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Abstract

Single-particle cryo-electron microscopy (cryo-EM) analysis plays an essential role in the
structural determination of protein complexes that are not suitable for crystallization.
Technological and methodological advances have promoted the “resolution revolution”, leading
to a boom in structures determined by cryo-EM. In this dissertation, I describe the molecular
mechanisms of four proteins by determining the structures of them and their complexes at a near-
atomic resolution (3—5 A). These studies demonstrate the essential roles of single-particle cryo-
EM analysis in structural biology and protein sciences. I also describe the future development of
cryo-EM and structural biology, with advances in automated blotless sample vitrification, real-

time data processing, and more accurate de novo protein structure prediction.
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Chapter 1 Introduction: Single-Particle Cryogenic Electron

Microscopy

Proteins play critical roles in biological processes in organisms. Proteins' structures are
significant to understanding their molecular mechanisms in these processes. Scientists have been
using various state-of-art techniques for structural determination, including X-ray
crystallography [1]-[3], cryogenic electron microscopy (cryo-EM) [4]-[6], and Nuclear
Magnetic Resonance (NMR) spectrometry [7]-[9]. X-ray crystallography was pioneered in 1912
and had been developing since then [10]. As of July 6, 2022, 192,489 entries have been
deposited in the protein bank (www.pdb.com), with more than 85% of them (166,884)
determined by X-ray crystallography, indicating its popularity and advantages. However, since
the 2010s, cryo-EM techniques have rapidly progressed with a comparable resolution to X-ray
crystallography due to several technical advances, including the development of direct electron
detectors [11], [12], automated data collection strategies [13], novel software for image analysis
[14]. In 2017, the Nobel Prize in Chemistry was awarded to Jacques Dubochet, Joachim Frank,
and Richard Henderson for "developing cryo-EM for the high-resolution structure determination
of biomolecules in solution." [15]

Cryo-EM has several advantages over X- ray crystallography [16], [17]: 1) cryo-EM does
not require the proteins to crystallize and only needs a small amount of proteins; 2) the proteins
are rapidly frozen by liquid ethane, which better maintains the close-to-native state of proteins;
3) various conformations of proteins and their complexes can be detected by cryo-EM; 4) large
protein assemblies can be studied by cryo-EM. Due to the advantages mentioned above, there are
more structures determined by cryo-EM compared to X-ray crystallography in recent years

(Figure 1.1).
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Figure 1.1 Number of structures determined by X-ray crystallography, NMR, and electron
microscopy from 2006 to 2021 (www.pdb.com)

1.1 Cryogenic Electron Microscopy Overview: instrument, principle, effect

Transmission electron microscopes (TEM) are to project an accelerated and concentrated
electron beam onto a very thin sample, and the electrons collide with atoms in the sample to
change direction, thereby producing a three-dimensional angular scattering. The size of the
scattering angle is related to the density and thickness of the sample, with more electrons
scattered in thick than in thin areas. So, dense areas in samples appear dark in images, and then
the image will be displayed on the imaging device (such as phosphor screen, film, and
photosensitive coupling components) after magnification and focusing.

Cryo-EM, a type of electron microscopy technique, was invented in the 1930s. It applies
to samples, including biological samples [18], [19], and organic and inorganic materials [20],
cooled to cryogenic temperatures, preserving the specimens by embedding them into vitreous
water. The cryo-EM, as one type of TEM, contains an electron source, lens systems, an energy

filter, and a high-resolution camera.



There are two types of electron sources in TEMs [21]: thermionic sources and field-
emission sources. Thermionic sources emit electrons when heated, which are not stable and not
wavelengths. Field-emission sources produce electrons when a considerable electric potential
(100-300 kV) is applied between it and an anode, and the electrons are pulled out from the metal
surface and emitted to a vacuum. Compared to thermic sources, field-emission guns produce
electrons that are more stable and coherent because they can better control that the electrons
come from the same direction (spatial coherent) and have the same speed (temporal coherent)
[22]. The field-emission guns are located at the top of cryo-EM, and the electrons are emitted
towards lens systems and the sample (Figure 1.2).

The electron lenses have the same functions as the lenses in light microscopes. They can
guide the direction of electrons by electromagnetic force. The electron lens systems in cryo-EM
are composed of a condenser lens system, an objective lens system, and a projector lens system
(Figure 1.2). In each lens system, apertures and stigmators exist right after lenses. Apertures are
to reduce the divergence of electron paths through the lenses. Stigmators are to attenuate the
problem that electrons focus at a different focal point, which is caused by the fact that lenses are
not perfectly round. The condenser lens system is the first lens system right after the electron
source. Its function is to gather the electrons emitted from electron sources and focus them on the
area that needs to be examined. The objective lens system is the first-stage lens system to
magnify the images of the examined area. The quality of the images, including contrast and
resolution, are mostly determined by the objective lens system. The projector lens system is the
final lens system in the EM and is used to further magnify the images obtained from the

objective lens system.



Energy filters are located after the projector lens system. Usually, the electrons that can
be used for imaging are unscattered or elastically scattered with the same energy. However, some
electrons hit the sample and are inelastically scattered and emerge at lower energy. These
electrons are incoherent and can cause low-contrast problems when forming an image. The
function of the energy filter is to get rid of those inelastically scattered electrons to ensure the
quality of images.

The application of direct electron detection cameras highly promoted cryo-EM in the last
ten years [23]. In the past, the cryo-EM was usually equipped with charge-coupled devices,
which transform the electrons signals into photon signals first by scintillators, then the photons
are counted. The main disadvantage of charge-coupled devices is their low signal-to-noise ratio
due to the transformation step. Direct electron detection cameras can directly count the electrons
without transforming electron signals, improving detective quantum efficiency when detecting
images formed by electrons and enabling images acquired in movie stack mode, which provides
comprehensive data for processing.
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Figure 1.2 Anatomy of transmission electron microscope
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1.2 Sample preparation

Cryo-EM sample preparation is the process of applying a pure protein aqueous sample to
a grid, reducing its dimension to a ~100-800 A layer, which is thin and stable in a vacuum, to
obtain TEM images at near-atomic resolution, and then flash freezing the layer to prevent the
water from crystallizing.

Vitrobot, an automatic plunge-freezer from the FEI company, is the most developed on
the market and is used in all my experiments (Figure 1.3). In Vitrobot, the sample is first
manually applied to the grid, followed by blotting using blot filter paper, with the blotting time

and angle adjusted. After blotting, the grid is plunged into liquid ethane (Figure 1.3).

Tweezer
Blotting paper
@ @ Chamber

Liquid ethene

Liquid nitrogen

..

Figure 1.3 Illustration of FEI Vitrobot™

There are three factors in cryo-EM sample preparation [24]-[26]. First, purity is still a
prerequisite for cryo-EM, although the proteins are not required to be crystallized and image

processing algorithms can identify componential heterogeneity at some level. Second, the



thickness of ice is required to optimize for all samples. It is generally beneficial to produce the
ice as thin as possible, but proteins could denature in the extremely thin ice. The concentration of
samples is also essential, as the more particles, the more efficient the data collection. However,
higher concentration could also result in aggregation and particle distortion. Together, the

vitrification conditions should be optimized for each sample before data collection.

1.3 Single-particle analysis and data processing

The single-particle analysis is a computational process to build 3D density maps by
combining images of many individual macromolecules in identical or similar conformations
obtained from TEM [27]—[30]. In the 2010s, a revolution in structural biology was triggered by
single-particle analysis. There are two prerequisites for the success of the analysis method [29],
[30]: 1) the frozen molecules are consistent in conformation; 2) the images obtained from low-
dose imaging contain enough information to allow the orientation of the underlying particles to
be determined .

Briefly, the theory of the single-particle analysis contains several steps [29]-[31]. The
macromolecular particles are first identified and extracted from the TEM images to map one
image onto another by cross-correlation. Then, these particles in different orientations and/or
conformations are classified by image classification algorithms. Meanwhile, these particles are
also processed by image filtering and contrast transfer function. Next, the classes of
macromolecular particles, which are the projections of the molecules, are reconstructed through
the projection-slice theorem.

Many types of software have been developed for single-particle cryo-EM analysis, such

as EMAN?2 [32], cryoSPARC [33], RELION [34]. CryoSPARC and Relion are the most



developed for processing cryo-EM datasets. CryoSPARC is short for Cryo-EM Single Particle
Ab-Initio Reconstruction and Classification. It was developed by Structura Biotechnology Inc., a
Canadian software company [33]. RELION is short of REgularized Llkelihood OptimizatioN. It
uses a Bayesian approach, in which the reconstruction problem is formulated by identifying the
model which is most probably correct with the cryo-EM data [29], [30], [34]. RELION has been
developed for years and is one of the most developed software to run single-particle analysis. In
conclusion, the single-particle analysis method was developed to extract the information from

TEM images of samples, especially for the macromolecules.



Chapter 2 Mechanistic studies of methyltransferase METTL3-

METTL14 complex

2.1 Introduction

NS-methyladenosine (m®A) is methylation that occurs on the adenosine at the NS-position,
which is the most the most prevalent mRNA modification in eukaryotic organisms [35]—[37].
The modification affects the function and localization of mRNA, which in turn, influences
protein synthesis and various biomolecular interactions within the cell [35]-[40]. Three classes
of proteins are involved in the function of m®A modification: writers (adenosine
methyltransferases) [41], erasers (demethylases), and readers (m®A-binding proteins) [42], [43].
mC®A modification is installed and removed by writers and erasers, respectively. m°A readers
specifically identifies and selectively binds the mRNA sequences with m®A modification,
controlling the metabolisms and functions of mRNA. For now, erasers an readers are well
characterized, but the composition of m®A complex and the molecular mechanism of how the
complex engages mRNA substrate and catalyzes the methyl transfer are still not fully
understood.

The m°A writer is a ~900 kDa methyltransferase complex containing two distinct
methyltransferase enzymes methyltransferase-like 3 (METTL3) and methyltransferase-like 14
(METTL14) and some auxiliary proteins including WTT1 associated protein (WTAP) [44],
ZCI13H13, RMBI15, VIRMA, etc [45] (Figure 2.1a). METTL3 and METTL14 both belong to the
B-class of S-adenosyl methionine (AdoMet)-dependent methyltransferases and they form a stable
complex (METTL3-METTL14 complex) when functioning. Interestingly, the activity of the
complex is much higher than the activities of METTL3 or METTL14 alone METTL3-METTL14

complex methylates adenosine in the RRACH consensus (R represents A or G, H represents A,



C, or U), which transfers the methyl group on the AdoMet to the N-position of adenosine and
eventually produce N%-methyladenosine and S-adenosyl-homocysteine (AdoH).

