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General Introduction

Crystals consist of an ordered arrangement of atoms or molecules, where the basic

unit is repeated in all directions forming a crystal lattice. Irradiating a crystal with

X-ray radiation results a diffraction pattern containing sharp peaks. The location

and intensity of these peaks can be used to calculate the average electron density of

the atom or molecules in the crystal. In this thesis, correlated motion and disorder

in crystals is investigated using diffuse scattering. Diffuse scattering is a continuous

weak intensity between the sharp spots and is caused by atoms moving in a concerted

motion. In this introduction a short history of (macromolecular) crystallography is

discussed, and of diffuse scattering from protein crystals. Then basic crystallographic

theory is presented and the types of diffuse scattering are introduced. Finally the

concept of supercells, used throughout this thesis, is explained.

The first X-ray crystallography experiment was proposed and performed by Max

von Laue1. He observed interference effects in the form of spots when irradiating

a crystal of copper sulfate with X-ray radiation. William and Lawrence Bragg rein-

terpreted his findings and deduced that X-rays are reflected by planes of atoms in

crystals2–4 and therefore inform on the atomic structures of the crystal. This discov-

ery was the birth of a new science, X-ray crystallography. The 20 years after, more

and more complicated atomic structures were solved.

Attempts were made to apply this new technique to biological molecules. Rosalind

Franklin obtained the diffraction pattern of DNA-B fibers of which in 1953 a model was

constructed by Watson and Crick5. Due to the nature of X-ray diffraction, only the

intensity of a reflection can be recorded, and not its phase. Solving the phase problem

for complicated molecules, like proteins, remained impossible until 1953. Mercury

benzoyl was soaked into myoglobin crystals without changing the crystal structure

and used for isomorphous replacement. The heavy atoms changed the intensities

in the diffraction patterns which could be used to locate the positions of the heavy

atoms. This led in 1957 to the first protein structure of myoglobin6–10 and later

hemoglobin11. This work by Kendrew and Perutz was awarded with Nobel prize for
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Chapter 1: General Introduction

chemistry in 1962. More protein structures were solved in subsequent years. The first

enzyme to be characterized on an atomic level was lysozyme12.

Improvements of techniques for data collection and processingg facilitated ex-

periments in macromolecular crystallography. Gradually film was replaced by area

detectors13 to obtain more precise measurements of diffraction patterns. Protection

against radiation damage was achieved by cooling crystals to 100 K14 giving higher

resolution data and higher redundancy. Synchrotron radiation became available for

macromolecular crystallographic experiments15. This radiation has a higher photon

flux compared to laboratory sources. The wavelength of synchrotron radiation is tune-

able, allowing X-ray anomalous scattering for solving the phase problem16. Recently,

Free electron lasers were built that produce 107 times more X-ray photons per pulse

than current synchrotrons. These strong pulses allow measurement on even smaller

crystals, outrunning radiation damage while at ambient conditions and performing time

resolved experiments17. Parallel to instrumentation, software to handle and interpret

crystallographic data also improved and was bundled in CCP4: The Collaborative

Computational Project Number 4 in 197918. Together, improved instrumentation and

software opened up crystallographic experiments to a wide scientific audience, making

crystallography the most used method for elucidating protein structures.

In a crystal atoms or molecules are ordered in a periodic structure. However, atoms

are not sitting still; there always will be atomic vibration in a crystal. This vibration or

positional variation is observed through intensity decay with resolution in diffraction

patterns. Shortly after the Braggs introduced their findings on X-ray diffraction, Peter

Debye introduced a resolution dependent temperature factor to account for this19. It

contains the B factor, which is proportional to the root mean square displacement of

atoms. So far, B-factors have been limited to either isotropic spherical or anisotropic

ellipsoidal displacements. A more advanced model for atoms being displaced was

introduced by Schomaker and Trueblood20. They group atoms and describe their

collective motion using translation (T), libration (L) and screw (S) tensors. This

TLS description reduces the amount of model parameters in structural refinement

but still allows for anisotropic motion to be modelled. In 1979 Frauenfelder noted

the importance of B-factor analysis on protein structures in understanding protein

dynamics21.

Besides Bragg reflections and the influence of atomic fluctuations on their inten-

sities, additional signal was observed under and between the Bragg reflections. It was

suspected this additional signal was caused by stacking defects or correlated motion
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1.1 Diffuse scattering in macromolecular crystallography

of atoms in a crystal. The observations of this additional signal have been reported in

the 1940’s22.

Diffuse scattering was connected to properties of materials. Early models for

diffuse scattering from stacking faults in crystals were based on so called Markov

chain models, modelling stacking faults in 1 dimension. Expanding this to multiple

dimensions proved difficult in the time due to computational limitations.

Starting from 1960, photon counting using single point detectors became the

standard in the precise recording Bragg reflections. Since these detectors only measure

reciprocal space on Bragg reflections, almost no diffuse signal was recorded. Powder

diffraction experiments became the most common source of diffuse scattering, and

diffuse scattering research was done on alloys and oxide materials.

Guinier also worked on extracting material properties from diffuse scattering in the

1960’s. His seminal book on the ’X-ray Diffraction in Crystal, Imperfect Crystals, and

Amorphous Bodies’23 introduced the mathematical description of diffuse scattering

that is still used today. For a more extensive overview on the development of recording

and interpretation of diffuse scattering in solids and small molecule crystals read: ’One

hundred years of diffuse scattering’ by T. Welberry and T. Weber24.

Protein molecules consist of thousands of atoms, making it computationally heavy

to calculate diffuse scattering from protein molecules. In the next section the obser-

vations and interpretation of diffuse scattering from crystals of protein molecules will

be discussed.

1.1. Diffuse scattering in macromolecular crystallography

The first observations of diffuse scattering from macromolecular crystals were

made in the late 1970’s25. High brilliance of synchrotron radiation enhanced the diffuse

scattering signal intensities. Compared to solids and crystals from small molecules,

diffuse scattering from macromolecular is more complex. This complexity is due to

the size of the molecules and the huge variety of possible motion in a protein molecule

or crystal. Potential sources for diffuse scattering from protein molecules vary from

thermal dampened displacement waves, long range correlated motion, translational

and rotational disorder to side-chain mobility or combinations thereof26. In 1986

Boylan and Phillips observed strong diffuse scattering features in tropomyosin crystals

diffracting to 15 Å. They explained this by displacements of the filaments in the

crystal unit cells27;28. Doucet and Benoit (1987) observed diffuse scattering from

lysozyme crystals using synchrotron radiation, which they interpreted as molecules

3



Chapter 1: General Introduction

being sterically coupled, which resulted in displacement of molecules along a unit cell

vector29.

Caspar et al. in 198830 introduced liquid like models (LLM) as a method to

interpret diffuse scattering from insulin crystals. Coupling distance and atomic dis-

placement parameters are fitted against observed diffuse scattering patterns. Later

studies applied this LLM to fit diffuse scattering of lysozyme31, Staphylococcal nucle-

ase32 and calmodulin33.

Faure and coworkers applied molecular dynamics (MD) simulations to explain

diffuse scattering observed from orthorhombic lysozyme crystals34. Intramolecular

correlated motion is found to be the cause of diffuse scattering, but do not exclude

that rigid-body translations are involved. They identify MD simulations and normal

mode analysis as powerful tools to interpret experimental diffuse scattering data in

terms of atomic correlated motions.

In 1996 Perez et al. investigated diffuse scattering from tetragonal lysozyme crys-

tals35. They used simple models of molecular rigid-body isotropic translations and

rotations. The molecules in the crystal unit cells are assumed to move independently

from each other. They observe that both the B-factors calculated from the displace-

ment and the diffuse scattering calculated from their models agree well with the data.

This directly contradicts conclusions Clarage et al. published four years earlier31 who

concluded that intramolecular atomic correlated motion as modelled by LLM was at

the origin of diffuse scattering. Mizuguchi et al. confirmed this internal motion model

using normal mode refinement on orthorhombic lysozyme crystal data36.

In 1998 the contribution of rigid-body motion to diffuse scattering from orthorom-

bic lysozyme crystal was investigated by Hery and coworkers37. They concluded using

MD simulations that the diffuse scattering could be described as two groups mov-

ing independently, being the backbone atoms of the protein and the side chain atoms.

Other types of correlated motion would have only limited contributions to the observed

diffuse scattering pattern.

Meinhold and Smith performed molecular dynamics on Staphylococcal nuclease

crystal unit cells, and compared calculated diffuse scattering with experimental dif-

fuse data32. Their MD results suggested internal motion was the underlying cause of

diffuse scattering. Later Wall et al. repeated and extended the simulations, conclud-

ing the same38. Riccardi et al.39 tested elastic network models and other dynamics

models, concluding that even though rigid-body motion reproduces the experimental

temperature factors, the correlations between atoms would be too strong to reproduce

diffuse scattering.
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1.2 Basic principles of Crystallography

A group of crystallographers sent out a call to focus more attention and resources

on diffuse scattering in macromolecular crystallography40. Pixel area detectors41 al-

low noise free data collection. These detectors should be instrumental in providing

complete diffuse scattering data sets. Van Benschoten et al.42 showed that diffuse

scattering can be experimentally obtained without any substantial optimization of the

experimental design. Before this, the same group studied rigid-body motion through

different TLS matrices used to generate ensembles of structures which they compared

with diffuse scattering from GpdQ43. This work expands on the work presented by

Moore in 200944, who derived theoretical models for diffuse scattering caused by TLS

motion. Polikanov and Moore45 observed diffuse scattering from a crystal of 70S ribo-

some from Thermus thermophilus that shows the contribution of acoustic vibrations.

Recently, Wall revisited the Stapylococcal nuclease data set46. MD simulations

were performed in supercells that were two unit cells in each directions. He observed

better correlations between the scattering calculated from the trajectory than before.

This is explained by the lack of artificial correlations introduced by periodic boundary

conditions present in single unit cell simulations.

Peck et al. tested disorder models used to interpret diffuse scattering47 by compar-

ing models against three data sets. They concluded that models for either rigid-body

motion or internal motion show modest agreement with experiment, whereas a model

for liquid like motion with coupling lengths crossing unit cell boundaries had the best

agreement with the data. They state that modelling this intermolecular disorder will be

critical to interpret the weaker signal stemming from conformational dynamics within

a protein crystal.

To conclude, within the field of macromolecular crystallography there is no agree-

ment on the underlying cause of diffuse scattering. Internal motion, rigid-body motion,

inter- or intramolecular correlations or even acoustic vibrations in crystals have been

used to explain diffuse scattering.

1.2. Basic principles of Crystallography

To have diffraction Bragg’s law has to be fulfilled. This states that the combination

of lattice distance and orientation with respect to the beam should be proportional to

the wavelength of the beam:

2dhklsinθ = nλ (1.1)
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Chapter 1: General Introduction

Here dhkl (hkl is the Miller index)is the lattice spacing, λ is the wavelength of

the radiation used and 2θ the angle between the diffracted and incident beam. n is

the order of the reflection.

Within a unit cell atoms scatter with phase differences φ.

Fh1h2h3
=

N∑
j=1

fj exp iφj

=

N∑
j=1

fj exp 2πi(h1xi + h2yj + h3zj)

(1.2)

Where F is the structure factor, fj is the atomic scattering factor, φj is the phase

of the wave scattered by that atom, with (x, y, z) as fractional atomic coordinates,

and (h1, h2, h3) are the Laue indices (Miller indices combined with the order of the

reflection) associated with the scattered vector.

On a detector during a crystallographic experiment intensities are observed. This

is related to the structure factors by:

Ih1h2h3
∼ Fh1h2h3

F ∗h1h2h3

= |Fh1h2h3 | exp (iφh1h2h3)|Fh1h2h3 | exp (−iφh1h2h3)

= |Fh1h2h3
|2

(1.3)

Therefore only intensities are observed and the phases are lost. Thus electron

density can not be calculated by inverse Fourier transformation, this is know as the

’phase problem’.

Atomic motion and other imperfections in the crystal are commonly modelled

using the Debye-Waller temperature factor:

Ts = exp (−Biso(sin (θ)/λ)2) (1.4)

B, or the B-factor, is defined as:

B = 8π2〈u2〉 (1.5)

For an average root mean square displacement 〈u2〉1/2 of 1 Å2, the atomic B-factor

will be 79 Å2. A more advanced description is made with anisotropic displacements.

Adding the temperature factor to the structure factor equation leads to:

Fh1h2h3
=

N∑
j=1

fj exp (−Bj(sin (θ)/λ)2) exp 2πi(h1xi + h2yj + h3zj) (1.6)
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1.3 Mathematical descriptions of diffuse scattering

1.3. Mathematical descriptions of diffuse scattering

Generally, total scattering of a crystal can be described using a summation over all

unit cells, and all atoms taking into account their displacements. These displacements

δ can be due to vibrational motion, or disorder48.

Itot(Q) =
∑
N

∑
N ′

exp (2πiQ(RN −RN ′))

×
∑
j

∑
k

fjfk exp (2πiQ(〈rj〉 − 〈rk〉)) exp (2πiQ(δNj
− δN ′k))

(1.7)

Where Q = 1
dh1h2h3

= 2 sin θ/λ. The first double summation sums over all lattice

points, the second double summation runs over all atomic positions in the unit cells.

1.3.1. Subtypes of diffuse scattering

We distinguish four types of diffuse scattering. The types are classified by un-

derlying disorder models having different correlation lengths and atomic displacement

parameters. The diffuse scattering patterns of these four types are different.

Type I

When atoms in a crystal are randomly displaced, the resolution dependent B-factor

will increase, and the Bragg intensities decrease. Because there is no correlation be-

tween the atomic displacements, no discernible patterns will be visible, only a resolution

dependent radial intensity. This type of diffuse scattering does not have visual features

and can not be used to investigate correlated motion in a crystal

Itot(Q) = Nt
∑
j

f2
j

[
1− exp (4π2Q2〈δ2

j 〉)
]

+
∑
N

∑
N ′

exp (2πi(Q(RN −RN ′)))

×
∑
j

∑
k

fjfk exp (2πi(Q(〈rj〉 − 〈rk〉)))

× exp (−2π2Q2(〈δ2
j 〉+ 〈δ2

k〉)))

(1.8)

The first part is the diffuse scattering, and the decrease of intensity by the dis-

placements from the Bragg reflections reappears in the diffuse scattering.
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Chapter 1: General Introduction

Type II

Type II diffuse scattering is the most common type of diffuse scattering in macro-

molecular crystallography. The correlation length of this concerted motion is smaller

than a unit cell vector. Type II diffuse scattering will be visible as a cloudy pattern

around and under the Bragg reflections, if all atoms within the unit cell translate as a

rigid body. Both the diffuse and the Bragg scattering are proportional to the squared

Fourier transform of the moving atoms.

Itot(Q) =

[
Nt(1− exp (−4π2〈δ2〉Q2))

+
∑
N

∑
N ′

exp (2πi(Q(RN −RN ′)))× exp (−4π2〈δ2〉Q2)

]
× FT [〈ρ(r)〉]FT ∗ [〈ρ(r)〉]

(1.9)

We will show in this thesis that rigid-body translations have a large contribution

to diffuse scattering.

A more general treatment can be performed by accommodating all atomic dis-

placement in structure factors of the unit cell FN

Itot(Q) =
∑
N

∑
N ′

exp (2πiQ(RN −RN ′))FNF
∗
N ′

= Nt
∑
M

〈FNF ∗M 〉 exp (2πiQRM )

= Nt
∑
M

[
〈F 〉2 + 〈(FN − 〈F 〉)(FM − 〈F 〉)∗〉N

]
exp (2πiQRM )

(1.10)

If no correlation between unit cells exist, the total scattering of diffuse scattering

type II can be described as the sum of Bragg scattering and the variance in scattering.

