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The use of small-angle scattering (SAS) in the biological

sciences continues to increase, driven as much by the need to

study increasingly complex systems that are often resistant to

crystallization or are too large for NMR as by the availability

of user facilities and advancements in the modelling of

biological structures from SAS data. SAS, whether with

neutrons (SANS) or X-rays (SAXS), is a structural probe of

length scales ranging from 10 to 10 000 Å. When applied to

biological complexes in dilute solution, it provides size and

shape information that can be used to produce structural

models that can provide insight into function. SANS enables

the use of contrast-variation methods through the unique

interaction of neutrons with hydrogen and its isotope

deuterium. SANS with contrast variation enables the visual-

ization of components within multisubunit complexes, making

it a powerful tool for probing protein–protein and protein–

nucleic acid complexes, as well as the interaction of proteins

with lipids and detergents.
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1. Introduction

In the post-genomic era, the next great challenge is to

understand the structures and interactions that exist between

an expressed protein in an organism and its complex envir-

onment consisting of other proteins, nucleic acids and the

macromolecular assemblies that comprise a living cell. Crys-

tallography, NMR and electron microscopy (EM) are the

primary tools of structural biology. Crystallography and NMR

provide atomic resolution structures of proteins and their

complexes. The resolution of EM continues to improve,

producing increasingly detailed three-dimensional structures

of biological macromolecules. While very powerful, these

techniques are not always successful at determining the

structures of biological macromolecules. Crystallography and

EM are not readily applicable to highly flexible and dynamic

systems as a result of the state of the sample during the

measurement, while NMR cannot be readily applied to large

systems.

Small-angle scattering (SAS) is a complementary method

for probing biological structures that can be applied to systems

ranging from isolated proteins and their complexes to complex

hierarchical assemblies such as bone, tissue or biomass, across

length scales ranging from 10 to 10 000 Å. SAS methods do

not provide atomic resolution structural information such as

can be obtained using crystallography and NMR, but they can

be applied to systems of arbitrary size. Similarly, highly

dynamic systems can be readily probed using SAS. When

applied to structural biology, SAS using X-rays (SAXS) or



neutrons (SANS) is employed because the wavelengths are

well matched to the length scales being probed. X-rays

interact with the electrons in a sample, while neutrons interact

with atomic nuclei. It is the interaction of neutrons with the

atomic nucleus that enables contrast-variation methods for

probing the internal structure of complex assemblies using

SANS. In this article, a brief introduction to these methods is

presented, with examples from the literature that illustrate the

power of the technique for structural biology.

2. Theory

Here, the discussion will be restricted to what is often the

simplest conceptual case for SAS, which is also the most

applicable for problems in structural biology, namely a dilute

solution of monodisperse particles. For a more detailed

introduction to SAS, the reader is referred to the compre-

hensive reviews covering SAXS and SANS that are available

(Jacrot, 1976; Svergun & Koch, 2003; Putnam et al., 2007). The

SAS intensity profile, I(Q), measured from a dilute solution

of particles is given by (Debye & Bueche, 1949; Guinier &

Fournet, 1955)

IðQÞ ¼ n
R
V

½�ðRÞ � �s� expð�iQ � RÞ d3R

����
����

2
* +

: ð1Þ

The quantity n is the number of particles per unit volume,

�(R) is the scattering-length density of the particle at position

R inside the particle and �s is the scattering-length density of

the solvent. The entire volume of the particle, V, is used for the

integration. The integral is also taken over all orientations of

the particle with respect to the incident beam. The measured

I(Q) is also averaged over the entire ensemble of structures

present in the sample during the period of the measurement.

In (1), the quantity �(R) � �s, being the scattering-length

density within the particle relative to the surrounding solvent,

is called the contrast.

The scattering-length density of an object is a function of its

elemental composition, and the associated atomic scattering

lengths (specifically the coherent scattering lengths), denoted

bcoh, are a measure of the strength of the interaction of an

X-ray or neutron with an atom. For X-rays, the scattering

length is a linear function of the atomic number. As a result,

light elements scatter poorly relative to those with higher

atomic number, with hydrogen, a critical element in biology,

often not being resolved in all but the highest resolution

protein crystal structures. The nuclear scattering lengths of all

atoms are comparable in magnitude (Koester et al., 1991),

making light atoms relatively simple to visualize by neutron

scattering methods. Examples of several nuclear scattering

lengths are provided in Table 1. Interestingly, the nuclear

scattering length is isotope-dependent and can be either

positive or negative, although there are far fewer negative

scattering lengths than positive ones. Of particular interest to

structural biology is the fact that hydrogen and its isotope

deuterium have such dramatically different scattering lengths.

It is this difference that enables contrast variation for struc-

tural biology through the use of mixtures of H2O and D2O to

provide a continuous spectrum of values for �s.