In 2016, the methyltransferase domains of METTL3-METTL14 in the ligand-free state
(Figure 2.1 b,c), AdoMet bound state, and AdoH bound state have been crystallized [46], [47].
However, these structures do not show how METTL3-METTL14 recognizes mRNA, and
therefore provide limited information regarding the molecular mechanism. Also, it was shown
that the CCCH-typed zinc finger motif adjacent to the N-terminus of the METTL3
methyltransferase domain and the RGG repeats at the C-terminus of METTL14 contribute to the
binding of mRNA, respectively [48]. However, controversy existed in different research.
Therefore, my research goals are 1) understanding the functions of other important regions in

the METTL3-METTL14 complex; 2) drive mechanistic insights into the METTL3-METTL14
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Figure 2.1 Research progresses of N®-adenosine methylation and m°A writer.

a. The proposed possible in-vivo process of N’-adenosine methylation by m®A writer.
b. Domain diagrams of METTL3 and METTL14
c. Crystal structure of truncated METTL3-METTL14 complex (PDB: 51L0) [48]



2.2 Results

2.2.1 Assemble and determine the structure of the in-vivo full m®A writer complex

To study the full mSA writer complex, my collaborator, Dr. Lulu Hu from Prof. He’s lab,
cultured ~1,000 plates of mammalian cells, followed by the complex pull-down using flag-tag
affinity chromatography. The eluted proteins were crosslinked by GraFix, followed by size
exclusion chromatography (SEC). However, the SEC profile revealed that nucleotides were
crosslinked to the m®A writer complex (Figure 2.2a). Besides, the representative cryo-EM
micrograph (Figure 2.2b) also suggested that the in-vivo crosslinked complex aggregated and
could not form homogeneous particles. Together, it was difficult, laborious, and expensive to

assemble the in-vivo full m®A writer complex and determine its structure.
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Figure 2.2 In-vivo pulled-down m°®A writer cannot be purified to absolute homogeneity
a. Size exclusion chromatography profile of the in-vivo full m®A writer complex

b. The representative cryo-EM micrograph of the in-vivo pulled-down m°A writer is shown along
with a 50-nm scale bar.

2.2.2 Assemble m°A writer complex in vitro

Since it was difficult to study the mSA writer complex by pulling down the full complex

in vivo, 1 tried to assemble the m®A writer complex in vitro, starting with WTAP, METTL3, and
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METTL14. WTAP, a not well-studied protein as METTL3-METTL14, is vital to both
transitional and post-transitional regulation of genes [49], [50]. It is localized on the nucleus, in
speckles, and partially colocalizes with splicing factors. Previous research demonstrated that
WTAP plays an essential role in the localization of the m®A writer complex.

WTAP was first overexpressed by E. coli or insect cells, followed by Ni-NTA affinity
chromatography and size exclusion chromatography. However, the WTAP cannot fold
compactly by itself. SEC profile showed that WTAP was eluted close to the void volume (Figure
2.3a), indicating it either is of a non-globular shape or forms oligomers. The negative staining
micrograph (Figure 2.3b) and AlphaFold2 prediction (Figure 2.3¢) demonstrated that WTAP is

of elongated shape instead of folding compactly.
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Figure 2.3 Recombinant WTAP cannot be purified to absolute homogeneity.
a. Size exclusion chromatography profile of WTAP

b. The representative negative staining EM micrograph of WTAP is shown along with a 50-nm
scale bar

c. Structural prediction of WTAP using AlphaFold2 [51]
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I next investigated if WTAP could form a stable and compact ternary complex with
METTL3-METTL14 by co-expressing WTAP, METTL3, and METTL14 in E. coli, with an N-
terminal His-tag on the METTL14, followed by Ni-NTA affinity chromatography. However, the
elution only contained METTL3-METTL14 complex, with WTAP in the flowthrough,
suggesting that WTAP interacts with METTL3-METTL14 weakly in vitro and probably require
other factors to form a stable and compact complex. But the critical components in the full m°A

writer are still unknown.

2.2.3 Functions of the zinc finger motif and the RGG repeats in METTL3

In addition to the full m®A writer complex, I also studied the functions of critical regions
in the METTL3-METTLI14, considering the truncated construct, whose structure was determined
by previous studies, has no catalytic activity.

Previous studies and our sequence analysis suggested that the zinc finger motif at the N-
terminus of the MTase domain in METTL3 and the RGG repeats at the C-terminus of the MTase
domain in METTL14 are probably critical to RNA binding and recognition. However, it was not
clear about their exact functions, and controversy existed in various research. To determine the
functions of the zinc finger motif and the RGG repeats, four truncated constructs of METTL3-
METTL14 containing or not containing the zinc finger motif and the RGG repeats were cloned
and purified (Figure 2.4a), and three 12-nt RNA oligos containing GGAUC or modified
consensuses were designed.

RNA gel shift assay for these four truncated constructs towards three RNA oligos
revealed that the RGG repeats have a strong binding affinity towards RNAs, while the zinc

finger motif shows a weak affinity, as suggested by 1) the METTL3-METTL14 truncated
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construct with the RGG repeats but without the zinc finger motif, has a comparable binding
affinity with all three RNAs with or without RRACH consensuses; 2) the truncated construct

with the zinc finger motif but without the RGG repeats showed a very weak binding affinity.
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Figure 2.4 RNA-binding affinity and catalytic activity of 4 truncated constructs of
METTL3-METTLI14.

a. Domain structures of 4 truncated constructs of METTL3-METTL14
b. Gel shift assay of the 4 constructs with 12-nt RNA containing different consensuses
c. Catalytic activity of 4 truncated constructs of METTL3-METTL14 towards 12-nt RNA

containing different consensuses

Besides the RNA binding affinity, the methyltransferase activity of these constructs
towards different RN As was also characterized by a methyltransferase activity assay, MTase-
Glo™. The methyltransferase activity assay (Figure 2.4c) showed that the zinc finger motif in
METTL3 is critical for the specific RNA consensus recognition and methyl group transfer, while

RGG repeats are not, as suggested by that the two constructs containing the zinc finger motif,
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have catalytic activity towards the RNA containing specific RNA consensus. Meanwhile, these
two constructs showed no catalytic activity for the adenosine not in the specific consensus
GGACU.

Together, the RNA gel shift assay and methyltransferase activity assay indicated that the
RGG repeats could bind RNA strongly without specificity, while the zinc finger motif have a

weak affinity with RNA but can recognize the specific RNA consensus.

2.2.4 Crystallization studies of METTL3-METTL14 constructs

To study how METTL3-METTL14 recognizes the specific RNA consensus, I performed
crystallization studies for construct B. The reasons that the construct B is optimal for
crystallization studies are: 1) the zinc finger motif is important to RNA recognition and catalysis;
2) the RGG repeats is a flexible low-complexity domain and could cause aggregation of
constructs; 3) construct B is ~65 kD and suitable for crystallization. After screening a wide range
of crystallization states, I obtained some decent crystals of construct B at apo state (Figure 2.5b).

Additionally, to study the interactions between the METTL3-METTL14 complex and
RNA oligos with specific consensus, I also co-crystalized the construct B with a 12-nt RNA
oligo containing GGACU consensus. However, after many trials, no crystals were observed,
probably because RNA oligos degraded at 21 °C after one week or the complex of construct B
bound RNA oligos could not crystalize. To solve the RNA degradation problem, I co-crystalized
the construct B with a 12-nt DNA oligo containing GGACT consensus instead, because previous
research [52] suggested that METTL3-METTL14 can methylate DNA with specific consensus
RRACH (R represents A and C, H represents A, C, or T), similar to that of mRNA. The DNA

methylation activity of METTL3-METTL14 was also demonstrated by the methylation assays
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(Figure 2.5¢). After screening and optimization, suitable crystals for X-ray diffraction data

collection were obtained (Figure 2.5b).
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Figure 2.5 DNA methylation activity and crystallization of construct B

a. Catalytic activity of construct B towards DNA containing different consensuses with different
lengths

b. Photos of the crystals of apo construct B (upper panel, crystallization buffer: 0.15 M
ammonium tartrate (pH 7.0), 24% PEG 3350, 1 pL 14.0 mg/mL construct B + 0.5 pL
crystallization buffer) and construct B co-crystallized with 12 nt DNA (5’-CGTGGACTGGCT-
3’) (lower panel, precipitation buffer: 0.1 M MES (pH 6.0), 0.15 M (NH4)2SO4, 20% PEG 8000,
2 uL 10.2 mg/mL construct B binding DNA (molar ratio 1: 5) + 1 pL crystallization buffer)
c. The composition of the proteins before and after crystallization were analyzed by SDS-PAGE.
The structures of apo construct B and construct B binding DNA were determined at
resolution of 1.9 A and 2.1 A, respectively. However, the electron density of the zinc finger
motif could not be observed in the both structures, indicating that the zinc finger motif was either
too flexible to be resolved or it was proteolyzed during crystallization. To verify my hypothesis,
I performed a SDS-PAGE analysis of the protein before crystallization and the crystals, and it
suggested that the zinc finger motif was auto proteolyzed during one week at 21 °C, with its

truncation site probably located at the end of the linker between the zinc finger motif and MTase

domain, considering the density could not be resolved right before the MTase domain in

METTL3.
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To avoid the auto proteolysis problem, some mutations were introduced to stabilize the
linker in METTL3. Four constructs were designed (Table 2.1). The possible cleavage site leading
to hydrolysis was truncated in construct 1. In construct 2 and construct 3, the linker was mutated
to the GGS repeats, a flexible linker commonly used in protein engineering, with different
lengths. In construct 4, the linker was mutated to that of METTL3 in zebrafish and tis sequence
was verified in UniProt.

Table 2.1: The sequences of the mutated linker between the zinc finger motif and the
MTase domain in METTL3

No. | Linker name Sequence
Linker between the zinc finger
. L YEIDA CMDSE APGSK DHTPS QELAL
motif and MTase domain in the TQSVG GDSSA DRL
human wild-type METTL3
. YEIDA CMDSE APGSK DHTPS QELAL
1 Truncated linker TQSVG
2 (GGS)s linker GGS GGS GGS GGS GGS
3 (GGS)10 linker ggg GGS GGS GGS GGS GGS GGS GGS GGS
. YEIDS PPEAE GDALG PQAGA AELGL
4 Zebrafish linker HSTVG DSNVG KL

To confirm the constructs are active, their RNA methylation activity were characterized
and compared to the wild-type construct B and full-length METTL3-METTL14. The assay
demonstrated that these mutated constructs have comparable catalytic activity except the
construct 3 (Figure 2.6b), the construct B with a (GGS)10 linker, probably related to its length
and flexibility. The crystallization conditions of constructs 1, 2, 4 were screened and optimized.

