

i !

F(Q)




N
‘rj,{( 75(() and fluctuations

In the case of random distribution of non-interacting particles, we
have

. 2
wQ

??-plig[{: ﬂkp}gphgmgl:;':?:] + < ﬂP?RnH'LQJ -+ Pﬂuct(@)]

Ph-:lml:l |~ {:,) J {: | 1|::-111-D| r‘g ll |‘_ =
R

Pmi:—;':_(-'g_] = < Hmmcu' 'lr__e I‘Fﬂ et '[__e | >0
P Huct l {:,) 1 < |F fAnet | (_-J ). |“ > wo

e [he three terms can be separated by neutron contrast techniques.




Contrast variation t}

e [he proton and the deuteron have a

ing lengths

by —0.3742 - 107*% cm
bp 0.6671 - 107 cm

e [he two hydrogen isotopes behaves in the same way from the chem-
ical point of view, but the neutron scattering properties result very
different.




Contrast variation technique

e [he proton and the deuteron have a much different nuclear scatter-
ing lengths

by —0.3742 - 107*% cm
bp = 0.6671-10"** cm

e [he two hydrogen isotopes behaves in the same way from the chem-
ical point of view, but the neutron scattering properties result very
different.

Variation of the scattering lenght density of the water solvent: H,O —%»D,0
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Water

Inhomogeneity

BMV protein

Lipid head group

CHs

40

60

80

% D20 in the solvent
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= n.pI{%[f: Ap>2Piomo(Q) + < Ap>Pri(Q) + Pauet(Q)]

Q) = <‘/ Are@s(n)[< Ap> + pr(r)



Example
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R, and fluctuations

e [he gyration radius depends on the internal structure

_ s
Ck i)

I = R? — .
i, 11|*.|111 < Af:" ~ < .;\Jfff ~ 2

1

= 1__/ dr 1 radius of gyration of the homogeneous particle
.-'F I‘rp

1 2 :

— dr r* pp(r) a=0ora<

Ve Jv

2

dr r pp(r)
Vp

1
_Iﬁ




Stuhrmann’s plot
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Rhodobacter Capsulatus intact membrane

T ATP-ase soluble
60-100A

:

Lipid N _ \ ~

Lipid hydrophobic

region Protein outer
fraction

polar region

ATP-ase transmembrane

Protein inner fraction

Fig. 5. Eepresentation of a simple model for the chromatophore
mambrane used to analyse SAMS data of Ehodolucter capsulatus samples.




Rhodobacter Capsulatus intact membrane

Native EDTA-treated

N..--t
Q
B
Al
i
E

1 1
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0.002 0.004 0.002

Q> (A% Q* (A%

1 1 I
0.004

Fig. 2. Guinier plots Inl[dE/dCi(ON0 ws O for natural unilamellar vesicles from Rhodobacker capsulatns chromatophores and after EDTA-trea toent at
different [ 0 concentrations (pemcentages reported in the frames). The characteristic sinusoidal oscillations reflect the meambrane curvature [42].




Rhodobacter Capsulatus intact membrane

ATP-ase soluble

Lipid . .
polar region Lipid hydrophobic
region Protein outer

fraction
ATP-ase transmembrane
Protein inner fraction

Fig. 5. Bepresentation of a simple medel for the chromatophore
membrane used to analyse SANS data of Rhodobacker capsulatus samples.

#— EDT A-treaie
- ™ i

(.0 2.0 4.0}
| J<@p= (10" A%)

Fig. 4. Variation of the square of the thickness parameter [ as a function
of the inverse contrast 1 / = Ap > . The lines represent the data fits: solid
and broken lines are for EDTA-treated (F-depleted) and native
chromatophores, respectively. Large ermors at small contrast retlect the
difficulties of measurements in low contrast condition.




Protein solvation shell

Just water

Scaled representations of a solvated
lysozyme molecule based on PDB structure.
,  water molecules in the bulk and in the
first solvation layer.
, glycerol molecules in the bulk in
contact with the protein.

Just cosolvent




Three phase form factor:
the role of composition

Loy iy — ag) + ag

with 2 = b,

Ill’_}:' — ._ :
1.'!._. . : |". ir.-"'rhl_l . : - .ir-"lg . : _.I _I_ ;r.-"llg"?

