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ABSTRACT OF THE DISSERTATION

Developments of electron diffraction phasing methods and their applications

by
Chih-Te Zee
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2022

Professor William M. Gelbart, Chair

Crystallization and phase retrieval are the two perennial problems that challenge any endeavor
to retrieve structural information from a crystal. Micro-electron diffraction has emerged in recent
years as a complementary method to X-ray diffraction by allowing the diffraction of crystals
previously too small for routine X-ray techniques. While micro-electron diffraction has great
potential to address barriers in crystallization, issues with phase retrieval precludes the
technique’s broad utilization. As a nascent technique, many X-ray phasing methods have not
been replicated in electron diffraction. In this work, we demonstrate the development and
application of racemic crystallography and fragment-based phasing methods for electron

diffraction.
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CHAPTER 1

Introduction



1.1 Structural Studies of Macromolecules

Determining the atomic structure of chemical compounds has provided science with great
insight into materials, biological and otherwise. The three-dimensional (3D) structures of chemical
species dictate the type of interactions that they can engage in, and knowing these structures
help us understand the mechanism of action of molecules in the world around us. Understanding
how these compounds interact or potentially interact with their environment has led humanity to
numerous breakthroughs in medicine, energy, materials, etc, including our extensive use of
zeolites for important industrial activities ranging from petroleum refinement to water filtration;
development and analysis of semiconductors®#; and optimization of drug candidates®® to treat
disease. Many complementary techniques that have been developed to elucidate structures.
Some of these techniques are X-ray crystallography, electron microscopy (EM), electron
paramagnetic resonance (EPR), mass spectrometry, and nuclear magnetic resonance (NMR),
and each have their strengths and limitations (Table 1 — table of strengths, weaknesses,
resolution limits). All of these techniques have made important contributions and all have garnered
at least one, if not multiple Nobel prize awards’®°10, In particular, advances in structural biology
have been repeatedly recognized by the Nobel committee. Rather than any favoritism in selection,
it highlights the difficulties present in studying the atomic structure of biological molecules that set
the sub-field apart. In fact, the 1946 Nobel Prize in Chemistry was awarded to James B. Sumner
for the discovery that enzymes can be crystallized!!, a routine process today, which demonstrated
the arduous nature of studying the structures of macromolecules and how each step in the
process we take for granted today required immense effort to establish.

Through decades of scientific progress, two techniques have become the gold standards
for structural biology: crystallography and cryo-electron microscopy (cryo-EM). Crystallography
has been a mainstay of structural biology ever since Kendrew and Perutz’ research groups
reported the structures of myoglobin and hemoglobin. The first clear structural interpretation of
myoglobin and hemoglobin at 6.0-A and 5.5-A resolution came in 1959 and 1960, respectively*?
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13 These structures were followed with a 2-A resolution structure for myoglobin in 1960 and a
2.8-A structure for hemoglobin in 1968'°. Besides crystallography, recent advances in cryo-EM
have enhanced resolving power to approach atomicity® 17, increasing its utility in the field. Due
to the power of these techniques, great effort has been made to make cryo-EM and
crystallography accessible, namely: creation of a centralized database (Protein Data Bank),
standardization of data formatting, and universalization of quality control requirements for data
deposition prior to publication. This commitment to provide open access to structural data has led
to a virtuous cycle of increased usage of cryo-EM and crystallography techniques, accompanied
by methodological progression and improvement.

In conjunction with progress in wet lab technologies, the structural biology community is
also pushing the envelope with computation to develop software that can predict folded structures
of macromolecules from their amino acid or nucleic acid sequence. However, the creation of a
folding algorithm is a difficult endeavor: assuming two configurations are possible for each amide
bond in a 101 amino acid protein, there would be 10% possible folded states. If each configuration
takes a picosecond to sample, then it would take 108 seconds to try all possible states, equivalent
to billions of years, which is longer than Earth’s existence®®. Yet, in nature, many proteins, some
much longer than 100 amino acids, spontaneously fold into their proper forms on millisecond or
even microsecond timescales. The paradox of correct and spontaneous protein folding was first
postulated by Cyrus Levinthal in 1969 and bears his name: Levinthal's paradox'®. Ultimately,
structural biologists continue to resolve this paradox in order to create folding algorithms that can
predict a protein’s three-dimensional structure based on its amino acid sequence?. Since 1994,
the community has gathered for a biannual worldwide experiment and competition called the
Critical Assessment of protein Structure Prediction (CASP), where research groups test their
modelling and prediction software and assess their performance objectively?!. In 2018 and 2020,
AlphaFold, an artificial intelligence (Al) program developed by Google took center stage by
winning both CASP13 and CASP14, respectively?® 2. Instead of using energy minimization to
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predict structure, AlphaFold is a machine learning algorithm trained with structures available in
the Protein Data Bank to fold an inputted primary amino acid sequence into a 3D protein
structures?* 2>, AlphaFold allows structural biologists to procure initial models to help process data
recalcitrant to ab initio data processing?® and some labs have already demonstrated the accuracy
of AlphaFold models by using them as starting models to solve novel structures?” 28, Advances in
wet lab and in silico methods will revolutionize structural biology by allowing the elucidation of
more three-dimensional structures than ever before.

While powerful, all the above methods have their weaknesses. While AlphaFold offers
never before seen prediction power, it has 1) difficulty predicting outlier structures that fall outside
of the machine learning training set?® and 2) can only predict a single state for a structure even if
the data suggests the presence of multiple states.*® Thus, AlphaFold’s in silico structures still
require validation through wet lab experiments®. To validate these in silico structure predictions,
techniques such as electron microscopy can be used; however, cryo-EM has a lower limit of
detection (LLOD) that hinders the collection of high-quality data from proteins below 100
kilodaltons (kDa)? 2, While technological advancements have steadily decreased the LLOD over
the years, this threshold still exists and prevents structural biologists from studying a large portion
of both the prokaryotic and eukaryotic proteome3*. Efforts are being made to circumvent this
problem, but these technologies are still being developed and elucidation of protein structures

below 100 kDa by cryo-EM remains nonrouting3* 3 3¢,

1.2 Protein Crystallization: Practical Limitations

For crystallography, complications of retrieving structural information from diffraction data
have centered on crystallization and solving the phase problem®’: 3, In fact, the Protein Structure
Initiative (PSI), a National Institutes of Health (NIH) program (2000-2015), was initiated as a
collective effort to develop methods to elucidate “three-dimensional, atomic-level structures of
most proteins easily obtainable from knowledge of their corresponding DNA sequences.”° A 2015
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report, collating the results of this massive effort, estimated that only around 18% of the targeted,
purified proteins produced diffraction-quality crystals, indicating that crystallization was the
biggest bottleneck to the entire initiative pipeline*®. One of the most common shortfalls that
resulted in such a low success rate is the inability to grow a crystal large enough to yield usable
data®’.

Small crystals create problems for crystallographers for two major reasons: small
scattering cross sections and radiation damage. First, a photon from an X-ray beam must collide
with the electron cloud of a sample atom, a cross section; thus, the probability of any scattering
event taking place is low because most X-ray photons pass through the sample without
scattering*!. Within this relatively low number of scattering events, even fewer photons scatter
elastically*>. Due to an X-ray beam’s small diffraction cross section, scientists need an
appropriately large crystal to achieve signal strong enough to constitute meaningful data,
especially to high resolution. As a result, simply achieving crystallinity is insufficient. A crystal
must be grown to a sufficient size while retaining sufficient regularity in its organization.

In addition to providing strong reflections, large crystal sizing also hedges against the
degradation of diffraction signal due to radiation damage. Radiation damage arises from the
usage of powerful radiation and long exposures to compensate for the weak observed signals.
While the elastic Rayleigh scattering produces the desired signal, inelastic Compton scattering is
more probable and results in incremental absorption of energy by the atoms within the crystal.
These absorptions accumulate and eventually destroy covalent bonds, individual unit cells, and
eventually the crystal*® %4, As a result, diffraction data collection is often a race against time.
Enough data must be collected from a crystal before excitations destroy the crystal lattice,
potentially disallowing acquisition of a complete diffraction data set to high spatial resolution.

Rather than allowing crystal sizes to limit the outcome of projects, structural biologist have
worked in conjunction with national labs to improve X-ray data collection capabilities. New
technologies such as Microfocus X-ray beamlines have enabled the collection of data from
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smaller crystals by significantly reducing the background scattering incurred by using an X-ray
beam wider than the crystal*® #¢, This technology granted access to structures from crystals that
would have been too small for conventional X-ray diffraction analyses. However, microfocus

beams still do not yield usable diffraction data for crystals in the sub-micron scale*’.

XFEL
< >

Conventional X-ray Microfocus X-ray Electron
< >

30 Crystal Dimensions (um) 1.0 0.5

m——"—-
5um 2 um 0.5 um

Figure 1: Diagram illustrating the ranges of crystal dimensions that each single-crystal diffraction
techniques are effective in. Electron diffraction starts losing viability with crystals thicker than 0.5
um“8, FMX, the micro-focusing Frontier MX beamline in sector 17-1D-2 at NSLS-Il is capable of a
1 um x 1.5 um X-ray beamline®. Crystal Images (courtesy of Michael R. Sawaya) are to scale
relative to each other. Additionally, the red circles and labels denote an appropriately sized
condensed beam (X-ray or electron) for each crystal size.