However, no crystal was obtained after screening and optimizing a wide range of conditions.
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Figure 2.6 METTL3-METTL14 truncated constructs with mutated \ between the zinc
finger and the MTase domain in METTL3.

a. Domain diagram and crystal structure of MTase domains of METTL3-METTL14 complex
(PDB:5ILO) [48]

(Figure 2.6 continued) b. RNA methylation activity of the four METTL3-METTL14 truncated
constructs with mutated linkers

c. Predicted structure of construct B by AlphaFold2 [51]. The color code of the MTase domains
is the same as in Figure 2.1. The zinc finger motif and the linker are colored in orange and blue,
respectively.

Alphafold2 [51], a powerful tool for protein structure prediction, was used to predict the
structure of construct B. The predicted structure was compared to the known structure of the

complex of the MTase domains of METTL3-METTL14. The prediction and comparison showed
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that the predicted structure of the MTase domains re is very close to the their crystal structure
(Figure 2.6¢). However, the zinc finger motif and the linker are very flexible in the prediction, in

line with the experimental results.

2.2.5 Cryo-EM studies of Fab-construct B

Because the zinc finger motif was auto-proteolyzed during crystallization, I also tried to
determine the structure of construct B using cryo-EM, considering that instant protein
vitrification during cryo-sample preparation can probably avoid degradation. However, the small
size of construct B ( ~65 kD) led to difficulties in reconstructing the model using single-particle
cryo-EM analysis. To address the difficulties, monoclonal antigen-binding fragments (Fabs), ~50
kD antibody fragments that can specially stabilize and enlarge target proteins, were screened
using phage display, in collaboration with Dr. Satchal Erramilli from Prof. Tony Kossiakoff’s
lab. Fifteen Fabs that can specifically form stable complexes with construct B were identified. To
characterize their binding affinities with construct B, I performed an Elisa assay, and it showed

that all the Fab candidates had a strong binding affinity towards construct B (Figure 2.7, Table

a b
15
- M1 M2 M3 M5 151 —mo M10 M1 M12
M6 == M7 == M8 M3 == M4 == M15
10 1.0
= -2
. 2
< <
2 2
b <
0.5 0.5
0.04- - - 2 0.0
101 10 10 10 1012 1010 108 10
[sAb], M [sAb], M

Figure 2.7 Binding affinities of a. FabM1-FabM8 and b. FabM9-FabM15 towards construct
B
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Table 2.2: ICso value of Fabs towards construct B
Fab 1Cso
FabM1 1.163x107°
FabM?2 8.738x10°10
FabM3 6.545x10710
FabM5 2.885x107
FabM6 1.193x107
FabM7 6.397x107°
FabM8 1.373x107
FabM9 1.953x107
FabM 10 4.515x108
FabM11 8.353x10°10
FabM12 1.393x108
FabM13 4.980x1010
FabM 14 1.130x107
FabM15 3.299x1010

To assemble the complex of Fab and construct B (Fab-construct B), the Fab candidates
and construct B were mixed at a 1:1 ratio and then purified by SEC, respectively. SEC profiles
showed that all the Fab candidates could form stable complexes with construct B (Figure 2.8), as
demonstrated by that Fab-construct B was eluted at a higher volume in SEC. I also visualized the
complexes of construct B with all the Fab candidates using cryo-EM, and identified FabM2 as

the most suitable candidate because the homogenous particles of FabM2-construct B were

observed on its cryo-EM micrographs (Figure 2.12a).

Figure 2.8 A representative size exclusion chromatography profiles of Fab-construct B
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After screening and optimizing the vitrification conditions, a cryo-EM dataset was
collected for the FabM2-construct B, and its structure was determined at a resolution of 2.7 A
(Table 2.3, Figure 2.9). The structure showed that FabM2 and construct B form a complex at 1:1,
with FabM2 bound to the truncated METTL3 (Figure 2.9). However, the zinc finger motif was
too flexible to be resolved in the cryo-EM map. To stabilize the zinc finger motif, I assembled
FabM2-construct B in complexes with a 12-nt RNA oligo or the RNA and the sinefungin, a pan-
inhibitor against AdoMet-dependent methyltransferase. Unfortunately, the density of the zinc
finger motif was still too weak to resolve in the maps of these complexes.

Table 2.3: Statistics of cryo-EM model refinement and geometry for FabM2-construct B

Model
Composition (#)
Chains 4
Atoms 7164 (Hydrogens: 0)
Residues Protein: 914 Nucleotide: 0
Water 0
Ligands 0
Bonds (RMSD)
Length (A) (# > 40) 0.003 (0)
Angles (°) (# > 40) 0.665 (2)
MolProbity score 1.76
Clash score 11.89
Ramachandran plot (%)
Outliers 0.11
Allowed 2.89
Favored 97.00
Rama-Z (Ramachandran plot Z-score, RMSD)
whole (N = 900) -0.49 (0.28)
helix (N = 126) -0.83 (0.40)
sheet (N =273) -0.00 (0.32)
loop (N =501) -0.25 (0.28)
Rotamer outliers (%) 0.00
CpB outliers (%) 0.00
Peptide plane (%)
Cis proline/general 8.0/0.0
Twisted proline/general 0.0/0.0
CaBLAM outliers (%) 2.03

20




Table 2.3 continued: Statistics of cryo-EM model refinement and geometry for FabM2-

construct B

ADP (B-factors)

Iso/Aniso (#) 7164/0
min/max/mean
Protein 12.33/90.60/43.21
Data
Box
Lengths (A) 65,97, 73.48, 156.98
Angles (°) 90.00, 90.00, 90.00
Supplied Resolution (A) 2.7
Resolution Estimates (A) Masked
d FSC (half maps; 0.143) 2.8
d 99 (full/half1/half2) 2.9/2.4/2.4
d model 2.9
d FSC model (0/0.143/0.5) 2.6/2.7/3.0
Map min/max/mean -2.37/4.31/0.04
Model vs. Data
CC (mask) 0.75
CC (box) 0.70
CC (peaks) 0.64
CC (volume) 0.72

Figure 2.9 Structure of FabM2-construct B

a. Unsharpened cryo-EM map of FabM2-construct B (contoured at a level of 0.3). The color

code of the MTase domains is the same as that in Figure 2.1. The heavy chain and light chain of

FabM2 are colored in wheat and light green, respectively.




(Figure 2.9 continued) b. The structure of FabM2-construct B complex. The color code is the
same as in a.

2.2.6 Dimerization of METTL3-METTL14

Surprisingly, the dimer of FabM2-construct B also existed in solution, with its structure
determined from the same cryo-EM dataset (Figure 2.10a,b). The dimer was formed due to the
electrostatic interactions between the two METTL3 molecules (Figure 2.10b, Table 2.4).
Previous studies also showed the dimerization of METTL3-METTL14 (Figure 2.10c) [53], but it

was not studied, and the functions of the dimer are unknown.
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Figure 2.10 Structure of FabM2-construct B dimer
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(Figure 2.10 continued) a. Unsharpened cryo-EM map of FabM2-construct B dimer (contoured
at a level of 0.15). The color code is the same as in Figure 2.9.

b. Structure of FabM2-construct B dimer. The interactions on the dimer interfaces are labeled.

c. Two-dimensional native gel of METTL3-METTL14 from previous studies. [53]

To study the functions of METTL3-METTL14 dimer, I performed some mutagenesis
studies. First, to interfere the formation of the dimer, the arginine at position 415, an essential
residue for almost all salt bridges and hydrogen bonds on the dimer interface (Figure 2.10b,
Table 2.4), was mutated to aspartic aid, resulting in repulsive electrostatic interactions between
the two METTL3 molecules. The SEC profile and the native gel showed that the formation of
the construct B dimer was interfered by the R415D mutation (Figure 2.11a,b). Next, the RNA
methylation activity of the wild-type construct B and its R415D mutant towards RNAs
containing different consensuses were characterized, and found that the R415D mutation led to a

~15% decrease in methylation activity of construct B. Together, these results showed that the

R415D mutation disturbs the dimerization of construct B and the methylation activity.

Table 2.4: Interactions between the dimer interface

METTL3.1 METTL3.2
D411.1 R415.2
D412.1 R415.2
R415.1 E442.2
R415.1 D412.2
R435.1 D411.2
E442.1 R415.2
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Figure 2.11 R415D mutation can interfere the dimer formation and methylation activity of
construct B

a. The size exclusion chromatography profiles of the wild-type construct B and its R415D
mutant.

b. Native gel (upper panel) and its western blot of peak fractions (1: WT 1% peak; 2: WT 2"
peak; 3 R415D mutant peak) in size exclusion chromatography in panel a

c. Methylation activity of the wild-type construct B and its R415D mutant towards 12-nt RNA
containing different consensuses.

2.3 Discussion and conclusion

In my study, the functions of the zinc finger motif and the RGG repeats have been
identified that the RGG repeats bind RNA strongly without specificity, and the zinc finger motif

has a weak affinity with RNA but can catalyze methyl transfer from AdoMet to adenosine in a
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specific RNA consensus. Besides, cryo-EM studies showed that the monomer and dimer of
METTL3-METTL14 heterodimer maintain equilibrium in solution, with the dimer formed due to
the electrostatic interactions between the METTL3 interfaces. Mutagenesis studies showed that
R415D, a mutation disturbing the METTL3-METTL14 dimer formation, decreased the RNA
methylation activity by ~15%. Two major drawbacks of the study are: 1) the cryo-EM map of
the dimer was preferentially orientated, resulting in a low confidence of the dimer structure; 2)
the biological functions of the METTL3-METTL14 dimer were not identified. To address these
two problems, my next steps are 1) stabilizing and crosslinking the dimer by mutating D412 and
E442 to cysteines to form disulfide bonds between the two METTL3 molecules; 2) introducing

the R415D mutation in mammalian cells to identify the functions of METTL3-METTL14 dimer.

