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ABSTRACT

Cyanobacteria contribute to more than a quarter of the primary carbon fixation

worldwide. They have evolved a CO2 concentrating mechanism (CCM) to enhance

photosynthesis because inorganic carbon species are limited in the aqueous environment.

Bicarbonate transporters SbtA and BicA are active components of CCM, and the

determination of their structures is important to investigate the bicarbonate transport

mechanisms. E. coli was selected as the expression host for these bicarbonate transporters,

and optimization of expression and protein purification conditions was performed. Single

particle electron cryomicroscopy (cryo-EM) or protein crystallography was carried out

for each transporter. In this work, SbtA, BicA and SbtB, a regulator protein of SbtA, were

heterologously expressed in E. coli and purified for structural studies. SbtB was highly

expressed and two different crystal structures of SbtB were resolved at 2.01 Å and 1.8 Å,

showing a trimer and dimer in the asymmetric unit, respectively. The yields of SbtA and

BicA after purification reached 0.1 ± 0.04 and 6.5 ± 1.0 mg per liter culture, respectively.

Single particle analysis showed a trimeric conformation of purified SbtA and promising

interaction between SbtA and SbtB, where the bound SbtB was also possibly trimeric.

For some crystallization experiments of these transporters, lipidic cubic phase (LCP) was

used. In the case of LCP, often times the crystals grown are generally too tiny to

withstand radiation damage from the X-ray beam during an X-ray diffraction experiment.

As an alternative approach for this research, the microcrystal electron diffraction

(MicroED) method was applied to the LCP-laden crystals because it is a powerful cryo-

EM method for high-resolution structure determination from protein microcrystals. The

new technique is termed as LCP-MicroED, however, prior to applying LCP-MicroED to
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the bicarbonate transporters, methods needed to be developed for LCP-MicroED.

Therefore the model protein Proteinase K was used and its structure was determined to

2.0 Å by MicroED. Additionally, electron diffraction data from cholesterol and human

A2A adenosine receptor crystals were collected at 1.0 Å and 4.5 Å using LCP-MicroED,

respectively. Other applications of MicroED to different samples are also discussed.
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CHAPTER 1: INTRODUCTION

1.1 Cyanobacterial CO2 Concentrating Mechanism

Atmospheric CO2 concentration is expected to increase from 0.03% to up to 0.06% by

volume over the 21st century due to human activities, which can cause irreversibly long-

time climate change 1. Many researchers have been motivated on utilizing atmospheric

CO2 for other purposes including energy storage and chemical synthesis 2-4. In nature,

photoautotrophs (i.e. plants, algae and cyanobacteria) use inorganic carbon source (Ci)

for synthesis of organic compounds and release oxygen via photosynthesis, which is

essential for many living organisms including humans. This process includes light-

dependent reactions which produces oxygen from water and light-independent reactions

which converts CO2 into the carbohydrates by carbon fixation 5, 6.

Cyanobacteria are a group of ancient, largest, most diverse phototrophic prokaryotes, and

are assumed to be the first oxygenic photoautotrophs appeared on the Earth over 2.3

billion years ago 7, 8. They contribute to nitrogen fixation and up to 30% of the worldwide

primary photosynthetic productivity (i.e. conversion of around 25 billion tons of carbon

dioxide) 9, 10. However, as limited concentration of Ci species are available in aqueous

environment (in the magnitude of µM), cyanobacteria have evolved several mechanisms

to improve photosynthesis, and one of them is the CO2 concentrating mechanism (CCM)

11, 12. CCM actively transports Ci into the cells to enhance the carbon fixation around the

ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubisco) in the carboxysome as Ci are

limited in their natural environment. The pool of Ci inside the cell can be accumulated by

up to 1,000 fold than the environmental level, and is measured between 20 to 40 mM. As
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shown in Figure 1-1, cyanobacterial CCM is largely attributed to 5 different Ci uptake

systems: three bicarbonate transporters BCT1, SbtA and BicA, which are located on the

plasma membrane, and two CO2 uptake systems NDH-I3 and NDH-I4, which are located

on the thylakoid membrane 13-17.

Figure 1-1: Scheme of the five known cyanobacterial Ci uptake systems in colors with
some ancillary components in gray 16.

BCT1 is a member of ATP binding cassette (ABC) transporter family, and was identified

in a freshwater cyanobacteria Synechococcus sp. strain PCC7942. It is encoded by the

cmpABCD genes which are inducible under Ci limiting condition 18, 19. BCT1 transports

HCO3- with high affinity (Km = 15 µM) and a low to medium flux rate 20. It consists of 4

different protein subunits. CmpA is a periplasmic membrane protein which acts as the

major HCO3- binding protein with high affinity (Kd = 5 µM). CmpB is a dimeric integral
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membrane protein which forms the ion transport channel. CmpC is located on one

cytoplasmic face of CmpB and contains 2 domains, where the N-terminal domain has

ATP-binding motifs (similar to the ATP-binding domain in other ABC transporters) and

the C-terminal domain is 29% identical to CmpA. CmpD is located on the other

cytoplasmic face of CmpB and contains a ATP-binding motif which is 53% identical to

N-terminal domain of CmpC. BCT1 is similar to another cyanobacterial ABC

nitrate/nitrite transporter NRT1 which is composed of 4 protein subunits NrtA to NrtD.

NrtC is involved in the inactivation of NRT1 when NH4+ is present. Likewise, CmpC

could play a role in the dark inactivation of BCT1 transport activity possibly from its C

terminal domain 16, 20.

SbtA was discovered in freshwater Synechocystis sp. PCC6803 as inactivation of BCT1

had little impact on the HCO3- transport activity, which indicated the existence of another

HCO3- transporter. SbtA has no ATP-binding domains while it transport HCO3- driven by

a Na+ electrochemical gradient across the plasma membrane. The Na+ concentration

gradient is established by a Na+/K+ transporter NtpJ which is also essential for the growth

of Synechocystis sp. PCC6803. 6 and 1 mM of external Na+ is required for maintaining

maximal and half-maximal HCO3- transport, respectively. Therefore, SbtA stands for

Sodium-bicarbonate transporter A and belongs to the sodium solute symporter (SSS)

family. SbtA is inducible under Ci-limiting conditions and transports HCO3- with high

affinity (Km = 16 µM) and low to medium flux rate (Vmax = 140 µmol·mg chl-1·h-1) 21, 22.

The scarcity of SbtA structure makes it difficult to investigate its molecular transport

mechanism, however a study on SbtA topology was published and shows that SbtA has

ten transmembrane helices (TMH) with 5+5 duplicated structure, where helices 1-5 and
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6-10 share 23% sequence identity and 53% similarity, and this indicates that the pair

adopt opposite or inverted orientation in the plasma membrane 23. This 5+5 inverted

structural symmetry motif is not uncommon for other SSS members, such as the bacterial

Na+/leucine symporter (LeuT) and bacterial Na+/galactose symporter (vSGLT) 24-26.

Transporters with this internal two-fold pseudo-symmetry axis employ an alternating

access mechanism, which means two halves of the TMHs alternately open the substrate

binding gates at the periplasmic and cytoplasmic faces. However, SbtA is different from

other SSS members that both N- and C-termini are periplasmic for SbtA and cytoplasmic

for other SSS members. Topology map also shows that there is a cytoplasmic loop

between TMH 5 and 6, which contains many positive residues, may be involved in the

regulation of SbtA transport activity 23.

SbtA is assumed to be regulated by another protein SbtB, whose gene is located at the

same operon as that encoding SbtA, in the dark conditions by binding to SbtA and

suppressing HCO3- transport. This phenomenon has been confirmed in Escherichia coli

(E. Coli) and several cyanobacteria strains including Synechocystis sp. PCC6803. SbtB is

similar to the PII signaling proteins, which form trimers and in some cases take part in

regulating nitrogen metabolism in bacteria 27. SbtA from Synechocystis sp. PCC6803

(SbtA-6803) is approximately 40 kDa in size and probably exists as a tetramer of 160

kDa measured from a blue-native PAGE experiment. However, 160 kDa can also be the

result of complex size between a SbtA trimer and a SbtB trimer since trimeric SbtB from

Synechocystis sp. PCC6803 (SbtB-6803) is about 36 kDa. Besides, SbtA-SbtB interaction

is structurally similar to an ammonia transporter and its PII-like inhibitor in E. coli,

AmtB-GlnK, which forms a complex of trimer and trimer as shown in Figure 1-2 27-29.
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The ammonia transport activity of AmtB is blocked by insertion of an arginine containing

T-loop from each protomer of the signaling protein GlnK 29. Furthermore, SbtA was

reported to be active in boron tolerance in several filamentous fungi, which suggests that

SbtA plays a different role in other species 30.

Figure 1-2: Ribbon representation of AmtB-GlnK model (PDB ID: 2NUU,
http://www.rcsb.org) 29. (A) Top view shows the trimer interface of ammonia channel
AmtB. (B) Side view shows the complex binding interface where a loop of each signaling
protein GlnK inserts into AmtB.

BicA was discovered in marine cyanobacteria Synechococcus PCC7002 because a mutant,

which had SbtA insertion but no CmpABCD genes, showed response to HCO3- uptake at

a higher Ci concentration. This phenomenon suggested that there was another HCO3-

transporter with transport affinity lower than SbtA. A gene sul3 encoding homologue to

plant sulfate transporter was screened and identified as HCO3- transporter gene, and

hereafter named as bicA. BicA from Synechococcus PCC7002 (BicA-7002) and

Synechocystis sp. PCC6803 (BicA-6803) are both active transporters. They transport

HCO3- with medium to low affinity (Km = 38 µM for BicA-7002, and 171 µM for BicA-

6803) and high flux rate (Vmax = 1333 µmol·mg chl-1·h-1 for BicA-7002, and 1013

µmol·mg chl-1·h-1 for BicA-6803) under their optimal conditions. Bicarbonate transport is

http://www.rcsb.org).


6

also driven by Na+ gradient across the plasma membrane. 20 mM and 1.7 mM of

extracellular Na+ are required for BicA-7002 to maintain maximal and half-maximal

transport activity, respectively 31.

BicA belongs to a large family of prokaryotic sulfate permease and eukaryotic solute

carrier 26 transporter (SulP/SLC26). SulP/SLC26 proteins transport a large number of

monovalent and divalent anions, such as sulfate, chloride, iodide, formate, oxalate,

hydroxyl, bicarbonate, thiocyanate, etc. SLC26 transporters consist of 11 subfamilies

(SLC26A1-SLC26A11) in mammalian, and act as electroneutral exchangers, ion

channels, symporters and sometimes transport substrates in conjunction with ABC

transporters. They play an important role in ion homeostasis and tissue development, and

mutation or inactivation of SLC26 members is related to some rare genetic diseases. For

example, an SLC26A1 member Sat-1 is expressed in hepatocytes and its malfunction

leads to hepatotoxicity. An SLC26A2 member DTDST is located in chondrocytes and

related to chondrodysplasias. An SLC26A4 member pendrin and SLC26A5 member

prestin are widespread in cochlear cells and are associated with Pendred syndrome and

deafness. An SLC26A8 member TAT1 is found in sperm cells and likely to be linked

with male infertility. SulP/SLC26 members generally have N-terminal transmembrane

domain (TMD) with 14 TMHs and C-terminal cytosolic sulfate transporter and anti-

sigma factor antagonist (STAS) domain, while they may share as little as 23% sequence

identity (e.g. BicA-7002 and DTDST). There are several highly conserved sites across

SLC26 members, which lies in TMH 1-2, cytoplasmic loop between TMH 8 and TMH 9,

and STAS 32-37.



7

Structural study of BicA-6803 was recently published by employing X-ray

crystallography and electron cryo-microscopy (cryo-EM). A truncation of TMD (TM 14

was absent) crystallized in lipid cubic phase. Similar to other SLC26 proteins, the TMD

was arranged as the 7+7 inverted repeats in which a pseudo-C2 symmetry axis between

TMH 1-7 and 8-14 was parallel to the membrane plane, and divided into a core domain

(TMH 1-4 and 8-11) and gate domain (TMH 5-7 and 12-14). The structure represented an

inward-facing conformation with a HCO3- bound to a hydrophilic pocket which was

formed by TMH 3, 8 and 10. The STAS domain crystallized as a stable homodimer and

was required for dimerization of full-length BicA-6803 as revealed in a low resolution

single particle cryo-EM map. Dimerization occurs in its physiological membrane

distribution and is essential for HCO3- transport activity 38. However, a high resolution

structure of the full-length BicA has yet been available for investigating the mechanism

of HCO3- transport and related conformations.

Figure 1-3: Published structural study of BicA-6803 38. (A) Ribbon view of TMD
truncate showing the HCO3- binding site and a monoolein lipid in the hydrophilic pocket.
(B) Detailed view of TMD truncate showing the arrangement of the gate (purple) and
core (orange) domain. (C) Top view of the STAS domain showing the 2 STAS
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monomers in cyan and gray. (D) Side view of the STAS domain. (E) Front view of the
full-length BicA-6803 cryo-EM map with the TMD and STAS fitted. (F) Bottom view of
the map showing the STAS dimer.

In recent years, several structures of eukaryotic SLC26A9 transporters have been

published, and their atomic models are shown in Figure 1-4. A structure of mouse

SLC26A9 transporter was solved in 2019 by single particle cryo-EM. It revealed a dimer

conformation where two STAS domains acted as the primary dimer interface (Figure 1-4

A and B). The STAS domains were swapped and appeared as a knob at the center of

particle. The TMD contributed to 11% of dimer interface and adopted a 7+7 inverted

repeat architecture, where TMH 1-4 and 8-11 formed a convex core carrying a putative

ion-binding site, and TMH 5-7 and 12-14 formed a concave gate 39. A human SLC26A9

protein was determined at 2.6 Å in 2020 by single particle cryo-EM. The structure is very

similar to the mouse SLC26A9 (Figure 1-4 C and D). It resolved multiple ion binding

sites in the map and revealed a novel C-terminal sequence binding into the TMD which

potentially acted as a gating modulator. This C-terminal sequence fold exhibited no

obvious conformational change compared with the mouse SLC26A9, however it altered

the surface charge 40.
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Figure 1-4: Ribbon representation of the eukaryotic SLC26A9 transporters 39, 40. (A)
Front view of the mouse SLC26A9 protein showing a clear dimer interface (Lines
represent the surface of membrane bilayers). (B) Top view of the mouse SLC26A9
protein. (C) Front view of the human SLC26A9 protein showing a clear dimer interface
(Lines represent the surface of membrane bilayers). (D) Top view of the human
SLC26A9 protein.

This work aims to investigate the structural mechanisms of BicA and SbtA transport

activity, and the interaction between SbtA and SbtB. E. coli is selected as the host system

for heterologous expression of SbtB, SbtA and BicA due to the low cost, fast growth, and

capability for high protein yield 27, 38, 41. As both SbtA and BicA are integral membrane

proteins, much work on screening protein purification conditions and methods for

structure determination will be in demand as membrane protein structures are generally

difficult to be determined, especially at high resolution.

1.2 Structure Determination of Membrane Proteins

Membrane proteins represent 30% of proteins encoded and expressed in living organisms

42. They are the gates for substrate exchange between outside and inside of cells. They are
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related with many diseases which make them ideal targets for more than 50% of drugs on

the market and their design 43. Based on their nature and extent of interaction with

membrane bilayers, they can be classified as peripheral, amphitropic, integral and lipid-

anchored membrane proteins 44. Peripheral proteins (e.g. Cytochrome c) are attached to

the membrane surface by electrostatic interaction or hydrogen bonding with either the

surface of integral proteins or the head groups of phospholipids. They hardly penetrate

the membrane bilayers while exhibit some weak hydrophobic interaction 44-46.

Amphitropic proteins (e.g. Protein kinase C) are either water-soluble or weakly

associated with the membrane surface because they can exchange between conformations

through a combination of electrostatic and hydrophobic forces. Both forms co-exist and

the membrane-bound conformation is reversibly converted by water-soluble globular

conformation following phosphorylation, acylation or ligand binding to expose the

membrane binding site 44, 47, 48. Integral proteins are tightly and permanently bound to the

membrane by integration into the membrane’s hydrophobic interior and the most

abundant type among membrane proteins. In brief, they are divided into endo, ecto or

trans-membrane proteins 44. Endo or ecto proteins are inserted into the membrane’s

hydrophobic interior from the inner surface or the outer surface and do not penetrate the

entire membrane (e.g. Cytochrome b5 49). Transmembrane proteins are inserted

throughout the membrane bilayers with some segments exposed both outwardly and

inwardly to the aqueous spaces. They are further extended into single transmembrane α-

helix proteins (e.g. Glycophorin 50), multiple transmembrane α-helical proteins (e.g.

Bacteriorhodopsin 51), and multiple transmembrane β-barrel proteins (e.g. OmpF 52).

Lipid-anchored proteins are linked to membrane lipids through formation of thioester or
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amide, and many of them are also transmembrane proteins (e.g. Calcineurin B). The

anchored lipids involve myristic acid, palmitic acid, prenylated hydrophobic acyl chains

and glycosylphosphatidylinositols (GPIs) 44, 53.

To determine a high resolution protein structure sheds light on the mechanism of protein

functions and provides a model for further applications including protein engineering and

drug design, since most intramolecular and intermolecular interactions are visible at high

resolution. However, only a small fraction (around 1%) of protein structures deposited

into the protein data bank (PDB, https://www.rcsb.org/stats 54) refers to membrane

proteins. Membrane proteins are difficult to be expressed at good quantity in host cells as

they are hydrophobic and usually toxic to the cells. To purify membrane proteins from

the host cells, detergents are employed to extract them from the lipid bilayers and form

protein-detergent complex to maintain soluble in aqueous environment. Detergent

screening is crucial in membrane protein structural biology since the correct choice of

detergent, mostly nonionic or zwitterionic detergents, can maintain the right secondary

and higher-order structures of membrane proteins 55. X-ray crystallography and single

particle cryo-electron microscopy (cryo-EM) have been developed to determine the

structures of membrane proteins.

X-ray crystallography is one of the major methods of membrane protein structure

determination since it works for membrane proteins of any size and can yield to high

resolution structures. A membrane protein of interest has to be crystallized to form well-

ordered crystals, where individual molecules adopt one or a few identical orientations and

closely pack to each other 56. The workflow is summarized in Figure 1-5. A protein

crystal is mounted in the X-ray beam, the electron cloud within the exposed crystal is

https://www.rcsb.org/stats
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scattered, and the scattered rays are recorded on a detector on which many spots occur

meeting the Bragg’s law. The spots form a pattern in reciprocal space and are measured

for determining the space group and unit cell parameters in real space. Structure factors

are calculated by measuring the intensity and phase of the diffraction spots (the latter is

lost during data collection while can be determined by other methods), and can be used

for solving the electron density map by Fourier transform. The map is interpreted with a

model of protein tertiary or quaternary structure 57. A well-ordered and closely-packed

protein crystal can be diffracted to high resolution (i.e. < 3 Å for membrane protein),

which is the most difficult and time-consuming part of protein crystallography 56, 57. The

first high-resolution membrane protein structure was the protein subunits in the

photosynthetic reaction center determined at 3 Å using X-ray crystallography 58. Around

90% of membrane protein structures deposited in membrane protein data bank (MPDB,

http://www.mpdb.tcd.ie/stat.asp 59) have been determined by X-ray crystallography.

Figure 1-5: A general workflow of protein structure determination by X-ray
crystallography. Gawas et al. (2019).

http://www.mpdb.tcd.ie/stat.asp
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High quality membrane protein crystals are necessary for high resolution structure

determination, and there are several approaches to grow them: vapor diffusion, counter-

diffusion, lipidic cubic phase (LCP), bicelle, etc. Vapor diffusion and LCP are covered in

this dissertation. Vapor diffusion is the most commonly used in both soluble and

membrane protein crystallography. Purified membrane protein solution is mixed with the

crystallization solution at designed ratios to produce the mixed droplets of 0.2 to 10 µL.

The droplets are sealed in a chamber and separated from a large volume of crystallization

solution at the bottom of chamber. The crystallization solution evaporates in the chamber

and slowly concentrates the drop to force membrane proteins into supersaturation.

Crystals may occur if nucleation sites form and grow (Figure 1-6 A) 60. Crystallization in

LCP is achieved by mixing membrane protein sample with a host monoacylglycerol lipid

(e.g. monoolein) at a ratio of 2:3 (v:v) in order to form bicontinuous lipid cubic phase,

and the phase is incubated against the crystallization solution in sealed glass sandwiches

(Figure 1-6 B). This method provides a near-native environment for membrane proteins

and has been successful in obtaining high quality crystals 61-63.

Figure 1-6: Examples of membrane protein crystals grown in (A) vapor diffusion 60 and
(B) lipidic cubic phase 63.
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As membrane proteins need to be concentrated to reach the state of supersaturation,

followed by addition of precipitate which slows down the diffusion rate and forms the

nucleation sites for crystal growth, the quality of membrane protein crystals are affected

by factors including host environment, temperature, pH, salt, precipitate, additive, and so

on. It usually begins with testing a number of precipitate solutions which are available

from commercial kits, and once crystal hits are found, optimization such as gradients of

salt, precipitates and pH or lower temperature will be performed. Most membrane

proteins are crystallized in the presence of polyethylene glycol (PEG) of different

molecular weight as precipitates. Crystallization are commonly set up at 293 K, although

incubation at lower temperature like 277 K or 285 K is also common for sensitive

proteins 57.

Once crystals are generated, they need to be mounted in the X-ray beam for diffraction

experiments. The most commonly used X-ray source is synchrotron radiation (SR). SR is

produced by the electrons which are accelerated to near the speed of light and confined to

a giant near-circle ring by electromagnetic field. As electrons are forced into curved or

bent motion, they emit energy as SR which contains a fraction of X-ray. SR is one of the

most brilliant light source on earth and the most powerful tool for crystallography since a

synchrotron facility offers many beamlines for various purposes including single

wavelength diffraction, anomalous diffraction, Laue diffraction, etc. Membrane protein

crystals are continuously rotated in the X-ray beam via a goniometer, and diffraction

patterns from as many different orientations as possible can be collected for structure

determination. However, radiation damage occurs as crystal is continuously exposed to

X-ray beam. Cryocrystallography (i.e. crystals are cryo-cooled at liquid nitrogen) is one
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of the solution to address radiation damage because the rates of free radical formation,

chemical bond breakage and lattice spacing interruption are much lower at liquid nitrogen

temperature than at ambient temperature 57. Furthermore, microfocus SR beamlines are

adopted to facilitate diffraction of membrane protein crystals as they are often small or a

small fraction of the crystal can be diffracted to high resolution 64.

Cryo-EM utilizes a transmission electron microscope (TEM) operating at cryogenic

temperature for macromolecular structure determination, including membrane proteins 65.

In cryo-EM, low dose of electron beam, whose wave nature was confirmed a century ago

66, and cryogenic temperature (i.e. 77 K of liquid nitrogen or 4 K of liquid helium) are

crucial for biomolecule structure determination in order to reduce radiation damage and

preserve physiological conditions 67, 68. Biological samples are embedded in a thin layer

of vitreous water solution to remain hydration within the samples and enhance contrast as

visualization of biological samples are impacted by ice. Thus, biological samples must be

applied onto TEM grids coated with holey film, blotted for a few seconds to generate thin

hydration layers, and plunged into liquid ethane to vitrify the thin hydration layers.

