
Proceedings of the Fifth International Symposium 
on 

Advanced Nuclear Energy Research 

—NEUTRONS AS MICROSCOPIC PROBES— 

1-12 
BIOLOGY WITH NEUTRON RADIATION 

Giuseppe ZACCAI 

Institut de Biologie Structural and Institut Laue Langevin 
41, Avenue des Martyrs 

F-38027 Grenoble Cedex 1 
France 

ABSTRACT 

Neutron diffraction, elastic and inelastic neutron scattering experiments provide 
important information on the structure, interactions and dynamics of biological 
molecules. This arises from the unique properties of the neutron and of its 
interaction with matter. Coherent and incoherent neutron scattering amplitudes and 
cross-sections are very different for H and 2 H (deuterium). Deuterium labelling by 
chemical or biochemical methods and H20: 2H20 exchange is the basis of high 
resolution crystallography experiments to locate functionally important H-atoms in 
protein molecules. It is also very important in low resolution crystallography and 
small angle scattering experiments to solve large complex structures, such as 
protein-nucleic acid complexes or biological membrane systems, by using contrast 
variation techniques. The energies of neutrons with a wavelength of the order of 1-
10A are similar'to thermal energies and inelastic neutron scattering experiments 
have been done with different energy resolutions (S « ljieV) to characterise the 
functional dynamics of proteins in solution and in membranes. 

INTRODUCTION 

The contribution of neutrons to structural molecular biology has been reviewed at the last 
International Conference on Neutron Scattering in 19911\ 

The interesting properties of neutrons for biological studies include a choice of 
wavelength from below 1A to more than lOA, soft energies and negligible absorption in most 
matter, isotope effects, scattering amplitudes independent of atomic mass, the negative coherent 
amplitude of 1H and its large incoherent cross-section. These are all significant advantages for 
high and low spatial resolution experiments to which should be added the unique applications 
related to inelastic neutron scattering for the study of thermal motions in the microelectron volt 
to millielectron volt energy range. 

Low absorption leads to high penetration and negligible radiation damage to samples and 
to easy-to-design sample containers for extremes of temperature or pressure. Neutrons are 
scattered by nuclei, contrary to X-rays that are scattered by electrons. The isotope effect is 
particularly useful because of the large difference between the coherent scattering amplitudes 
and also the incoherent cross-sections of H and ( 2H) D, which makes possible deuterium 
labelling studies. The negative scattering amplitude of 'H, results in a coherent scattering 
amplitude close to zero for the light water molecule; for the first time solution experiments could 
be done as if in a "vacuum". The large incoherent cross-section of lB, makes energy analysis 
possible, even with the relatively low incident neutron fluxes available. The low incident flux 
can be compensated for somewhat by the use of longer wavelengths, large beam cross-
sections, long collimation distances to obtain good angular resolution and larger samples. 

There is useful and important information in structural molecular biology at different 
levels of resolution. Diffraction to atomic resolution can only be observed from well-ordered 
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crystals. Low resolution information from crystals can also provide information on disordered 
components in nucleic acid-protein or membrane protein complexes. Studies of macromolecular 
structure and interactions in solution can be performed to very low resolution . 

Studies at High Resolution 

Neutron diffraction is complementary to atomic resolution X-ray crystallography by providing 
information on the positions of H atoms in the structure2). An important point is that because of 
H-D labelling this can be done with neutrons with significantly lower resolution data than with 
X-rays. In practice, even with very high quality crystals, X-ray data are not adequate to locate 
the one electron of a H atom. Neutron diffraction H-D exchange studies have provided 
information on structural fluctuations in proteins and on enzyme catalysis by showing which 
groups are protonated under given conditions. Lehmann has used neutron crystallography to 
study macromolecular interactions between a protein and small solutes in the context of protein 
stabilisation3). For a neutron crystallographic study, a large crystal volume is required (a factor 
of 100 larger than for X-rays). Currently, new large wavelength band approaches (quasi-Laue 
methods) are under development for pulsed sources (Schoenbom, private communication) and 
steady state reactors (Lehmann, private communication) that should greatly reduce the 
requirement for large crystals and data collection times. 