In response to the desire to collect data from smaller crystals, stimulated/prompted by the
inability to grow larger crystals, X-ray free-electron laser (XFEL) beam lines were developed and
use powerful X-ray laser pulses to yield strong diffraction images from crystals far too small for
traditional single-crystal data collection®® °%, In a technique called serial crystallography, each
frame collected represents a 2D projection of the reciprocal lattice points satisfying the Bragg

condition at a single crystal orientation; a large number of these 2D projections are then collated

to reconstruct a 3D diffraction data set. The diffraction intensities resulting from this reconstruction



can be used like a standard single-crystal diffraction data set to yield a 3D atomic structure. While
XFEL beamlines enable data collection from “micro” crystals, serial crystallography experiments
require thousands, sometimes millions, of homogeneously sized protein crystals. The
requirement of XFEL experiments for abundant sample hinders our ability to study samples that
are scarce or are difficult to produce with homogenous crystals at such scales. In summary, both
radiation damage and a small diffraction cross section necessitate the usage and, thus, the growth
of large crystals. And, while efforts have been made to broaden the spectrum of collectable crystal
dimensions, a routine method to diffract nanometer scale crystals remain highly desirable®2.
Moreover, even if this challenge of obtaining larger crystals can be overcome, another bottleneck

follows: phasing.

1.3 Crystallography and Phasing

Proteins imaged by electron microscopy require grouping and alignment via computational
experiments. After identifying and classifying particles for different rigid body positions and
orientations, single particle experiments have to account for translational, rotational, and
vibrational movement of atoms within the protein that are not restricted by bonding geometries
and intramolecular interactions from protein folding. For context, a carbon-carbon single bond of
an ethane molecule rotates approximately 10! times per second at room temperature®. Even at
cryogenic temperatures (-196°C), the same bond would be expected to rotate approximately 10°
times per second (assuming a halving of rotation speed every 10°C). These atomic movements
create minor incongruities between particles parsed from electron micrographs. When programs
such as RELION and cryoSPARC group and align these particles in order to boost the data’s
signal to noise ratio, these incongruities propagate as a major source of error, preventing
structural biologists from solving atomic-resolution structures via electron microscopy unless the

protein is unusually rigid®* 5,



In contrast to single particle experiments, crystallography utilizes crystals which form from
the physical alignment of molecules into ordered lattices that minimally exhibit translational
symmetry, if not rotational symmetries. Diffraction experiments exploit this physical attribute
whereby electromagnetic radiation is scattered from copies of the molecule, ordered in regular
lattices, and this configuration of molecules serves to amplify the diffraction signal in direct
proportion to the number of unit cells that compose the crystal. Any incongruities between unit
cells that result from atomic motion causes the signal to become averaged and blurred, while
diffraction from atoms that are identically positioned in each unit cell leads to amplification.
Additionally, crystal packing results in systemic intermolecular interactions and provides
additional restraints on atomic positions beyond bonding geometries and intramolecular forces.
As a result, the quality of protein structures elucidated via crystallography is dependent on the
uniformity of a crystal’s unit cells and structures can approach atomic-resolution if the lattice is
highly organized.

While crystallography more frequently produces structures at higher resolutions than
electron microscopy, a good dataset does not guarantee structure elucidation. Each measured
intensity in a reciprocal lattice (notated with Miller indices, hkl) is a summation of all scattering
vectors from every atom within the unit cell at that hkl coordinate. Although each atom contributes
to all electromagnetic reflections, the relative contributions change according to its position (thus,
scattering angle) in the unit cell. As it turns out, the amplitudes can be recorded as reflection
intensities on the detector, but the phase of the electromagnetic wave is lost. There is no
instrument available that can record the phases of scattered radiation, and these phases have a
greater influence on our ability to locate atoms than do the amplitudes of the reflected radiation.
This problem is known as the “phase problem” by crystallographers®® %", To resolve this issue,
crystallographers have developed a myriad of powerful methods to carry out phase retrieval. In
general, these phasing techniques seek to make an educated guess of potential atom positions,
and these positions are assessed by checking the agreement between the model’s Fourier
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transform and the intensities observed. These methods include direct methods, molecular
replacement (including fragment-based phasing), isomorphous replacement, and anomalous

scattering, among others.

1.4 Phasing Methods

Direct methods combine brute force calculations, crystallographic statistics, and the
Patterson function to determine atomic positions within a unit cell®® 59 60.61. 62 This method usually
requires a high-resolution dataset of at least 1.1 A%. High resolution data allows for the
calculations to differentiate features that are spaced apart by the approximate length of an
average covalent bond, which is the expected minimum distance between atoms in a unit cell.
Direct methods are powerful for retrieving accurate phases; however, its success depends
strongly on the crystal quality and size of the unit cell. First of all, larger proteins rarely diffract to
high resolutions, making this method not useful for many macromolecules of interest. Additionally,
even if the crystal of a large molecule diffracts to sufficient resolution, the number of calculations
necessary to retrieve the phases by brute force calculation increases exponentially based on the
number of atoms present in the unit cell. While powerful, these disadvantages limit direct methods
in the study of large proteins.

Isomorphous replacement is the first phasing method proven to be successful for
determining macromolecular crystal structures. It is an ab initio method, meaning it does not
require any prior estimates of the atomic structure. Isomorphous replacement was used to solve
the first three-dimensional macromolecular structure in 1956%, and it remains in use today © 6,
This phasing technique requires introducing elements, such as cesium, iodine, gold, or mercury
into a crystal, with drastically higher scattering amplitudes compared to organic elements. The
addition is usually achieved by soaking the crystal with a doped version of the sample’'s
crystallization liquor, but covalent substitution can also be carried out by incorporating heavy
atoms via synthesis or unique protein expression protocols®’. Differences between the diffraction
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intensities of a native dataset and a doped dataset are called “isomorphous differences,” which
are used for phasing. If the soaked or covalently modified crystal is isomorphous or has the same
unit cell parameters as the unmodified crystal, isomorphous differences are used as coefficients
in calculating an isomorphous-difference Patterson map. If successful, the map will display peaks
related to position(s) of heavy atoms within the modified cell. These initial positions can then be
used to estimate the phases of all the reflections in a dataset. This initial guess can be refined
and has the potential to provide a reasonably accurate initial electron density map that can then
be utilized to build and refine the correct structure.

Anomalous diffraction is another phasing technique that utilizes heavy atoms incorporated
into a unit cell and is often used in conjunction with isomorphous replacement to enhance the
accuracy of initial electron density solutions®® %°, Since the typical composition of macromolecular
crystals consists of elements with low atomic mass, such as carbon, oxygen, and nitrogen,
macromolecular crystals typically do not absorb light at the X-ray wavelength. The lack of
absorption is the basis of a foundational assumption in X-ray crystallography: electron clouds are
in their lowest energy state and have a centrosymmetric distribution around the nucleus. The
centrosymmetry of electron clouds leads to centrosymmetric diffraction intensities expressed by
Friedel’s law: the intensities of reflections observed at (h, k, I) equals the intensity observed at the
centrosymmetrically-related lattice position (-h, -k, -I). The pair of reflections (h, k, 1) and (-h, -k, -
I) are called Friedel mates. Unlike the lighter elements, the excitation energy necessary to
promote electrons from the innermost electron shell of heavy atoms overlaps with the photon
wavelengths used for X-ray crystallography experiments. In fact, the absorption is so pronounced
that the term K-edge was coined to denote the specific X-ray wavelengths that heavy elements
absorb. When the electrons in the innermost electron shell, the K-shell, are excited, the electron
cloud becomes polarized and no longer diffracts light isotropically. This aberration results in a
measurable violation of Friedel’s law in the form of a non-centrosymmetric dataset at the K-edge
wavelength of a heavy atom. Differences between the intensities of Friedel mates are called
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anomalous differences, and these arise purely from the heavy atoms incorporated into the unit
cell. Assuming the cell vectors remain congruent, the anomalous differences can be used to
retrieve the phases with or without additional information from isomorphous replacement.
Additionally, incorporating a plethora of heavy atoms and collecting more datasets at different
wavelengths can give additional phasing power to this technique by reducing phase ambiguity
and result in a more accurate initial phase solution.

Another method of phasing, called molecular replacement, starkly contrasts with the ab
initio techniques above in that it requires prior knowledge of a reasonably accurate atomic search
model® 7, This method tests different orientations and positions of the search model to find the
one most consistent with the measured diffraction pattern. The rotated and translated model
provides the starting phases for calculation of a density map. The success chance for phasing by
molecular replacement increases in proportion to the search model’s similarity to the crystallized
molecule. However, since structural similarity is required, a similar structure must have been
solved by another method. In fact, if traced back to its origin, most search models used in
molecular replacement are derived from a structure solved by an ab initio method such as
isomorphous replacement. So while molecular replacement is the most prevalent phasing
method, its application may be limited when investigating with novel proteins and their structures.