Biological samples maintain near-aqueous conditions in the holes 69.

Single particle cryo-EM has been popular in recent years for protein structure

determination. Unlike the collection of diffraction patterns in X-ray crystallography, it is

the electron micrographs or images of millions of individual biological macromolecules

that are collected by a cryo-TEM. This giant number of particles are computationally

classified and averaged by different 2D orientations to generate templates for initial 3D

reconstruction map, the initial 3D map has been continually refined to a final map which

can be interpreted by a structure model (Figure 1-7). Single particle cryo-EM bypasses
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the time and effort spent producing crystals and allows fast discernment of molecules of

different structural and functional states. However, protein particles below a size limit

(typically 100 kDa) are difficult to be visualized and collected. Besides, membrane

proteins purified in detergent solution tend to aggregate, thus it is necessary to screen the

homogeneity of membrane protein molecules prior to cryo-EM 70-73. Prior to data

collection in a cryo-TEM, negative staining is very useful for fast screening of sample

purity and homogeneity to optimize sample buffer recipe and detergent 74.

Figure 1-7: A general workflow of protein structure determination by single particle cryo-
EM 70.
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There are six types of host environment for membrane protein sample preparation in

single particle cryo-EM: detergent, amphipols, liposome, bicelle, lipid nanodisc, and

peptidisc. Detergent is the most common since membrane proteins are extracted from the

biological membrane and purified with detergents 75. Amphipols are amphiphilic

polymers designed to bind to the transmembrane domain of membrane proteins via their

multiple hydrophobic side chains with high affinity, and the resulting membrane protein-

amphipol complexes are soluble in aqueous solution via the multiple hydrophilic side

chains of amphipols. The stability of membrane proteins can be enhanced as the

complexes remain soluble in detergent-free aqueous solution and no interaction between

detergent monomers and membrane protein-detergent micelle complexes occurs, which

usually causes membrane proteins to be dissociated from their higher oligomeric state or

denatured 76, 77. Liposome is a spherical vesicle of lipid bilayer where membrane proteins

are incorporated. Membrane proteins maintain their natural conformation in lipid bilayer.

However, liposomes are sometimes too large to achieve high number of liposomes in the

holes, and therefore longer sample incubation time on the holey carbon grids and multiple

sample application are necessary for grid preparation 78, 79. Lipid nanodisc uses a

nanoparticulate lipid bilayer disc assembled and trapped by two membrane scaffold

proteins which are usually amphipathic helical proteins to stabilize the membrane

proteins incorporated into the lipid bilayer disc 80, 81. Peptidisc is structurally similar to

nanodisc, however the two membrane scaffold proteins are replaced with many

amphipathic peptides. Both membrane scaffold proteins and amphipathic peptides align

in a double belt to support the shape of lipid bilayer disc 82, 83.
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1.3 Microcrystal Electron Diffraction (MicroED)

Apart from X-ray crystallography and single particle cryo-EM, electron crystallography

offers alternatives for membrane protein structural biology. Electron diffraction is

conducted in a transmission electron microscope (TEM). The electrons produced by a

TEM have de Broglie wavelength of 0.0251 Å at acceleration voltage of 200 kV and

0.0197 Å at 300 kV, thus they are precise probe for molecular structure. Besides, every

elastic X-ray scattering event by a crystal to contribute to the a diffraction pattern is

accompanied with 10 inelastic events that cause radiation damage, however electrons

deposit energy into a crystal two to three orders of magnitude less than X-ray per elastic

scattering event 84.

Electron crystallography in cryo-EM was developed in the mid 1970s from 2D crystals.

2D crystals are produced by crystallizing membrane proteins in lipid environment and

extending on the surface of TEM grids as films. It is unique for 2D crystals to observe the

membrane protein molecules from the images and the diffraction spots by processing fast

Fourier transform of the images. Although it is difficult to produce well-ordered 2D

crystals, and the electron dose rate applied to them leads to rapid destruction of crystals

and limited number of diffraction frames, high resolution structures of membrane

proteins have been determined by electron crystallography 86-89. To mitigate radiation

damage, the TEM runs at low dose setting throughout data collection and cryogenic

temperature maintained by liquid nitrogen or liquid helium 57. The structure of

Bacteriorhodopsin was determined at 3 Å resolution over a decade ago 85, and around 8

structures are determined by electron crystallography.
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However, structure determination by electron crystallography from 3D crystals had not

been demonstrated until 2013 89. 3D electron crystallography utilizes a cryo-EM method

to collect diffraction data from crystals whose sizes are up to several micron from 3

dimensions. Such method is termed as Microcrystal electron diffraction (MicroED). In

traditional single crystal X-ray crystallography, large protein crystals (i.e. >10 µm) are

required to withstand the radiation damage. In MicroED, electron interacts with materials

stronger than X-ray, thus much smaller crystals (membrane protein crystals are often tiny)

are enough to produce meaningful diffraction data and withstand the radiation damage.

Although X-ray is scattered only by electron cloud, electrons are scattered by both

electron cloud and nuclei, and hence information on charged atoms are more sensitive

from MicroED. Furthermore, both X-ray and electron diffraction share many common

features, so electron diffraction patterns can also be processed in the programs developed

for single crystal X-ray crystallography, which skipped the need for developing

algorithms for data processing 89-91. In a nutshell, MicroED provides a good option for

membrane protein structure determination.

The first protein structure determined by MicroED was lysozyme, using 90 series of still

diffraction patterns from lysozyme micro-crystals and yielding to final resolution of 2.9

Å. High quality diffraction patterns were obtained from crystals 1-6 µm long and wide,

and less than 1 µm thick 89. Later, the continuous rotation MicroED method was applied

to Lysozyme, Bovine liver catalase, Proteinase K, peptides, and so on 90-94. The first

membrane protein structure determined by MicroED was Ca2+-ATPase. The map was

refined to 3.4 Å and showed partial charges on residues glutamic acid, aspartic acid and

bound calcium ions 95. Later, 2.9 Å resolution structure of TGF-βm-TβRII complex was
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determined by MicroED. The complex crystals were fragmented from needle clusters by

vortexing with disruption glass beads prior to grid preparation 96. A truncated wild-type

NaK ion channel structure was solved at 2.5 Å by MicroED, where new densities of

charged ions were identified surrounding the external selectivity filter. Combined with X-

ray structures, a molecular movie of ion partition and conduction could be drawn 97.

MicroED is a part of cryo-EM methods, thus the sample preparation and data collection

steps are similar to single particle method. In terms of sample preparation, droplets of

microcrystals are applied onto the surface of holey TEM grids, followed by blotting the

grid to make thin hydration layer and plunging into liquid ethane. With regard to data

collection, grids are loaded into a cryo-TEM and the overall quality is screened under the

low magnification imaging mode at low dose settings. Once a good-looking crystal is

identified and centered in the beam, the microscope will be switched to the diffraction

mode for data collection, unlike single particle data collection. All diffraction spots or

reflections are recorded by sensitive scintillator-based complementary metal oxide

semiconductor (CMOS) detector as the crystal is continuously rotated by the stage, which

is similar to the goniometer applied in X-ray crystallography. Thanks to the CMOS

detectors, the electron dose rate and total dose deposited on crystals could be less than

0.01 e-/(Å2·s) and 5 e-/Å2 to collect meaningful diffraction data sets 98, 99. Once data sets

are collected, they can be processed in the programs developed for X-ray crystallography.
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Figure 1-8: A general workflow of MicroED (A) data collection and (B) data processing.

Lipidic cubic phase (LCP) or in meso crystallization of membrane proteins first appeared

in 1996 61. In general, membrane proteins are purified from the biological membrane with

detergent, reconstituted into monoacylglycerol (MAG) lipid bilayer to form cubic phase,

and incubated against precipitants 100, 101. LCP was developed based on the phase

behavior of MAG/water system. For example, monoolein (9.9 MAG) adopts a cubic

phase at the ratio of 3/2 (v/v) monoolein/water, where monoolein adopts highly packed

and curved continuous bilayer structure, resembling saddles, and water forms intersecting

channels at the core of “saddles”. LCP serves as infinite reservoir of reconstituted

proteins which arrange in random orientation within the monoolein bilayer. Once LCP is

formed, precipitate is added to form local lamellar phase to facilitate protein-protein

interaction and concentrate proteins to trigger nucleation and crystal growth 100-103.

Crystals grown in LCP resemble the granule crystalline embedded in thick toothpaste 100,

101, 104. LCP is a powerful method in high resolution structural studies of membrane

proteins as it offers a lipid bilayer environment 60, 100, 101, 105.
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LCP is thermodynamically stable at 293 K by mixing two parts water phase (i.e. protein

solution) and three parts monoolein. Other short-chain MAGs are also employed if the

crystallization is set up at low temperature or protein contains large soluble domains 102,

106, 107. In most cases, membrane proteins are crystallized against polymer-based

precipitants (e.g. polyethylene glycol (PEG)) which cause the cubic phase to be

spongified and form lamellae in which the bilayer interfacial curvature and its bending

rigidity are lowered and the mesophase can absorb more aqueous solution 100, 101. Besides,

presence of additive lipids (e.g. cholesterol) in the mesophase facilitates crystallization of

tough membrane proteins, especially G protein-coupled receptors (GPCRs) when

crystallized against precipitant conditions involving PEG 400 105.

Membrane proteins adopt crystal packing type I in LCP and type II in vapor diffusion. In

type I, crystals are packed as stacked 2D crystals where hydrophobic surfaces are the

driving force of crystal contact, thus lattice packing is close in the plane of membrane.

Close and well-ordered crystal lattices are necessary for diffraction at high resolution. In

type II, crystal contacts are established by hydrophilic surface, and hence membrane

proteins with large soluble domain or associated with soluble proteins are easier to be

crystallized. Besides, short-chain detergents need to be screened as not to cover too much

of polar surfaces 108, 109.

Some membrane protein crystals grown in LCP are large enough for single crystal X-ray

diffraction using synchrotron radiation, however most LCP-based crystals are tiny. Serial

femtosecond crystallography (SFX) was employed for structure determination of LCP-

based microcrystals, where the crystal laden LCP is directly delivered to the free electron

laser X-ray beam via a specially designed high viscosity media injectors (also known as
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LCP injectors) 110, 111. Such technique, referred to as LCP-SFX, skips the effort spent on

harvesting crystals and allows in situ data collection at room temperature which is close

to the physiological conditions of most membrane proteins 101.

MicroED shows the potentials for structure determination of microcrystals grown in LCP.

Most universities and research institutes are equipped with cryo-TEM, thus it is more

available and accessible for users to collect MicroED data than waiting for beamtime

assigned by synchrotron or free electron laser facilities. Besides, LCP-SFX requires over

hundreds of thousands of crystals since each hit contributes to a snapshot of diffraction

pattern, however, MicroED significantly reduces the number of hit crystals for structure

determination (i.e. <10) with high completeness. The combined technique, hereafter

designated as LCP-MicroED, is likely to open a new era for membrane protein structure

determination, especially for GPCRs and other tough targets.

This work will demonstrate the first example of LCP-MicroED application. Since LCP is

similar to toothpaste, it is required to reduce the viscosity of crystal-laden mesophase for

TEM grid preparation. Proteinase K microcrystal embedded in meso was selected for

testing the diffraction quality after lowering the phase viscosity because it was

respectively screened at high resolution by MicroED 96, 112 and LCP 113. Once the test was

confirmed feasible, GPCRs crystallized in meso would be applied.

Although initially developed for protein structure determination, MicroED was recently

applied in the field of small organic molecules. For a long time, structures of small

organic molecules have been assigned by ultraviolet-visible spectroscopy 114 and infrared

spectroscopy 115, mass spectrometry 116, nuclear magnetic resonance (NMR) spectroscopy

117, X-ray powder diffraction 118, single crystal X-ray diffraction (SXRD) 119, and so on.
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Among them, SXRD is the only technique to determine the position and orientation of

individual atoms and bonds within a given molecule with precision 120, 121. Although

SXRD requires crystal size to be at least 10 µm for synchrotron and 50 µm for home

source, MicroED imposes no lower crystal size limit which bypasses the time for

producing large crystals 122.

In 2018, two independent articles on the application of MicroED in small organic

molecules were published at nearly the same time. One demonstrated the applicability of

MicroED on natural products from chemical suppliers and pharmacies, purified samples

by flash column chromatography but not crystallized, and heterogeneous samples (i.e.

mixtures of compound) which are precluded by NMR and SXRD. A total of 11 different

structures were determined at high resolution in minutes 121. The other employed electron

diffraction of a cold flu medicine which was hardly diffracted even by synchrotron X-ray

source and of a novel methylene blue derivative MBBF4 at 0.9 Å 122. Later, MicroED

proved successful in determining the absolute stereochemistry of several small organic

molecules at high resolution 123-125, and identifying different enantiomers in the

asymmetric unit 126.

This work will demonstrate some examples of application of MicroED structure

determination to small organic molecules.
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CHAPTER 2: CRYSTAL STRUCTURES OF THE CYANOBACTERIAL

BICARBONATE TRANSPORT REGULATOR SBTB

2.1 Introduction

Cyanobacteria account for over a quarter of global carbon fixation 9. To do so,

cyanobacteria require the ability to transport inorganic carbon which, in the aqueous

environments that they occupy, is found mostly in the form of HCO3-. While

cyanobacteria are known to transport HCO3- into the cell through the coordinated

function of multiple membrane-protein transporters, much remains to be understood

regarding how these systems both function and are regulated.

One of the key cyanobacterial bicarbonate transporters SbtA is a Na+-dependent

bicarbonate transporter with low flux rate and high affinity 16. SbtB, a soluble

cytoplasmic protein with a similar folding to PII signaling proteins, has been shown to

regulate the transport activity of SbtA. Studies suggest that this occurs via the direct

binding of SbtB to SbtA, which is controlled as a function of ATP/ADP levels within the

cell and then blocks HCO3- transport by SbtA 27, 127, 128.

Recent crystal structures of SbtB originating from both Cyanobium sp. PCC 7001 127 and

Synechocystis sp. PCC 6803 (SbtB-6803) 129 show trimeric structure and canonical PII-

like folding. PII proteins are widespread in nature and regulate a range of processes, most

notably those involved in nitrogen metabolism 130. In this work, two crystal structures of

apo-form SbtB-6803 are presented. One was determined at 2.0 Å and contains a trimer in

the asymmetric unit (ASU). The other structure contains a dimer in the ASU, rather than

the native trimeric form. The structure was determined at a resolution of 1.8 Å, shows an
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extended C-terminus, and contains an intermolecular disulfide bond between residues

C94 from adjacent SbtB-6803 dimers. When viewed together, the symmetry related

disulfide bonded dimers suggest a potential dimer of dimers arrangement within the

crystal, in which one of the two-fold axis is crystallographic.

2.2 Materials and Methods

2.2.1 Expression Vector and Strain

The gene encoding full length SbtB-6803 (i.e., slr1513 from Synechocystis sp. PCC 6803)

was constructed with N-terminal 6x-His tag and tobacco etch virus (TEV) protease

cleavage site (Integrated DNA Technologies), and fused into pBLN200 vector using

Gibson assembly 131, 132 to give the plasmid pSbtB-200. The plasmid was confirmed by

DNA sequencing, and transformed into E. coli strain BW25113 133.

2.2.2 Protein Expression and Purification

Cells were grown at 37 °C in 1 L of Luria Broth (LB) media supplemented with 50

µg/mL kanamycin. Gene expression was induced when the cell density (OD600) reached

approximately 0.5 by addition of 0.2% (w/v) L-arabinose, and expression was carried out

for 3 h. Cell pellets were harvested at 4,000 x g and lysed by sonication in 50 mM Tris-

HCl pH 8.0, 100 mM NaCl and 1 mM PMSF. The cell lysate was centrifuged at 10,000 x

g to remove cell debris and unbroken cells. The supernatant was loaded into a HisTrap

HP column (GE Healthcare) pre-equilibrated with 20 mM Tris-HCl pH 7.5 and 0.5 M

NaCl. The column was then washed with 20 mM Tris-HCl pH 7.5, 0.5 M NaCl and 75

mM imidazole. His-tagged SbtB-6803 was eluted from the column in 20 mM Tris-HCl

pH 7.5, 0.5 M NaCl and 500 mM imidazole. To remove the 6x-His tag, His-tagged TEV
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protease was added at a ratio of 1 mg per 50 mg of His-tagged SbtB-6803. The reaction

mixture was added to a 2.5 kDa cut-off dialysis membrane, and cleavage was performed

as the sample was dialyzed overnight at 4 °C against 50 mM Tris-HCl pH 8.0 and 50 mM

NaCl. Uncleaved SbtB-6803 and TEV protease were removed by passing the digested

sample through a pre-equilibrated HisTrap HP column. The flow through containing

cleaved SbtB-6803 was collected and dialyzed against 20 mM Tris-HCl pH 7.8, and

further purified by running anion exchange chromatography with a HiTrap Q HP column

(GE Healthcare) also pre-equilibrated with 20 mM Tris-HCl pH 7.8. The same pre-

equilibration buffer was used along with a linear gradient of 1 M NaCl in 20 mM Tris-

HCl pH 7.8 to elute SbtB-6803 for crystallization, which occurred at approximately 340

mM NaCl. SbtB-6803 was collected and SEC was performed in 20 mM Tris-HCl pH 7.5

and 150 mM NaCl on a Superdex 75 10/300 GL column (GE Healthcare).

2.2.3 Polyacrylamide Gel Electrophoresis (PAGE)

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was

performed on 4% stacking gels followed by 15% resolving gels. Protein solutions were

mixed with equal volume of 62.5 mM Tris-HCl pH 6.8, 5 mM DTT, 25% glycerol, 0.1%

bromophenol blue and 0.2% SDS. Native-PAGE was performed on 4-20% mini-protean

TGX precast protein gels (Bio-Rad). Protein solutions were mixed with equal volume of

62.5 mM Tris-HCl pH 6.8, 5 mM DTT, 25% glycerol and 0.1% bromophenol blue. The

protein bands were visualized by 0.1% Coomassie blue R-250.

2.2.4 Protein Crystallization

Purified SbtB-6803 was concentrated to 13-25 mg/mL and crystallization screening was

set up in 96-well Swissci UVXPO MRC crystallization plates (Molecular Dimensions)
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via sitting-drop vapor diffusion at 21 °C. Initial hits were found with a precipitant

containing 0.2 M sodium citrate tribasic dihydrate, 0.1 M HEPES pH 7.5 and 20% (v/v)

isopropanol. Optimized crystals were grown in 24-well Cryschem sitting drop

crystallization plates (Hampton Research) by mixing 2.5 µL of protein and 2.5 µL of

precipitant containing 0.2 M trisodium citrate, 0.1 M HEPES pH 7.2, 12% (v/v)

isopropanol and 0.2 M NiCl2. Quality crystals were cryoprotected by soaking using

artificial mother liquor supplemented with additional 30% (v/v) glycerol for 10 minutes,

and subsequently cryo-cooled in liquid nitrogen for data collection.

SbtB-6803 purified in the SEC buffer solution supplemented with 5 mM Tris(2-

carboxyethyl)phosphine (TCEP) was concentrated to 13-27 mg/mL and crystallization

screening was set up in 96-well Swissci UVXPO MRC crystallization plates (Molecular

Dimensions) via sitting-drop vapor diffusion at 20 °C. Initial hits were found with a

precipitant containing 0.1 M Tris pH 8.5 and 2 M ammonium phosphate monobasic.

Optimized crystals were grown in 24-well Cryschem sitting drop crystallization plates

(Hampton Research) by mixing 3 µL of protein and 1.5 µL of precipitant containing 0.1

M Tris pH 8.6 and 2.25 M ammonium phosphate monobasic. Quality crystals were

cryoprotected by soaking in 0.1 M Tris pH 8.6 and 3 M ammonium phosphate monobasic,

5% (v/v) glycerol and 10 mM TCEP for overnight, and subsequently cryo-cooled in

liquid nitrogen for data collection.

2.2.5 Data Collection and Processing

Diffraction data of SbtB-6803 were collected at the National Synchrotron Light Source II

(NSLS-II) beamline AMX 17-ID-1 on an Eiger 9M detector at X-ray wavelength of
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0.92009 Å for a total of 225 x 1  oscillation frames to produce a data set that was

processed to 1.8 Å using HKL2000 134.

Diffraction data of SbtB-6803 supplemented with TCEP were collected at the Stanford

Synchrotron Radiation Lightsource (SSRL) beamline BL9-2 on a Pilatus 6M detector at

X-ray wavelength of 0.9794 Å. The data set was processed to 2.01 Å using iMOSFLM 135.

2.2.6 Structure Determination and Refinement

The data of SbtB-6803 without and supplemented with TCEP were phased by molecular

replacement using Phaser 136 with the coordinates of a previously determined homologous

structure from Anabena variabilis (PDB entry 3dfe) and a published structure of SbtB-

6803 (PDB entry 5o3s 129), respectively. Data were refined using phenix.refine 137 within

the PHENIX program suite 138. The model building was manually performed using Coot

139. Calculation of free R values for the structure was based upon 10% of the reflections.

MolProbity 140 was used for Ramachandran analysis. Structural representation was

performed in UCSF chimera 141. The data of SbtB-6803 supplemented with TCEP were

phased by molecular replacement.

2.3 Results and Discussions

Heterologous expression of SbtB-6803 in E. coli BW25113 and subsequent purification

procedures produced 16.0 ± 3.0 mg His-tag cleaved SbtB-6803 per liter of culture for

crystallization experiments. The protein yield was so high that no optimization of

expression and purification conditions was needed.

SDS-PAGE of SbtB-6803 following SEC purification both without and with TCEP

(Figure 2-1 A; middle lane and right lane) showed 3 bands at about 12 kDa, 24 kDa and
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45 kDa which corresponded to the size of monomer, dimer and possibly trimer. Besides,

native PAGE showed single band from samples both without and with TCEP (Figure 2-1

B; left lane and right lane), and both bands were at the same size. It proved that SbtB-

6803 was naturally trimer and no oligomeric state change happened between a TCEP-

containing and a TCEP-free environment. The odd trimer band position on SDS-PAGE

was likely due to incomplete polypeptide chain unfolding and less binding of SDS

molecules to the residues.

Figure 2-1: PAGE analysis of SbtB-6803. (A) SbtB-6803 purified without TCEP (middle
lane) and with TCEP (right lane) during SEC purification was analyzed by SDS-PAGE
followed by staining with Coomassie blue R-250. The resulting gel shows 3 bands from
both lanes where the major bands are at around 12 kDa and faint bands are at around 24
kDa and 45 kDa. (B) SbtB-6803 purified without TCEP (left lane) and with TCEP (right
lane) during SEC purification was analyzed by native PAGE followed by staining with
Coomassie blue R-250. The resulting gel shows high level of pure and homogeneous
SbtB-6803 from both lanes.

