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1 PREFACE

In the past few years investigators have begun to use small angle neutron scattering
as a method for studying the structure of biological materials in solution. This area
isinits infancy ; only a handful of experimental results have appeared in the literature.
Accordingly, a survey of the field at this point must be considered a preview rather
than a review. Thus the objective of this article is to familiarize the reader with the
background of this field so he will understand the interest in it, and be able to
Judge what studies of this kind might contribute to his own progress. It will be the
task of others at some future date to judge whether these techniques have fuifilled
their promise.

2 INTRODUCTION

Neutrons, like all small particles, display wave properties. The wavelength of a
neutron, A, is related to its momentum, p, according to de Broglie’s equation,
A = h/p, where h is Planck’s constant. Using the de Broglie relationship it can be
readily shown that neutrons having the same kinetic energies as gas molecules at
room temperature, that is, thermal neutrons, have wavelengths of about an
angstrom (1078 cm). Thus, beams of thermal neutrons can be used to conduct
diffraction experiments that give information about the structure of matter at atomic
resolution. In fact it is possible to perform neutron scattering experiments on
biological materials analogous to the X-ray scattering experiments that have been
the mainstay of structural biochemists for many years.

In this article we emphasize the application of neutron scattering to the study of
the spatial organization of subunits in macromolecular aggregates. [A more
general review of biological applications of neutron scattering can be found in
Volume 1 of this series (1). For other reviews see (2, 3).] This field of research is the
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product of a marriage between the small angle solution-scattering methodology
worked out over the last fifty years by investigators using X rays and the newer
area of neutron scattering. The merger has been brought about by the recognition
that neutron radiation offers substantial advantages over X radiation for the study of
macromolecular structure by small angle methods.

In order to understand what these advantages are we must first consider how
neutrons interact with matter. We go on to discuss the aspects of small angle
theory relevant to the study of macromolecular aggregates. We then show what
might be done by the neutron technique and discuss the results available in the
literature.

3 THE INTERACTION OF THERMAL NEUTRONS WITH
MATTER

There are -three possible outcomes of an encounter between a neutron and an
atom: 1. absorption of the neutron, 2. scattering of the neutron, 3. no interaction.
[For general information on neutron scattering see (4, 5). ] Absorption of the neutron
results in the addition of the neutron to the nucleus of the absorbing atom
generating thereby a new nuclide. Scattering of the neutron produces a change in
the direction or speed of flight (or both) of the neutron. If there is no interaction,
the neutron proceeds in its original direction of flight with unaltered speed.
Scattering events are classified as elastic or inelastic depending on whether or
not the scattering process conserves the kinetic energy of the neutron. It is elastic
events that concern us here because they produce the neutron interference effects
that give information about molecular structure. Inelastic scattering appears to be
quantitatively less important than elastic scattering in solutions of macromolecules.

3.1 Elastic Scattering

Scattering events involving the atomic species common in biological systems are
dominated by neutron-nucleus interactions (6). Both the nucleus of an atom and
the range of the forces involved in neutron-nucleus interactions are orders of
magnitude smaller than the wavelength of a thermal neutron. Therefore an incident
thermal neutron sees an atom as a point scatterer. The probability of the neutron
being scattered in a given direction is equal in all directions. Thus if the incident
neutron is represented as a wave of amplitude 1.0 and wavelength 4, the scattered
wave, if;, will have the form

Vs = —(b/r) exp (2nir/2), 1.

where r is the distance from the scattering nucleus to the observer. The coefficient
b in equation 1 is called the “scattering length.” Its magnitude is a measure of the
probability of the scattering event. The scattered wave has a negative sign because
it is usually 180° out of phase relative to the incident wave.

The scattering length of an atom depends on its nuclear mass, spin, and
energy levels. Atoms with nuclear spin in fact have two scattering lengths, often
quite different : one for an encounter with a neutron whose spin is up and another
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for a spin down encounter. Furthermore, the scattering lengths of different isotopes
of the same element differ. Thus when a sample of an element is allowed to
scatter neutrons, part of the scattering will reflect random variations in sample
scattering length due to the random distribution of nuclear spin orientations and
isotopic species. This random component is called “incoherent elastic scattering,”
and is spatially isotropic. There will also be a component whose spatial distribution
reflects the spatial distribution of atoms in the sample. This correlated component
is called “coherent elastic scattering.” Only coherent scattering events produce
interference. It is upon these that structural analysis depends.

3.2 Cross Sections

The scattering properties of virtually all elements and of many pure isotopes have
been measured and the results tabulated in the literature (7). Table 1 gives the neutron
scattering parameters for the nuclei of most interest in biology. The scattering length
for each species, b, its coherent elastic cross section, o.(g, = 4nb?). its total elastic
cross section, o,, and its absorption cross section, ¢, are listed. The incoherent
elastic cross section of each atomic species is simply (6,—a,). Cross sections are
used to calculate the absolute frequency of scattering or absorption events. If an
atom of scattering length, b, is placed in a neutron beam having a flux of N
neutrons per unit area per unit time, No, neutrons per unit time will be scattered
coherently through the surface of a sphere unit radius. There will be Nb? neutrons
scattered per steradian.

Three important facts emerge from Table 1. First, there is an enormous difference
in scattering length between hydrogen and deuterium. The negative sign given
to the scattering length of H implies that neutrons scattered by H undergo
no phase retardation relative to the incident wave, instead of the usual
180° shift. Thus when a hydrogen-containing structure is analyzed by neutron

Table 1 Neutron scattering parameters for biological atoms?
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Species/Parameter b [ o, 0,
H —0.374 1.76 81.5 0.19
D +0.667 5.59 7.6 0.0005
C +0.665 5.56 5.6 0.003
N +0.940 11.10 11.14 1.1
O +0.580 423 4.24 0.0001
P +0.51 3.27 3.6 0.09
S +0.285 1.02 1.2 0.28