Fragment-based methods, a relatively nascent form of molecular replacement, have been
developed in the last decade for use in cases where no appropriate search model exists.
Fragment-based methods were first used in 2009 by Rodriguez, et al.”? and have since been used
to solve more than 100 of the structures deposited in the Protein Data Bank (PDB)”® 7. Fragment-
based phasing uses ligand libraries containing short fragments of well-established secondary
structure elements, such as small alpha helices and beta sheets, to act as partial models. These
fragments are placed within the unit cell by software to determine whether those atom positions,
when Fourier transformed, would produce amplitudes (Fcac) similar to the observed (Foos). As
more and more fragments are added, the Fourier synthesis is iteratively checked to see if the
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solution converges to the Fops provided by the collected data. For smaller unit cells where the
search models constitute a large percentage of a cell’'s content, fragment-based approaches are
inherently more biased towards the initial search model. On the other hand, for larger cells where
each fragment constitutes a much smaller percentage of the overall cell content, which may be

one or multiple proteins, fragment-based methods can be argued to be an ab initio method with

the benefit of less initial model bias associated with small fragments.

Comparison of Common Phasing Methods

Method Strengths Weaknesses Model Bias
e Does not require additional Requires high-resolution
Direct wet lab experimentation data (~1.1 A or better) none;
Methods e Excellent for small Low feasibility for larger ab initio
molecules molecules such as proteins
* Flexible: can be used with Rreell/eiguosrl] tzgl\lj:g%?rgitire
Molecular various data resolutions tphat i sirzilar o the high
Replacement |« Does not require additional | yenoun structure as a
P search model
e Subset of molecular Requires the generation of
replacement; no additional an appropriate fragment
Fragment- wet lab experimentation library
based e Low model bias if Strong model bias if variable
Phasing fragments represent a low fragments represent a high
percentage of asymmetric percentage of asymmetric
unit unit
e Can be combined with L :
: , Requires incorporation of
anomalous dispersion to ) .
. ) heavy atom(s) via additional
improve phasing power :
Isomorphous e Can be repeated with web lab work none:
Replacement : P Unit cell may change during | ab initio
different heavy atoms to . :
. heavy atom incorporation,
increase the accuracy of : 2o
o invalidating method
initial phases
e Can be combined with Requires incorporation of
isomorphous replacement anomalous atom(s) via
Anomalous to improve phasing power additional wet lab work none:
Dispersion | e Can be repeated at multiple Unit cell may change when ab initio
wavelengths to increase the incorporating anomalous
accuracy of initial phases atom, invalidating method

Table 1: Comparison of the commonly used X-ray phase retrieval methods.

Despite the variety of phase retrieval methods enumerated above, phasing remains a

serious problem in crystallography. As alluded to before, statistical analysis of compiled data from
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the PSI shows that phasing constitutes the second major bottleneck in their structural elucidation
pipeline®. Difficulties in retrieving phase information and producing crystals large enough for
diffraction prevent many 3D structures from being solved via crystallography. The PSI program
clearly reflects this conundrum: only 18% of targeted proteins produced crystals capable of high-
resolution diffraction and structures of only 3% of all targeted proteins were solved and deposited
into the PDB. Although not statistically analyzed, it is very likely that crystals were produced for a
significant number of proteins but they were simply too small to be compatible with standard X-

ray diffraction methods.

1.5 Development of MicroED

In response to the shortcomings of methods of X-ray diffraction, a complementary method
has been expanded upon and optimized for macromolecular protein diffraction in the last decade:
micro-electron diffraction (MicroED)” ¢, Building upon 2D diffraction work by many scientists
from various fields™ 78 7% & this method utilizes a transmission electron microscope (TEM), set
up in diffraction mode, to diffract a 3D crystal in a similar manner compared to an X-ray diffraction
experiment. However, due to the much larger diffraction cross section of electrons (Table 1), TEM
diffraction experiments can produce usable diffraction patterns with crystals similar in size to the
ones used in XFEL experiments®®. Crystals with proportions in the sub-micron range can now be
diffracted and analyzed by structural biologists, drastically decreasing the crystal size threshold
for routine diffraction experiments. This advantage of MicroED makes it an extremely powerful
technique, complementary to the X-ray methods that have been honed by crystallographers in

the last century.
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Atomic Scattering Cross Section: X-ray vs Electron
Energy H C N ©) S

X-ray (8 KeV)| 6.551 x 10%° 9.127 x10%" 1.758x 10%° 3.090 x 10%° 5.039 x 10%
Electron (200 KeV)| 2.261 x 10 5.005x 10*® 5.395x10*° 5.683x10°%° 2.161 x 10%

Table 2: All cross section values in m2. All values calculated with NIST Standard Reference
Databases for Photon or Electron Cross Sections. 8 KeV was selected for X-ray as it is close to
Copper K-a. 200 KeV was selected for electron as it is a common max energy for TEMs used for
electron diffraction.

Since scientists are executing electron diffraction on equipment that is optimized for
imaging rather than diffraction, data collection problems have arisen. For example, the maximum
tilt angle for many electron microscope stages is around 55 + 5°, drastically limiting amount of
collectible data. Moreover, even if newer scopes expand the available tilt range, as long as
crystals are deposited on a 2D support, collecting 360° of data from a single crystal is physically
impossible. These physical restrictions mean that data set completion usually require merging
diffraction patterns from multiple crystals. Fortunately, this problem has precedence since it is
very similar to the problems faced by X-ray crystallographers before cryo-cooling was introduced
for data collection. In those cases, where X-ray diffraction experiments were conducted at room
temperature, the damage suffered by the sample from X-ray excitation was great enough where
datasets from multiple crystals were merged together to reach high enough completion for a
usable dataset. However, in electron diffraction, it is possible for some crystal wedges to remain
uncollectable due to orientation bias of crystals, caused by the differences in growth rates of each
crystal face®?. For example, a crystal with plate morphology would lead to difficulty in collecting
diffraction from Bragg planes orthogonal to the width of the plate on an electron microscope grid
vs. in a loop for an X-ray experiment. As a result, the completion of a merged electron dataset will
almost always be lower than that of an X-ray counterpart. Another hardware limitation stems from
available detector sizes. Synchrotron detectors are typically made by tiling many small detector

panels to form a large detector. These detectors are sized to allow the collection of high-resolution

data at the detectors’ edges while maintaining separation of reflections observed in the reciprocal
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space of large unit cells. As it turns out, such methods to enlarge electron detectors are currently
not being pursued for electron microscopes. Thus, for larger unit cells, sacrifices in resolution are
necessary to maintain separation between reflections during MicroED. While these issues do
affect data collection and processing, they are a result of physical and instrumental limitations.
Just like with cryo-EM, these issues will be resolved over time with the improvement and

customization of microscopes to better accommodate the evolving technique.

1.6 Issues with MicroED

On the other the hand, there are issues with MicroED that cannot be simply resolved by
hardware advancements. For example, while X-rays have a small diffraction cross-section and
most photons pass through a sample without scattering, electron beams have cross sections so
large that dynamic scattering is frequently observed. Therefore, electrons that undergo multiple
scattering events contribute significantly to the observed intensities® 84, The absence of dynamic
scattering in X-ray experiments and the near monochromatic beam generated at synchrotron
beamlines allows crystallographers to confidently assume that the observed X-ray intensities
result from elastic scattering. On the other hand, during an electron diffraction experiment,
crystallographers cannot confidently disambiguate between electrons that have inelastically or
elastically scattered. Both dynamic scattering and inelastic scattering decrease the accuracy of
observed intensities for electron crystallography. Moreover, both increase the calculated signal
backgrounds during data processing, and when subtracted from the observed amplitudes these
undesired scattering events create a phenomenon unseen in X-ray diffraction: negative
intensities, impossible occurrences in a perfect diffraction experiment. Other than the coordinates
of the reflections, their amplitudes are the only other information gathered in these experiments.
Inaccuracies in the observed intensities complicate any attempt to develop methods for electron

diffraction by replicating methods from X-ray experiments.
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In addition to the inaccuracies in the intensities that result from dynamic and inelastic
scattering, differences in scattering mechanics during electron experiments lead to issues in
electron phasing vs X-ray phasing. Unlike the collision-based scattering observed in X-ray
experiments, electrons scatter due to Coulombic repulsion and attraction in electron diffraction®.
So, while X-ray structure factors scale linearly with an element’s atomic number, electron
scattering is affected by relativistic considerations, most notably shielding. The standard way to
convert from X-ray to electron scattering factors is to use the Mott-Bethe formula; however, this
formula cannot, without modification, account for two important factors: atomic charge and
molecular bonds®4®’. Due to the Coulombic nature of electron scattering, the change in scattering
contributed by a change in charge is not a simple addition or subtraction of the number of
electrons, as is the case for Rayleigh scattering in X-ray diffraction. Moreover, unlike in X-ray
experiments, bonding electrons contribute significantly to the resulting diffraction pattern in
electron experiments. On one hand, the scattering contribution of electrons in molecular orbitals
allows electron diffraction to detect hydrogens at lower resolutions than X-ray diffraction®® 8. On
the other hand, this property completely derails a key estimation normally assumed in X-ray
diffraction: atoms are discrete spheres. As a result, any hypothesis that an assumption in X-ray
experiments translates to their electron equivalent cannot be taken for granted and must be
tested.

