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Abstract

Measuring distances within or between macromolecules is necessary to

understand the chemistry that biological systems uniquely enable. In

performing their chemistry, biological macromolecules undergo structural

changes over distances ranging from atomic to micrometer scales. X-ray

and neutron scattering provide three key assets for tackling this challenge.

First, they may be conducted on solutions where the macromolecules are

free to sample the conformations that enable their chemistry. Second,

there are few limitations on chemical environment for experiments.

Third, the techniques can inform upon a wide range of distances at

once. Thus scattering, particularly recorded at small angles (SAS), has

been applied to a large variety of phenomenon. A challenge in interpreting

scattering data is that the desired three dimensional distance information

is averaged onto one dimension. Furthermore, the scales and variety of

phenomenon interrogated have led to an assortment of functions that

describe distances and changes thereof. Here we review scattering studies

that characterize biological phenomenon at distances ranging from atomic

to 50 nm. We also distinguish the distance distribution functions that are

commonly used to describe results from these systems. With available

X-ray and neutron scattering facilities, bringing the action that occurs at
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the atomic to the micrometer scale is now reasonably accessible. Notably,

the combined distance and dynamic information recorded by SAS is

frequently key to connecting structure to biological activity and to

improve macromolecular design strategies and outcomes. We anticipate

widespread utilization particularly in macromolecular engineering and

time-resolved studies where many contrasting experiments are necessary

for resolving chemical mechanisms through structural changes.
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10.1 Introduction

X-ray and neutron scattering from solutions pro-

vide information at atomic to intra-organelle

distances for which microscope based visible

light techniques cannot be applied. In addition

scattering can be applied at any biologically rel-

evant solution condition excellently

complimenting techniques that provide greater

detail but only under restrictive conditions. Sig-

nificant advances in the collection and analysis of

high quality data have been made over the last

ten years leading to several important results.

Recent examples include studies on polyketide

synthase (Edwards et al. 2014), elastin (Baldock

et al. 2011), photosynthesis (Stingaciu et al.

2016), chromatin (Andresen et al. 2013; Falk

et al. 2015) and microbial chromatin-like

systems (Hammel et al. 2016). Recent advances

in genomic sequencing and purification have led

to a large increase in the number of targets that

would greatly benefit from increased structural

understanding. Demand for structural informa-

tion is outpacing the capabilities of current

main stream experimental techniques. Scattering

reliably provides results on most samples under

nearly any solution condition and is capable of

high-throughput and multi-condition analyses

(Hura et al. 2009, 2013a), so the impact of these

techniques can potentially be very profound.

A primary asset of X-ray and neutron scatter-

ing is the ability to elucidate relatively detailed or

high resolution structural features. This fact is in

contradiction to what is often stated about SAXS

and SANS (collectively SAS), as a web search

will quickly attest. The perception that the

techniques are low resolution largely stems

from the use of SAS to estimate 3D shape from

macromolecules. 3D shape is a point of conver-

gence between structural methods of macromo-

lecular crystallography (MX), electron

microscopy (EM) and nuclear magnetic reso-

nance (NMR) techniques, so it is quite natural

to compare results at this level. The resolution of

SAS shapes is lower relative to other structural

techniques but not because high resolution

features do not contribute. SAS results do not

preserve directional information and the

resulting ambiguity reduces the precision of

shape determination. The loss of directional

information is the price paid for the ability to

work effectively and efficiently in solution.

Despite the lack of directional information,

shapes from SAS experiments are calculated by

supplementing data with assumptions about

compactness and density connectivity that have

proven to be valid and are valuable because of

key advantages of working in solution (Franke

and Svergun 2009). However, this may not be the

most important asset of SAS.

A better illustration of the resolution

capabilities of scattering data comes from exam-

ining differences between scattering profiles col-

lected from a macromolecule undergoing a small

structural change. To demonstrate the accuracy

and multiple scales at which scattering

techniques can measure, we will start by devel-

oping the formalism that is applied for most
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macromolecules through use of the pair distribu-

tion function or P(r). Comparisons of the P(r),

attained through Fourier transformation of the

primary data, provides insight into the resolution

possible. Many examples of the value of this

function are described in the literature on

particles that are 1–10 nm in maximum dimen-

sion. Below we highlight the precision possible

but rather than dwell on this length scale, for

which there are several excellent tools

(Semenyuk and Svergun 1991; Nielsen et al.