2.4 Methods

2.4.1 Materials
All chemicals used in buffer preparation were purchased from Sigma-Aldrich. RNA and

DNA oligos were purchased from Integrated DNA Technologies, Inc. (IDT)

2.4.2 Molecular cloning

The plasmid containing human METTL3-METTL14 gene was obtained from Dr. Lulu
Hu. The DNA sequence was cloned into the vector pETDuet] containing an N-terminal Hise-tag
at the N-terminus of METTL14. The mutants of METTL14 was generated by site-directed
mutagenesis.

The plasmids of all the Fabs were obtained from Dr. Satchal Erramilli from Prof. Tony

Kossiakoff’s lab.
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2.4.3 Overexpression and purification of METTL3-METTL14 and its truncated constructs
The wild-type His-tagged METTL3-METTL14 and its mutants (constructs A-D) was
overexpressed in E.coli BL21(DE3). The E. coli cells were cultured at 37 °C until the ODeoo
reached 0.8, and the protein expression was then induced by adding isopropylthio-p-galactoside
(IPTG) to a final concentration of 1 mM. The E. coli cells were further cultured at 25 °C for 16
hours before harvest by centrifugation. The cell pellet was resuspended in buffer A (50 mM
Tris-HCI, pH 8.0, 300 mM NaCl, 20 mM imidazole, and 0.5 mM TCEP, 1 mM
phenylmethylsulfonyl fluoride (PMSF)), and lysed by sonication. The lysate was cleared by
centrifugation at 16,500 r.p.m. for 30 min. The supernatant was loaded onto an gravity column
containing 2-mL Ni-NTA beads (for 8 L culture) equilibrated by buffer B ((50 mM Tris-HCI, pH
8.0, 300 mM NaCl, 20 mM imidazole, and 0.5 mM TCEP), and the proteins were eluted by
buffer C (50 mM Tris-HCIL, pH 8.0, 300 mM NacCl, 400 mM imidazole, and 0.5 mM TCEP). The
proteins were dialyzed to the 1 L buffer D (50 mM Tris-HCI, pH 8.0, 50 mM NacCl, and 0.5 mM
TCEP) overnight. Then, the sample was loaded onto a Mono Q 4.6/100 PE column (GE
Healthcare), equilibrated with buffer E (50 mM Tris-HCI, pH 8.0, 50 mM NaCl, and 0.5 mM
TCEP) and eluted with a linear gradient of NaCl up to 1 M. The fractions containing purified
proteins were collected and concentrated to ~1 mL, and then further purified by size exclusion
chromatography using Superdex 200 increase 10/300 column. The purified protein were

collected and frozen at -80 °C for future.

2.4.4 Overexpression and purification of Fabs

All the Fabs were overexpressed in E.coli BL21(DE3). The E. coli cells were cultured at

37 °C until the ODsoo reached 0.8, and the protein expression was then induced by adding IPTG
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to a final concentration of 1 mM. The E. coli cells were further cultured at 25 °C for 16 hours
before harvest by centrifugation. The cell pellet was resuspended in buffer F (20 mM Tris-HCI,
pH 7.4, 300 mM NaCl, 1 mM PMSF), and lysed by sonication. The lysate was then heated to 63
°C for 30 min and then cleared by centrifugation at 16,500 r.p.m. for 30 min. Next, the
supernatant was collected and run through a protein G-sepharose column equilibrated in the
buffer G (20 mM Tris-HCI, pH 7.4, 500 mM NaCl). The Fabs were eluted using the elution
buffer H (0.1 M glycine, pH 2.7). Then, the Fabs were loaded onto a Mono S column
equilibrated in buffer I (50 mM sodium acetate pH 5.0) and eluted using a linear gradient of

buffer J (50 mM sodium acetate, pH 5.0, 2 M NaCl).

2.4.5 Electron microscopy sample preparation

Fab-construct B was concentrated to 5.5 mg/mL. Sample vitrification was performed
using a Vitrobot Mark IV (Thermo Fisher) operating at 8 °C and 100% humidity. A total of 3.5
uL of the sample was applied to holey ultra-gold grids (Quantifoil 300 mesh Au 1.2/1.3) glow-
discharged for 30 seconds. The grids were blotted for 4 seconds at a blotting force 0 by standard

Vitrobot filter paper, and then plunge frozen in liquid ethane.

2.4.6 Data collection

Frozen grids were sent to the Advanced Electron Microscopy Facility at the University of
Chicago for data collection. The dataset was acquired as movie stacks using a Titan Krios
transmission electron microscope operating at 300 kV and equipped with a K3 direct detector
camera (Gatan). Images were recorded at a nominal magnification of 81,000x and super-

resolution counting mode by image shift. The total exposure time was set to 4 s with 40 frames
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in a single stack and a total exposure of around 50 electrons/A2. The defocus range was set at -

1.0 to -2.5 um. See Table 2.4 for the details.

2.4.7 Model Building, Refinement, and Validation

The previously reported structure of MTase domains [48] (PDB: 5IL0) and Fab [54]
(PDB: 7kE0) were docked into the cryo-EM map as a rigid body using Chimera [55]. Further
model building and refinement was performed in COOT [56], followed by one round of real-
space refinement using Phenix [57] with secondary-structure and Ramachandran restraints.
Geometry outliers were manually fixed in Coot [56]. The statistics of the final round of model

refinement and the model geometry are shown in Table 2.3.

2.4.8 Crystallization of apo construct B and construct B binding 12-nt DNA

Crystals of apo construct B were grown using the hanging drop method and appeared in
1 week at 21 °C from a 2:1 (v/v) mixture of protein (14 mg/mL) and reservoir solution (0.15 M
ammonium tartrate pH 7.0, 24% PEG 3350). Crystals were harvested and flash-frozen in liquid
nitrogen without any cryo-protectant.

Crystals of construct B binding 12-nt DNA were grown using the hanging drop method
and appeared in 1 week at 21 °C from a 2:1 (v/v) mixture of protein-DNA complex (protein
concentration: 10.2 mg/mL, protein and DNA were mixed right before crystallization at a molar
ration of 1:1.5) and reservoir solution (0.1 M MES pH 6.0, 0.15 M (NH4)2SO4, 20% PEG 8000).

Crystals were harvested and flash-frozen in liquid nitrogen without any cryo-protectant.
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2.4.9 Methyltransferase activity assay

MTase-Glo assays [58] were performed in a 96-well plate with white solid bottom. First,
10 uL of 40 uM enzyme were transferred to the plate, followed by adding10 pL reaction buffer
containing 40 pM AdoMet, 2 unit/pL protease inhibitor, 4 uM RNA to each well to trigger the
reaction. Then, the plate was incubated at 37 °C for 1 hr. Upon completion, the conversion of
AdoMet to AdoH was detected by adding SulL 5x MTase-Glo reagent to each well to convert
AdoH to ADP then incubating the plate for 30 min at room temperature. Once conversion is
complete, 25 uL 2x MTase-Glo Detection Solution was added to each well and then incubated at
room temperature for 30 min to convert ADP to ATP, which was then measured by

luminescence detection using a using the Synergy HT (Bioteck, Winooski, VT) plate reader.
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Figure 2.12 Single-particle cryo-EM analysis for FabM2-construct B

a. The workflow of data processing [33]. The representative micrograph is shown along with a
50-nm scale bar. Particle picking was performed using the 2D templates generated by a
reconstructed model from earlier runs. Representative 2D class averages are shown, with the box
edge corresponding to 334 A. After disposing contamination and poorly-aligned 2D classes, the
particles were classified by hetero refinement with three initial models generated using ab initio
reconstruction. A non-uniform refinement was performed on the classes of the monomer and the
dimer.
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(Figure 2.12 continued) b & c. Local resolution of b. FabM2-construct B monomer and c.
FabM2-construct B dimer

d. Fourier shell correlation curves of the final reconstructions and model versus map for Fab-
construct B. The resolution of the reconstruction was determined by the FSC=0.143 criterion.
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Chapter 3 Structure-based engineering of hypercompact CRISPR-

AsCas12f systems

3.1 Introduction

CRISPR (clustered regularly interspaced short palindromic repeats) was first discovered
as a family of DNA sequences found in prokaryotes, which are the immunological memories
acquired by prokaryotes during subsequent infections [59], [60]. CRISPR, working with Cas
(CRISPR-associated) proteins, is now a technology used for genome engineering in eukaryotes
[59]-[62]. Based on gene compositions and loci architectures, CRISPR-Cas systems have been
classified into two classes, Class 1 and Class 2 [63]. The major difference between the two
classes is the number of molecules in effectors: a class 1 effector contains multiple molecules,
while a class 2 effector consists of a single molecule. All three types of class II systems — Cas9
(type II) [64], [65], Cas12 (type V) [66], and Cas13 (type VI) [67]-[69] — have family members
with confirmed RNA-guided DNA or RNA interference activities in mammalian cells.

The RNA-guided Cas proteins are nucleases that use CRISPR sequences as guidance to
recognize and cleave specific DNA strands [70], [71]. To mediate genome alteration in
eukaryotic cells, the Cas proteins are usually engineered by adding functional domains to their
N- and C-termini, and then the engineered Cas proteins are transfected into the cells through
plasmids or viruses [72]. Nowadays, adeno-associated viruses (AAV) are the leading candidate
for in vivo delivery of CRISPR gene editing systems, because it has a strong track record of
transducing multiple tissues in human safely and efficiently [72], [73]. However, the large size of
common Cas proteins, such as Cas 9 and Cas12 (950 — 1,400 amino acids), reduces the
transfection efficiency and restricts their flexibility in therapeutic applications [72], considering

that AAV vectors have a maximum packaging capacity of 4.7 kb [72], [73]. Recently, a group of
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Cas proteins, termed Cas12f (consisted of 400 — 700 amino acids), was reported in 2021 [74].
Among this group, Cas12f in Acidibacillus sulfuroxidans (AsCas12f) can function as an effective
genome-editing tool in both bacteria and human cells by various delivery methods [74], [75].

In this study, we took a structure-based approach to engineering the AsCas12f protein
and the single guide RNA (sgRNA) that generates programmed double-stranded breaks (DSBs)
in mammalian cells 2- to 10-fold more efficiently than the wild-type protein. I determined a
structure of AsCas12f complexed with its gRNA and target DNA at the atomic resolution by
cryo-EM. The structure expanded our mechanistic understanding of the hypercompact type V-F
effector and guided the engineering of the gRNA and the protein without sacrificing the DNA

targeting and cleavage activity.

