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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 
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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 filtration1,2; 

development and analysis of semiconductors3,4; and optimization of drug candidates5,6 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 awards7,8,9,10. 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 crystallized11, 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-Å and 5.5-Å resolution came in 1959 and 1960, respectively12, 
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13.  These structures were followed with a 2-Å resolution structure for myoglobin in 196014 and a 

2.8-Å structure for hemoglobin in 196815. Besides crystallography, recent advances in cryo-EM 

have enhanced resolving power to approach atomicity16, 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 1030 possible folded states. If each configuration 

takes a picosecond to sample, then it would take 1018 seconds to try all possible states, equivalent 

to billions of years, which is longer than Earth’s existence18. 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 paradox19. 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 sequence20. 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 objectively21. In 2018 and 2020, 

AlphaFold, an artificial intelligence (AI) program developed by Google took center stage by 

winning both CASP13 and CASP14, respectively22, 23. Instead of using energy minimization to 



 

4 
 

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 

structures24, 25. AlphaFold allows structural biologists to procure initial models to help process data 

recalcitrant to ab initio data processing26 and some labs have already demonstrated the accuracy 

of AlphaFold models by using them as starting models to solve novel structures27, 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 set29 and 2) can only predict a single state for a structure even if 

the data suggests the presence of multiple states.30 Thus, AlphaFold’s in silico structures still 

require validation through wet lab experiments31. 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)32, 33. 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 proteome34. 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 nonroutine34, 35, 36. 

 

1.2 Protein Crystallization: Practical Limitations 

For crystallography, complications of retrieving structural information from diffraction data 

have centered on crystallization and solving the phase problem37, 38.  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.”39 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 pipeline40. 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 

data37. 

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 

scattering41. Within this relatively low number of scattering events, even fewer photons scatter 

elastically42. 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 crystal43, 44. 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 crystal45, 46. 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 scale47.  

  

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 
µm48. FMX, the micro-focusing Frontier MX beamline in sector 17-ID-2 at NSLS-II is capable of a 
1 µm x 1.5 µm X-ray beamline49. 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 collection50, 51. 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 
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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 desirable52. 

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 1011 times per second at room temperature53. Even at 

cryogenic temperatures (-196°C), the same bond would be expected to rotate approximately 105 

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 rigid54, 55. 
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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 crystallographers56, 57. 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 cell58, 59, 60, 61, 62. This method usually 

requires a high-resolution dataset of at least 1.1 Å63. 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 195664, and it remains in use today 65, 66. 

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 protocols67. Differences between the diffraction 



 

10 
 

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 solutions68, 69. 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, l) equals the intensity observed at the 

centrosymmetrically-related lattice position (-h, -k, -l). The pair of reflections (h, k, l) and (-h, -k, -

l) 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 

model70, 71. 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.72 and have since been used 

to solve more than 100 of the structures deposited in the Protein Data Bank (PDB)73, 74. 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 (Fcalc) similar to the observed (Fobs). 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 Fobs 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 

Direct 
Methods 

 Does not require additional 
wet lab experimentation 

 Excellent for small 
molecules 

 Requires high-resolution 
data (~1.1 Å or better) 

 Low feasibility for larger 
molecules such as proteins 

none; 
ab initio 

Molecular 
Replacement 

 Flexible: can be used with 
various data resolutions 

 Does not require additional 
wet lab experimentation 

 Relies on the usage of a 
previously solved structure 
that is similar to the 
unknown structure as a 
search model  

high 

Fragment-
based 

Phasing 

 Subset of molecular 
replacement; no additional 
wet lab experimentation 

 Low model bias if 
fragments represent a low 
percentage of asymmetric 
unit 

 Requires the generation of 
an appropriate fragment 
library 

 Strong model bias if 
fragments represent a high 
percentage of asymmetric 
unit 

variable 

Isomorphous 
Replacement 

 Can be combined with 
anomalous dispersion to 
improve phasing power 

 Can be repeated with 
different heavy atoms to 
increase the accuracy of 
initial phases 

 Requires incorporation of 
heavy atom(s) via additional 
web lab work 

 Unit cell may change during 
heavy atom incorporation, 
invalidating method 

none: 
ab initio 

Anomalous 
Dispersion 

 Can be combined with 
isomorphous replacement 
to improve phasing power 

 Can be repeated at multiple 
wavelengths to increase the 
accuracy of initial phases 

 Requires incorporation of 
anomalous atom(s) via 
additional wet lab work 

 Unit cell may change when 
incorporating anomalous 
atom, invalidating method 

none: 
ab initio 

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 

pipeline38. 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)75, 76. Building upon 2D diffraction work by many scientists 

from various fields77, 78, 79, 80, 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 experiments81. 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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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-α. 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 face82. 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 

Atomic Scattering Cross Section: X-ray vs Electron

Energy H C N O S

X-ray (8 KeV) 6.551 x 10
-29

9.127 x 10
-27

1.758 x 10
-26

3.090 x 10
-26

5.039 x 10
-25

Electron (200 KeV) 2.261 x 10
-24

5.005 x 10
-23

5.395 x 10
-23

5.683 x 10
-23

2.161 x 10
-22
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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 intensities83, 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 diffraction85. 

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 bonds86,87. 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 diffraction88, 89. 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 replacement90. 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 Å)91, 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 198992 and first demonstrated by Laura Zawadzke and 

Jeremy Berg in 199393, 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 199594, and 

summarized later by Yeates and Kent in 201295, 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 form96, 97, 98. 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 size99, 100, 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 phasing95, 

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 

π, 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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Ab initio MicroED structure of racemic macrolittin 70 
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Abstract 

The routine structural characterization of proteins and peptides using MicroED would be a great 

advance in the biophysical field. Toward this end, we hope to develop methods for structural 

determination using MicroED that can be employed with a standard instrumental set-up. Here we 

determine the structure of a 26-residue pore-forming peptide, macrolittin 70, using racemic 

crystallization, MicroED, and fragment-based phasing methods. 

Introduction 

MicroED is a powerful tool whose potential for routinely acquiring high-resolution 

structures of proteins and peptides from imperfect crystals, e.g., mosaic or micro crystals, has yet 

to be fully realized. Recent advances1-3, notably work from Gonen, T. and co-workers4, highlight 

this potential. However, the protocol implemented in the aforementioned work required advanced 

sample preparation, data collection, and data analysis; more advanced than would be expected 

of a general user. Here we combine racemic crystallization and fragment-based phasing to 

determine the structure of a 26-residue peptide, macrolittin 70. The structure of this peptide is 

novel and to our knowledge, the longest ab initio and novel peptide or protein structure to be 

determined using MicroED methods. 

Macrolittin 70 is a peptide developed by the Hristova and Wimley labs who aimed to design 

peptides with high pore-forming activity. The sequence of macrolittin 70 is a variant of the 

canonical example of a cytotoxic peptide, melittin. Starting from the melittin sequence, the Wimley 

and Hristova labs have discovered a number of peptides that induce pore-formation in neutral 

mailto:iufcri@ibmb.csic.es
mailto:rodriguez@chem.ucla.edu
mailto:gellman@chem.wisc.edu
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conditions and in a pH-dependent manner using “synthetic molecular evolution5-8.” The synthetic 

molecular evolution process consists of iterative combinatorial library design and high-throughput 

screening to identify “gain-of-function” variants. Wimley, W. C. and co-workers first used this 

approach to assess the pore-forming activity of a 7776-member rational combinatorial library of 

melittin variants where 10 of the 26 residues were randomized8. Employment of the “split and 

combine” method9 allowed for the randomization of amino acid composition at defined positions 

in the peptide sequence. This study led to the identification of MelP5, a peptide that is able to 

induce the leakage of small molecules at extremely low peptide:lipid ratios (~1:1000) in vesicles 

with various lipid compositions where melittin is inactive. 