2 Coherent elastic scattering lengths, b, are given in Fermis (1F =
1072 cm). The values listed are from the 1972 compilation of
scattering data by C. G. Shull, as quoted in (1). The units for #, o,
and ¢, are barns (1 barn = 10~ 2* ¢cm?). Coherent elastic cross sections
were calculated from b values; o, = 4nb2. Total cross sections, o,, and
absorption cross sections, g,, were obtained from (7).
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crystallography, hydrogen atoms will appear in the final map of the structure as
regions of negative density, while all atoms with positive scattering lengths are
represented as positive density. Second, the scattering lengths of the atoms in Table 1
{except H) are of roughly the same magnitude and show no obvious change as a
function of atomic number. In contrast, scattering lengths of atoms for X rays are
proportional to the number of electrons they contain and hence atomic number. In
X-ray scattering experiments atoms with many electrons are readily detected and
hydrogen with its single electron is virtually ignored. The contribution of hydrogen
to the neutron scattering of a molecule is substantial by comparison. Thus a
primary application of neutron scattering in crystallography has been determination
of hydrogen atom positions, e.g. (8). Third, the incoherent elastic scattcring cross
sections are small compared with the coherent cross sections for all atoms of
biological interest except hydrogen.

Incoherently scattered neutrons do not contribute to interference effects and
hence provide no structural information about a specimen. They are distributed
in space isotropically, contributing a uniform background to the scattered signal.
Because the detectors used in ordinary scattering experiments accept radiation over
a small solid angle (10™*-10 7 sr), the background produced by a sample with a
large incoherent cross section is modest. A more important effect of incoherence
is simply the loss of neutrons available for coherent scattering. A 2.0 mm thick
specimen of H,O reduces the intensity of a neutron beam passing through it by
about 67%,. In order to avoid such losses in biological specimens, one avoids
hydrogen. The usual trick is to use D,O instead of H,O as the specimen solvent.
It should be pointed out, however, that measurements can be made in H,O
solvents provided reasonably thin specimens can be prepared. In some cases
valuable data may be obtained from such measurements; incoherence is not a
reason for categorically excluding them from consideration.

3.3 Scattering Density, The Small Angle Approximation

The distribution in space of the radiation (coherently) scattered by an isolated
object is related to the Fourier transform of the distribution of scattering length
within the object (9). If we have an object whose three-dimensional distribution
of scattering length is given by p(r), then its Fourier transform, F(R), will be given by

F(R) = {, p(r)exp(2rir- R)dV, 2.

the integral being taken over the region of space, ¥, which is occupied by the
object. The vector R points in the direction given by the difference between a
unit vector in the direction from the scattering object to the observer and a unit
vector in the direction of the incident radiation. The magnitude of R is (2 sin 6/4)
where 8 is half the scattering angle and 4 is the wavelength of the incident radiation.
The scattering angle, 20, is simply the angle between the beam that passes directly
through the specimen and the scattered beam. The intensity of radiation measured
by a detector at some orientation relative to the incident beam due to the scattering
of the object is proportional to |F(R)|2.

The small angle portion of a scattering profile is generally taken as extending from
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20 = 0° to 20 = 5°. Using Bragg’s law, assuming a radiation wavelength of 1-10 A,
it can be shown that the atom-to-atom variations in scattering length within a
molecule do not contribute to scattering at these angles. In the low angle scattering
region, it is valid to think of a macromolecule as an assembly of one or a few large
units, each of which has a shape and an average scattering length per unit volume,
or “scattering density,” p,

p=(/MYb, 3

where V is the volume of the molecule; the summation of scattering lengths,
b;, runs over all its atoms. For a small, chemically homogeneous macromolecule, the
low angle scattering profile is proportional to the product of its scattering density,
p, times the Fourier transform of its shape, squared.

So far we have been implicitly assuming that the molecule whose scattering is
being considered is in a vacuum. A macromolecular specimen, however, ordinarily
includes a solvent. It is easy to show that the correct way to account for the solvent
in a low angle scattering experiment is to substitute (p — peoy) in all expressions in
place of p. Thus in the small angle approximation we have

+o0 2
|F(R)|2=(p~pm])2U_ f{yexp (2m'R~r)dV], 4.

where f(r) is a function that has a value of zero at all points except those
within the boundary of the molecule where its value is 1.0. (p— py,)) will be called
the “contrast” between the solvent and the molecule in question.

It should be remembered when making scattering density calculations using
equation 3 that macromolecules contain exchangeable hydrogens (43). For this
reason scattering densities are dependent on solvent deuteration. Thus to make an
accurate estimate of the scattering density of a macromolecule in any situation,
the fraction of its hydrogen component exchanged with solvent must be known.

3.4 Scattering Densities of Biological Materials

Table 2 gives approximate scattering densities for a number of biologically
important materials. The densities of these substances differ greatly (Table 2A)
and can be varied over a remarkably large range by substitution of D for H
(Table 2A vs 2B). Furthermore, the scattering density of D,O is above and that of
H,0 below that of all fully H-substituted macromolecules.

We know from equation 4 that a molecule will give no small angle scattering
if its scattering density equals that of its solvent. Since we can mix D,O and
H,O in any proportion we wish, it is clearly possible to match the sotveat to the
scattering density of any H-substituted macromolecule. This maneuver is called
“contrast matching” and is the tool that makes quaternary structure analysis by
neutron scattering possible.

Suppose we wish to examine an object consisting of two parts differing in scattering
density. To study one part independently, all we have to do is contrast match the
other. It will then “disappear” from the experiment as far as low angle scattering is
concerned and only the scattering of the unmatched portion will be seen. This
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Table 2 Neutron and X-ray scattering densities for
substances of biological importance?

I
Substance Neutron X ray
A. Fully H-substituted
i. H,0 —0.55 +93
ii. Protein +3.11 +124
iii. Nucleic acid +4.44 +16.0
iv. Fatty acid —001 +8.2
v. Carbohydrate +4.27 +14.1
B. Fully D-substituted
i. D,O +6.36 +93
ii. Protein +8.54 +124
iii. Nucleic acid +744 +16.0
iv. Fatty acid +6.89 +82
v. Carbohydrate +8.07 +14.1

2All scattering densities are in units of 107! cm/A3,
Neutron calculations were done assuming all exchange-
able hydrogens in all cases are fully D-substituted,
employing equation 3. 50S ribosomal protein and 23S
RNA, both from E. coli, were taken as examples of
nucleic acid and protein (50). The fatty acid used for
computing (iv) was stearic acid and the carbohydrate (v)
was glucose.

type of experiment can be done on lipoproteins or nucleoproteins, for example,
where internal scattering density differences occur naturally over large regions of the
structure. It can be extended to the study of structures normally lacking internal
scattering density differences provided means can be found for selectively substituting
D for H in specific regions. Since the manipulations required to carry out such
experiments involve only isotopic changes, the perturbations caused in the
structures being studied are minimal.