2009; Bergmann et al. 2000), we will explore

either side of this scale. We will review scatter-

ing as a tool to measure the distances between

water molecules in bulk water at atomic length

scales (0.1 nm). We will also describe the use of

metallic labels to characterize small changes

over large distances on the order of 50 nm.

We aim to highlight how these broad length

scales (0.1–50 nm) are bridged by scattering. We

believe such a treatise is important since

instruments with sufficient flux and large

detectors are increasingly available, providing

access to these regimes in a single experiment

on time scales of 1 s or less. We endeavor to

enable investigators to begin extending their

X-ray or neutron scattering analysis to under-

stand multiple important phenomena. In addi-

tion, we seek to clarify the differences between

distance distributions extracted from each

approach which can be confusing because they

describe related quantities. The measurement of

structural changes a macromolecule undergoes

as part of its mechanism has wide spread

application and scattering provides this capabil-

ity with sub-nanometer resolution.

10.2 General Formalism
of Extracting Distances from
Scattering and Diffraction

Reconstructing a macromolecular structure from

its coherent scattering starts with two fundamen-

tal equations. Equations 10.1 and 10.2 describe

the relationship between measured scattering

intensities I(q) and the structure of the scattering

material ρ(r). Bold face variables indicate

vectoral quantities. The quantity ρ(r) will either
describe the electron density for X-rays or

nuclear scattering length density for neutrons as

a function of position from some origin r

(Fig. 10.1).

f qð Þ ¼
Z
V

ρ rð Þei r�qð Þdr ð10:1Þ

I qð Þ ¼
X
j

X
k

f j qð Þf k∗ qð Þei rj�rkð Þq ð10:2Þ

In Eq. 10.1. q ¼ 2π(so � s)/λ is the vectoral

change in momentum between a photon or neu-

tron prior to its interaction with material and after

its interaction with the material. The quantity q is

therefore often referred to as momentum transfer.

We are interested in the coherent scattering

where momentum changes are solely directional,

Fig. 10.1 Coordinates for

describing the scattering

from an object. The

coordinate system used to

describe the scattering

density is in black. The
incident beam and outgoing

scattering are described by

the green vectors and

coordinates
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with the change in direction, so – s, between the

incident and the outgoing angle. The vectors so
and s are unit vectors describing the direction of

the incident and outgoing scattering. The f(q)

function is often referred to as the “form” func-

tion and involves an integral over the volume V

of the scattering particle (the portion of the sam-

ple illuminated by the incident X-ray beam).

In two common biological approaches that

have been powerfully used together (Putnam

et al. 2007), macromolecular crystallography

and solution bioSAS from monodisperse

samples, the scattering material is organized in

two extreme ways. These are extreme in that with

crystallography all particles are, ideally, per-

fectly ordered with respect to one another while

in solution SAS, ideally, none of the particles are

ordered in relation to one another. The organiza-

tion of the material in these two different ways

also distinguishes diffraction from scattering.

In most biological cases the total scattering

from a macromolecule is not much stronger than

the scattering of water regardless of whether

neutrons or X-rays are used. Water of hydration

is therefore an important contribution. However,

for simplicity we neglect hydration now and will

deal with some aspects later. For more complete

detailed descriptions, we urge readers to consult

several excellent resources (Schneidman-

Duhovny et al. 2016; Koch et al. 2003; Poitevin

et al. 2011).

In crystallographic diffraction, where all

molecules are oriented identically, the vectoral

distance of one atom relative to another is

retained. In SAS, upon averaging all orientations

of the macromolecules relative to the incident

beam, the vectoral information is reduced to

scalars. This split between the two techniques

can be seen from the I(q) recorded from either

type of sample. For crystallographic diffraction,

q must be measured in two angular dimensions

since the intensity of diffraction spots containing

essential information vary in two dimensions.

In diffraction, a copy of an object located at rj
can be found at rk oriented identically relative to

the probing beam. The relation to the diffraction

intensity can be made more useful when it takes

into account the repeating regular translation of

one scattering unit relative to another by describ-

ing rjk ¼ rj – rk in terms of the three crystal

lattice dimensions. By replacing the general rjk
with lattice units, the equations describing crys-

tallographic diffraction simplify. As we proceed

and consider scattering from solutions, the same

conditions do not hold and a different formalism

is applied.