Macrolittins are a class of the peptides that are able to induce small molecule and 

macromolecule leakage at neutral pH8. The macrolittin sequences are derived from the Mel P5 

peptides with 9 randomized positions. This library was screened for small molecule and 

macromolecular leakage in POPC vesicles. Small molecule leakage was assessed by incubating 

the peptides in the presence of vesicles containing encapsulated ANTS, a small molecule 

fluorophore, and DPX, an ANTS quencher. Leakage is measured by an increase in ANTS 

fluorescence as a result of the dilution of DPX which occurs when it escapes from the vesicle. 

The peptides were also assessed for leakage of the large molecule TAMRA-biotin-dextran 40 kDa 

(TBD) in the presence of fluorophore-labelled streptavidin. Leakage was quantified by measuring 

FRET between the TBD and fluorophore-labelled streptavidin. Macrolittins are able to achieve 

100% leakage of TBDs at peptide to lipid ratios as low as 1:50007. One of the most highly active 

peptides from this library is macrolittin 70. 

Previously, we were able to able to elucidate the structure of melittin by co-crystallizing 

the racemic variants of melittin, L- and D-melittin10, a technique called racemic crystallography11. 

As macrolittin 70 and melittin share many chemical similarities, we set about using racemic 

crystallography to determine the structure of macrolittin 70 in order to potentially identify structural 

differences between the two peptides that could account for the difference in pore-forming activity. 
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Many crystals of the 1:1 mixture of L- and D-macrolittin 70 were obtained but we observed high 

lattice disorder during X-ray diffraction data collection that precluded structural elucidation. We 

turned to MicroED and were able to successfully determine the structure of macrolittin 70 using 

fragment-based phasing and molecular replacement methods. The structural determination of 

macrolittin 70 has presented a great case-study for: elucidating novel structures using MicroED, 

allowing the comparison of fragment-based phasing versus molecular replacement with models 

generated with AlphaFold, and identifying crystal qualities that may lead to higher versus lower 

crystal stability. 

 
Results 

Attempts with X-ray Crystallography and Batch Crystallization 

Racemic crystallization has been harnessed to acquire the structures of systems that are 

recalcitrant to homomeric crystallization. It has been applied to antimicrobial and cytotoxic 

peptides including: baboon Θ-defensin-2 (BTD-2),12 derivatives of the host-defense peptide, 

magainin 2,13,14 and melittin.10 Our report of the structure of racemic melittin demonstrated that 

the co-incubation of the peptide racemates did not disrupt the homomeric association of the 

peptides as demonstrated by the overlay of the homomeric and racemic structures.10 We 

reasoned that the chemically similar macrolittin 70 would be a good candidate for structural 

elucidation via racemic crystallization. We screened both homochiral and racemic macrolittin 70 

for crystal hits. We found that the racemic mixture of macrolittin 70 crystallized much more readily 

than its homochiral counterpart. Well-defined crystals of the racemic system were observed in 14 

of the 192 conditions screened versus 4 for the enantiomerically pure, L-macrolittin 70. In 

screening the crystals for X-ray diffraction, we were only able to observe diffraction for some of 

the racemic crystals and thus only moved forward with the optimization of the racemic system 

(Supplementary Figure 1). 
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Initial hits from 96-well screens were optimized using hanging-drop vapor diffusion 

methods in 24-well trays. We obtained crystals of various morphologies, which were appropriately 

sized for X-ray diffraction. Multiple conditions yielded such crystals; however, regardless of which 

condition we used, the single crystals diffracted X-rays poorly, displaying sparse, fuzzy patterns 

indicating disorder in the crystal lattice (Supplementary Figure 2). We observed an interesting 

phenomenon when transferring the crystal trays from the room in which they were prepared 

(average temperature of 22°C) to the room in which the 16°C environment: crystals suitable for 

electron diffraction was observed to form in the hanging drop. The temperature dependence of 

the formation of these crystals was made evident by the melting of the crystals when equilibrated 

back to 22°C (Supplementary Figure 3). 

As a response to observing the formation of these small crystals in the 24-well optimization 

trays, we attempted batch crystallization with one of the crystallization conditions that had 

previously produced large crystals: 25% isopropanol, 0.2M NH4OAc, 0.1M Tris-HCl, pH 8.5. 

However, to better replicate the observed crystal formation at lower temperatures, we chilled both 

the racemic peptide solution and the crystallization reagent to 4°C. When the two chilled solutions 

were mixed, needle crystals of appropriate size for electron diffraction immediately formed. 

However, when these crystals were deposited and vitrified, they diffracted poorly in a similar 

manner to the diffraction attempts with X-ray. We hypothesize that the crystallization reagent, 

isopropanol, was evaporating at such a rapid rate that the crystal lattice was becoming damaged 

during crystal extraction or vitrification, for X-ray and electron diffraction, respectively.  

We then switched to a PEG3350-based crystallization condition for batch crystallization to 

avoid the adverse effects of the isopropanol. Again, a crystallization solution, chilled to 4°C was 

mixed with a chilled racemic peptide solution. Unlike the isopropanol condition, amorphous 

aggregates formed instead of needle crystals. Despondent, the batch was left in an ice bath 

overnight. Surprisingly, needle crystals, previously unobserved, started to form. The batch was 

stored at 4°C, and the number and size of the crystals grew (Supplementary Figure 4). The 
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diffraction quality of these crystals were much better than the crystal grown in isopropanol, and 

we decided to move forward with this batch condition. 

 
Data Collection, Phasing, and Space Group Assignment 

After optimizing the batch crystallization, the deposition and vitrification of the macrolittin 

70 crystals were optimized for ED data collection. Unlike the tightly packed unit cells of small 

molecules and amyloidogenic peptides that we had handled in the past15, 16, the macrolittin 70 

crystal is expected to be packed loosely (owing to the relatively large size of macrolittin 70) and 

thus contain a large amount of solvent (estimated to be 37.61% if C2 asymmetric unit contains 4 

helices). Since suboptimal packing is expected, it is reasonable to expect greater disorder and, 

thus, weaker diffraction. In an effort to boost the signal to noise ratio, we decided to increase our 

exposure time and decrease the oscillation angle per image (Supplementary Figure 5). 

While the resolution of the data only reached around 2.3 Å, higher resolution would have 

been difficult to accommodate as 2.3 Å is already near the detector edge; a shorter camera 

distance would inevitably cause overlaps in the already proximal spots and prevent proper 

indexing and integration of the dataset. On a related note, beam drift at a longer camera distance 

is much more significant. Compounded with the slower rate of oscillation (overall longer data 

collection time), the accumulated beam drift significant affected data processing after collection. 

XDS does not support frame to frame beam correction, but we circumvented the issue by 

separating the diffraction movies into halves and indexed and integrated them as separate 

datasets. Data from 4 different crystals, indexed and integrated as 6 data sets, were merged to 

achieve a reflection file with 82.5% completeness at 2.3 Å resolution (Table S1). The space group 

of the unit cell was assigned as C2/c due to the clear presence of zonal absences. 

 The resolution of our data was insufficient to use direct methods successfully for phasing. 

Alternatively, molecular replacement seemed plausible; however, the quality of search models 

was at the time was relatively poor, and this molecular replacement is subject to model bias. So, 
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we turned to fragment based phasing. Many of the publicly available versions of fragment-based 

phasing programs could not handle the apparently centrosymmetric (C2/c) space group of our 

crystal.  Isabel Usón, with developer access to one of the phasing programs, recoded it to accept 

the centrosymmetric C2/c space group. A standard α-helical fragment library, consisting of 

polyalanines, was used. Other than the usage of a specialized space group, no other significant 

roadblock was observed: initial phasing solution presented the expected difference density for the 

polyalanines to be mutated to their appropriate identities. 