X-ray scattering density is proportional to electron density (10). Different kinds
of macromolecules differ in electron density just as they differ in neutron scattering
density (Table 2). These differences can be used in small angle experiments. The
range of possibilities, however, is limited for X rays. Solvent electron density can
be raised by addition of solutes of high electron density; however, the range of
electron densities that can be reached in water solution includes that of bulk
protein, but not that of bulk nucleic acid. The choice of electron dense solute
is limited by the solubility of the solute employed and by the stability of the structures
under investigation. Large scale manipulation of the X-ray scattering density of a
macromolecule is virtually impossible because it requires one to add (or subtract)
electrons for the structure, which can only be done by massive chemical modification.
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In order to produce alterations in protein X-ray scattering density comparable to
the scattering density changes achieved in a neutron experiment by going from all
H to all D, one would have to label every other residue with Hg. It is unlikely that
the derivative molecule would be isomorphous with the native structure even if the
synthesis could be accomplished. Thus, it is clear that contrast manipulation is a far
more powerful tool for neutron small angle work than it s for X rays.

4 QUATERNARY STRUCTURE ANALYSIS

4.1  General Concepts

Everything said so far about small angle scattering is true regardless of the state
of the material being examined. Since our interest is in the analysis of structures
available only in noncrystalline form, e.g. in solution, we should consider the
implications of this constraint. [For general discussions of solution scattering, see
(5-12).]

If the scattering profile of an isolated macromolecule is |F(R)|2, then the macro-
molecular contribution to the scattering of a dilute solution of such molecules will
be proportional to the spherically averaged profile, | F(R)|2. Because of its rotation-
ally averaged nature, such a profile gives information about the relative importance
of density fluctuations of different periodicities, [R|™!, but says nothing about the
directional distribution of these fluctuations in the molecule or their relative phases.
Clearly three-dimensional atomic coordinates for a macromolecule cannot be
derived from such data. In fact, only molecules as simple as diatomic gases can be
fully characterized from a single solution-scattering measurement. Thus, to determine
the location of subunits in a macromolecular aggregate by solution scattering the
overall problem must be simplified. One approach is to reduce it to a series of
measurements of distances between pairs of subunits (or regions) within the
aggregate, each such measurement being conceptually analogous to determining
the interatomic distance in a diatomic gas. The quaternary structure of the whole
aggregate follows from these distances by triangulation.

4.2 Interpretation of Small Angle Data

Assuming our experimental technique is adequate to provide a good estimate of
[F(R)|* (see below), the next issuc is to interpret this profile in terms of the
molecule’s structure. A key contribution in the theory of the interpretation of such
profiles was made by Guinier in 1939 (13). He demonstrated that at scattering
angles close to zero, the scattering profile of all molecules, I(R), is a Gaussian :

I(R) = I(0) exp (—4nR?Rg?/3). 5.
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1(0) in this expression is the forward scatter, that is, the scatter given by the
specimen in the direction of the incident beam. Rg is called the molecule’s “radius
of gyration.” For a solution-scattering experiment we have

_Sle®—pslir?av
Iu [P(")‘Psol] dv

Rg?
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Ry gets its name by analogy with the mechanical concept defined by substituting
mass density for scattering density in equation 6. Note that in a neutron experiment,
Rg? can be zero or negative, in contrast to the mechanical quantity, which is always
positive.

Equation 5, known as the Guinier approximation, describes the scattering profile
of any molecule at scattering angles close to 0. The range of angles over which it
holds depends on the shape of the molecule being examined (14). It happens
that for macromolecules of moderate axial ratio, the range of angles over which
the approximation holds is accessible experimentally. Thus small angle data give
radius of gyration estimates for most molecules. There are parameters related to the
radius of gyration that can be obtained for objects with extreme axial ratios
(12, 14).

The form of the scattering curve outside the Guinier region is generally
interpreted as giving information about molecular shape (14). This interpretation
must be regarded with caution because at higher angles the contribution of internal
fluctuations in scattering length to the profile becomes increasingly important.
Stuhrmann and his co-workers (15-17) have recently analyzed the relative contri-
butions of shape [i.e. f(r) in equation 4] and internal density variations to [F(R)[?
for macromolecules. They have shown that the X-ray solution-scattering profile of a
molecule may be experimentally resolved into its shape and internal fluctuation
components (17). Since the technique employed relies on contrast manipulation
it lends itself ideally to neutron methods (18).

To analyze the quaternary structure of a macromolecular aggregate by small
angle techniques, the experiment is arranged so that internal variations in scattering
density can be detected in the small angle pattern. Two strategies employing this
general philosophy have been proposed. In both approaches the idea is to simplify
analysis by manipulating contrasts in a macromolecular aggregate to make the
contributions from just two subunits dominate the scattering profile. In theory
the three-dimensional arrangement of n subunits in a complex aggregate can be
obtained from a series of 4m— 10 pairwise measurements.

43 Radius of Gyration Analysis

Suppose for simplicity that an aggregate is being studied that consists of one
copy of subunit o and one copy of subunit 5. Suppose also that o« and f§
can be studied independently in native conformation. Since the aggregate is
composed of o and B, from the parallel axis theorem in mechanics a simple
relationship can be deduced refating the three radii of gyration, R4, R,, and R, (19):

Rip” = [i R+ fy Re® + o fs Ao 7.

In Equation 7 A,; is the separation between the centers of mass of subunits
o and B in the aggregate. If the total scattering length of af is 1.0, f, is the portion
contributed by « and f; is the portion contributed by f. Thus a measurement of the
three radii of gyration can lead to an estimate of A,, the separation between
subunits.

