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Correlated Motions from Crystallography Beyond Diffraction
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Abstract

Over the past century, X-ray crystallography has been defined by a pursuit for perfection and high
resolution. In next Holy Grail of crystallography is to embrace imperfection towards a dynamic
picture of enzymes.

Graphical Abstract

Over its hundred-year history, X-ray crystallography has made enormous impacts on diverse
fields by providing insight into the structures of countless molecules. Crystallographic
structures represent some of the landmark achievements of biology in the past century. From
the very first enzyme structure of lysozyme? in 1965 to the recent high-resolution structure
of the oxygen-evolving complex of photosystem 11,2 crystallography has given detailed
views into the intricate processes by which Nature catalyzes the reactions necessary for life.
Indeed, one of the triumphs of crystallography in the last century was the rise of structural
enzymology, in which changes in activity are correlated with changes in structure.

Thus far, X-ray crystallography has embodied a quest for perfection. Proteins arranged in a
crystal lattice diffract X-rays into Bragg peaks, the sharp reflections from virtual planes of
atoms. Subtle imperfections in crystals cause X-rays to scatter away from the peaks, leading
to the disappearance of high-resolution peaks and an apparent increase in background
scattering. Therefore, the more perfectly ordered the crystal is, the higher resolution
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diffraction we are able to obtain. In the quest for the best possible resolution,
crystallographers screen vast numbers of crystallization conditions and crystals to find the
perfect one. Such an enormous effort is needed because in many ways, protein crystals are
temperamental. They may grow differently from one batch to another, at the whim of
unknown variables. Furthermore, the quality of diffraction can have no correlation with the
visual appearance of crystals.

The challenge of obtaining perfectly ordered crystals, however, is not surprising when we
consider the fact that, like all molecules, proteins are not static. Rather, they are restless,
breathing entities, and this property has consequences for not only how they crystallize but
also, and more importantly, how they function. In fact, disorder in a crystal can result from
protein motions that are biochemically important, and gaining a dynamic picture of enzymes
is a lofty goal that we must strive for. Some of the greatest questions in biochemistry require
such a picture: What is the role of dynamics in catalysis? How might inhibitor drugs disrupt
such motions? How do multifunctional enzymes coordinate multiple active sites? What are
the dynamics involved in protein allostery? The Holy Grail of crystallography in the 215t
century is therefore to fully embrace imperfection.

What can we learn when we shift away from our preoccupation with the Bragg peaks in
diffraction data? History has shown that we can benefit from thinking outside of the lattice.
At a time when protein crystallography was on the rise, André Guinier devoted his 1936
PhD thesis to the study of the peculiar scattering near the beamstop.3 Building the first low-
background diffraction instrument for this purpose, he observed that the scattering that arose
from silica gel disappeared for vitreous silica, despite having the same chemical
composition. What he discovered was that the scattering at low angles provided a wealth of
information about disordered materials, information which was not available from Bragg
diffraction.3 Today, he is widely regarded as the intellectual father of X-ray scattering and is
best known for his contributions to small-angle X-ray scattering (SAXS) (Figure 1, bottom).

The growth of biological SAXS as a field and indeed, the recent rise of cryo-electron
microscopy reflect the fact there is an increasing demand for a dynamic picture of proteins
and a perception that crystallography as a technique has already reached its full potential.
What is not very widely known is that in fact, dynamic information is not entirely lost in
crystal diffraction, and today, we are witnessing the beginnings of a new field known as
crystallography beyond Bragg diffraction.

Conventional crystallography is based on measuring the intensity of Bragg peaks, which
allows for the average atomic positions to be determined (Figure 1, top). Although Bragg
diffraction can suggest mobility in a protein structure, it does not contain information on
how mations are correlated. For instance, by Bragg diffraction alone, two protein regions
fluctuating in phase cannot be distinguished from the scenario in which identical atomic
displacements are made in opposing directions, yet the difference between these two cases
can greatly impact our interpretation of enzyme mechanism. Instead, information about the
correlation of motions is hidden in the noisy background in between Bragg peaks, the so-
called diffuse scattering — the part of diffraction data that we routinely throw away in
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conventional crystallography (Figure 1, middle). Guinier was perhaps the first to describe
this phenomenon with the succinct formula,?