3.2 Results

3.2.1 AsCas12f purification and AsCas12f-sgRNA-DNA complex reconstruction

AsCas12f was first cloned into the pET47b vector to fuse an N-terminal His-tag. Initial
attempts of AsCas12f purification were hindered due to the low yield of AsCas12fin E. coli and
its high affinity with nucleic acids. After various trials, I obtained a sufficient amount of
AsCas12f by overexpressing the proteins at a lower temperature and separated the proteins and
nucleic acids by Heparin chromatography (Figure 3.1), which removed the DNA molecules by

charge repulsion.
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Figure 3.1 A heparin affinity chromatography profile of wild-type AsCas12f

To elucidate the mechanism of how AsCas12f recognizes and cleaves dsDNA guided by
the sgRNA, I assembled the AsCas12f-sgRNA-DNA complex by mixing the inactive AsCas12f
D225A mutant, the sgRNA (193 nt), and its target dsSDNA (42 bp), followed by size-exclusion
chromatography (SEC) (Fig 3.2). The inactive AsCas12f mutant ensured the protein would not
cleave the DNA during complex assembly and formed a stable complex with sgRNA and its
target DNA. The fractions containing the AsCas12f-sgRNA-DNA complex were combined and

concentrated for further structural determination.
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Figure 3.2 Size exclusion chromatography of the AsCas12f-sgRNA-DNA complex
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3.2.2 Structural determination of the AsCas12f-sgRNA-DNA complex

The purified complex was analyzed using single-particle cryo-EM. The final
reconstructed map had an overall resolution of 2.9 A (Figure 3.3, Table 3.1). The structure
revealed that the AsCas12f-sgRNA-DNA complex is composed of two AsCas12f molecules
(referred to as AsCas12f.1 and AsCas12f.2), one sgRNA molecule, and its target dSSDNA. An
AsCas12f molecule consists of an N-lobe and a C-lobe. The N-lobe contains a WED (wedge)
domain and a REC (recognition) domain, linked with the C-lobe comprising a RuvC nuclease
domain and a ZF (zinc finger) motif (Figure 3.3).

The two AsCas12f molecules play different roles in the complex, and their domain
structures are also slightly different. The REC.1 domain comprises four a-helices, while only
three a-helices can be resolved in REC.2 domain. Both of the REC domains are involved in
recognition of nucleotides. Similar to other Cas12f proteins, both of the WED domains in the
complex adopt an oligonucleotide/oligosaccharide-binding fold [76], which consists of a seven-
stranded B-barrel flanked by an a-helix. However, they are located at different positions in the
complex and stabilize different regions of sgRNA. In terms of RuvC nuclease domains, only the
density of the RuvC.1 domain is observed in the map, probably because the RuvC.2 domain is
too flexible to be determined in the complex, or the dataset has an orientation-preference
problem. The RuvC domain has an RNase H fold, comprising a five-stranded B-barrel flanked by
four a-helices. The CCCC-type zinc finger is inserted into the a-helices of the RuvC domain.

Table 3.1: Statistics of cryo-EM model refinement and geometry for the AsCas12f-sgRNA-

DNA complex
Model
Composition (#)
Chains 6
Atoms 9030 (Hydrogens: 0)
Residues Protein: 613 Nucleotide: 190
Ligands ZN: 1
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Table 3.1 continued: Statistics of cryo-EM model refinement and geometry for the

AsCas12f-sgRNA-DNA complex

Supplied Resolution (A)
Resolution Estimates (A)

d FSC (half maps; 0.143)

d 99 (full/half1/half2)

d model

d FSC model (0/0.143/0.5)
Map min/max/mean

Bonds (RMSD)
Length (A) (# > 40) 0.003 (0)
Angles (°) (# > 40) 0.581 (2)
MolProbity score 1.65
Clash score 13.70
Ramachandran plot (%)
Outliers 0.00
Allowed 1.49
Favored 98.51
Rama-Z (Ramachandran plot Z-score, RMSD)
whole (N = 605) 1.07 (0.33)
helix (N =298) 1.79 (0.29)
sheet (N = 130) 0.20 (0.43)
loop (N =177) -0.69 (0.43)
Rotamer outliers (%) 0.00
CpB outliers (%) 0.00
Peptide plane (%)
Cis proline/general 0.0/0.0
Twisted proline/general 0.0/0.0
CaBLAM outliers (%) 1.01
ADP (B-factors)
[so/Aniso (#) 9030/0
min/max/mean
Protein 3.03/43.74/18.98
Nucleotide 8.77/109.71/46.30
Ligand 57.05/57.05/57.05
Data
Box
Lengths (A) 85.20, 116.09, 137.39
Angles (°) 90.00, 90.00, 90.00

2.9

Masked

2.8

2.7/2.4/2.4

2.8

2.4/2.6/3.1
-0.16/0.28/0.00

Model vs. Data

CC (mask)

CC (box)

CC (peaks)

CC (volume)

Mean CC for ligands

0.71
0.64
0.59
0.70
0.66
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Figure 3.3 The structure of the AsCas12f-sgRNA-DNA complex

a. Domain diagram of AsCas12f.

b. Unsharpened cryo-EM map of the AsCas12f-sgRNA-DNA complex (contoured at a level of
0.020). AsCas12f.1 was colored in the same color as in a. The WED.2 and the REC.1 domains in
AsCas12f.3 were colored in a light yellow and light cyan, respectively..

c. Overall structure of the AsCas12f-sgRNA-DNA complex. The color code of the nucleotides is
the same as in b.

3.2.3 Dimer interface of the AsCas12f molecules in the AsCas12f-sgRNA-DNA complex
AsCas12f dimerizes through the REC domains of the two copies. The extensive
interactions of four interfaces between the REC.1 and REC.2 domains include four salt bridges

and thirteen hydrogen bonds (Table 3.2, Figure 3.4a).
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On interface 1, hydrogen bonds are formed between R32.2 with 1109.1 and L110.1, and
R121.2 with D113.1 and G112.1. On interface 2, D51.1 forms a hydrogen bond and a salt bridge
with K37.2. On interface 3, E44.1 and Y74.1 form hydrogen bonds with S50.2 and D51.2,
respectively. On interface 4, R32.1 interacts with D113.2 through a salt bridge. K37.1 forms
hydrogen bonds with 1109.2 and L.110.2, respectively. Also, hydrogen bonds are formed between
T39.1 and S115.2, N36.1 and G112.2, S118.1 and M114.2, and Q40.1 with [109.2 and S115.2,
respectively (Figure 3.4a, Table 3.2). Notably, alanine substitutions that interfere these
interactions, such as E44A, D5S1A, and Y52A, led to minimal indel frequency (Figure 3.4b),

suggesting the importance of AsCas12f dimerization for its DNA cleavage activity.
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Figure 3.4 AsCas12f dimerization affects its activity.

a, Four dimer interfaces between AsCas12f.1 and AsCas12f.2.

b. Indel frequency generated by the wild-type and mutant AsCas12f variants, with the mutations
disrupting the dimer interfaces.
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Table 3.2: The polar contacts that maintain the dimer interface of the AsCas12f molecules
in the AsCas12f-sgRNA-DNA complex

Interface AsCas12f.1 AsCasl2f.2 Bond type
1109.1 R32.2 Salt bridge
Interface 1 L110.1 R32.2 Hydrogen bond ‘
D113.1 R121.2 Hydrogen bond and salt bridge
G112.2 R121.2 Hydrogen bond
Interface 2 D5I1.1 K37.2 Hydrogen bond and salt bridge
Interface 3 E44.1 S50.2 Hydrogen bond
Y74.1 D51.2 Hydrogen bond
R32.1 D113.2 Salt bridge
K37.1 1109.2 Hydrogen bond
K37.1 L110.2 Hydrogen bond
T39.1 S115.2 Hydrogen bond
Interface 4 036 ] G112.2 Hydrogen bond
Q40.1 1109.2 Hydrogen bond
Q40.1 S115.2 Hydrogen bond
S118.1 Ml114.2 Hydrogen bond

3.2.4 PAM and sgRNA recognition by AsCas12f

The TTG PAM sequence of the target dSDNA is recognized by AsCas12f, specifically
through the interactions with the REC.1 domain and the WED.1 domain (Figure 3.5). The
nucleobases of the non-target DNA strand dT(-3*)-dT(-2*) in the PAM form hydrogen bonds
with K80.1 and S92.1 in the REC.1 domain. Besides, these two residues, along with Y68.1,
T69.1, and Y76.1 in the REC.1 domain, form hydrogen bonds with the backbone phosphate
group of the PAM consensus (Figure 3.5a). The nucleobases of the target DNA strand dC(21)
and dA(22), which base pairs with dT(-2*)-dG(-1%*), form hydrogen bonds with S92.1 and K96.1
in the REC.1 domain. Besides, K129.1 and A189.1 in the WED.1 domain also form hydrogen
bonds with the backbone phosphate group (Figure 3.5b). These interactions guarantee the
specificity of AsCas12f to the T-enriched PAMs. Apart from interactions on nucleobases, Y68.1,
T69.1, and Y76.1 in the REC.1 domain as well as K129.1 and A189.1 in the WED.1 domain

form hydrogen bonds with the backbone phosphate groups within the PAM regions (Figure 3.5).
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The Y76A and S92A mutants show markedly reduced DNA cleavage activity (Figure 3.6). In
addition to the PAM sequence, the other regions in the dsSDNA also form extensive hydrogen
bonds and salt bridges with the AsCas12f.1 molecule. Mutating the residues involved in such
interactions, including R298 and Y343, into alanine also attenuate the DNA cleavage activity

(Figure 3.6).

REC.1

169.1 4 4 REC.1

i ‘/J \ N Non-target strand

* Y A189.1
Y68.1 ‘/ a / ; .
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| g

—y), dG(-1%
R K96.1
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Figure 3.5 Recognition of the PAM motif
a. Recognition of the non-target strand of the PAM motif
b. Recognition of the target strand of the PAM motif

The sgRNA consists of the 49 nt crRNA and a 138 nt tractRNA, comprising five stem-
loop structures (Figure 3.7a). Our structural and functional findings suggested that both
AsCas12f molecules in the complex are important to sgRNA recognition. Stem 1 is recognized
by RuvC.1 and WED.1 through hydrogen bonds. Stem 2 interacts with almost all the domains in
the two AsCas12f copies, and it can be specifically recognized by REC.1, WED.1, RuvC.1,
WED.2, and REC.2 domains by hydrogen bonds and salt bridges. Stem 3 does not directly
interact with the AsCas12f, but structurally, stem 3 is vital to stabilize the folding and determine

the orientation of the gRNA. Stem 4 can be recognized by the WED. 1. In stem 5, the density of

U(-47)-U(-15) is missing in the cryo-EM map, and the rest of the stem can interact with WED.1,
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RuvC.1, and WED.2. Alanine substitutions of residues that interact with the gRNA, such as

W17,H72,Y76,R121, and Y351, decrease DNA cleavage activity (Figure 3.6, Figure 3.7b-f).