Itot(Q) = N2
t

[
〈F 〉2 + 〈|(FN − 〈F 〉)|2〉

]
(1.11)

This is equivalent to Guinier’s formula23.

Idiff (Q) = N2
t

[
〈F 2〉 − 〈F 〉2

]
(1.12)

Type III

When coupling lengths between atoms extends over unit cell boundaries, diffuse

scattering is visible as halos around Bragg reflections or ripples through reciprocal
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1.4 Shape transform through reciprocal space

space. Type III diffuse scattering can be described using equation 1.10, and the

displacement across unit cells are correlated over a modest length.

Type IV

Type IV diffuse scattering can be described similarly as type III. The coupling

lengths between atoms is longer than in type III, spanning across multiple unit cells.

The resulting pattern will contain streaks between Bragg reflections. Type IV can be

described using equation 1.10 with an longer correlation length than type III.

1.4. Shape transform through reciprocal space

In this thesis we are concerned with the calculation of diffuse scattering. Since

diffuse scattering is continuous through reciprocal space, we want to explicitly calculate

scattered intensities at a higher sampling than the Bragg reflections used in normal

crystallography.

Bragg positions are by definition on locations in reciprocal space with integer

Miller indices. Miller indices represent nodes on a reciprocal lattice with reciprocal

unit vectors as basis.

The continuous Fourier transform of a unit cell is a convolution of the content of

the unit cell and the shape transform of the unit cell. This causes ripples (speckles)

in the transform that are not visible for crystals consisting of many unit cells but is

the result of the finite size of our model. The shape transform of the unit cell is zero

at reciprocal space location with integer Miller indices. This is demonstrated in figure

1.1. We have two unit cells, one with unit cell vector a = 1 and one with a = 4.

Their Fourier transforms on the right pass through zero at 1
a . For the larger unit cell

we can sample the transform of the content of the cell four times more often than for

the smaller unit cell without being affected by this shape transform.

This principle, larger cells leading to more points that can be sampled, is used

throughout this thesis and is named the ’supercell’ method. Instead of using a single

unit cell in real space, we build a part of a crystal by stacking a number of unit cells in all

directions. After generating the coordinates of all molecules in the supercell including

symmetry related molecules, we change the space group of this supercell to be P1. We

use the standard fast Fourier transform (FFT) implemented in crystallographic software

to calculate the Fourier transform of these supercells. This results in structure factors

with integer Miller indices that correspond with the non-integer Miller indices of the

original unit cell. The number of unit cells we stack in a certain direction in real space

determines the oversampling in reciprocal space.
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Chapter 1: General Introduction

Figure 1.1. Two 1 dimensional unit cells (left) and their continuous Fourier transform

(right).

1.5. Scope of the thesis

This thesis aims to investigate the correlated motion causing diffuse scattering.

We develop new methods for isolating and calculating the diffuse scattering signal.

Finally we propose and investigate a method to refine correlated atomic motion against

diffuse scattering.

In chapter 2 we investigate using two data sets what type of motion in a crystal

is the main source of diffuse scattering in macromolecular crystallography.

Chapter 3 discusses our methods of treating and analyzing diffuse scattering data

compared to published work. We compare our methods to literature. We also discuss

the additivity of diffuse scattering from different types of motion.

In chapter 4 we show how ensemble refinement combined with supercells can be

used to find the correlated motion causing diffuse scattering.

Chapter 5 is on future perspectives. We discuss how we think diffuse scattering in

macromolecular crystallography should be treated and interpreted and suggest future

experiments.
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2

Rigid-body motion is the main source of diffuse

scattering in protein crystallography

Abstract

The origin of X-ray diffuse scattering from protein crystals has been

the subject of debate over the past three decades, questioning if it

is caused by correlated atomic motions within the molecule or by

rigid-body disorder. Here we model diffuse scattering with discrete

molecular models, representing rigid-body motions as well as inter-

nal motions from ensemble refinement. The developed super cell

approach allows oversampling of Miller indices and comparison with

equally oversampled diffuse data, thus extracting maximum informa-

tion from experiment. Most of the diffuse scattering comes form

correlated motions within the unit cell, with only a minor contri-

bution from longer-range correlated displacements. Rigid-body mo-

tions, and in particular rigid-body translations, are by far the most

dominant in the diffuse scattering, and internal motions give only

a modest addition. Modelling biological relevant protein dymanics

from diffuse scattering thus presents an even larger challenge than

was long thought.
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Chapter 2: Rigid-body motion is the main source of diffuse scattering

2.1. Introduction

X-ray crystallography has been the main method for solving macromolecular struc-

tures for several decades. With the advent of highly brilliant (microfocus) X-ray sources

and noise free pixel array detectors, it has evolved into a highly automated technique,

even for very small µm size crystals of large molecular complexes; this has allowed its

wide-spread use by structural biologists. Crystallography makes use of the enhance-

ment of X-ray scattering caused by the periodic arrangement of molecules in a lattice

and data collection and structure solution techniques focus on obtaining the intensities

of the Bragg reflections and using them to refine a structural model. Any background

scattering is removed in the integration process and treated as a nuisance rather than

the carrier of information. However, correlated motion/disorder of atoms in the crystal

causes diffuse scattering outside of the Bragg peaks. It is estimated that for a protein

crystal with a modest B-factor of 20 Å2 the total diffuse scattered intensity exceeds

that of the Bragg intensity beyond a resolution of 3.8 Å1. Access to information on

correlated motion of biomolecules could give insight into their dynamics, which are

generally considered to be crucial to their function2. Understanding and modelling

the diffuse scattering potentially adds valuable information to what we can learn from

Bragg scattering3.

The first attempts at interpreting diffuse scattering in terms of protein molecule

motions or internal mobilities were made in 1980-90’s. In a seminal paper Caspar et

al.4 developed a liquid like model to explain observed variational diffuse scattering

features of rhombohedral insulin crystals. They found that the two main features

observed – broad cloudy scattering and more narrow halos around the Bragg peaks –

could be modelled by two displacement correlation functions with coupling distances of

6 and 20-30 Å, respectively. They ruled out the possibility that the diffuse scattering

was caused by low frequency lattice vibrations which would give rise to thermal diffuse

scattering (TDS), as these would produce much more narrow halos. In contrast, their

observations indicate significant correlation between nearest neighbour molecules. In

a later paper by Clarage et al.1 this approach was further extended and applied to

triclinic and tetragonal lysozyme crystals. Again, for each crystal, two components in

the diffuse scattering could be modelled: one short range correlation of internal move-

ments with coupling distance of 6 Å, which was interpreted as torsional backbone or

neighbouring side chain displacements, and long-range lattice coupled displacements

of 50 Å distance. In contrast to these findings Perez et al.5 concluded that rigid-body

movements are the major contribution to the diffuse scattering of tetragonal lysozyme
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crystals. Such a model reproduces the shape of observed diffuse patches (speckles)

with roughly equal contributions from translational and rotational displacements. A

further argument for this model is that B-factor fluctuations of Cα positions are re-

produced, even though the B-factors are not sensitive to displacement correlations.

Molecular dynamics simulations of orthorhombic lysozyme6 further supported rigid-

body translations, although it is suggested that only the backbone atoms form the

rigid core with the side chains forming separate rigid bodies.

In the years after, Wall et al.7;8 published methods to extract three-dimensional

diffuse scattering maps from experimental data. So far, all data were extracted from

single (still) images and modelled on the 2D-detector plane by intersection with the

Ewald sphere. They applied their techniques to Staphylococcal nuclease and calmod-

ulin crystals and fitted the diffuse scattering in both cases using Caspar’s liquid like

motional models, although in the later case there are additional streaks in the scatter-

ing data caused by nearest neighbour coupling that required an anisotropic treatment.

The debate on whether the variational diffuse scattering is caused by internal

correlated motion or rigid-body translations and rotations became dormant for some

time, but has been revived recently, starting with a series of papers by Van Ben-

schoten and Wall9–11. In the first paper diffuse scattering maps are generated from

translation-libration-screw (TLS) models as used in structural refinement of protein

crystal structures. However, different selections of TLS groups produced markedly

different diffuse patterns. In a very enlightening paper Van Benschoten et al.10 show

that three-dimensional diffuse scattering data can be obtained from routine data col-

lections of protein crystals using highly brilliant X-ray sources currently available and

modern pixel array detectors (PAD). They analysed the diffuse scattering of cyclophilin

A (CypA) and trypsin using various models and concluded that TLS models did not

agree well with the data and that normal mode (NM) analysis and liquid like motion

(LLM) models gave much better agreement. In contrast, Ayyer et al.12 concluded

that the continuous scattering they observed in XFEL data beyond the 4.5 Å Bragg

limit from crystals of integral membrane protein complex photosystem II is caused by

translational lattice disorder. The diffuse scattering then becomes the incoherent sum

of many (rotationally) aligned single-molecule diffraction patterns. Iterative phasing

of the continuous diffraction gave Fourier amplitudes and phases to 3.3 Å resolution

and a much improved electron density. This method is further detailed in Chapman et

al.13. Recently, Peck at al. show evidence for longer range intermolecular correlated
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motions in three different protein crystals14, and Polikanov et al. suggest displace-

ments from acoustic lattice vibrations in ribosome crystals15. Previously this long

range order was also observed by Doucet et al16 for orthorhombic lysozyme.

Models for diffuse scattering from protein crystals can be subdivided into those

that use analytical expressions with only a few parameters such as the liquid like

motion model, and those that use molecular model coordinates such as normal mode

analysis, TLS models and molecular dynamics simulations. None of these approaches

has given a conclusive structural interpretation of the correlated motion responsible for

diffuse scattering. A comprehensive review containing an excellent section on diffuse

scattering can be found in Meisburger et al.3.

In this work we have attempted to resolve this issue by simulating diffuse scattering

from ensembles of discrete molecular models obtained from high-resolution structural

refinement and comparing these models with experimentally observed diffuse data.

We analyze which type of model gives the more realistic and numerically most correct

distribution of diffuse scattered intensity in reciprocal space for CypA and tetragonal

lysozyme. We sampled rigid-body translations and rotations from Gaussian distribu-

tions based on the refined B-factor fingerprint, samples poses from motions described

by TLS models, and generated ensembles from ensemble refinement of the crystal

structures17. Since the diffuse signal is continuous through reciprocal space, sampling

only on Bragg spots can lead to loss of information. The size of pixels and the scan

width of the images allows oversampling of the Miller indices by a factor of 5-10.

Thus, we developed a supercell method to generate diffuse maps that sample at frac-

tional Miller indices. The main features that are visible in the 3D-diffuse maps are

reproduced by rigid-body motions, with the largest contribution from translations.

2.2. Results

The maps reconstructed from images as described in Materials and Methods,

have point group symmetry 1 and are subsequently symmetrized using Friedel sym-

metry (linear correlation coefficient CC=0.86 for CypA and 0.78 for lysozyme) or

the crystal’s Laue point group, being mmm for CypA (CC=0.74) and 4/mmm for

lysozyme (CC=0.53) The diffuse maps for lysozyme viewed along the l-axis (c*), in -1

and 4/mmm symmetries (Fig. 2.1) show that in the lower point group the four-fold

symmetry is present, but that the noise level is quite high and averaging in 4/mmm

improves the maps enormously. A similar improvement was observed for CypA in the

-1 and mmm symmetrized maps (Fig. 2.1E and F). We took care that every target

voxel was hit multiple times: for CypA the most frequent number of hits in a 9x8x5
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A B C

D E F

Figure 2.1. Experimental diffraction images for A, Lysozyme, and D, CypA, after

mode filtering and radial subtraction. The reconstructed hk0 reciprocal space slice

for lysozyme B after intensity merging with Friedel symmetry (-1) and C after merging

with Laue symmetry (4/mmm). The hk0 reciprocal space slice of CypA E after intensity

merging with Friedel symmetry (-1) and F after merging in Laue symmetry (mmm).

oversampled map with point group symmetry 1 was 44, but ranged from 0-507. For

lysozyme, in the 5x5x10 oversampled map, these values were 78 and 0-502. Voxel

dimensions in the rotation direction (φ-range) are large in case of wide slicing. We

investigated what the consequence is for mapping into reciprocal space. When fine

slicing the lysozyme data at 0.3◦, instead of 1◦, the most frequent number of hits

per target pixel increases to 100 and range between 0-1467, which implies that the

subdivision of every voxel into 3.3 voxels does not generate 3.3 times the number of

hits, and that many of them map to the same target voxel. The two maps look quite

similar (CC=0.62). The original data were fine sliced to 0.1◦ but brought the diffuse

scattering in the single photon noise level and no good diffuse maps could be obtained.

We conclude that a scan width of 0.5−1◦ is probably best for getting sufficient signal
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Chapter 2: Rigid-body motion is the main source of diffuse scattering

in the diffuse maps in the usual experimental set-up at synchrotron beam lines. Sub-

traction of radial background intensity unavoidably leads to negative pixel values in the

diffuse maps as many pixel values on the Pilatus and Eiger detectors have zero inten-

sities. Chapman13 has developed an improved method for background subtraction, by

using a discrete noisy Wilson distribution, by which average background intensities and

their variance are determined. This method avoids over-subtraction of background,

while getting rid of almost all negative intensities. We did not correct the diffuse

image intensities to get only positive intensities. The graphical appearance and linear

correlation coefficient are not affected by the maps containing negative intensities.

We noticed that in projections of the complete diffuse maps intensities accumu-

lated on the Bragg layers, perpendicular to a∗ and b∗ in CypA and to c∗ in lysozyme

(SI Fig. 2). In individual slices such features could not be observed as they are very

weak. We confirmed that the kernel in our mode filter (21x21 pixels) was sufficiently

large to not leave part of the Bragg spots behind, so we rule out that these features are

caused by Bragg peaks. Similar observations were made by Polikanov et al.15. They

found troughs between adjacent rows of where the Bragg reflections were removed in

diffuse patterns of ribosome. These features must be related to the lattice disorder

rather than diffuse scattering of internal motion within the unit cell. They could re-

produce this type of diffuse scattering with a model for acoustic displacements waves.

By writing diffuse scattering in terms of structure factor variances and correlation co-

efficients between unit cells (Materials and Methods), Moss18 concludes that in soft

molecular crystals the correlation coefficients fall off rapidly with q, the Brillouin zone

vector, resulting in a broad acoustic peak at the Bragg positions. Such weak acoustic

lattice vibrations must therefore be present in both CypA and lysozyme.

2.2.1. Disorder models

Simple models of rigid-body disorder were constructed from the refined CypA and

lysozyme structures. The variances in the normal distributions determining the rotation

and translation amplitudes were fitted to the isotropic Cα B-factor trace (Fig. 2.2, top

panels) using simplex minimization (Materials and Methods). Internal motion models

have been simulated by ensemble refinement17 against Bragg reflections. The TLS

component that the ensemble refinement protocol subtracts before the simulation, has

been reintroduced to the resulting ensemble to obtain disorder models that describe

the isotropic Cα B-factor trace (Fig. 2.2, bottom panels).
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Figure 2.2. Cα B-factor traces of disorder models used for diffuse scattering calcula-

tion, A for CypA, B for lysozyme. Top panels show the target B-factor trace from

the classically refined structures (SI Table 1) and rigid-body models. Bottom panels

show target B-factor, the B-TLS subtracted before ensemble refinement, and the final

fluctuation from ensemble refinement recombined with the BTLS.

Figure 2.3. A 5x5x10 supercell of Lysozyme molecules, the ’mixed’ rigid-body disorder

model has been used to construct this supercell. B F (hsks0)2 slice of the Fourier

transform of A. C Itotal(hsks0) slice of diffuse scattering calculation from a ’mixed’ rigid-

body disorder model. 100 supercells have been constructed and the squared structure

factors have been averaged. The diffuse features become more well defined. B and C

are colored from white (0) to black (75× 106)

2.2.2. Diffuse scattering calculation

Molecules randomly picked from disorder models described previously were used

to construct supercells (Fig. 2.3A; Materials and Methods). The Fourier transforms

of these supercells sample on and between the integer Miller indices of the original

unit cell (Materials and Methods). A Fourier transform of a single supercell (Fig.
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2.3B) shows Bragg reflections and a weak diffuse scattering pattern. When hundred

supercells are Fourier transformed and the average total intensities are calculated, this

results in well defined diffuse scattering under and between the Bragg reflections (Fig.