 After phases were successfully retrieved with fragment-based methods in space group 

C2/c, the atomic model was refined. Despite best efforts, the lowest Rwork achieved while enforcing 

C2/c symmetry and maintaining a Rwork to Rfree split of less than 5-7% was 27.85%. Additionally, 

when binned by resolution, high R-factors were observed at high-resolutions (Table S2). The 

inability to refine the structure to R-values less than 25% and the high R-factors observed in the 

high-resolution bins led us to suspect pseudo-symmetry. Since there is precedence with racemic 

melittin6, we suspected that there is some breakage in the glide symmetry. In order to confirm our 

suspicions, we expanded the atomic coordinates of the asymmetric unit from C2/c to C2 and 

refined the structure. To compare the coordinates of the L- and D- macrolittin 70 molecules, we 

inverted the asymmetric unit and superimposed the inverted coordinate with the original. The α-

carbons of the superimposed asymmetric units had an RMSD value of 0.358 Å, signifying only 

small deviations in the backbone of L- and D-molecules. However, alignment using all atoms, 

produced an RMSD value of 0.947 Å. This result suggests that the bulk of the structural 

differences between L- and D- molecules are contributed by differences in side chain 

conformations. These differences in fine features in the unit cell was reflected in the high R-factors 

in the high resolution bins when C2/c was enforced during structure refinement. Releasing the 

glide plane restriction by expanding the atomic coordinates to C2 allowed the refinement process 

to account for these differences and resulted in lower R-factors. So while the original space group 

assignment was C2/c, we carried out the final refinements with C2 symmetry. 
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Assessment of the Racemic Macrolittin 70 Structure 

The racemic macrolittin 70 structure shares many commonalities with the racemic melittin 

structure described in the previous communication. Similar to the racemic melittin (PDB 64oM) 

structure, the asymmetric unit consists of an antiparallel dimer. This dimer consists of hydrophobic 

“concave” face ad hydrophilic “convex” face. Upon generation of symmetry partners in the racemic 

macrolittin 70 crystal lattice one sees that these dimers form tetrameric assemblies resulting from 

the burying of the hydrophobic concave faces of two macrolittin 70 dimers. However, there are 

marked differences observed between the structures. The residue modifications made to 

generate macrolittin 70 from melittin include drastic changes to the side chains such as: 

hydrophobic to anionic mutations (A4_E, V8_E, and A15_E), cationic to hydrophobic mutations 

(R22_A and K23_A) and a polar to hydrophobic mutation (T10_A). The cationic to hydrophobic 

mutations are particularly noteworthy as they are clustered around the C-terminus and disrupt the 

amphiphilic nature of melittin, a characteristic that is consider highly important to its mode of 

action. In the macrolittin 70 structure, the hydrophilic side chains are more evenly dispersed in 

the sequence. These modifications lead to noticeable differences in the peptides’ hydrophobic 

surfaces (Figure 1). While both melittin and macrolittin 70 exhibit a ⍺-helix-bend-⍺-helix motif, the 

helices in the melittin structures adopt a pronounced bend of 130° initiated by the presence of 

proline. while macrolittin 70 adopts a subtler 160° kink. This more minor bend of the macrolittin 

70 peptide could be partially attributed to the G12_L mutation which may render the macrolittin 70 

structure less flexible. 

Of note there is a comparative tetrameric quaternary structure observed in the crystal 

structure of the host-defense peptide, LL-37 (PDB 7PDC).17 Similarly to the racemic melittin and 

macrolittin 70 structure, LL-37 adopts a tetrameric arrangement consisting of two antiparallel 

dimers.17 The dimers can also be characterized by a convex surface and a concave surface 

observed for the tetrameric assemblies of melittin and macrolittin 70. Dissimilarly, the convex 
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Figure 1: Top panel shows profile and top-down view of racemic macrolittin 70 crystal lattice. L-
peptides are colored red while D-peptides are colored blue. Bottom panel shows comparison of 
the concave and convex hydrophobic surfaces of the antiparallel dimers observed in the 
structures of racemic macrolittin 70, racemic melittin, and LL-37. The surfaces are colored 
according to the Eisenberg scale, which quantifies the hydrophobicity of the 20 proteinogenic 
amino acids.18 
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surface of the LL-37 dimer is markedly more hydrophobic than those of the melittin and macrolittin 

70 structures (Figure 1). The concave surface of the L-L37 dimer is ionic and not highly 

hydrophobic (Figure 1). The authors of this structure suggest that hydrophobic nature of the 

convex surface lends itself to being able to associate in the membrane. They thus hypothesize 

that the tetrameric structure of LL-37 is representative of the active pore.17 The relevance of the 

quaternary contacts observed in these structures to biological activity is remains difficult to 

discern. 

In addition to differences in the homochiral contacts in the racemic melittin and macrolittin 

70 structures, there is significant differences in the heterochiral contacts that make up the crystal 

lattices. Both crystal lattices are composed of L-peptide layers and D-peptide layers. In the 

racemic melittin structure the convex faces of the L- and D-tetramers align against one another 

while in the macrolittin 70 structure, the convex faces of the homochiral tetramers align against 

the convex faces of tetramers of the same chirality. We had previously observed hydrogen-

bonding contacts between the L- and D-melittin peptides. While most of the residues that 

participated in hydrogen bond interactions between L- and D-peptides in the melittin structure are 

retained in the macrolittin 70 sequence, we do not observe these same hydrogen-bonding 

interactions in the racemic macrolittin 70 crystal. In fact, we do not observe any intimate contacts 

between the L- and D-peptides in the racemic macrolittin 70 structure. 

Compared to our previous work with racemic melittin, much more effort was necessary to 

isolate single crystals of macrolittin 70 for diffraction. This observation led us to hypothesize that 

the racemic macrolittin 70 crystal lattice could be weaker and more susceptible to mechanical 

perturbation than the racemic melittin lattice. To assess our hypothesis, we calculated the buried 

surface area (BSA) and ΔGformation using PDBePISA (Table S3). If the BSA is lower and the 

ΔGformation higher for macrolittin 70, it would give us more confidence that the difficulties in isolating 

diffraction-capable crystals is due to differences in crystal lattice susceptibility to external 

mechanical forces or solvent evaporation during extraction or vitrification. 
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The results did not entirely support our hypothesis. On one hand, the melittin helical 

bundle is evaluated to be much more stable; its energy of formation is very favorable and its 

molecular interfaces bury a large amount of surface area within the bundle. On the other hand, 

the BSA and ΔG values indicate that the interactions of the helical bundle within its own 

enantiomeric layer and with adjacent bundles of the opposite chirality are much weaker for melittin 

than for macrolittin. This was a surprising result as we have observed many more close contacts 

between the L- and D-bundles in the melittin structure in comparison to the macrolittin 70 

structure. This disagreement between the observed contacts and the ΔG scores could be 

attributed to the fact that ΔG of solvation estimated by PDBePISA do not consider the 

contributions of salt bridging and hydrogen bonds. This is especially egregious since the 

interfaces that were calculated to contribute most significantly to the positive ΔG values of the 

enantiomeric interfaces are heavily affected by the presence of Arg24, which is mutated to a 

glutamine in macrolittin 70 and thus absent. Unfortunately, the best algorithms we have for 

evaluating energy from atomic coordinates are insufficient to explain the difference in crystal 

mechanical strength. 

 
Vectorization of Hydrogen Bonds 

Perplexed by disagreement between the calculated and the observed strength of the 

crystal lattice, we decided to explore a key structural difference that we observed between the 

secondary structures of the two crystal structures: the proline kink. Intuitively, we hypothesized 

that hydrogen bonds within a more kinked helix would provide greater resistance against tensile 

or compressive forces in more directions, compared to hydrogen bonds in a more rectilinear helix 

(Supplementary Figure 6). To test this hypothesis, the full unit cells of melittin and macrolittin 70 

were recapitulated by applying symmetry operators, and all valid hydrogen bonding pairs were 

identified (Supplementary Figure 7). The hydrogen bond vectors, forward and reverse, were 

summed to assess the directional isotropy of hydrogen bonding. For comparison, we executed 
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the same analysis with Proteinase K, a globular protein, TMEM106B19, an amyloid fiber 

(Supplementary Figure 8), and PE/PEE20, an α-helical protein complex, infamous for its 

anisotropic lattice and diffraction. 