Initial screening experiments of SbtB-6803 in a non-reducing environment in sitting-drop

96-well plates produced several hits, with the largest crystals (Figure 2-2 A) coming from



31

a precipitant consisting of 0.2 M sodium citrate tribasic dihydrate, 0.1 M HEPES pH 7.5,

20% (v/v) isopropanol from the Crystal Screen HT kit (Hampton Research). Optimization

of crystal size was performed using larger volumes, and a final condition with pH 7.2,

12% isopropanol, and supplemented with 10 mM NiCl2 (Figure 2-2 B) was used for the

growth of crystals to be used for diffraction experiments. Using these conditions, the

crystals grew to a size of approximately 300 µm by 100 µm by 40 µm. Cryo-cooled

SbtB-6803 crystals typically diffracted in the range of 2-3 Å, with the best crystal

producing data which were processed to 1.8 Å (Figure 2-3 A, Table 2-1).

Initial screening experiments of SbtB-6803 in a reducing environment in sitting-drop 96-

well plates produced several hits, with the largest crystals (Figure 2-2 C) coming from a

precipitant consisting of 0.1 M Tris pH 8.5 and 2 M ammonia phosphate monobasic from

the Crystal Screen HT kit (Hampton Research). Optimization of crystal size was

performed using larger volumes, and a final condition with pH 8.6 and 2.25 M ammonia

phosphate monobasic (Figure 2-2 D) was used for the growth of crystals to be used for

diffraction experiments. Using these conditions, the crystals grew to a size of

approximately 200 µm by 150 µm by 150 µm. Cryo-cooled crystals diffracted to 1.8 Å at

the best (Figure 2-3 B, Table 2-1).
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Figure 2-2: Images of SbtB-6803 crystals in a non-reducing environment grown in (A)
96-well sitting drop plates where crystals were trigonal plates, and optimized in (B) 24-
well sitting drop plates where crystals were tetragonal rods. Crystals of SbtB-6803 in a
reducing environment grown in (C) 96-well sitting drop plates where crystals were rods,
and optimized in (D) 24-well sitting drop plates where crystals were diamond-like. Scale
bar represents 50 µm.

Figure 2-3: Representative diffraction patterns of SbtB-6803 (A) in the non-reducing
environment at NSLS-II beamline AMX (17-ID-1) on an Eiger 9M detector at X-ray
wavelength of 0.92009 Å, where diffraction spots are above 1.8 Å, and (B) in a reducing
environment at SSRL beamline BL9-2 on a Pilatus 6M detector at X-ray wavelength of
0.9794 Å, where diffraction spots are above 2 Å.
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Table 2-1: Diffraction statistics of SbtB-6803.

Non-reducing Reducing

Data processing

Space group P43212 P3121

Cell dimensions

a, b, c (Å) 51.571, 51.571, 178.412 72.29, 72.29, 92.78

α, β, ɣ (°) 90, 90, 90 90, 90, 120

Resolution (Å) 50.0-1.80 (1.83-1.80) 62.6-2.01 (2.06-2.01)

Rmerge 0.093 (0.448) 0.036 (1.272)

CC1/2 0.987 (0.920) 1.000 (0.873)

I/σΙ 29.1 (4.3) 22.4 (2.0)

Completeness (%) 89.5 (96.2) 99.9 (100.0)

Multiplicity 7.9 (7.8) 9.9 (10.3)

Total reflections 165,824 189,957

Total unique reflections 20,957 19,180

Data refinement

Rwork/Rfree (%) 18.64/20.50 25.48/28.76

RMSD bond (Å) 0.019 0.006

RMSD angle (o) 1.655 1.097

Ramachandran favored (%) 99.4 94.27

Values in parentheses refer to the highest resolution shell.
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The X-ray diffraction data from rod crystals were processed to 1.8 Å in the space group

P43212 with the unit cell dimension of a=b=51.571 Å, c=178.412 Å, and α=β=γ=90o

(Table 2-1). The diffraction data from diamond-like crystals were processed to 2.01 Å in

the space group P3121 with the unit cell dimension of a=b=72.29 Å, c=92.78 Å, α=β=90o

and γ=120o (Table 2-1).

The data were phased using a monomeric model derived from the structure of a putative

PII-like signaling protein from Anabena variabilis (PDB ID: 3dfe), which has 77.3%

identity with SbtB-6803. After phasing and structure refinement, it was found that the

asymmetric unit of this SbtB-6803 crystal form contained a dimer (Figure 2-4 A and B),

where the dimeric interface between chain A and chain B consists of two anti-parallel

beta sheets between of residues K30 to N36 from each monomer. Additionally, the final

12 residues of each SbtB monomer adopts an extended confirmation that is stabilized by

interacting with the final 12 residues of another symmetry related SbtB dimer (Figure 2-4

C and D; Figure 2-5 A).
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Figure 2-4: Arrangement of SbtB-6803 dimers within the crystal. (A-B) The asymmetric
unit consists of two SbtB-6803 chains with an extended C-terminus. The dimer is colored
two shades of blue, with the darker shade and lighter shade being chain A and B,
respectively. When the asymmetric unit is viewed in the context of the entire crystal
lattice it can be seen that the extended C-termini make contacts with adjoining dimers (C),
and each dimer interacts closely with an adjacent dimer (D).

This new dimeric configuration was unexpected as native SbtB is a trimer and all recent

structures of SbtB have either contained trimers within the asymmetric unit, or the trimer

is formed through crystal symmetry 127, 129. When analyzing the structure of this new

crystal form of SbtB, it was further found that an intermolecular disulfide bond was

formed between adjacent SbtB-6803 dimers (Figure 2-5 B). The disulfide bonds are

formed between C94 residues, where C94 from chain A bonds with C94 from chain B of

an adjacent asymmetric unit. Likewise, C94 from chain B forms a disulfide bond with

C94 from chain A of the same adjacent dimer. These disulfide bonds and other interfacial
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integrations between the SbtB-6803 dimers in adjoining asymmetric units leads to a

tetrameric dimer of dimer organization (Figure 2-6).

Figure 2-5: Detailed view of unique interactions of the tetragonal SbtB-6803 crystal form.
(A) The C-termini, with a loop formed by intramolecular disulfide bonds, from two
adjacent dimers interact through backbone hydrogen bonding. In this view, the blue
model is chain B of our reference dimer while the green model is chain A from an
adjacent dimer. Residues H102 and F104 are indicated in the image only as a reference,
and not an indication of a special role for these residues in the formation of this
interaction. (B) The intermolecular disulfide bonds are formed by residue C94 from two
adjacent SbtB dimer interactions. In this panel, the blue model is again chain B from our
reference dimer (same as in A) and the tan model is chain A from the nearby SbtB dimer
(note that this chain A is different than in panel A). C94 from chain A is modeled with
two conformations and occupancies were refined during refinement procedures. The
main conformation of C94 takes part in the disulfide bond (76% occupancy) and the
minor conformation is oriented away (24% occupancy). The 2Fo-Fc electron density map
shown in panel B is contoured at 1.5σ and is displayed to show the density for the
disulfide bond.
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Figure 2-6: Views of the two SbtB-6803 dimers that are bonded by disulfides and form a
tetrameric arrangement. The dark blue and light blue models are chain A and B,
respectively, for the reference dimer. The tan and yellow models are chain A and B,
respectively, of the adjacent disulfide bonded dimer.

From this study, it is not clear whether this disulfide bond formed after crystallization,

and is simply a crystallization artifact, or if the disulfide bond and tetrameric organization

is formed prior to crystallization which leads to this new crystal form. Because

crystallization experiments were set up immediately after purification, and the final SEC

trace for each purification showed a peak corresponding very well with the trimeric form

of SbtB-6803, this new form is most likely a crystallization artifact. However, even if it is

a non-native conformation of SbtB-6803, these findings indicate that C94 is susceptible

to oxidization and disulfide bond formation. It is hypothesized that the regulation of

SbtA-6803 by SbtB-6803 could be sensitive to redox conditions within the cell 127, 129.

The proposed redox-sensitive element of SbtB-6803, residues CGPEGC, is located at the

extreme C-terminus of the protein, where C105 forms a disulfide bond with C110 to

make a looped structure. This looped C-terminus can be seen in this structure as well (Fig

2-5 A). Based on the SbtB-6803 structure reported here, future functional investigations
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of SbtB-6803 should also focus on the effect of C94 in addition to C105 and C110, when

studying the role that oxidation and reduction of SbtB may play in regulating bicarbonate

transport by SbtA.

Coordinates and structure factors for the tetragonal crystal form of SbtB-6803 have been

deposited in the Protein Data Bank under accession code 6WUE.

The diffraction data of SbtB-6803 in reducing environment were phased using a

published trimeric model of SbtB-6803. After phasing and structure refinement, a trimer

was found in the asymmetric unit which shows a canonical PII-like fold (Figure 2-7 A and

B). The trimeric interface is composed of β strands which are organized in a coiled and

closed form, and is maintained by the residues of T33-G39 and G89-V98. All three

subunits in the refined structure are in same conformation. The C-terminal hairpin loop of

each subunit formed by residues HTFCGPEGC is highly flexible, and the density can

hardly be observed in the refined map (Figure 2-7 C). It is hypothesized that introduction

of TCEP prevented the formation of disulfide bonds at the C-terminal loop and made it

disordered. No disulfide bonds were found at the residue C94. As observed in the

tetragonal crystal structure of SbtB-6803, the T-loop between residues K40 and E57 of

each subunit is missing in the map.

Figure 2-7: Structural representation of trimeric SbtB-6803. Overall architecture of SbtB-
6803 from (A) top view and (B) side view shows a canonical PII-like fold. (C) The 2Fo-
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Fc electron density map of C-termini extends to G101, contoured at 1σ, while the hairpin
loop formed by CGPEGC is disordered.

Since differences in the number of SbtB-6803 molecule in the asymmetric unit of yielded

crystals were observed with and without reducing reagents, SEC was used for testing the

protein molecular size when SbtB-6803 was incubated with various reducing or oxidizing

reagents, including 2 mM TCEP, 2 mM CuCl2, 2 mM reduced glutathione and 2 mM

oxidized glutathione. As shown in Figure 2-8, all traces looked the same in terms of peak

location, where each run had a single peak at around 36 kDa. Additionally, there was a

small shoulder peak (about 25 kDa) from the control in which there was no reducing or

oxidizing reagents. Besides, in other structural studies, SbtB-6803 was also determined as

trimer with the C-terminal hairpin loop stabilized by the disulfide bonds. It demonstrates

that SbtB-6803 is native in trimer, while the dimer of dimer form was likely to be a

crystallographic artefact.

Figure 2-8: SEC characterization of SbtB-6803 incubated with various reducing or
oxidizing agents: 2 mM TCEP, 2 mM CuCl2, 2 mM reduced glutathione and 2 mM
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oxidized glutathione. Each chromatogram aligned relative to the injection of the sample
on the Superdex 75 Increase 10/300 GL column, which was set at 0 mL. SEC traces have
not been normalized relative to each other in order to show the relative levels of the peak
fractions from each run.

The monomeric model of SbtB-6803 acquired from both the crystal forms were

compared in UCSF chimera (Figure 2-9 A) 141. It was found that the secondary structures,

such as α helices and β sheets, were similar and the major conformational changes

appeared at the T-loop (Figure 2-9 B), N- and C-termini (Figure 2-9 C) in both crystal

structures. Both N-termini (P4 to N6) and C-termini (C94 to C110) are more flexible as

loops in the tetragonal crystal form than the trigonal crystal form. The conformational

change at C94 is likely to be the reason for the disulfide bonds form at C94 between two

monomer chains of SbtB-6803 from the adjacent asymmetric unit.

Figure 2-9: Comparison of SbtB-6803 monomeric models from the trigonal (orange) and
tetragonal (cyan) crystal forms. (A) overlapped structural representations of monomeric
SbtB-6803 from both the trigonal and tetragonal crystal forms, which shows that the
major deviations appear at the T-loop, N-termini and C-termini. (B) Detailed view of the
regions surrounding the flexible T-loop, where the T-loop are missing from both
structures and conformational change occurs at the ends of T-loop. (C) Detailed view of
the regions surrounding the N- and C-termini. In the trigonal crystal form of SbtB-6803,
β sheets extend at the N-termini and close to C-termini, however in the tetragonal crystal
form of SbtB-6803, both N-termini (P4 to N6) and C-termini (C94 to C110) are more
flexible as loops, which may be why the disulfide bonds form at C94 between two
monomer chains of SbtB-6803 from the adjacent asymmetric unit.
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2.4 Conclusions

SbtB-6803 was highly expressed in E. coli BW25113, thus there has been no need for

optimization of expression and purification conditions. From the sitting drop vapor

diffusion experiments, the tetragonal crystal forms are obtained and diffracted to 1.8 Å

during single crystal X-ray diffraction. This crystal form contains a dimer of SbtB-6803

in the asymmetric unit, which is not a canonical form of PII-like signaling proteins.

Disulfide bonds form at the C-terminal hairpin loop between C105 and C110, along with

C94 and another C94 from adjacent asymmetric unit. Therefore, SbtB-6803 is arranged

as dimer of dimer in this crystal form. In addition, we have hypothesized that the non-

canonical packing of SbtB-6803 is a result of disulfide bonds and introduced reducing

agent TCEP at 5 mM later during the crystallography experiments. From the sitting drop

vapor diffusion experiments, the trigonal crystal forms are obtained and diffracted to 2.01

Å during single crystal X-ray diffraction. This crystal form contains a trimer of SbtB-

6803 in the asymmetric unit, which a canonical form of PII-like signaling proteins. The

structure of trimeric SbtB-6803 is very similar to the published structure by other groups

129, except that the C-terminal loop is too flexible to be seen in the map. When comparing

the monomeric structure of SbtB-6803 from both crystal forms, it is found that significant

conformational change between them occurs at the N- and C-termini, where the termini

are less rigid in the tetragonal crystal form. The opening of C94 is likely to promote the

formation of intermolecular disulfide bonds and the dimer of dimer spacial arrangement.
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CHAPTER 3: STUDIES OF THE CYANOBACTERIAL BICARBONATE

TRANSPORTER SBTA AND ITS INTERACTIONWITH SBTB

3.1 Introduction

Bicarbonate transporter SbtA is an important component of cyanobacterial CO2

concentrating mechanism. It is a Na+-dependent bicarbonate transporter with low flux

rate and high affinity 16. However, little is known on its fold and structure. A precious

study on membrane topology of SbtA from Synechocystis sp. PCC 6803 (SbtA-6803)

shows that SbtA-6803 is inserted into the plasma membrane with 10 transmembrane

helices (TMHs) and adopts a 5+5 inverted repeats. The termini of SbtA are located in the

periplasm, while the termini of other membrane proteins with 5+5 inverted repeats are

located in the cytoplasm 23-26. These findings make SbtA unique and intriguing subject for

structural and functional analysis.

Initial study suggested that SbtA existed as a tetramer on a native gel 28, however another

study on interaction between SbtA and SbtB postulated that the tetramer band could be

misled by the complex of SbtA trimer and SbtB trimer, as the size of SbtB trimer is

nearly the same as an SbtA monomer 27. SbtB is a PII-like signaling protein, and another

PII homolog protein GlnK trimer binds to an E. coli ammonia channel AmtB trimer, and

hence it is hypothesized that SbtB binds to SbtA in a similar way 27, 142. In the crystal

structure of AmtB-GlnK complex, an arginine-containing T-loop of each ADP-bound

GlnK monomer is inserted to the AmtB monomer, and blocked the ammonia transport via

AmtB 142. Other studies showed that the association of SbtA and SbtB from Cyanobium
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sp. PCC7001 and Synechococcus elongatus PCC7942 is depended on the relative

adenosyl nucleotide ratio, and formed under high level of ADP or AMP over ATP 127, 128.

However, in order to facilitate fundamental studies of SbtA function and future

applications, robust expression and purification procedures are first needed. With the

systematic development of methodologies for enhanced heterologous expression and

purification of SbtA from Synechocystis sp. PCC 6803 (SbtA-6803) in E. coli, the yields

of purified protein reached 0.1 ± 0.04 mg per liter of culture. Besides, this dissertation

shows that SbtA-6803 is purified as trimer and provides preliminary results on the SbtA-

SbtB complex.

3.2 Materials and Methods

3.2.1 Expression Vector and Strains

The gene encoding full length SbtA-6803 (i.e., slr1512 from Synechocystis sp. PCC 6803)

was constructed with N-terminal 10x-His tag and thrombin cleavage site (Integrated

DNA Technologies), and fused into pET-16b vector using Gibson assembly 132 to give

the plasmid pSbtA-16N. The plasmid was confirmed by DNA sequencing, and

transformed into following E. coli strains: BL21 (DE3), BL21 (DE3) pLysS, KTD212,

C41 (DE3), Rosetta2 (DE3), C43 (DE3) and C43 (DE3) Rosetta2.

3.2.2 Screening Whole Cell Expression by Dot Blot

Overnight cultures were prepared in Luria broth (LB) with 50 µg/mL carbenicillin at

37 °C (34 µg/mL of chloramphenicol was also used for BL21 (DE3) pLysS, Rosetta2

(DE3) and C43 (DE3) Rosetta2), and used to inoculate 50 mL of fresh auto-induction

media which is the same overnight culture media supplemented with 0.5% glycerol, 0.5
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g/L glucose, and 1 mM IPTG 143. Cultures were grown overnight at 37, 30 or 18 °C.

Following overnight expression, the optical cell density of the culture was measured at

600 nm (OD600). Cell pellets from 1 mL of each culture were harvested at 4,000 x g and

re-suspended with a buffer solution, ensuring that cell density of each sample was

normalized based on OD600. Re-suspension buffer consisted of 62.5 mM Tris-HCl pH

6.8, 5 mM DTT, 25% glycerol, 1 mM PMSF and 2% SDS. Samples were applied to a

nitrocellulose membrane which was then blocked with 5% milk in TBST and incubated

with 6x-His tag monoclonal antibody (Invitrogen) followed by anti-mouse IgG AP-linked

antibody (Cell Signaling Technology) in 5% milk in TBST. The blots were visualized

with BCIP/NBT substrate (Promega). Blots were quantified by measuring the intensities

digitally scanned by a Gel Doc EZ system (Bio Rad) and normalized based on the

maximum intensities measured for each set of experiments.

3.2.3 Protein Purification and Detergent Screening

The best strain harboring pSbtA6803-16N were grown in 4 L of auto-induction media at

the optimal temperature. Following overnight growth, cells were harvested and re-

suspended in 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA and 1 mM PMSF,

and then lysed by sonication (QSonica). Unbroken cells and cell debris were removed by

centrifuging at 10,000 x g. The membrane pellet was harvested by centrifuging at

105,000 x g, washed with 20 mM Tris-HCl pH 8.0, 1 M NaCl, 20 mM KCl, and 10 mM

MgCl2 and then harvested at 105,000 x g. The pellet was solubilized in 20 mM Tris-HCl

pH 7.5, 1 M NaCl, 10% glycerol, and detergent for 3 h. Solubilization buffer was

supplemented with one of the following detergents: 2% DM, 1% DDM or 1% LMNG.

Following solubilization, all buffers with detergent contained 0.2% DM, 0.02% DDM or
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0.01% LMNG. Unsolubilized membranes were removed by centrifuging at 105,000 x g,

and then solubilized SbtA in the supernatant was initially purified by immobilized metal-

ion affinity chromatography (IMAC) using a HisTrap HP column (GE Healthcare). After

extensive washing with 20 mM Tris-HCl pH 7.5, 1 M NaCl, 10% glycerol, 75 mM

imidazole, and detergent, protein was eluted in 20 mM Tris-HCl pH 7.5, 1 M NaCl, 10%

glycerol, 500 mM imidazole, and detergent. Protein was later subjected into a Superdex

200 Increase 10/300 GL column (GE Healthcare) pre-equilibrated in the same buffer

solution. SDS-PAGE was carried out to assess degree of purification after each step while

ImageJ 144 was used for quantitative analysis of the gels. Protein concentrations were

determined on a Nanodrop (Thermo Scientific) using absorbance at 280 nm.

To cleave the His tag, instead of protein elution from HisTrap HP column after extensive

column wash, the column was washed with 20 mM Tris-HCl pH 7.8, 150 mM NaCl, 10%

glycerol, 3 mM CaCl2 and detergent and injected with 10 units of thrombin in the same

buffer solution per milligram of His-tagged proteins. The column was placed at room

temperature for overnight with gentle rotation. Cleaved sample was obtained from the

HisTrap HP column flow-through fractions by loading 10 mM HEPES pH 8, 200 mM

NaCl and the corresponding detergent, and subjected into a Superdex 200 Increase

10/300 GL column (GE Healthcare) pre-equilibrated in the same buffer solution. The

peak fraction eluted at around the right size was collected.

SEC purified sample in detergent could also be switched to amphipols by incubating the

samples with amphipol A8-35 (Anatrace Products, LLC) in the mass ratio of 1/5 for 30

min at 4 °C, followed by incubation with 10 mg bio-beads for 2 h at 4 °C to remove

excess amount of detergent. Sample was then subjected into a Superdex 200 Increase
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10/300 GL column (GE Healthcare) pre-equilibrated in 10 mM HEPES pH 8 and 200

mM NaCl. The peak fraction eluted at around the right size was collected.

3.2.4 Circular Dichroism (CD) Spectroscopy

300 µL of sample (around 0.9 mg/mL) purified with the best detergent was placed into a

1 mm quartz cuvette (Starna Cells; Atascadero, CA) in SEC buffer. Multi-wavelength CD

measurements were taken every 2 nm from 262 to 190 nm. All measurements were taken

on a Jasco J-815 CD Spectrometer (Jasco Inc., Easton, MD) and processed with the Jasco

Spectra Manager V1.54.03 software package.

3.2.5 Preparation of SbtA-SbtB Complex

The tag-cleaved SbtA-6803 was mixed with excess amounts of purified tag-cleaved

SbtB-6803 (described in chapter 2). The mixture was diluted in 10 mM HEPES pH 8,

200 mM NaCl, 0.5 mM CaCl2, 1 mM adenosine nucleotide and detergent (if used),

incubated for 1 h at room temperature, and subjected into a Superdex 200 Increase

10/300 GL column (GE Healthcare) pre-equilibrated in the same buffer.

3.2.6 SDS-PAGE

SDS-PAGE was performed on 4% stacking gels followed by 15% resolving gels. Protein

solutions were mixed with equal volume of 62.5 mM Tris-HCl pH 6.8, 5 mM DTT, 25%

glycerol, 0.1% bromophenol blue and 0.2% SDS at room temperature for at least a day.

The protein bands were visualized by 0.1% Coomassie blue R-250.

3.2.7 Membrane Protein Crystallization

Purified samples using the most suitable detergent were concentrated to 10-25 mg/mL

using a Vivaspin protein concentrator (GE Healthcare) with 100,000 molecular weight

cut-off, and mixed with molten monoolein at a ratio of 2/3 (v/v) in a dual-syringe mixer
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until a transparent lipidic cubic phase (LCP) was formed. LCP was disperse onto a glass

sandwich set as a bolus of 40 nL and covered with 1 uL of crystallization solution using a

Crystal Gryphon robot (Art Robbins Instruments). The glass sandwich sets were

incubated at 20 oC and loaded into a Rock Imager (Formulatrix) for monitoring crystal

growth.