For bioSAS from dilute solutions of

biomolecules, the scattering objects of interest

are far enough away from one another that they

may be treated as uncorrelated. There is no struc-

ture between individual particles. In this case

the only term to consider in Eq. 10.2 is the self-

scattering, shown in Eq. 10.3, where (rj –

rk) ¼ 0. With solution scattering, the

components are in every orientation relative to

the probing beam. Thus an extra mathematical

operation is required to describe SAS data. The

averaging over all orientations is indicated by the

triangular brackets and is accomplished by inte-

gration over the traditional spherical coordinate

system with axes r, θ and φ. This averaging

results in loss of vectoral information but reten-

tion of scalar distance information. Therefore,

only a one dimensional convolution of ρ(r) can
be determined, the pair distribution function or P

(r). The relationship between the intensity and P

(r) is shown in Eq. 10.3.

I qð Þ ¼ f qð Þf∗ qð Þh i

¼
ZDmax

0

4πr2P rð Þ sin qr

qr
dr ð10:3Þ

Since

eir�q
� � ¼

R π
0

sinφdφ
R 2π
0

eiqrcosθdθR π
0

sinφdφ
R 2π
0

dθ
¼ sin q rð Þ

q r

The momentum transfer |q| ¼ q ¼ (4π sin(θ/
2))/λ, now varies in one angular dimension, θ.
Thus all information could be collected by a one

dimensional strip detector. This is typically not

done because by collecting on an area detector

and averaging, the signal to noise is of greater

quality.
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Despite this mapping of three dimensional

information on a one dimensional space, high

resolution capability stems from the use of

wavelengths (λ) on the order of 1 Å. When scat-

tering is done with X-rays and neutrons, it is

intrinsically capable of measuring scalar

distances at the same resolution as crystallogra-

phy because the wavelengths used are the same.

An often unappreciated advantage in solution

scattering is that the scattering objects are not in

contact as they are in crystallography. This lack

of contact limits the integration of the distance r

up to the maximum dimension of the particle

Dmax. In crystallography the boundary between

scattering units can be difficult to decipher

making the analogue to the P(r) function, called

the Patterson function, less directly interpretable.

Conversely the P(r) function is a histogram of

pair distances of scattering density. Its properties

are pictorially illustrated in Fig. 10.2 on a toy

system. Note that changes in the position of one

atom influences significant portions of the

distribution.

For macromolecules in real systems, the P

(r) can be very sensitive to conformational

changes or modifications. Figure 10.3 illustrates

the accuracy achievable on a protein where no

atom changes more than 5 Å. This level of

accuracy is achievable because (1) the protein

is either in one state or another and (2) a sub-

stantial proportion of the molecule moves. Had

the protein sampled a range of conformations in

its apo state relative to a single conformation in

the ligand-bound state, the P(r) functions for the

apo and ligand-bound state would be more dif-

ficult to discern. Furthermore, if only a small

portion of the molecule is changing, the P

(r) function would be less sensitive to the

change. For example, while the addition of a

single amino acid to a terminus of lysozyme

may be detectable in the P(r) function, the

same cannot be said for one of the ribosomal

proteins within a ribosome. While several

factors influence the resolution of changes that

can be determined, the P(r) function has suc-

cessfully and uniquely detected subtle changes.

Until recently, existing methods for extracting

the P(r) function from SAS data have been suit-

able. However, as data at higher angles are now

routinely collected, particularly with X-rays,

available tools are showing limitations. New

methods are sure to arise for even greater defini-

tion and sensitivity of macromolecular structure.

Of particular importance, as higher angles are
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Fig. 10.2 The pair distribution function, P(r), is a histo-

gram of distances. A toy model of a scattering is com-

posed of four labeled components. The P(r) function is

shown below. As the spatial distribution changes within

the system the P(r) function can be dramatically sensitive

to these changes
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measured, the influence of water which we con-

sider below.

