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There are important areas and developments in biology
In which SANS
can advance our understanding significantly !



Length Scales in Biology



Structure at the macromolecular level

Molecular biology and biochemistry:
HIGH resolution structures (chemistry)

Xray crystallography... SR, small crystals, high throughput ...

NMR ... EM ...
Neutron crystallography... H-atoms



Structure at the macromolecular
and supramolecular level

Molecular biology and biochemistry:
LOW resolution structures

Bad reputation : mainly because of early X-ray work !

Briefly : chemistry acts as an important check
on a HIGH resolution structure. There is no such
check at LOW resolution, and many structures
were proposed that were proved wrong when high
resolution became available...

Because of the power of H-D contrast variation
THERE HAS NEVER BEEN A WRONG
LOW RESOLUTION NEUTRON STRUCTURE

(to my knowledge)



Contrast variation for biological macromolecules
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BUT
Are LOW resolution structures interesting ?
or just insufficient information on systems that
‘have not yet been crystallised’ ?

The example of the Ribosome !



SANS

IS a powerful LOW resolution structure method
that can provide unique information on a
diversity of biological systems



SANS

could be applied to systems ‘before a crystal structure is available’

but
It Is most powerful on
dynamic interacting or inherently disordered systems
for which at best high resolution structures would be
available only for individual components...

Also, it now seems that a large proportion of genomes represents
‘disordered’ proteins that take up partial structuring only
when in interaction with other partners



More than thirty years of Neutrons in Biology

A non-exhaustive list of SANS and membrane diffraction publications
from the seventies and eighties

Work in its time ?
Work before its time ?
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Protein RNA (more)
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Membranes and membrane proteins (more)
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The direction of Biology at the beginning of the

21st Century



André Guinier died in Paris at the beginning of July 2000,
only a few weeks after it was announced in the press that a
human genome had been sequenced.

End of an era. .. beginning of anew era. . .



‘... first, that we have made incredible progress in deciphering what
we know today about protein assemblies; and second, that we still
have an enormous amount to learn. Thus, for example, our current
drawings of the structure of the nuclear pore complex seem
reminiscent of the sketches of houses drawn by young children,
and they probably bear similar relation to the real thing...

... research in the post-genome-sequencing era, when most advances
will come from successfully dissecting complicated in vitro systems
composed of pure components... Here a deep understanding of the
key constraints on the system imposed by thermodynamic and kinetic
factors, as well as the ability to use new developments in chemistry
and physics as appropriate tools, will often be vital for success...’

Alberts (1998) Cell 92, 291-294



Perhaps more slowly than he intended in 1998,

structural Biology is moving in the direction Alberts predicted,
and in a Preview (SAXS and the Working Protein)

of the February 2005 issue of Structure with the cover title
‘Macromolecular Assemblies Highlighted’

we can read:

‘... Inthis issue ... Davies et al., 2005 present shape reconstructions for the
molecular motor p97 using small angle X-ray scattering (SAXS) ...

This work emphasizes the emerging potential of SAXS for visualizing

the workings of biological machines in solution...’

Nagar and Kuryan (2005) Structure 13, 169-173



Examples of biochemical ‘cartoons’ of important interacting systems in immunology and
the response to viral infection; there are structures available for some of the components
but little is known about the structures of the complexes
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The emphasis of modern structural biology is gradually changing towards
making use of the thousands of high-resolution structures still being solved now by
crystallography and NMR in order to address the question of how they act in
dynamic molecular assemblies.

In this context, the information that can be obtained from the study of macromolecular
complexes in solution, under various solvent conditions including those that mimic
physiological conditions, is essential.

For these studies SANS has strong advantages !



The two axioms of
Cell theory (Schleiden, Schwann, Remak, Virchow)
remain true today

1) The cell is the organisational unit of all life forms

2) Cells arise only from other cells



The Cell, secret of Life

We can manipulate genetic information by
sequencing cutting sewing bits of DNA
together but when we want it expressed
efficiently we have to introduce it into a

living cell

True for a single protein expressed in a
bacterial cell or for Dolly the sheep, which
came from an egg cell !

We do not know how to ‘make’ a cell and
DNA doesn’t either !



Broken Symmetry
Anderson (1975), Science

Each level of organisation has its own properties
and laws

Quantitative differences lead to qualitative
differences

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

What are the interactions governing the dynamic
molecular assemblies in the cell environment ?

These have to be studied as themselves and
cannot be predicted from the high resolution
structures of their components or even from their
time-averaged or static structure !



A eukaryotic cell

Huclear envelope )
Centriole
R vt | Mucteus
Mitochondrion Vacuole ,
‘Huclear pore
Plasma ;~
membrane

Ribosomes

Cytoplasm XN g el 2 e ” .5 Golgi complex

Smooth
endoplasmic Microfilaments
reticulum Microtubule
Rough
endoplasmic

reticulum



The living Cell

An open thermodynamic system
In constant activity, even when it is not dividing

Membrane proteins: differences in chemical potential
DNA repair mechanisms
RNA synthesis and processing
Protein synthesis and processing
Internal membrane traffic
Cytoskeleton dynamics

and and and . ..
All working in a coordinated synergistic way !