3.2.8 Single Particle Electron Microscopy

For negative-stain EM analysis, EM grids were prepared by applying 2 µL of cleaved

sample onto FCF300-Cu grids glow discharged for 1 min on carbon side. Grids were

washed twice with 10 mM HEPES pH 8 and 200 mM NaCl and stained in 0.75% uranyl

formate. EM micrographs were recorded on a TVIPS TemCam-F416 camera (Gatan)

with a Tecnai F20 electron microscope (Thermo Fisher) operated at 200 kV. Images were

processed in cisTEM 145.

For cryo-EM analysis, Quantifoil R 2/1 Cu 300-mesh grids (Electron Microscopy

Sciences) were pre-treated by either soaking in the SEC buffer for 1 h (for detergent-

purified sample) or glow discharging for 15 s on both sides (for amphipols-stabilized

sample). 6 µL of either detergent-purified or amphipols-stabilized sample was applied

onto the grids. Grids were blotted for 3 or 6 s in a Vitribot Mark IV (Thermo Fisher

Scientific) at room temperature and 100% humidity, then plunged into liquid ethane and

stored in liquid nitrogen. Grids were imaged on a K2 direct electron detector (Gatan) with

a Titan Krios electron microscope (Thermo Fisher) operated at 300 kV. Movies were

recorded by SerialEM 146 at a nominal magnification of 22,500 x, which was calibrated to

a pixel size of 1.03 Å. Movies were motion corrected and aligned as images using
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cryosparc 147. Contrast transfer function (CTF) estimation, 2D classification, ab-initio 3D

reconstruction and 3D refinement were processed in cisTEM 145.

3.3 Results and Discussions

Initial expression efforts performed using in BL21 (DE3) at 37 °C failed to yield high

levels of SbtA-6803 (data not shown). Therefore, to identify suitable expression strains

and conditions for yielding increased levels of SbtA-6803, several small-scale expression

tests in LB were next performed employing a range of different host strains and

temperatures. Specific host strains of interest were selected based on their use in previous

studies for enhancing membrane protein over-expression 148. Comparing relative levels of

produced His-tagged SbtA-6803, overall expression yields were found to be low for most

conditions, and high in cells harboring pLysS at 30 °C (relative to 37 and 18 °C). This

indicates that pLysS is determinantal to higher expression level of SbtA-6803 among all

the strains selected for tolerance towards toxic protein over-expression (C41 (DE3), C43

(DE3) and KTD212). The gene encoding SbtA-6803 was not codon optimized in this

study, and Rosetta2 (DE3) cells showed a substantial improvement in SbtA-6803

expression than BL21 (DE3) at 37 °C, indicating that codon bias might play a role in the

expression levels of SbtA-6803 in E. coli. Overall, the strain that produced the highest

levels of SbtA-6803 was BL21 (DE3) pLysS (Figure 3-1).
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Figure 3-1: Screening expression strains and temperature for production of SbtA-6803.
Levels of SbtA-6803 in whole cell samples were assayed by dot blot (n=3) and
normalized relative to the highest expression condition.

Following the identification of conditions supporting SbtA-6803 production, we

identified the best detergent for improving membrane solubilization. Three different

detergents (DM, DDM and LMNG) were screened for this purpose. BL21 (DE3) pLysS

cells harbouring pSbtA6803-16N were harvested and lysed before membranes were then

collected by high-speed centrifugation. Isolated membranes were split into three fractions,

each individually treated with one of four detergents of interest in subsequent

solubilization and IMAC purification steps. The amount of solubilized His-tagged SbtA-

6803 could be estimated by the areas of elution peaks, since the His tag is long enough to

be exposed to the resin. As shown in Figure 3-2 A, DM failed to extract enough SbtA-

6803 from membrane fractions, which was shown by an absorbance plateau following

protein elution using buffer supplemented with 500 mM imidazole. DDM was found to

support the extraction of SbtA-6803, however LMNG could extract the highest amount of
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SbtA-6803 and would be the best detergent for SbtA-6803 solubilization from membrane

fractions.

To determine the optimal detergent for SbtA-6803 purification, SEC was performed on

each sample (Figure 3-2 B) following initial purification by IMAC. A single peak at

around 300 kDa occurred at the profile of purification with LMNG, which seemed to be

much larger than expected 120 kDa. However, it is normal for membrane proteins to

behave as larger proteins during SEC purification owing to the additional size from

detergent micelles. Purification with DDM showed a primary peak at around 300 kDa,

while there were two other tiny peaks at around 125 kDa and 70 kDa, which could

represent the dimer and monomer. SEC purification with DM was performed by

incubating the IMAC-purified SbtA-6803 using LMNG with the SEC buffer

supplemented with 0.2% DM for 30 min prior to purification by SEC since DM failed to

extract SbtA-6803 from the membrane fractions, and the SEC trace showed 3 peaks at

around 300 kDa, 100 kDa and 40 kDa, likely standing for trimer, dimer and monomer.

Therefore, LMNG also supported the purification of intact SbtA-6803 and was selected

as the most suitable detergent.
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Figure 3-2: Chromatography characterization of detergent solubilized and purified SbtA-
6803 from (A) Ni2+-NTA elution fractions where each chromatogram aligned relative to
the beginning of the protein elution on the HisTrap HP column, which was set at 0 mL;
and from (B) SEC where each chromatogram aligned relative to the injection of the
protein solution on the Superdex 200 Increase 10/300 GL column, which was set at 0 mL.
Traces have not been normalized relative to each other in order to show the relative levels
of the peak fractions from each detergent.

SDS-PAGE result of SbtA-6803 following SEC purification with detergent LMNG or

amphipol A8-35 (Figure 3-3 A) each showed a band at around 39 kDa, which is a bit

smaller than the expected size of 42 kDa, however such deviation is acceptable for

membrane proteins 149, 150. By this approach, final yields of SbtA-6803 purified with

LMNG reached 0.1 ± 0.04 mg per liter of culture; a substantial improvement for SbtA-

6803 over initial expression efforts using BL21 (DE3) which yielded undetectable level.

Besides, negative-stain EM images of SbtA purified with LMNG (Figure 3-3 B) or

stabilized with A8-35 (Figure 3-3 C) showed well-dispersed and homogeneous particles,

with the average particle dimension measured at approximately 120 Å or 80 Å by ImageJ

144, respectively. The difference in the average particle dimension between purification

with LMNG and stabilization with A8-35 could be an artefact, while it was also likely

that LMNG was not stripped from the particles during EM grid preparation since due to
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its extremely low critical micelle concentration. The negative-stain EM data were

processed in cisTEM 145. After running 2D classification without imposing symmetry,

class averages of SbtA-6803 purified with LMNG (Figure 3-3 D) or stabilized with A8-

35 (Figure 3-3 E) predominantly presented the shape of triangles, indicating the trimeric

conformation. Nevertheless, particles adopted preferred orientation on the carbon film

and the side view was missing, it was difficult to build initial low-resolution 3D maps to

make templates for cryo-EM study. In light of these results, SbtA-6803 was purified as

trimer using both detergent and amphipol, and hence should be trimer in the native form.

Figure 3-3: The purity and homogeneity of SbtA-6803. (A) SbtA-6803 purified with
LMNG (middle lane) or stabilized with A8-35 (right lane) following SEC purification
was analyzed by SDS-PAGE followed by staining with Coomassie blue R-250. The
resulting gel shows a band at around 39 kDa from each detergent purification.
Representative negative-stain EM image of SbtA-6803 purified with LMNG (B) or
stabilized with A8-35 (C) following SEC purification shows the average particle
dimension of 120 Å or 80 Å, respectively. Representative 2D class averages of negative-
stain EM data of SbtA-6803 purified with LMNG (D) or stabilized with A8-35 (E)
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showed that SbtA-6803 particles were predominantly triangular, matching the shape of
trimer.

Additionally, CD spectroscopy was used to assess the secondary structure of SbtA-6803

purified using LMNG (Figure 3-4). The resulting CD spectrum shows a broad absorption

peak between 210 and 220 nm, and hence indicates high level of α-helical content for the

purified protein, which is expected as SbtA-6803 is an integral membrane protein

composed mostly of α helices.

Figure 3-4: SbtA-6803 immediately following IMAC and SEC purification was analyzed
by CD spectroscopy. The data indicate that purified SbtA-6803 is predominantly α-
helical.

Purified SbtA-6803 following SEC purification was initially used for crystallography

after examining its quality by negative-stain. For LCP crystallization, hit condition for

crystals (Figure 3-5) was found at the crystallization solution containing 100 mM Tris-

HCl pH 8.5, 100 mM MgCl2, 100 mM NaCl, 10 mM L-glutathione reduced and 30% (v/v)

PEG 400, although they were too tiny to be clearly visualized. Optimized screening of

protein concentration and crystallization solution recipe failed to produce larger crystals.
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These microcrystals were useless for the common single crystal X-ray diffraction in a

synchrotron facility since they are too small to withstand the radiation damage from the

X-ray beam and support complete high-resolution diffraction data collection. Therefore,

alternative approaches, by either applying a different technique to diffracting these

microcrystals or single particle cryo-EM, needed to be used for its structure

determination.

Figure 3-5: Potential SbtA-6803 crystals grown in LCP. (A) Representative LCP
visualized with the normal light. (B) the same LCP visualized with the cross-polarizing
light shows the signals of microcrystals (tiny white dots). The scale bars represent 100
µm.

Single particle analysis was applied then. During the first round of screening in the cryo-

TEM using the sample at 1.3 mg/mL, only a small number of particles could be

visualized per recorded image of the holes, whereas more particles were aggregated on

the carbon films. To optimize the grid preparation, the grids were soaked in the SEC

buffer supplemented with 0.001% (i.e. 1x the critical micelle concentration) LMNG for

30 min prior to sample application. Hereby, many particles stayed in the holes (Figure 3-
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6 A) because the carbon films were partially saturated by the detergent molecules. A total

of 1,756 images were collected and 256,734 particles were picked by cisTEM 145 for

running 2D classification. As shown in the class averages (Figure 3-6 B), both top and

bottom views of SbtA-6803 were captured and trimeric conformation was obviously seen.

However, the center of particles was found to be hallow, which is abnormal for

transporter proteins and indicates that particles were expanded. After a few other

optimizations without significant improvement on the particle quality, amphipol A8-35

was used for stabilizing purified SbtA-6803 and cryo-EM study. A number of particles

were observed in the holes of EM grids (Figure 3-6 C) pre-treated with the standard

glow-discharging rather than incubating with detergent. A total of 3,455 images were

collected and 1,778,627 particles were picked by cisTEM 145 for running 2D

classification. As shown in the class averages (Figure 3-6 D), particles look more

compact, though the alignment is not better compared with the data from LMNG purified

sample. This may be explained the monomers were rotated and shifted during replacing

LMNG with A8-35 since particles were expanded in the LMNG micelles. Signals

predicting the secondary structure were absent from neither class averages, suggesting

that the particles were not well aligned. As a result, the final maps of both data after

running ab-initio 3D recontruction and 3D refinement showed that the highest resolution

only reached approximately 10 Å, determined based on the Fourier shell correlation (FSC)

value at 0.143.
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Figure 3-6: Single particle cryo-EM analysis of SbtA-6803. Representative image of
plunge-frozen SbtA-6803 particles either (A) purified with LMNG or (C) stabilized with
A8-35 collected from the K2 direct electron detector. Representative class averages of
SbtA-6803 either (B) purified with LMNG or (D) stabilized with A8-35.

Because SbtA-6803 is like a flat disk, it was difficult to align the particles at the side

views, perpendicular to or intersecting with the membrane plane. If SbtB can bind to

SbtA either at the top or bottom, the typical way for a signaling protein regulating the

activity of a transporter protein. It is hypothesized that particles displaying the side views

can be better aligned during processing and spacial arrangement of SbtA-6803 trimer can

be stabilized. From chapter 2, two different crystal structures of SbtB-6803 were

determined, and offered references for data processing and structural analysis. Besides, a

hypothesis was carried out that the C-terminal cysteine can play a role in the formation of

SbtA-SbtB complex. In addition, SbtB-6803 shares similar fold to PII signaling proteins,

which bind to their receptors with the assistance of adenosyl nucleotides 127, 128. To test

which factor is important for the complex formation, broad screening was performed by
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SEC purification and SDS-PAGE, and purified SbtA-6803 and SbtB-6803 were mixed

and incubated with each one of the adenosyl nucleotides and with or without the addition

of TCEP for 1 h prior to loading into the Superdex 200 SEC column. The affinity tags

were cleaved from both proteins and excess amount of SbtB-6803 was introduced to

facilitate the binding. SEC peaks from each experiment were collected and concentrated

for SDS-PAGE. To make a comparison, SbtA-6803 and SbtB-6803 were separately

loaded into the same SEC column for controls. As shown in the gel images (Figure 3-7),

SbtB bands were visualized from the conditions involving ADP without TCEP, AMP

without TCEP, and AMP with TCEP. Other conditions such as no adenosyl nucleotides

included, supplemented with ATP, supplemented with cAMP, or supplemented with

ADP and TCEP failed to produce any complex of SbtA-SbtB. These results match other

studies of the interaction between SbtA and SbtB from other organisms or Synechocystis

sp. PCC 6803 127, 128. A few bands other than standing for the monomer of SbtA-6803 and

SbtB-6803 also appeared on the gel, which could be the results of overloaded thrombin

during cleaving the affinity tag of SbtA-6803. Thrombin is known to cleave the amino

acid residue sequence between arginine (R) and glycine (G), if overloaded, and there is a

sequence of RG in one of the transmembrane helices of SbtA-6803. However, the amount

of thrombin used for proteolysis can be optimized in order to maintain the desired

specific sequence cleavage. In light of these findings, including ADP without TCEP was

chosen as the experimental condition for generating the SbtA-SbtB complex for single

particle analysis, based on an assumption that the higher ADP/ATP during the dark cycle

promotes binding of SbtB to SbtA and hence blocks the bicarbonate transport activity of

SbtA.
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Figure 3-7: The gel images of testing SbtA-SbtB conditions following SEC purification.
Purified SbtA-6803 and SbtB-6803 were mixed with or without the addition of TCEP or
adenosyl nucleotides 1 h prior to SEC. (A) Samples without introducing TCEP, from left
to right on the gel: SbtA peak from control, SbtB peak from control, blank, potential
SbtA-SbtB peak from experiment without adding nucleotides, SbtB peak from
experiment without adding nucleotides, potential SbtA-SbtB peak from experiment with
adding ATP, SbtB peak from experiment with adding ATP, potential SbtA-SbtB peak
from experiment with adding ADP, SbtB peak from experiment with adding ADP,
molecular weight marker, potential SbtA-SbtB peak from experiment with adding AMP,
SbtB peak from experiment with adding AMP, potential SbtA-SbtB peak from
experiment with adding cAMP, SbtB peak from experiment with adding cAMP,
molecular weight marker; (B) Samples incubated with TCEP, from left to right on the gel:
SbtA peak from control, blank, SbtB peak from control, potential SbtA-SbtB peak from
experiment without adding nucleotides, SbtB peak from experiment without adding
nucleotides, molecular weight marker, potential SbtA-SbtB peak from experiment with
adding ATP, SbtB peak from experiment with adding ATP, potential SbtA-SbtB peak
from experiment with adding ADP, SbtB peak from experiment with adding ADP,
potential SbtA-SbtB peak from experiment with adding AMP, SbtB peak from
experiment with adding AMP, potential SbtA-SbtB peak from experiment with adding
cAMP, SbtB peak from experiment with adding cAMP.

SEC purification was performed to collect the complex sample of LMNG-purified SbtA-

6803 and SbtB-6803, and the collected sample was concentrated to 1.3 mg/mL using a

Vivaspin protein concentrator (GE Healthcare) with 10,000 molecular weight cut-off in

order to not lose the SbtB-6803 during protein concentrating. Few particles were

observed in the holes during screening in the cryo-TEM (Figure 3-8 A), so SbtA-6803

was stabilized with amphipol A8-35 prior to incubating with SbtB-6803 followed by SEC.
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The collected sample after SEC purification was also concentrated to 1.3 mg/mL for grid

preparation, and many particles stayed in the holes during screening in the cryo-TEM

(Figure 3-8 B). A total of 5,445 movies were collected for a large data set, and 3,741,335

particles were picked for the first round of 2D classification. Side views showing well

aligned secondary structure information were obtained from some 2D class averages,

indicating good alignment from this view, although the top and bottom views were not

clear and the number of particles were relatively small (Figure 3-8 C). From the side

views, it is clear to see two different features with the dimensions measured at

approximately 65 x 40 Å and 40 x 25 Å for the big and small feature, respectively. The

dimensions of small subunit are close to the size of SbtB-6803 trimer. These findings

show the preliminary interaction between SbtA-6803 and SbtB-6803, which are both

assumed to be trimeric conformation. However, only 23,668 particles were used for ab-

initio 3D reconstruction and 3D refinement after filtering the junk particles, and the

resulting map was resolved to approximately 12 Å, which is insufficient to visualize the

details of side chain positions and most secondary structures.
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Figure 3-8: Single particle analysis of SbtA-SbtB following SEC purification. (A)
Representative image of samples purified in LMNG where little particles could be seen in
the hole. (B) Representative image of samples stabilized in A8-35 where lots of particles
could be seen in the hole. (C) Representative 2D class averages of data from (B) showing
two features with well aligned secondary structure information from the side views
(highlighted in red circles). The dimensions of big and small feature were measured at
approximately 65 x 40 Å and 40 x 25 Å, respectively, close to the size of predicted SbtA-
6803 and SbtB-6803 trimers.

3.4 Conclusions

As with many membrane proteins, low levels of expression can limit the structural and

functional study of SbtA-6803. Although broad expression conditions have been tested in

E. coli, the final yield of purified sample using the most suitable detergent reached 0.1 ±

0.04 mg per liter of BL21 (DE3) pLysS cell culture, which is sufficient for single particle

EM and LCP crystallization but not for vapor diffusion method. SEC elution profiles,

meanwhile, confirm that LMNG helps to keep SbtA-6803 in a stable form. Besides, the

SEC elution time of SbtA-6803 along with results from negative-stain EM indicates that

the herein developed protocol is capable of yielding stable, homotrimeric complexes.
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Besides, Rosetta2 (DE3) strain has also shown improvement in the final yield of SbtA-

6803 at 37 oC. Therefore, in the future work, Rosetta2 (DE3) pLysS strain can be

beneficial in further increasing the yield. Besides, among the multiple experiments about

generating the SbtA-SbtB complex with or without the addition of various adenosyl

nucleotides and TCEP, three conditions have been identified and the condition involving

ADP without TCEP has been selected for experiments.

Single particle cryo-EM was used for both SbtA-6803 and SbtA-SbtB complex. Although

SbtA-6803 is too small to be properly aligned for data processing, SbtA-SbtB is well

aligned during 2D classification and the features of SbtA-6803 and potential trimeric

SbtB-6803 shown with the secondary structure information are clear on the class

averages. However, due to the small number of particles after filtering out the bad

particles, the resolution of the final map is too low to investigate the molecular details.

Therefore, more data need to be collected.

Microcrystals were grown in LCP, although the are too small to withstand the radiation

damage by the X-ray beam during the X-ray diffraction data collection in a synchrotron

facility. Optimization in crystallization conditions failed to produce large crystals. For the

future work, screening different host lipid, incubation temperature, additive lipids to be

doped with the host monoolein can be tested, along with applying alternative diffraction

technique for microcrystals. MicroED is a powerful tool for diffraction experiments on

microcrystals and nanocrystals, and has the potentials in diffracting the SbtA-6803

microcrystals grown in LCP at high resolution. However, an example of applying

MicroED to the microcrystals grown in LCP had not been carried out during that time.
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Therefore, it will be illustrated in chapter 5 to offer a full picture of the first

demonstration of MicroED structure determination of LCP-laden crystals.
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CHAPTER 4: EXPRESSION, PURIFICATION AND STRUCTURAL STUDIES

OF THE CYANOBACTERIAL BICARBONATE TRANSPORTER BICA

4.1 Introduction

Cyanobacterial bicarbonate transporter BicA is an active component of cyanobacterial

CO2 concentrating mechanism. It is a Na+-dependent bicarbonate transporter with high

flux rate and low affinity, and belongs to a large family of eukaryotic solute carrier 26

transporter and prokaryotic sulfate permease (SulP/SLC26) 16. Significant

biotechnological interest currently exists with respect to employing BicA and/or

enhancing its inherent attributes as a means to increase rates of HCO3- uptake in different

host systems. For example, over-expression of BicA has been shown to enhance the

growth of both Synechococcus sp. PCC 7002 151 and Synechocystis sp. PCC 6803 152;

suggesting this initial transport step can represent a bottleneck under certain conditions.

Others, meanwhile, have explored the potential expressing cyanobacterial bicarbonate

transporters in plants as a means to improve carbon uptake and productivity 152-155.

Finally, several different BicA homologs have been reported to display different inherent

HCO3- transport behaviors, in particular with respect to both affinity and flux (e.g., Km

values of about 74, 220, and 353 μM have been reported for BicA from Synechococcus sp.

WH8102, Synechococcus sp. PCC 7002, and Synechocystis sp. PCC 6803, respectively

16); suggesting the possibility that key molecular features could be identified that

influence the inherent transport behaviors of BicA. Further maturation of HCO3- uptake

by BicA as an engineering strategy and as a target for various biotechnological

applications would be greatly supported via thoroughly elucidating the structural features
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and molecular mechanisms that it employs for functional HCO3- transport. However, in

order to facilitate fundamental studies of BicA function and future applications, robust

expression and purification procedures are first needed. With the systematic development

of methodologies for enhanced heterologous expression and purification of BicA from

Synechocystis sp. PCC 6803 (BicA-6803) in E. coli, the yields of purified protein reached

6.5 ± 1.0 mg per liter of culture.

4.2 Materials and Methods

4.2.1 Expression Vector and Strains

The full length gene encoding BicA-6803 (i.e., sll0384 from Synechocystis sp. PCC 6803)

with an N-terminal 10x-His tag followed by thrombin cleavage site was cloned into pET-

16b using Gibson assembly 132 to create pBicA6803-16N. The resulting vector was

confirmed by DNA sequencing and then transformed into each of the following E. coli

strains: BL21 (DE3), BL21 (DE3) pLysS, KTD212, C41 (DE3), Rosetta2 (DE3), C43

(DE3) and C43 (DE3) Rosetta2.

4.2.2 Screening Whole Cell Expression by Dot Blot

Overnight cultures were prepared in Luria broth (LB) with 50 µg/mL carbenicillin at

37 °C (34 µg/mL of antibiotic chloramphenicol was also used for BL21 (DE3) pLysS and

C43 (DE3) Rosetta2), and used to inoculate 50 mL of fresh auto-induction media which

is the same overnight culture media supplemented with 0.5% glycerol, 0.5 g/L glucose,

and 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 143. Cultures were grown

overnight at 37, 30 or 18 °C. Following overnight expression, the optical cell density of

the culture was measured at 600 nm (OD600). Cell pellets from 1 mL of each culture
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were harvested at 4,000 x g and re-suspended with a buffer solution, ensuring that cell

density of each sample was normalized based on OD600. Re-suspension buffer consisted

of 62.5 mM Tris-HCl pH 6.8, 5 mM DTT, 25% glycerol, 1 mM PMSF and 2% SDS.