 

Figure 2: Directional distribution of hydrogen bonds in multiple structures represented as points 
on a sphere based on their direction. The blue and magenta rods represent the length of the axial 
components contributing to a unit vector that represents the summation of all the unit vectors 
created from the vectorization of the hydrogen bonds. The table below quantifies the axial 
components of the unit vector. 
 
 The hydrogen bond vectors, forward and reverse, were scaled to unit length so the tip of 

each vector is plotted as a dot on a unit sphere (Figure 2). The three principle components of the 

vector sum are shown as magenta cylinders, magnified 2x beyond the unit length for visibility. 

Our calculations indicate that macrolittin 70 has the most biased component along the helical axis, 

i.e. the vector in the z direction is significantly larger than those in the x and y directions, surpassed 

only by the beta sheets observed in TMEM106B. Not only is the bias in macrolittin 70 the 

strongest, it also has the highest ratio of longest to shortest axial component among the helical 

structures. PE/PPE, a structure noted for strong diffraction anisotropy, ranked a close second 
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while melittin exhibit the least polarization. The difference in strength between the melittin and 

macrolittin 70 lattices potentially arises in part from this biased directionality of the hydrogen 

bonds. 

 
Phasing with AlphaFold Model 

 After solving the structure using fragment-based methods, AlphaFold v2 and its 

subsequent updated versions were released21, 22. We decided to compare our fragment-based 

phasing results with the results we may achieve with an AlphaFold model. To this end, two models 

were generated with AlphaFold v2.1: a monomer and a tetramer23. With a superimposition RMSD 

value of 3.084 Å, the AlphaFold’s predicted tetramer overlayed poorly with the helical bundle 

observed in the crystal structure. The AlphaFold model predicted that all helices align side by side 

with the heads and tails aligned on the same top and bottom plane. On the other hand, the heads 

and tail of the crystal structure are offset from one another along the helical bundle’s rise 

(Supplementary Figure 9). When used as a search model for molecular replacement phasing, the 

tetramer did not yield a usable electron density map. 

 Discarding the tetramer as a valid molecular replacement search model, we moved on to 

testing AlphaFold’s monomer prediction as a valid MR search model. To this end, we tested three 

versions of the AlphaFold monomer with PHENIX Phaser: the monomer with all native R-groups, 

the monomer stripped to a polyalanine chain, and the monomer stripped to a polyglycine chain. 

Phasing with the native monomer yielded 10 solutions with a top TFZ score of 4.9 and top LLG 

score of 32.638, and the polyalanine chain resulted in 24 solutions with a top TFZ score of 6.2 

and top LLG score of 60.765. Neither yielded a usable electron density map. Surprisingly, the 

polyglycine chain yielded a single MR solution with a top LLG score of 139.207 and top TFZ score 

of 9.5. The output of a single solution and the corresponding high scores indicate a solution was 
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found. However, even a brief inspection of the electron density brought concerns immediately: 

little to no difference density was found near the α-carbons to indicate the presence of side chain 

atoms. While not unprecedented, the slow addition of atoms to the positive difference density 

followed by structure refinement usually slowly increases the difference density observed. 

However, this did not happen. After hours of testing, we determined that the only way to converge 

the initial phasing solution achieved with the AlphaFold model and the structure phased by with 

fragment-based methods was to: 1) mutate all residues to their native amino acid identities without 

the positive (green) electron density to justify their mutation and 2) disregard the backbone 

information suggested by AlphaFold and carry out a head to tail real space refinement based on 

electron density and geometric restraints. Molecular replacement with the AlphaFold predicted 

Figure 3: The initial solution outputted by PHENIX Phaser when using the AlphaFold monomer 
as a search model. The red insets correspond to the boxed regions in the center image. Very 
little positive difference density was present at the side chain locations to justify the mutation of 
the polyglyines in the chain to their proper native amino acids. 
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models proved to be a less advantageous strategy than using the fragment-based phasing 

approach. 

 
Discussion 

 In this work, we combined racemic crystallization methods with MicroED data collection to 

acquire a 2.3-Å structure of racemic macrolittin 70, phased by fragment-based methods. Racemic 

crystallization and MicroED are methods that excel in rescuing samples recalcitrant to traditional 

X-ray techniques. In addition to providing the potential for simplifying the phase problem, racemic 

crystallization is a valid alternative when homochiral crystallization falls short. 

Micro-ED is employed to acquire high resolution diffraction data from crystals too small for routine 

X-ray methods. Both these methods present a path toward acquiring structures of difficult 

systems. Of note, no unique sample preparation was necessary in solving this structure; any 

facility with access to vitrification and a diffraction capable electron microscope should find our 

methods accessible.   

The lack of success when utilizing traditional X-ray techniques to extract and diffract 

macrolittin 70 crystals was surprising due to the wide variety of condition in which crystals formed. 

The poor outcome could be explained by 1) poor unit cell organization during crystal growth, 2) 

the crystal extraction process resulted in the destruction of the unit cell, or 3) a combination of 

both. In the instance of poor unit cell organization, MicroED is expected to give better results since 

a smaller area of a crystal is being sampled. The smaller area sampled by ED consists of fewer 

crystal domains, lowering the potential for high mosaicity and the amount of crystal disorder 

captured in diffraction. There may have been an advantage in the crystal extraction process for 

MicroED versus X-ray diffraction as well. The vitrification process used to prepare electron 

diffraction samples decreased the amount of time the crystals are exposed to atmosphere 

comparative to X-ray sample preparation, possibly sparing the crystal from total collapse as a 

result of solvent evaporation and/or tensile forces. The structural determination of racemic 
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macrolittin 70 is an example of how MicroED can be used to acquire high resolution data with a 

crystal of high mosaicity and/or fragility.  

We carried out buried surface area and ΔGsolvation calculations in an effort to quantify the 

heightened frailty observed for the racemic macrolittin 70 crystal lattice in comparison to the 

racemic melittin crystal lattice. Surprisingly, not only does the macrolittin 70 structure have a 

higher calculated buried surface area than melittin, the calculated ΔG values suggest that 

macrolittin 70 lattice is thermodynamically more favorable than its racemic melittin counterpart. 

Despite these quantities, a visual inspection of the two structures intuitively led us to hypothesize 

that the directionality of the hydrogen bonds plays a key role in explaining the fragility of the 

macrolittin 70 lattice. Indeed, the vectorization of the hydrogen bonds in the unit cell show a strong 

polarization, parallel to the α-helical axes, for both melittin and macrolittin 70. When scaled to a 

unit vector and divided into its contributing components, the polarization found in the macrolittin 

70 cell is higher than both melittin and the PE/PPE protein complex, a helical bundle complex 

notorious for its diffraction anisotropy. The observed differences between the melittin and 

macrolittin 70 can be compared to the difference between diamond (tetrahedral carbon) and 

graphite (trigonal planar carbon). The bonding enthalpy for diamond is higher than graphite and, 

thus, numerically less stable. Yet the directionality of the bonds in diamond create a much more 

stable superstructure than the 2-dimensional planar sheets that constitutes graphite, which allows 

the sliding of planar carbon layers. The more unidirectional nature of the hydrogen bonding 

observed in macrolittin 70, analogous to the sheet defined graphite structure, makes the lattice 

susceptible to alteration by external forces. On the other hand, the higher direction variability 

observed for hydrogen bonds in melittin yield a much stronger superstructure despite the 

numerically favorable buried surface area and ΔGformation values for macrolittin 70. 

 The publication of AlphaFold presented a good opportunity to compare molecular 

replacement strategies using models generated from fragment-based methods versus AlphaFold. 

AlphaFold was unable to predict tetrameric α-helical bundle structure we solved for macrolittin 70. 
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We were eventually able to solve the structure by MR with AlphaFold’s monomer model; however, 

multiple leaps of faith were necessary from getting the initial phasing solution to the final refined 

structure: 1) stripping the search model to a polyglycine chain rather than to a standard 

polyalanine one prior to phasing; 2) mutating the amino acids in the initial phasing solution to 

match the peptide sequence without the presence of electron density to justify the placement of 

the R-groups; and 3) real space refinement of the entire chain in COOT based on electron density 

and geometric restraints prior to refinement in Phenix, disregarding the backbone information. 