This is because not only do these five residues form hydrogen bonds, salt bridges, and 7 - &

interactions with the sgRNA, but they also play critical roles in dimerization (R121.2, Figure

3.4a and Table 3.1) and PAM recognition (Y76.1, Figure 3.5a)
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Figure 3.6 Indel frequency on 7P53, HEXA, and PDCDI loci generated by the wild-type
and mutant AsCas12f variants, with the mutations disrupting interactions between the

protein and DNA (blue) or sgRNA (yellow)

Figure 3.7 Important interactions between sgRNA and AsCas12f
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(Figure 3.7 continued) a. Architecture of the sgRNA in complex with the dSDNA. The stems
are colored in different colors.

b. W17.1 forms a & - 7 interaction with the G(-67) on the sgRNA

c. H72.2 forms a hydrogen bond with the A(-131) at O2 position on the sgRNA.

d. Y76.2 forms a hydrogen bond with phosphate backbone of the A(-129) on the sgRNA.

e. R121.1 forms a hydrogen bond with the phosphate backbone of the C(-105) on the sgRNA
f. Y351.1 forms a & - & interaction with the C(1) and on the sgRNA.

3.2.5 AsCas12f protein engineering

Based on previous research, the cleavage activity of Cas proteins can be increased by
raising the affinity of proteins to their sgRNA and target DNA [77]. The affinity between nucleic
acids and proteins is frequently mediated by salt bridges and hydrogen bonds between the
phosphate backbones and positively charged residues on the proteins. So, our strategy for
engineering the AsCas12f protein is to introduce some positively charged residues in order to
raise their affinity to nucleic acids, boosting the DNA targeting and cleavage activity.

To determine which residues should be mutated into positively charged residues, our
collaborator, Dr. Tong Wu, decided to learn from naturally occurring homologous proteins,
which are depleted of deleterious mutations due to millions of years of natural evolution, as
demonstrated by DNA family shuffling [78]. He searched for the homologies of AsCas12f using
the basic local alignment search tool (BLAST) [79] and analyzed the evolutional relationships
between Cas12f family proteins. Proteins (including hypothetical proteins) that are closely
homologous to AsCas12f were selected for alignment. Positions that align well but host varied
amino acids in homologous proteins highlight the “functional diversity” of the protein family and
may be particularly amenable to mutation (Figure 3.8a). Then, he constituted a library of
AsCas12f variants with one or more mutations to positively charged residues that possibly

benefit the targeting and cleavage activity of AsCas12f (Table 3.3). He found that the

combination of additional beneficial mutations led to greater levels of indels, with the best
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variant (3D: D196K/N199K/G276R/N328G/D364R) exhibiting 2.5- to 3.5-fold gene editing
activity on all three tested target sites, resulting in up to 70% indel frequency (Figure 3.8b,c).
Notably, three mutated residues in enAsCas12f variants, namely D196, N199, and G276, are
physically close to the sgRNA, while D196 and G276 do not interact with the sgRNA, and N199
forms a weak hydrogen bond (3.76 A) with the N?-position of the G(-67) (Figure 3.8d,e). This
structural evidence supports our hypothesis that substituting these residues with positively
charged residues can boost DNA cleavage activity by increasing the binding affinity between

AsCas12f and nucleic acids.

a D196 N199 G276

AsCas12f1 195 D - - -[0|R vyl s¥o 266 R B KA BlG A RoKH
Un1Cas12f1 295 GS K I|GIE B ML SID 367 KKNRH - - - KEA AKNKL
UnCas12f2 255 GKKL|G A 327 SKNSL - - - KEK AAHKL
PtCas12f1 197 - - - |- | Q 267 N D K YATRT
RuCas12f1 200 D - - -|Q K S 272 EQT D | RKKRT
MBA2874290.1 197 - - - -|- T¥Q 267 N D K YATRT
WP_146811698.1 197 - - - |- VN¥Q 267 QQA D R TKTR |
WP_035711169.1 197 - - - -~ K 268 D S \" TKTR |
WP_080064548.1 196 - - - -|- s 266 LAGKQCGEGH 1 BHBl | KTRV
WP_074955560.1 197 D - - ‘L H 268 R D | RATRT

Figure 3.8 Structure-based AsCas12f engineering
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(Figure 3.8 continued) a. BLAST alignment [79] of AsCas12f and homologous proteins at the
position D196, N199, and G276

b & c. Indel level on b. TP53-1 and ¢. HEXA loci generated by AsCas12 variants that bear one,
two, three, four, or five single-point mutations. A list of mutations included in each AsCas12f
variant is included in Table 3.3.

d. D196 and N199 are very close to the phosphate backbone of sgRNA, which D196 does not
form any electrostatic interactions with sgRNA and N199 forms a weak hydrogen bond (3.76 A)
with the N*-position of the G(-67)

e. G276 is also very close to, but does not interact electrostatically with the phosphate backbone
of sgRNA.

Table 3.3: enAsCas12fs and their mutations

Construct name Mutations

I G276R

M D364K

N D364R

\Y D196K

\\ N199K

2D N328G

21 G276R D196K

2K D364K D196K

20 D364R D196K

2R D196K N328G

2V G276R D196K D364K

2X D196K N199K N328G

2Y D196K N199K N328G D364R

27 D196K N199K G276R D364K

3A D196K N199K G276R D364R

3C D196K N199K G276R N328G D364K
3D D196K N199K G276R N328G D364R

3.2.6 sgRNA engineering

sgRNA engineering has been demonstrated as another beneficial strategy to improve the
efficiency of the CRISPR gene-editing system besides engineering Cas proteins. Based on a
high-resolution cryo-EM structure, the RNA regions that are critical to the AsCas12f-sgRNA-
DNA complex formation are identified. Our strategy of engineering sgRNA was to truncate the
regions that are not directly involved in the complex formation because higher transfection

efficiency due to the shortened sgRNA can improve the efficiency of the CRISPR system. The
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(Figure 3.9 continued) a. Sequence of sgRNA and target DNA of AsCas12f system

b. Sequences of truncated sgRNA of AsCas12f system

c. & d. Indel level on c. PDCDI and d. HEXA loci guided by wild-type and truncated sgRNA
cryo-EM map reveals that the density of U(-47)-U(-15) on stem 5 of RNA cannot be resolved
and no protein density is observed adjacent to that region. So, I hypothesized that U(-47)-U(-15)
does not directly interact with AsCas12f and its truncation would maintain the targeting and
cleavage activity of the AsCas12f system. The truncated sgRNAs mediates similar indel

formation efficiency (Figure 3.9). Meanwhile, truncations > 3 bp on the other half of stem 5 (A(-

57)/U(-5) to A(-48)/U(-14)) that interact with AsCas12f abolishes the activity (Figure 3.9).

3.2.7 Comparison between AsCas12f-sgRNA-DNA and UnCas12f-gsRNA-DNA

A structure of Cas12f from an uncultured archaeon in complex with its sgRNA and target
DNA (referred as to UnCas12f-sgRNA-DNA) reported before [76]. The UnCas12f-sgRNA-DNA
complex also composed of two UnCas12f molecules, a sgRNA, and its target dsDNA.

The overall structure seems very different due to the differences in sgRNAs (Figure
3.10a), but the folding of AsCas12f.1 and UnCas12f.1 in the complexes are very similar, as
suggested by a superimposition of the two complexes (Figure 3.10b). However, the N-lobe
cannot be superimposed as well as the C-lobe due to an additional zinc finger motif (78 amino
acids) at the N-terminus of the REC domain in the UnCas12f compared to the AsCas12f (Figure
3.10c,d). Another difference between the two complexes is that the density of the Ruv.2 domain
is missing from the AsCas12f-sgRNA-DNA complex cryo-EM map, probably due to its
flexibility or preferential orientation of the cryo-EM dataset (Figure 3.3b,c, 3.10b). Besides, the
dimerization of the UnCas12f and the AsCas12f is also different. UnCas12f dimerizes through

the two interfaces of the REC domains and RuvC domains of the two protein copies, while
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AsCas12f dimerizes through four interfaces between the REC domains of the two protein copies

(Table 3.2, Figure 3.4a).

Figure 3.10 Comparison of the complex structures of AsCas12f-sgRNA-DNA and
UnCas12f-sgRNA-DNA.

a. Superimposition between sgRNA of AsCas12f system (salmon pink) and sgRNA of UnCas12f
system (blue)

b. (Left) The 2 AsCas12f molecules in the AsCas12f-sgRNA-DNA complex are superimposed
with the 2 UnCas12f molecules (white) in the UnCas12f-sgRNA-DNA complex. (Right) The
superimposed structures have been tilted 180° to see the additional zinc finger motif at the N-
terminus of the UnCas12f REC.1 domain. The color code of the AsCas12f domains is the same
as in Figure 1. RMSD = 6.398 A (all-atom)

c. The N-lobe of the AsCas12f.1 is superimposed with that of the UnCas12f.1 (white). RMSD =
1.284 A (all-atom)

d. The C-lobe of the AsCas12f.1 is superimposed with that of the UnCas12f.1 (white). RMSD =
2.961 A (all-atom)
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3.3 Discussion and conclusion

In this study, I determined the structure of the AsCas12f-sgRNA-DNA ternary complex
and guided the engineering of AsCas12f and sgRNA. The structure reveals that two AsCas12f
molecules form a dimer to recognize the sgRNA and target DNA. We identified important
interactions between the AsCas12f molecules, and the mutagenesis studies suggested that
AsCas12f dimerization is critical to the cleavage activity of the CRISPR-AsCas12f system.
Besides, the important residues to recognize the sgRNA and the specific PAM sequence were
also identified by the structural and mutation studies.