Samples were applied to a nitrocellulose membrane which was then blocked with 5%

milk in Tris-buffered saline pH 7.5 with 0.1% Tween 20 (TBST) and incubated with 6x-

His tag monoclonal antibody (Invitrogen) followed by anti-mouse IgG AP-linked

antibody (Cell Signaling Technology) in 5% milk in TBST. The blots were visualized

with 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) substrate

(Promega). Blots were quantified by measuring the intensities digitally scanned by a Gel

Doc EZ system (Bio Rad) and normalized based on the maximum intensities measured

for each set of experiments.

4.2.3 Protein Purification and Detergent Screening

The best strain harboring pBicA6803-16N was grown in 1 L of auto-induction media at

the optimal temperature. Following overnight growth, cells were harvested and re-

suspended in 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA and 1 mM PMSF,

and then lysed by sonication for 5 min at a magnitude of 40% on the ice (QSonica).

Unbroken cells and cell debris were removed by centrifuging at 10,000 x g. The

membrane pellet was harvested from supernatants by centrifuging at 105,000 x g, washed

twice with 20 mM Tris-HCl pH 8.0, 1 M NaCl, 20 mM KCl, and 10 mM MgCl2 and then

harvested at 105,000 x g. The pellet was solubilized in 20 mM Tris-HCl pH 7.5, 150 mM

NaCl, 1 mM TCEP, 10% glycerol, and detergent for 3 h at 4 °C. Solubilization buffer

was supplemented with one of the following detergents: 2% n-decyl-β-D-

Maltopyranoside (DM), 1% n-dodecyl-β-D-Maltopyranoside (DDM), or 1% Lauryl



66

Maltose Neopentyl Glycol (LMNG). All detergents were purchased from Anatrace

Products, LLC. Following solubilization, all buffers with detergent contained 0.2% DM,

0.02% DDM, or 0.01% LMNG. Unsolubilized membranes were removed by centrifuging

at 105,000 x g, and then solubilized BicA in the supernatant was initially purified by

immobilized metal-ion affinity chromatography (IMAC) using a HisTrap HP column (GE

Healthcare). After extensive washing with 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10%

glycerol, 1 mM TCEP, 75 mM imidazole, and detergent, protein was eluted in 20 mM

Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM TCEP, 500 mM imidazole, and

detergent. The elution fraction was pooled, concentrated at 500 x g on a Vivaspin

centrifugal concentrator (GE Healthcare), and separated by size exclusion

chromatography (SEC) on a Superdex 200 Increase 10/300 GL column (GE Healthcare)

pre-equilibrated in 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 2 mM TCEP,

1 mM NaHCO3 and detergent. SDS-PAGE was carried out to assess degree of

purification after each step while ImageJ 144 was used for quantitative analysis of the gels.

Protein concentrations were determined on a Nanodrop (Thermo Scientific) using

absorbance at 280 nm. The detergent used for further process was selected from which

produced the highest single peak by SEC and the purest protein band on the gel.

To cleave the His tag, instead of protein elution from HisTrap HP column after extensive

column wash, the column was washed with 20 mM Tris-HCl pH 7.8, 150 mM NaCl, 10%

glycerol, 3 mM CaCl2 and detergent and injected with 10 units of thrombin in the same

buffer solution per milligram of His-tagged proteins. The column was placed at room

temperature for overnight with gentle rotation. Cleaved sample was obtained from the

HisTrap HP column flow-through fractions by loading 10 mM HEPES pH 7.5, 200 mM
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NaCl and the corresponding detergent, and subjected into a Superdex 200 Increase

10/300 GL column (GE Healthcare) pre-equilibrated in the same buffer solution. The

peak fraction eluted at around the right size was collected.

SEC purified sample in detergent could also be switched to amphipols by incubating the

samples with amphipol PMAL-C8 (Anatrace Products, LLC) in the mass ratio of 1/5 for

30 min at 4 °C, followed by incubation with 10 mg bio-beads for 2 h at 4 °C to remove

excess amount of detergent. Sample was then subjected into a Superdex 200 Increase

10/300 GL column (GE Healthcare) pre-equilibrated in 10 mM HEPES pH 7.5 and 200

mM NaCl. The peak fraction eluted at around the right size was collected.

4.2.4 SDS-PAGE

SDS-PAGE was performed on 4% stacking gels followed by 10.5% resolving gels.

Protein solutions were mixed with equal volume of 62.5 mM Tris-HCl pH 6.8, 5 mM

DTT, 25% glycerol, 0.1% bromophenol blue and 0.2% SDS at room temperature for at

least a day. The protein bands were visualized by 0.1% Coomassie blue R-250.

4.2.5 CD Spectroscopy

300 µL of sample (around 10 µM) purified with the best detergent was placed into a 1

mm quartz cuvette (Starna Cells; Atascadero, CA) in SEC buffer. Multi-wavelength CD

measurements were taken every 1 nm from 260 to 200 nm. All measurements were taken

on a Jasco J-815 CD Spectrometer (Jasco Inc., Easton, MD) and processed with the Jasco

Spectra Manager V1.54.03 software package.

4.2.6 Negative-Stain Electron Microscopy

For negative-stain EM analysis, EM grids were prepared by applying 2 µL of cleaved

sample onto FCF300-Cu grids glow discharged for 1 min on carbon side. Grids were
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washed twice with 10 mM HEPES pH 7.5 and 200 mM NaCl and stained in 0.75%

uranyl formate. EM micrographs were recorded on a TVIPS TemCam-F416 camera

(Gatan) with a Tecnai F20 electron microscope (Thermo Fisher) operated at 200 kV.

Images were processed in cisTEM 145.

4.2.7 Membrane Protein Crystallization

For vapor diffusion methods, purified samples in the most suitable detergent were

concentrated to 3-5 mg/mL using a Vivaspin protein concentrator (GE Healthcare) with

100,000 molecular weight cut-off. Initial crystallization trials were set up in 96-well

Swissci UVXPO MRC crystallization plates (Molecular Dimensions) via sitting-drop

vapor diffusion at 20 °C. Crystal hits of BicA-6803 occurred in the reservoir solution of

0.1 M NaCl, 0.1 M MES pH 6.5 and 36% (v/v) PEG 300. Crystal optimization was set up

in 24-well Cryschem sitting drop crystallization plates (Hampton Research). BicA-6803

crystals were achieved by mixing 2 parts BicA-6803 solution with 1 part precipitant

solution of 0.14-0.16 M NaCl, 0.1 M MES pH 6.5, 32-34% (v/v) PEG 300, 1 mM

NaHCO3 and 4.5 mM TRIPAO at 20 °C. Diffraction data were collected at the Advanced

Photon Source (APS) microfocus beamline 23-ID-D on a Pilatus3 6M PIXEL detector at

an X-ray wavelength of 1.033 Å for a total of 900 × 0.2 oscillation frames.

For LCP crystallization, purified samples were concentrated to 10-30 mg/mL using a

Vivaspin protein concentrator (GE Healthcare) with 100,000 molecular weight cut-off,

and mixed with molten monoolein at a ratio of 2/3 (v/v) in a dual-syringe mixer until a

transparent lipidic cubic phase (LCP) was formed. LCP was disperse onto a glass

sandwich set as a bolus of 40 nL and covered with 1 uL of crystallization solution using a

Crystal Gryphon robot (Art Robbins Instruments). The glass sandwich sets were
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incubated at 20 oC and loaded into a Rock Imager (Formulatrix) for monitoring crystal

growth.

4.3 Results and Discussions

Initial over-expression efforts performed using in BL21 (DE3) at 37 °C failed to yield

high levels of BicA-6803 (data not shown). Therefore, to identify suitable expression

strains and conditions for yielding increased levels of BicA-6803, several small-scale

expression tests were next performed employing a range of different host strains and

temperatures. Specific host strains of interest were selected based on their use in previous

studies for enhancing membrane protein over-expression 148. Overall levels of BicA-6803

produced were analyzed by adding lysed samples from each induced culture to blotting

paper and conducting dot blot experiments to detect His-tagged BicA-6803. Comparing

relative levels of produced BicA-6803, overall expression yields were found to be highest

at 37 ℃ (relative to 30 and 18 ℃; except for BL21 (DE3)). Expression using the Δtig

BL21 (DE3) variant, KTD212, showed minor improvements in yields relative to BL21

(DE3) suggesting that BicA-6803 overexpression may upset the native membrane protein

folding pathway 131, 156. The gene encoding BicA-6803 was not codon optimized in this

study, and Rosetta2 (DE3) cells showed a substantial improvement in BicA-6803

overexpression, indicating that codon bias may play a role in the expression levels of

BicA-6803 in E. coli. When comparing all the strains, it was found that higher-level

expression of BicA-6803 is seen in strains that have reduced levels of expression or that

were selected for tolerance towards toxic protein overexpression (C41 (DE3), C43 (DE3)

and BL21 (DE3) pLysS), with C43 (DE3) performing the best. This indicates that high-
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levels of overexpression is determinantal to the overall yields of BicA-6803. Overall, the

strain that produced the highest levels of BicA-6803 was C43 (DE3) Rosetta2,

demonstrating that the improvements seen in Rosetta2 (DE3) and C43 (DE3) could be

synergistically combined to enhance expression levels beyond the individual strains alone

(Figure 4-1).

Figure 4-1. Screening expression strains and temperature for production of BicA-6803.
Levels of BicA-6803 in whole cell samples were assayed by dot blot (n=3) and
normalized relative to the highest expression condition.

Following the identification of conditions supporting high BicA-6803 production, we

next turned to identifying the best detergent for improving membrane solubilization and

BicA-6803 stability. Three different detergents (DM, DDM and LMNG) were screened

for this purpose. C43 (DE3) Rosetta2 cells expressing BicA-6803 were harvested and

lysed before membranes were then collected by high-speed centrifugation. Isolated

membranes were split into three fractions, each individually treated with one of three
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detergents of interest in subsequent solubilization and purification steps. Ni2+-NTA

purification was used to identify the detergents suitable for membrane solubilization by

measuring the areas of protein elution peaks, since the His tag is long enough to be

exposed to the resin.. All three detergents were found to support the extraction of

sufficient quantities of BicA-6803, and DDM and DM worked better than LMNG (Figure

4-2 A). Thus, to determine the optimal detergent for BicA-6803 purification, SEC was

performed on each solubilized sample (Figure 4-2 B) following initial purification by

IMAC. DM solubilized BicA-6803 migrated as a series of peaks, indicating that it

produces an heterogeneous mixture of BicA-6803 oligomers, with the major peak

occurring where monomeric BicA-6803 would be expected to elute. Due to these factors,

DM was deemed unsuitable for BicA-6803 purification. In contrast, when using DDM or

LMNG as detergent, SEC profiles showed much more homogenous distributions.

Purification with DDM showed a large, single peak by SEC whereas LMNG showed a

much-reduced major peak whose area 63% less than that obtained using DDM.

Additionally, the major peak for LMNG purified BicA-6803 showed a subtle leading

shoulder which was absent with DDM purified BicA-6803. In light of these findings,

DDM was selected as the most suitable detergent for purification of BicA-6803.
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Figure 4-2: Chromatography characterization of detergent solubilized and purified BicA-
6803 from (A) Ni2+-NTA elution fractions where each chromatogram aligned relative to
the beginning of the protein elution on the HisTrap HP column, which was set at 0 mL;
and from (B) SEC where each chromatogram aligned relative to the injection of the
protein solution on the Superdex 200 Increase 10/300 GL column, which was set at 0 mL.
Traces have not been normalized relative to each other in order to show the relative levels
of the peak fractions from each detergent.

Large scale production of BicA-6803 was lastly investigated using C43 (DE3) Rosetta2

as the expression strain, along with solubilization and purification of produced BicA-

6803 in the presence of DDM. By this approach, final yields of purified BicA-6803

reached 6.5 ± 1.0 mg per liter of culture; a substantial improvement over initial

expression efforts using BL21 (DE3) which yielded undetectable levels of BicA-6803.

SDS-PAGE was used to assess the final purity of the BicA-6803 product obtained via this

method (Figure 4-3). Following membrane extraction and purification by IMAC and SEC,

the final purity of BicA-6803 was over 95% (based on quantitative density analysis of the

Coomassie stained gels following SEC). Although SDS-PAGE analysis further revealed

that purified BicA-6803 was gel shifted and migrated to a position that does not

correspond with its predicted molecular weight, deviations such as this are not

uncommon for membrane proteins 149, 150.
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Figure 4-3: BicA-6803 immediately following IMAC and SEC purification was analyzed
by SDS-PAGE followed by staining with Coomassie blue R-250. The resulting gel shows
a high level of well-purified BicA-6803.

Additionally, CD spectroscopy was used to assess the secondary structure of the DDM

solubilized and purified BicA-6803 (Figure 4-4). The resulting CD spectrum shows a

broad absorption peak between 210 and 220 nm, and hence indicates high level of α-

helical content for the purified protein, which is expected as BicA-6803 is an integral

membrane protein composed mostly of α-helices.
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Figure 4-4: BicA-6803 immediately following IMAC and SEC purification was analyzed
by CD spectroscopy. The data indicate that purified BicA-6803 is predominantly α-
helical.

To further test the purity and homogeneity of purified BicA-6803, negative-stain EM was

used to assess the size and homogeneity of the final purified product. As seen in Figure 4-

5, well-dispersed and homogeneous particles were attained, with the longest dimension

measuring approximately 100-120 Å. These dimensions are consistent with a recently

published cryo-EM structure of the dimeric murine SLC26A9 anion transporter 39 which,

like as BicA-6803, also belongs to the SulP/SLC26 family of transporters. These findings

further indicate that BicA-6803 is produced and, according to the protocols developed

here, purified as a dimer.
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Figure 4-5: Negative-stain EM analysis of BicA-6803. Representative image and inset
(top right: showing a closer view) of negatively stained BicA-6803 reveals relatively
homogeneous single particles on the surface of the grid. The longest dimension of the
particles measures approximately 10-12 nm, matching what would be expected from a
homodimer. Scale bar represents 100 nm and 50 nm in the main figure and inset,
respectively.

Membrane protein crystallization was applied to tag-cleaved BicA-6803 because

crystallography has so far been the most common technique for high-resolution structure

determination of biological macromolecules, especially for membrane proteins. Crystals

were found at the crystallization solution of 0.1 M NaCl, 0.1 M MES pH 6.5 and 36%

(v/v) PEG 300 using sitting drop vapor diffusion at 20 °C (Figure 4-6 A and B). The

average dimensions of these crystals were measured as 30 x 10 µm. Crystals were

optimized with screening crystallization solution in the range of 0.14-0.16 M NaCl, 0.1

M MES pH 6.5, 32-34% (v/v) PEG 300, 1 mM NaHCO3 and 4.5 mM TRIPAO (Figure 4-

6 C). In addition, tiny crystal hits were found at the crystallization solution of 0.1 M Tris-

HCl pH 8.0, 0.23 M CaCl2, 1.5% (w/v) 1,5-diaminopentane dihydrochloride and 38%

(v/v) PEG 300 using LCP crystallization at 20 °C (Figure 4-6 D and E). They failed to
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reach larger size during optimization of protein concentration and crystallization solution

recipe, which limits the determination of its structure using the common synchrotron

single crystal X-ray diffraction.

Figure 4-6: BicA-6803 crystals obtained from vapor diffusion and LCP crystallization.
Crystals grown in vapor diffusion visualized with (A) normal light and (B) cross-
polarizing light using a Rigaku imaging system (Rigaku); and optimized crystals
visualized with normal light (C) using Leica imaging system (Leica). Crystals grown in
LCP visualized with (D) normal light and (E) cross-polarizing light using a Rock Imager
(Formulatrix). Scale bars represent 100 µm.

During the X-ray diffraction experiment, a diffraction pattern was obtained from a plate-

shaped crystal which diffracted to approximately 8 Å (Figure 4-7). The crystal was too

fragile to be well-diffracted in continuous oscillation frames, and the number of spots in

each frame was small, and hence no indexing solution was determined for further data

processing.
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Figure 4-7: Representative diffraction pattern of BicA-6803 grown by vapor diffusion,
collected at GM/CA APS beamline 23-ID-D on a Pilatus3 6M PIXEL detector at an X-
ray wavelength of 1.03 Å. Diffraction spots are above 8 Å.

4.4 Conclusions

As with many membrane proteins, low levels of expression can limit the structural and

functional study of BicA-6803. We have optimized the expression of BicA-6803 in E.

coli and screened the purification methods, and approximately 6.5 ± 0.1 mg of purified

BicA-6803 using DDM detergent can be obtained from one liter of C43 (DE3) Rosetta2

cell culture, which is relatively high for membrane protein expression. SEC elution

profiles confirm that DDM helps to keep BicA-6803 in a stable form. Besides, the SEC

elution time of BicA-6803 along with results from negative-stain EM and comparisons

with other, full-length SulP/SLC26 family transporters indicate that the herein developed

protocol is capable of yielding stable, homodimeric complexes.

The relatively high yield of purified BicA-6803 is appropriate for membrane protein

crystallography. Although crystals were grown by vapor diffusion method, they

diffracted to approximately 8 Å, which is of low resolution to solve the structure but

shows that the crystals were packed with proteins. The low resolution is the result of
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loose molecular packing in the crystal lattices since the length of DDM or the volume of

DDM micelle is big. Close and tight crystal packing is a prerequisite for high-resolution

diffraction as the side chains and chemical bonds are generally well ordered. During

membrane protein crystallization by vapor diffusion method, the crystal contacts are

primarily created by the hydrophilic domains. The molecular size of STAS domain

(around 17 kDa) is much smaller compared with the hydrophobic membrane domain

(around 42 kDa), therefore a close packing was likely to be inhibited by the volume of

membrane domain and detergent. In order to optimize the crystal quality by vapor

diffusion, detergent with low size can be screened for the crystallization set-up.

Lauryldimethylamine-N-Oxide (LDAO) is a suitable candidate because it has the same

length of alkyl chain as DDM while the hydrophilic head group consists of a small amine

oxide instead of the large maltoside moiety in DDM 60. It is assumed that replacing DDM

with LDAO maintains the dimer conformation of BicA-6803, and facilitates close crystal

packing. High-resolution crystal structure of membrane protein has been determined

using LDAO as the detergent 29.

In addition, microcrystals were obtained in LCP, although the are too small to withstand

the radiation damage by the X-ray beam during the X-ray diffraction data collection in a

synchrotron facility. Optimization in crystallization conditions failed to produce large

crystals. For the future work, screening different host lipid, incubation temperature,

additive lipids to be doped with the host monoolein can be tested, along with applying

alternative diffraction technique for microcrystals. MicroED can be applied to diffracting

the BicA-6803 microcrystals grown in LCP, once the feasibility of applying MicroED to

microcrystals grown in LCP can be verified. Therefore, it will be illustrated in chapter 5
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to offer a full picture of the first demonstration of MicroED structure determination of

LCP-laden crystals.
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CHAPTER 5: HIGH-RESOLUTION STRUCTURE DETERMINATION OF

MICROCRYSTALS EMBEDDED IN LIPID MESOPHASE BY MICROED

5.1 Introduction

In the chapters 3 and 4, crystallization of cyanobacterial bicarbonate transporters in lipid

cubic phase (LCP) was applied in order to produce high quality crystals of SbtA or BicA

for diffraction experiments, although the crystals were very small. Since the first high-

resolution structure of Bacteriorhodopsin was determined using LCP or lipid mesophase

(in meso) crystallization in 1997 61, 157, over 120 unique high quality membrane protein

crystals have been obtained in LCP 158-160. However, membrane protein crystals grown in

the LCP are often too tiny to withstand the radiation damage from the X-ray beam during

synchrotron X-ray diffraction data collection. Serial femtosecond crystallography (SFX),

which utilizes ultra-fast and high-brightness X-ray pulses generated by an X-ray free

electron laser (XFEL) to capture diffraction patterns from tiny membrane protein crystals

grown in meso before they are destroyed by radiation damage, has recently been

employed with great success 111. Nevertheless, the LCP-SFX technique is extremely time

and resource consuming and is not widely accessible with only a few operational XFEL

facilities in the world. Serial crystallography for LCP-microcrystals has been applied to

synchrotron radiation 113, 161. However, they both require a large number of microcrystals

to capture complete diffraction data sets for structure determination. Thus, to improve the

study of important integral membrane proteins and uncover new high-resolution details in

a more high-throughput fashion, alternative methods for structure determination need to

be developed for the microcrystals grown in LCP.



81

MicroED is a recently developed method to collect electron diffraction patterns from sub-

micron sized three-dimensional crystals of biological macromolecules in the electron

microscope operating at cryogenic temperature 89-99. Microcrystals are deposited on EM

grids followed by blotting the grids for thin windows, since electrons cannot penetrate

thick samples. Then the samples on the EM grids are vitrified in liquid ethane and kept at

the cryogenic temperature maintained by liquid nitrogen in order to ensure sample

hydration exposed under the high vacuum of cryo-TEM. The continuous rotation

MicroED data collection methods resemble the methods to collect single crystal X-ray

diffraction data, resulting in a series of electron diffraction patterns that can be processed

using the software developed for single crystal X-ray diffraction 91. Since the initial

implementation of MicroED, there have been further efforts in improving this method 98.

In this work, our goal is to combine MicroED data collection with LCP crystallization

(LCP-MicroED) to determine structures from microcrystals within the lipid mesophase.

To begin with, we treated the LCP with different reagents to reduce its viscosity, because

toothpaste-like LCP can hardly be evenly deposited on the EM grids and blotted thin

enough to be screened in the electron beam. Two different strategies were identified for

significantly lowering the viscosity of LCP: phase conversion using 2-methyl-2,4-

pentanediol (MPD) or treatment with lipase. Next, we produced microcrystals of a model

protein Proteinase K, reconstitute them into LCP, and used these strategies for screening

diffraction quality in a cryo-TEM. Proteinase K was selected as a model protein since it is

useful by both MicroED 96, 112 and LCP-based method 113. Finally, both strategies were

successful in determining the structure of Proteinase K at 2.0 Å resolution using

MicroED.
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In addition, we used the sample treatment strategies mentioned above for the

microcrystals grown within the LCP matrix. Cholesterol was used to demonstrate the

structure determination of small molecules by LCP-MicroED. After phase conversion

using MPD, diffraction data of cholesterol were collected and a low-completeness (~30%)

map was generated to around 1 Å resolution. A human G protein-coupled receptor

adenosine A2A receptor (A2AAR) was used for elucidating LCP-MicroED of

macromolecules. Diffraction to around 4.5 Å was observed after treatment with MPD.

5.2 Materials and Methods

5.2.1 Preparation of Microcrystals

Microcrystals of Proteinase K were prepared according to a previous protocol 161. Briefly,

equal volumes of Proteinase K (Sigma) solution at 40 mg/mL in 20 mM MES pH 6.5 and

a crystallization solution composed of 0.1 M MES pH 6.5, 0.5 M NaNO3 and 0.1 M

CaCl2 were mixed and crystallized in batch method. Microcrystals were grown after 20

min incubation at 20 °C 161. Microcrystals were pelleted by low-speed centrifugation (500

x g) for 5 min, re-suspended in the crystallization solution, and then re-constituted into

LCP. Reconstitution was realized by mixing microcrystal solution with molten

monoolein host lipid at a ratio of 2:3 (v:v) using a Hamilton dual-syringe mixer until a

homogeneous and transparent lipid mesophase was formed 162.