]diﬁ'use:<F2>7<F>2

where /yiffuse 1S the diffuse scattering intensity, £is the Fourier transform of the electron
density in the crystal, and brackets denote the ensemble average. From Guinier’s formula, it
is clear that /ifryse IS NON-zero when the first term, which describes the electron density at
any given time or location in the crystal, differs from the average value in the second term.
Thus, we reach a surprising conclusion: the types of messy data that we ignore today may
help answer long-standing questions about the breathing motions of proteins that are
retained within a crystal lattice. By combining Bragg diffraction and diffuse scattering, we
can imagine animating crystal structures with biochemically important motions.

In practice, however, interpretation of the diffuse scattering pattern has been exceedingly
difficult. Unlike solution scattering, diffuse scattering from crystals is highly complex and
spread throughout reciprocal space. The anisotropic component of the diffuse signal appears
as small fluctuations on top of a smooth background, coexisting with the intense Bragg
peaks. Although diffuse scattering has found utility in materials research,® macromolecular
crystals present unique challenges such as structural complexity, high solvent content, and
susceptibility to radiation damage. Not surprisingly, over the past three decades, less than 30
attempts to interpret diffuse scattering from macromolecular crystals have been made.6

Pioneering studies of diffuse scattering from protein crystals were reported in the 1980s and
1990s (Figure 2A).5 Notably, Donald Caspar and colleagues observed two types of diffuse
scattering from insulin crystals by over-exposing X-ray film: haloes around the Bragg peaks,
arising from lattice dynamics, and a faint, textured background, which was attributed to
correlated motions within each molecule. Later, image plate detectors made it possible to
measure diffuse scattering with reasonable signal to noise without overexposure (Figure
2B).8 A major breakthrough came in 1997 with the measurement of the first complete 3D
maps of diffuse scattering by Michael Wall during his PhD with Sol Gruner (Figure 2C),
which was made possible by their expertise in detector development.® For this work, a
phosphor-coupled CCD detector was customized to prevent the intense Bragg peaks from
bleeding into neighboring pixels, a process known as “blooming”.19 The CCD offered a
significant advantage over image plates at the time by reducing the data collection time and
quickly replaced image plates as the detector of choice for macromolecular crystallography
(Figure 2E). Unfortunately, blooming remained a problem for commercially available CCDs.

Measuring both Bragg and diffuse signals accurately demands a near-perfect X-ray detector
with a uniform response, low noise, a point-spread function that decays rapidly to zero, and
high dynamic range. Pixel array detectors (PADs), developed recently, solve many of the
issues that affect earlier X-ray detectors. In a PAD, X-rays interact directly with each pixel,
and each photon’s interaction is counted. From the perspective of diffuse scattering and
conventional crystallography, they are ideal detectors. After two decades of very little
activity in the diffuse scattering field, it is heating up again. In three new studies, PADs were
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used to measure the diffuse scattering from crystals of cyclophilin A1 trypsin, 11 the 70S
ribosome,12 and photosystem 11.13 Most notably, a PAD was used to perform the first diffuse
scattering measurements at an X-ray free electron laser (XFEL).13 Intriguingly, the
accumulated diffraction collected from thousands of tiny photosystem-I11 crystals displayed
strong diffuse scattering that extended to higher resolution than the Bragg peaks (Figure
2D). Under the assumption of rigid-body motion of the asymmetric unit, the diffuse
scattering was then analyzed using techniques from coherent diffractive imaging with the
goal of improving the quality of the crystallographic structure.