10.3 Measuring the Distance
Between Water Molecules
in the Liquid Phase

Liquids have structure as readily indicated by

strong and non-monotonic features from their

scattering. Nearly all scattering from biological

samples will contain a significant signal from the

structure of liquid water, as shown in

Fig. 10.4a, b. Learning about the liquid water

signal is of value if for no other reason than to

de-convolute it from the signal of interest. Fur-

ther investigation may be warranted though, as

the structural interactions of water underlying

this signal are also of important consequence

for many processes in biology.

The molecules in liquid water are constantly

translating and rotating due to thermal

fluctuations. Thus the distance between any sin-

gle water molecule and its instantaneous neigh-

bor will vary with time. However, since all water

molecules are identical, the influence of thermal

energy is actually out-sized; in exchange for

breaking bonds holding two waters together,

another near equivalent bond with a different

water is made. A water molecule will have a

steady number of neighbors, shown in

Fig. 10.4c. Water is famously polar giving a

preferred directionality to interactions with

neighbors. Consequently, certain spaces around

a given water molecule are preferred relative to

others. The strength of polarity competes with

van der Waals interactions producing an optimal

distance between water molecules. The influence

of a water molecule goes beyond those in direct

contact and extends to correlated second and

third shells until thermal fluctuations dominate.

These structural characteristics have a profound

impact on the chemistry and biology of water.

Furthermore, since water is a small molecule

with a total of ten electrons it can be simulated

in detail to provide insights into the quantum

mechanics of inter-molecular bonds. Scattering

measurements on water have played a fundamen-

tal role in these areas.

Interpretation of scattering data from molecu-

lar liquids focuses on the relationship between

molecules rather than on the structure of the

Fig. 10.3 The P(r) function provides high resolution

information. (a) The protein NBS1 undergoes is either

extended (black) in an apo state or contracted (blue)
when binding a small peptide (Williams et al. 2009).

In this conformational change no atom moves more

than 5 Å. (b) The difference can be detected in the

P(r) function. The decrease in maximum dimension

from 87 to 83 Å among other changes are visible. How-

ever these differences would be difficult to discern from

SAS generated shapes on the two samples (inset)
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molecule itself. For this reason, the quantity of

interest from Eq. 10.2 is the opposite of what it

was for both crystallography and scattering from

macromolecules. The ρH2O(r), that describes a

water molecule, in Eq. 10.1 is known and has

been tabulated for both X-rays (Morin 1982;

Hura et al. 2000) and neutrons. Using the

known ρH2O(r), a form factor for water has been

calculated, fH2O(r). The scattering from water is

thus composed of two parts, the scattering within

a water molecule (intra-molecular scattering, a

known quantity), and the scattering between

Fig. 10.4 Scattering from water structure. (a) Underly-
ing protein crystallographic data is a ring due to water.

Because the protein is organized on a repeating lattice in

the crystal, the diffraction spots must be characterized in

two dimensions on the detector. In contrast the structures

related to water are oriented in all directions relative to

beam producing a symmetric ring that may be represented

in one dimension (b) by integrating around central inci-

dent beam. (c) Water structure stems from several

features including hydrogen bonding and van der Waals

interaction. (d) The van der Waals interactions prevent

water molecules from overlapping which can be seen in

the radial distribution function gH2O(r) at small r up to

2.5 Å. The main correlation is with next nearest neighbors

of which there are five. This can be determined by

integrating the area under the peak of the first correlation

shell which is centered at 2.8 Å
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different water molecules (inter-molecular scat-

tering) where rj – rk 6¼ 0 as defined in the second

part of Eq. 10.4. Intra-molecular scattering,

Iintra(q) ¼ hf(q)f∗(q)i, can be calculated, how-

ever this calculated quantity can only be utilized

when the measurement has been calibrated on an

absolute scale. Absolute measurements can be

challenging since few detectors are accurately

calibrated. However, using calibrants or

extremely high angles one can isolate the inter-

molecular scattering Iinter(q).