Cholesterol (Anatrace) was mixed with monoolein at a ratio of 3:7 (w/w) and co-

dissolved in chloroform. The solvent was removed by evaporation under a stream of inert

gas, and the lipid mixture was dried at high vacuum and room temperature for 24 h. LCP

was formed by mixing the lipid mixture with water at a ratio of 3:2 (v/v) using a
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Hamilton dual-syringe mixer, and injected into a Hamilton syringe containing a

precipitant solution composed of 0.1 M sodium citrate pH 5.0, 40 mM NaSCN and 28%

(v/v) PEG 400. Microcrystals formed after incubation at room temperature for 18 h.

A2AAR was prepared as described before 163-165. In brief, the intracellular loop 3 of

A2AAR was constructed with a fusion protein BRIL, cloned into the pFastBac1 vector

and transformed into E. coli One ShotTM TOP10 competent cells. The recombinant

bacmid DNA was prepared by transformation into E. coli MAX EfficiencyTM DH10Bac

competent cells, followed by transfection of Sf9 insect cells to generate the baculoviruses.

The baculoviruses were not introduced into the Sf9 cell culture for infection until the cell

density reached 2 x 106 cells per mL. Protein expression in Sf9 cells lasted for 48 h at

27 °C. A2AAR was purified after harvesting cells by centrifugation, concentrated to 25

mg/mL, and mixed with host lipids to generate LCP. The LCP consisted of 40% (w/w)

protein solution, 6% (w/w) cholesterol and 54% (w/w) monoolein, and was injected into

Hamilton syringes containing the same precipitant solution as cholesterol crystallization.

Microcrystals of A2AAR were grown after incubation at 20 °C for 24 h.

5.2.2 Conversion of LCP Microcrystals

LCP hosting the Proteinase K microcrystals was converted by two different strategies.

One was phase conversion with seven additives to achieve a less viscous lipid sponge

phase, and these additives were MPD, PEG 200, PEG 400, jeffamine M600, 1,4-

butanediol, t-butanol, and ethylene glycol. Phase conversion was performed by syringe

mixing 15-20 times in Hamilton dual-syringe mixer, in which one syringe contained LCP

hosting the microcrystals and the other syringe contained the phase conversion solution.

The phase conversion solution was composed of the initial crystallization buffer for
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Proteinase K supplemented with each of different additives, and optimized with a

gradient series of 10% increments of additive concentration. Finer additive concentration

optimization was performed after identifying an initial point capable of converting the

cubic phase to a sponge phase. Once the concentration range of each supplemented

additive was determined, EM grid blotting experiment was performed to screen the

capability of each additive. Among these additives, MPD induced conversion to the least

viscous sponge phase, and was later focused for further optimizing crystal survival during

phase conversion. Once the cubic phase was converted, the mesophase hosting Proteinase

K microcrystals was transferred into a micro-centrifuge tube. Microcrystals were

concentrated by low-speed centrifugation and harvested from the bottom by pipetting.

Crystal survival after each step was monitored by light microscopy with cross-polarized

and UV light. Once crystals survived after each step, MicroED grid preparation would be

conducted for analysis in the cryo-TEM.

The other strategy involved treatment of LCP with lipase. The fresh lipase (Candida

rugosa, Sigma) stock solution was prepared at a concentration of 50 mg/mL in saturated

potassium phosphate buffer. The mesophase hosting Proteinase K microcrystals was

expelled from the Hamilton syringe into a micro-centrifuge tube. Lipase was introduced

at a volume ratio of 1:1:2 (lipase stock:mesophase:crystallization solution) into the same

tube without mixing. Incubation for at least 18 h converted the mesophase to a two-phase

system of two immiscible liquids: water/glycerol and oleic acid. Proteinase K

microcrystals partitioned into the water/glycerol phase. The methods developed for phase

conversion by MPD were used.
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LCP hosting cholesterol microcrystals was treated with MPD. After removing excess

crystallization solution from the Hamilton syringe, the syringe was coupled with another

Hamilton syringe containing the conversion solution, and phase conversion was

performed by dual-syringe mixing for 3-5 times. The conversion solution was composed

of initial crystallization solution supplemented with 7% MPD. MPD was better diffused

into the mesophase after incubation for 10 min at 20 °C. The methods developed for

Proteinase K after phase conversion by MPD were used.

LCP hosting A2AAR microcrystals was treated with four different additives: MPD, PEG

400, PEG 200 and jeffamine M600. MPD contributed to the highest quality EM grid with

clear and thin windows observed in cryo-TEM. The methods developed for cholesterol

were used. Besides, single crystal X-ray diffraction data were collected from samples

after conversion by MPD at APS microfocus beamline 23-ID-D following the previous

protocol 164.

5.2.3 MicroED Grid Preparation

After MPD or lipase treatment, Proteinase K microcrystals were concentrated by

centrifugation at 500 x g for 5 min. Microcrystal solution was harvested by pipetting

from the bottom of micro-centrifuge tube. For MPD-converted samples, the microcrystal

solution was further diluted with equal volume of fresh crystallization solution

supplemented with 12.5% MPD. Cholesterol and A2AAR microcrystals were directly

applied after phase conversion.

Grids were prepared by standard MicroED sample preparation procedures 99. To

summarize, 2 L of microcrystal solution was applied on each side of a glow-discharged

holey carbon grid (Quantifoil 2/4 grids for Proteinase K and cholesterol, and Quantifoil
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multi-A grids for A2AAR), and the grid was blotted for 12-16 s in a Vitrobot Mark IV

(Thermo Fisher Scientific) followed by plunging into liquid ethane and storing in liquid

nitrogen.

5.2.4 MicroED Data Collection

MicroED data collection of Proteinase K was performed by standard methods 99 using a

TF20 cryo-TEM (Thermo Fisher Scientific) operated at 200 kV and equipped with a

F416 CMOS detector (TVIPS). Diffraction data were recorded in movies at 4 s per frame

and electron dosage of approximately 0.01 e-/Å2 per second as the stage was continuously

rotated at 0.09 o/s. Each data set sampled around 45o of reciprocal space and was

generated from a total electron dose of up to 5 e-/Å2.

MicroED data collection of cholesterol and A2AAR was performed by standard methods

99 using a Titan Krios cryo-TEM (Thermo Fisher Scientific) operated at 300 kV and

equipped with a CETA CMOS detector (Thermo Fisher Scientific). Each diffraction data

set of cholesterol was recorded at 2 s per frame as the stage was continuously rotated at

0.91 o/s, which covered around 45o wedge. Each diffraction data set of A2AAR was

recorded at 8 s per frame as the stage was continuously rotated at 0.09 o/s, which covered

around 20o wedge.

5.2.5 MicroED Data Processing and Structure Determination

MicroED data of Proteinase K collected from both MPD and lipase treatment were

indexed and integrated in iMOSFLM 150. Data sets from multiple crystals (four for MPD-

treated and two for lipase-treated) were merged and scaled in AIMLESS 166 to reach high

completeness for structure determination. Phaser 151 was used for running molecular

replacement using a published Proteinase K structure (PDB ID: 2ID8 167) as search model,
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and the solution was refined in phenix.refine 152 of the PHENIX 153 program suites using

electron scattering factors. The model building was manually performed using Coot 154,

and MolProbity 140 was used for Ramachandran analysis.

MicroED movie data of cholesterol and A2AAR were converted to images in SMV format

using published tools 112. Images were processed in XDS 168 for indexing, integration and

scaling. Two data sets of cholesterol were merged in AIMLESS 166, and phased in Phaser

151 using a published Proteinase K structure (CSD entry: CHOLES20 169) as search model.

5.3 Results and Discussions

Because LCP is too viscous to be blotted thin for analysis in a cryo-TEM, the standard

MicroED sample preparation methods can hardly be applied to microcrystals embedded

or grown in the mesophase. Initially, our focus was to identify and optimize sample

preparation conditions that would reduce the viscosity of mesophase and allow effective

grid blotting. Thus, we introduced two different strategies to reduce the viscosity: One

was achieved by mixing LCP with additives, which converted LCP into lipidic sponge

phase, a liquid analogue of LCP 63, 102; The other was realized by incubating LCP with

lipase, which hydrolyzed the host lipid and formed a two-liquid phase system consisting

of water/glycerol solution and oleic acid 170, 171.

For the first strategy, we screened seven additives at various concentrations: MPD, PEG

200, PEG 400, ethylene glycol, t-butanol, jeffamine M600, and 1,4-butanediol 162, 172.

Other studies have proposed that introducing these agents to LCP was likely to cause a

less viscous lipid mesophase 164, 172, however screening and optimizing use of additives

are necessary for reducing the viscosity of lipid mesophase without damaging the crystals.
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Initial screenings were performed on blank LCP by mixing the host lipid monoolein with

the crystallization solution for Proteinase K. All seven additives were able to reduce the

viscosity of lipid mesophase by dual-syringe mixing, in the range of 6%-18% with MPD,

24%-40% with PEG 200, 32%-48% with PEG 400, 15%-33% ethylene glycol, 11%-20%

t-butanol, 9%-20% jeffamine M600, and 28%-41% 1,4-butanediol, which are consistent

with previous studies on phase transition 172.

We then tested the absorption of the viscosity-reduced lipid mesophase on blotting paper,

in order to empirically determine how well these phase-converted samples could be

blotted to generate a thin sample for MicroED. In this step, samples were expelled out of

the mixing syringe and deposited on the blotting paper, without external blotting force

applied. Compared with the blank LCP droplet (Figure 5-1 A), which retained its shape

and was hardly blotted on the filter paper, the seven phase-converted samples showed

absorption on the filter paper (Figure 5-1 B-H). MPD (Figure 5-1 B) showed the most

significant blotting relative to other additives, as well as the lowest final ratio added to

the LCP (6-18%). When similar blotting tests were conducted on EM grids, the MPD-

converted lipid mesophase samples produced the most consistently thin samples for

successful TEM visualization. Therefore, MPD was selected for further experiments with

Proteinase K, cholesterol and A2AAR crystals embedded in LCP.

For the second strategy, we investigated an alternative enzyme hydrolysis method by

treating LCP with lipase to hydrolyze host lipid molecules and transition the LCP to a

two-liquid phase system 171. Blank LCP was again used to find an optimal hydrolysis

ratio of LCP with lipase, as well as the minimum treatment time to completely separate

LCP into two liquid phases. LCP sample was expelled from the syringe mixer into a 0.2
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mL microcentrifuge tube, and freshly prepared lipase solution at 50 mg/mL was directly

added on top of LCP sample without additional pipetting. It was found that after a 14-

hour treatment in a 1:1 ratio of LCP and freshly prepared lipase solution incubated at 20

oC, the solid cubic phase (Figure 5-1 I) was completely separated into two liquid layers

(Figure 5-1 J). The lipase-hydrolyzed sample also penetrated the blotting paper without

any visible lipid mesophase residue on the surface (Figure 5-1 K). As with the MPD

treated samples described above, this strategy was then tested with Proteinase K

microcrystals to study crystal survival and grid preparation for data collection.

Figure 5-1: Reducing the viscosity of LCP by the introduction of additives or lipase
treatment to generate samples suitable for MicroED grid preparation. (A) LCP droplet
stayed on the surface of filter paper instead of being blotted away, because of high
viscosity. Treating LCP with the phase-converting buffer supplemented with seven
additives: (B) MPD, (C) PEG 400, (D) PEG 200, (E) Jeffamine M600, (F) t-butanol, (G)
ethylene glycol, and (H) 1,4-butanediol; converted the LCP to a less viscous liquid-like
mesophase, which could penetrate the filter paper. Treating LCP with lipase to hydrolyze
the lipid to form two liquid phases. (I) The LCP matrix (white solid stream in the tube
highlighted by the red arrow) mixed with freshly prepared lipase solution at a ratio of 1:1
(v/v) prior to incubation. (J) The LCP was separated into two liquid phases after 14 h,
where the phase separation surface denoted by the red arrow. (K) The sample at the
bottom phase after lipase hydrolysis was blotted away on the filter paper without
significant mesophase residue on the surface.
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We then followed the batch crystallization method to grow Proteinase K microcrystals in

solution (Figure 5-2 A) and reconstituted them into LCP (LCP-Proteinase K) by dual-

syringe mixing with the host lipid monoolein in a lipid:crystal solution ratio of 3:2 (v/v).

Proteinase K microcrystals survived after reconstituted into LCP (Figure 5-2 B) and were

used for phase conversion test with MPD or lipase treatment.

For sponge phase conversion, we tested the range of 6-18% MPD supplemented to the

Proteinase K crystallization solution in increments of 0.5% as a phase converting buffer.

This conversion buffer was then mixed with the LCP-Proteinase K in the syringe. We

observed that the converting buffer supplemented with more than 12.5% MPD resulted in

fewer/no Proteinase K microcrystals or microcrystals with dissolved edges (crystal image

not shown). Therefore, 12.5% MPD was selected as the maximum concentration capable

of reducing the viscosity of the LCP sample (Figure 5-1 B) without dissolving the

embedded Proteinase K microcrystals (Figure 5-2 C).

LCP-Proteinase K samples were treated with lipase at a ratio of 1:1 (v/v), along with

additional Proteinase K crystallization solution as a supplement to ensure the stability of

the microcrystals after release from the lipid mesophase. Hydrolysis time was also re-

monitored every 1 hour for the first 14 hours, and every 20 minutes afterward. After 18-

hours treatment, sample consisting of a 1:1:2 (v/v/v) ratio of lipase:LCP-Proteinase

K:crystallization solution was completely digested and separated the LCP into two-liquid

layers, and the Proteinase K microcrystals were released from the lipid mesophase into

the water/glycerol-rich phase. Similar size and density of Proteinase K microcrystals in
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the hydrolyzed liquid phase were observed compared to the LCP-Proteinase K sample

before treatment (Figure 5-2 D).

With these two sample preparation methods, the low-viscosity LCP-microcrystal solution

was applied to the glow-discharged EM grid coated with holey carbon film, blotted with

filter paper vitrified in liquid ethane and stored in liquid nitrogen, which is similar to the

standard MicroED sample preparation methods 99. The MPD-induced less viscous

mesophase sample was further diluted by equal volume of the converting buffer, which

generated a thin layer on EM grid where microcrystals could still be identified by UV

microscopy (Figure 5-2 E). LCP treatment with lipase also produced grids with a similar

level of microcrystals visible by UV microscopy (Figure 5-2 F).
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Figure 5-2: Monitoring Proteinase K microcrystals throughout LCP conversion.
Proteinase K microcrystals were grown using (A) batch method and (B) reconstituted into
the LCP by dual-syringe mixing, viewed with cross-polarizing light. Proteinase K
microcrystals reconstituted in LCP survived after converting LCP using the
crystallization solution supplemented with (C) 12.5% MPD or (D) lipase to hydrolyze
lipids, viewed with cross-polarizing light. Proteinase K microcrystals embedded in LCP
treated with (E) MPD and (F) lipase were deposited on the glow-discharged EM grids
and successfully blotted thin for MicroED data collection, viewed with UV.
Microcrystals could still be detected on the blotted EM grids. Microcrystals were
monitored in a Rock Imager (Formulatrix).

Samples prepared by the methods described above were analyzed in the cryo-TEM to

verify the sample thickness and the presence of microcrystals. Regions of grid containing

Proteinase K (Figures 5-3 A and E) could be visually identified and confirmed. In the

case of Proteinase K, while both treatment strategies produced suitable samples, lipase-
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treated samples generally contributed to a thinner layer on the EM grid relative to the

MPD-converted samples. Standard MicroED diffraction screening, data collection, and

data processing protocols 99, 173 were used to collect high-resolution datasets from each

type of sample preparation. For the MPD-converted samples, diffraction data from four

Proteinase K microcrystals were merged together to produce a final dataset with a refined

structure at 2.0 Å. In the case of the lipase-treated samples, diffraction data from two

Proteinase K microcrystals were used to resolve the structure at 2.0 Å. Both of these

methods of LCP sample preparation ultimately produced high quality MicroED data,

density maps, and models (Appendix Table B; Figure 5-3). When compared with other

Proteinase K structures determined by MicroED 93, 96, 174, both of the LCP-Proteinase K

structures in this work showed similar levels of data quality (e.g., resolution, R factors),

indicating that the LCP phase conversion methods had little adverse impact on the quality

of vitrified microcrystals whether induced by MPD or lipase. In addition, the overall root-

mean-square deviation (RMSD) is 0.59 Å between both of our models and another

MicroED Proteinase K structure (PDB ID: 5I9S 93), indicating minimal differences

between them. When we compared the MPD- and lipase-treated structures, the all-atom

RMSD between these two new structures is 0.47 Å.

Coordinates and structure factors of Proteinase K treated with lipase and MPD were

deposited in the Protein Data Bank (PDB) under the accession code 6PQ0 and 6PQ4.
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Figure 5-3: Proteinase K structure determined using LCP-MicroED. LCP samples treated
with both (A) MPD and (E) lipase produced grids where microcrystals could be identified
on the grid surface when loading the grids in the cryo-TEM. Scale bars in represent 4 mm.
Representative diffraction patterns collected from microcrystals treated with (B) MPD or
(F) lipase with resolution ring of 2.0 Å shown in the images. The 2Fo-Fc and Fo-Fc maps
of Proteinase K after treatment with (C) MPD or (G) lipase show clear density
surrounding the models, contoured at 1.5σ and 3.0σ, respectively. The composite omit
maps of Proteinase K after treatment with (D) MPD or (H) lipase show clear density
surrounding the models, contoured at 1.0σ.

To further test the viability of the sample treatment strategy for microcrystals grown in

LCP, cholesterol was crystallized in LCP and then examined using the MPD treatment

method. LCP reconstituted with either cholesterol or A2AAR was crystallized in the initial

crystallization solution containing 28% PEG 400, which transformed the cubic phase into

a less viscous intermediate phase. Once microcrystals formed as needles to the size of the

2-3 µm in the longest dimension from cholesterol (Figure 5-4 A), excess crystallization

solution was removed, and the conversion buffer (initial crystallization solution

supplemented with 7% MPD) was introduced to convert the LCP by dual-syringe mixing

in a gentle manner. Further dilution by adding the conversion solution was applied before

depositing microcrystals on the EM grid.
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Cholesterol microcrystals grown in LCP were converted to a less viscous phase using the

same protocol involving MPD. The vitrified sample on the EM grid (Figure 5-4 A) was

diffracted using cryo-TEM, and subsequent diffraction patterns showed well resolved

spots to high resolution (slightly beyond 1 Å) (Figure 5-4 B). We were able to index the

cholesterol datasets with a resulting P1 space group with unit cell dimensions of 12.257

Å, 12.343 Å, and 34.262 Å with angles of 89.551o, 83.497o, and 78.907o (Table 5-1).

These values are consistent with previously published results on cholesterol structure 169,

175. Also, the X-ray structure of this cholesterol form 169 was used to calculate model

amplitudes, and they compared very well with the corresponding amplitudes obtained by

MicroED (CC = 84.2%). Unfortunately, because of the low symmetry of the cholesterol

crystal space group (P1) and the preferred orientation on the grid, the completeness of the

merged dataset was very low (31.1%), which prevented the use of direct methods for

phasing. Due to low data completeness, a reliable structure of cholesterol could not be

determined, however a projection map could be calculated. By using the X-ray model of

cholesterol and molecular replacement, a projection map was generated that shows good

maps when viewed along the direction containing high data completeness for the

cholesterol and water molecules in the crystals (Figure 5-4 C). This is an important step

because it demonstrated that the method previously used for the Proteinase K samples

could also be extended to the collection of MicroED data from crystals that had been

grown in LCP, even for the small organic molecule samples.



96

Table 5-1: Cholesterol data collection statistics.

Data collection and processing

Excitation voltage 300 kV

Electron source Field emission gun

Wavelength 0.019687 Å

Detector CETA D

Rotation rate 2 s per frame

Total dose per crystal ~2.0 e-/Å2

Number of crystals 2

Space group P1

Cell dimensions

a, b, c (Å) 12.257, 12.343, 34.262

α, β, ɣ (°) 89.551, 83.497, 78.907

Highest resolution (Å) 1.00

Rmerge (%) 20.6 (83.5)

CC1/2 0.978 (0.393)

Completeness (%) 31.1 (30.9)

Multiplicity 7.7 (6.3)

Total reflections 8,582

Total unique reflections 3,292

Values in parenthesis () for the highest resolution shell
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Figure 5-4: Application of LCP-MicroED to cholesterol microcrystals. (A) Cholesterol
microcrystals were identified on the EM grid surface after converting LCP using the
crystallization solution supplemented with 7% MPD. Scale bar represents 3 µm. (B) A
still electron diffraction pattern was collected with a resolution ring of 0.9 Å shown in the
image prior to the continuous rotation MicroED data collection. (C) The model and
density map of cholesterol viewed along the direction with high completeness using LCP-
MicroED data.

The same sample preparation procedures using MPD to treat the cholesterol

microcrystals was applied to A2AAR microcrystals once they were grown to the size of 5

x 5 x 2 µm3 (Figure 5-5 A and C). A2AAR microcrystals on the grids were shown to have

survived the addition of 7% MPD and the deposition process via UV microscopy (Figure

5-5 B). The diffraction quality of the A2AAR microcrystals following LCP conversion

was also examined by X-ray diffraction using a microfocus beamline. These crystals

retained their diffracting power to 2.4 Å resolution (Figure 5-5 E), indicating the
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treatment with MPD does not significantly reduce the crystal quality. We next applied the

same MicroED data collection process to study A2AAR microcrystals and observed the

diffraction to be about 4.5 Å (Figure 5-5 D). Although fewer spots were found in the

diffraction patterns within a narrow tilt angle series, we were able to collect a small tilt

series that showed the unit cell parameters are consistent with previously published

A2AAR models, including one from LCP-SFX experiments 163.

Figure 5-5: Application of LCP-MicroED to human A2AAR microcrystals. (A) A2AAR
microcrystals reached average size of 5 x 5 x 2 µm3 in LCP, viewed with cross-polarizing
light. (B) Microcrystals survived on the EM grids after converting LCP using the
crystallization solution supplemented with 7% MPD, viewed with UV. (C) Microcrystals
were identified on the EM grid surface, highlighted in red circle. (D) A still electron
diffraction pattern was recorded with resolution ring of 4.5 Å shown in the image prior to
the continuous rotation MicroED data collection. (E) A2AAR microcrystals retained their
diffraction power to 2.4 Å resolution (shown as the resolution ring in the image) at a
microfocus X-ray beamline, using the same LCP conversion method for MicroED
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analysis. Red arrows in the black boxes denote the diffraction spots to the highest
resolution in a closer view.