2.3C). The Bragg reflections obey the symmetry and extinctions of the original space

group (P43 21 2) (see the systematic absences in the hs=0 and ks=0 directions).

Diffuse scattering is calculated as the difference between the total scattering and the

Bragg scattering (Fig. 2.3C).

2.2.3. Comparison of diffuse scattering between models and data

Table 2.1. Linear cross correlation values between all models and data for CypA and

lysozyme. CCall is calculated between all points in the map that are calculated or

measured. CCBrg is calculated on positions corresponding to the integer Miller indices

of the original unit cell. CCaniso is calculated between all points in the maps that are

measured or calculated after the isotropic component per resolution shell is subtracted;

for this, 20 resolution shells were used.

Translation Rotation Mixed Ensemble+BTLS

CypA Lysosyme CypA Lysosyme CypA Lysosyme CypA Lysosyme

Data

CCall 0.46 0.27 0.28 0.07 0.47 0.29 0.47 0.20

CCbrg 0.49 0.34 0.28 0.15 0.50 0.37 0.48 0.29

CCaniso 0.51 0.43 0.36 0.39 0.53 0.45 0.52 0.45

Translation

CCall 0.47 0.55 0.95 0.93 0.79 0.74

CCbrg 0.43 0.56 0.94 0.92 0.78 0.76

CCaniso 0.40 0.43 0.94 0.91 0.81 0.75

Rotation

CCall 0.51 0.55 0.48 0.60

CCbrg 0.48 0.54 0.46 0.60

CCaniso 0.43 0.43 0.35 0.35

Mixed

CCall 0.82 0.72

CCbrg 0.82 0.71

CCaniso 0.83 0.75

Linear correlation coefficients between all calculated maps and the data were

calculated (Table 2.1; Materials and Methods). For CypA, the modelled scattering

from translational disorder shows a significant correlation coefficient, CC=0.46, with

the measured diffuse scattering; disorder modelled using a mix of translation and

rotation shows CC=0.47 (Table 2.1). Van Benschoten et al.10 recorded the CypA data

set and showed that diffuse scattering fitted by a liquid like motion model resulted in

a correlation coefficient of 0.518. However, the authors compared only the anisotropic

components of both the measured and calculated diffuse scattering in their analysis.

If we remove the isotropic components from the data and models we obtain CC=0.51
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for our translation-only model and CC=0.53 for a model from mixed rotation and

translation.

For lysozyme, lower correlations between rigid-body models and the data were

observed (CC=0.29 for translation and rotation combined). Models show a better

correlation with the data on original Bragg positions (Table 2.1). The anisotropic

components of data and models show an even better agreement: CC=0.45 for the

mixed rigid-body disorder model.

The addition of internal motion to the rigid-body disorder models did not improve

the correlation coefficients with the data. For CypA these correlations coefficients are

comparable with those of rigid-body models (0.47 for Ensemble+BTLS vs. 0.47 for

the mixed disorder model), while for lysozyme the coefficients get worse. Modeled

diffuse scattering maps show high correlation coefficients amongst each other (Table

2.1). The only exception is the resemblance between translation and rotation models

(CC<0.55).

We generated disorder models from refined TLS matrices and calculated linear

cross correlations between modelled scattering and the data. For CypA, CCall and

CCaniso are 0.46 and 0.51, comparable to the translation CC’s (CCall translation

vs. TLS = 0.93). Lysozyme CC with data for TLS models improved compared to

translation model (CCall=0.33, CCaniso=0.37), because of the anisotropic translation

matrix from TLS (SI Fig. 5).

2.3. Discussion

Correlated motional disorder of atoms within the unit cells produces diffuse scat-

tering of type II (Materials and Methods). Such motions can be rigid-body movement

of whole molecules or internal conformational mobility or combinations thereof. We

generated molecular models to describe such motions using the supercell method and

calculated full oversampled 3D diffuse maps. Diffuse maps from rigid-body models

have a remarkable resemblance to experimental diffuse maps. Linear correlation coef-

ficients are comparable to earlier work by Van Benschoten et al.10 for CypA, but lower

for lysozyme. The latter is likely to be caused by the more noisy experimental data, as

CC between symmetrized and original maps is only 0.53 and fine and wide sliced data

sets from the same image data produce maps with CC=0.62. The 2D zero zone slices

(SI Fig. 2) and 3D maps for both CypA and lysozyme (SI Fig. 3) clearly show that

throughout reciprocal space experimental diffuse features are reproduced by the mixed

rigid body models. Introduction of internal motion models in addition to rigid-body

motions, which were obtained from ensemble refinement and not specifically optimized

23



Chapter 2: Rigid-body motion is the main source of diffuse scattering

to reproduce the diffuse scattering, does not improve the agreement (Table 2.1). In-

ternal motions appear to only modulate the rigid-body diffuse scattering (SI Fig. 2).

The crystals considered here have a moderate degree of packing disorder (diffraction

to 1.15 and 1.3 Å resolution for CypA and lysozyme) but still sufficient to produce this

type of diffuse scattering. Ayyer and Chapman12;13 observed continuous diffraction in

XFEL data of photosystem II crystals that diffracted to only 4.5 Å resolution. They

assumed it to be caused by translational displacements of individual molecules and

showed that the total diffuse scattering is the incoherent sum of that of displaced

symmetry related molecules. This assumption allowed them to use oversampling tech-

niques like practice in coherent imaging and iteratively phase to higher resolution than

the Bragg diffraction. An unbiased estimation of the structural unit that is responsible

for the continuous scattering is obtained from the size of the speckles in the diffraction

pattern and its autocorrelation function, which indicates that for PSII this is a dimer.

We could make such an independent estimation of the structural unit responsible for

the diffuse scattering in CypA and lysozyme by calculating the Patterson maps from

our experimental diffuse maps (SI Fig. 4). We found a size of 30-40 Å, correspond-

ing to one molecule for both CypA and lysozyme, and consistent with our rigid-body

models. A critical review19 questions the assumptions made by Ayyer and Chapman.

Our analysis indicates that assuming translational rigid-body disorder is realistic.

Our conclusions are different from previous work where internal correlation motions

are held responsible for diffuse scattering. LLM models for CypA10;14 and tetragonal

lysozyme1 give fair agreement with diffuse scattering data and likewise elastic network

models for other protein crystals20. In both approaches the diffuse scattering is pro-

portional to the squared Fourier transform of the average unit cell electron density.

The real space truncation function Γ that models the correlation distance range and

amplitude, has the effect of smoothing the diffuse scattering in Fourier space around

each Bragg position. The parameters in this model have been fitted to the diffuse

scattering and indeed its global appearance resembles that from the rigid-body trans-

lations14. However, our ensemble structures that model internal correlated motions

only have a small contribution to the diffuse scattering maps. These models are from

ensemble refinement of the Bragg data and are not fitted to correlated motion, so may

not be fully representative. Obviously, the motion that has the largest correlation be-

tween atoms is rigid-body translation, as all atoms move fully concerted, and therefore

will always dominate the diffuse scattering. Molecular dynamics simulations have been

used to predict diffuse scattering with some success, especially since it was realized

that long sampling times (>1 ns) were needed to reach convergence21. Hery et al.6
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concluded that in orthorombic lysozyme crystals the molecules move only partially as

rigid bodies, i.e. only the backbone atoms move as such. However, comparison with

data was only visible on a single detector image. 10 ns MD simulations of the staphy-

lococcal nuclease crystal by Meinhold et al.22;23 and subsequent principal component

analysis (PCA) showed that the 5 lowest frequency large amplitude components repro-

duce the main features of diffuse scattering. Whole molecule motion only represents

part of mean-square fluctuations, though these might be limited by periodic boundary

conditions in the simulations. This restriction was overcome by Wall11 by MD simu-

lations of 2x2x2 unit cells of the same protein. The agreement with diffuse scattering

in terms of CC (0.68) is significant. Unfortunately, limited insight is given into the

3D diffuse maps as only one intersection with the Ewald sphere was shown and only

averaged diffuse intensities in resolution shells. Furthermore, it is left unclear if rigid-

body translations occurred in the simulations, which is very well possible because only

unit cell center-of-mass translations were removed in the MD protocol, and with 32

molecules in the supercell there is plenty of room for relative motions of the molecules.

In a recent paper, Peck et al.14 reanalyse diffuse scattering of CypA from the same

data as we used here and made public by Van Benschoten et al.10. Their conclusion

is that intermolecular correlations are needed to explain the diffuse intensities they

extracted from the data. The analysis was based on a liquid like motion model that

was extended to include nearest neighbour interaction correlations. Although in the

current paper, we noted that indeed evidence for longer range correlated motions is

found, we believe that their data actually still contain parts of Bragg reflections and

the large CC (0.71) can be attributed to these. Our diffuse maps look completely

different, as we did not rely on predicted locations and the size of Bragg reflections,

but used mode filtering instead.

Simulated diffuse maps have an isotropic component that is part of the correlated

motion, which we would prefer not to subtract. Clearly, the way we analysed the

experimental data, by subtracting radially averaged background scattering, leads to

removal of all isotropic scattering and as a consequence CCaniso (Table 2.1) is larger

than CCall. Improvements in this step of data processing in order to get better

estimates of background scattering along the line laid out by Chapman et al.13 will

most likely give better agreement.

We believe that our current approach by forward modelling of diffuse scattering

from well defined ensembles with translational, rotational and internal correlated mo-

tions, clearly shows the dominant influence of rigid-body translation in protein crystals.
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Despite this, correlated internal motions will have their effect on the diffuse intensi-

ties. The challenge will be to model their weak contribution in order to reveal protein

dynamics24. We are currently developing a supercell ensemble refinement technique

that uses the total scattering, i.e. Bragg intensities and diffuse scattered intensities.

Realistic conformational motions, next to the rigid-body motions, can be obtained

from this kind of structural refinement.

2.4. Methods

2.4.1. Models of disorder

Four types of motion models were generated for comparison with the measured

and isolated diffuse scattering. Three rigid body-only models (Fig. 2.2, top panels)

were fitted to the Cα B-factor fingerprint of the refined structure. The variances

of normal distribution where the rotation angles and translational displacements were

extracted from, were fitted by a simplex minimization (scitbx.simplex). Rotation angles

are selected from a one dimensional normal distribution while translation vectors are

extracted from a three dimensional multivariate distribution. The rotation axis is

placed perpendicular to two randomly generated vectors. The target of the simplex

minimization is the difference between the Cα B-factor trace and the RMSF (converted

to B-factors) of hundred asymmetric units generated using the rotation angles and

translation vectors. The final disorder models consists of one hundred ASU’s created

using the fitted variances.

To model internal motion of a protein in a crystal, ensemble refinement17 was used.

A parameter sweep over the pTLS, dTMP and τx was performed17. The ensemble with

the lowest R-free is chosen as the ’best’ ensemble and used for further calculations (SI

Table 1). Before ensemble refinement is started, TLS motion is fitted and subtracted

from the B-factors of the input model. This prevents the refinement from sampling

large scale motion and forces the sampling of internal atomic fluctuations. For the

diffuse scattering calculations presented here, these TLS motions are reintroduced to

the ensemble models. This is done by fitting the rotation and translation variances

to the Cα-B-TLS trace found in the B-factor column of the ensemble models, similar

to the method described above. The resulting translation and rotation operations are

then randomly applied to ASU models from the ensemble refinement to create ASU’s

describing internal motion and B-TLS (Figure 2.2, bottom panels).

Alternatively, TLS models were fitted to refined Uijs with a least squares target

function and the restriction that the eigenvalues of input Uij - fitted Uij must be
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positive. The S-matrix components were always zero. Fitted TLS matrices were used

to generate discrete ensembles of structures using phenix.tls as xyz25.

2.4.2. Reconstruction of diffuse scattering maps in reciprocal space

All software used to generate diffuse scattering maps is part of the EVAL software

suite26;27. For each image bad pixels masks were generated. These comprise panel

gaps (indicated by pixel value ′ − 1′ in the image file) and a user defined beamstop

shadow. To remove parasitic scattering of air and solvent surrounding the crystal

and inelastic Compton scattering, a circularly averaged profile was subtracted. This

profile was constructed with pixels having values less than 0.5 of the maximum pixel

intensity in the image and was corrected for polarization of the synchrotron beam.

When subtracting the radial profile the polarization was re-introduced. To isolate the

diffuse scattering, Bragg spots had to be removed. Methods have been described

in the literature that use knowledge of Bragg peak positions. Masks are located at

predicted reflection positions and within these, pixels are removed or removed only

if they deviate significantly from the background14;15. An alternative method, that

is not dependent on predicting reflection positions and often used to remove sharp

feature in images, is mode filtering7. The most common value of pixel intensities in

a box around every pixel replaces its value. We took this approach, and investigated

how well Bragg reflections were removed depending on the kernel size. Background

and Bragg peak removal is implemented in VIEW27. Examples of resulting images

containing only diffuse scattering for CypA and lysozyme are shown in Fig. 2.1.

Once the radial scattering and Bragg peaks are removed, pixels are transformed to

reciprocal space by the software IMG2HKL, which is part of the EVAL package27. In

fact every pixel represents a voxel extending in the rotation direction over the scan

width. The eight corners are mapped to reciprocal space and the intensity is divided

over the voxels touched in the new grid. We chose to define the new grid in terms

of supercell (hs, ks, ls) indices, for easy comparison with the simulated diffuse maps.

The supercell indices correspond to fractions of Miller indices of the original unit cell.

For CypA we used a 9x8x5 supercell allowing sub-Miller index sampling in multiples

of 1
9 , 1

8 and 1
5 in the a*, b* and c* directions, respectively. For lysozyme we used a

5x5x10 supercell. In both cases the target voxels represent roughly the same dimension

in Å−1. The resolution limit of the pixel data we used was 2.0 Å in both cases.

During the transformation the image voxel intensities are corrected for the Lorentz

and polarization factors and accumulated in the target voxels (hs, ks, ls). Thus the

final values are proportional to squared structure factors. However, a particular region
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in reciprocal space can occur twice in a rotation scan ranging over less than 360◦, one

time left and one time right of the rotation axis. Target voxel intensities are corrected

for these number of occurrences; voxels not being hit stay blank.

2.4.3. Theory of diffuse scattering from disordered crystals

Diffuse scattering caused by static or dynamic disorder can be understood by

considering the general equation of the total scattering of a crystal in terms of lattice

summation of unit cells containing the scattering atoms.

Itot(Q) =
∑
N

∑
N ′

exp(2πi(Q.(RN −RN′)))×∑
j

∑
k

fjfk exp(2πi(Q.(rNj − rN′k)))
(2.1)

The first double summation is over all period lattice points with positional vectors

RN in three dimensions, the second term runs over the positional coordinates of atoms

in the unit cells. Q is defined as 1/d = 2sinθ/λ. If the crystal would be strictly ordered

the total diffracted intensity would be:

Itot = N2
aN

2
bN

2
c F.F

∗ (2.2)

where Na is the number of unit cells along the a-axis, and likewise for Nb and Nc,

and F is the structure factor of every unit cell. Let us consider deviations of atoms

from their ideal positions in the unit cells. Each atom j will be displaced by vector δj

from its average position 〈rj〉. The total scattering then becomes:

Itot(Q) =
∑
N

∑
N ′

exp(2πi(Q.(RN −RN′)))×∑
j

∑
k

[fjfk exp(2πi(Q.(〈rj〉 − 〈rk〉)))×

exp(2πi(Q.(δNj − δN′k)))]

(2.3)

Variation of atom positions produces diffuse scattering and is dependent on the

type of motion or disorder. Four classes can be distinguished. I) The weak spherical

scattering around the incident beam caused by uncorrelated random displacements. II)

Broad cloud-like features between the Bragg peaks caused by correlated motions within

the unit cell, and often called very diffuse or variational scattering. The correlation

between atoms can either be the result of internal flexibility of protein molecules, e.g.

global variations in domain secondary structure or side chain conformations, or be

caused by rigid-body motions of entire molecules or any combination of these. III)
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Halo’s around the Bragg peaks caused by correlation over several unit cells. IV) Sharp

features like streaks, rings or triangles from long range correlations.