As a result of these difficulties, the translation of X-ray phasing methods for usage in
electron experiments has been slow. Prior to 2017, only two methods had been proven to be
successful for phasing MicroED data: direct methods and molecular replacement®. As previously
discussed, both of these methods have significant limitations. Large proteins are not only more
difficult to crystallize than small molecules, but the resulting crystals typically do not diffract to
atomic resolution (<1.2 A)°%, which is necessary to achieve direct methods solutions. Molecular
replacement can be useful but, as with X-ray experiments, molecular replacement cannot solve
completely novel and unprecedented structures. As it turns out, the same reason a sample would
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benefit from electron crystallography is the same reason why molecular replacement would be a
poor phasing method: many of these samples have failed to grow into larger crystals and/or
nucleate so rapidly as to prevent persistent crystal growth. Thus, these samples are unlikely to
have been solved with X-ray techniques, meaning no search models would be available for usage
in molecular replacement experiments.

To increase the utility of electron diffraction, my thesis work focused on two avenues of
research. The first goal was to develop electron diffraction phasing methods that would allow us
to phase diffraction data unamenable with direct methods or molecular replacement, particularly
for macromolecules. Moreover, our secondary objective was to avoid using previously solved
structures to confirm these phasing methods. We hoped that validating an electron phasing
method and solving novel structures at the same time would best demonstrate the utility of
electron diffraction. To improve our chances of achieving our goals, we did not start by
experimenting with one of the core phasing techniques discussed previously. Instead, we first
investigated racemic crystallography in the context of electron crystallography, which afforded us
two major advantages: higher chance of crystallization and the simplification of the phase
problem. We believed that these advantages would be key to actualizing the transfer of traditional

X-ray phasing techniques to the realm of electron diffraction.

1.7 Racemic Crystallography — Development and Future

Suggested by Alan Mackay in 1989% and first demonstrated by Laura Zawadzke and
Jeremy Berg in 1993%, racemic crystallography was developed through the 1990s to obtain
crystals large enough for routine X-ray diffraction experiments and to help resolve the phase
problem. As predicted by a novel mathematical treatment by Wukovitz and Yeates in 1995%, and
summarized later by Yeates and Kent in 2012%, racemic mixtures present two mathematical
advantages: first, racemic mixtures theoretically should crystallize preferentially into
centrosymmetric crystal lattices rather than adopt the enantiomorphic lattices observed with
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homochiral samples. This conformational preference occurs due to the additional degrees of
freedom in which each protein molecule can form protein to protein contacts while still maintaining
crystallographic symmetry in certain highly favored centrosymmetric space groups. Utilizing
racemic mixtures would enable crystallographers to attempt crystallization in the 165 non-
Sohncke space groups that otherwise are inaccessible by homochiral species. Notably, 92 of
these space groups are centrosymmetric. Wukovitz and Yeates discovered, mathematically, that
one particular centrosymmetric space group, P1(bar) offers more degrees of freedom in crystal
formation than any other, leading to the prediction that the frequency of observing crystals in
space group P1(bar) alone would exceed that of any other space group currently reported in the
PDB. Utilizing this strategy, many scientists have obtained racemic structures that have been
previously inaccessible in their homochiral form®: 7 %8 While there have been questions on
whether these racemic mixtures provide biologically relevant data, many labs have made efforts
to probe the usability of racemic structures to infer information concerning the homochiral
structures. So far, the published racemic structures suggest that racemic unit cells composed of
separable subunits of each enantiomer that resemble those found in their homochiral analogues.
Albeit, this conclusion is drawn from a limited sample size®® 190 101,

In addition to increasing the number of available crystallographic packing patterns and
thus increasing the likelihood of crystal formation, racemic crystallography also aids in phasing®,
the other major bottleneck of crystallography. In single crystal diffraction experiments, each
reflection results from an interference pattern with contributions from every single atom in a unit
cell. Since diffraction patterns only capture the squared amplitude of the summed waves (vectors)
of a series of constructive and deconstructive interferences, the phases of the summed vectors
are lost. In an acentric crystal, these angles can range anywhere between 0° and 360° for every
single reflection in the Ewald’s sphere. On the other hand, a centric crystal, containing a lattice
with a glide plane, is mathematically restricted to only two possible values, separated by 180° or
m, for every reflection (typically 0° and 180° are used). This structure massively reduces the
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mathematical choices faced by phasing software when considering the possible phase solutions
to each reflection during phasing, from any angle between 0° and 360° to just two, 0° or 180°.
We believed that racemic crystallography would not only afford us the best chance of
obtaining diffraction-ready samples, but would also reduce the complexity of phasing calculations
for our datasets. As previously stated, there are many differences between X-ray and electron
diffraction that complicate the transfer of X-ray techniques to MicroED such that it would be difficult
to pinpoint the exact reason why a certain method did not work. By reducing the mathematical
complexity of the phasing problem, we improve our ability to determine potential reasons why a
phasing technique is not working, including: poor dataset completion, inaccurate intensities, and
dynamic scattering. We could then address each deficiency separately until a structure is
obtained; this procedure can also lead to great insight on which parameters are the most important
for each technique. Finally, if no changes yield a structure, we would be more confident that the
phasing method would not work with our current technology if even the phase restriction imposed
on the dataset does not allow for a structure to be solved. So, while racemic crystallography is
not a stand-alone phasing method, it potentially affords such immense and consequential
advantages for our goals that we can ill-afford to ignore it. We hope to channel these advantages
to not only develop electron phasing methods, but to also study novel systems concurrently during
development. Thus, our first experiments were to validate racemic crystallography as a method

transferable to electron diffraction experiments.
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The ice-nucleation protein InaZ from Pseundomonas syringae contains a large
number of degenerate repeats that span more than a quarter of its sequence and
include the segment GSTSTA. Ab initio structures of this repeat segment,
resolved to 1.1 A by microfocus X-ray crystallography and to 0.9 A by the cryo-
EM method MicroED, were determined (rom both racemic and homochiral
crystals. The benelits ol racemic protein crystals lor siructure delermination
by MicroED were evaluated and it was confirmed that the phase restriction
introduced by crystal centrosymmetry increases the number of successful trials
during the ab initio phasing of the electron diftraction data. Both homochiral
and racemic GSTSTA form amyloid-like protofibrils with labile. corrugated
antiparallel B-sheets that mate face to back. The racemic GSTSTA protofibril
represents a new class of amyloid assembly in which all-left-handed sheets mate
with their all-right-handed counterparts. This determination of racemic amyloid
assemblies by MicroED reveals complex amyloid architectures and illustrates
the racemic advantage in macromolecular crystallography, now with submicro-
metre-sized crystals,

1. Introduction

Expressed by a subset of microorganisms, ice-nucleation
proteins are capable of stimulating ice formation in super-
cooled waler (Green & Warren, 1985). The Gram-negalive
microbe Pseudomonas syringee is sold commercially as
Snomax™ for iis ice-nucleating activity (Green & Warren,
1985; Cochet & Widehem, 2000). The ice-nucleation protein
InaZ i3 produced by P. syringge and localized to its outer
membrane (Green & Warren, 1985; Wolber et af., 1986). The
sequence of TnaZ is approximately 1200 residues in length,
over half of which includes degenerate octapeptide repeats. A
subpopulation of degenerate repeats share the consensus
motif GSTXT(A/S), where X represents an unconserved
amino acid (Supplementary Fig. $1; Green & Warren, 1985;
Warren et al., 1986). These repeats are shared by other Ina
proteins and may collectively contribute to ice nucleation
(Green & Warren, 1985; Kobashigawa et al., 2005; Han ef al.,
2017).

Despite the crystallographic determination of structures of
other ice-binding proteins (Davies, 2014: Garnham, Campbell
& Davies, 2011), InaZ remains recalcitrant to crystallization.
Models of full-length InaZ have proposed it to have a S-helical
(Garnham, Campbell, Walker et o/, 2011; Graether & lJia,
2001) or solenoid-like fold rich in stacked fS-strands {Cochet &
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Widehem, 2000; Pandey et af., 2016). These features are shared
by amyloid filaments: their tightly mated S-sheets form fibrils
that can cross-link, cluster and be functional (Nelson et al,
2005; Sawaya et al, 2007; Fitzpatrick et al., 2017; Eisenberg &
Jucker, 2012; Maury, 2009). Functional amyloid assemblies
appear across the tree of life (Wasmer er al., 2008; Hughes ez
al., 2018; Maury, 2009; Tayeb-Fligelman et al, 2017) and can
contain low-complexity regions with degenerate repeats
(Hughes et al., 2018).

Success in determining amyloid structures was first achieved
by crystallizing short segments that stabilize the cores of fibrils
through a motif known as the steric zipper (Nelson er al., 2005;
Sawaya et al., 2007). However, the propensity of elongated
B-strands to twist or kink can limit crystal growth, sometimes
yielding nanocrystals that pose a challenge for structure
determination (Rodriguez et al, 2015). These limits have
recently been overcome in part by the development of the
cryo-electron microscopy (cryo-EM) method, electron
microdiffraction (MicroED; Shi et af., 2013). MicroED yields
high-resolution structures from protein crystals no thicker
than a few hundred nanometres (Shi et al., 2016; Rodriguez et
al., 2017). Because of this, MicroED has helped in determining
the structures of a number of amyloid protofibrils {Rodriguez
et al., 2015; Krotee et al., 2017) at atomic resolution, some ab
initio (Sawaya et al., 2016; Gallagher-Jones et al., 2018).