5.4 Conclusions

As the first demonstration of LCP-MicroED, these results prove that microcrystals

embedded in LCP can yield structure of model protein Proteinase K and data of

cholesterol and A2AAR to high resolution using MicroED. This proof-of-concept study

and methodology opens the gate for future LCP-MicroED applications for challenging

membrane proteins which only form tiny crystals. To expand the application of LCP-

MicroED to these tough targets, further development and optimization based on these

initial methods need to be explored. Since every microcrystal sample is unique, the

extension of the method reported here into a suite of techniques will be important for its

broad applicability.

Regarding conversion of lipid mesophase using additives, a broader spectrum of

chemicals should be investigated for LCP-MicroED. Certain polar solvents or other

additives such as propylene glycol and pentaerythritol propoxylate, are commonly used in

membrane protein crystallization solutions and can also be used as phase conversion

additives. The identification of a suite of additives compatible with LCP-MicroED would

allow users to select chemicals already present in the crystallization solution or with

similar chemical properties. Two critical parameters should be kept in mind in order to

screen new additives: the viscosity of the additive and the overall percentage of additive

required to convert the lipid mesophase. In this study, we found that MPD behaved much

better than PEGs in sample blotting on EM grids, which was attributed to its lower

viscosity and lower concentration (6%–18%) required for conversion to a less viscous
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phase. The intrinsic viscosity is not a parameter that can be tuned easily; however, these

additives typically have a wide range of concentrations that can drive conversion to a less

viscous lipid mesophase 172. When screening additives, some of them may affect

microcrystal quality at the concentrations required to trigger the desired phase conversion.

Thus, their effects on both phase conversion and crystal quality should be carefully

examined for novel additives.

After converting the mesophase using additives, the diffraction quality of converted

microcrystal samples could be evaluated in a microfocus X-ray diffraction. Once the

crystal diffraction quality is confirmed, vitrified EM grids can be loaded into a scanning

electron microscope (SEM) to assess the distribution of blotted crystals with the excess

LCP residue prior to data collection in cryo-TEM. Under a certain circumstance when the

conversion by additives might disrupt the crystal diffraction quality, a lower

concentration of additives in a safe range to preserve the crystal integrity could be used to

partially convert the phase to a relatively lower viscosity, although inadequate to produce

a pure clean MicroED grid. Following Proteinase K, we prepared EM grids of vitrified

cholesterol microcrystals grown in LCP for further MicroED data collection. Cholesterol

microcrystals appeared in LCP at a ratio of 3:7 (w/w) cholesterol:monoolein, higher than

the ratio of 1:9 (w/w) cholesterol:monoolein present in the A2AAR crystallization

conditions with LCP. It clears any concern that cholesterol may have crystallized and

contaminated the final A2AAR microcrystals, even with MPD-induced phase conversion.

Furthermore, high-resolution diffraction could be obtained from cholesterol following

LCP conversion, which is likely to be extended to small molecules and pharmaceuticals

crystallized in meso.
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We present LCP-MicroED diffraction images and processed data using human A2AAR

microcrystals. Human A2AAR is a model GPCR that has been used extensively in

diffraction method development and validation, particularly in cases of using LCP as a

carrier medium, such as LCP-SFX 163 and LCP-SMX 179. Human A2AAR was crystallized

in LCP at high concentration of PEG 400 (28%), which resulted in average crystal sizes

of 5 x 5 x 2 µm3 as previously described for LCP-SFX data collection 163. Due to the high

concentration of PEG 400, the matrix was intermediate to that of cubic and sponge phase,

therefore we empirically determined that 7% MPD was sufficient to reduce the viscosity

of the mesophase for blotting and vitrification onto EM grids. We were able to visually

confirm the presence of the A2AAR crystals on the EM grids that retained the appearance

and dimensions as observed prior to the MPD-induced phase conversion. Further,

MicroED experiments recorded diffraction spots that were visible to approximately 4.5 Å

(Figure 5-5 D). The indexed unit cell dimensions were similar to previously published

results, suggesting that these were A2AAR diffraction patterns because no other protein

crystals were blotted onto the grids at the time of experiment (with the exception of

Proteinase K), and no other components of the LCP matrix could have possibly diffracted

with such unit cell parameters.

The microfocus X-ray diffraction image (Figure 5-5 E) shows that the A2AAR crystals

diffract well even after undergoing the treatment described here, whereas when analyzed

by MicroED, the diffraction only extended to 4.5 Å. This suggests that the weaker

diffraction seen by MicroED is not a result of the sample processing procedures, but

rather due to other factors, most likely due to the thickness and shape of the A2AAR

crystals. MicroED requires the microcrystals to be thin (on the order of a few hundred
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nanometers) for the electron beam to penetrate and produce reliable diffraction data. In

addition, while not a problem for Proteinase K, excess mesophase surrounding the

A2AAR microcrystals could also increase the thickness and absorb the electron beam. In

the case of A2AAR, the average crystal dimension was around 2-5 µm, which was too

thick. For microcrystals on the grid that are thin enough for MicroED, the length and

width are also greatly reduced to support data collection at high tilt angle. Traditionally,

pipetting, vortexing, sonication and micro-seeding are applied to break large protein

crystals into smaller fragments or microcrystals. Nevertheless, they barely work for

highly viscous sample including LCP. Therefore, the future work of this study would rely

on the method optimization for creating small and thin microcrystals on the EM grids.

Regarding hydrolysis of host lipids from the mesophase using lipase, it is capable of

producing thinner EM grids than those made by additive-induced phase conversion

because the resulting water/glycerol liquid phase with microcrystals enriched is much

easier to be blotted away on the filter paper. As seen in Figure 5-3, the grid window of

Proteinase K microcrystals is more visible from the lipase-treated sample with smaller

average crystal size and clearer shape, compared with the MPD-treated sample. It has

been previously shown that lipase treatment of bacteriorhodopsin crystals could be

performed without degrading the crystals 180. However, lipid molecules may interact with

membrane proteins and mediate crystal contact, which is common in crystallizing GPCRs

in LCP 164, 181. The lipase treatment method may cause deleterious effects to the target

membrane protein microcrystals. Thus, the strategy of lipase treatment should be

evaluated extensively for different membrane protein targets prior to LCP-MicroED

studies.
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Another strategy to generate thin EM grids for LCP-MicroED analysis is to apply cryo-

focused ion beam (cryo-FIB) milling to the vitrified samples prior to MicroED data

collection. The combination methodology of cryo-FIB and MicroED has been applied to

several structure determinations by MicroED without damage to the underlying crystal

lattice 176-178. With cryo-FIB milling, the large and thick crystals can be milled leaving

thin lamellae (around several hundred nanometer) that still show reasonable areas for

diffraction. Cryo-FIB can significantly benefit the application of LCP-MicroED since it

bypasses the time spent on growing and optimizing many microcrystals, which are often

hard to be identified under a light microscopy. Both large crystals and microcrystals

embedded in the less viscous lipid mesophase can be directly applied onto the EM grid,

milled in a cryo-FIB-SEM, and screened in a cryo-TEM for MicroED analysis. This

combination method was recently applied to bacteriorhodopsin to generate high-

resolution while low-completeness diffraction dataset 183. Later, the structure of human

A2AAR was determined at 2.8 Å by MicroED of a single crystal grown in LCP followed

by cryo-FIB milling, where a novel cholesterol binding site was identified 184.

MicroED has shown promises in the identifying new structural information by improving

resolution of poorly ordered samples 96, resolving structures with minimal radiation

damage 174 and modeling charge within structures 95, 182. LCP-MicroED paves the way for

a robust method to extend the application of MicroED to the challenging membrane

proteins, such as GPCRs, that are more successfully crystallized in LCP instead of vapor

diffusion. Structures of GPCRs are often resolved to high resolution by LCP

crystallization, which are necessary for investigating the interaction with ligands or

pharmaceuticals. Because GPCRs are generally difficult to be expressed, purified and
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crystallized, it is important to make great use of the limited protein resources. As

mentioned above, the structure of human A2AAR was determined at high resolution by

applying LCP-MicroED methods to a single crystal of A2AAR and new cholesterol

binding site was identified, which demonstrates the success and potential of LCP-

MicroED.
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CHAPTER 6: MICROED STRUCTURE DETERMINATION OF ORGANIC

SEMICONDUCTOR THIN FILMS

6.1 Introduction

In chapter 5, microcrystal electron diffraction (MicroED) was applied to collecting and

phasing diffraction data of a small organic molecule cholesterol. Despite its original

development for biological samples, MicroED has been extensively applied in the field of

small organic molecules such as natural products and pharmaceuticals 120-123. It can be

challenging to grow crystals of small organic molecules to the sizes (at least 1 x 103 µm3)

necessary for conventional single crystal X-ray diffraction (SXRD), however MicroED is

able to collect diffraction data from crystallites several orders of magnitude smaller than

what is required for SXRD 185. The application of MicroED facilitates rapid structure

determination by bypassing the difficult and time-consuming crystallization steps, and

even work well with powders from in-house purification or purchased from chemical

supplier 120-123.

Organic semiconductor films consist of organic molecules that conduct electricity

through charge injection or excitation with light. They are active components in

electronic devices such as organic photovoltaics (OPV) 186-188 and organic field effect

transistors (OFET) 189-191. The optoelectronic responses of these devices are sensitive to

the packing geometry of the organic semiconductors in the functional films 192-194, so it is

necessary to determine their crystal structures in order to understand and, ultimately,

predict device properties, involving charge transport mechanism, conductance, and
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mobility. However, it is difficult to apply SXRD to these organic semiconductors since

they can hardly be crystallized to sufficient dimensions.

Thus, MicroED was applied to high-resolution structure determination of three organic

semiconductors for the application of organic optoelectronic devices: two rylene

bisimides 195-198 - dipyrrolodine perylene diimide (dPyr PDI) 199, 200 and dicyano

naphthalene diimide (dCN NDI) 201 - and a diketopyrrolopyrrole (dDPP) 202-204. These

three structures show the unit cell parameters and crystal packing geometry from

unrefined powders of each organic semiconductor. It demonstrates that the application of

MicroED to the organic semiconductors is successful and ideal for investigating the

structure-activity relationships on compounds whose properties depends on the relative

spatial arrangement in the solid state. Besides, grazing-incidence wide-angle X-ray

scattering (GIWAXS) was applied to the active films in order to determine whether the

films contain the same unit cell as those determined by MicroED and details on crystal

packing orientation with respect to the substrate. Together, these techniques offer a model

for how organic semiconductors organize in the thin films.

6.2 Materials and Methods

6.2.1 Synthesis of Chemicals

dPyr PDI 200, dCN NDI 201, and dDPP 199 were synthesized using published protocols. In

brief, thin-layer chromatography was applied using aluminum sheets pre-coated with a

thin layer of silica gel 60 (EMD 40-60 mm, 230-400 mesh with 254 nm dye). Silica gel

(BDH 60 Å) was used for flash column chromatography. All solvents were dried prior to

use, and all reactions were carried out under Argon atmosphere using standard Schlenk
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techniques. Deuterated solvents (Cambridge Isotope Laboratories Inc.) were used as

received. Proton NMR spectra were obtained on Bruker AVANCE 300 MHz

spectrometer and all spectroscopic data were consistent with the previous reports.

6.2.2 MicroED Sample Preparation

3 μL of 10 mM each organic semiconductor crystals in toluene solutions were applied

onto CF400-Cu continuous carbon grids (Electron Microscope Sciences) for 1 min and

then dried from the grid edge using filter paper (Whatman). Grids were then loaded into a

Titan Krios electron microscope (Thermo Fisher Scientific) operated at 300 kV and

cryogenic temperature and equipped with a CETA D detector (Thermo Fisher Scientific).

6.2.3 MicroED Data Collection

MicroED data were collected using standard protocols 91, 99 with slight alterations. Low-

dose settings for the Titan Krios electron microscope were applied throughout screening

and data collection. With the search mode at at low magnification (660 X), the overall

quality of grid and promising microcrystals that were well-separated from other crystals

were screened. Once single microcrystal was identified, it was placed at the center of the

electron beam and initial diffraction pattern was recorded by switching the microscope

into the exposure mode, where the diffraction mode is applied. The selected area aperture

and beam stop were inserted prior to switching the microscope into the exposure mode. If

a high quality diffraction pattern was obtained, the microscope was switched back into

the search mode and the maximal tilt range for data collection (i.e. the range in which the

microcrystal remained centered without other crystals or grid bars in the beam) was

determined. Upon switching the microscope into the exposure mode, MicroED data were
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collected by continuously rotating the stage within the maximal tilt angles as the detector

was continuously acquiring diffraction images.

6.2.4 MicroED Data Processing and Structure Determination

Diffraction data were converted from movies to images in SMV format 112. XDS was

used for data indexing, integration, merging and scaling 168. Structures were phased by

direct methods using SHELXT 205, refined using SHELXLE 206, and analyzed in Mercury

207.

6.2.5 GIWAXS Sample Preparation

Thin films of dPyr PDI and dDPP were prepared by drop casting 60 μL of 10 mM

toluene solutions onto clean glass slides and drying in air. dCN NDI was thermally

evaporated on glass slides using a RADAK I thermal evaporator. Glass slides were

sonicated in detergent water for 10 min, acetone for 10 min, 2-propanol for 10 min, and

then plasma cleaned in a Harrick plasma cleaner PDC-32 G for 10 min prior to use.

6.2.6 GIWAXS Data Collection and Processing

GIWAXS was performed at the NSLS-II beamline 12-ID SMI. Films on glass slides were

illuminated by an X-ray beam at a wavelength of 0.77 Å and with beam size of 200 µm

by 30 µm in a grazing incident geometry with an incident angle of 0.1o. Scattering

patterns were recorded on a Pilatus300K detector at a distance of 273.9 mm downstream

of the substrate. The detector scanned across the q-range required for the work and

multiple scattering patterns were stitched together to form the final scattering data. Plots

of integrated 1D intensity versus the scattering vector q were acquired through in-house

beamline analysis program. Based on the crystal structures from MicroED, the
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experimental GIWAXS data were indexed using in-house software to estimate the

molecular orientation with respect to the substrate.

6.3 Results and Discussions

The first organic semiconductor we analyzed by MicroED was dPyr PDI whose structure

had been resolved previously by SXRD, and hence it was ideal for validating our

experimental approach. When the grid was loaded into the TEM and screened in the low-

magnification search mode, it was found to contain single nanocrystalline materials

(Figure 6-1 A) for examining the diffraction ability. After switching the microscope into

the exposure mode and acquiring an initial still diffraction pattern, crystallites that

diffracted well with sharp spots and high resolution were used to collect continuous

rotation MicroED data at a total electron dose of approximately 5 e‒/Å2 for each data set

91. It is important to find that the average dimensions of crystals suitable for high-

resolution MicroED data collection were estimated to be 0.8 μm x 0.3 μm x 0.1 μm,

which is around 4 x 104 times smaller in volume than the samples used for SXRD. The

diffraction spots extended to approximately 0.60 Å (Figure 6-2 A). Three dPyr PDI

diffraction data sets were merged for generating the final data set for phasing using direct

methods. The best solution was provided that dPyr PDI crystals were processed in the Cc

space group with a unit cell of a=22.05 Å, b=10.76 Å, c=9.34 Å, α=γ=90o and

β=101.287o. Most hydrogen atoms were resolved in the MicroED structure. It shows

deviations of 0.68%, 1.01%, 0.64%, and 0.55% between the MicroED and previous

SXRD data for a, b, c, and β, respectively (Appendix Table C, Figure 6-3 A), which
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confirms that the MicroED structure is nearly identical to the published X-ray structure

and validates the methods.

Figure 6-1: Representative images of crystallite samples viewed on the EM grid. (A) dPyr
PDI, (B) dCN NDI and (C) dDPP. Samples used for electron diffraction are circled. Scale
bars represent 2 µm.

MicroED was subsequently applied to an unknown crystal structure of a naphthalene

diimide, dCN NDI, which is increasingly adopted in OFET 198, 209 as an air-stable,

electron acceptor with a low lying LUMO 201, 210. Because of the shape of dCN NDI

crystallites, they adopted a preferred orientation on the grid surface (Figure 6-1 B) and

eight diffraction data sets were merged into the final data set to reach an overall

completeness of 71.5% at a resolution of 0.57 Å (Figure 6-2 B, Appendix Table C).

Despite the relatively low completeness of the data, the structure of dCN NDI was

determined by direct methods in the space group P21/c, with a unit cell of a=8.09 Å,

b=6.39 Å, c=11.63 Å, α=γ=90o and β=104.711o. Hydrogen atoms were not well resolved

and, nevertheless, some of them were calculated based on the chemistry.
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Figure 6-2: Representative diffraction patterns during MicroED data collection. (A) dPyr
PDI diffracted to 0.6 Å; (B) dCN NDI diffracted beyond 0.6 Å; and (C) dDPP diffracted
to 0.90 Å.

The third organic semiconductor, dDPP, whose crystal structure has not been previously

determined, was analyzed due to its potentials to show singlet fission (SF) with high

yields and lifetimes in films 199. SF is highly influenced by packing geometry 211-213, and

lack of a crystal structure in our previous studies made it impossible to correlate SF

yields and lifetimes to the solid-state packing. A dDPP molecule is composed of a

diketopyrrolidine core, two chiral alkyl side chains branching from the core nitrogens,

and two diamidopyridine (DAP) moieties designed for hydrogen bonding with adjacent

molecules. For dDPP nanocrystals identified for MicroED (Figure 6-1 C), they were

diffracted to approximately beyond 0.90 Å (Figure 6-2 C), and data sets from seven

crystals were merged (Appendix Table C) together to generate a final data set at 0.90 Å.

The structure was determined using direct methods in the space group P21/n, with a unit

cell of a=15.09 Å, b=19.55 Å, c=34.77 Å, α=γ=90o and β=94.627o. Not all hydrogen

atoms were well resolved and, nevertheless, some of them were calculated based on the

chemistry.
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Figure 6-3: Fo density maps with structures displayed. (A) dPyr PDI at 0.60 Å resolution;
(B) dCN NDI at 0.57 Å resolution; and (C) dDPP at0.90 Å resolution; all contoured at
1.5σ. Atom color: carbon, black; nitrogen, blue; oxygen, red; hydrogen, white.

CrystalDiffract was used for generating simulated powder diffraction pattern of the

MicroED structures of these three samples. GIWAXS data (Figure 6-4 A) of each sample

were integrated to plot a spectra of 1D intensity versus the scattering vector. Each

integrated 1D GIWAXS spectrum was compared with the corresponding MicroED-

derived powder diffraction pattern. Despite some deviations in dDPP, the peaks from the

GIWAXS matches well with those from the simulated powder diffraction pattern (Figure

6-4 B-D), which corroborates that crystals on the TEM grids are in good agreement with

those prevalent in the films and offers a pathway for determining orientation.
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Figure 6-4: Combining MicroED data with GIWAXS data. (A) GIWAXS pattern of dPyr
PDI thin film drop-cast on clean glass slides shows predominantly rings, indicating no
preferential orientation of crystals with respect to the substrate. Comparison of GIWAXS
pattern with simulated powder diffraction pattern derived from MicroED data on (B)
dPyr PDI; (C) dCN NDI; and (D) dDPP; all shows good agreement.

In the MicroED structure of dPyr PDI (Figure 6-5), the molecular packing is cofacial and

slip-stacked instead of the common herringbone pattern in the molecular packing of

rylenes 198, 208. This may be a result of steric crowding imposed by the pyrrolidine groups,

which causes bowing and prevents hydrogen bonding between the imide groups which is

commonly observed in herringbone packing of rylenes. The GIWAXS pattern shows

predominantly well-defined, radially uniform rings, indicating no preferential orientation

of crystallites in the films with respect to the glass slides.
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Figure 6-5: Unit cell of MicroED-determined crystal structure of dPyr PDI, with
asymmetric Cc space group packing viewed along (A) b-axis and (B) a-axis with a single
molecule of dPyr PDI shown in green color, carbon in grey, nitrogen in blue and oxygen
in red.

Regarding dCN NDI, it was found to organize into herringbone motif (Figure 6-6). Each

dCN NDI molecule makes a total of four hydrogen bonds with four other adjacent

molecules between the carbonyl and amide groups of adjacent molecules (Figure 6-6 C).

The hydrogen bonds are uniformly 1.85 Å and 175.151o. Smooth films of dCN NDI for

GIWAXS was carried out on the glass slides by thermal evaporation rather than drying in

air, because dCN NDI is not well soluble in common organic solvents. The GIWAXS

pattern shows the films have preferential out-of-plane orientation with respect to the glass

slide, which is perpendicular to the substrate, along the (113) plane and minor orientation

along (100), (112), and (102). π-stacking in dCN NDI occurs either 60o or parallel to the

substrate (Figure 6-6 B).
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Figure 6-6: Unit cell of MicroED-determined crystal structure of dCN NDI, with
asymmetric P21/c space group packing viewed along (A) b-axis and (B) the preferential
out-of-plane orientation with respect to the substrate with a single molecule of dCN NDI
shown in green color. (C) Four hydrogen bonds form within a dCN NDI molecule
between the carbonyl and amide groups of adjacent molecules. Atom colors: carbon in
grey, nitrogen in blue, oxygen in red and hydrogen in white. Hydrogen have been omitted
from (A) and (B) for clarity.

In the MicroED-solved crystal structure of dDPP, hydrogen bonds between neighboring

dDPPs occurs between the amide groups of the DAP substituents. Only one of the two

amide groups on each DAP is tied up in hydrogen bonding with the amide groups of DAP

from a neighboring dDPP molecule. Hydrogen bonds are 2.20 Å and 156.741o or 1.98 Å

and 169.601o. Molecules adopt π-stacking which are 3.55 Å, 3.66 Å, or 3.36 Å if

measured from different views of asymmetric unit (Figure 6-7 B). This supramolecular

interaction in dDPP is the similar to the previously reported structure of mDPP, which

contains one DAP group instead of two and whose crystal structure has been previously

determined by SXRD 214. The comparable superstructures between dDPP and mDPP are

the result of a conserved supramolecular assembly mechanism. GIWAXS pattern shows

preferred out-of-plane orientation along the planes of (011) (Figure 6-7 A), (012), and

(013), which orient close to each other. This geometry places the a-axis, the direction of

π-stacking, in a preferential orientation which is parallel to the substrate.
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Figure 6-7: Unit cell of MicroED-determined crystal structure of dDPP, with asymmetric
P21/n space group packing viewed along (A) a-axis. (B) Hydrogen bonds form between
the DAP groups of adjacent, asymmetric dDPP molecules. A single dDPP molecule is
shown in green. Atom colors: carbon in grey, nitrogen in blue, oxygen in red and
hydrogen in white.

The first and third major peaks of the simulated powder diffraction pattern are shifted

slightly toward larger 2θ, however the second major peak matches well with the

GIWAXS pattern (Figure 6-4 D). The first peak in the simulated powder diffraction

pattern actually corresponds to two overlapping peaks of (002) and (011). The second and

third peaks in the simulated powder diffraction pattern correspond to (012) and (013),

respectively. Because the mismatches are all in 0kl, there may be some variations in the b

and c axes of the samples used for MicroED and GIWAXS, likely due to interactions
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with the glass substrates during crystallization. The a-axis falls along the π-stacking

direction and can be constant, whereas b and c axes may be variable due to different

packing arrangements along the flexible alkyl chains. Since only the best diffracting

crystals were selected for data collection, they are likely to represent only one of multiple

polymorphs in the sample. This highlights the importance of combining other methods,

such as GIWAXS, with MicroED to understand molecular packing in the films.