Experiments of this design have been attempted by X-ray techniques, e.g. (20).
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Their weakness is that the estimates of A,; obtained depend on the assumption
that R, and Ry arc the same for the isolated subunits and the subunits in the
aggregate, an assumption impossible to verify by X-ray methods. A better experiment
can be done using neutrons. Suppose we make o and f different in degree of
deuteration so that p, # pg. Then what we can do is form of and measure its
radius of gyration in a solvent chosen first so that py = p; and then so that
Psol = P2 In this way R, and Ry will be found in situ in the aggregate. Then
R,y is measured under subunit labeling and solvent calculations such that p, = p;
and A, is obtained.

If an experiment can be done by contrast manipulation on a two subunit
structure, in principle it can be done on structures with many different subunits.
In this way all the intersubunit distances (A;}) can be obtained. These distances
refer to separations between subunit centers of scattering mass. The values obtained
are in principle independent of the shape and relative orientation of the subunits.
Given a set of such distances, the three-dimensional locations of the centers of mass
of the subunits may be specified by triangulation with only the handedness of the
arrangement indeterminant (21, 22). In the framework of the current discussion,
such a map would constitute a full description of the quaternary structure of a
macromolecular aggregate. The limitation on the complexity of the structure one
can approach by radius of gyration analysis is set by the size of the subunits
relative to the whole structure and the precision with which the density matching
can be done. Close density matching is not required for analysis of a two-subunit
structure, but is virtually essential for more complex aggregates.

4.4  [Interference Analysis

Suppose that by contrast manipulation we can generate a multisubunit aggregate
where two components contrast with the rest of the structure that in turn is contrast
matched with the solvent (21, 22). Provided the subunits have spherical symmetry,
the scattering of this specimen, I(R), will be given by the Debye expression (23),

2 2 . o

sin 2nRAijj

IR) =« F(RYF(R)———,
®=2 3 3 FRKR™

where F;(R) is the Fourier transform of the scattering density distribution of the

ith subunit. If we expand equation 8, making appropriate allowance for solvent

scattering density and the usual small angle approximation, and omitting some

proportionality constants, we obtain
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I(R) = L (R)+ La(R)+ 2(p— peo) *Fy (RIF(R) L2 im 2 0.
2nRA,

where I1(R), I5(R), F1(R), and F,(R) are the scattering profiles and Foutier
transforms of subunits 1 and 2. If we also make a sample that has only subunit 1
contrasted and measure its profile and do the corresponding experiment for
subunit 2, we can measure I,(R) and I,(R). By subtracting I,(R) and I,(R) from
I(R) we can then isolate the sin x/x contribution from the original profile. This
term represents interference produced because the two strongly scattering subunits
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are held in a fixed relationship in the structure. It has a value of zero cvery
(2A,,)7 " in the scattering profile, where A, , is the distance between the centers of
mass of subunits 1 and 2. Thus the intersubunit spacing can be derived by inspection
of [I(R)— I,(R)— I(R)]. In order to do this subtraction experimentally, the profiles
for the three specimens must be obtained under strictly comparable conditions.

The interference term has the form given in equation 9 only for subunits with
spherical symmetry. Its property of crossing zero at regular intervals related to the
distance between centers of mass is, however, insensitive to variations in subunit
shape and relative orientation {(Moore & Engelman, unpublished results),

Moreover, the condition that the background portion of the structure be matched
to the solvent, which makes the system simpler to think about, is not a requirement
for making the measurement. If matching is not done, all that is necessary is that
one also measure the profile of the structure with no internally contrasting
subunits, I,(R). The interference term, X (R), is then given by

X(R) =[H{R)+Iy(R)]—[1{R)+ I,{R)].

Because perfect density matching is not a requirement of this approach, it should be
possible to apply it to structures larger than those one can examine by the radius
of gyration method. In principle, if not always in practice, both radius of gyration
and interference analysis can be done on the same data. The first exploits only the
Guinier region; the second employs a more extended data set. Consistent answers
should emerge from both.

The potentialities of interference analysis of large structures by X-ray solution
scattering have been considered in the past, e.g (24). The X-ray analogue of this
experiment involves labeling specific parts of subunits in a large structure with
heavy atoms and then measuring the distance between heavy atoms from the
interference ripple they produce in a solution-scattering profile, as developed
above. Hoppe (21) has recently explored the possibility of using this approach
for large macromolecular aggregates. His calculations show that the signal-to-noise
ratio in such an experiment would make it extremely difficult to do. He has also
suggested an improved general strategy for making these measurements, which
keeps interaggregate interference effects from obscuring the intraaggregate signal
sought (21, 25). The feasibility of the X-ray approach for moderate sized
molecules has been shown (21).

The neutron version of this experiment has two obvious advantages over its
X-ray analogue. First, the magnitude of scattering density change obtainable by
H/D ratio manipulation far outweighs anything possible by heavy atom labeling.
Thus the interference signal can be made larger than in the X-ray case. Second, it is
far easier to contrast match the unlabeled portions of the structure for neutron
scattering than for X rays. Contrast matching increases the sighal-to-noise ratio
in experiments of this kind, an important point considering the small magnitude
of the signal expected in complex structures.
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4.5 The Analysis of Structures with Point-Group Symmetry

Many multisubunit aggregates of biological structures have point-group symmetry
(e.g. most multienzyme complexes). Because of the presence of multiple copies of
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each kind of subunit in these structures, data about separations of centers of mass
between different species of subunits in the structure as a whole may be of litile
interest. Structures of this type have scattering profiles that are often like micro-
crystals on account of their high internal order. Their solution-scattering profiles
often show distinct rings of intensity resembling a powder diagram, e.g. (26).
The contrast manipulation approach can be usefully applied to the interpretation of
these patterns. By matching, one can independently obtain scattering curves for each
species of subunit in the aggregate to assess its distribution in the whole particle.

