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ABSTRACT Determination of quaternary structure by
neutron scattering is proposed. The method gives the
identity and relative spatial position of each component
of a complex, provided that the complex can be obtained
in deuterated form and can be reconstituted from its
separated parts. If two components are rich in hydrogen
and if the rest of the complex is deuterated, the contrast
in scattering power permits the measurement of the
separation of the pair from an interference cross term.
The structure is obtained by triangulation from a set of
measured pair separations.

Biochemists are becoming increasingly adept at reconstituting
macromolecular aggregates from their components, as is
shown by recent successes with ribosomes from FEscherichia
colv (1-3). Many of these aggregates are so large and complex
that little progress in determination of their three-dimensional
structures can be expected from traditional techniques such
as x-ray diffraction and electron microscopy. We would like
to point out the possibility of combining the techniques of
neutron diffraction and reconstitution to obtain structural
information about macromolecular aggregates.

A most important feature of neutron diffraction in bio-
logical systems is that hydrogen is easily distinguishable
from all other normally encountered atomic species and from
deuterium (see Table 1). (For an introduction to neutron
scattering and previous applications to biological systems,
see refs. 4-6.) Exploiting this property, Schoenborn (7) has
been able to locate the hydrogen atoms in crystalline myo-
globin, and Caspar and Kirschner have used the exchange
of D,O for H:O to define the location of water in the myelin
sheath (8).

What we are proposing is a logical extension of this prior
work. The basic experiment consists of introduction of two
H-rich components by reconstitution into an otherwise
heavily deuterated structure. The thermal neutron-scattering
profile of the object is measured in solution in D,O. The
neutrons scattered from the two H-rich components interfere
to give a sinusoidal ripple whose frequency depends on the
separation of the centers of mass of the components. Because
of the large difference in thermal neutron-scattering length
between hydrogen and deuterium (see Table 1), the ripple
is strong enough to be detected in the presence of the other
scattering contributions, and the separation of the components
is found. By systematic substitution, all the intercomponent
distances can be found and a three-dimensional map can
be obtained in which each component is explicitly identified.
The map is indeterminant only with respect to hand. The
advantages of the technique are (a) it can be done in solution
without crystals, and (b) it positively identifies and locates
each component in the structure. The technique is applicable

1997

to any structure that can be obtained in fully deuterated
form and that can be reconstituted from its component parts.

To illustrate the technique, let us consider how a 308
ribosomal subunit would scatter if it were fully deuterated
with the exception of two proteins. At low resolution, the
proteins and the subunit itself can be approximated as closed
volumes within which the scattering length per unit volume
(p) is constant and equal to the average value for the struc-
ture in question. The theory of the scattering of such systems
is similar to that of polyatomic gases, which is treated in stan-
dard texts on x-ray diffraction (9, 10). The scattering profile
of a solution of such objects, I,(R), has six contributions, the
spherically averaged Fourier transforms of the ribosome and of
the two substituents, I,(R), I,(R), and I,(R), and three cross
terms representing the interference between the three regions
in question, taken pairwise and spherically averaged, Cn,
sz, and Ch.:

I, (R) = I,(R) 4+ Ii(R) + L(R) + Cn(R) +
Cra(R) + Ci2(R)

If the scattering of the fully deuterated ribosome, I.(R), is
measured as well as the scattering of the two possible singly
substituted subunits, I1(R) and I;5(R), then,

I.(R) = I,(R) + Li(R) + Cn(R)
I:(R) = I,(R) + I(R) + Cn(R)
(12 can be isolated from the doubly substituted profile:
C(R) = I(R) + I;(R) — In(R) — Ix(R).
When the two substituents can be approximated as spheres,

012(R) = 2(Pprobein - Pribosome)zSI(R)Sz(R) sin 21d12R/ 21l'd12R

TaBLE 1. Neutron scattering lengths of predominant nucler
Nucleus b X 1013 cm
H —3.74
D 6.67
C 6.65
N 9.40
(0] 5.80
P 5.10

Coherent scattering lengths are shown as compiled by Schull,
G. G. (recent data prepared at Massachusetts Institute of
Technology, Cambridge, Mass., 1971). The phase shift on scat-
tering from H is 360° rather than 180°, and its scattering length
is shown as negative.