Racemic crystallography further facilitates the crystal-
lization of proteins and peptides (Matthews, 2009; Yeates &
Kent, 2012; Patterson et al, 1999), including ice-binding
proteins (Pentelute et al., 2008). Mixing left-handed (L) and
right-handed (D) enantiomers of a macromolecule improves
its likelihood of crystallization and facilitates structural
analysis (Yeates & Kent, 2012; Wukovitz & Yeates, 1995).
Crystallographic phases are restricted for data from centro-
symmetric crystals, making the phase problem associated with
the determination of their structure more tractable (Yeates &
Kent, 2012). This is advantageous for structure determination
by direct methods (Hauptman, 1986), where phases must be
computed from measured intensities alone (Hauptman, 1986,
2001; Sheldrick, 2008). Accordingly, various polypeptide
structures have been determined by racemic X-ray crystallo-
graphy, including those of ester insulin, plectasin and an
antifreeze protein (Pentelute et al., 2008; Avital-Shmilovici ez
al., 2013; Mandal et al, 2009, 2012). While the benefits of
racemic crystallography are evident for X-ray diffraction
(Matthews, 2009), questions remain about the potential for
exploiting these benefits in MicroED.

Hypothesizing that the repeat segments of the ice-nucleation
protein InaZ may form amyleid-like assemblies, we set out to
interrogate the structure of GSTSTA from both homochiral
and racemic crystals by MicroED. In doing se, we also assessed
the fidelity of MicroED data in racemic structure determina-
tion. By comparing the structures of homochiral and racemic
GSTSTA, we gauge the effect of racemic self-assembly on
protofibril architecture. With these structures of a core repeat
in the InaZ protein, we begin an atomic-level investigation of
peptide segments derived from ice-nucleation proteins
(Pandey et al, 2016).

2. Methods
2.1. Sequence analysis of ice-nucleation proteins

The sequence of the ice-nucleation protein InaZ from
P. syringae was screened for the existence of hexameric
degenerate repeat motifs that contained one or more threo-
nine residues (Supplementary Fig. S1). The repeats were then
evaluated for their propensity for amyloid fibril formation
by ZipperDB (Supplementary Fig. S1). For each, a Rosetta
energy score was calculated. A single repeat, GSTSTA, was
chosen from this list of hexameric sequences. This segment
appears five times identically in the sequence of InaZ, first at
residue 707, and is part of a group with the consensus motif
GSTXT(A/S) that appears 59 times in the InaZ sequence.

2.2. Synthesis, purification, characterization and
crystallization of .- and p-enantiomers of the InaZ-derived
peptide GSTSTA

The r-enantiomer of GSTSTA was purchased from
GenScript with 98% purity. The p-enantiomer of GSTSTA was
synthesized by solid-phase peptide synthesis and was purified
using a Waters Breeze 2 HPLC System in reversed phase
buffered with trifluoroacetic acid (Supplementary Fig. S2).
The two enantiomers were qualified by ESI-MS on a Waters
LCT Premier. The spectrum of the L-enantiomer showed an
[M+H]" peak of 523.30 g mol* (expected 523.22 g mol™?) and
a dimer [M+M+H]" peak of 10456 gmol™' (expected
1045.44 g mol™Y). The spectrum of the p-enantiomer showed
an [M+H]" peak of 523.24 g mol™ (expected 523.22 g mol ™)
and a dimer [M+M+H]" peak of 1045.49 g mol™ (expected
1045.44 g mol™Y) (Supplementary Fig. S2).

Crystals of L-GSTSTA were grown as follows. Lyophilized
peptide was weighed and dissolved in ultrapure water at
concentrations of between 82 and 287 mM, assuming a 1:1
ratio of peptide to trifluoroacetic acid (TFA) in the lyophilized
powder. Crystals were grown at room temperature by the
hanging-drop method in a high-content 96-well Wizard screen.
Of the many crystallization trials that yielded crystals, those
obtained from a condition consisting of 0.1 M CHES buffer
pH 9.5, 10% (w/v) PEG 3000 were used for microfocus X-ray
data collection. Another promising condition was optimized
by the hanging-drop method in 24-well plates. This condition
consisted of 0.1 M Mcllvaine (citrate—phosphate) buffer pH
4.2, 12.5%(w/v) PEG 8000, 0.1 M sodium chloride and was
used to grow crystals of L-GSTSTA in batch.

Crystals of racemic GSTSTA were grown as follows.
Lyophilized powders of L-GSTSTA and p-GSTSTA were
separately weighed and dissolved in ultrapure water so that
the concentrations of the two enantiomers matched. Crystal
formation was screened at concentrations ranging from 82 to
123 mM after accounting for TFA. Control trays containing
only L- or -GSTSTA were prepared simultaneously alongside
racemic screens. All three trays were stored and monitored at
room temperature, with crystal formation observed in various
conditions. Images of every well were collected after 3 h, one
day, three days, five days and seven days, and crystal formation
was monitored over time. A condition consisting of 0.1 M
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imidazole pH 8.0, 10%(w/v) PEG 8000 produced the best
crystals.

Crystals were batch grown for data cellection by MicroED.
Lyophilized L-GSTSTA peptide was weighed and dissolved
in 0.1M Mcllvaine (citrate—phosphate) buffer pH 4.2,
12.5%(wiv) PEG 8000, 0.1 M sodium chloride to an effective
final concentration of 123 mM, mimicking the final concen-
tration of a hanging drop in the 24-well optimization. Lastly,
the solution was seeded with crystal needles extracted from
crystals grown in the 24-well optimization described above.
Batch crystals of racemic GSTSTA were grown from lyophi-
lized L-GSTSTA and bD-GSTSTA that had been separately
weighed and dissolved in 0.1 M imidazole buffer pH 80
containing 10%(w/v) PEG 8000 to a final concentration of
50 mM for each enantiomer after accounting for the mass
contributed by TFA.

2.3. Microfocus X-ray data collection and structure
determination

Crystals of 1-GSTSTA were harvested from a 96-well
hanging drop using MiTeGen loops and flash-cooled in liquid
nitrogen. No additional cryoprotectant was used other than
the PEG 3000 that was already present in the mother liquor.
72 diffraction images were collected with an escillation range
of 5° from a single crystal; 40 of these were indexed and
integrated. Crystals of racemic GSTSTA were harvested from
a 96-well hanging drop using MiTeGen loops and flash-cooled
in liquid nitrogen. No additional cryoprotectant was used
other than the PEG 8000 that was already present in the
buffer. 144 diffraction images were collected with an oscilla-
tion range of 2.5° from a single crystal; 64 of these were
indexed and integrated.

Diffraction data were collected from both homochiral and
racemic GSTSTA crystals under cryogenic conditions (100 K)
on beamline 24-ID-E at the Advanced Photon Source (APS)
equipped with an ADSC Q315 CCD detector using a 5 pm
beam with wavelength 0.979 A. Signal was only limited by the
edge of our detector at approximately 1.1 A; as such, higher
resolution data could perhaps be achieved by modifying the
experimental peometry and/or adjusting the energy of the
X-ray beam in the experiment. Data from both homochiral
and racemic crystals were reduced in XS (Kabsch, 2010) and
yielded ab initio solutions using SHELXT and SHELXD
(Sheldrick, 2015). The phases obtained from these coordinates
produced maps of sufficient quality for subsequent model
building in Coot (Emsley et al., 2010). The resulting models
were refined against the measured data using PHENIX
(Adams et ai, 2010).

2.4. Electron microscopy, MicroED data collection and
structure determination

Crystals were prepared for MicroED data collection
following a variation of the procedures detailed in Rodriguez
et al. (2015) as follows. Following a 1:2 dilution in ultrapure
water, crystals were applied onto glow-discharged grids of
type (PELCO easiGlow) 300 mesh Cu 1/4. Excess liquid was

blotted off onto filter paper wetted with 4 pl ultrapure water
to avoid salt-crystal formation. Grids were plunge-frozen into
liquid ethane using a Vitrobot (FEI). Grids were then initially
stored in liquid nitrogen before being transferred to a liquid-
nitrogen-cooled Gatan 626 cryo-holder for insertion and
manipulation within the electron microscope.

MicroED data were collected from three submicrometre-
thick needle crystals of L-GSTSTA and two submicrometre-
thick needle crystals of racemic GSTSTA. Briefly, frozen
hydrated crystals of either L-GSTSTA or racemic GSTSTA
were visually inspected in overfocused diffraction mode on a
cryocooled FEI Tecnai F20 microscope operated at 200 kV
(Janelia Research Campus). The diffraction patterns used for
structure determination were collected on a TVIPS TemCam-
F416 CMOS detector in rolling-shutter mode. For L-GSTSTA,
diffraction patterns were collected during unidirectional
rotation with 2 s exposures. For racemic GSTSTA, diffraction
patterns were collected during unidirectional rotation with 3 s
exposures. A rotation rate of 0.30° s~ and rotation angles
ranging from —63° to 72° were used for both. Beam intensity
was held constant, with an average dose rate of 0.003-
0.005¢” A tsLor~001e” A2 per image, corresponding to
a total dose of ~1-3 e~ A2 per data set. Data were recorded
at an effective camera length of 730 mm, which is the
equivalent of a sample-to-detector distance of 1156 mm in a
corresponding lenseless system. All diffraction was performed
using a circular selected area aperture of ~1 |.11n2 in projec-
tion.