4.6 Biochemical Considerations

To obtain quaternary structure information about an aggregate by the neutron
low angle techniques described, there must be scattering density differences in the
structure one wishes to examine. These differences can be naturally occurring,
that is, exist in the structures as usually prepared. However, for full elucidation of
the quaternary structure of most aggregatcs one will have to make use of
artificially produced differences in scattering density. The obvious way to produce
such differences is to selectively deuterate different parts of the structure. Controlled
deuteration is possible for those structures that can be dissociated into their
subunits and then reconstituted. Microorganisms such as E. coli tolerate D in their
growth media at levels approaching 100%. By adjusting growth conditions one can
obtain macromolecular aggregates (and hence their subunits) at whatever level of
deuteration is required. Thus for those bacterial multisubunit aggregates that can be
reconstituted, determination of subunit positions by neutron scattering is a real
possibility.

As experimental technique improves, it may become possible to exploit small
scattering density differences for quaternary structure investigations. In this event,
it will be possible to extend the range of accessible structures to include eucaryotic
aggregates. Eucaryotes in general are less tolerant of D than bacteria.

Thus, in theory, neutron small angle scattering offers the biochemist the possibility
of determining the relative location of the centers of scattering mass of subunits
in macromolecular aggregates. Calculations made from experimental data obtained
at the High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory
indicate that analysis of structures as large and complex as the bacterial ribosome
is possible at the present time (22).
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5 INSTRUMENTATION
5.1 Objective

The experimental objective is to collect scattering data of sufficient quality from
biological specimens so that structural problems may be solved.

5.2 The Problem

A solution-scattering profile is a continuous function of scattering angle. In order
to measure it perfectly, an infinitely fine beam of monochromatic neutrons must
be directed at the specimen and the scattering distribution detected using a device
with infinite spatial resolution (11). Obviously all these conditions must be relaxed
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to make measurement possible. As the beam becomes larger, less well collimated,
and less monochromatic, and as the detector resolution drops, the number of
events per unit time measured at each angular position increases. The price paid
is that the value obtained at each scattering angle instead of being proportional
to |F(R)|* becomes a weighted average of values of [F(R)|? near that angle.

The divergence between the observed scattering profile and the measured values
so produced can be corrected for in principle by data processing a posteriori.
However, the mathematical manipulations required are deconvolutions, no matter
what form the algorithm used may take (see below). Deconvolution of experimental
data magnifies the influence of statistical error on the final result. Thus, while
relaxation of geometric and chromatic stringency increases count rate at the detector,
it also increases the requirement for more counts, that is, more statistical precision.
There will clearly be a point in any experiment beyond which further relaxation
degrades the data collected more than can be compensated for by the increase in
counting rate. The issue then is to design the experiment to maximize the rate of
information acquisition, not just the rate of data acquisition. The optimum in any
situation will depend on the precision of the data required by the experiment. While
the experience of those working with X-ray solution scattering in this area is of value
as a guide to the design of neutron small angle experiments, there are some
aspects of the neutron problem unique to it. These have to do mainly with the
nature of neutron sources.

5.3 The Neutron Source

Neutrons are produced at fluxes appropriate for work of this type by uranium
fission in the cores of nuclear reactors. These high energy neutrons pass from the
core into a jacket of moderating material that surroundsit. In this region the neutrons
lose energy by inelastic scattering, and eventually reach approximate thermal
equilibrium with the moderating substance. Thus the kinetic energy distribution
of neutrons in this region of the reactor approximates the Maxwell-Boltzmann
spectrum appropriate for the temperature of the moderator. At the Brookhaven
HFBR, for example, the moderator is D, O maintained at 300K and the peak energy
corresponds to a wavelength of 1 A. By using a low temperature moderator (e.g.
liquid H,) the wavelength at maximum flux can be shifted to larger values (~6 A).
Since increasing the wavelength of the radiation used in a small angle experiment
relaxes angular resolution restrictions, cold sources are highly desirable for such
work. Instaliations of this type are in operation in at least two reactors (Julich and
Grenoble); one will be available at Brookhaven in 1975.

A neutron-transparent window in the shielding that surrounds the moderator
vessel constitutes the source. This window can be centimeters in diameter, providing
a very large beam, a novel feature for those used to working with X-ray generators.
The beam will supply neutrons with the same distribution of energies as found in the
moderator. The flux of the source, however, is very low by X-ray standards.
If one compares X-ray and neutron fluxes, X-ray sources are 107 times brighter
for comparable wavelength bandwidths (see 4). Since neutron and X-ray cross
sections are comparable in magnitude for macromolecules, the flux difference means
that the scattered signal produced per weight of specimen per unit time is corre-
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spondingly low in neutron experiments. For this reason, maximization of the rate of
data acquisition is a major consideration in experimental design.

54 Apparatus Design

Once the angular resolution requirements of an experiment have been decided
upon, one then can proceed to design an apparatus that yields data of the required
precision at an optimal rate. Given the low flux available, an obvious way to
obtain a decent data acquisition rate is to use large samples and irradiate these
with beams having large cross-sectional areas. A typical specimen for a neutron
low angle experiment contains tens of milligrams of material and is illuminated
with a neutron beam one centimeter or more in diameter. Given the beam size,
the beam must be well collimated and the detector distant from the specimen
in order to maintain good angular resolution. Thus there is a marked tendency
to hypertrophy in neutron small angle apparatus. The Grenoble small angle
instrument is 80 m in length! There are obvious limitations on instrument size,
however, set by constraints such as the availability and nature of sample material
and the space available on the working floor of the facility being used. The
trade-offs in profile accuracy involved in adjusting critical instrumental parameters
such as beam size and chromatic width have been discussed recently by Schmatz
et al (3). Ibel et al (27) have pointed out that optimum use of the available beam
is made if an experiment is arranged so that each of the resolution limiting features
in its design contributes equally to the deviation of the experimental curve from
the ideal.