The necessity to mutate the search model to a polyglycine chain is bizarre and is not standard 

practice during MR phasing. The mutation of side chains without density justification and head to 

tail backbone refinement are sometimes executed, but the need to perform such refinement 

practices are common indicators of a poor or even incorrect initial solution. This leads us to 

conclude that the fragment-based approach out-performed AlphaFold in this case. Indeed, without 

prior knowledge provided by solving the structure via fragment-based methods, it is unlikely the 

structure would have been solved by using the monomer model generated by AlphaFold. 

 In conclusion, our experiments show that electron diffraction techniques have strong utility 

in studying crystals constituted by weak lattices. The vitrification process may have significantly 

reduced the likelihood of lattice collapse by a combination of maintaining sample hydration and 

exerting less mechanical forces on the crystal. The racemic macrolittin 70 unit cell, with symmetry 

C2, contains 416 amino acids and ample space for disorganized solvent molecules to reside, not 

unlike a protein crystal lattice. This structure not only further exhibits the utility of fragment-based 

phasing methods for structural elucidation using Micro-ED methods but also demonstrates the 

potential of electron diffraction for solving novel protein structures. Additionally, our experiments 

demonstrate our increased ability to obtain ab initio phases for electron diffraction datasets and 

elucidate structures without the usage of specialized procedures to make a crystal more 

amendable for electron diffraction.  
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Methods 

Synthesis and Purification of L- and D- Macrolittin70 

The L- and D-peptides were prepared by microwave-assisted solid-phase peptide 

synthesis using a Liberty Blue™ automatic synthesizer (CEM). Macrolittin 70’s sequence is H2N-

GIGEVLKELATTPELQSWIKAAQQL-CONH2.2 Dry nova PEG rink amide resin (100 µmol, EMD 

Millapore) was added to the sample loader and swelled according to the Liberty Blue high swell 

method with N,N-dimethylformamide (DMF, Sigma Aldrich). An Fmoc-protected PAL linker 

(ChemImpex International Inc.) was coupled to the resin via addition of 2.5 mL of 0.2 M Fmoc-

PAL linker (5 equiv.) in DMF, 1.0 mL of 1 M N,N’-diisopropylcarbodiimide (DIC, ChemImpex 

International Inc., 10 equiv.) in DMF and 0.5 mL of 1.0 M ethyl cyano(hydroxyamino)acetate 

(oxyma pure, ChemImpex International Inc., 5 equiv.) in DMF, as recommended by CEM, to the 

reaction vessel. The reaction vessel was heated to 75ºC for 15 seconds, and then the heat was 

increased to 90ºC for 110 seconds. Deprotection of the Fmoc group was performed by addition 

of 20% piperidine (Sigma-Aldrich) in DMF into the reaction vessel and heating the reaction vessel 

to 75ºC for 180 seconds. Coupling and deprotection of Fmoc-amino acids (ChemImpex 

International Inc.) was achieved in the same fashion as described for the Fmoc-PAL linker, with 

the Fmoc-PAL linker replaced by 2.5 mL of 0.2 M Fmoc-L- or D-amino acid (5 equiv.) in DMF. 

Following the deprotection of the N-terminal Gly residue, the resin was transferred to a 

fritted reaction vessel (Torviq). The peptide was then cleaved from the resin by addition of 4 mL 

of a cleavage cocktail consisting of 2.5 % H2O, 2.5% triisopropylsilane (Sigma-Aldrich) and 95% 
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trifluoroacetic acid (TFA, Sigma-Aldrich). The solution was then rocked for 2 hours and 

subsequently filtered through the fritted syringe. The resin was washed 2 more times with TFA, 

and the filtered TFA solutions were combined. The TFA in the combined solution was evaporated 

under a stream of nitrogen. To the resulting brown oil was added chilled diethyl ether, which 

caused precipitation. Crude peptide was collected as a white powder.  

Crude products of the L- and D-macrolittin 70 syntheses were purified via RP-HPLC using 

a Waters Prep LC150 System. The purification was conducted with an XSelect® CSH™ Prep 

C18 column (5 µm particle size, 19 mm x 250 mm) using an optimized purification method 

consisting of a gradient elution of 48-54% B solvent over 15 minutes. Solvent A was 0.1% TFA in 

filtered H2O, and solvent B was 0.1% TFA in HPLC-grade acetonitrile (Sigma-Aldrich). The 

purities of the peptides were analyzed by RP-HPLC, using a Hewlett Packard 1090 Series II Liquid 

Chromatography System equipped with a Kinetex (Phenomenex, C18, 5 μm, 100 Å, 4.6 x 250 

mm) column. Ultrapure water with 0.1% TFA, and a 1:9 water to acetonitrile solution with 0.095% 

TFA were selected as mobile phases [A] and [B], respectively. The flow rate was set at 1.0 

mL/min. The analysis portion of the gradient lasted for 20 minutes with 1% per minute increase 

of [B] from 50% to 70% [B] (Supplementary Figures 10 and 11). The masses of the peptides were 

confirmed via MALDI-TOF mass spectrometry; data were acquired using a Bruker ULTRAFLEX™ 

III equipped with a SmartBeam™ laser (Supplementary Figures 12 and 13). 

 
Crystallization Trials for X-ray Diffraction 

Proper conditions for the crystallization of racemic (5 mg/mL, a 50:50 mixture of 5 mg/mL 

L- and D-macrolittin 70 solutions) and L-homochiral macrolittin 70 (5 mg/mL) samples were 

determined by conducting trials with Crystal and Index HT crystal screens (Hampton). Several 

crystal hits were found for both samples. Four distinct crystal morphologies were observed in the 

racemic macrolittin 70 samples, while only one crystal morphology was observed in the 
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homochiral system (Supplementary Figure 1). These hits were used as a guide for optimization 

of crystal conditions. 

Further optimization was carried out in 24-well trays (Table S4). 2 µL of crystallization 

reagent and 2 µL of peptide solution were added either mixed or unmixed onto siliconized or 

siliconized glass. All wells had the same condition of 25% iPrOH, 0.1 M Tris pH 8.5, 0.2 NH4OAc. 

The initial concentration of the peptide solution was either 10 mg/mL or 5 mg/mL. This value 

denotes the concentration of each enantiomer separately not in total. The temperature dependent 

crystal formation was discovered while working with this particular tray (Supplementary Figure 3). 

 
X-ray Diffraction Data Collection 

Diffraction data were collected from the crystals from two conditions: 25% isopropanol, 

0.2M NH4OAc, 0.1M Tris-HCl, pH 8.5 and 30% PEG 3350, 0.2M NH4OAc, 0.1M HEPES, pH 7.5. 

Crystals were vitrified in liquid nitrogen after looping. Diffraction data were collected at Life 

Sciences Collaborative Access Team (LS-CAT) beamline 21-ID-D using a Dectris Eiger 9M 

detector at the Advanced Photon Source (APS), Argonne National Laboratory. Diffraction was 

observed for all samples but suffered from poor resolution and spot definition. The data were not 

of high enough quality to allow for structural elucidation.  

 
Batch Crystallization 

Two 20 mg/mL peptide solution were made: one for L-macrolittin 70 and one for D-

macrolittin 70. This was done by weighing out 0.8 mg of each enantiomer into separate 1-mL 

Eppendorf tube and adding 40 µL of mammalian cell culture grade water to the weighed powders. 

Then, 20 µL of each enantiomerically pure solution was added to a 1-mL tube with an o-ring 

sealed cap to minimize evaporation over time. This racemic peptide solution (10 mg/mL of each 

enantiomer) was cooled to 4°C along with a tube of crystallization solution (25% isopropanol, 

0.2M NH4OAc, 0.1M Tris-HCl, pH 8.5). After temperature was equilibrated, 40 µL of crystallization 

solution was added to the peptide solution. Crystals immediately formed. This was repeated with 
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the solution temperatures equilibrated to 15.5°C (the average temperature of the X-ray 

instrumentation room at UCLA-DOE). Again, crystals immediately formed. 