6.4 Conclusions

MicroED was used to solve the structures of three organic semiconductors - dPyr PDI,

dCN NDI and dDPP - to high resolution from thin films without the need for producing

large crystals. Future investigations will involve absolute structure determination through

polymorphism, modeling dynamic scattering 215 and multi-component supramolecular

crystals 199, 214. In combination with GIWAXS, MicroED is a valuable tool to investigate

3D molecular packing within the films. However, it must be cautious to correlate crystals

and films as shown in the case of dDPP.
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CHAPTER 7: BEAM-SENSITIVE METAL-ORGANIC FRAMEWORK

STRUCTURE DETERMINATION BY MICROED

7.1 Introduction

Metal-organic frameworks represent a new class of microporous materials. Zeolitic

imidazolate frameworks (ZIFs) are a subcategory of highly crystalline metal-organic

framework materials bearing zeolitic topologies finding wide variety of applications in

adsoption, separation, gas storage, and heterogeneous catalysis. ZIF-8 with sodalite (SOD)

topology has been among the most extensively studied ZIF material 216, 217. Many MOF

structures are determined by single crystal X-ray diffraction 218, however this requires the

growth of large crystals to withstand the effects of radiation damage and allow the

collection of sufficient diffraction data. In some cases, powder diffraction data alone can

be used for structure determination; however, this can be a more difficult approach.

Because MOFs are often synthesized as micro and nanocrystals, the use of transmission

electron microscopy offers a way to study the MOF structure directly from the

synthesized material. Collecting data at cryogenic temperatures improves data collection

from beam-sensitivity MOFs, and this can be further improved by using low dose

conditions (in the range of 4-12 e-/Å2 total exposure) and direct electron detection 219-222.

Imaging thin sections of MOF fragments provides an excellent approach for directly

visualizing interfacial, surface, and local structure of these beam sensitive materials.

As an alternative to imaging based TEM structure determination methods for overall

structure determination, electron diffraction can also be employed for high-resolution

structure determination from crystalline materials, including MOFs 223-226. In recent years,
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electron microscopy methods, such as microcrystal electron diffraction (MicroED) 185,

have been employed to determine the structures of a variety of samples from various

fields including materials science, organic chemistry, and structural biology 120-122, 185, 215,

227, 228. A key benefit of electron diffraction is that crystals several orders of magnitude

smaller than those used for single crystal X-ray methods can be used for high-resolution

structure determination, which bypasses the often times difficult and time-consuming

steps of growing large single crystals for structural analysis.

As is the case with imaging, very low electron dose must be used when beam-sensitive

materials are being analyzed by electron diffraction. MicroED is a technique that uses

ultra-low dose to collect electron diffraction data at cryogenic temperature from very

small microcrystals as the stage continually rotates 91, 185. By using sufficiently low dose

and continuous rotation of the sample, large volumes of reciprocal space can be sampled

before the crystal is overcome by radiation damage 89, 174, which allows for the indexing

and integration of the diffraction data set.

In this work, we make use of ZIF-8 as a model beam-sensitive MOF 219 and demonstrate

that MicroED data collection procedures are suitable for rapid structure determination of

these materials at very high-resolution. The ZIF-8 MicroED data were collected and

processed using a cryo-TEM equipped with a high-speed camera for diffraction data

collection, and did not require any other specialized hardware. The ZIF-8 data from a

single crystal were processed to 0.87 Å and an ab initio structure was determined, which

compares well to previously solved structures of ZIF-8 determined by single crystal XRD.
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7.2 Materials and methods

7.2.1 Synthesis

ZIF-8 crystals were synthesized by modifying the procedure reported by Tanaka and co-

workers 229. All chemicals were purchased from Sigma-Aldrich (U.S.A) unless otherwise

stated. Zinc nitrate hexahydrate [Zn(NO3)·6H2O] (98%, 0.297 g) was dissolved in 20 ml

of deionized water and 3.28 g of 2-methylimidazole (MeIM) was dissolved separately in

20 ml of deionized water. The separate dissolved solutions were stirred for 10 min. The

imidazole solution was poured into the zinc solution and stirred for 1h. The solution

quickly became cloudy and a suspension was obtained. The final molar composition of

the synthesis solution was Zn+:MeIM:water = 1:40:2,227. After mixing, the resultant

white solution was centrifuged at 5,000 g for 10 min and washed with methanol (VWR,

99.8%) three times. The Products were then dried overnight in vacuum oven at room

temperature. The morphology and crystallographic properties of ZIF-8 crystals was

examined using SEM (Amray 1910) and X-ray powder diffraction (XRD, AXS-D8,

Bruker) with a scan step of 0.015o using Cu Kα radiation (λ = 1.543 Å), respectively.

7.2.2 MicroED sample preparation

Dried, lightly ground ZIF-8 crystals (0.004 g) were placed in a glass vial containing 100

ml of methanol to form 0.004% (w/v) colloidal ZIF-8 solution. 2 µL of prepared solution

were applied onto the surface of glow-discharged Quantifoil 300-mesh 2/2 grids, and

dried by evaporation for a few minutes. Grids were subsequently placed into autoloader

cartridges under liquid nitrogen and loaded into a Titan Krios cryo-TEM (Thermo Fisher

Scientific) operated at 300 kV and equipped with a CETA D detector (Thermo Fisher

Scientific), which was used for diffraction data collection.
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7.2.3 MicroED data collection

MicroED data were collected using similar protocols described previously 91, 99. Low-

dose settings for the Titan Krios cryo-TEM were employed throughout screening and

data collection steps. Crystals that were well-separated from other crystals on the grid

were identified using low magnification search mode. Upon the identification of single

microcrystals suitable for data collection, initial diffraction patterns were collected by

switching the microscope into diffraction mode using the pre-calibrated and aligned

exposure mode within the low dose settings. If a high quality diffraction pattern was

obtained, the microscope was put back into search mode and the maximal tilt range of for

data collection (i.e. the range where crystal remained centered and no other crystals or

grid bars moved into the path of the beam) was determined. The stage was tilted to the

maximum angle and the selected area aperture and beam stop were inserted. The selected

area aperture size was selected such that the entire crystal was within the aperture while

also minimizing the area surrounding the crystal. MicroED data sets were collected by

continuously rotating the crystal (0.7 degrees per second) in the beam as the CETA D

camera was continuously acquiring diffraction frames at a rate of 2 seconds per frame.

The exposure rate was approximately 0.02 e-/Å2 per frame.

7.2.4 Data processing and structure determination

Diffraction data sets were converted to SMV format 112 and indexed, integrated and

scaled using XDS 168. The structure of ZIF-8 was ultimately determined with data from a

single crystal by direct methods using SHELXT 205 followed by refinement using

SHELXLE 206.
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7.3 Results and discussions

The morphology of the synthesized ZIF-8 crystals were observed by SEM as shown in

Figure 7-1 A. ZIF-8 crystals shows an approximate isotropic hexagon envelope with

particle size range of 200 to 800 nm. The XRD powder diffraction pattern from prepared

ZIF-8, is consistent with that of standard ZIF-8 samples reported in literature 230-232

(Figure 7-1 B), thus revealing the successful synthesis of ZIF-8. The as-synthesized ZIF-

8 particles were suspended in methanol, and this solution was directly deposited on a

holey carbon coated EM grid. Following the evaporation of the methanol from the

surface of the grid, the EM grid was loaded into the Titan Krios cryo-TEM and the ZIF-8

particle distribution was assessed. The distribution of particles is important for MicroED

because individual crystals need to be isolated for data collection to ensure that data from

multiple crystals is not collected. When viewed at lower magnification, it can be seen that

while many of the ZIF-8 nanoparticles preferred to clump together, there were a

significant fraction of particles that were well-dispersed and amenable to data collection

(Figure 7-2 A).
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Figure 7-1: Characterization of synthesized ZIF-8 particles. (A) SEM micrograph of
synthesized ZIF-8 and (B) XRD powder diffraction data of standard 232 and synthesized
ZIF-8 crystals. Scale bar in A represents 1 µm.

ZIF-8 crystals ranging in diameter from approximately 200 nm to 800 nm could be seen

on the grids. While screening crystal quality by taking initial diffraction patterns from

each crystal, it was found that the diffraction data became qualitatively worse (i.e. lower

resolution and more background noise from the increased diffuse scattering) as the size of

the ZIF-8 nanoparticles approached the larger end of the size range (approximately 400

nm to 800 nm in diameter). The crystals which were on the smaller end of the size range

(approximately 200 nm to 400 nm in diameter), generally produced better diffraction, and

crystals that produced the data with the highest resolution and sharpest diffraction spots

were used for data collection (Figure 7-2 B). Ultimately, the crystal that produced the
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data used for structure determination was approximately 200 nm across and 200 nm thick.

This is significantly smaller than the size of crystals used for single crystal X-ray

methods which have dimensions on the order of tens to hundreds of micrometers.

Figure 7-2: High-resolution diffraction patterns obtained from ZIF-8 particles. (A) A low
magnification search of the EM grid shows well-dispersed ZIF-8 crystals on the surface
of the holey-carbon. (B) Electron diffraction pattern collected from a high-quality ZIF-8
nanocrystal shows sharp and well-separated spots extending to high-resolution. This
diffraction pattern represents what was typically seen for crystals which were used for
MicroED data collection. Scale bar in A represents 3 µm.

In a previous study, it was demonstrated that ZIF-8 samples rapidly lose their crystallinity

in the electron beam 219. Therefore, the total exposure for each crystal during the course

of MicroED data collection was kept to ~1 e-/Å2, which is much lower than the what was

used the recent high-resolution imaging studies of ZIF-8 particles 219-221. The time to

collect a MicroED data set is relatively short (in the range of 1 to 2 min for the ZIF-8

samples), and because many of the ZIF-8 nanocrystals in the 200 to 400 nm size range

diffracted to beyond 1 Å, we could specifically focus on crystals of this size. This

allowed the collection of many high-resolution data sets in a relatively short time (about
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1-2 min per crystal). With sample loading, microscope setup, crystal screening for only

the best crystals, and data collection are all taken into account, we collected twelve high-

quality data sets in approximately 2 h. The ability to rapidly collect a large number of

data sets is a great advantage for the use of MicroED in the study of MOFs and other

organic, biological, or beam-sensitive crystalline samples.

While data from many crystals were collected, because of the high symmetry of the ZIF-

8 nanocrystals, data from a single crystal could ultimately be used for structure

determination to 0.87 Å (Appendix Table D). When processed, data from one single

crystal resulted in a data set that was 99.8% complete. It should be noted that many other

crystals in the data sets collected could also be used for structure determination as well.

The direct methods solution found was in space group I-43m and five atoms were placed

within the asymmetric unit, which is what would be expected for ZIF-8. Following

structure refinement (R1 = 0.1779, wR2 = 0.3411, and GooF = 1.011) and expanding the

asymmetric unit the structure of ZIF-8 can be seen, with each zinc being coordinated by

four MeIM ligands and each ligand bridges two zinc atoms (Fig 25). This produces the

typical SOD zeolite type structure with hex-zinc-atomic open ring channels of 3.4 Å in

diameter. Both the unit cell parameters and atom positions of the MicroED structure

compare well with previous ZIF-8 structures determined by single crystal X-ray

diffraction 230, 233, 234, with differences in bond lengths between the MicroED structures

and the X-ray structures being in the range of 0.03 to 0.07 Å.
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Figure 7-3: MicroED structure and unit cell of ZIF-8, (A) viewed in different orientations
and (B) with the surrounding density. The maps in panel B are contoured at 0.8σ (grey)
and 2.4σ (blue). Hydrogens are omitted from the figures for clarity.

7.4 Conclusions

The rapid and accurate determination of ZIF-8 structure to high resolution paves the way

for understanding the properties of MOF materials using cryo-EM method MicroED. A

benefit of the MicroED method is that it can be performed on many of the same cryo-

TEM instruments used for high-resolution imaging. Future combinations of MicroED

structure determination with low-dose high-resolution imaging could allow multi-leveled

analysis of beam-sensitive materials from a single sample, where diffraction is used for

high-resolution structure determination and the images can analyze surface and interfacial

structure. This would further cement low-dose cryo-TEM as an invaluable tool for

understanding MOF structure and function.
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CHAPTER 8: CONCLUSIONS

Cyanobacterial bicarbonate transporters SbtA and BicA are active components of CCM,

which accumulate Ci, primarily bicarbonate, into the cells by approximately 1,000-fold

than the extracellular level, and the pooled Ci can be utilized by the primary carbon

fixing enzyme Rubisco to improve photosynthesis. The determination of their structures

is important to investigate the bicarbonate transport mechanisms, and facilitate

engineering these transporters to enhance the photosynthetic products in cyanobacteria or

in plants. E. coli was selected as the expression host for SbtA-6803 and BicA-6803, as

well as the SbtA-6803 regulator protein SbtB-6803, and optimization of expression and

protein purification conditions was performed. Single particle cryo-EM or protein

crystallography was carried out for each target.

As described in chapter 2, SbtB-6803 was highly expressed in E. coli, and the standard

IMAC and SEC purification were capable of acquiring approximately 16.0 ± 3.0 mg

purified samples per liter of BW25113 cell culture. Thus no optimization of protein

expression and purification was performed. Tetragonal or trigonal crystal types were

grown in the sitting drop vapor diffusion plates without or with the addition of reducing

agent TCEP, respectively. They were resolved at 1.8 Å and 2.01 Å by synchrotron single

crystal X-ray diffration, showing a dimer and trimer in the ASU, respectively. The dimer

conformation, not a canonical form of PII-like signaling proteins, contains disulfide bonds

at the C-terminal hairpin loop between C105 and C110, along with C94 and another C94

from adjacent ASU. Therefore, a dimer of dimer spacial arrangement occurs in this

crystal form. The trigonal crystal form is the canonical form of PII-like proteins, whose
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structure is very similar to the published structure by other groups 129, except that the C-

terminal loop is too flexible to be seen in the map. When comparing the monomeric

structure of SbtB-6803 from both crystal forms, it is found that in the tetragonal crystal

form, the C-terminus starting from C94 is less rigid and likely to promote the formation

of intermolecular disulfide bonds and the dimer of dimer spacial arrangement.

In chapter 3, protein expression and purification conditions have been screened for SbtA-

6803. After optimization, the yield of SbtA-6803 after membrane solubilization and

purification using LMNG reached 0.1 ± 0.04 mg per liter of BL21 (DE3) pLysS culture.

SEC elution profiles, meanwhile, confirm that LMNG helps to keep SbtA-6803 in a

stable form. Besides, the SEC elution time of SbtA-6803 along with results from

negative-stain EM indicates that the developed protocol is capable of yielding stable,

homotrimeric complexes. After screening multiple conditions involving different

adenosyl nucleotides and TCEP, addition of ADP without TCEP has been selected for

generating the SbtA-SbtB complex for structural studies. Single particle cryo-EM was

used for both SbtA-6803 and SbtA-SbtB complex. Although SbtA-6803 is too small to be

properly aligned for data processing, SbtA-SbtB is well aligned during 2D classification

and the features of SbtA-6803 and potential trimeric SbtB-6803 shown with the

secondary structure information are clear on the class averages.

In chapter 4, optimization of the expression of BicA-6803 in E. coli and purification

methods were performed, and approximately 6.5 ± 0.1 mg of purified BicA-6803 using

DDM detergent can be obtained from one liter of C43 (DE3) Rosetta2 cell culture. SEC

elution profiles confirm that DDM helps to keep BicA-6803 in a stable form. Besides, the

SEC elution time of BicA-6803 along with results from negative-stain EM and
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comparisons with other, full-length SulP/SLC26 family transporters indicate that the

developed protocol is capable of yielding stable, homodimeric complexes. Crystals in the

shape of plate have been obtained by vapor diffusion methods, however they diffracted to

approximately 8 Å, which is too low but indicative of protein crystals.

For crystallization experiments of SbtA-6803 and BicA-6803, LCP was used, although

often times the crystals grown are generally too tiny to withstand radiation damage from

the X-ray beam during an X-ray diffraction experiment. An alternative approach for

diffraction experiments, MicroED, has been developed for these tiny microcrystals grown

in lipid mesophase. The new technique is termed as LCP-MicroED, however, prior to

applying LCP-MicroED to the bicarbonate transporters, methods needed to be developed

for LCP-MicroED.

Therefore in chapter 5, the first-time application of LCP-MicroED has been demonstrated.

Various treatment methods, involving additives or lipase, have been performed to

determine the best strategies for reducing the viscosity of LCP. MPD or lipase has been

selected as the best for LCP conversion. The model protein Proteinase K was used and its

structure was determined to 2.0 Å by MicroED, using both MPD and lipase to treat LCP.

Additionally we showed that, using MPD to treat LCP, we could collect electron

diffraction data from cholesterol and human A2A adenosine receptor crystals at 1.0 Å and

4.5 Å, respectively.

In chapter 6, MicroED was extended to be applied to small organic molecules. Crystal

structures of three organic semiconductors - dPry PDI, dCN NDI, and dDPP - were

determined to high resolution from thin films by MicroED. It skips the time spent on

producing large crystals and enables to collect electron diffraction data and determine
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their structures in the same day. In addition, GIWAXS was used for determining the

relative orientation of crystals in the thin films with respect to the substrate, as well as

serving as reference for the accuracy of MicroED data. It has been concluded that the

combination of MicroED with GIWAXS is important for understanding crystal packing

in the films.

In chapter 7, MicroED was applied to a beam-sensitive model MOF sample, ZIF-8. ZIF-8

structure has been resolved to 0.87 Å using MicroED data from a single crystal. The

MicroED-determined ZIF-8 structure matches very well with the previously determined

ZIF-8 structure using SXRD, with RMSD bond length deviations less than 0.07 Å. The

rapid and accurate determination of MOF structure is important to understand the

properties of these beam-sensitive samples.

In the future work, screening expression level of SbtA-6803 can be performed in

Rosetta2 (DE3) pLysS because Rosetta2 (DE3) strain showed improvement in the yield

of SbtA-6803 at 37 oC and the combination of pLysS and Rosetta2 is likely to be

beneficial. With higher yield of SbtA-6803, crystallization can be set up using vapor

diffusion methods. More single particle cryo-EM data of SbtA-SbtB complex need to be

collected using A8-35 stabilized SbtA-6803 and ADP. It is generally assumed that the

number of good particles with different views needs to be more than 100,000 for

producing a high-resolution map. Optimization of crystallization conditions needs to be

performed in the case of BicA-6803. New detergent, such as LDAO, will be tested for

crystallizing BicA-6803. LCP-MicroED can be applied to the microcrystals of SbtA-6803

and BicA-6803 grown in LCP, along with other tough membrane protein targets,

especially the GPCRs. Cryo-FIB milling can be incorporated into the developed LCP-
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MicroED technique to generate thin crystal samples for electron diffraction. In addition,

MicroED will be applied to other small organic molecules, including the engineered

organic semiconductor thin films, engineered MOF sample, purified natural products,

pharmaceuticals, and so on. MicroED can be used along with the low-dose high-

resolution imaging settings from the same cryo-TEM for multi-leveled analysis of these

materials.
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MICROED DATA STATISTICS OF LCP-PROTEINASE K

Table B: Proteinase K data processing and refinement statistics.

MPD-treated Lipase-treated

Data collection

Excitation voltage 200 kV

Electron source Field emission gun

Wavelength 0.025079 Å

Detector TemCam-F416

Rotation rate 4 s per frame

Total dose per crystal ~4.0 e-/Å2

Data processing

Number of crystals 4 2

Space group P43212 P43212

Cell dimensions

a, b, c (Å) 67.4, 67.4, 106.5 67.6, 67.6, 106.8

α, β, ɣ (°) 90, 90, 90 90, 90, 90

Resolution (Å) 17.4-2.0 (2.05-2.0) 16.6-2.0 (2.05-2.0)

Rmerge (%) 32.4 (53.2) 40.4 (70.5)

CC1/2 0.987 (0.368) 0.900 (0.275)

I/σΙ 5.5 (3.4) 4.0 (2.6)
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Completeness (%) 84.6 (63.3) 94.6 (94.8)

Multiplicity 7.7 (6.3) 5.2 (5.4)

Total reflections 111,081 85,421

Total unique reflections 14,491 16,351

Data refinement

Rwork (%) 21.7 24.4

Rfree (%) 26.7 28.2

RMSD bonds (Å) 0.003 0.003

RMSD angles (o) 0.571 0.478

Ramachandran (%)
(favored, allowed, outlier) 96.8, 2.8, 0.4 97.1, 2.9, 0

Values in parentheisis () for highest resolution shell
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MICROED DATA STATISTICS OF ORGANIC SEMICONDUCTORS

Table C: Organic semiconductor data collection and refinement statistics.

dPyr PDI dCN NDI dDPP

Data collection

Excitation Voltage 300 kV 300 kV 300 kV

Wavelength (Å) 0.019687 0.019687 0.019687

Number of crystals 3 8 7

Data Processing

Space group Cc P21/c P21/n

Unit cell dimensions

a, b, c (Å) 22.05, 10.76, 9.34 8.09, 6.39, 11.63 15.09, 19.55, 34.77

β (°) 101.287 104.711 94.627

Resolution (Å) 0.60 0.57 0.90

Total reflections 23,894 27,418 134,916

Unique reflections 4,661 2,512 14,926

Robs (%) 17.4 (41.2) 19.2 (43.8) 28.0 (129.0)

Rmeas (%) 19.0 (52.1) 19.9 (53.3) 29.7 (146.7)

I/σΙ 4.48 (1.14) 6.81 (0.98) 4.15 (0.66)

CC1/2 (%) 99.4 (45.5) 97.7 (79.4) 97.7 (20.5)

Completeness (%) 84.7 (41.8) 71.5 (49.0) 97.5 (77.3)

Refinement
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Stoichiometric
Formula C32H24N4O4 C16H4N4O4 C54H70N8O6S2

R1 0.2355 (0.1991) 0.1690 (0.1376) 0.2908 (0.2350)

wR2 0.5085 0.3919 0.5555

GooF 1.423 1.141 1.813

Values in parenthesis () stand for high resolution shell.
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APPENDIX D

MICROED DATA STATISTICS OF ZIF-8
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MICROED DATA STATISTICS OF ZIF-8

Table D: ZIF-8 data collection and refinement statistics.

ZIF-8

Data collection

Excitation Voltage 300 kV

Wavelength (Å) 0.019687

Number of crystals 1

Data Processing

Space group I-43m

Unit cell length a = b = c (Å) 16.880

Angles α = β = ɣ (°) 90.00

Resolution (Å) 8.45 - 0.87

Number of total reflections 7,466

Unique reflections 407

Robs (%) 34.3 (159.0)

Rmeas (%) 35.8 (163.3)

I/σΙ 4.37 (1.11)

CC1/2 (%) 97.2 (57.0)

Completeness (%) 99.8 (100.0)

Structure Refinement

R1 0.1779
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wR2 0.3411

GooF 1.011

Values in parentheses represent numbers in the highest resolution shell.