Equation 2.3 is the general equation for describing diffuse scattering and can be

expanded in several ways. We follow James28 in deriving the results for random, inde-

pendent and isotropic displacements of atoms. Averaging over the unit cells reduces

the last exponential to exp(−2π2((〈δj − δk〉).Q)2) (where use is made of a Taylor

expansion, cut off after the quadratic term) and in addition 〈δj − δk〉2 ≈ 〈δ2
j 〉+ 〈δ2

k〉.
Equation 2.3 then becomes:

Itot(Q) =Nt
∑
j

f2
j [1− exp(−4π2〈δ2

j 〉.Q2)]+

∑
N

∑
N ′

∑
j

∑
k

exp(2πi(Q.(RN −RN′)))×

fjfk exp(2πi(Q.(〈rj〉 − 〈rk〉)))×

exp(−2π2(〈δ2
j 〉+ 〈δ2

k〉)Q2)

(2.4)

where Nt is the number of unit cells in the crystal. The last term is the usual Bragg in-

tensity modulated with the Debye-Waller factor, which peaks at Miller indices because

of the lattice sum. The first term is the diffuse scattering that is, in this case, spherical

around the incident beam (type I), and the reduction in intensity by the Debye-Waller

factor from the Bragg part reappears in the diffuse scattering.

Now, suppose the unit cell contains one molecule (P1 symmetry) and that the

molecules have random isotropic translational displacements. The atomic displace-

ments are thus fully correlated and all atoms within a unit cell are displaced over the

same vector δN . The subscripts j and k in equation 2.3 can be dropped, and following

the same reasoning as above, we get:

Itot(Q) =
∑
N

∑
N ′

exp(2πi(Q.(RN −RN′)× exp(2πiQ(δN − δN′))×

Ft(〈ρ(r)〉).F t∗(〈ρ(r)〉)

=[Nt(1− exp(−4π2〈δ2〉Q2)+∑
N

∑
N ′

exp(2πi(Q.(RN −RN′)))×

exp(−4π2〈δ2〉Q2)]×

Ft(〈ρ(r)〉).F t∗(〈ρ(r)〉)

(2.5)
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where Ft(〈ρ(r)〉) is the Fourier transform of the average electron density and 〈δ〉
is the average displacement. We see that the diffuse scattering is proportional to the

squared Fourier transform of the unit cell density. This principle was exploited by Ayyer

et al. and Chapman et al.12;13, who use continuous scattering from translationally

disordered crystals for phasing beyond the Bragg diffraction limit. Their formulae

accounts for higher symmetry unit cells, where the separate molecules may move

independently in the unit cell. The diffuse scattering is that of type II.

An effort to derive such equations to incorporate rotational disorder was under-

taken by Moore29. It followed from his paper that the diffuse scattering caused by

rotational disorder looks completely different from that of translation disorder. If

atomic displacements are correlated in a more complex way, including rigid body rota-

tions, it is easier to re-arrange equation 2.3 by incorporating all atomic displacements

into the varying structure factors18;30.

Itot(Q) =
∑
N

∑
N ′

exp(2πi(Q.(RN −RN′)))FN .F
∗
N ′

= Nt
∑
M

〈FN .F ∗M 〉N exp(2πi(Q.RM))
(2.6)

where RM is the difference vector between unit cell origins. Equation 2.6 can be

rewritten as:

Itot(Q) =Nt
∑
M

[〈F 〉2 + 〈(FN − 〈F 〉)(FM − 〈F 〉)∗〉N ]×

exp(2πi(Q.RM)

(2.7)

The first part is the Bragg scattering, the second part which contains a possible

correlation between unit cells RM apart is responsible for the diffuse scattering. When

correlations exist between atom motions at length scales larger than the unit cell, sharp

diffuse scattering of types III and IV is observed. It is convenient to rewrite the second

part of equation 2.7 in terms of correlation coefficients18. In this paper we are only

concerned with diffuse scattering of type II. Thus, if no correlations across unit cells

exists, equation 2.7 reduces to:

Itot(Q) = N2
t 〈F 〉2 +N2

t 〈|(FN − 〈F 〉)|2〉N (2.8)

The second part is the diffuse scattered intensity and is commonly rewritten as:

Idiff (Q) = N2
t [〈F 2〉 − 〈F 〉2] (2.9)
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the well-known Guinier equation for modelling diffuse scattering caused by motions

within the unit cell.
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2.5. Supplementary

Table S2.1. Statistics for lysozyme and CypA data.

Lysozyme-RT-ID30A-3 CypA-RT-APS(PDB:5f661)

Cell Dimensions:

a,b,c (Å) 78.83, 78.83, 38.23 42.91, 52.44, 89.12

α, β, γ (◦) 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Data processing

Low resolution limit (Å) 27.87 44.56

High resolution limit (Å) 1.35 (1.3) 1.15(1.18)

Rmerge 0.126 (3.813) 0.12 (0.58)

Total number of observations 319933 (11324)

Total number unique 27088 (4928) 68210

Mean((I)/sd(I)) 7.94 (0.98) 9.9 (2.1)

CC(1/2) 0.998 (0.101)

Completeness 100.0 (100.0) 94.8 (86.0)

Multiplicity 11.8 (6.6) 5.8 (5.0)

Refinement

Resolution (Å) 1.4 - 27.87 1.15 - 44.56

Reflections used in refinement 24292 (2373) 68155 (6195)

R-free reflections 1219 (110) 3464 (313)

R-work 0.158 (0.290) 0.179 (0.358)

Rfree 0.165 (0.314) 0.183 (0.376)

Number of non-hydrogen atoms 1185 1446

Macromolecules 1115 1272

Ligand 2 -

Solvent 68 174

Protein Residues 129 164

RMS(bonds) 0.003 0.007

RMS(angles) 0.56 1.157

Ramachandran favored (%) 98.43 96.91

Ramachandran allowed (%) 1.57 3.09

Ramachandran outliers (%) 0.00 0.00

Rotamer outliers (%) 1.68 1.49

Clashscore 4.97 0.79

Average B-factor (Å2) 26.05 21.42

Macromolecules 25.46 19.58

Ligands 47.74 -

Solvent 35.13 34.92

Ensemble Refinement

τx (ps) 1.0 1.5

pTLS 0.2 0.2

dTMP 1.0 2.5

R-work 0.146 0.147

R-free 0.166 0.166

Number of models 250 250

1Data from 10
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A B C

D E F

Figure S2.1. Projections of 3D diffuse maps of CypA along a∗,b∗ and c∗ (A-C) and

lysozyme (D-F).
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Figure S2.2. Slices through diffuse maps, left CypA and right lysozyme.
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Figure S2.3. http://www.crystal.chem.uu.nl/diffusemaps. Sequential slices through

maps along the l axis of data and the mixed models for both the CypA and the lysozyme

data sets.
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Figure S2.4. Fourier transform of experimental diffuse scattering intensities top CypA

and bottom lysozyme in the a-b plane. Gridlines are drawn at 1/10 of the supercell

dimensions.
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CypA:

T =

0.1189 −0.0069 −0.0054

0.1220 −0.0083

0.1240



L =

0.0148 0.0062 −0.0119

0.0288 −0.0083

0.0112


Lysosyme:

T =

0.1135 −0.1202 −0.0093

0.1007 0.0006

0.0668



L =

0.0000 0.0000 0.0000

0.0000 0.0000

0.0000



Figure S2.5. T and L matrices fitted to the refined B-factors of the CypA and lysozyme

structures

2.6. Additional Material and Methods

2.6.1. Calculation of diffuse scattering from disorder models

We use supercells to sample diffuse scattering in reciprocal space in between the

Bragg peaks at fractional Miller indices. The supercell crystals are of very limited

size. However, all equations in Materials and Methods hold for these small crystals as

long as FN = Ft(ρ(r)N ) is calculated at (hs, ks, ls) values that are integer multiples

of fractional (h, k, l). Otherwise shape transform ripples will dominate the diffuse

pattern1 (Materials and Methods), which it does not in observed diffraction patterns,

unless the crystal are truely nanometer sized2. Thus we calculate

Idiff (hs, ks, ls) = 〈F (hs, ks, ls)
2〉Ns

− 〈F (hs, ks, ls)〉2Ns
(2.10)

Itot(hs, ks, ls) = 〈F (hs, ks, ls)
2〉Ns

(2.11)

The ASU’s describing the disorder are prepared for diffuse scattering calculation

by setting all B-factors to zero and all occupancies to one. Supercell parameters are

chosen in such a way that the supercell crystals are close to cubic, and the smallest
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supercell is 5 unit cells in a row. This ensures that the reciprocal space voxels in the

final map will be close to cubic as well. When super cell parameters for all directions are

determined, symmetry operations and unit cell translations to fill a complete supercell

are determined. Single ASU’s from the disorder model are randomly assigned to one

symmetry operation, and the super cell is filled. All operations on structures have

been performed using custom scripts and CCTBX libraries. The super cell combined

with a space group of P1 and a unit cell with dimensions equal to the super cell

is passed to mmtbx.utils.fmodel from xray structure to be Fourier transformed to a

resolution of 2 Å. The structure factors and phases are written to a binary structure

factor file (.mtz). This is repeated a 100 times to sample the full disorder super cell

model. The process is done in parallel using the easy mp functionality in CCTBX.

Then < F (hs, ks, ls) >
2
100 and < F (hs, ks, ls)

2
100 > are calculated after which a final

.mtz file is written containing the Miller indices from the P1 supercell and the columns

IBragg, Itotal and Idiffuse (Itotal − IBragg).

The final diffuse intensities were placed in an array after applying Friedel symmetry

to all supercell Miller indices. This array was written to a CCP4 .map style file with

super cell constants in Å−1 describing the reciprocal space dimensions.

For large super cells these calculations can become computationally intensive.

For example, the lysozyme diffuse scattering calculations discussed in this paper,the

5x5x10 super cell was a=b=394.16 Å, c=382.32 Å and α = β = γ = 90.0◦ This

resulted in a supercell containing 250 unit cells, each filled with 8 molecules made

up out of 1000 non-hydrogen atoms. The FFT resulted in a list of 15.550.023 Miller

indices. The hundred temporary mtz file took up 297 MB disk space each and the

final mtz was 356 MB. The map file used for further analysis had a file size of 230

MB.

2.6.2. Analysis of calculated diffuse scattering

Calculated maps slightly differ in resolution from the experimental maps due to

floating points errors in the cutoff. Non-calculated voxels in the model maps have

been set to 0. To compare experimental and model maps, the origins of the maps

are aligned and a combined mask of unmeasured and non-calculated voxels is con-

structed. The maps are displayed with UCSF Chimera3 for visual comparison. Linear

correlation coefficients between all unmasked points are calculated using CCTBX ar-

ray family flex.linear correlation. Correlation coefficient between voxels corresponding

to the original Bragg reflections are calculated by masking the non-Bragg voxels.
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Radially averaged intensities of the scaled maps are calculated by masking ev-

erything not within the resolution shell, and calculating the mean. Maps containing

the radial average per voxel are constructed, saved and subtracted from the original

maps. 20 resolution shells were used. Correlation coefficients between these isotropic

corrected maps are calculated similar as above. All CC values are shown in Table 1.

All analyses have been programmed in scripts using CCTBX4 and numpy. Scripts

will be made available on request.

2.6.3. Diffraction data of CypA and HEW-Lysozyme

Experimental data of cyclophilin A (CypA) were obtained from the SBGrid Data

Bank (https://data.sbgrid.org/dataset/68)5. The data were recorded at Stanford

Synchrotron Radiation Light source, beamline 11-1, using a Dectris Pilatus 6M Pixel

Array Detector, a rotation range of 180◦, a scan width of 0.5◦ with exposure time

of 0.2 s. The data were of a single crystal at an ambient temparature of 293K, with

minimal surrounding mother liquor. The data were indexed with Dirax6; unit cell and

instrument parameters were refined with PEAKREF7. A significant offset from the

horizontal orientation of the spindle axis was found and some 5◦ re-orientation of the

crystal during the scan. Refined unit cell matrices were used for the reciprocal space

reconstruction. The structural models were generated based on refinement by Van

Benschoten et al.8, deposited as 5F66 in the Protein Data Bank.

Crystals of hen egg-white lysozyme (Sigma-Aldrich, Schnelldorf, Germany) were

obtained using the hanging-drop vapour-diffusion method with a protein concentration

of 25 mg/mL. Crystals had a size of 100x100x20 µm. Data were collected at European

Synchrotron Radiation Facility (ESRF) beamline ID-30A-3 using a Dectris EIGER X

4M detector. One crystal was mounted on a MiTeGen MicroMesh Crystal Mount

and kept at constant humidity using the HC1 Humidity Control Device9 and ambient

temperature (293K). Images were recorded over a rotation range of 180◦ and fine

sliced in 0.1◦ per image with 0.01 s exposure. Images were merged to 1◦ frames prior

to indexing with Dirax. Unit cell matrix was refined with PEAKREF7 and reflection

data were processed with EVAL1510 to 1.3 Å resolution (Table 1) and scaled using

SADABS11. The structure was refined against these data with phenix.refine12 (SI

Appendix. Table S1).
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3

Views on additivity, data treatment and Miller

sub-sampling of diffuse scattering.

3.1. Introduction

Technological advances in data collection over recent years have been to the ben-

efit of macromolecular X-ray crystallography. Especially, highly brilliant X-ray beams

and noise-free pixel array detectors (PADs1) have enabled research on smaller, weakly

diffracting crystals. In addition to Bragg reflections, weak diffuse scattering occur

when exposing disordered crystals to X-ray beams. In recent years it turned out pos-

sible to extract this diffuse scattering and to map it to full 3D reciprocal space, even

from single XFEL snapshots2.

First attempts to find a model for explaining diffuse scattering from protein crystals

were made in the late 1980’s3. These attempts resulted in a liquid like motion (LLM)

model for a rombohedral insulin crystal. Such a model has been used to explain diffuse

scattering from lysozyme4, Staphylococcal nuclease5 and calmodulin6. Although, this

model indicates that for insulin internal motions are coupled over a range of ˜6 Å with

0.4-0.5 Å amplitudes, it remains unclear which regions in the protein are subject to

these.

Opposite to these internal motion models, molecular models of rigid-body motion

have successfully been used to explain diffuse scattering from lysozyme7–9, GpdQ10

and photosystem II2 crystals. Rigid-body disorder in conventional crystallography is

usually modelled by grouping atomic B-factors using Translation, Libration and Screw

(TLS) motion11.

Molecular interpretation of diffuse scattering can potentially be obtained through

molecular dynamics (MD) simulations, which have been used with some success12–14.

These MD simulation studies resulted in molecular internal motion interpretations of

experimentally recorded diffuse scattering from macromolecular crystals.

Models of disorder caused by molecular motion that fit and reproduce diffuse

scattering patterns do so within the framework of the model and do not necessary imply
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that the cause of the scattering is understood. The only method to interpret diffuse

scattering on an atomic level would be to use diffuse scattering signal in refinement

or a molecular dynamics target function. (Ensemble) Refinement would benefit from

diffuse signal from only internal motion, that could be used in sampling conformational

space.