As in crystallography where a formalism is

introduced that anticipates molecules will be on

a lattice with extracted indices, for

non-crystalline materials a construct has been

created that anticipates the kind of inter-

molecular structure we expect in liquids. This

formalism is called the radial pair correlation

function or g(rj�rk). The g(rj�rk) can be con-

sidered a probability weighting function that

describes the probability that a neighboring

water molecule has a specific orientation and

distance relative to any other given water mole-

cule. The quantity ρog(rj � rk)dV is the

expected number of molecules that will be

found at a distance rk in a volume element dV

from a molecule at rj. The constant ρo is the

average molecular density that is macroscop-

ically measurable, calculable from ~1 g/cm2 for

water. By introducing this term, we can exchange

one of the sums over all molecular pairs in the

second part of Eq. 10.4 for an integral over the

probability weighting function as in Eq. 10.5.

This assumes that the population distribution of

configurations has reached an equilibrium within

the liquid.

The correlated structures in water will be in

every orientation relative to the X-ray beam

involving a spherical integration, with results

similar to those described in the preceding sec-

tion. All directional information is lost and the

exponential term is further reduced to a “sinc”

(sin(x)/x) function of scalars and g(r). The result

of the spherical integration is shown in Eq. 10.5

(neglecting a term that is only of significance

with strongly absorbing material). The function

g(r) has several key properties. The value of g

(r) describes the relative number of scatterers

outside the bulk density having a center-to-center

distance of r from a molecule, as shown in

Fig. 10.4d. At small distances within the van

der Waals diameter, g(r) will have a value of

zero since this presents a no overlap zone. At

large r, g(r) will be 1 as correlation has been

lost and numbers have reached bulk average

density, ρo. The vectoral g(rj � rk) can be calcu-

lated from a molecular dynamics calculation as

can be its scalar form g(r).

I qð Þ ¼ 2 f qð Þf∗ qð Þh i
þ

X
j

X
k 6¼j

f qð Þf∗ qð Þei rj�rkð Þ�qD E

ð10:4Þ
I qð Þ ¼ 2 f qð Þf∗ qð Þh i

þ P
kf qð Þf∗ qð ÞRVρog rj � rk

� �
ei rj�rkð Þ�qdVj

D E

IðqÞ ¼ 2⟨f ðqÞf∗ðqÞ⟩
1þ 4πρo

R1
0

r2ðgðrÞ � 1Þ sin ðqrÞ
qr

dr

� �

ð10:5Þ
Water was almost certainly one of the first

targets of X-rays and neutrons as it is both easy

to attain and of critical importance. However,

since water is of such great importance, there is

a tremendous demand for precision. The g

(r) function for water remains intensively studied

and even debated (Brookes and Head-Gordon

2015; Clark et al. 2010; Gallo et al. 2016;

Amann-Winkel et al. 2016). Each structural

detail has wide spread implications. Though not

presented here, further refinements have been

made by starting at the atomic (ρO(r) and ρH(r))
rather than the molecular level. Working from

this basis allows an exploitation of a unique

property of neutron scattering. Since deuterium

scatters neutrons more strongly than hydrogen

one can make use of a contrast change between

deuterated water and hydrogenated water for

extraction of the pair correlation function of

hydrogens gHH(r). As X-rays are scattered by

electrons, scattering experiments report mainly
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on the oxygens gOO(r). This is particularly true

since oxygen electronegativity will draw

electrons from hydrogen (Head-Gordon and

Hura 2002).

A challenge for converting scattering data to

real spatial information is that the two are related

through a Fourier transform. For early

investigators in particular but also of concern

today are three features of scattering data that

stymy Fourier transformation. (1) Noise in data

adds unphysical Fourier terms, (2) sparsely sam-

pled data from point detectors or other experi-

mental factors may mean missing Fourier terms

and (3) data are always truncated both at high and

low angles with disastrous effects for Fourier

transformation. When direct transformation is

attempted on truncated data, an infinite set of

non-physical Fourier terms are required. Modern

detectors and bright sources have improved sig-

nal, increased the sampling and the angular range

collected, greatly reducing challenges faced by

early experimentalist. Thus an understanding of

the structure of water as determined by scattering

has been emerging.

General features that are agreed upon from

analysis of g(r) is that a water molecule strongly

influences its nearest neighbors. The g(r) as

determined from X-ray scattering measurements

from water is shown in Fig. 10.4d and has on

average 5 nearest neighbors, that sit 2.8 Å from

the center of any given water molecule. The

presence of a water molecule perturbs structure

as far as 10Å away. This first coordinated shell is

followed by a drop in density below bulk levels.