1998 Biochemistry: Engelman and Moore

where S, and S are the transforms of the two spheres and d,,
is the distance between them. This function has a value of zero
every n/2d;;, n = integer, in reciprocal space, from which
the intersubunit spacing can be obtained.

It can be shown that this analysis of the low-angle scat-
tering pattern is independent of assumptions about the shape
and density distribution of the main ribosome. The substit-
uents should be fairly approximated as spherically sym-
metric density distributions at the resolution in question. If
the substituents are merely centrosymmetric, Ci; no longer
has the form given above. However, it can be shown nu-
merically that its fundamentally sinusoidal nature is quite
insensitive to deviations from spherical symmetry.

From the intercomponent distances, the map of the sub-
stituent centers is obtained by triangulation. An important
feature of the strategy is that, particularly for structures with
many components, there is substantial redundancy in the
information. For the 21 proteins of the 30S ribosomal sub-
unit there are 210 pairs, yet the structure can be uniquely de-
scribed by 74 pairs. This redundancy permits refinement of
the structure and also allows the substitution of alternate
measurements if a given pair proves experimentally difficult.

We have done a number of computations based on this
theory to predict the form of the experimental data. The

TABLE 2. Average scattering length per unit volume for
ribosomal components

a. Components relative to vacuum
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average scattering lengths per unit volume used in these calcu-
lations are given in Table 2. As the values given in Table 2b
show, there is a large difference in scattering length per unit
volume between hydrogenated and deuterated components
when these are measured relative to D.,0. This difference
leads to the contrast in neutron scattering that makes our
technique possible. To generate a comparable level of con-
trast for the purposes of doing an analogous x-ray experiment,
heavy atoms would have to be introduced at a proportion of
about one uranium atom for every three amino acids.

In Fig. 1, it was assumed that all three objects were
spheres. The main object is a sphere of the same volume as
a 308 ribosome, and the two substituents are spheres equiva-
lent to proteins of 25,000 molecular weight, separated from
each other by 75 A in the main ribosome. The whole system
is in D;0. Fig. 1a shows the expected scattering profiles when

p X 1014 p X 1014
em/4? cm/A3
Component H-rich Deuterated
Ribosomal protein 3.19 7.95
Ribosomal RNA 4.50 7.36
30S Ribosomal subunit 3.90 7.64
Water — 6.38
b. Components relative to D;O
p X 1014 p X 1014
cm/A3 cm/A&s
Component H-rich Deuterated
Ribosomal protein -3.19 1.57
Ribosomal RNA —1.88 0.98
308 Ribosomal subunit —2.48 1.26
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Fic. 1. Computed scattering profiles for 30S ribosomal

The average scattering length per unit volume was calculated

II_IKV Za;b;, where N is the Avogadro number, M the total
1

molecular weight, 7 the total partial specific volume, b; the
scattering length of the 7th nucleus, and a; the number of such
nuclei. Values for b; shown in Table 1 were used. For the ribosomal
protein, the aminoacid composition reported by Spahr (11)
and the value of 7 = 0.74 that he calculated were used. The
base composition A, 25.29%; C, 21.6%; G, 31.5%; U, 21.79%,
(12) was used for the 16S RNA, and its partial specific volume
was taken as ¥ = 0.55. The molecular weight of the 30S subunit
is 0.9 X 10¢ (13) and of the 16S RNA is 0.55 X 10¢ (14), so the
RNA is 549, of the ribosomal volume, and the average scattering
power per unit volume for the ribosome is p ribosome =
0.54 p RNA + 0.46 p protein. In the case of H-rich components,
all H not bonded to C is counted as exchangeable and taken as D.
In (@), scattering lengths are given relative to vacuum; in (b)
they are shown relative to D:O.