5.5 Current Instrumentation

Two basic kinds of apparatus are in use at present. The paired Soller slit
spectrometer (28, 29) consists of a parallel array of collimating vanes in a rectangular
support and a similar set of vanes at the detector (Figure 1B). The detector is moved
through a series of scattering angles and the scattering curve is measured one
point at a time. The arrangement is equivalent geometrically to the low angle
X-ray apparatus in which two collimatisg slits define the beam and two detector
slits are used to limit the measured scattering angles (30), except that the experiment
is repeated many times in parallel by the array of apertures. Neutrons are
reflected into the detector by a pyrolytic graphite crystal after the detector slits.
The orientation of the graphite crystal controls the wavelength used in the experi-
ment. This arrangement, as set up at Brookhaven, gives a well-defined beam
(see Figure 2) that permits accurate measurement of scattering curves starting at
(600 A)~! using 4 A neutrons. Its advantages are that good collimation and
hence angular resolution can be obtained in an apparatus that is physically quite
small (a few meters from beam source to detector) and yet makes good use of a large
beam area. It is relatively cheap to build, and provided attention is paid to the
construction of the vanes, cross talk between slits is surprisingly small. The principal
disadvantage of the Soller slit spectrometer is that it is capable of measuring
only one scattering angle at a time, an important limitation given the constraint of low
neutron flux.

To our knowledge, a second type of apparatus is now in use at several
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locations: Julich (31), Grenoble (3), and Brookhaven. The idea is to construct an
instrument using detectors that record the scattering at many angles simultaneously
instead of just one. The arrangement for such an experiment consists of a series of
collimating apertures that define the beam impinging on the specimen and a
detector (or detectors) positioned to collect a region of the scattering pattern
(Figure 14). Provided collimation is good and the sample to detector distance long,
the full area of the available source can be used. The wavelength band to be
measured must in this case be selected prior to collimation (not a requirement for
the Soller slit spectrometer). Recent technological developments have produced
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5 position-sensitive neutron detectors that are capable of high spatial resolution
§ and high efficiency (32). For example, the detector at the Brookhaven HFBR
T can detect 4 A neutrons at 8000 locations over an 18 x 18 cm surface with more
3 than 90%; efficiency (33). Comparative measurements made with the position sensitive
aé—- detector and Soller slit spectrometer show that gains of more than 100 in the rate
I-f of data acquisition are obtained from some specimens, as expected. Thus the
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Figure I Neutron scattering apparatus. The two principal geometries now in use for
neutron small angle scattering measurements are shown. A slit-collimated neutron source
used after monochromatization of the beam is shown in (A4). The neutrons pass through a
monitor of the beam that allows the regulation of counting with respect to flux through
the specimen. After the collimator, the neutrons scattered by the specimen are counted
by a position-sensitive detector. A beamstop is used to prevent the main beam from
reaching the detector. The Soller slit apparatus is shown in (B), The main differences
are that an analyzer slit is used, monochromatization is accomplished after the scattering
event by the graphite analyzer, and only one scattering angle is measured at a time.
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Figure 2 The beam profile as measured by the Soller slit apparatus is shown. The
number of 4 A neutrons measured at AA/A = 0.025 per 10° monitor counts (about 18 sec)
is shown as a function of 26. Actual counting times were larger for angles greater
than 0.35°. A moderate amount of scattering from the vanes is seen from 0.4°-1.0°, which
contributes to background in a typical radius of gyration measurement.
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instrument of choice at present for small angle work appears to be the collimator-
position sensitive detector combination. It is worth emphasizing that reactors with
fluxes smaller than those of Grenoble or Brookhaven can be used for the collection
of useful biological data provided instrumentation of this type is used.

5.6 Wavelength Bandwidth

The continuous spectrum of neutron wavelengths provided by the reactor allows
the experimentalist to choose the wavelength, 4, and wavelength band spread, A4,
used in a given experiment. As with the geometric factors of a collimation
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system, the degradation of the scattering curve by band spread should be comparable
in magnitude to other factors at the largest angle of measurement, in order to
optimize data acquisition rate. A typical value of Ai/i for the Soller slit
spectrometer is 0.025, where the wavelength bandwidth is mainly determined by the
mosaic spread of the graphite monochromator crystal. This value is about two
orders of magnitude larger than that for the Cu Ka radiation commonly used in
X-ray experiments, offsetting part of the relative flux disadvantage of neutron
experiments. For some low angle scattering experiments, a A4/A> 0.1 may be
appropriate, with consequent gains of data acquisition rate (27).

There are three methods currently in use for selecting a band of neutron wave-
lengths from the reactor spectrum: filters, graphite crystals, and velocity selectors.
Filters remove all wavelengths in the neutron spectrum less than a given value by
multiple Bragg reflection in the filter material (4). Beryllium filters, for example,
are commonly used to remove all radiation less than 4 A from neutron beams.
Pyrolytic graphite crystals reflect neutrons from the 002 planes of their lattice
with high efficiency (34). The wavelength obtained depends on the orientation of the
crystal to the incident neutron beam; the bandwidth is determined by the mosaic
spread of the crystal. At present the largest mosaic crystals give AA/A ~ 0.025, which
is narrower than the optimum for many experiments. Other crystals have been used
in the past for monochromation, but graphite is the best found so far for general
use. A velocity selector is a rotating drum with helically arranged slots on its
periphery. The drum axis is oriented parallel to the neutron beam and positioned
so the slots intercept it. The velocity of the neutrons that get past the drum and
hence their wavelength depends on its speed of rotation (35). Velocity selectors
can produce wide band spreads (AA/A ~ 0.1), but with the loss of a substantial
portion of the available reactor flux at the wavelength in question. Of these methods,
none is ideally suited to the low angle scattering measurements; however, a new
technical development promises an improvement in this area. If alternate layers of
material of different scattering length are deposited on a smooth surface such that
the layers are of equal thickness, an efficient reflecting monochromator is produced
in which A4 may be controlled by the number of layers deposited. Such multilayer
monochromators have been produced at Brookhaven (36) and tests show them to
have high reflectivity (>60%). In the future it may be possible to make curved
multilayers which can be used as focusing mirrors, allowing one to make a neutron
low angle spectrometer analogous to the Franks X-ray camera (37).
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5.7 Data Processing

The use of finite beams and detectors as well as polychromatic radiation results in
degradation of the measured scattering profile, as mentioned above. The purpose
of data processing is to remove the contributions caused by lack of perfect geometry
and perfect monochromatization. The problem of correcting scattering data for
geometric abberation or “stit smearing” is common to both the X-ray and neutron
small angle fields. The effects of slit smearing on data precision are well understood.
A plethora of approaches to correcting data for these effects has been suggested
e.g. (38-40).