 After the isopropanol crystallization condition was determined to be inadequate. An 

alternative condition, 0.2 M NH4OAc, 0.1 M Tris Buffer, pH 8.5, and 35% PEG 3350, was selected. 

A 15-mL solution of the crystallization condition was made. A 1 mL aliquot was taken from this 

stock and subjected to a 2-fold dilution, giving a final concentration of 0.1 M NH4OAc, 0.05 M Tris 

Buffer, pH 8.5, and 17.5% PEG 3350. The former solution will be used for crystallization while the 

later solution will be used for manipulations after the formation of the crystals, such as dilutions 

on the EM grid during freezing.  

For the first batch crystallization, 60 and 53 μL of mammalian cell culture grade water was 

added to the 0.60 mg of L-peptide and 0.53 mg of D-peptide in 1-mL Eppendorf tubes, 

respectively. For the first batch, 25 μL from each tube was then mixed together in an o-ring sealed 

tube, yielding a 50 μL racemic peptide solution with a 5 mg/mL peptide concentration for each 

enantiomer. From this point, all solutions are kept in an ice bucket to keep temperatures for all 

solutions as close to 0°C. After enough time had been giving for equilibration, 50 μL of 

crystallization solution was added to the peptide solution, yielding a 100 μL solution. Amorphous 

aggregation was immediately observed upon mixing of the solution. The batch crystallization was 

kept on ice overnight and small crystals were observed to form (Supplementary Figure 4). The 

batch was transferred to a 4°C fridge for storage. Not only did more crystals form over time, there 

was also an increase in average crystal size. 

 
Collection of MicroED data by continuous rotation 

         1.8 microliters of aqueous crystallization solution (0.1 M NH4OAc, 0.05 M Tris Buffer, pH 

8.5, and 17.5% PEG 3350) was added to the copper-exposed side of a glow-discharged holey 

carbon grid (C-flatTM, 2/2 300 mesh Cu, Electron Microscopy Sciences) while 1.8 microliters of 

crystal slurry was applied to carbon-layered side. The grid was plunged into liquid ethane using 
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an FEI Vitrobot Mark IV set to a blot time of 24 and a blot force of 20. Diffraction patterns and 

crystal images were collected under cryogenic conditions using a FEI Tecnai F30 operated at 

300keV in diffraction mode. Diffraction patterns were recorded while continuously rotating at 0.188 

degrees per second using a bottom mount TemCam-F416 CMOS camera (TVIPS). Individual 

image frames were acquired with 5 second exposures per image using selected area apertures 

corresponding to approximately 5 μm at the sample plane. A virtual detector distance of 3520 mm 

was used to prevent overlapping reflections for such a large unit cell. 

 
MicroED data processing 

The collected TVIPS movies were converted to individual images in SMV format, which 

are compatible with x-ray data processing software. The diffraction images were indexed and 

integrated with XDS. Raster size and scan pattern for indexing and integration in XDS were 

optimized to minimize contributions by background. Due to the longer than usual detector 

distance, beam shifts was more significant and accumulated over time during data collection. XDS 

does not account for beam shift between frames, so each movie had to be divided into two 

datasets for indexing and integration. Thorough, beam center optimization was essential. The 

reflection outputs from XDS were sorted and merged in XSCALE. 224 diffraction images from 4 

unique crystals (6 partial datasets) were merged to produce a final dataset with acceptable 

completeness up to 2.3 Å. To determine the phases, a developer version of fragment-based 

phasing program was recoded by Isabel Usón Finkenzeller (Catlan Instiution for Research and 

Advanced Studies – Institut de Biologia Molecular de Barcelona) to allow the space group 

assignment of C2/c, a non-Sohncke space group, for fragment-based phasing. 

 
Refinement 

Refinement was executed with PHENIX refine, using their built-in electron form factors. 

Initially, refinement was carried out with C2/c as the space group assignment. With C2/c, the best 

Rwork and Rfree achieved was 27.85% and 34.83%, respectively. The atomic content of the 
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asymmetric unit was expanded from C2/c to C2 using PDBSET as pseudo-symmetry with the 

glide plane was suspected. Care was taken to insure the Rfree flags of the original C2/c reflection 

file was transferred to C2 reflection file used for further refinement. This insured that no artificial 

Rwork to Rfree convergence occurred. Individual ADPs and group ADPs were not refined: refinement 

of these parameters caused a Rwork, Rfree split of 10% or more. Non-crystallographic symmetry 

and refinement of individual sites were enabled during refinement. Waters, ions, and rotamers 

were added and refined as normal. The final refinement resulted in a Rwork of 22.09% and Rfree of 

28.28%. 

 
Buried Surface Area and Energy Analysis 

 PDBePISA was used to calculate buried surface area (BSA) and ΔGformation. In order to 

clearly identify all lattice interfaces that a helical bundle participates in, the final refined structure 

was stripped of all spheres (water and ions). Then the terminal amides had to be mutated back 

to carboxylate acids because PDBePISA considers the terminal amides as a separate entity from 

the peptide chain, complicating calculations. Using PyMOL, a large lattice of the modified 

structure was generated. A bundle centered in the lattice, composed of 4 L-chains was selected, 

and labeled Chain A, B, C, and D (core, helical bundle). Any chains too distal and obviously not 

interacting with the core, helical bundle was deleted from the lattice. The unit cell dimensions 

were increased by an order of magnitude (484.20 306.90 604.90) and the space group 

assignment changed to P1, preventing PDBePISA from considering interactions of the generated 

lattice with symmetry generated chain. Finally, the calculations were executed. Any chain that 

does not interact with the core, helical bundle was pruned from the lattice (Supplementary Figure 

14). Interactions between chains core, helical bundle were summed and labeled “bundle” in Table 

S3. Interactions between the core, helical bundle chains and any L-chain were summed and 

labeled as “L-”, denoting interactions with other L-bundles in the L-enantiomer bundle sheet. 

Interactions between the core helical bundle and any D-chain were summed and labeled as “D-”, 
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denoting interactions with D-bundles in the adjacent D-enantiomer bundle sheets. The above 

procedures were executed with the structure of racemic melittin (6O4M). 

 
Hydrogen Bonding Analysis 

To obtain a full list of hydrogen bonds, PDBSET was used to generate the full unit cell 

content of racemic melittin (6O4M), racemic macrolittin 70, PE/PPE (2G38), and proteinase K 

(4ZAR). As an outlier example, a multilayer structure of TMEM106B amyloid fiber (7SAQ) was 

also generated. Then HBPLUS v.3.06 was used to generate a complete list of possible hydrogen 

bonds in the unit cell. Michael R. Sawaya wrote an in-house algorithm that used the list generated 

by HBPLUS and the previously generated .pdb file containing the filled unit cell to: 1) identify 

atoms participating in hydrogen bonding; 2) calculate the 2 vectors of each hydrogen bond using 

the .pdb coordinates of the atoms identified in 1) and display them (Supplementary Figure 7 and 

8); 3) compile and plot the vectors as unit vectors on a sphere (Figure 2); and 4) quantify the 

directionality of the unit cell by summing the hydrogen bond vector components.  

 
AlphaFold and Molecular Replacement Phasing  

 A publicly available online version of AlphaFold2 was used predicted monomeric and 

tetrameric24. PyMOL was used to compare the predicted tetramer and an all L-chain helical bundle 

built from the final refined structure. Phaser from the PHENIX suite was used to attempt molecular 

replacement with the predicted monomer. Three versions of the predicted monomer was used as 

the search model: 1) an unmodified version of the monomer with all side chains present; 2) the 

monomer model stripped to a polyalanine; and 3) the monomer model stripped to a polyglycine. 