T 4 water molar fraction in the i-th domain
vy, and vy partial molecular volumes of water and glycerol in the two domains
a,, and ag scattering lengths of water and glycerol at zp

[1 — Tip ';I";u +V :'][Itu'.f'j.“g — V1) — L"g]i'h: - ﬂ-;,-l":'”g (T — To 1)
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Three phase form factor

e [hree different scattering domains have been considered: protein

(p), local domain (I) and bulk (b):

P(Q) = (pp— p)*V, Pl Q) + (o1 — pu)*Vi* Pu(Q)
+2(pp — o) (o1 — pp) Vo VP (Q)
pp. p1 and p, scattering length densities; V), protein scattering vol-

ume; Vj is the local domain volume, detined as a protein shell of
thickness d;.




Contrast variation Small Angle

Neutron Scattering

Ap — pprotein = Psolvent

Inhomogeneity




Lysozyme 1n glycerol-water mixture:
a global fit strategy

Global fit of 35 SANS curves

N mgfml  z, =

sl 0,46 0

\' o |II
il 0,56 0 9 _IEIZI g,/ ml

sl 0,46 0
s 0.56 0
oy ) 0,50 0
SRR 0,46 0 RS 0.53 0,05
R 0.49 0 W ) 0,59 0.05
i 0,51 0 i S, .52 0.35
SR 0,56 0 R, 0.58 0.35
R 0.56 0

%[ & (fem—)

w041 0
i 0.46 0
o w 0.47 O g S
R, 0.52 0 A ", 0,45 0
i 0.56 0 T 0.51 0
i 0.57 0 e SR 0,56 0
SR 0,55 0 : TS 058 0
0.56 0.05 . ") 0.55 0.05
0.56 0.35 S, 0.51 0,35
' Sl 0.5% 0.35

S 150 mgfml




Lysozyme 1n glycerol-water mixture:
global fitting results

(A (A%
17060 £ 70 [ 5.83 + 0.04 | 01 :|:||:_-'1|f.~3 21 4+ 0.04 | 1.87 +0.03

v, ‘

‘ Z ‘ .r"'ltl_l_ llil ‘ .|!rl!I.- ‘

¢ [he thickness of the local domain is in agreement with molecular
dynamic simulations

e The molecular volume of the water in the first hydration layer is
smaller than the volume of pure water (30 A?) and it is associated
to known electrostriction effects occurring at the protein surface

o The equilibrium constant value larger than 1 indicates that the shell
domain is in all cases enriched in water with respect to the compo-

sition of the bulk

R. Sinibaldi, M.G. Ortore, F. Spinozzi, F. Carsughi, H. Frielinghaus, S. Cinelli, G. Onori, P. Mariani.
“Preferential hydration of lysozyme in water/glycerol mixtures: a small-angle neutron scattering study”.
Journal of Chemical Physics, 126,235101 (2007).




Shape reconstruction of particle structure
(low resolution structure)

Approaches in data analysis

1. Model-independent, leading to an ab-initio shape reconstruction of

proteins

2. Direct modelling, based on the use of crystallographic coordinates
to derive protein structural properties {(:c}m pactness, quaternary struc-

ture, protein-protein radial distribution functions)




Shape analysis by Monte Carlo method

Monte Carlo scattering profiles

e [he distance distribution function’is calculated taking into ac-

count the distances betwee pairsot Ny points that are randomly
generated and evalu for the probability of belonging to the par-

and then the P(Q) profile, that should fit the experimental data

9 Np—1 Npg

- S L 3 H )

=1 j=i+1

/}“"‘ _-111|Q '
lH‘I.i‘l
! Or




shape function !