2-dimensional crystals are studied to atomic resolution by state of the art methods in 
electron microscopy and neutron diffraction. In electron microscopy, a single crystalline patch 
can be observed and three dimensional information obtained by tilting the sample. 
Bacteriorhodopsin (bR, a light driven proton pump) a membrane protein, has been studied by 
this method4). Neutron diffraction is a powerful complementary method because of H-D 
lebelling. In the case of bR, the structural information from samples especially prepared to 
include deuterated atom groups has played an important and independent role in the 
interpretation of the electron density map5). By using model building approaches and deuterium 
labelling, it was possible to locate groups in projection by neutron diffraction with 7A 
resolution data, at which resolution in electron microscopy only the broad alpha helix density is 
observed. Furthermore, the possibility of studying the sample by neutron diffraction under 
different conditions (of temperature, hydration, illumination...) and following protons by H-D 
exchange allowed structure-function experiments on bR 6). The future prospects of similar 
neutron experiments are very good on other samples such as the light harvesting complex or 
rhodopsin for which two dimensional crystals are now available which may not diffract to very 
high resolution. 

Dynamics 

Neutron inelastic scattering methods, have been applied to study the dynamics of soluble 
proteins by Doster et al.7)., and of bacteriorhodopsin in purple membrane. The results allowed 
correlations to be made between dynamics and function 8 ) . Since the incoherent cross section of 
hydrogen is analysed in inelastic scattering experiments, H-D exchange is also used but it is H 
that dominates the scattering and acts as a label and D is not observed. The full potential of 
inelastic scattering to study dynamics of biological significance has not yet been realized. 
Obvious extensions of the application are experiments on large complexes, using H-D exchange 
to focus on different parts of the structure. Inelastic neutron scattering experiments to study 
protein dynamics have been reviewed recently by Smith9). 

Low Resolution 

There is a natural neutron scattering density contrast between important components of 
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biological structures, proteins, lipids, nucleic acids, aqueous solutions, with the possibility of 
enhancing it by deuterium labelling. Long wavelength neutrons that, unlike soft X-rays, suffer 
from negligible absorption in the sample are also an advantage for low resolution studies. 

Low resolution in crystals of complexes. There is complementarity between a 
high resolution X-ray study in which a component is "invisible" because of disorder (and that is 
also invisible at low resolution because of low contrast between that component and the 
solvent) and a neutron low resolution neutron study that brings it up by contrast variation. 
Examples are the location of detergent in crysials of membrane protein detergent complexes10) 
the location of the nucleic acid component in viruses and nucleosomes, aminoacyl-tRNA 
complexes with tRNA1 1), and the location of lipid bound to lipovitellin 1 2 ) . 

Complexes in solution. A number of functional protein nucleic acid complexes 
associated with protein synthesis have been studied by neutron scattering. Early work on 
tRNA, its solvent interactions and its interactions with amino-acid tRNA synthetases and 
polypeptide elongation factor have been reviewed11). 

Multicomponent complexes can be studied by specific deuteration and labe! triangulation. 
The positions of all the proteins in the 30S subunit of the E. coli ribosome have been derived in 
this way 1 3 ) and work on the 50S subunit is in progress1 4). The subunit arrangement of the 
HTV reverse transcriptase has also been deduced by this method15). If a complex can be "built" 
up sequentially, the mutual arrangement of components could be calculated from a neutron 
experiment without using isotope labelling. This could be a very powerful approach when 
complementary biochemical information is available on the structure of the components, e.g. 
the work of Arlaud, on complement proteins16). Baron et al. 1 7) suggested a strategy to tackle 
multidomain protein structures by analysing small model domains at high resolution by NMR 
and putting them together from the low resolution analysis of the complex, for example by 
solution scattering methods. 

The study of an interacting functional system in solution has recently become possible 
because of progress in molecular biology techniques. It is very rewarding when sufficient effort 
is put into the molecular biology and biochemical aspects involved. An excellent example is 
found in the work on RNA polymerase18). This study is still in progress. By using deuterium 
labelling and DNA engineering in order to simultaneously fix a repressor and the polymerase on 
a DNA double strand, the spatial arrangement between the different components is studied at 
well-defined steps in the function of the enzyme. A similar approach will be used to study the 
interaction of HTV reverse transcriptase with RNA1 5). 

New neutron methods for low resolution studies are still being developed. Examples 
are spin contrast variation19) and the triple isotopic replacement method 2Q) which could greatly 
enhance the information obtained from solution scattering experiments. 

Conclusion 

All of the above approaches have great potential for future scientific studies that, for success, 
depend mainly on sufficient investment of effort in sample preparation, in order to have a well-
defined system and structural problem. The least effort required is for a solution study of a 
macromolecule, in which a milligramme of pure material could allow a very useful 
characterisation at the molecular level with a short experiment. At the other end of the scale, an 
experiment on an interacting system involving specific deuterium labelling is likely to require a 
very sophisticated effort in molecular biology and biochemistry. 
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