The true utility of being able to change the scattering-length

density of the solvent relative to that of the scattering particle

becomes evident when working with structures composed of

materials having different scattering-length densities. Such

complexes are very common in biology, where proteins, lipids

and nucleic acids all have inherently different average scat-

tering lengths. Furthermore, it is often possible to produce

deuterium-enriched biological materials, making it possible

to reconstitute multi-component structures with selectively

deuterated subunits. Example scattering-length densities of

various biological macromolecules, including examples invol-

ving deuterium-labeled material, are shown in Fig. 1 as a

function of the H2O/D2O mixture in the background solution.

The calculated scattering-length densities include the impact

of H/D exchange within the structures. One interesting feature

of the curves in the figure is the set of points where the scat-
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Table 1
Coherent nuclear scattering lengths of selected elements and isotopes
(Koester et al., 1991).

With the exception of hydrogen and deuterium, the value presented is the
isotopic abundance-weighted average.

Atom or isotope bcoh (10�15 m)

1H �3.74
D (2H) 6.67
C 6.65
N 9.36
O 5.80
S 2.84
P 5.13
Ti �3.37
Fe 9.45
Au 7.90

Figure 1
Scattering-length densities as a function of D2O for water (black),
hydrogenated protein (red), protein with 50% of the protons that do not
exchange substituted by deuterium (green), protein with 100% of the
protons that do not exchange substituted by deuterium (blue), DNA with
an equal distribution of base pairs (cyan) and the lipid dimyristoyl
phosphatidylcholine (violet).



tering-length density of the solvent matches that of the various

materials. At these points, the contrast, and therefore the

measured intensity, of that material is zero. An I(Q) measured

from a particle that is a complex of that material and a second

material having a different scattering-length density would

only result from the part of the sample having a nonzero

contrast. The result is structural information on one compo-

nent of the complex within the intact complex. This particular

kind of experiment is known as a contrast-matching experi-

ment.

An extension of a contrast-matching experiment is the

contrast-variation experiment, in which the SANS intensity

profile from a complex is measured in a series of H2O/D2O

mixtures. In the case of a binary complex consisting of sub-

units having different average scattering-length densities that

will be denoted �1 and �2, the measured data sets can be

described, according to Ibel & Stuhrmann (1975), as

IðQ; �1; �2Þ ¼ ð�1 � �sÞ
2I1ðQÞ þ ð�2 � �sÞ

2I2ðQÞ

þ ð�1 � �sÞð�2 � �sÞI12ðQÞ: ð2Þ

The functions I1(Q) and I2(Q) are known as the basic scat-

tering functions and correspond to the individual subunits

within the structure of the complex. I12(Q) is commonly

known as the cross-term and results from the scattering

between the subunits in the complex. The cross-term provides

information about the relative disposition of the two subunits

and is information that cannot be obtained directly from a

contrast-matching experiment. A measured contrast-variation

series defines a set of linear equations in the three basic

scattering functions that can be extracted computationally;

for example, with the method implemented in the program

MULCH (Whitten, Cai et al., 2008). An example contrast-

variation series calculated using the program ORNL_SAS

(Tjioe & Heller, 2007) from a dimer of human serum albumin

found in the crystal structure (PDB code 1ao6; Sugio et al.,

1999) in which one subunit was hydrogenated and the other

completely deuterated is shown in Fig. 2. The interplay of the

constructive and destructive interference that results from the

opposite signs of the scattering lengths of hydrogen and

deuterium can be readily seen in the profiles calculated at high

D2O content (>70% D2O), resulting in a depression of the

forward scattering.

3. Examples from the literature

SANS with contrast variation has been extensively applied to

problems in structural biology. Protein–protein and protein–

nucleic acid complexes are the most appropriate systems in the

context of this review, but other examples are also presented.

In the case of protein–protein complexes, the ability to apply

contrast variation requires selective deuteration of one sub-

unit, while SANS with contrast variation can be applied to

protein–nucleic acid complexes without deuterium labeling.

Here, several examples from both classes of problems are

presented.

Perhaps the classical set of examples of the application of

SANS with contrast variation involved the study of various

ribosomes, the macromolecular machines that assemble

proteins from amino acids. The earliest studies probed the

internal structure of the 30S ribosome (Langer et al., 1978;

Ramakrishnan et al., 1981, 1984). Contrast-variation methods

were used to determine the relative distances between sub-

units in the multisubunit complex. Ultimately, this research led

to a structural model of the disposition of the subunits in space

(Capel et al., 1987).

These early studies were followed by subsequent studies of

the larger 50S and 70S ribosomes. A map of the distribution of

protein and RNA within the 50S ribosome from Escherichia

coli was generated using SANS with contrast variation and

shape restoration by spherical harmonics (Svergun, Koch,

Pedersen et al., 1994; Svergun, Koch & Serdyuk, 1994;

Svergun, Pedersen et al., 1994). The E. coli 70S ribosome was

also studied by SANS with contrast variation and selective

deuteration. A total of 42 data sets were collected and again

modeled using spherical harmonics (Svergun et al., 1997a,b). A

later model was generated from the same series of data using

the program DAMMIN (Svergun & Nierhaus, 2000).