Correction for chromatic effects, however, is a problem unique to the neutron
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Figure 3 Three scattering curves of R17 bacteriophage are shown. The data were collected
using the Soller slit apparatus at Brookhaven and a specimen of R17 phage kindly provided
by Dr. Joan Argetsinger-Steitz. Curve a is the scattering profile measured in 2.5 h using the
D,;0 moderated reactor spectrum and a Be filter cooled with liquid N,. 4 max was
4.1 A and AJ/A ~ 0.1. The wavelength profile was determined using the 002 reflection
from a narrow mosaic graphite crystal. Curve b was obtained using the spline function
procedure (39) to deconvolute the known wavelength profile from the observed scattering
curve (curve a). Curve ¢ was measured using a graphite analyzer crystal which gave
A max = 4.13 A and AJ/A = 0.025. The data were obtained in 7.5 h. The three curves are
arbitrarily scaled for purposes of comparison.
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field. To illustrate the problem we show two scattering profiles collected on R17
bacteriophage using the Soller slit spectrometer at Brookhaven. In Figure 3c
is shown the profile obtained in 7§ h using a graphite monochromator with
AA/4 = 0025. Figure 3a is a profile collected in 25 h on the same specimen under
identical conditions except that only a beryllium band pass filter was used for
monochromatization (A4/A ~ 0.1). A threefold gain in counting rate was achieved,
but at the expense of losing much of the regular peak and valley structure
characteristic of the phage scattering profile. A feature of chromatic smearing
visible in Figure 3a is that its impact increases with scattering angle unlike geometric
smearing. An attempt was made to correct these data for chromatic aberration
using the generalized spline algorithm of Schelten & Hossfeld (39) (Figure 3b).
While correction obviously improves the profile (i.e. brings it closer to that shown
in Figure 3c¢), it does not restore the detail present in the data collected at A1/A =
0.025. Clearly, in this case, it is doubtful that a gain in information acquisition
rate was obtained by going to a broader wavelength band spread.

Our experience with correction procedures has led us to several conclusions
concerning their application. First, as mentioned above, high data precision is
essential for successful deconvolution of a badly smeared profile. When this fact
is taken into account much of the advantage in counting rate obtained by
collecting “bad” data is lost. Second, almost all correction procedures treat the
recovery of secondary maxima in smeared sphere scattering functions such as that
of R17 very well. Their accuracy in correcting the Guinier region, however, is
often much less convincing. Accordingly it is our feeling that correction procedures
should not be relied upon as a substitute for adequate angular resolution data
collection. Scattering experiments should be designed to balance a minimum of data
correction with reasonable data acquisition rates.

6 CURRENT STATUS OF BIOLOGICAL STUDIES

In this section we discuss the progress that has been made in the study of
biological structures using low angle neutron scattering in solution. The reader
will easily ascertain that results that advance our understanding of biological
structures are few at this time, but that the early indications are that considerable
progress may be expected in the next few years. We divide the areas into
studies of unlabeled macromolecules in solution, and studies of structures that
have been isotopically labeled.
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6.1 Unlabeled Macromolecules in Solution

The pioneering efforts of groups at Julich and more recently Grenoble have led
to the initial experimental studies confirming the applicability of low angle solution-
scattering theory to studies on macromolecules using neutrons. The thrust of their
experiments is in areas that involve measurements of the value of the scattering
curve at zero angle, the radius of gyration, and the shape of extended scattering
curves for macromolecules in solution.

6.1.1 ZERO ANGLE SCATTERING The forward scatter of a sample, I1(0), can be
obtained by extrapolation of low angle profiles to 20 = 0 using equation 5. From
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measurements of I(0O) one can obtain information concerning the volume of a
molecule, the dynamics of its H-D exchange, and in certain cases, the homogeneity
of preparations.

If the atomic composition of a molecule is known, its molecular volume may be
obtained by a contrast matching experiment. The scattering density of the solvent
is varied by adjusting its H:D ratio and the forward scattering of the sample
measured. From equation 4 one expects a plot of I{0)'/? vs p,; to give a straight line.
When the solvent mixture is such that p = pg,, the forward scatter of the molecules
vanishes. Knowing the solvent composition, py, can be calculated and the molecular
volume found:

Psol
T

(see equation 3). Obviously the number of exchangeable hydrogens in the structure
must be known to obtain an exact value. In their studies on hemoglobin,
Schelten et al (41) calculated a volume of 84,000+ 2000 A® for the molecule from
neutron data, in excellent agreement with the crystallographic value of 83,000 A3 (42).
The volume obtained in this way is that of the nonhydrated molecule, in contrast
with the volume obtained hydrodynamically. In conjunction with other techniques
such volume measurements could be useful in studies on hydration and volume
change in macromolecules.

If the H:D ratio of the medium surrounding a protein molecule is changed
rapidly the ensuing equilibration of the exchangeable H sites on the molecule can
be followed as changes in the forward neutron scattering. At time zero, the
exchangeable sites will have an H: D ratio like that of the medium surrounding
the protein, prior to mixing, and, as a function of time, the H: D ratio will decay
to that of the solvent after mixing. This is seen as a decrease in I, with time.
Since measurements of I, may be rapid under favorable conditions, a time
resolution vastly superior to that previously obtainable in exchange studies is made
possible by the neutron scattering method (41). Recently Stuhrmann (18) has reported
exchange experiments on myoglobin where exchange at 1 sec after mixing was
measured and an initial decay with a time constant of 1.8 sec was successfully
followed. It is projected (18) that a time resolution of 0.1 sec can be realized using the
present scattering apparatus at Grenoble. Stuhrmann points out that an intercsting
extension of these measurements can be obtained by following the time course of
the change of other parameters of the scattering curve after a solvent shift, e.g.
the radius of gyration of the macromolecule. Under these circumstances the
dynamics of the radial distribution of exchanged sites may be accessible to
measurement, and an improved understanding of diffusion in proteins should
result (18).