Early studies on diffuse scattering from protein crystals were on still exposures

recorded on film3;4;7. Models were generated and displayed in detector space to al-

low comparison with experimental data. Later, Wall et al. collected a 3D data set

of Staphylococcal nuclease, and reconstructed a 3D map of the isolated diffuse scat-

tering5. This map allowed investigation of diffuse scattering from protein crystals

through the whole of reciprocal space for the first time. More data sets containing

diffuse scattering spanning the whole of reciprocal space were collected and published:

GpdQ10, CypA and trypsin15, photosystem II2. However, the mode of comparison

between experimental and modelled diffuse scattering data did not exploit the full

content of the three dimensional data.

Multiple studies focused on modelling experimental diffuse scattering start off

by calculating the radial average of the three dimensional diffuse scattering maps.

This was done for the Staphylococcal nuclease data set collected by Wall et al.5, by

Meinhold and Smith12, Wall et al.13. Riccardi et al. uses radial averages to compare

diffuse scattering calculated from different models16. Van Benschoten et al use radial

averages to compare three dimensional diffuse scattering data to that calculated from

several TLS models10.

In several studies, effort is made to reconstruct images from modelled three di-

mensional diffuse scattering to compare data and model on a single image level15;17.

Slices through reciprocal space allow for a more thorough comparison between data

and model, since slices are generally constructed from several diffraction images. Slices

through three dimensional reciprocal space from measured or modelled scattering from

GpdQ10, photosystem II2;18 CypA, trypsin and AP19 have been used to compare mod-

els with data.

Full three dimensional reconstructions of diffuse scattering have been used as

mode of comparison in studies by using linear correlation coefficients15;17;19;20. These

complete maps have not always been reported. Examples of full three dimensional

maps in literature are Staphylococcal nuclease5, GpdQ10 and photosystem II2;18.

A Patterson map of experimental diffuse scattering can potentially reveal proper-

ties of the diffuse scattering which can not be observed in reciprocal space. Ayyer et

al use the autocorrelation function from the Patterson map as a support for iterative
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phasing and increase the resolution of their data that could be obtained from Bragg

reflection only2. Wall uses Patterson maps to compare diffuse scattering calculated

from MD simulations with experimental data17. In chapter 2 and this chapter we use

autocorrelation functions to determine the size of the object in the crystal behaving

as a rigid body.

Diffuse scattering from Staphylococcal nuclease crystals has been investigated

multiple times. First, the diffuse scattering was modelled using LLM, a model with

a correlation length of 10 Å, and atomic displacement of 0.36 Åwas found to best

describe the data. Later, MD simulations12–14 were used to explain the diffuse sig-

nal. Meinhold and Smith12 show a l=0 slice calculated from their trajectories. We

investigate diffuse scattering from a simple dynamic model of Staphylococcal nuclease

molecules, and the similarity of modelled scattering in literature.

In this thesis (chapters 2 and 4) we have presented our method for over-sampling

Miller indices. The first 3D diffuse scattering map of a protein crystal5 was sampled

on integer Miller indices only. Later, interpolation was used to extract diffuse intensi-

ties from non-integer Miller indices10. In chapter 2 we use an over-sampling of 9x8x5

and 5x5x10 for CypA and lysozyme respectively. Due to computational limitations, in

chapter 4 we perform ensemble refinement in 2x2x2 supercells only. Here we investi-

gate if the information from the same data set over-sampled at 2x2x2 and 5x5x10 is

comparable.

In this chapter we present our views on diffuse scattering data treatment, and the

analysis of models versus data. We set out to separate diffuse scattering intensities

based on disorder types using both a theoretical and a practical approach. We give our

views on how to present and analyze diffuse scattering without discarding information.

3.2. Theory

Additivity of diffuse scattering signal caused by a combination of rigid-body and

internal correlated motion can be separated as follows:

Consider a protein molecule in a crystal that undergoes rigid-body translation and

in addition some internal correlated motions. For simplicity we assume a unit cell with

P1 symmetry, so just one molecule in the asymmetric unit. All atoms j within unit

cell N are displaced over δNj by the rigid-body translation and some atoms have an

additional displacement ∆δNj by the internal motion. The total scattering can be

separated into two parts, one from those atoms that move only as a rigid body (group

R) and those that have the extra internal motion (group I). All atoms in the molecule

are indicated by A = R+ I. Nt is the total number of unit cells.
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Itot(Q) =
∑
N

∑
N′

exp(2πiQ(RN −RN′)

×
[ R∑

j

R∑
k

fjfk exp(2πiQ(〈rj〉 − 〈rk〉))× exp(2πiQ(δNj − δN′k))

+
I∑
j

I∑
k

fjfk exp(2πi(Q.(〈rj〉 − 〈rk〉))

× exp(2πiQ(δNj − δN′k))× exp(2πiQ(∆δNj −∆δN′k))
]

(3.1)

Since δNj is the same for atoms that translate as a rigid body, they can be removed

from the summations over all atoms.

Itot(Q) =
∑
N

∑
N′

exp(2πiQ(RN −RN′))× exp(2πiQ(δN − δN′))

×
[ R∑

j

R∑
k

fjfk exp(2πiQ.(〈rj〉 − 〈rk〉))

+

I∑
j

I∑
k

fjfk exp(2πiQ.(〈rj〉 − 〈rk〉))× exp(2πiQ.(∆δNj −∆δN′k))
]

(3.2)

This further simplifies to:

Itot(Q) =
∑
N

∑
N′

exp(2πiQ(RN −RN′))× exp(2πiQ(δN − δN′))

×
[
Ft(〈ρR〉).F t∗(〈ρR〉)

+
I∑
j

I∑
k

fjfk exp (2πiQ(〈rj〉 − 〈rk〉)) exp(2πiQ.(∆δNj −∆δN′k))
] (3.3)

where Ft is the Fourier transform of the average electron density from atoms in

R.

Thus, compared to pure rigid-body translation, the rigid body unit responsible for

the total scattering is now smaller (R instead of A), and an additional contributions

comes from the atoms in I, that are down-weighted the displacements ∆δNj .

Splitting the total scattering in Bragg and diffuse, needs some rearrangements.
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After Taylor expansion:

Itot(Q) =
[
Nt(1− exp(−4π2Q2〈δ2〉)

+
∑
N

∑
N′

exp(2πiQ(RN −RN′))× exp(−4π2Q2〈δ2〉)
]

×
[
Ft(〈ρR〉).F t∗(〈ρR〉)

+

I∑
j

I∑
k

fjfk exp (2πiQ(〈rj〉 − 〈rk))

× exp(2πiQ.(∆δNj −∆δN′k))
]

(3.4)

Itot(Q) =
[
Nt(1− exp(−4π2Q2〈δ2〉)

+
∑
N

∑
N′

exp(2πiQ(RN −RN′))× exp(−4π2Q2〈δ2〉)

×
[
Ft(〈ρR〉).F t∗(〈ρR〉)]

+

I∑
j

I∑
k

fjfk exp (2πiQ(〈rj〉 − 〈rk〉))

× exp(−2π2Q2(〈∆δ2j 〉+ 〈∆δ2k〉+ cov(∆δj ,∆δk))
]

(3.5)

Idiff (Q) = Nt(1− exp(−4π2Q2〈δ2〉)

×
[
Ft(〈ρR〉).F t∗(〈ρR〉)

+

I∑
j

I∑
k

fjfk exp (2πiQ(〈rj〉 − 〈rk〉))

× exp(−2π2Q2(〈∆δ2j 〉+ 〈∆δ2k〉+ cov(∆δj ,∆δk))
]

(3.6)

Thus, the diffuse scattering is the sum of contributions of rigid-body (R) and that

of internal (I) motion. However, without knowing which part of the molecule behaves

as a rigid body (R) and the corresponding average displacement 〈δ〉, there is no way

to decompose the diffuse scattering contributions (Equation 3.6).

3.3. Results

3.3.1. Additivity of diffuse scattering intensities

We tested this apparent additivity using the supercell method presented in chapter

2. This method allows the calculation of diffuse scattering from molecular models

of motion. The over-sampling in reciprocal space can be tuned by varying the size

of the supercells in real space. We generate three dynamic models from a CypA
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Figure 3.1. A, B-factors calculated from the (Cα−)RMSF of models used to test addi-

tivity. B, backbone representation of the internal motion model, C for the translational

model and D for the combined internal and translational motion model.

crystal structure15: two from different types of motion; rigid-body and internal motion,

and one is the combination of these two. As rigid-body motion we chose isotropic

translation and internal motion is modeled using ensemble refinement21 (Figure 3.1).

From the three models, ’Translation’, ’Internal’ and ’Internal+Translation’, diffuse

scattering was calculated using the supercell method. Reciprocal space was over-

sampled by 9x8x5, 0ksls, hs0ls and hsks0 slices through the diffuse scattering maps

are shown in figure 3.2.

Displacements from ’Internal’ and ’Translation’ were added in real space to ob-

tain ’Internal+Translation’ and we assessed if diffuse scattering also can be added in

reciprocal space. We subtracted ’Translation’ from ’Internal+Translation’ but did not

obtain the diffuse scattering calculated from internal motion only. The speckle pat-

tern indicative of rigid-body motion remained clearly visible, (data not shown). This

can be explained by equation 3.6, where it is shown that specific scaling based on

displacements is needed to properly separate diffuse scattering from rigid-body motion

and internal motion
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Internal

+ Translation Translation Internal

h=0

k=0

l=0

Figure 3.2. Slices through reciprocal space of diffuse scattering calculated from the

dynamic models. Diffuse scattering from Internal+Translation and Translation models

is colored form 1000 (white) to 75 · 106, Scattering from Internal motion models is

colored from 1000 to 25 · 106. All slices are calculated to a resolution of 2 Å
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The speckle size in a diffuse scattering pattern is proportional to the square Fourier

transform of the object moving as rigid-body. This size can be estimated from the

autocorrelation function (Patterson). We calculated autocorrelation functions from

diffuse scattering calculated from ’Translation’ and ’Internal+Translation’ models (Fig-

ure 3.3A and B). The origin peaks at the top left corner in B is smaller compared to

A, indicating that the object behaving like a rigid-body is smaller. This observation

is consistent with how ensembles from ensemble refinement generally behave, a rigid

core and a more flexibility outside of the molecule. When this ensemble is isotropically

translated, the rigid core behaves as a rigid body while the outside does not. The

smaller peaks in the autocorrelation functions (figure 3.3) are artefacts from the input

being a supercell. Simply adding of diffuse scattering from ’Internal’ and ’Translation’

models would not alter the speckle sizes of the individual component. Changes in

speckle sizes shows that we can not simple separate diffuse scattering intensity from

rigid-body and internal motion without knowing which atoms behave like a rigid body

(R) and which deviate from this (I) (equation 3.6).

3.3.2. Isotropic corrections and interpretations

In chapter 2 we generated atomic models of motion for CypA and lysozyme crystal

structures. From these, diffuse scattering was calculated. The diffuse scattering pat-

terns from these models look different, illustrating the potential of diffuse scattering

analysis and the possibility to distinguish between different types of disorder in a crys-

tal. Here, we investigate the information content of radially averaged diffuse scattering

from these diffuse scattering maps (Figure 3.4). For both CypA and lysozyme trends

in resolution dependence of the radial profiles show high similarity between different

models. ’TLS+Internal’ profiles show a higher average intensity at lower resolution.

The information content of radial profiles is very low. The graphs in figure 3.4 look

similar for the rigid-body models, but do not in 3D reciprocal space.

Like Wall et al.13;14 and Van Benschoten et al.10;15 we subtracted isotropic com-

ponents form their respective maps presented in chapter 2 and figure 3.4 (Figure 3.5).

Isotropic scattering from ’Rotation’ models resemble the translational models more

then before correction. This change in patterns after radial correction for ’Rotation’

models indicates that there is a significant isotropic component in the diffuse scattering

patterns. Overall, background intensities appear to be lower compared the patterns

after correction, leading to a larger contrast between speckles and background. This

enhanced contrast is most pronounced for ’TLS+Internal’ models. ’TLS+Internal’
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A

B

Figure 3.3. Patterson map of (A) diffuse scattering calculated from a translation only

disorder model, and (B) calculated from ’Internal+Translation’ disorder model. Both

maps are contoured at 10 sigma
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Figure 3.4. Radially averaged intensities calculated over 50 resolution bins. Intensities

are calculated from diffuse scattering calculated from four different disorder models.

Left, radial profiles from CypA diffuse scattering, right from diffuse scattering from

lysozyme
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CypA Translation -iso

CypA Translation +iso 0.95

CypA TLS+Internal -iso

CypA TLS+Internal -iso 0.88

Lyso Translation -iso

Lyso Translation +iso 0.90

Lyso TLS+Internal -iso

Lyso TLS+Internal +iso 0.76

Table 3.1. Linear correlation coefficients between models with or without isotropic

correction.

maps seem to lose the most information after isotropic correction. This loss of in-

formation due to isotropic corrections can be explained by the more isotropic diffuse

scattering pattern internal motion contributes to the total diffuse scattering at low

resolution (see also figure 3.2 right column). Linear correlation coefficients were cal-

culated between maps with and without isotropic corrections (Table 3.1). Correlation

coefficients between non-corrected and corrected maps from ’TLS+internal’ are lower

than for ’Translation, supporting the claim that isotropic corrections remove infor-

mation from internal motion from diffuse scattering. This loss of information can

potentially be harmful when interpreting maps: it might lead to misinterpretation of

the data or part of the motion in the crystal might be ignored.

Continuing on the research of Wall et al. on Staphylococcal nuclease5, Meinhold

and Smith performed molecular dynamics simulations on Staphylococcal nuclease crys-

tal unit cells. They decompose their modelled diffuse scattering in ’protein’, ’solvent’

and full ’unit cell’ components. They used radially averaged intensities from mod-

els and data to assess model quality. Meinhold and Smith12 show a l=0 slice of

calculated diffuse scattering through reciprocal space. We have calculated a diffuse

scattering map from a disorder model as in chapter 2, for Staphylococcal Nuclease

(PDB:4WOR5). Diffuse scattering in figure 3.6A is compared with the published l=0

slice. We observe similar speckle patterns calculated from our translational model of

Staphylococcal nuclease compared to scattering calculated from MD trajectories12.

We suspect that rigid-body motion was present in their molecular dynamics trajectory.

The radial average of the full map is calculated (Figure 3.6B). Resolution depen-

dent trends in the trace are similar to the traces of CypA in figure 3.4A, illustrating
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Figure 3.5. 0ksls slices of original maps (+isotropic) and maps where the isotropic

components, shown in figure 3.4 have been subtracted (-isotropic). Color spectrum

from white to black: ’CypA+Isotropic’ 1000 to 50 · 106, ’CypA-Isotropic’ −15 · 106 to

25 · 106, ’lysozyme+Isotropic’ 1000 to 75 · 106, ’lysozyme-Isotropic’ −15 · 106 to 30 · 106.

the loss of information content by reducing diffuse scattering signal to one dimen-

sional traces. Even distinguishing between radially averaged scattering of two different

proteins can be problematic.
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Figure 3.6. A: hsks0 slice of diffuse scattering calculated from a translational model of

Staphilococcal Nuclease from a 5x5x6 supercell. B: Radially averaged mean intensity

of the diffuse scattering.

3.3.3. Data treatment, Miller over-sampling

In chapter 2 we presented experimental maps reconstructed using Miller over-

sampling of 5x5x10 and 9x8x5. In chapter 4 we perform refinements in supercells

that allow over-sampling of 2x2x2. Here we investigate the effect of over-sampling on

recorded lysozyme data presented in chapter 2. Figure 3.7 shows reconstructions of

diffuse scattering in reciprocal space using different sub-sampling. To clearly show all

features, figure 3.7A is colored from -350 to 350 while 3.7B is colored from -20 to 20.