Another protein complex extensively characterized by

SANS with contrast variation is the troponin complex, which

serves to regulate muscle contraction in response to a calcium

signal. Both skeletal and cardiac variants of the three-subunit

(TnC, TnI and TnT) complex have been studied. The binary

TnC–TnI complex was the first troponin complex to be

studied, providing important insight into the interaction
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Figure 2
Simulated contrast-variation series calculated using ORNL_SAS (Tjioe &
Heller, 2007) from the crystal structure of the human serum albumin
dimer (PDB code 1ao6; Sugio et al., 1999). One polypeptide chain was
hydrogenated and the other was perdeuterated. The curves are 0% D2O
(black), 10% D2O (red), 20% D2O (green), 30% D2O (blue), 40% D2O
(cyan), 50% D2O (violet), 60% D2O (yellow), 70% D2O (gold), 80% D2O
(dark blue), 90% D2O (purple) and 100% D2O (brown). The curves have
been offset for clarity.



between the calcium-binding TnC subunit and the inhibitor

TnI subunit (Olah et al., 1994; Olah & Trewhella, 1994; Stone

et al., 1998). Later work expanded to the study of the ternary

TnC–TnI–TnT complex and shed light on the organization

of the three subunits using low-resolution modeling methods

(Heller et al., 2002, 2003) and ultimately modeling using high-

resolution structural information that provided important

insight into the function of the complex (King et al., 2005).

These are hardly the only applications of SANS with

contrast variation to protein–protein complexes. The

calmodulin–myosin light-chain kinase (MLCK) system was

studied in a series of experiments that shed light onto the

activation of MLCK that starts with the receipt of a calcium

signal by calmodulin (Krueger et al., 1997, 1998). Similarly,

SANS with contrast variation and selective labeling made it

possible to understand the organization and activation of

protein kinase A (Zhao et al., 1998; Heller et al., 2004). The

structure of the chaperonin complex GroEL–GroES was also

elucidated using this approach (Krueger et al., 2003). Similarly,

insight into the interaction of neurolignin with �-neurexin was

obtained with the help of the technique (Comoletti et al.,

2007), as were the structures of two microtubule motors

(Fujiwara et al., 1995) and the structure of a complex involved

in histidine kinase inhibition (Whitten et al., 2007). Other

examples of the application of SANS with contrast variation

to the study of multisubunit protein complexes exist in the

literature (Krueger et al., 2000; Whitten, Jeffries et al., 2008; Li

et al., 2009).

As the studies of the ribosomes show, SANS with contrast

variation is a powerful tool for probing protein–nucleic acid

interactions. The complex of Taq polymerase with DNA was

probed to provide insight into the structural rearrangements

that take place upon complex formation (Ho et al., 2004). The

interaction of the double-stranded DNA-break repair protein

Ku with its target DNA has also been probed (Zhao et al.,

1999). Differences in the assembly of the methionine repressor

MetJ on its target DNA were also probed using SANS with

contrast variation and suggested a physical mechanism for the

DNA-length-dependent binding of the protein (Augustus et

al., 2006). Similarly, a study of a Holliday junction binding

protein, RuvA, with its target DNA demonstrated that the

DNA structure is sandwiched by multisubunit complexes of

the protein (Chamberlain et al., 1998). These are only a few

examples in which the application of SANS with contrast

variation has provided important insight into protein–nucleic

acid complexes.

The technique is not only limited to simple protein and

protein–nucleic acid complexes. It has also been successfully

applied to the study of virus structures (Jacrot et al., 1977;

Chauvin et al., 1978; Cusack et al., 1981, 1985; Kruse et al.,

1982; Inoue & Timmins, 1985; Sato et al., 1995). Similarly,

bacteriophages are well suited to contrast-variation methods

(Kuzmanovic et al., 2003). The natural difference in scattering-

length densities of lipids and surfactants also makes SANS

with contrast variation well suited to the study of membrane-

protein structures, such as the KcsA potassium channel

(Zimmer et al., 2006) and light-harvesting complex II (Car-

doso et al., 2009). Similarly, the ability to differentiate between

components by contrast variation makes it possible to probe

protein structures in more complex matrices, such as gels

(Pozzo, 2009; Luo et al., 2009). In all cases, the ability to

differentiate between various components in a larger system

and understand their structures proved invaluable for under-

standing the larger system.

4. Conclusions

The power of SANS is fully realised when combined with

contrast-variation methods. Contrast variation enables the

visualization of structures within the intact system, providing

information that is unavailable to other structural techniques.

In addition to leveraging the natural scattering-length density

differences of many biological macromolecules, the applica-

tion of selective deuteration of these materials makes it

possible to clearly differentiate between components within

complexes. Small-angle scattering is truly a powerful com-

plementary tool to the traditional tools of structural biology.
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