The third application of forward scattering measurements concerns the special
case of structures having regions that differ in p and may differ in the ratio of
material in the different regions. Examples of such structures are the iron and
protein in ferritin and the lipid and protein in serum lipoproteins. If preparations
of such molecules are heterogeneous in the ratio of their contrasting components,
there will be no solvent condition which gives a forward scatter of zero in a contrast

V=
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matching experiment. Analysis of contrast matching data for ferritin has shown
that variations in the iron content lead to variations in the 600,000 mol wt of
+200,000 (18). The main limitation of the technique is that it requires precise
data collection in situations where (p— pg) 1s small and the signal to be measured
correspondingly low.

6.1.2 RADIUS OF GYRATION It has been shown (15, 16) that the radius of gyration
observed for a macromolecule can be regarded as_the sum of the radius of
gyration of a homogeneous particle of the same external shape, R, and a second
contribution that arises from internal scattering density fluctuations, where the
contribution of internal features depends on the average contrast of the particle

(0—Psol):
10.

R?=R,% + .
P Psol

The validity of this expression has been shown in a number of cases using
X rays (16). The linearity of the dependence of observed radius of gyration on
(p— pso)~ ! also has been shown for a number of molecules including ferritin, low
density serum lipoprotein, myoglobin, and lysozyme using neutron scattering (18).
For most proteins, B is small and positive, consistent with the slightly H-rich center
in these structures expected from the higher concentration of hydrophobic residues
in this region. In the case of low density lipoprotein, the contrast is much larger
and B is large and positive (18). Ferritin is an extraordinary case in which the
presence of an iron core having high scattering density relative to protein produces
a large negative value for B. For contrasts in which the average scattering
density of the molecule is slightly above p,,, R* becomes negative (see section 4.2).

Equation 10 can be derived from equation 7 if one assumes that the two contrasting
regions in a structure have coincident centers of mass (i.e. A = 0). It turns out that if
A is not zero, a plot of R? vs (p — ps,)) ~* will be nonlinear. Thus, the observation that
the data of ferritin, for example, fall on a straight line (18) indicates that the iron and
protein mass distributions are concentric.

When molecules of low internal contrast are examined under conditions such that
(p — pso)) 18 large, the neutron radius of gyration of a molecule will be close to the
X-ray value, which in turn will correspond reasonably well to the mechanical radius
of gyration of the molecule. [See (45) and (41) for a demonstration of this fact for
hemoglobin. ]

Measurement of the radius of gyration as a function of solvent contrast thus
appears to be a promising method for the study of internal compositional
fluctuations, particularly in cases where the fluctuations can be reasonably
considered as concentric.
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6.1.3 EXTENDED SCATTERING CURVES The concept of analyzing extended scatter-
ing profiles into their shape and internal contrast components has already been
mentioned (Section 4.2). Results obtained by this means using neutron data have
only just begun to appear (18). As an example of a problem that could be resolved
in this way, we might mention an old controversy about the bacterial ribosome.
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The extended X-ray scattering profile of ribosomes includes some noticeable
“peaks” at moderate angle (46, 47). The problem is to decide whether these
peaks are incidental features of the shape transform of the particle or reflect
regularities in its internal structure. Both positions have had their exponents
(48, 49). A properly designed neutron experiment could answer the question.

6.2 Studies on Specifically Labeled Macromolecules

As pointed out earlicr, the scattering contrast within a macromolecular complex
can be controlled by specific deuteration of its subunits. Deuteration can be used
either to enhance preexisting contrasts or to create contrasts that do not normally
exist. In either case, the objective of deuteration is to extend the range of
possibilities available for investigating structures by contrast control methods. To
date, to the best of our knowledge, only one such experiment has been reported
in the literature, work involving the 50S ribosomal subunit from E. coli (50).

The ribosomal subunits of E. coli are complexes of RNA and protein. Because of
the difference in the biochemical pathways that lead to RNA and protein synthesis,
it is easy to devise growth conditions that result in preferential incorporation of D
into the protein portion of these particles. Particles grown under three different
growth conditions were isolated and suspended in solvents whose H : D ratios were
chosen to give distinctive and different relative scattering lengths for RNA and
protein in each sample. Radii of gyration were measured in all three specimens.
The scattering lengths for protein and RNA in each specimen were determined so
that weighting factors (see equation 7) could be obtained. The results are given in
Table 3, along with the data obtained from similar experiments on the 30S

Table 3 Radius of gyration values for the ribosomal
subunits of E. coli

Subunit

Parameter?® 308b 508¢
Rgrna 6724 224 7254154
Ryrotein 737+ 124 734+20A
Riotal structure 714+ 0.6 A 780+1.0 A
A . ;

RNA —protein l7l+ 90A 575i10 A

Annu. Rev. Biophys. Bioeng. 1975.4:219-241. Downloaded from arjournals.annualreviews.org
by Yae University STERLING CHEMISTRY LIBRARY on 08/22/08. For personal use only.

—-19.0

2 Rrna and Rppoein are the radii of gyration of the
RNA and protein portion of the subunit in question.
Riotal structure 18 the radius of gyration of the subunit
fully H substituted in a 100%, D,O solvent. A is the
distance between the centers of mass of the RNA and
protein distributions in the whole structure.

®Moore, Engelman & Schoenborn, unpublished
results.

¢See Ref. 50.
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ribosomal subunit (Moore, Engelman & Schoenborn, unpublished results). The
most interesting finding to emerge is that the 50S subunit is asymmetric in its
distribution of RNA and protein. The centers of mass of the RNA and protein
distributions are separated by about 58 A, a large value compared to the maximum
dimension of the particle, 230 A (47). This result could not have been anticipated
from earlier data and is one of the first novel findings to emerge from neutron
low angle studies.

7 CONCLUSION

It is clcar that the analysis of quaternary structure by neutron scattering has just
begun. Solutions to the instrumentation problems and theoretical issues that
occupied everybody’s time over the last five to ten years have reached a satisfactory
state, so that further progress will increasingly depend on the biochemical community.
The ultimate success or failure of the field will depend on whether or not it
provides us with biologically significant results about important macromolecular
structures. This will happen if biochemists decide to make use of this new tool, and
make the effort necessary to prepare suitable specimens. It is our expectation that
interesting biological data will begin to emerge over the next few years.
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