Our next step is to improve the CRISPR system by further truncating the sgRNA to
improve the transfection efficiency. Our collaborator made a bold hypothesis that they could
further engineer the sgRNA of AsCas12f by learning from the sgRNA structure in the UnCas12f-
sgRNA-DNA complex, because the AsCasl2f and UnCasl2f proteins share similar folding
patterns (Figure 3.4b). Superimposition of the sgRNAs showed that AsCas12f sgRNA has longer
stems than UnCas12f sgRNA (Figure 3.4a) and some regions seem not important to the complex
formation. Considering that stem 3 and stem 4 do not form strong interactions with the AsCas12f
molecules in the complex, and truncating half of stem 5 does not impair activity, our collaborator
further removed stem 3 and stem 4, and modified stem 5 to mimic the folding of the UnCas12f
sgRNA. This new sgRNA 1is 72 nt shorter than the original one, representing a more than 1/3

molecular weight decrease. We are still characterizing the cleavage activity of the new sgRNA.
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3.4 Methods

3.4.1 Materials

The holey carbon grids used in this study are Quantifoil 300 mesh Cu 1.2/1.3. DNA
oligos were purchased from Integrated DNA Technologies, Inc. (IDT). All chemicals used in
buffer preparation were purchased from Sigma-Aldrich. RNA oligos were obtained from our

collaborator.

3.4.2 Cloning and plasmid construction
The plasmid containing Cas12f gene from Acidibacillus sulfuroxidans was purchased
from Addgene. The DNA sequence was cloned into the vector pET47b containing an N-terminal

Hise-tag. The D225A mutant of AsCas12f was generated by site-directed mutagenesis.

3.4.3 Protein expression and purification

The wild-type His-tagged AsCas12f or its D225A mutant was overexpressed in E.coli
BL21(DE3). The E. coli cells were cultured at 37 °C until the ODeoo reached 0.8, and the protein
expression was then induced by adding IPTG to a final concentration of 1 mM. The E. coli cells
were further cultured at 16 °C for 24 hours before harvest by centrifugation. The cell pellet was
resuspended in buffer A (50 mM Tris-HCI, pH 8.0, 300 mM NacCl, 20 mM imidazole, 0.5 mM
TCEP, and 1 mM PMSF), and lysed by sonication. The lysate was cleared by centrifugation at
16,500 rpm. For 30 min. The supernatant was loaded onto a gravity column containing 2-mL Ni-
NTA beads equilibrated with buffer B (50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 20 mM
imidazole, and 0.5 mM TCEP) and the proteins were eluted by buffer B (50 mM Tris-HCI, pH

8.0, 300 mM NaCl, 400 mM imidazole, and 0.5 mM TCEP). The proteins were further loaded
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onto a | mL HiTrap Heparin HP column (GE Healthcare), equilibrated with buffer C (50 mM
Tris-HCI, pH 8.0, 300 mM NacCl, and 0.5 mM TCEP) and eluted with a linear gradient of NaCl

up to 1 M. The purified proteins were flash-frozen and stored at -80 °C until use.

3.4.4 AsCas12f-sgRNA-DNA complex assembly

The AsCas12f-sgRNA-DNA complex was reconstituted by mixing purified AsCas12f
inactive D225A mutant, the 193-nucleotide sgRNA (193 nucleotides including 5> GG for in vitro
transcription), the 42-nucleotide target DNA strand, and the 42-nucleotide non-target DNA
strand, at a molar ratio of 1:0.5:1.2:1.2 on ice for 30 min. The AsCas12f-sgRNA-DNA complex
was further purified using a Superdex 200 Increase 10/300 column (GE Healthcare), equilibrated
with buffer D (50 mM Tris-HCL, pH 8.0, 50 mM NaCl, 5 mM MgCl,, and 0.5 mM TCEP). The

fractions were pooled and concentrated to ~3 mg/mL.

3.4.5 Electron microscopy sample preparation

Sample vitrification was performed using a Vitrobot Mark IV (Thermo Fisher) operating
at 8 °C and 100% humidity. A total of 3.5 pL of the sample was applied to holey carbon grids
(Quantifoil 200 mesh Cu 1.2/1.3) glow-discharged for 30 seconds. The grids were blotted for 4
seconds at a blotting force 0 by standard Vitrobot filter paper (Ted Pella, 47000-100), and then

plunge frozen in liquid ethane.

3.4.6 Data collection

Frozen grids were sent to the Advanced Electron Microscopy Facility at the University of

Chicago for data collection. The dataset was acquired as movie stacks using a Titan Krios
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transmission electron microscope operating at 300 kV and equipped with a K3 direct detector
camera (Gatan).sImages were recorded at a nominal magnification of 81,000x and super-
resolution counting mode by image shift. The total exposure time was set to 4 s with 40 frames
in a single stack and a total exposure around 50 electrons/A2. The defocus range was set at -1.0
to -2.5 um (Table 3.4).

Table 3.4: Statistics of cryo-EM data collection and processing for AsCas12f-sgRNA-DNA
complex

AsCas12f-sgRNA-DNA complex

Microscope Krios (University of Chicago)
Magnification 81,000

Voltage (kV) 300

Spherical aberration (mm) 2.7

Detector K3

Camera mode Super resolution counting
Exposure rate (¢ /pixel/s) 15

Total exposure (e /A?) 50

Defocus range (um) -1.0to -2.5

Pixel size (A) 0.5325 (1.065 physical)
Mode of data collection Image shift

Energy filter 20 eV slit

Software for data collection EPU

Number of micrographs 7,591

Symmetry imposed Cl

Box size (pixel) 256

Initial particle images (no.) 5,285,777

Particle images for 3D (no.) 1,497,300

Final particle images (no.) 490,190

Map resolution, unmasked (A) 3.0

Map resolution, masked (A) 2.8

3.4.7 Image processing

Stack images were subjected to motion correction by MotionCor2 [80]. Motion-corrected
micrographs were then imported to a cryoSPARC live session for CTF determination and
particle picking [33]. Particles were automatic picked by using 2D class averages as templates

which were generated from blob picking. The extracted particles were imported to cryoSPARC
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for further processing. Contamination and poorly-aligned classes were disposed after 2D
classification. The resulting 3,370,441 particles were used to generate three initial models by ab
initio reconstruction. A 3D classification was performed in cryoSPARC using the three initial
models as starting points. The coordinates of the particles from the best class (1,576,757
particles) were imported to RELION and re-extracted. Another 3D classification was performed
using the map from cryoSPARC as the initial model. The best class was subjected to 3D
refinement, CTF refinement, Bayesian polishing, and postprocessing. The final map of the
AsCas12f-sgRNA-DNA complex was resolved at 2.8 A based on the criteria of FSC=0.143. The

detailed data processing workflow is shown in Figure 3.11.

3.4.8 Model Building, Refinement, and Validation

Model building was perform in COOT [56] using a starting model of AsCas12f predicted
by AlphaFold2 [51]. One full copy of AsCas12f and another copy of the N-lobe were identified
from the cryo-EM map. Nucleic acids (DNA and sgRNA) were built into the map based on the
knowledge of sequence complementarity, secondary structure prediction (Ipknot) [81], and
fragment RNA model generated by RNAComposer [82]. The final model was refined in real
space, and validated using Phenix [57]. The statistics of model refinement and geometry is

shown in Table 3.1.
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Figure 3.11 Single-particle cryo-EM analysis for the AsCas12f-sgRNA-DNA complex
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(Figure 3.11 continued) a. The workflow of data processing. The data was acquired at the
Advanced Electron Microscopy Facility at the University of Chicago, using a Titan Krios
electron microscope operating at 300 KV. Initial motion correction was carried out using
MotionCor2 [80]. A representative micrograph is shown along with a 50-nm scale bar. The
following automatic picking and 2D classification were performed in the cryoSPARC live
session [33]. Particle selection was performed using the 2D templates generated by blob picker,
followed by a 2D classification. Representative 2D class averages are shown, with the box edge
corresponding to 273 A. After disposing contamination and poorly-aligned 2D classes, the
particles of the aligned classes were extracted and imported to cryoSPARC for further
processing. The particles were classified by 3D classification with 3 initial models generated
using ab initio reconstructions. The best class of particles were re-extracted to Relion [34],
followed by another 3D classification. Subsequent refinement and polishing were performed on
the best 3D class.

b. Fourier shell correlation curves of the half map 1 versus the half map 2 (blue), and the refined
model versus the full map (yellow). The resolution of the reconstruction was determined by the
FSC = 0.143 criterion.

c. An a-helix of AsCas12f.1 molecule (contoured at a level of 5.0 RMSD)
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Chapter 4 Structural basis for lipid-mediated stimulation of MsbA

4.1 Introduction

ATP-binding-cassette (ABC) transporters are critical to transporting small molecules,
such as lipids, ions, vitamins, and antibiotics [83], [84]. MsbA, one of the best-studied ABC
transporters, is an essential superfamily member in Gram-negative bacteria [83], [85]-[87]. In
most Gram-negative bacteria, lipopolysaccharide (LPS), an important bacterial surface molecule,
helps bacteria resist antibiotics and environmental stresses and is responsible for an immune
response to bacterial infection in animals [88]-[91]. MsbA is essential to export the LPS from
the cytoplasmic side, where LPS is synthesized, to the periplasmic leaflet of the inner membrane
[91].

Previous studies have demonstrated that MsbA, a 65kD membrane protein, forms a
homodimer with two cytosolic nucleotide-binding domains (NBD) and two transmembrane
domains (TMD), each TMD consisting of six transmembrane helices. MsbA has two
conformations, inward-facing (IF) and outward-facing (OF), and some small molecules have
been developed that bind and lock MsbA in an LPS-bound, inward-facing (IF) conformation
[86], [87].

The proposed mechanism of the translocation of LPS by MsbA involves several steps
[86], [87], [90] (Figure 4.1): 1) the ADP-bound MsbA forms an IF conformation with the NBDs
promoting access to LPS; 2) LPS binds to the inner cavity of MsbA and adenosine ATP, in order
to promote dimerization of the NDBs; 3) ATP hydrolysis induces the change of MsbA from IF
conformation to OF conformation, transporting LPS to the other side of the membrane; 4) the

phosphate from the ATP hydrolysis is released, and MsbA recycles back to an IF conformation.
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Figure 4.1 Biogenesis of LPS and the process of exporting LPS from the cytoplasmic side to
the periplasmic leaflet of the inner membrane using MsbA
LOS: Lipooligosaccharide; KLA: 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo)2-lipid A

In this study, our collaborator characterized MsbA-lipid interactions in different
conformational states. I determined the structures of the MsbA transporter with an open, IF
confirmation and the vanadate-trapped MsbA transporter in complex with 3-deoxy-D-manno-

oct-2-ulosonic acid (Kdo)2-lipid A (KLA) and ADP-VOs, which have not been previously

observed in other ABC structures.