Two more peaks are discernable in addition to

the first, showing the minimum distance a water

molecule maintains its influence. These length

scales are larger than cavities within

macromolecules affecting many important phe-

nomena such as metabolite and drug binding.

Thus accounting for the structural influence of

water remains a major challenge for in silico
based drug screening among other fields.

10.4 Measuring Changes
in Distance Distributions Over
Long Length Scales Using
Labels

We now move to measuring changes in large

scalar distances within a macromolecular assem-

bly. Such measurements in solution can provide

key biological insights. Outside of a crystalline

state, there is almost always a population distribu-

tion of distances that cannot be adequately

represented with a single structure. Biological

systems may sample important states infrequently

and thus these states occur in only a small subset

of a population. The challenge for solution based

techniques is to define this distribution and

changes in this distribution as a function of some

perturbation. A large variety of techniques have

evolved to quantify these dynamic distributions,

each with assets that are worth contrasting.

Like many other techniques, scattering can

make use of labels to aid in following specific

parts of macromolecules, increasing signal and

accuracy. There are several types of labels and

several ways of measuring the distance between

them. This section is focused on the use of heavy

metal labels in the context of X-ray scattering

(SAXS) (schematically illustrated in Fig. 10.5a).

Conceptually, the experiment is quite simple, how-

ever there is still a substantial investment into

synthesis relative to other label based techniques

for which synthesis has become more routine.

SANS based approaches have been used to

measure distance distributions for many years.

Selective deuteration of parts of a macromole-

cule adds extra scattering cross-section to that

part. Collecting data from such samples in a

mixture of H2O and D2O can make the

non-deuterated portion invisible. This approach

was applied to identify the relative distance

between ribosomal components before atomic

resolution structures were available. Several

other interesting systems have been elucidated
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this way as discussed elsewhere in this book.

Increased access to SANS instruments plus their

increased brightness are certain to profoundly

increase this type of application.

10.5 FRET and EPR
for Measurement of Scalar
Distances

Before we focus on SAXS we draw attention to

important alternative non-scattering based

techniques. When molecular rulers are required,

FRET and EPR are often utilized with excellent

effect. FRET and EPR labels are commercially

supported, reducing sample preparation

challenges. They have been powerfully applied

in scenarios for which scattering techniques are

difficult. For example, FRET can be applied

in vivo and as a single molecule technique. EPR

can be conducted at low concentrations and with

membrane proteins. For these reasons FRET and

EPR should be strongly considered for at least

complementary information to scattering.

FRET and EPR also have specific challenges.
Both techniques have an optimal range for dis-

tance measurements, beyond which they are no

longer reliable. For FRET, this range is usually

from 1.5 to 6 nm depending on the dynamics of

the biomolecule and the size of the label (Lam

et al. 2012). For EPR, the optimal range can

extend from 1.5 to 2.5 nm for continuous-wave

EPR, and up to 8 nm for pulsed wave EPR

(Schiemann and Prisner 2007).

In addition to limitations in distance

measurements, both FRET and EPR have specific

experimental challenges. For FRET to accurately

measure distance, both labels need to have the

freedom to sample all rotational orientations. Lim-

iting the rotation of one label relative to the other

can increase measurement error significantly,

from 10% at 5 nm to 50% at 1.5 nm. For EPR,

the sensitivity of the spin label to the environment

can be both a blessing and a curse. To increase the

signal-to-noise for EPR, measurements are often

taken at 50–80 K, sometimes for 10–12 h.

For systems and questions where these exper-

imental limitations do not pose a challenge, both

FRET and EPR will provide significant insights.

Scattering remains inherently complementary.

Scattering measurements can be conducted with

and without FRET or EPR labels to determine

the influence of labels.

10.6 Scattering from Metal Labels
for SAXS Measurements

X-rays scatter from electrons, thus heavy

elements scatter more strongly than lighter

elements. Most biological SAXS measurements

are difference experiments where the solvent is

subtracted from the solution containing sample.