In the 2x2x2 over-sampled map more values from detector pixels are added to each

voxel compared to a 5x5x10 over-sampled map, resulting in higher values.

More detail can be observed in figure 3.7B than in A. A test to assess if similar

information can be extracted from coarser over-sampled maps is the comparison of

autocorrelation functions of both maps. The size of the objects in the crystal that

undergoing translational disorder can be estimated from the autocorrelation function

of the isolated diffuse scattering2. We calculated the autocorrelation functions of both

maps (Figure 3.7). We truncated the axes in figure 3.7B to have the same length as

figure 3.7A, half a 2x2x2 supercell, 1 unit cell length equals 78 Å(Figure 3.8). This

truncation allows for direct comparison of the absolute size of the autocorrelation

functions. The autocorrelation function in figure 3.8A extinguishes faster than in

figure B, implying the speckle size is larger. Thus, not over-sampling Miller indices
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A B

Figure 3.7. Reconstruction of diffuse scattering from a lysozyme data set (same as

chapter 1. hsks-subsampling in ls=0 plane equals 2x2(A) or 5x5(B). A is coloured

from white to black -350 to 350 and B from -20 to 20

sufficiently when isolating diffuse scattering can lead to the incorrect determination

of the speckle size. Not only is this important for general interpretation of diffuse

scattering from experimental data. The rigid-body object size estimated from the

autocorrelation functions can be used as initial support for iterative phasing2, making

precise speckle size estimation important.

3.4. Discussion

Before generating models that fit the diffuse data, we are not able to separate

intensities caused by different types of disorder. To do this, exact knowledge of which

atoms are moving like a rigid body and which do not, combined with their displace-

ment would be required. Therefore we suggest refinement, or any type of modelling,

of models for diffuse scattering should be against the total scattered intensity. Speckle

size in diffuse scattering patterns is important for estimation of the size of the object

behaving like a rigid body (A=R+I) (equation 3.6). This will change upon addi-

tion of internal motion disorder. Precise information on the speckle size and shape

can potentially be used for iterative phasing methodology as initial support for the

algorithm.

The reduction of three dimensional diffuse scattering data to radial profiles sig-

nificantly reduces the information content. In figure 3.4 we show that the resolution
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Figure 3.8. Autocorrelation functions of diffuse scattering maps in figure 3.7. A. is

calculated form a reconstruction with a sub-sampling 2x2x2 and B. with sub-sampling

of 5x5x10. The images are contoured from 1 to 10 sigma using 1 sigma steps. Image

dimensions are scaled such that the axes are one unit cell vector in both directions (a

= b = 78 Å).

dependent trends in profiles of scattering from different rigid-body models are al-

most identical. Additionally, high similarity between the radial profile in figure 3.6B

(Staphylococcal nuclease) and profiles in figure 3.4A (CypA) even indicates that pro-

tein specific diffuse scattering can not be identified by radial profiles. Comparison

of diffuse scattering from generated (atomic) models with experimental data should

never be done using radial profiles12;13.

Additionally, isotropic scattering subtractions from total scattering10;13–15;19 will

results in loss of information. Especially the more isotropic diffuse scattering contribu-

tions from internal motion of protein molecules is lost by this isotropic correction. This

can lead to misinterpretations of the specific types of disorder causing diffuse scatter-

ing. When refining against diffuse scattering, as few processing steps and corrections

should be performed. This is why in chapter 4 we perform ensemble refinement against

total scattering, a combination of both Bragg and all diffuse scattering.

We suspect that MD trajectories used to model diffuse scattering will have some

form of rigid-body disorder present. This type of disorder has a large contribution to

the diffuse scattering pattern calculated from the trajectory due to the high correla-

tion between atoms resulting from rigid-body motion. We suspect that Meinhold and
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Smith12 and Wall et al13;14 did not identify and remove rigid-body motion before com-

paring modelled diffuse scattering with the data, misinterpreting the diffuse scattering

to be caused by internal motion.

Sufficient over-sampling of Miller indices during the reconstruction of diffuse scat-

tering from diffraction images is critical. We show that a 2x2x2 oversampling reduces

contrast between speckles and background when compared to 5x5x10 oversampling.

The autocorrelation functions determined from two diffuse scattering maps presented

in figure 3.7 show that over-sampling parameters will influence the speckle size in the

maps. A precise speckle size estimate can provide information to estimate the part

of the molecule behaving as a rigid body in the crystal (R, equation 3.6). Also, the

autocorrelation function calculated from experimental diffuse scattering can be used

as a support for an iterative phasing algorithm, illustrating the importance of sufficient

over-sampling of Miller indices. More research on the minimum amount of detector

pixels per reciprocal space voxel and exact information content of sub-sampled diffuse

scattering is needed.

3.5. Methods

A translational model was fitted to the isotropic B-factors extracted from PDB

file 4WOR5. Fitting procedure and diffuse scatteirng calculations were identical to

methods presented in chapter 2. Miller index over-sampling of 5x5x6 were used for

diffuse scattering calculation.

Autocorrelation functions are calculated from diffuse scattering maps. Map files

(.map) are first converted to structure factor files (.mtz). Each voxel is indexed and

a list of Miller indices and associated intensities is created. ’Generate Patterson Map’

from the CCP4 suite22 is used to calculate the Patterson map within an x,y,z range

of 0 to 0.5. CCP4 mapslicer is used to display the autocorrelation functions in figures

3.3 and 3.8.
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4

Modelling diffuse scattering using ensemble

refinement

4.1. Introduction

Molecular dynamics (MD) simulations is a common technique used to model

dynamics of (bio)molecules1. In MD simulations, for each time step, the kinetic and

potential energy of the system are calculated. After this, Newton’s equations of motion

are solved for all atoms in the system as a function of time. Atoms move according

their calculated forces; after each time step this process is repeated.

Ab initio quantum mechanical methods for determining the potential energy sur-

face of a system such as Hartree-Fock molecular orbital2 or density functional theory3

calculate with as few approximations as possible. However, they are computationally

expensive and their use is limited to smaller systems.

Empirical potential energy functions, or force fields such as used in MD simulation,

mimic potential energy surfaces that are of interest as closely as possible. These force

fields describe the energy of a system in two terms, bonded and non-bonded energies.

Bonded energy functions consist of bond, angle, dihedral and out-of-plane terms, while

the non-bonded energy term in force fields is the sum of the electrostatic and van der

Waals interactions.

Dynamics of protein molecules in crystals have been investigated using MD sim-

ulations4–8. These simulations should obey crystal symmetry, keeping average inter-

molecular distances constant (preferably without the use of positional restraints9), and

protein molecules should not unfold. Simulations describing crystal systems with high

accuracy have been reported10;11.

Crystallographic refinements using X-ray restraints in MD simulations have been

introduced by Brünger et al. 12; they showed that these refinements converge and even

fixed misplaced residue orientations. In refinements using NOE’s acquired by NMR,

MD simulations against time-dependent distance restraints were introduced13. Gros et

al.14 implemented similar restraints into macromolecular crystallographic refinement.
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Their method improved on other MD refinement techniques by using an ensemble

average of calculated structure factors in their X-ray restraint, instead of instantaneous

structure factors. Time-averaging is controlled by a structure factor-memory relaxation

parameter (τx) weighing the individual structures in the ensemble. The final ensemble

of structures describes a larger conformational space than unrestrained crystallographic

refinement can achieve, providing a more complete representation of protein molecules

in a crystal. However, with the introduction of cross-validation methods15 it was

revealed that the models calculated using time-averaged restrained MD suffer from

overfitting16;17.

Burnley et al.18 developed ensemble refinement, which differs from the time-

averaging by restricting the amount of structures in the ensembles, preventing over-

fitting to the data. Additionally, large scale motions are subtracted from B-factors

before the simulation resulting in sampling of atomic fluctuations only. They show an

improved fit to X-ray data and that modelled atomic fluctuations can provide relevant

insights into biological functions of protein molecules.

X-ray restraints in these simulations are based on information of Bragg reflections

extracted from experimental data. However, besides Bragg reflections used to derive

the mean electron density, additional signal from experimental data, diffuse scattering,

informs on the variance in the electron density19. This correlated motion has been a

subject of interest in the macromolecular crystallography field. In some studies diffuse

data were fitted using analytical expressions20–23 or TLS-like rigid-body motion24–27.

Analytical expressions, for example liquid like motion, result in an internal motion

model, while TLS fitting results in rigid-body displacement model. Neither approach

does accommodate for the other type of motion to be present in the diffuse signal.

MD simulations of macromolecules in crystal environments, can potentially model

both rigid-body displacements and internal motion that molecules can exhibit in crystal

lattices. Diffuse scattering calculated from trajectories of MD simulations on orthorom-

bic lysozyme crystals showed similarity with experimental diffuse scattering28;29. In one

study28 the authors concluded intramolecular correlations, thus internal motions, are

the main cause of the scattering, while the other29 showed rigid-body motion to be

the main cause of diffuse scattering. Multiple MD studies on Staphylococcal nu-

clease22 have also indicated that intramolecular correlated motion best describes the

experimental scattering30;31. Recently, M. Wall32 repeated this simulation in 2x2x2

super lattice. He observed better correlations (CC=0.68) with measured data than

previous simulation and attributed this improvement to supercells preventing artificial
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correlations introduced by periodic boundary conditions when simulating a single unit

cell.

In this chapter we explore the possibility of crystallographic refinement restraint by

Bragg and diffuse X-ray data. We utilize the oversampling in reciprocal space provided

by the super cells to use both Bragg and diffuse scattering in these restraints. Without

changing the ensemble refinement code we explore if the (time-)averaging of structure

factors during the simulation can accurately describe simulated data. We investigate

three disorder models: rigid-body translation, rotation and a combination of internal

motion and TLS based on ensemble refinements against Bragg data.

4.2. Theory

As shown in chapters 1 and 2, diffuse scattering with correlation lengths shorter

than one unit cell vector can be calculated using equation 4.133.

Idiffuse(hs, ks, ls) = 〈F (hs, ks, ls)
2〉Ns

− 〈F (hs, ks, ls)〉2Ns
(4.1)

hs, ks, ls are the sub-sampled Miller indices in reciprocal space. Ns is the number

of supercells used to average in the diffuse scattering calculation. 〈F (hs, ks, ls)
2〉Ns

is

the total scattering averaged over all supercells, 〈F (hs, ks, ls)〉2Ns
the Bragg scattering.

Time and space averaged structure factors used in ensemble refinement are cal-

culated as follows18:

F tmodel = ke−
hT A−1Bcart(A

−1)T h
4

(
〈Fcalc〉+ ksole

−Bsols
2

4 〈Fmask〉
)

(4.2)

k is the overall scale factor
∑

hkl Fobs∑
hkl F

t
model

, the first exponential is the temperature

factor, between brackets the time averaged structure factor, 〈Fcalc〉, and a scaling

factor times the solvent mask. The time average or rolling average of the structure

factors is calculated from 4.3

〈Fcalc〉 = e−∆t/τx〈F t−∆t
calc 〉+

(
1− e−∆t/τx

)
F tcalc (4.3)

The averaging window is controlled by τx and the function is updated every ∆t.

Total scattering (I(hs, hs, ls)tot = 〈F (hs, ks, ls)
2〉Ns

) from calculations in supercell

space are used as ’data’ for ensemble refinements. We investigate if using F tmodel in

the target function of molecular dynamics results in a model accurately describing the

diffuse scattering part of the total scattering in simulated data (〈F (hs, hs, ls)
2〉Ns −

〈F (hs, ks, ls)〉2Ns
).
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4.3. Results

We performed time-dependent, X-ray restrained, simulations with both Bragg

and diffuse scattering in the target function. We used the ensemble refinement pro-

tocol as implemented into phenix34 to perform these simulations. Simulated data

was generated using 2x2x2 super cells of CypA35. The data contains seven diffuse

structure factors per Bragg structure factor and a total of 419943 structure factors up

to a resolution of 2 Å. The simulation box is a=85.82 Å, b=104.88 Å, c=179.24 Å.

α=β=γ=90.0◦ and contains 32 CypA molecules.

Ensemble refinement, like all refinement protocols, requires atomic coordinates

(input structure) and structure factors (data). Refinements presented in this chap-

ter are based on three types of disorder, introduced in both the input structure and

simulated data. Like chapter 2, the disorder models used are: translation only, rota-

tion only and a combination of rigid-body motion and internal motion (generated by

ensemble refinement against real (Bragg) data). Three input structures are refined

against three generated data sets, resulting in a total of nine simulations. We analyze

whether time-averaged structure factors during the refinement show similarity to the

simulated data. In real space, we investigate if the final ensemble of structures is

similar to the disorder models against which they are refined.

Based on trial simulations we optimized ensemble refinement parameters for su-

per cells (Sup. table: S4.1). Unlike ’conventional’ ensemble refinement we lowered

the number of acquisition periods to one; multiple periods did not improve the final

ensembles, and increased the simulation time. An averaging window of 0.5 ps (τx)

and an acquisition period of 4τx resulted in ensembles showing similar disorder as the

models used to generate the data. Also, this window size and simulation time allowed

for overnight refinements.

These parameters were used in dynamics simulations run with a time step of 0.5

femtoseconds. The rolling average 〈Fcalc〉 window size controlled by τx is updated

with a current structure every macro cycle. A macro cycle is 10 time steps, or 5.0 fs

So τx set to 0.5 ps results in time-averaged structure factors that contain weighted

average from 1000 structures. The final ensemble is built from structures sampled

over the whole 4τx period.

To sample the motion used to generate the data we decreased the error (σ)

on structure factors corresponding to Idiffuse. σ’s for intensities corresponding to

Bragg were set to
√
IBragg while standard deviations on non-Bragg intensities were

set to:
√
Idiffuse/100. We experimented with lowering and increasing σ. Lowering
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the sigma’s resulted in rounding errors due to diffuse intensities approaching zero.

Increasing σ on the diffuse intensities did not result in a noticeably different result, in

both real and reciprocal space (data not shown).

Some trial refinements resulted in ensembles that differ too much in atomic po-

sitions; having most of the atomic motion captured by a single molecule. We in-

vestigated the atomic coordinates used as input for these refinements and found that

exactly these molecules are far from equilibrium positions (Sup figure S4.1), and there-

for acquire large forces. To prevent these large displacements in the input structure

we decided to lower the variances of the distribution from which the disorder models

are generated. The models for the input structures are generated similar to disor-

der models used to calculate the data. However, after fitting standard deviations of

normal distributions for rotation angles and translation vectors are now multiplied by

0.75. This results in a difference in B-factor between data and input model, but avoids

fluctuations being absorbed by one or few molecules.

After parameter optimization we performed nine simulations. Input structures

were taken from the dampened disorder models, and simulated against all three sim-

ulated data sets of the unmodified disorder models. We calculated B-factors from

disorder models used to generate the data, disorder models used to generate the input

structures and ensemble refinement results. To calculate B-factors, all molecules are

placed back into the asymmetric unit after which the RMSF and B-factors are calcu-

lated (Figure 4.1). Isotropic B-factors of the final ensembles (blue) show similarity to

the disorder models used for data generation. This 1D comparison between data and

refinement results show that the variation in ensemble structures of the refinement

approach the trend in the data. However, B-factor amplitudes of the refined models

are lower than those in the data. This might indicate that the refinement can not fully

correct for the dampened disorder in the input model. The lower B-factor in the input

models is probably compensated by the scale factor k, that is only determined once

at the beginning of the refinement. For the nine refinements presented here k at the

beginning are determined to be between 0.86 and 0.93.

Molecules with extreme deviations with respect to the average can be identi-

fied by displaying (a subset of) the super cell structures from the refinement results

(Figure 4.2). For example, refinement of ’input-rotation’ against ’data-translation’

clearly shows one molecule that has a larger B-factor within the ensemble than other

molecules. Other refinement results show parts of molecules having slightly larger

amplitude than related regions in other molecules, but overall, during refinements the

32 molecules in the super cells appear to have similar B-factors.
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Figure 4.1. RMSF’s converted to B-factors. Calculated from disorder models used to

generate the data (black), models used for input structures (yellow, green or grey), and

the ensemble refinement results (blue).