Cells in a human being turn over ~ 20 kg of ATP molecules per day
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BIOCHEMISTRY |

BIOCHEMISTRY !
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Work before its time ? Dessen et al. (1978): Contrast variation and tRNA in-beam titration to solve the
Structural aspects of the antico-operative binding of initiator transfer tRNA-Met to
methionyl-transfer RNA synthetase from Escherichia coli
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The interaction model

Mg Cl



Gutsche et al. 2001 showed by SANS how the thermosome adopted two different structures
in its activity cycle; the ‘round’ structure had been seen by crystallography and the ‘long’ one
had been seen by em but it took the SANS experiment to explain the apparent discrepancy and

to solve the structural activity cycle of the complex
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Troponin Team

SANS + Robert Mendelson + Deborah Stone  UCSF
Peter Timmins ILL, Grenoble

SAXS Theyencheri Narayanan, ESFR, Grenoble
MOde”ing William King + Paul Curmi UNSW
X-ray

Maia Vinogradova + Robert Fletterick UCSF

Crystallography

EM Alnoor Pirani, Victoria Hatch + Willlam Lehman Boston U.
Roger Craig U. Massachusetts
Chen Xu Brandeis U.
Larry Tobacman U. lllinois




Striated muscle requlation

Tropomyosin
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e Thin filament based
 Tropomyosin: homodimeric coiled coill

e Troponin: heterotrimeric Ca?* regulated
switch




Troponin: Ca?* switch

162

182

262

Three subunits:

 TnC - Ca?* sensor - CaM superfamily

e Tnl - “Inhibitory subunit” - binds actin
 TnT - Tm binding subunit




Aim of the project

e Determine the structure of Tn
e Determine the structural changes in Tn +Ca?*
 Determine the mechanism of regulation

At the start of the work

e TnC crystal structures

e SANS data: ThC & TnC.Tnl

 Many unsuccessful attempt to crystallise Tn

* No reliable structural information on Tnl & TnT



The Proteins

i e Chicken skeletal muscle
— E. coli expression

e TNT2
— No aggregation/dimerisation

é %é e Mix 3 subunits, denature-
% % renature => Tn complex

 All combinations of
% é deuterated/protonated
subunits produced
Protonated “invisible”
B Deuterated “visible”

TnT2 (156-262)




Conclusions: Tn structure
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conformation

C-Tnl has a ball & chain architecture

Large structural change in Tn due to
release of C-Tnl in -Ca?* state

C-Tnl ball interacts with actin



ctiBal  Conclusions: Thin filament

e C-Tnl ball visible on actin in -Ca?*
state

e Tn position unchanged wrt actin +Ca?*
« Tm proximal to Tn in -Ca?* state
« Tm moves away from Tn in +Ca?*state

Tm movement
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and so onwards into the Future . ..






EuroBioSANS
An informal network of scientists from GKSS, HMI, ILL, Juelich and LLB to
promote SANS in Biology.

Considerable effort has already been invested at the different reactor centres
to open up to ‘biology’ but the community has been less responsive than
other scientific disciplines, and clearly a more proactive approach is
essential.

Neutron sources are not in competition with each other but on the contrary will
all profit from a successful re-emergence of SANS in biology. In this sense
EuroBioSANS can be used to help direct projects to the appropriate
centre based for example on time availability, geographical or special
expertise considerations.

The human base of expertise (SANS scientists who can talk to and understand
biochemists and their special needs) must be broadened by encouraging
SANS scientists to implicate themselves in the biochemical aspects of a

study beyond the SANS experiments themselves. And for successful
experiments there should be good Biochemistry laboratory support as
close as possible to the SANS stations.



SANS and SAXS

Concentrations ~mg/ml

Better for sample access (‘open’
quartz cuvette - sample
volume ~100 pl)

Better at low Q

Better for absolute scale

In H,O: solvent scattering density
~zero (no specific volume
effects)

In D,O: contrast variation and

high signal/noise; low bg (0.1

mg/ml concentration feasible)

Better for solvent conditions

(not sensitive to high salt conc

etc.)

No radiation damage

Concentrations ~mg/ml

Sample in a capillary -
(measurements have been made
with as little as 20 ul)

Better at high Q

Lower background than for neutron
scattering from H,O. Higher than for
neutron scattering from D,O

Better for kinetics (shorter exposure
times)

Significant radiation damage - (flow
cells etc to reduce this increase
significantly the sample volume
required)



Five questions for the setting up of EuroBioSANS

1) Do we agree to put forward a unified front to encourage SANS
experiments at our respective reactor centres by Biologists who have
little or no neutron expertise but potentially exciting projects on
biologically important complexes and their interactions?