The space group assignment was C2/c for the duration of the experiment. The polyglycine model 

yielded an acceptable initial solution and the electron density was evaluated in COOT. Side chain 

mutations and head to tail real space refinements were also executed in COOT, followed by 

refinement with PHENIX refine. 
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Supplementary Figure 1: Summary of successful crystallization trials for homochiral (L-) and 

racemic macrolittin 70. Crystal images at the top show the variety of morphologies observed 

during crystallization trials All scale bars are set at 500 µm. Chart below lists all conditions that 

produced the pictured morphologies. The conditions highlighted in blue and yellow were selected 

for diffraction (Supplementary Figure 2).  

  

Crystallization Reagent Buffer Salt

Homochiral 30% w/v polyethylene glycol monomethyl ether 550 0.1 M HEPES pH 7.5 0.2 M MgCl2 • 6 H20

25% w/v PEG 3350 0.1 M Bis-Tris pH 6.5 0.2 M MgCl2 • 6 H20

30% w/v PEG 4000 0.1 M Tris-HCl pH 8.5 0.2 M MgCl2 • 6 H20

20% w/v EtOH 0.1 M Tris-HCl pH 8.5

Racemic

Morphology 1 20% v/v 2-PrOH 0.1 M HEPES pH 7.5 0.2 M trisodium citrate • 2 H20

10% w/v PEG 6000 2.0 NaCl

30% w/v polyethylene glycol monomethyl ether 2000 0.1 M NaOAc • 3 H20 pH 4.6 0.2 M (NH4)2SO4

20% w/v EtOH 0.1 M Tris pH 8.5

2% w/v 1,4-dioxane, 10% w/v PEG 20,000 0.1 M Bicine pH 9

30% v/v 2-PrOH 0.1 M Tris-HCl pH 8.5 0.2 M NH4OAc

28% w/v polyethylene glycol monomethyl ether 2000 0.1 M Bis-Tris pH 6.5

Morphology 2 25% polyehtylene glycol monomethyl ether 550 0.1 M MES •  H20 pH 6.5 0.01 M Zn2SO4 • 7 H20

Morphology 3 30% w/v PEG 4000 0.1 M NaOAc • 3 H20 pH 4.6 0.2 M NH4OAc

30% w/v PEG 4000 0.1 M Tris-HCl pH 8.5 0.2 M NaOAc • 3 H20

25% w/v PEG 3350 0.1 M HEPES pH 7.5 0.2 M NaCl

25% w/v PEG 3350 0.1 M HEPES pH 7.5 0.2 M NH4OAc

25% w/v PEG 3350 0.1 M Tris-HCl pH 8.5 0.2 M NH4OAc

Morphology 4 25% w/v PEG 3350 0.1 M Tris pH 8.5 0.2 M MgCl2 • 6 H20
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Supplementary Figure 2: Attempts were made to diffract crystals from two conditions: 25% 
isopropanol, 0.2M NH4OAc, 0.1M Tris-HCl, pH 8.5, on the left, and 30% PEG 3350, 
0.2M NH4OAc, 0.1M HEPES, pH 7.5, on the right. Diffraction was observed but suffered from 
poor resolution and spot definition. The data were not of high enough quality to allow for structural 
elucidation. 
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Supplementary Figure 3: Images of 4-µL hanging drop in 24-well optimization tray. The top two 
rows are 8 hanging drops that have equilibrated to 16°C. Notice the formation of small needle 
crystals in almost every well. The bottom two row are the same drops but equilibrated to 22°C 
after the top images of been taken. The formation of the crystals is not only temperature 
dependent but also reversible. 
  



93 
 

 

Supplementary Figure 4: Batch crystallization of macrolittin 70 in PEG3350-based crystallization 
condition. The image on the left is a 0.5-µL drop aliquoted from the batch crystallization after being 
left in an ice bath overnight; small needle crystals started to form. The image on the right is a 
0.5-µL drop aliquoted from the same batch crystallization after a week in storage at 4°C. 
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Supplementary Figure 5: Single diffraction pattern of racemic macrolittin 70 measured during 
continuous-rotation MicroED data collection. Each pattern corresponds to a 0.94° wedge of 
reciprocal space. The Black inset shows an overfocused diffraction image of the crystal used for 
diffraction. The blue square correspond to the magnified region (blue inset) of the pattern that 
show diffraction at 2.27 Å resolution (black arrow). Resolution circles are indicated by rings; scale 
bar is 6 µm in length. 
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Supplementary Figure 6: Tetrameric helical bundle of racemic melittin and macrolittin 70. For 
the racemic melittin crystal structure, the peptide pairs overlap with each other at a much steeper 
angle than in the macrolittin 70 crystal.  
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Supplementary Figure 7: Visualization of hydrogen bond vector in the racemic melittin unit cell 
and the racemic macrolittin 70 unit cell with each hydrogen bond represented as a red lines. The 
directionality of each hydrogen bond is accounted for as a point on the sphere at the unit cells 
origin. 
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Supplementary Figure 8: Visualization of hydrogen bond vector in the Proteinase K unit cell and 
in the TMEM106B amyloid fiber structure with each hydrogen bond represented as a red dot. The 
directionality of each hydrogen bond is accounted for as a point on the sphere at the corner of the 
unit cell or above the fiber. 
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Supplementary Figure 9: Side by side comparison of the AlphaFold’s predicted tetramer 
(magenta) with the observed L-macrolittin 70 helical bundle (red) extracted from the crystal lattice. 
Notice that the helices in the AlphaFold model are in plane at the top and bottom while the heads 
and tails of each intertwining helix in the macrolittin 70 bundle are offset from one another along 
the helical rise. 
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Supplementary Figure 10: Analytical HPLC trace of L-macrolittin 70. The analyte is detected by 

their absorbance (y-axis, mAU) at 214 nm. The gradient is 35 minutes (x-axis) long and the 

desired product elutes at 18.4 minutes. 

  

RT Area Area

(min) (mAU*s) (%)

17.6 389.85 7.14

18.4 4962.58 90.94

19.2 48.42 0.89

20.1 30.53 0.56

20.5 25.48 0.48

L-macrolittin 70
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Supplementary Figure 11: Analytical HPLC trace of D-macrolittin 70. The analyte is detected by 

their absorbance (y-axis, mAU) at 214 nm. The gradient is 35 minutes (x-axis) long and the 

desired product elutes at 18.4 minutes. 

  

RT Area Area

(min) (mAU*s) (%)

17.6 191.87 4.24

18.4 4143.83 91.54

19.0 116.73 2.58

20.0 74.45 1.64

D-macrolittin 70
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Supplementary Figure 12: MALDI-TOF MS analysis of purified L-macrolittin 70. Monoisotopic 

[M+H] peaks observed at 2847.2; calculated m/z is 2847.6. 
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Supplementary Figure 13: MALDI-TOF MS analysis of purified D-macrolittin 70. Monoisotopic 

[M+H] peaks observed at 2846.4; calculated m/z is 2847.6. 
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Supplementary Figure 14: The final expanded lattice that includes all adjacent chains that 

engages with Chain A, B, C, and D (the helical bundles in the core, colored pink for melittin and 

colored red for macrolittin 70). The calculated BSA and ΔG values from the two lattice above were 

sorted, summed, and tabulated in Table S3. 
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Table S1: Values in parentheses are for the highest-resolution shell unless otherwise specified. 
  

Racemic Macrolittin 70

Data collection

Beam Type Electron

Space group C2 C2/c

Cell dimensions

     a, b, c (Å) 48.42 30.69 60.49 

     α, β, γ (°) 90.000 91.879 90.000

Resolution limit (Å) 2.3 (2.48-2.30)

Wavelength (Å) 0.019687

No. of crystals merged 4 (6 Integrations)

Rmerge (%) 15.0 (47.1) 14.7 (46.4)

I/σI 5.26 (2.43) 5.53 (2.51)

CC1/2 (%) 98.9 (88.7) 98.7 (88.9)

Completeness (%) 82.8 (80.8) 82.1 (80.4)

No. reflections 14355 (2570) 13733 (2487)

No. unique reflections 3390 (654) 3184 (624)

Multiplicity 4.23 (3.93) 4.31 (3.99)

Refinement

Resolution range (Å) 22.72-2.30 (2.48-2.30)

No. of Reflections 3378

     work 3039 (583)

     free 339 (65)

R-work 22.09 (33.32)

R-free 28.28 (42.16)
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Table S2: Rwork and Rmerge values, binned by resolution, for refinements executed with the 
structure assigned as space group C2 or C2/c. 
  