As PADs have begun to replace CCDs, we are now entering an era where perfect X-ray
detectors are the norm. According to the most recent statistics from the Protein Data Bank
(PDB), PADs account for roughly half of the structural data collected in 2016 (Figure 2E).
In this new era, diffuse scattering measurements could become routine. Even with short
exposures, we have found that the diffuse scattering can be extracted from PAD images by
analyzing the photon count distributions statistically (Figure 3). Thus, as long as steps are
taken to reduce or measure the background during a standard crystallography experiment,
the diffuse data comes along “for free”. Making use of it, though, requires careful attention
to the theory of protein motion in the crystal, as well as software for data analysis and
interpretation. Significant progress has been made recently,10-12 and we expect further
developments in the near term.

What new biological insights will emerge from a renaissance in diffuse scattering? First,
diffuse scattering will allow us to validate models of collective motion that are already
applied during structure refinement, particularly when those collective motions inform our
understanding of biological function. For example, rigid-body motions are often inferred
from so-called translation libration screw-axis (TLS) refinement applied to Bragg data,4
and allosteric networks of side-chain interactions have been inferred by fitting multi-
conformer ensembles to the electron density.1> Such models imply distinctive diffuse
patterns that should be observed in the diffraction images. Second, combining diffuse
scattering with molecular dynamics (MD) simulations of crystals will allow us to benchmark
force fields and validate simulation results. Diffuse scattering has already proven to be a rich
dataset that is straightforward to calculate from MD simulations but very difficult to
reproduce accurately,1° suggesting that current MD methods have room for improvement.
Finally, it should be possible to refine a general dynamical model to Bragg data and diffuse
scattering simultaneously, which would truly revolutionize crystallography. The significant
challenge has been finding a model, which captures the relevant degrees of freedom that can
be refined to both data sets. Our ability to measure diffuse scattering accurately will go
hand-in-hand with the development of new and improved dynamical models. Ultimately,
diffuse scattering should allow us to generate novel insights into the dynamics of proteins
that are well supported by experimental evidence.

X-ray crystallography has been described as one of the pillars of modern biology. Indeed, it
is difficult to overstate how much impact crystallography has had. However, there is a wealth
of information obtainable through crystallography that has yet to be fully explored. To
achieve some of the most lofty goals of structural enzymology, it is clear that we must
venture beyond Bragg diffraction.
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Figure 1.
Diffraction, diffuse scattering, and SAXS result from the elastic scattering of X-rays from

electrons. The interference of the scattered waves produces characteristic patterns that reflect
the degree of disorder present in the sample. The diffuse scattering image was adapted with
permission from ref. 9, Copyright (1997) National Academy of Sciences, U.S.A.
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Figure 2.
The history of diffuse scattering as a field has tracked developments in detector technology.

(A-D) Diffuse scattering from insulin,” lysozyme,8 Staphylococcal nuclease,® and
photosystem 11.13 (E) Fraction of structures in the PDB collected using an image plate (IP),
charge-coupled device (CCD), pixel-array detector (PAD), or older recording media
(other).18 Statistics from recent years are represented as open circles to emphasize that these
are subject to change as more structures are deposited. Dashed lines are a linear
extrapolation. Panel A adapted by permission from Macmillan Publishers Ltd: Nature (ref.
7), copyright (1988); panel B reproduced from ref. 8 with permission of the International
Union of Crystallography, http://journals.iucr.org/; panel C adapted with permission from
ref. 9, Copyright (1997) National Academy of Sciences, U.S.A.; panel D adapted by
permission from Macmillan Publishers Ltd: Nature (ref. 13), copyright (2016).
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PAD image of diffraction from a lysozyme crystal (P43242) at ambient temperature. (A) The
PAD’s high dynamic range and low noise afford simultaneous recording of weak
background scattering (~10 photons/pixel) and intense peaks (~100,000 photons/pixel). (B)
Statistical analysis of photon counts within annular rings of constant scattering vector
length, S. After correcting for experimental effects, the standard deviation was taken as an
estimate of the anisotropic diffuse signal (~0.3 photons/pixel).
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