2) What human base of expertise (SANS experts who can talk to and
understand biochemists and their special needs) is required and how can
we strengthen it, considering we are all already very busy with our own
projects and instrument responsibilities?should we start by organising
a workshop?

3) How can we improve the Biology support around the SANS stations in
terms of clean laboratory space, spectrophotometers. cold rooms, etc.?

4) Should we think in terms of unifying analysis methods and programs at
the various centres and implementing novel approaches such as the
Svergun SAS-crystallography suite for example?

5) And perhaps most difficult and important of all to tackle: can we come
up with an acceptable demand to our bosses for block-allocation of
measuring time for such experiments that takes into account the
flexibility and easy-accessibility that are required for success?



SANS without equations

Problems that can be solved:

1) What is the effective association state (is it a monomer, a dimer...) of a protein
or other macromolecule in solution or within a membrane environment?

2) What is its shape or conformation (is it compact and globular or ellipsoidal, long
and narrow, or flat and broad, star-shaped or branched... is its structure in
solution similar to its crystal structure...)?

3) Do different macromolecules in solution interact to form a complex or not?

4) How do the answers to points 1, 2, 3, vary as a function of solvent conditions
(pH, salt, ligand, temperature...), are there modifications in association state
or conformational changes?

5) The method of contrast variation in small angle neutron scattering allows one to
render visible only one component within a complex structure. It is then
possible to address questions 1 to 4 for individual components within, for
example, a macromolecular machine made up of various proteins, a protein
nucleic acid complex interaction, or a membrane protein in a lipid or
detergent environment.

An important point is that the answers to the different questions above are
obtained independently of each other.

Practical requirements for a SAS experiment:

1) On the order of 100ul of solution containing a few mg/ml of macromolecule.

2) An accurate measurement of the macromolecular concentration (in mg/ml).

3) Access to a neutron small angle camera and competent help to plan the
experiment



Conceptions and misconceptions

Sample
SANS does not need:
Large crystals
Deuterated macromolecules
Massive amounts of material
Special buffer conditions
Capillary sample containers

A typical sample is a ~100 microlitre solution of a few mg/ml
(therefore ~0.1 mg of macromolecule)
In an easily accessible quartz cuvette
(good for in-beam titrations or adjustment of solution conditions)

Experiment
Exposure times are reasonably short
(a measurement takes ~ minutes or ~ an hour depending on the instrument)
The effective intensity is not <<<< for SAXS with SR
(large A, A3 effect, large beam cross-section, long instruments compensate
very effectively)
There is no radiation damage



A consensus for action (1)

We created EuroBioSANS, an informal network of scientists from GKSS, HMI,
ILL, Juelich and LLB to promote SANS in Biology.

Considerable effort has already been invested at the different reactor centres
to open up to ‘biology’ but the community has been less responsive than
other scientific disciplines, and clearly a more proactive approach is
essential.

Joe Zaccai is prepared to tour Biology laboratories in Europe to publicize what
SANS can do but the reactor centres and instruments must also be
prepared to accommodate a user community with very special needs.

It is proposed to create a EuroBioSANS web page in order to promote the
technique and centralise useful information, with illustrative examples of
previous studies - a SANS ‘primer’ - a ‘checklist interview’ for biological
sample preparation, data collection and analysis - a description of data
analysis steps and programs - contact addresses for ‘responsible
scientists’ at each reactor centre - up-dated information about test-time,
fast access etc. - links to the different reactor centre and instrument web
pages etc.



A consensus for action (2)

The human base of expertise (SANS scientists who can talk to and understand
biochemists and their special needs) must be broadened by encouraging
SANS scientists to implicate themselves in the biochemical aspects of a
study beyond the SANS experiments themselves. And for successful
experiments there should be good Biochemistry laboratory support as
close as possible to the SANS stations.

It may not be realistic to unify analysis methods and programs at the various
centres in the short term but we should remember that the implementation
of common analysis programs at all synchrotron beam lines for protein
crystallography has been an important achievement for the efficiency of
that user community.

For the present, it was agreed to work within the existing proposal system at
each institute, with a special emphasis that test time for feasibility studies
should be allocated within reasonably short delays. EuroBioSANS centres
are not in competition with each other but on the contrary will all profit
from a successful re-emergence of SANS in biology. In this sense
EuroBioSANS can be used to help direct projects to the appropriate
centre based for example on time availability, geographical or special
expertise considerations.



A consensus for action (3)

The setting up of a flexible test-time system is essential for the success of
EuroBioSANS. Test time is not a luxury but a necessity. Most first SANS
experiments on a biological system from a group that has no previous
neutron expertise require test time for the definition of correct
experimental conditions, with follow-up measuring time within a
reasonable delay.

It was decided to circulate a standard sample in the different reactor centres, in
order to calibrate the measuring time needed at each SANS instrument,
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