Diffraction movies were converted to the SMV file format
using TVIPS tools as described previously (Hattne et al.,
2015). Indexing and integration were performed in XDS.
Partial data sets from three L-GSTSTA crystals were sorted
and merged in XSCALFE. Intensities from a total of 196
diffraction images were merged. An ab initio solution was
achieved using SHELXD (Sheldrick, 2015). To achieve a
complete data set from racemic GSTSTA crystals, the inte-
grated diffraction intensities from partial data sets of two
different crystals were sorted and merged in XSCALE.
Intensities from a total of 145 diffraction images were merged.
An ab initio solution was achieved using SHELXD and
SHELXT (Sheldrick, 2015). Although XDS accurately
differentiated the Laue classification for the racemic GSTSTA
data, SHELXT, which dees not rely on user input for space-
group selection, ensured a correct solution for the racemic
data. SHELXT selected P2;/c as the racemic space group, a
choice corroborated by the systematic absences that were
present in the data. The phases obtained from the 1-GSTSTA
and racemic GSTSTA coordinates produced by SHELX were
used to generate maps of sufficient quality for subsequent
model building in Coot (Emsley et al, 2010). The resulting
models were refined with PHENIX (Adams et al., 2010), using
electron scattering form factors, against the measured data.

2.5. Analysis of homochiral and racemic GSTSTA structures

In the analysis of the hydrogen-bonding and assembly
interactions of each L-GSTSTA structure, an assembly of four
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strands, composed of two pairs in mating sheets, was used to
find all unique hydrogen bonds, while racemic GSTSTA
required an assembly of 12 strands composed of three strands
from a pair of mating sheets and six more strands related by
translation along the protofibril axis to achieve a unique set of
hydrogen bonds. Hydrogen bonds were tabulated from this
structure using HBPLUS (McDonald & Thornton, 1994).

Distances between strands along a sheet were calculated as
differences between « carbons of one strand and its neighbor
along the same sheet. These distances were calculated for both
GSTSTA and GNNQONY using PDB entry 1yjp (Sawaya ez
al., 2016). The angle between a strand and its corresponding
sheet was calculated against the plane formed by « carbons
along that sheet.

2.6. Analysis of phases in structures determined by MicroED
and X-ray crystallography

To analyze the distribution of phases associated with
reflections measured from racemic crystals by both X-ray and
electron diffraction, data reduction was performed in space
group 1 (P1) and refined in PHENIX against a model
encompassing the entire unit cell of four strands. This model
was obtained by applying all symmetry operations on the
asymmetric unit of the P2;/c structure. Refinement in F1
allowed symmetry to be broken, no longer restricting phases
to 0 or 180°, as the phases changed in the case where coor-
dinates deviated from their symmetry-related positions. The
resulting set of reflections and phases were analyzed in
MATLAB. We plotted the observed and calculated magni-
tudes of each reflection against each other and the set fitted by
linear regression. For each measured magnitude, the asso-
ciated phases were plotted and showed a bimodal distribution.
Histograms were drawn using these data to evaluate phase
distributions; the standard deviation of these was computed by
merging the distributions around 0 and 180° using a modulo
operation.

2.7. Analysis of paired reflections in MicroED and X-ray
crystallographic data

Merged data sets collected by either MicroED or microfocal
X-ray crystallography were paired for homochiral and racemic
crystals of GSTSTA. MicreED data .mtz files were scaled
against their corresponding X-ray counterparts, where corre-
sponding reflections were paired and missing reflections were
ignored within a single .mtz file. This was achieved using
custom scripts and the RSTATS program, which scaled and
compared common reflections between corresponding data
sets. The corresponding distributions of Fourier magnitudes
were then analyzed using MATLAB, in which a best-fit line
was determined for each of the paired data sets. Zones were
visualized using the HKLVIEW program, in which either h, &
or [ were selectively set to zero.

3. Results

3.1. Identification, synthesis and crystallization of
amyloid-forming ice-nucleation protein (INP) segments

With the goal of characterizing the structural properties of
degenerate repeats in INPs, we identified a group of hexa-
peptides within the set of InaZ repeats and evaluated their
amyloid-forming propensities (Goldschmidt e al, 2010;
Supplementary Fig. $1). We ranked the hexapeptides based on
their predicted propensity for amyloid zipper formation, their
repeated appearance in INP sequences and whether they
contained polar residues, including threonine (Supplementary
Fig. S1). We chose to further investigate a segment whose
sequence, GSTSTA, appears identically five times within InaZ
at residues 707-712, 755760, 803-808, 851-856 and 899-904.
For simplicity, we numbered the segment 707-712.

‘We evaluated the crystallization potentials of synthesized
L- and p-enantiomers of GSTSTA (Supplementary Fig. S2)
compared with that of their racemic mixture by performing
high-throughput crystallization trials and monitoring crystal
growth. Most crystals appeared within two weeks of the start
of each trial. In some conditions crystallization was observed
as early as 3 h after the start of the trial. Racemic mixtures
produced a greater number of successful crystallization
conditions across a broad variety of trials (Supplementary Fig.
§3). The number of successful conditions that were identified
for racemic mixtures outpaced those identified for each
enantiomer alone (Supplementary Fig. §3), which is consistent
with previous predictions (Yeates & Kent, 2012). In conditions
in which both racemic and single-enantiomer crystals grew,
racemic crystals appeared sooner (Supplementary Fig. S3).
Minor differences in the speed of crystal appearance and the
total number of conditions with identifiable crystals were also
seen between L- and D-enantiomers. Fewer conditions were
found to produce D-enantiomer crystals across all trials
(Supplementary Fig. S$3). These differences may have been a
consequence of subtle inequities in the amount of residual
triflucracetic acid (TFA) associated with each enantiomer in
Iyophilized powders. These effects may have been magnified
by the relatively high concentrations of peptide required for
crystallization of these segments (~100-150 ma).

The crystallization conditions chosen for structure deter-
mination of homochiral GSTSTA (L-GSTSTA) and racemic
GSTSTA (pL-GSTSTA) vielded a high density of well ordered
microcrystals, each with a unique powder diffraction pattern,
indicating they had formed distinct structures (Supplementary
Fig. S4). Microcrystals were optimized from these conditions
for microfocal X-ray diffraction; unoptimized batch conditions
yielded nanocrystal slurries that were directly suitable for
MicroED. Since the powder diffraction patterns of homochiral
GSTSTA crystals
(Supplementary Fig. S4), we focused our investigation on the

were identical for both enantiomers

L-enantiomer.

3.2. Ab initio structure determination of L-GSTSTA

We optimized crystals of L-GSTSTA for microfocal X-ray
diffraction, starting from dense needle clusters and ending
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with single needles (Supplementary Fig. S5). Crystals grown in
batch were monodisperse rods of 1-10 pm in length and 100-
500 pm in width; these diffracted to approximately 0.9 A
resolution by MicroED (Fig. 1). X-ray diffraction from a single
crystal of L-GSTSTA yielded a 91.7% complete data set to
approximately 1.1 A resolution (Supplementary Table S1),
while data scts from three crystals of 1.-GSTSTA obtained by
MicroED were merged to achicve a data sct with an overall
completeness of 86.4% at 0.9 A resolution. Tt is important to
notc that the X-ray data in this casc were limited by the
detector geometry. which could be adjusted to facilitate
slightly higher resolution. Atomic structurc solutions were
determined for L-GSTSTA from both microfocal X-ray and
MicroED data by dircct methods (Sheldrick, 2008; Supple-
mentary Fig. S6).

After 50 000 trials, SHELXD yiclded corrclation figures of
merit (CFOMs) of greater than 80 for both X-ray diffraction
and MicroED data (Supplementary Fig. S6; Sawaya et al.,
2016). The initial L-GSTSTA solution with the highest CFOM
shows 33 atoms for the X-ray data set and 36 atoms for the
MicroED data set (Fig. 2a and Supplementary Fig. 7). During
refinement, the number of atoms in the X-ray structure
incrcased to 36 peptide atoms and onc bound water
(Supplementary Fig. S7). The final solution achieved from the
0.9 A resolution MicroED data also contained 36 atoms in the
peptide chain and one water molecule (Fig. 2a).