as p =

subunits. The 30S ribosome was approximated as the sphere
(radius = 69 A) whose volume equals that of the ‘‘best ellipsoid”’
found by Hill, Thompson, and Andregg (15) from x-ray scattering
data. The substituents were taken as spheres (radius = 20 A)
whose volume is that of an anhydrous protein of molecular weight
25,000. In both calculations it was assumed that the two sub-
stituents were located diametrically across from each other, 37.5
A from the center of the 308 sphere. The scattering profiles are
calculated for a solution of similar particles in D2O. The scattering
lengths per unit volume used are given in Table 2b. In the case
of the 69-A sphere, the value was adjusted to allow for hydration.
Intensities are given in arbitrary units, which are consistently
maintained in all figures. (a) Fully deuterated 30S subunit:
solid line, the subunit with no substitutions; dotted line, the sub-
unit with one hydrogenated protein; broken line, the subunit with
both hydrogenated proteins in place. (b) The 30S subunit whose
scattering length per unit volume is adjusted to equal that of D:O:
broken line, the subunit with both hydrogenated proteins in place;
dotted line, the sum of the distributions observed when both
substituents are included separately. Note that the scales of
intensity differ in Figs. 1a and b.
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Fia. 2. The cross term, Ci. Ciz was calculated from the
model computations shown in Fig. 1. The intensity scale used
here is linear, not exponential, but the values assigned are con-
sistent with those used in Fig. 1. Solid line, Cy; from Fig. 1a, no
density matching; dotted line, Cys from Fig. 1b, density matching
of the subunit with the medium.

the ribosome is fully deuterated. Fig. 15 shows what happens
when the densities of the main ribosome and the medium are
matched. The simplification obtained when densities are
matched is obvious; the peaking of the interference ripple can
be seen in the total scattering curve. Fig. 2 shows Cy. for both
cases. Cy; has zeros every 1/150 A“, as it must. Over much of
its range, the magnitude of Ci is greater than 10% of the
largest value needed to determine it.

We have measured scattering curves for hydrogenated and
deuterated ribosomal subunits with slit-collimated 4.12-A
neutrons (beam divergence = 0.15°). From these preliminary
curves, we are able to assess our calculated values for the
scattering lengths per unit volume, p; we find that the ex-
perimental ratio of scattering lengths between deuterated
and hydrogenated particles is 809 of that expected. Using
the x-ray scattering curves of Hill et al. (15), we obtain an
approximate value for the forward scattering by extrapolation
from our data, and we can calculate the expected scattered
intensities. A 25-mg sample of deuterated 30S ribosomes
(100 mg/ml in D;0) irradiated with 10 neutrons/min should
have a forward scatter of about 6000 counts per hour (cphr)
per 4 X 1075 steradians of detector. Two hydrogenated sub-
stituents each of 25,000 molecular weight would contribute
about 200 cphr to the forward scatter. The incoherent back-
ground, which is flux dependent, would be about 6 cphr;
background from other sources should be limited to less
than 6 cphr. (Incoherent background can be estimated fromi
incoherent cross sections, atomic abundances in the sample,
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and the incident flux, ref. 5.) If density matching were done,
the substituent scatter would drop from 200 to 125 cphr.
Using 10 detectors in parallel, 1 hr of operation per location
measured would give 1250 counts of data in the forward
direction against 60 of background. In the model situation
used to compute the curves in Figs. 1 and 2, these figures lead
to an overall expected standard deviation for Cy.in the vicinity
of its first zero of about =40 counts (£0.7 X 10~2 intensity
units in Fig. 2), which corresponds to an uncertainty in d.
of +49%,. Without density matching, the standard deviation
of Cy2 would increase by 50%, but since the magnitude of
C12 would also increase, the error in dy; would remain the same.
Thus, diz appears to be measurable in this case, but if the
substituents were much smaller than 25,000 daltons, the ex-
periment would be difficult.

In these calculations, we have assumed a conservative
value for the incident neutron flux. Using focussing geometry
and a liquid-hydrogen moderator, a gain in flux of up to 50
times may be possible at the Brookhaven high-flux beam
facility. Higher fluxes would allow one to reduce counting
times, work with smaller substituents, smaller samples, or at
higher angular resolution (or some combination of these).
However, higher fluxes would not allow much reduction of
sample concentration, since the ratio of signal to incoherent
background would drop proportionately.

It should be emphasized, however, that the ribosome is an
extremely difficult object to examine in this way because of
the low ratio of its component molecular weights to its total
molecular weight. Many other biologically interesting struc-
tures (e.g., enzyme complexes) should require far less material
and lower neutron fluxes. These objects are well within reach.

Using the high flux beam reactor at the Brookhaven Na-
tional Laboratory, we have initiated experiments in collabora-
tion with Dr. B. P. Schoenborn to develop and apply the
necessary low-angle scattering techniques.
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