The R-work/R-free gap of ensembles after refinement varies between 0.02 and

0.05. Since we let the ensemble refinement select R-free values we do not control how

many Bragg and diffuse reflections are used in the R-value calculations. Therefore we

defined two types of R-values to investigate the correlations between input models,

refined models and the data: RBr (Bragg) and Rdf (diffuse). RBr is calculated between

structure factors corresponding to the original Bragg reflections of a single unit cell,

which for a 2x2x2 unit cell are on even Miller indices. Reflections corresponding to non-

integer Miller indices of the original unit cell are used to calculate Rdf . R-factors are

calculated between structure factors from a single input super cell and the data (Table

4.1 ’before’), and between the time-averaged structure factors over the weighted final

1000 structures of the simulation (〈F tmodel〉) and data (Table 4.1 ’after’).

For all but two simulations, RBr improves. Most notably, the input models ’Trans-

lation’ or ’TLS+internal’ can be successfully refined against either data. Refinements

with ’Rotation-input’ have the largest difficulty decreasing RBr, except for refinement

against ’Rotation-data’.

Rdf -’after’ is always lower than Rdf -’before’. Except for ’Rotational-input’ refined

against ’TLS+internal-data’ Rdf increases from 0.48 to 0.56 (Table 4.1). Note that

Rdf ’before’ and ’after’ differ in the number of supercells used to calculate structure

factors from. ’Before’ structure factors are calculated from single supercells, while

’after’ is a time-average over 1000 structure factors and refined against the data. The

data is an average over 100 supercells, this can never be fully captured by structure

factors from a single supercell (’before’).

As an alternative to one dimensional B-factor traces (Figure 4.1), we compared re-

finement results by displaying output models mapped back in the ASU next to the input
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Figure 4.2. Whole 2x2x2 supercell of a subset of models taken from the ensemble

refinement trajectory. Atoms are colored based on the RMSF; for each supercell the

color spectrum is determined independently from the lowest to the highest RMSF. The

regions that are not colored blue in this figure show the largest displacements.

and data models (Figure 4.3). Structures are obtained from the ensemble refinement

(during acquisition period 4τx), not over the period corresponding to the time-averaged

structure factors F tmodel which is over one τx. All disorder models are displayed using

the same view. Atoms are colored based on their RMSF and B-factors correspond-

ing to the minimum and maximum RMSF are listed below the structures. All atoms

within translational models (’Translation-input’ and ’Translation-data’) have identical

RMSFs, though PyMol generated random colouring. Large B-factors in ’TLS+internal’

models and their refinement results are due to an unfolded terminus in the disorder

models, which is not visible in the current view of the molecules.

The type of motion used in the data generation is being reproduced by most

refinements as can be seen in figure 4.3. Refinements of input structures against
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Data → Translation Rotation TLS+Internal

↓ Input (RBr/Rdf ) (RBr/Rdf ) (RBr/Rdf )

Translation
Before: 0.16/0.43 0.20/0.48 0.24/0.46

After: 0.14/0.31 0.20/0.44 0.18/0.33

Rotation
Before: 0.20/0.49 0.18/0.46 0.26/0.48

After: 0.20/0.36 0.17/0.37 0.30/0.56

TLS+Internal
Before: 0.27/0.44 0.28/0.43 0.22/0.42

After: 0.18/0.33 0.21/0.42 0.18/0.34

Table 4.1. R-factors between data and structure factors generated from input models

(’before’, from single supercell), F tmodel (’after’), split up in RBr (Miller indices corre-

sponding to the original Bragg reflections) and Rdf (Indices located between the original

Bragg reflections). The same scale factor was used to calculate RBr and Rdf

data generated from different disorder models are more similar to the data than the

starting models. This is best observed for refinements against ’Rotation-data’, which

has the most recognizable pattern, with zero displacement in the rotation center of

the molecule and maximum amplitude on the outside of the molecules.

Without changing the ensemble refinement code, we have access to the final

time-averaged structure factors, F tmodel, used during refinement. These represent a

weighted averaged over structures from the last 0.5 ps. or 100 macrocycles. We can

compare these with the structure factors squared calculated from the input structure

and data (Figures 4.4 and 4.5). We select the squared structure factors with 0ksls

(Figure 4.4)and hsks0 (Figure 4.5). All intensities are on the same absolute scale,

which allows colouring all patterns from white (100) to black (8 · 105). Since we did

not select our supercells to obey a=b=c shapes of reciprocal space slices in figure 4.4

and 4.5 are not spherical (a6=b6=c).

(F tmodel)
2 lacks some low resolution reflections from both the input model and

data. The refinement protocol automatically removes these during solvent scaling, by

some rejection criterion which we did not yet analyze any further. Diffuse signal in the

slices from input models is lower, which is due to the dampened B-factor. The input

model structure factors are from single supercells and result in less distinct features.

Ignoring the missing low resolution reflections in F tmodel, we observe global agreement

with the data, but F 2
model lacks the sharp features present in the data.
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Figure 4.3. Asymmetric units of models used to generate the input structure and the

data before refinements, compared to the ASU’s of the refinement results. All models

are displayed using the same viewport. Models are colored based on RMSF, and the

B-factors (Å2) calculated from the minimum and maximum RMSF are displayed below

the models.

4.4. Discussion

Ensemble refinements presented in this chapter are performed on 2x2x2 super

cells. For each Bragg reflections there are seven diffuse reflections. We have set
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Chapter 4: Modelling diffuse scattering using ensemble refinement

Figure 4.4. 0ksls slices of: F2
model of the structure factors of the input supercells, Itotal

in the data to refine against, and the time averaged structure factors ((F tmodel)
2) after

the refinement. Slices are colored from white (100) to black (800000)

σdiff to be a 100 times smaller compared σBragg to apply more weight on the diffuse

scattering data. However it did not affect the refinement results. Alternatively, larger

super cells could be used to have more diffuse scattering data. Disadvantage of this

would be the increase in computational load. 9x8x5 super cells of CypA presented

in chapter 2 resulted in 18899732 structure factors, compared to 419943 for a 2x2x2

super cell. This would increase the weight on the diffuse scattering data simply due

to the abundance of non-Bragg reflections whereas the number of Bragg reflections

does not increase, without modifying the weights of Idiffuse reflections.

Data to parameter ratios in super cell ensemble refinements do not change with

larger super cells. The increase in the number of atoms of larger super cells is directly
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Figure 4.5. Same as Figure 4.4 but showing hsks0

proportional to the increase in the number of structure factors. Optimal ratios be-

tween Bragg and diffuse indices as well as best over-sampling in Miller space for data

reconstruction are still unknown.

For reasons discussed in the results section, input structures are created from

a dampened disorder model compared to models used to generate data, to avoid

molecules with extreme deviations from the average position. Before the simulation

a scale factor between the structure factors of the input model and the data is cal-

culated. This effectively lowers the B-factors of the data, resulting in simulations

underestimating the total motion in the data. To prevent this, we could generate

starting models with a distribution of molecules that do agree with the B-factor in

the data, while avoiding extreme deviations from the average of the distributions (Fig-

ure S4.1). Alternatively, we could modify the scaling factor between data and model

before refinement to force sampling the whole conformational space in the data.
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Refinements presented in this chapter are performed with identical parameters.

These need not be the best parameters to run these refinements. Average window size

(τx), equilibration and acquisition length should be varied in future research.

During parameter optimization, and in presented refinements we observed some

molecules showing more motion than the other molecules in the super cell. We re-

garded this as extreme outlier behaviour. Normal ensemble refinements do multiple

acquisition periods and select the best based on Rfree. Increasing the amount of

acquisition periods could lead to improved refinements.

RBr and Rdf are quite high, especially considering that we used simulated data,

which does not contain any experimental noise. B-factors (figure 4.1) of the input

model and final ensemble are lower than the data. This B-factor difference will increase

the difference between Fmodel and Fdata, thus increasing the R-values. Rdf is also

influenced by the diffuse intensities close to zero in the denominator (Equation 4.4).

The weighting of Bragg and diffuse intensities will need more attention in future

research.

In addition to R-values we experimented with the calculation of linear correlation

coefficients between intensities from (F tmodel)
2 and Itotal in the data. Due to the

nature of the total scattering with alternating high and low intensities, all CC-values

are >0.9 (data not shown). This makes linear correlation coefficients useless as quality

parameter for comparing total scattering from super cells.

Ensemble refinement code as it is now, collects structures at equidistant points

during the acquisition time (4τx) of the simulation to make the final ensemble. This

is a different set of structure used to calculate F tmodel (1τx). Due to this, we cannot

reproduce the scattering patterns shown in figures 4.4 and 4.5 from the structures in

the ensemble. To better analyze what exactly happens during refinements, ensemble

refinement code should be altered to write all structures during refinement. For now,

we observe that the final averaging window with τx=0.5 ps mostly reproduces the

diffuse scattering in the data.

The refinements presented in this chapter are performed against simulated data.

We chose this approach over using measured data to exclude any experimental or data

processing artefacts in the data. As discussed in chapter 2, methods for isolating diffuse

scattering need to be improved. Diffuse scattering isolated from data in chapter 2

contains negative intensities due to a radial subtraction step. Chapman et al.27 showed

that application of Wilson statistics might prevent these. Different from data shown in

chapter 2 which removed all Bragg reflections, ensemble refinement will require both

Bragg and diffuse scattering. In chapter 3 we show the effect of changing the amount
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of over-sampling of the data. At what minimum sub-sampling in reciprocal space we

start to lose information is still unknown, but we state that the 2x2x2 over-sampling

presented in this chapter might not be enough data or has insufficient statistics.

It is difficult to compare the refinements in this chapter with MD simulations of

diffuse scattering presented in literature. In this chapter we restrain the simulations

with X-ray data containing both diffuse and Bragg scattering. Simulation presented in

literature are unrestrained by experimental data and compared afterward. Claims on

simulation time31 are difficult to compare due the difference between our simulations

and conventional MD. Our simulation time is orders of magnitude shorter and our

target function contains mostly X-ray data. This means that even results from 2x2x2

super cells MD simulations to explain diffuse scattering32 can not easily be compared

to this work.

We presented a novel method to model diffuse scattering from macromolecular

crystals. Our method is MD based and accommodates internal motion of molecules

as well as rigid-body disorder simultaneously. We use simulated data to assess the

viability of this method.

4.5. Methods

Data was generated using super cell methods as described in chapter 2. The

size of the 9x8x5 super cells have been decreased to two times the unit cell vector

in all directions (2x2x2), thus decreasing the amount of atoms and structure factors

during refinement. σ’s were set for original Bragg reflections to
√
IBr, for non-Bragg

reflections to
√
Idf/100. This should result in increased weight on the non-Bragg

intensities. The total scattering was used to refine against.

The input structures were generated similar to the super cells used for data cal-

culation. The only difference is that standard deviations determining the amplitude

of motion are multiplied by 0.75. This results in a super cells having lower B-factors

than the data, but higher probability to prevent non-crystallographic behaviour.

Ensemble refinement code was not modified for these refinements. Ensemble

refinement requires a minimum of one TLS fitting cycle to remove rigid-body motion

as much as possible from the starting model B-factors. This forces the simulation

to sample only short range atomic motion. For diffuse scattering refinements, rigid-

body motion is essential, and responsible for large parts of the disorder causing diffuse

scattering. Starting models for super cell ensemble refinement atoms have been given

a random low B-factor value between 0 and 0.1 Å2. One TLS fitting procedure is

done using the whole supercell as TLS group and ’shrinking’-parameter pTLS is set
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to zero. This results in a TLS matrix with essentially zero components and no TLS

B-factor is subtracted before refinement. It is impossible to simply set all B-factors to

zero because the TLS fitting protocol crashes.

Refinements are performed against data generated from models not containing

waters so during refinement ordered solvent updates have been disabled. ensem-

ble reduction has been turned off and the kinetic energy is output to the occupancy col-

umn of the final ensemble. Parameters used in the input file for phenix.ensemble refinement

are shown in Supp. table S4.1

RBr and Rdf are calculated by either masking all reflections with an odd Miller

index (RBr) or Miller indices with all even hsksls values (Rdf ). ’Before’ R-values are

calculated between the structure factors obtained after Fourier transformation of the

input super cell (single structure) and those of the data. ’After’ R-values are calculated

between the F tmodel and data. R-values are calculated as in equation 4.4.

R =

∑
||Fobs| − |Fcalc||∑

|Fobs|
(4.4)

All molecules in super cells are placed back into the ASU using a reference PDB

containing one ASU. Coordinates from the center of mass of the original ASU and

symmetry related centers of mass in one unit cell are converted to fractional coor-

dinates and saved. Centers of mass of the molecules in the super cells are similarly

converted. The shortest distance to the reference centers of mass determines the

symmetry operation. The final file contains all molecules placed in the original ASU

having the same chain ID in different models.

Root mean square deviations δ with respect to the average coordinates of the Cα

atoms are calculated. These are converted to B-factors using:

Biso =
8

3
π2δ2(Å2) (4.5)

Slices shown in figures 4.5 and 4.4 are created from structure factors corresponding

to Miller indices in the hsks0 or 0ksls plane. Non-calculated structure factors are

drawn in black.

The generation of disorder models, super cells, calculation of the data and anal-

yses have been programmed using python scripts based on the CCTBX libraries36.

These will be made public on github. Images of protein structures were created using

PyMol37.
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4.6. Supplemental information

0.13-1.28

0.14-1.76

Figure S4.1. Left column: Input models of ensemble refinements, colored based on

distance from ideal crystallographic position. Distances given in left column are in Å.

Right column: ensembles after refinement. Coloured based on RMSF.
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command Explanation

ensemble refinement.max ptls cycles =1 The refinement procedure as it is now always has to do at least

one pTLS fitting cycle.

ensemble refinement.tls group selections = all The TLS fitting protocol always needs defined TLS groups, since

it is fitting against essentially zero’s, fitting to one group for the

whole supercell is the fastest.

ensemble refinement.ptls = 0.0 This is the ’shrinking’ factor in TLS fitting, will be put to a small

number during the procedure, and will not have an influence the

simulation

ensemble refinement.tx = 0.5 This parameter determines the averaging window in the simu-

lation.

ensemble refinement.equilibrium n tx = 2 During equilibration, the system is allowed to relax, this param-

eter determines how long the equilibration period is.

ensemble refinement.aquisition block n tx = 4 Determines the length of the aquisition blocks, related to the

averaging window.

ensemble refinement.number of acquisition blocks n tx = 1 How many block to simulate, the best block based on Rfree

will be selected as the final ensemble.

ensemble refinement.cartesian dynamics. stop cm motion =

False

Allow the whole model to undergo center of mass motion during

the simulation.

ensemble refinement.ordered solvent update = False There are no ordered solvents in the data, so these should not

be placed. Also this reduces computation time.

ensemble refinement.ensemble reduction = False Do not reduce the number of models in the final ensemble based

on Rfree because we are interested in the whole simulation.

ensemble refinement.target name = ml Use maximum likelihood in the target function of the simulation.

ensemble refinement.output file prefix = Name For doing multiple simulation simultaniously without overwriting

files.

input.xray data labels = ITOT2, SIGITOT2 This points the simulation to the columns in the data file to

extract structure factors or intensities from.

input.xray data.r free flags.generate = True In the generated data files there is no Rfree column present,

so the simulation has to generate one before is starts.

Table S4.1. Parameter file used run the simulations. The refinement is started using a

structure file, a data file and this parameter file as an input.
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5

Future perspectives

Based on the results presented in this thesis we will discuss our ideas on the

continuation of the research.