3.3. Ab initio structure determination of racemic GSTSTA
from centrosymmetric crystals

Like the enantiomerically pure crystals of GSTSTA, crystals
of racemic GSTSTA started as dense needle clusters and were
optimized to single needles, and diffracted as single crystals on
a microfocal X-ray sourcc (Supplementary Fig. S5). Batch
crystals of racemic GSTSTA were also rod-shaped and were
scveral micrometres in length and a few hundred nanomectres
in thickness (Fig. 1). These were immediately suitable for
MicroED and diffracted to approximately 0.9 A resolution
(Fig. 1). Data from a singlc crystal obtained by X-ray
diffraction produccd a 93.7% complete data sct at 1.1 A
resolution, while MicroED data from two nanocrystals of
racemic GSTSTA were merged to reach overall
completeness of 77.4% at 0.9 A resolution (Supplementary
Table S1). Initial atomic structure solutions for racemic
GSTSTA were obtained by direct methods (Sheldrick, 2008;
Fig. 2b and Supplementary Fig. S7).

As with L-GSTSTA, solutions for the racemic crystals
yielded correlation figures of merit (CFOMs) of greater than
80 after 50 000 trials (Supplementary Fig. $6). A comparison
of the racemic GSTSTA and 1L-GSTSTA data sets indicated
that a higher number of potentially correct solutions were
found for the racemic GSTSTA data (Supplementary Fig. S6).
The MicroED data show a distribution of CFOM valucs that is
shifted towards higher valucs, cven when truncated to 1.1 A
resolution to match the resolution of the X-ray data scts.
However, the most dramatic shift in this distribution is evident
at 0.9 A resolution (Supplementary Fig. S6).

an
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Initial solutions with the highest CFOM show a total of 35
peptide atoms and four waters for the structure determined
from X-ray data, and a total of 36 peptide atoms and one water
for that determined by MicroED (Fig. 2b). During refinement,
the number of peptide atoms in the X-ray structure increased
to 36 (Supplementary Fig. S7), while the MicroED structure
gained two waters (Fig. 2b). Linecar regression of observed to
calculated structurc factors for the MicroED data shows an R
value of .94 and a slope of 0.97 for data reduced in space

< Nossa
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A

Figure 1

Single diffraction patterns of homochiral 1-GSTSTA (a) and racemic
GSTSTA (b) measured during continuous-rotation MicroED data
collection. Each pattern corresponds to a (.6° wedge (a) or a 0.9° wedge
(h) of reciprocal space. Black insets show overfocused diffraction images
of the crystals used for diffraction; blue squares correspond to magniﬁeg
regions (blue insets) of the pattern that show diffraction at sub-0.9 A
resolution (black arrows). Resolution circles are indicated by rings; scale
bars are 2 pm in length.

1UCr) (2019). 6, 197—205

Chih-Te Zee et al. + MicrofD structuresof a peptide repeat of InaZ -

36



research papers

group P1 (Fig. 3¢). These values are in good agreement with
those obtained by microfocal X-ray diffraction (Supplemen-
tary Fig. $11c) and indicale a good [it between model and
measurement for the racemic GSTSTA structure.

3.4. Paired comparison of Fourier magnitudes measured by
X-ray crystallography or MicroED

A comparison between the X-ray and MicroED data scts
for homochiral crystals of GSTSTA shows that these two types
of mcasurcment arc in clesc agrecement (Supplementary Figs.
S8 and §9), although slightly higher merge crrors are observed
in the MicroED data across resolution bins {Supplementary
Table S2). A dircct comparison of Fouricr magnitudes for
paired rcflections between these data scts is fitted by a line
with a slope of 0.921 and an R valuc of 0.826 {Supplementary
Fig. S8). In contrast, thc comparisen bctween X-ray and
MicroED data lor racemic GSTSTA shows a greater diller-
ence between the two sets and a lower R value for the best-fit
linc comparing the Fouricr magnitudes of paired X-ray and
MicroED rellections (Supplementary Figs. S8 and S10}. This
dilference is likely to be owing te a lack ol isomorphism
between the unit cells of the racemic GSTSTA cryslals used
[or MicroED data collection versus X-ray data collection. The
unit-cell parameters for racemic GSTSTA crystals obtained by
MicroED and microfocal X-ray crystallography were a = 15.23,
b=9.29,¢c=21.06 A, =900, = 1082, y= 90.0° and a = 14.03,
h =922 c=20.77 ,5\, o =900, f=1045, y=90.0", respectively
(Supplementary Table S1).

3.5. Phase restriction in centrosymmetric crystals evaluated
by MicroED

Data from racemic GSTSTA crystals obtained by MicroED
and reduced in the centrosymmetric space group P21/e salisly
relinement with imposed phases of 0 or 180°. The reflinement
of data from the same crystals reduced in space group Pl
results in similar residuals to those oblained [or space group
P21/c (Supplementary Table S1). The
phases that result from refinement of
this structure against data reduced in
spacc group P1 appear to be bilaterally
distributed around 0 and 180° (Fig. 3a).
Collapsc of this bimodal phasc distri-
bution around aw viclds a standard
deviation of 34.3° (Fig. 3). When the
same procedure is applied te data
collected from racemic GSTSTA crys-
tals by X-ray diffraction, a similar trend
appears: a normal distribution around
nw with a standard deviation ol 34.4°
(Supplementary  Fig.  S11). Bragg
rcflections that appear in disallowed
regions ol phase space {90 and 270°) lor
both MicroED and X-ray dilfraction
data are generally weakest (Fig. 3 and
Supplementary Fig. S11). This suggests
that the primary source ol phase error

L-GSTSTA &S

aBigigl

rac-GSTSTA &

Figure 2

Ab initio
T(fﬁ%@! @
@ﬁ“n G N @@.\ P

in MicroED data, as with X-ray diffraction, may comc from
noisy or weak rellections.

3.6. Structure of L-GSTSTA

L-GSTSTA assembles into antiparallel in-register -sheets
that mate to form a protofibril (Fig. 4a and Supplementary
Figs. §12 and $13). The sheets are buckled, compressing the
fibril along its length with strands spaced approximatcly 4.6 A
apart (Fig. 4a and Supplementary Fig. $14), closer than the
typical 4.7-4.8 A spacings sccn in amyloid protofibrils
(Sawaya et al., 2007). This spacing cquates to half of the
L-GSTSTA ccll edge along the a axis: approximately 92 A
(Supplcmentary Table 81}, To accommodate this compression,
the strands tilt approximately 17¢ with respect to the fibril axis
in alternating directions along a sheet, allowing the amides to
lic askew from the fibril axis (Supplementary Fig. $14) while
maintaining hydrogen bonding along the protofibril axis
(Supplementary Table $3). Side chains between neighboring
sheets tightly interdigitate to create a closc packing within the
libril (Supplementary Fig. §12): the inter-sheet distances range
from 5 to 7 A. The interface created at the fibril core is small,
with 229 A2 of buried surface area, but shows a relatively high
degree of shape complementarity (S. = 0.75; Lawrence &
Colman, 1993). The rL-GSTSTA protolibril appears tightly
restrained within the crystal structure, as shown by a mean B
[actor of 0.92 A”. The modeled water molecule also appears Lo
be well ordered, particularly in the structure of L-GSTSTA
determined by MicroED, where it has a B factor of 3.28 A
The single coordinated water is hydrogen-bonded to Ser708,
the C-terminus of a symmetry-related strand and the back-
bone of Thr709 in the mating sheet (Fig. 4, Supplementary
Figs. §12 and $13, and Supplementary Table S4).

3.7. Structure of racemic GSTSTA

In crystals of racemic GSTSTA, homochiral strands stack to
form single-enantiomer antiparallel S-sheets (Fig. 4b and

Refined

Ab initio structurcs and cleetrostatic potential maps of L-GSTSTA (a) and raccmic GSTSTA (b).
Each map in (a) is overlaid onto the initial atomic coordinates calculated by SHELXD from
MicroED data. Each map in (b) is overlaid onto its corresponding refined model. The 2F, — £, map
represented by the black mesh is contoured at 1.20. Green and red surfaces represent £, — F. maps
contourcd at 3.0¢ and —3.0, respectively. Modeled waters are present as red sphercs. The watcers
modcled in the ab initio solution in (a) and the refined structure in (b) arc related by symmetry.
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Supplementary Fig. $13). Like the homochiral 1-GSTSTA
sheets, the racemic GSTSTA sheels are buckled, with adjacent
strands spaced 4.6 A aparl along each sheel (Fig. 4b). In the
structure of racemic GSTSTA these sheets pack with alter-
nating chirality, whereby each racemic GSTSTA protofibril is
composed of one L-GSTSTA sheet and one p-GSTSTA sheet
(Fig. 4b). The packing of pD-GSTSTA sheets against their
L-GSTSTA mates in the racemic fibril differs from that seen in
the homochiral fibrils of 1-GSTSTA. An alignment of the two
protofibrils shows n-GSTSTA sheets displaced by approxi-
mately 5.3 A compared with their corresponding 1. counter-
parts in the homochiral fibril (Fig. 4 and Supplementary Fig.
§15). As a result of this displacement, the sheets arc spaced
farther apart (7-8 :A) in the racemic GSTSTA protofibril
(Fig. 4 and Supplementary Fig. $12).