When this is done, the relative signal of each

contributor is scaled not by the square of the

electron density but by the square of the electron

density difference between the scattering object

and solvent. The average electron density is

0.332, and 0.44 electrons/Å3 for water and pro-

tein respectively. For gold, the electron density is

approximately 4.6 electrons/Å3. Using these

values, in a difference experiment the scattering

intensity at zero angle of a gold particle is 1650-

fold larger than that of a protein of equivalent

size (Fig. 10.5b). Differences of this order of

magnitude are usually worthwhile to pursue

despite challenges in preparation. For example,

concentrations can be reduced to the nanomolar

range or time scales can be reduced to

milliseconds.

Gold labeling of biological systems has relied

heavily on gold-sulfur bonding though other

strategies are possible. Cysteines are a natural

target in proteins while thiolated bases can be

incorporated into DNA. As gold nanoclusters

present a large surface, care must be taken to

ensure the desired labeling ratio is eventually

purified. Once the gold-sulfur bond is made, fur-

ther reactions must be reduced. Thus the portion

of the gold surface that is not involved in the

desired bonding is protected by other chemical

groups like thiolated polyethylene glycols. For

control of bonding, the redox state of solutions

during preparation must be carefully controlled

as the gold-sulfur bond competes with potential

disulfide bonding.
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The larger the scattering from the label the

simpler the subsequent analysis will be for the

extraction of distances between two labels. How-

ever, any label can be disruptive to the biological

system under investigation and a variety of heavy

atoms and heavy atom clusters have been found

useful including mercury (Vainshtein et al.

1980), lead (Grishaev et al. 2012), rubidium

(Horkay et al. 2006), and terbium (Miakelye

et al. 1983). Many of these studies also

manipulated the scattering contrast by either

using anomalous scattering properties of the

metal atom or changing the solvent scattering to

match that of the biological component.

Depending on the strength of the signal and size

of the label, data collection and analysis increase

in complexity (Zettl et al. 2016; Mathew-Fenn

et al. 2008a, b).

10.7 Extracting Length Information
from the Scattering Curve

Contributions to the total scattering from labeled

systems can be conveniently grouped. There are

five types of contributions: the intra-label, intra-

biomolecule, inter-label, inter-biomolecule, and

finally scattering due to correlations between

biomolecules and labels. Analysis of these

terms vary in complexity. In the simplest case,

the labels scatter so strongly that the scattering

contribution of the biological macromolecule are

negligible (Hura et al. 2013b). In this case only

two terms are significant: the intra-label and

inter-label terms.

With labels that scatter on the same scale as

the biological macromolecule, all terms must be

considered. In an effort to measure basic

properties of DNA, small gold labels of 1.5 nm

diameter have been used (Mathew-Fenn et al.

2008a, b). The intra- and inter-biomolecule scat-

tering can be measured on the system without

labels. The more difficult component is the scat-

tering cross term due to correlations between the

biomolecule and the label. Several strategies may

be applied including the measurement of the

system labeled at each point independently or

modifying the scattering power of the label

using resonant X-ray energies (Zettl et al. 2016)

or varying label size or composition as reported

in several studies.

In a system using equivalent labels at all

labeling points and that scatter overwhelmingly,

the analysis is similar to that used in the previous

section for water. A distinction can be made

between the experimental observable desired

from labels relative to that from water. In the

case of water, the absolute number of coordinating

waters is an important experimental result. The

number of coordinated labels is almost always

known and if uncertain can be tested by varying

the labeling strategy. For example one can test the

agreement between the scattering of the label

alone and the macromolecule labelled at one

point. If these results are in poor agreement, the

macromolecules may be multimerizing, adding

additional label correlations that must be

accounted for. Defining a distribution of labels

relative to the bulk density is not necessary and

so rather than work with g(r) which is a compari-

son to bulk density, a relative distribution is

desired. Thus, starting from Eq. 10.4 we define a

weighing distribution P(D) where D is the dis-

tance between label j and k. The labels all have

the same f(q) so we can utilize Eq. 10.6.

I qð Þ ¼ 2 f 2 qð Þ� �

þ 2 f 2 qð Þ� � Z 1

0

P Dð Þ sin qD
qD

dD

ð10:6Þ
Rearranging terms to focus on the inter-label

distance distribution and taking into account both

concentration factors and instrumental

parameters with two constants (k1 and k2) we

arrive at the correlation scattering function

(CSF), which is a Fourier transform of P(D).