Since diffuse scattering is continuous through reciprocal space Fourier transforms

of unit cells should sample at more than Bragg reflection. Oversampling of reciprocal

space can readily be achieved by the use of supercells. State of the art fast Fourier

transform (FFT) algorithms are already implemented in standard crystallographic soft-

ware. This supercell method is well suited for refining models against diffuse scattering

data sampled on more than only integer Miller indices in reciprocal space.

Experimental conditions for measuring diffuse scattering should be optimized. Op-

tions for these experimental conditions will be discussed in the following paragraphs.

We estimate that around 10 times more photons, compared to a normal crystallo-

graphic experiment, are needed to make the diffuse scattering signal stand out above

the background. This will, of course, introduce more radiation damage as well as prob-

lems with overexposed Bragg reflections. Collecting diffuse scattering data benefits

from images with oscillation ranges of around 0.5◦ or larger, this enhances the photon

count per pixel compared to fine slicing.

The temperature at which diffraction experiments are performed should be inves-

tigated. So far, most diffuse scattering data is measured at room temperature. At

room temperature molecules within crystals display dynamics behaviour. Cryocool-

ing a crystal should freeze these motions into place. Since diffraction is over a large

number of unit cells in a crystal, the full motion within a frozen crystal could still

be captured. Additionally, cryocooling can introduce more disorder by non-uniform

freezing of the crystals. An experiment comparing temperatures should be performed.

Two crystals grown in the same conditions should be measured, one at room temper-

ature and one at 100 K. Diffuse scattering of both should be isolated and compared

while ignoring radiation damage from the crystal measured at room temperature by

discarding the affected images. If the diffuse signal turns out to be significantly bet-

ter at room temperature, multiple crystals could be used to obtain a complete data
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set. When there is no difference in diffuse scattering data quality between cryogenic

and room temperature crystals, cryogenic temperature should be used. The radiation

damage protection and the ease of handling make cryocooled crystals preferable.

Next we will discuss data collection strategies to optimize the diffuse scattering

collection.

The first option is to use two crystals. One crystals is measured as normal for

the collection (Bragg) crystallographic data. A second crystal is sacrificed to measure

diffuse scattering, overexposing the Bragg reflections. In the past, data sets containing

diffuse scattering all contained exposed Bragg reflections.

Expanding on this, a serial crystallography approach could be used. A highly

brilliant beam is used to measure short oscillations of multiple crystals, while preventing

pixel overflow. Pipelines at both synchrotrons and XFEL are established for these

types of experiments. On the data processing side, this method will require additional

attention since merging diffuse scattering from multiple data sets has only been shown

once1. Here the authors had millions of images measured using a free electron laser

and could select the ones containing diffuse scattering.

Finally, state of the art detectors, such as the Eiger2, have a very large dynamic

range, which should make it possible to expose a crystal longer without reaching the

photon count limit at pixels corresponding to Bragg reflections. Measurements would

require a single crystal, and the diffuse and Bragg scattering will be from the same

crystal. This will be difficult at room temperature due to radiation damage destroying

the crystal before obtaining a complete data set. This method would be preferable

because there is no need for merging multiple data sets, and the structure and diffuse

scattering would be from the same crystal.

After a data set is recorded, the diffuse scattering should be separated from the

background scattering and perhaps the Bragg reflections in the images. Radial sub-

traction is currently used to remove (isotropic) background scattering. The radial

subtraction step will unavoidably lead to negative pixel intensities. This should be

corrected since negative intensities can not exist. How to correct for this has been

shown by Chapman et al.3.

To investigate the types of motions causing diffuse scattering in macromolecu-

lar crystallography, ensemble refinement against a combination of Bragg and diffuse

scattering data should be used. We have shown the initial steps towards this in chap-

ter 4. Next we will discuss a few options to improve ensemble refinement for diffuse

scattering.
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In chapter 2 we use the Fourier transforms of one hundred supercells to average

over all possible conformations within a crystal. We could have achieved a similar de-

gree of information by increasing the supercell sizes and averaging over less supercells.

Since sampling over time or space in crystallography is interchangeable the size of

supercells in the context of ensemble refinement should be investigated. The smaller

the supercell, the longer the simulation should be to sample the whole conformational

space. Similarly, large supercells will need less simulation time. A careful investiga-

tion in the optimal sampling in terms of supercell size and simulation time in ensemble

refinement should be performed while taking computer time and memory into account.

The CypA 2x2x2 supercells contain 32 molecules. Ensemble refinements on these

supercells run at around eight hours. Even without changing the ensemble refinement

code, it is feasible to perform refinements on larger systems. The limiting factors would

be the available RAM and calculation time. For the relatively small CypA supercell

around 4 GB of RAM was needed. Simulation times will increase with larger supercell

size, as well as the time of the FFT performed every few time steps. Making the MD

and FFT in ensemble refinement run parallel on multiple CPU’s would drastically de-

crease simulation time and open up the possibility of very large supercells. Optimizing

the protocol for GPU’s would also result in faster calculations.

During refinement of future crystallographic experiments, diffuse scattering should

be taken into account. A novel pipeline starting at data integration should lead to

data containing both Bragg and diffuse scattering. Structural refinement should first

be done against Bragg scattering, after which ensemble refinement in supercell space

will reveal the correlated dynamics within or between the molecules in the crystal.

When ensemble refinement against both Bragg and diffuse scattering does work

it will become possible to observe concerted motion of parts of the protein molecules.

These types of motion might be of interest for functional understanding of proteins.

Especially, the rational drug design field could benefit from information on the dynamic

behaviour of binding interfaces or pockets. Structural biologist could investigate the

allosteric effect upon binding of ligands. We foresee a paradigm shift in macromolecular

crystallography, where the focus will be not only on the Bragg reflections, but also on

the diffuse scattering.
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Summary

During a crystallographic experiment, diffuse scattering arises when there is cor-

related motion of atoms or molecules within the crystal. Interpretation of diffuse

scattering from protein crystals can potentially lead to valuable insights into the in-

trinsic dynamics of biological molecules. In this thesis we present a study on the types

of motion that dominate the diffuse scattering patterns in macromolecular crystallog-

raphy, also, we share our views on data handling and analysis. Finally, we explore a

method to refine crystal structures against both Bragg and diffuse scattering data.

Chapter 1 is an introduction on crystallography and diffuse scattering. We present

a short history of diffuse scattering research, after which we define the types of diffuse

scattering presented in literature. Finally, we introduce the background of a method

(supercell method) we developed and use throughout this thesis.

In chapter 2 we investigate two data sets from protein crystals that contain diffuse

scattering. After we isolate the diffuse scattering from the diffraction images we

calculate diffuse scattering patterns from possible models of motion and compare these

with the experimental data. We introduce the supercell method to increase the spatial

resolution in reciprocal space obtained by Fourier transformation of the supercell. We

calculate a linear correlation coefficient between all models and the data and find

that rigid-body motion dominates the experimental diffuse scattering patterns. With

this conclusion we contradict research stating internal motion is the main cause of

diffuse scattering in macromolecular crystallography. We conclude with an outlook on

how to use the acquired insights to improve interpretation of and actually use diffuse

scattering in macromolecular structure determination.

Chapter 3 is a discussion on properties of diffuse scattering as well as on how to

handle the data. We show that a diffuse scattering pattern can be split up into patterns

resulting from different types of motion contributing to the total diffuse scattering,

like rigid body motion and internal motion. Decomposing an experimental diffuse

scattering pattern could be useful when we want to investigate the (biologically rele-

vant) internal dynamics of protein molecules. We discuss how background scattering
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should be handled during the isolation of diffuse scattering from diffraction images.

The influence of internal motion on diffuse scattering is shown by calculating the au-

tocorrelation function of the diffuse scattering patterns. This shows that the object

behaving like a rigid body is smaller when internal motion is introduced. We share our

views on how isolated diffuse scattering should be compared to actual data. Reducing

a diffuse scattering pattern to a one dimensional resolution dependent average does

not allow distinction between diffuse scattering from different types of motion. An

isotropic average does not even distinguish between scattering from different protein

molecules. Finally, we discuss the spatial resolution of reciprocal space which turns

out to be relevant for interpretation of diffuse scattering patterns.

Chapter 4 describes our first steps towards refinement of an atomic model against

both Bragg and diffuse scattering. We use ensemble refinement, a refinement protocol

using molecular dynamics with X-ray data in the target function. We generate data,

and investigate the convergence of different starting models in reproducing this data.

The input data contains both Bragg reflections and diffuse scattering, generated by

our supercell method. We refine supercell molecular models against this data. We

observe that even though the types of motion in our input and data are very different

the refinements pick up the motion in the data as evidenced by inspection of the

molecular models and the scattering patterns. This, together with R-values shows

that the ensemble refinement technique combined with supercells can refine an atomic

model against diffuse scattering. We end with a discussion on improvements that are

necessary to make this method viable for refinement against actual data.

We end in chapter 5 with our views on the future of diffuse scattering research

in macromolecular crystallography. We discuss the experiments needed to grow our

understanding of diffuse scattering. We end with a description of a future pipeline

in structural biology where diffuse scattering is recorded simultaneously with Bragg

diffraction and is used to obtain dynamics of a molecule together with its structure.



Samenvatting

Tijdens een kristallografisch experiment ontstaat diffuse verstrooiing wanneer atomen

of moleculen in het kristal een gecorreleerde beweging ondergaan. De interpretatie van

diffuse verstrooiing heeft de potentie om belangrijke informatie over biomoleculen te

verkrijgen. In dit proefschrift presenteren wij een onderzoek naar de soort bewegingen

in een kristal die het diffuse verstrooiingssignaal domineren. We bespreken hoe wij

denken dat diffuse verstrooiingsdata moet worden behandeld en gëınterpreteerd. Ten

slotte presenteren wij een methode om een kristalstructuur te verfijnen tegen Bragg-

en diffuse verstrooiingsdata.

In hoofdstuk 1 wordt kristallografie en diffuse verstrooiing gëıntroduceerd. We

presenteren een geschiedenis van diffuse verstrooiingsonderzoek. Daarna definiëren

wij de types diffuse verstrooiing zoals gepresenteerd in de vakliteratuur. We eindigen

dit hoofdstuk met uitleg over de achtergrond van een (supercell) methode die wij

hebben ontwikkeld en in de opvolgende hoofdstukken veelvuldig gebruiken.

In hoofdstuk 2 onderzoeken we twee datasets van eiwit kristallen die diffuse ver-

strooiing bevatten. Nadat wij de diffuse verstrooiing hebben gëısoleerd van de diffractie

patronen, generen wij diffuse verstrooiingspatronen van verschillende bewegingsmod-

ellen en vergelijken dit met de experimentele data. We introduceren de supercellmeth-

ode om de resolutie in reciproke ruimte te vergroten door het object in directe ruimte te

vergroten; de Fourier transformatie van een groter object heeft een hogere resolutie in

reciproke ruimte. We berekenen de lineaire correlatiecoëfficiënten tussen al onze mod-

ellen en de experimentele data en vinden dat rigide lichaamsbewegingen domineren

in diffuse verstrooiing van macromoleculaire kristallen. Deze conclusie spreekt de

huidige literatuur tegen; hierin wordt gesteld dat interne bewegingen de dominante

bron van diffuse verstrooiing is. We eindigen dit hoofdstuk met een vooruitblik over

hoe onze conclusies de interpretatie en het daadwerkelijke gebruik van diffuse verstrooi-

ing kunnen verbeteren en er dus meer informatie uit macromoleculaire kristallografie

experimenten kan worden gehaald.
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Hoofdstuk 3 is een discussie over de eigenschappen van diffuse verstrooiing en hoe

de data moet worden behandeld. We laten zien dat een diffuse verstrooiingspatroon

kan worden opgesplitst in bijdragen afkomstig van verschillende bewegingen, zoals

rigide lichaamsbeweging en interne beweging. Het opsplitsen van diffuse verstrooi-

ingssignaal is handig wanneer we de (biologisch interessantere) interne bewegingen van

een eiwitmolecuul willen onderzoeken. We bespreken hoe de achtergrondverstrooiing

behandeld moet worden tijdens de isolatie van diffuse verstrooiing. De invloed van

interne beweging op diffuse verstrooiing wordt gedemonstreerd door de berekening

van de autocorrelatie functie van diffuse verstrooiingensintensiteiten. Dit laat zien

dat het object dat beweegt als een rigide lichaam kleiner wordt als dat object ook

interne bewegingen ondergaat. We delen onze inzichten in hoe gëısoleerd diffuse ver-

strooiingssignaal moet worden vergeleken met werkelijke data. Het reduceren van het

verstrooiingspatroon naar een 1-dimensionaal gemiddelde maakt het onderscheiden van

patronen, berekend uit verschillende bewegingen, onmogelijk. Zelfs onderscheid maken

tussen patronen van eiwitten is niet mogelijk wanneer het signaal resolutieafhankelijk

wordt gemiddeld. Ten slotte bespreken we de resolutie in reciproke ruimte. Deze

resolutie is relevant voor het interpreteren van diffuse verstrooiingspatronen.

In hoofdstuk 4 bespreken we de eerste stappen richting een verfijningsprotocol

voor een atomair model tegen Bragg- en diffuse verstrooiing. We gebruiken hier-

voor ensemble verfijning, een methode die moleculaire dynamica gebruikt met in de

energiefunctie een term voor de kristallografische data. We genereren data en onder-

zoeken of verschillende startmodellen convergeren naar de modellen die we hebben

gebruikt om de data te genereren. Door onze supercellen te gebruiken voor zowel

de modellen als de data zorgen we ervoor dat er met Bragg- en diffuse verstrooiing

tegelijk rekening wordt gehouden tijdens de verfijningsprocedure. We zien dat, ook al

is het model waarmee we de verfijning starten anders dan het model wat in de data is

gestopt, de verfijning leidt tot bewegingen zoals in de data. Dit, samen met R-waarden

en visuele inspecties van patronen in reciproke ruimte en de atomaire modellen laat

zien dat ensemble verfijning in combinatie met supercellen het mogelijk maakt om

een modellen te verfijnen tegen diffuse verstrooiing. We eindigen dit hoofdstuk met

het bespreken van de volgende stappen om deze methode werkend te krijgen voor

verfijningen tegen experimentele data.

We eindigen dit proefschrift in hoofdstuk 5 met onze kijk op de toekomst van

diffuse verstrooiingsonderzoek in macromoleculaire kristallografie. We bespreken ex-

perimenten die nodig zijn om ons begrip van diffuse verstrooiing te vergroten. Ten



slotte omschrijven wij een toekomstige methodologie waarin diffuse en Braggverstrooi-

ing tegelijk worden gemeten waarna dynamica en structuur worden gemodelleerd tegen

de data.
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of festivals heb gedaan: Nikki, Christine, Joost, Els, Arjan, Anoeska, Frank, Anne-

Marie, Jeroen, Suus, Laurens, René, Robbert. Een speciaal bedankje voor de

werknemers van de Jan Primus en de Reiger, die altijd hebben bijgedragen aan een

fijne start van het weekend.

Martin en Marja, ik heb geen idee hoeveel etentjes en leuke dingen wij de

afgelopen 4.5 jaar hebben gedaan, heerlijk, dit moeten we blijven doen, binnenkort

doen we een dinertje van mij! Bedankt voor alle steun, interesse en gezelligheid.

Thijs, broertje, ik kijk heel erg uit naar alle muziek die je nog gaat maken in de

toekomst (ook al is dat jazz). Bedankt dat je op mijn feestje wilt spelen.

Janne-Mieke, ondanks dat we het grootste deel van mijn promotie niet fulltime

samenwoonden heb je mij echt heel erg gesteund. Vooral de laatste paar maanden

heb je alles verzet om zoveel mogelijk in Nederland te zijn, Bedankt liefje. Ik kan niet

wachten totdat we weer samen in Nederland wonen.
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