The longer spacing between sheels in the racemic GSTSTA
protolibril is associaled with bridging walers al ils core
(Supplementary Fig. S12). These waters make extensive
contacts along the protofibril, with each hydrogen-bonding to
al least one residue (Fig. 4. Supplementary Fig. S13 and
Supplementary Table S4). Notably, the racemic GSTSTA
structure shows a distinct rotamer for Ser710. which appears

Feate

80 100 120 140

Fntls
(©

Figure 3
(«) The calculated phase associated with each reflection in the Pl
refinement of racemic GSTSTA data obtained by MicroED was analyzed
and plotted as a histogram along the unit circle. (b)) The magnitude of
euch refllection is plotted as a function of the absolule value ol ils
associated phase. (¢) A plot of I, versus F, values for each reflection in
this data set shows a distribution that can be fitted by linear regression,
shown as a red line, with slope = L97 and R value 0.95.

bound to an ordered water, unlike its equivalent residue in the
homochiral structure (Fig. 4, Supplementary S15 and
Supplementary Table 84). One water (water 1; Supplementary
Table S4) links Ser708 and Thr711 on the same D sheel while
also coordinating Ser708 ol the adjacent L sheel. This waler is
isolated from the other walers found within the structure. A
small network of waters near the protofibril core links the
carboxvlate of one strand to Thr711 of a symmetry-related
strand (Fig. 4. Supplementary Table S4). As in the structure of
homochiral 1.-GSTSTA, the peptide atoms and bound waters
in racemic GSTSTA show low B factors.

4. Discussion

lce nucleation by FP. syringae is linked to the expression of
surface proteins, including InaZ (Wolber ¢f «l., 1986). While
[ull-length InaZ and InuZ [(ragments help to nucleate ice
(Green & Warren, 1985; Kobashigawa ef al., 2003), individual
InaZ repeats do not (Han et al., 2017). However, al the high
concentrations required for crystallization, GSTSTA repeats
self-assemble into a protofibrillar structure of corrugated
B-sheets (Supplementary Fig. S$14). Similar structures are
formed by both racemic GSTSTA and .-GSTSTA, and both
contain ordered waters bridging tightly packed antiparallel
f-sheets (Fig. 4, Supplementary Figs. S12 and $13). These
waters may play a role in helping to stabilize the GSTSTA
protofibril or could act as bridges or templates for solvent
ordering at low temperaturcs. While we have no evidence to
suggest that GSTXT(A/S) repeats facilitate the formation of
amyloid-likc InaZ protofibrils, our structurcs of GSTSTA
present an opportunity to analyze the intcractions between
polar residuces in InaZ repeats and ordered solvent molccules
at atomic resolution.

The structures of entantiomerically pure and racemic
GSTSTA present a platform for the comparison of homochiral
and racemic amyloid protofibrils (Supplementary Fig. $16). To
evaluate the packing of each GSTSTA protofibril, we look at
the categorization of strand packing in amyloid fibrils through
homosteric zipper classes, which were first proposed by
Sawaya er al. (2007) and later by Stroud (2013). Many of these
classes have been experimentally observed in amyloid crystals
(Nelson er al., 2005; Sawaya er al., 2007). Homochiral GSTSTA
forms a class 8 zipper in which two in-register, antiparallel
p-sheets mect, related by a 1807 rotation normal to the
protofibril growth axis (Sawava ef al., 2007; Stroud, 2013). The
racemic GSTSTA structurc rescmbles a class 8 zipper but is
distinet in that two sheets of opposite handedness come
together to form the protofibril (Supplementary Fig. $16).
Because of this similarity to a class 8 zipper, we label this
arrangement class 8 bar (Supplementary Fig. 5§16).

The increased propensity lor crystallization by racemic
mixtures could be exploited to [acilitate the growth ol amyloid
erystals. The symmelry present in racemic amyloid crystals
would have to accommodate the packing ol homochiral
protofibrils into the racemic structure or allow the formation
of racemic protofibrils (Yeates & Kent, 2012), as is the case
with GSTSTA. Our experiments in high-throughput crystallo-
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Views of protofibrils of 1-GSTSTA (a) and racemic GSTSTA (b) represented by a pair of sheets with a view down the protofibril axis; both structures
were derived by MicroED. A 90° rotation shows a side view of the protofibril with strands stacked along cach sheet in an antiparallel fashion. Another
907 rotation shows a side view of the protofibril along the strand axis, showing a buckling of each sheet owing to the tilting of strands away from or
towards the protofibril axis. Chains are colored such that blue represents L-peptides while magenta represents b-peptides. Lighter and darker shades of
each color differentiate the orientations of strands within a sheet. Ordered waters found in each asymmetric unit are indicated by colored squares that
correspond to the insets of matching colors. The insets show magnified views of each water molecule, with hydrogen bonds represented by yellow dashed

lines and labeled with their corresponding distances in A.

graphic trials of GSTSTA confirm the expected higher
propensity for crystallization of racemic mixtures (Yeates &
Kent, 2012; Supplementary IFig. 83), yielding a high number of
conditions that contain submicrometre-sized crystals suitable
for MicroED. The facile determination of ab initio structures
from these erystals demonstrates how MicroED combined
with solid-phase polypeptide synthesis (Dawson ef al., 1994;
Merrificld, 1986) can expand the rcach of racemic crystallo-
graphy to submicromctre-sized crystals.
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Table 81

Supporting information, sup-1

Crystallographic data collection and refinement statistics.

Values in parentheses are for the highest-resolution shell. All modelled waters have an occupancy of 1 after

refinement.

Crystal L-GSTSTA Racemic GSTSTA

Data collection
Beam Type X-ray electron X-ray electron
Space group P2:1212, P2:2:12; P2,/C P2,/C
Cell dimensions

a, b, c(A) 9.2111.9822.80 9.1911.892243 15239.2921.06 14.039.2220.77
o B, 7 (%) 90.090.090.0 90.090.090.0  90.0108290.0 90.0104.590.0

Resolution limit (&) 1.1(1.14-1.1) 0.90(0.93-0.90) 1.1(1.14-1.1)  0.9(0.93-0.90)
Wavelength (&) 0.979 0.0251 0.979 0.0251
No. of crystals merged 1 3 1 2
Rinerge 0.125(0.241)  0.1618 (0.3651)  0.076(0.163) 0.128 (0.352)
Runeas 0.136 (0.265) 0.185 (0.422) 0.094 (0.206) 0.151(0.411)
Ryim 0.053 (0.108) 0.084 (0.200) 0.053 (0.123) 0.078 (0.207)
Voo 10.6 (6.7) 5.52(2.60) 6.99 (2.98) 5.46(2.47)
CCin 0.99 (0.99) 0.99 (0.74) 0.99 (0.99) 0.99 (0.96)
Completeness (%) 91.7 (72.7) 86.4 (80.0) 93.7 (82.4) 77.4(78.4)
No. reflections 7054 (516) 7494 (624) 5980 (477) 9884 (963)
No. unique reflections 1079 (80) 1750 (164) 2097 (191) 2906 (304)
Multiplicity 6.5 (6.5) 43(3.8) 29025 3.4(3.2)

Refinement

Resolution range (&) 11.4-1.1 (1.14-1.1)7.1-0.90 (0.94-0.9)14.4-1.1 (1.14-1.1) 7.6-0.90 (0.94-0.9)

No. of Reflections
(work)
R-work
R-free
CC(work)
CCffree)
No. of hydrogen atoms
No. of non-hydrogen
atoms
Peptide
Water
B-factors (A2)
Peptide
Water

968 (72)

0.061 (0.078)
0.069 (0.087)
0.997 (0.995)
0.987 (1.000)
31
37

36

1.77
4.78

1573 (16)

0.217 (0.305)
0.232 (0.287)
0.940 (0.786)
0.950 (0.744)
31
37

36

0.92
3.28

42

1873 (168)

0.199 (0.342)
0.237(0.311)
0.989 (0.897)
0.989 (0.725)
31
40

36

9.17
15.1

2607 (274)

0.233 (0.311)
0.252(0.421)
0.953 (0.862)
0.953 (0.706)
31
39

36

2.40
20.81
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Rms deviations
RMS(bonds, A) 0.007 0.009 0.008 0.008
RMS(angles, ©) 1.55 1.06 0.76 1.12
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Supporting information, sup-3

Table 82  Data reduction statistics for homochiral and racemic GSTSTA crystals for microfocal x-

ray diffraction and MicroED.

Resolution Number of Reflections R-Factor
Limit Observed Unique Possible Completeness Observed Expected Compared I/c Rmeas CC(1/72)
Racemic GSTSTA
MicroED
1.79 1149 357 471 75.8% 8.4% 9.1% 1146 9.94 10.0% 99.1%*
1.43 1230 363 470 77.2% 13.4% 12.3% 1226 7.67 15.8% 98.1*
1.25 1248 364 473 77.0% 15.0% 15.6% 1242 6.07 17.6% 98.9%
1.13 1238 358 459 78.0% 14.5% 15.4% 1233 5.41 17.1% 99 2%
1.05 1252 360 462 77.9% 16.9% 18.5% 1242 5.20 19.7% 98.1*
0.99 1271 360 466 77.3% 24.0% 26.3% 1262 3.99 27.9% 98.2*
0.94 1288 366 458 79.9% 35.4% 40.1% 1283 312 41.5% 90.3*
0.90 1208 378 487 77.6% 36.3% 44.3% 1149 2.45 42.6% 94.3%
total 9884 2906 3746 77.6% 