Homwgeneous and compact particle

. Twa—dimensiﬂn@v shape functean@fﬂ compact particle the function s(r) can
be written as

< Flwr)
{ exp{—[r — Flw))?/20} 1> F(wy)

r(w,)

distance of the border from the centre at direction wyr = (ay, )
variance of the gaussian decrease of the position function s(r)




Shape analysis by multipole expansion

Multipole expansion

F(Q) = 7 fdl p(r) e’¥T  Definition of form factor

dp(r) = Z Z A 01 m L maximum rank of spherical harmonics
_|| =

Pl{‘ll—z Z Fi (Y mlwg)

I=0 =

=0 m=

Al o
Fi Q) =%/E. ?'Ed?'jg[;i;??'jémlmli'r':l Hankel transformation

Jilz)  spherical Bessel function 7 of order |




Shape multipole expansion

arrit &
R f oo, Y, (w0,) Q1P
p=0

F () . .
::{ /J dr ?_g+.;+gp_|_/ dp 2T 2P I —Flwe)]? /203 from Hankel's transformation
0 Flae)
coeffic. of power expan. of j(x)

Expansion of the g-powers of F(w; )

definition

)1/220420)/20 (13 + 2]/ }|53+2-p] solution

e The ab initio shape determination from SAS data reduces to find the
best set { fi..} giving a P((Q) that fits the data.




Example: lysozyme

L=0 L=1 L=2 L=3 L=4 L=

I

[ =10
[=1
[ =2
=3
E=4

sum up to [ =

,\\\\

8




Carboxypeptidase from extreme thermophilic
archaeon Sulfolobus solfataricus (CPSso)
SAXS data analysis

e The best fit curve was corresponding to a particle volume

which indicates the presence of tetrameric aggreosates
Multiple expansion

method,

best fit curve

O°1(Q)/1(0)

004 0.8 0.12
0 (A")




Reconstructed CPSso shape function

* Only M=4 fitting

parameters are taken into C e
account. They are much ?\‘“y a4
lower than the Shannon's V4
channel, Ng=12. M N

«  The point group symmetry :/’ N

that better fits the
experimental curve is D,,,
compatible with the
tetrameric structure.

| <+—>
o 50 A



The tetrameric model based on the CPG2
structure 1s confirmed by SAXS

50 A




Particle-particle interactions

Interacting, homogeneous particles

i

(Q) =np <(ApVp)*> P(Q)9(Q)

Number density
= Average square scattering length per particle

72 1 Np p2
<(ApVp)*>= 52 i [

2]

Effective form factor
N i
e .,
P == s
Effective structure factor




Stucture factor: particle interactions

e Partial structure factors

s | | H111|fl |
Siy(Q) = 8y + 4 (ni

e The correlation functions g;;(r) can be foyfid by solving the Ornstein-
Zernike equation

e c;;(r) direct correlation fupction
o ui(r) = gis(r) rrelation function

e Zero-order

. p.LET] when n — 0

) interaction potential




Stucture factor: interaction potentials

gi; (1) = exp [—uy; (r) /kpT]

Hard-Sphere (HS), screened Coulombian (C), Hamaker (H) poten-
tials

J— rHE: s .;'1: i L :rH [
U (r) + U (r) + Ug(r)

+oo, 0<r< R+ H_;-
0. r > L'Jli i H_,-‘

@ . exp[—kp(r — By — I;)]
) :

2R:R;
2 _ (R; + R,)?

2R;R; 2 (Ri+ R))?
+ 55 tlog | 57— —
Hamaker constant re —(R; — R;)? r< — (R; — I;)*




Table 3.

Final remarks

macromolecules.

Advantages and limitations of major methods for structure analysis of biological

Method

Samples

Advantages

Limitations

Crystallography

NMR

Cryo-EM

SAXS/SANS

Static and dynamic

light scattering,
ultracentrifugation

Crystals

Dilute solutions
(~5-10mgml~")
Frozen very
dilute solutions
(<1mgml™")

Dilute and
semi-dilute solutions
{from ~1 to
~100mg mI~ )

Very dilute solutions
(=<1mgml™")

Very high resolution
(up to 0.1 nm) revealing
fine detail of
atomic structure
(e.g. of the active centres)
High-resolution
{(0.2-0.3nm) in sol
Low amount of m:
Direct visuals
of particle shape
and symmetry
Analysis of structure,
kinetics and interactions

in nearly native conditions.

Study of mixtures and
non-gquilibrium systems.
Wide MM range

{few kDa to hundreds MDa)

Non-destructive.
Low amount of material.

Simplicity of the experiments

Crystals required.
Flexible portions are not seen.
Structure may be influenced
by cryvstal packing forces

Hardly applicable for
eeding ~50kDa

Low (~1-2 nm) resolution.
nires additional
information o resolve
ambiguity in
model building

Yield overall parameters only
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