Comparison of Rwork between C2 and C2/c Refinement

Resolution (Å) C2 Rwork Differential C2 Rmerge Differential C2/c Rwork Differential C2/c Rmerge Differential

22.73 to 3.93 17.30% 10.1% 20.50% 9.9%

3.93 to 3.12 18.30% -1.00% 13.0% -2.90% 24.87% -4.37% 12.8% -2.90%

3.12 to 2.73 25.64% -7.34% 22.9% -9.90% 35.45% -10.58% 22.5% -9.70%

2.73 to 2.48 28.35% -2.71% 36.9% -14.00% 34.50% 0.95% 36.2% -13.70%

2.48 to 2.30 33.32% -4.97% 47.1% -10.20% 41.82% -7.32% 46.4% -10.20%

Overall 22.09% 15.0% 27.85% 14.70%
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Table S3: Calculated buried surface area and ΔGformation for a 4 chain helical bundle. The values 
in the row labeled bundle denotes calculated values for the interaction between the chains in the 
helical bundle. The L- row are the calculated values for the interaction of a core L-helical bundle 
with adjacent L- helical bundles within the enantiomerically pure sheet. The D- row are the 
calculated values for the interaction of a core helical bundle with adjacent D- helical bundles. 
  

Melittin Total BSA Total ΔGform Macrolittin 70 Total BSA Total ΔGform

(Å
2
) (kcal/M) (Å

2
) (kcal/M)

L- 1151.1 13 L- 2025.8 -33

D- 1447.6 -10.1 D- 2224.3 -17.4

Bundle 2221.6 -56.9 Bundle 1668.1 -38.9
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Table S4: Additional optimization executed after X-ray diffraction data collection shown in 
supplementary figure 2. Position in chart correspond to their relative positions on a 24-well tray 
(Supplementary Figure 3). All drops are composed of 2 µL of crystallization reagent and 2 µL of 
peptide solution. The concentration denotes the concentration of each enantiomer in the starting 
peptide solution. 
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Conclusion 

 In this work, we executed the concurrent development and usage of racemic 

crystallography for micro-electron diffraction. We demonstrated its utility when investigating the 

structural mechanism by which ice-nucleating proteins may nucleate ice for Pseudomonas 

syringae. Also, by elucidating the structure of racemic macrolittin 70, we are one of the first to use 

micro-electron diffraction to solve a structure with a unit cell size and suboptimal packing similar 

to that of globular proteins. In 2016, direct methods and molecular replacement were the only 

published methods for phasing electron diffraction data, but our work has validated other 

techniques and advanced micro-electron diffraction towards routine usage as a tool for structure 

determination. 
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APPENDIX TO THE DISSERTATION 

 

 

INTRODUCTION 

 

Methods are developed for application, broad or specific. This appendix includes several projects 

that I have contributed to that highlight the value of crystallography and its associated methods in 

advancing science for other fields. 
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Appendix A Preface 

Some peptides, derived from amyloidogenic proteins, exhibit such facile nucleation that it 

precludes the possibility of growing large crystals due to the rapid conversion of the solvated 

species to their aggregated counterpart. Not only are the crystals small, but these rapidly 

nucleating species also tend to experience secondary nucleation that result in the observation of 

secondary lattice(s) (Figure 1).  

In this work, data from amyloid-β (20-34) and amyloid-β (20-34, isoAsp23) crystals were 

collected by electron diffraction, and the structures were solved using direct methods. Presently, 

these structures are not only some of the longest post-aggregation structures solved for 

amyloidogenic peptides but also some of the few peptide structures, solved by crystallography, 

that have high agreeance with fiber structures that have been solved in recent years1 (Figure 2). 

Figure 1: Integrated image of 5 separate diffraction exposures collected via electron diffraction 
(Δ0.9° oscillation per exposure; Δ4.5°). A secondary lattice was visible in images that most likely 
resulted from secondary nucleation on the primary crystal needle. 
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Figure 2: Cryo-EM structures of amyloid-β 42 filaments from human brains (left and right, with 
resolutions of 2.5 Å and 2.8 Å, respectively). Crystal structure of wild-type structure of amyloid-β 
(20-34) is shown on the bottom (1.1 Å resolution). The regions corresponding to amino acids 20-
34 for the cryo-EM structures are boxed in red for comparison with electron diffraction structure. 
 

References 

Yang, Y. et al. Cryo-EM structures of amyloid-β 42 filaments from human brains. Science 375, 

167-172 (2022).  
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Appendix A 

 

 

Structure of amyloid-β (20-34) with Alzheimer’s-associated isomerization at Asp23 

reveals a distinct protofilament interface 

 

The following is a reprint of a research article from 

Nature Communications 

10, 3357 (2019) 

DOI: 10.1038/s41467-019-11183-z 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted by permission from Springer Nature. 

This is an open access article under CC-BY License 

(https://creativecommons.org/licenses/by/4.0/) 

https://doi.org/10.1107/S2052252518017621
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Appendix B Preface 

 In this work, fast polymerizing fjord-edge graphene nanoribbons were synthesized and 

characterized by Li, Y. et al. A structure of one crystalline intermediate was determined by 

traditional X-ray diffraction. This proved an arduous task as the polymerization of the diyne 

precursor could be initiated with ambient light or other mild conditions (Figure 1).  

Figure 1: Electron micrograph of crystals obtained from recrystallization in methanol. When 
deposited on EM grids without sonication, individual crystals were discernable from each other 
(left). However, if the suspended crystals were sonicated prior to deposition, the crystals appear 
to undergo polymerization and aggregation into star-shaped clumps (right). 

 
It was originally thought that electron diffraction would be necessary to obtain a structure 

for the crystalline precursor. Fortunately, well-ordered crystals of appropriate size were grown 

and traditional X-ray techniques were used to determine the diyne crystal packing prior to 

topochemical polymerization. Our structure confirmed the expected intermolecular distances 

between the triple bonded carbons. 
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Appendix B 

 

 

Fjord-Edge Graphene Nanoribbons with Site-Specific Nitrogen Substitution 

 

The following is a reprint of a research article from 

Journal of the American Chemical Society 

142(42), 18093-18102 (2020) 

DOI: 10.1021/jacs.0c07657 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted by permission from American Chemical Society. 

© 2020 American Chemical Society 

https://doi.org/10.1107/S2052252518017621
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Appendix C Preface 

Benzylidenebutyrolactone crystals are known to undergo single-crystal-to-single-crystal 

photodimerization when exposed to UV irradiation. Moreover, the induced topotactic reaction 

produces mechanical responses or photosalience in these crystals. As stated in Chapter 1, the 

field of crystallography exploits the signal amplification that results from the physical alignment of 

molecules into ordered lattices. As a result, crystallographers traditionally strive to grow crystals 

as large as possible in order to maximize the benefit of this physical alignment. In this work, we 

forgo these tendencies in order to investigate the crystal size threshold necessary for 

benzylidenebutyrolactone crystals to demonstrate photosalient effects when irradiated. Our 

experiments successfully demonstrated the utility of electron diffraction for studying crystalline 

behavior at scales X-ray diffraction cannot. 
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Appendix C 

 

 

Scale-Dependent Photosalience and Topotactic Reaction of Microcrystalline 
Benzylidenebutyrolactone Determined by Electron Microscopy and Electron Diffraction 

 

The following is a reprint of a research article from 

Crystal Growth and Design 

22(3), 1533-1537 (2022) 

DOI: 10.1021/acs.cgd.1c01378 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted by permission from American Chemical Society. 

© 2022 American Chemical Society 

https://doi.org/10.1107/S2052252518017621
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