CSF ¼ IðqÞ
k1⟨f

2ðqÞ⟩ � k2 ¼
R1
0

PðDÞ sin qDqD dD

Experimentally, k1 and k2 can be determined.

However, they can also be treated as fitted

parameters. The CSF should oscillate about

0 and at wide q the inter-particle contribution

should be negligible as the inter-label distance

must be larger than the label size. Drifts from an
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oscillation about 0 indicate either some level of

aggregation in the labels.

We have applied this scenario to monitor pro-

tein mediated DNA repair (Hura et al. 2013b).

Labeling both ends of damaged DNA with nom-

inally 5 nm diameter gold labels, we followed the

end-to-end distribution as proteins and

metabolites in the repair pathway were added.

We contrasted both short (31 base pair) and

long (up to 71 base pair) DNA. The shorter

DNA substrate accommodates a single protein

footprint analogous to what can be done with

FRET. The longer DNA substrate accommodates

multiple proteins allowing the observation of

cooperative effects common in DNA repair pro-

cesses. Example results from this study are

shown in Fig. 10.5c–e where we measure

distances between labels that are 30 nm apart.

These results can be extended to longer

DNA strands or length scales as most modern

SAXS instruments can sufficiently capture

small angle data.
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Fig. 10.5 SAXS measures of long-distance distributions

with gold labels on DNA. (a) Schematic representation of

gold end-labeled DNA. (b) Experimentally measured

scattering power of 5 nm gold is 5400 times higher than

DNA and 500-fold greater than a globular protein of two

times its diameter. (c) The CSF is derived from dividing

two SAXS profiles, the labeled system through by the

label alone. (d) The P(D) distribution characterizing the

distances between labels as DNA is manipulated by a

DNA processing enzyme. (e) Contour maps of the gold

labels can be drawn based on the distribution shown in (d)
combined with crystallographic information that the pro-

tein system bends DNA. The bending of the DNA is

dynamic, sampling very dramatic bending angles that

could not be deduced crystallographically
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10.8 Conclusion

SAS as employed to study biological

macromolecules in solution is a very flexible

and powerful technology with widespread appli-

cation. For most samples, a minimal amount of

preparation is required to provide a comprehen-

sive characterization of macromolecular struc-

ture. High flux sources and new detectors are

capable of characterizing wide temporal and spa-

tial scales – all with one sample and data collec-

tion. Here we worked through some details of

analysis for probing distances between

molecules in a liquid which can be pushed

down to 0.1 nm resolution. Large area detectors

provide access to the necessary angles that can be

used to characterize the details of hydration

layers around proteins. More work is required

on tool development to utilize this information

that has become routinely available.

For specialized cases where the organization

or movement of subassemblies within a larger

assembly is of central importance, samples may

be modified so that these pieces have additional

contrast. For X-rays, specific points may be

labeled with metallic nanoclusters or for

neutrons, regions may be deuterated. Since

required sample quantities are already quite

small and continue to decrease, the same sample

preparation may be used to study the labeled

system in a variety of contexts, providing unique

insights into function. Here, we considered some

of the detailed analysis required to extract infor-

mation from labels separated by distances

of 50 nm or greater.

While there have been big leaps in recent

progress for EM and with the free electron laser

for X-rays, advances in SAS data collection and

analysis have been more wide spread and contin-

uous. Access and utilization has grown, creating

an ever larger community that contributes to

analysis tools and interpretation. We anticipate

that due to its widespread applicability and

throughput, SAS will increasingly be looked to

for complementary and unique structural infor-

mation on a rapidly expanding set of targets from

genomic and macromolecular engineering fields.

10.9 Few Assorted Experimental/
Computational Tips

SAS can monitor high resolution structural

changes in solution when conducted as a relative

measurement to other SAS data or an atomic

resolution model.

Distance distributions are not always calcu-

lated from SAS in the same way and therefore do

not always quantify the same scattering density

distribution. Make sure you understand the

assumptions that are part of a particular distance

distribution.

In quantifying distances between scattering

density, utilize any information that may be of

value, whether it be bulk density or known semi-

periodicity particular to the sample, to create the

most intuitive distance distribution for your

system.

Distance distributions are never direct Fourier

transforms of SAS data as SAS data is finite and

are often derived from fitting data. Always exam-

ine the quality of the fit of the Fourier transform.
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