4.2 Results
4.2.1 Discovery of copper(II)-bound MsbA and MsbA-lipid binding affinities facilitated by
copper(II)-binding

Our collaborator first optimized the purification of MsbA from E. coli by screening
different detergents, and they found that MsbA samples solubilized in the pentaethylene glycol
monododecyl ether (Ci0Es) detergent exhibited a well-resolved mass spectrum (Figure 4.2a).
Four molecular species are found in the mass spectrum, corresponding to dimeric MsbA and the
addition of one to three ~65 Da adducts. They further analyzed the MsbA sample using

inductively coupled plasma mass spectrometry (ICP-MS) [92] and identified the bound adducts

56



as copper(Il) (Table 4.1). The addition of copper(Il) to MsbA saturated the two binding sites
(Figure 4.2¢,d). The finding was also supported by that the addition of trientine, a copper
chelator, to MsbA did not chelate the bound metal.

Table 4.1: Results from ICP-MS analysis of MsbA samples.

Sample V[ng/mL] Ni[ng/mL] Cu[ng/mL] Zn [ng/mL]
MsbA 38 10 1040 7.4
Vanadate-trapped MsbA | 8338 16 1313 11

Our collaborator also determined equilibrium binding constants (Kp) for MsbA binding
to different lipids, with 1-palmitoyl-2-oleoyl (PO, 16:0-18:1) as the acyl chain composition and
phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), and phosphatidylserine (PS) as headgroup. They also included
1,1',2,2'-tetraoleoyl-cardiolipin (TOCDL, 72:4) and KLA. Surprisingly, they found that

copper(Il)-bound MsbA increased binding affinities for nearly all the lipids, especially for POPA

(Figure 4.2b,e).
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Figure 4.2 Copper(II) binding to MsbA modulates its lipid binding affinity.
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(Figure 4.2 continue) a. Native mass spectrum of optimized MsbA samples in Ci0Es yields a
well-resolved mass spectrum.

b. Equilibrium dissociation constants (Kp) for individual lipid binding events to partially loaded
MsbA.

c. Deconvolution of the mass spectrum shown in panel a. The different molecular species
correspond to dimeric MsbA with zero to three bound copper ions.

d. Measured mass of MsbA after loading with copper(Il) shows saturation of the two-copper(Il)
bound state.

e. Kps for individual lipid binding events to MsbA fully loaded with copper(Il). Reported are
mean and standard deviation (n = 3).

4.2.2 Structural determination of the open-state MsbA

To understand how copper(Il)-binding facilitates different binding affinities of MsbA, I
determined the structure of the open-state MsbA transporter. The map was determined at 3.88 A
(Figure 4.3, Table 4.2). MsbA adopts an open, IF conformation, in which the NDBs are

separated by ~57 A from the Ca of R569 of one subunit to the other. However, the density was

not clear enough to place the lipid and the copper(Il) binding site.
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Figure 4.3 The structure of the MsbA transporter with an open, IF confirmation

a. Unsharpened cryo-EM map of the open-state MsbA transporter (contoured at a level of 0.16).
Two subunits of MsbA are colored in wheat and purple blue, respectively.

b. Overall structure of the open-state MsbA transporter. The color code is the same as in a.
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Table 4.2: Statistics of cryo-EM model refinement and geometry for the open-state MsbA

Model
Composition (#)
Chains 2
Atoms 8912 (Hydrogens: 0)
Residues Protein: 1150 Nucleotide: 0
Water 0
Ligands 0
Bonds (RMSD)
Length (A) (# > 40) 0.003 (0)
Angles (°) (# > 40) 0.626 (1)
MolProbity score 1.66
Clash score 8.91
Ramachandran plot (%)
Outliers 0.09
Allowed 2.97
Favored 96.95
Rama-Z (Ramachandran plot Z-score, RMSD)
whole (N = 1146) 1.76 (0.25)
helix (N = 700) 2.03 (0.20)
sheet (N = 74) 1.25 (0.61)
loop (N =372) -0.50 (0.32)
Rotamer outliers (%) 0.00
CpB outliers (%) 0.00
Peptide plane (%)
Cis proline/general 0.0/0.0
Twisted proline/general 0.0/0.0
CaBLAM outliers (%) 1.58
ADP (B-factors)
Iso/Aniso (#) 8912/0
min/max/mean
Protein 0.17/104.70/43.85
Data
Box
Lengths (A) 89.46, 136.32, 136.32
Angles (°) 90.00, 90.00, 90.00

Supplied Resolution (A)
Resolution Estimates (A)

d FSC (half maps; 0.143)

d 99 (full/half1/half2)

d model

d FSC model (0/0.143/0.5)
Map min/max/mean

3.9

Masked

3.9

4.1/4.6/4.7

4.0

3.7/3.8/4.0
-1.28/1.91/0.02

Model vs. Data

CC (mask)
CC (box)

0.77
0.73
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Table 4.2 continued: Statistics of cryo-EM model refinement and geometry for the open-
state MsbA
CC (peaks) 0.66
CC (volume) 0.74

After inspecting histidine and cysteine residues in the MsbA structures and characterizing
the copper(Il) binding activity of mutated MsbA, our collaborator found that the copper(II)
binding site is at the first four residues of the MsbA. So, they crystallized the N-terminal
sequence of MsbA with variable tags in complex with copper(Il) and obtained crystals of a green
fluorescent protein (GFP) fused construct, leading to the structural determination of the construct
at 2.15 A resolution (Figure 4.4, Table 4.3). The copper(Il) is bound to the H2 in the MsbA
(Figure 4.4a). Besides, one of the water ligands of copper(II) builds a bridge between copper(Il)
and the side chain of N3. Interestingly, the structure of copper(Il)-bound MSND peptide is
similar to that of copper(Il)-bound GHK peptide [93]. But the K3 in the GHK peptide does not
interact with copper(Il) directly or through water ligands (Figure 4.3b), indicating that the third
position can be variable. To verify the hypothesis, our collaborator analyzed the sequences of
ABC transporter sequences, and they found over 400 proteins contain histidine in the 2"¢
position, and some of them share a sequence of MHK at the N-terminus, demonstrating the
copper(Il) binding site may also relate to not only MsbA but also other ABC transporters.

Table 4.3: Summary of X-ray data collection and refinement statistics for MbsA-GFP

Crystal Parameters

Space Group 1212121 1212121

Unit Cell Dimensions a=70.61, b=108.54, a=70.62, b=108.96,
c=140.4 c=140.64

Angles a=P=y=90° a=B=y=90°

Data Collection

Synchrotron (Beamline) APS (24-ID-C) TAMU (R-Axis IV++)

A (A) 1.378 1.54

Resolution (A) 42.98-2.15 (2.21- 2.15) 70.32-2.2 (2.28-2.2)

l/o 12.35 (1.61) 12.17 (2.14)
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Table 4.3 continued: Summary of X-ray data collection and refinement statistics for MbsA-
GFP

Observed Reflections 60359 (4433) 376860 (27999)
Unique Reflections 17601 (1280) 56321 (4109)
Completeness (%) 99.3 (98.0) 99.2 (98.6)
Refinement

Rwork (%) 0.19 (0.29) 0.19 (0.34)
Riree (%) 0.21 (0.30) 0.22 (0.34)
Number of Protein Atoms 1968 1955
Nonprotein Atoms 26 23

Number of water molecules 48 52

Number of protein residues 236 236

RMS (bonds) 0.008 0.007

RMS (angles) 0.91 0.88
Ramachandran favored (%) 96.98 97.41
Ramachandran allowed (%) 3.02 2.59
Ramachandran outliers (%) 0.00 0.00
Rotamer outliers (%) 0.96 2.43

Wilson B-factor 52.33 57.39

B factor of protein atoms 62.70 63.71

Figure 4.4 The N-terminus of MsbA binds copper(II) and its crystal structure.

a. Structure of the N-terminus of MsbA fused to GFP coordinating copper(Il). The peptides are
presented in sticks and balls, and water molecules and copper(Il) are shown in spheres.

b. Alignment of the N-terminal MsbA peptide bound to copper(Il) with GHK-copper(II)
complex (CCDC-809108, Ca colored purple).

4.2.3 Lipid binding to vanadate-trapped MsbA

To determine the impact of MsbA conformation on lipid binding affinity, our

collaborator performed analogous experiments using MsbA trapped in an OF conformation with
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adenosine diphosphate (ADP) and orthovanadate (VO4). Each subunit of the transporter binding
copper(Il), ADP, and VO4 molecules was confirmed by native mass measurement (Figure 4.5a).
Compared to the MsbA in the IF conformation, the MsbA in the OF conformation has higher
lipid binding affinity for a subset of lipids (Figure 4.5b). For example, each subunit of vanadate-
trapped MsbA transporter binds a KLA lipid (Figure 4.5c), while only one of the two subunits
binds a KLA lipid (Figure 4.5d) in the presence of 0.4 uM of KLA. Also, the binding affinity for
KLA (Kpi = 0.3 uM) of the vanadate-trapped MsbA increased by 2-fold compared to the non-
trapped MsbA. Taken together, the native mass measurements and dissociation constants showed

that MsbA in different conformational states binds lipids with different binding affinities.
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Figure 4.5 Lipid binding affinities of vanadate-trapped MsbA transporter in an OF

conformation.

a. Representative MS of MsbA trapped with ADP-VOs4 and in the presence of 0.4 uM KLA.

b. Kb values for individual lipid binding events to vanadate-trapped MsbA. Reported are the mean

and standard deviation (n = 3).

c. Deconvolution of the mass spectrum shown in panel a.

d. Deconvoluted mass spectrum of non-trapped MsbA in the presence of the same amount of KLA.

A significant reduction in KLA binding to MsbA is observed.
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4.2.4 Structural determination of vanadate-trapped MsbA in complex with KLA

Of all the lipids in this study, KLA is the lipid of most interest because it is an LPS
precursor known to stimulate MsbA ATPase activity (Figure 4.1), and KLA binds MsbA with an
affinity greater than the other lipids (Figure 4.5b). To understand how vanadate-trapped MsbA
binds KLA, I determined the structure of vanadate-trapped MsbA binds KLA in complex with
ADP-VOys by cryo-EM. The resolution of the final map is 3.47 A (Figure 4.6, Table 4.4)

Table 4.4: Statistics of cryo-EM model refinement and geometry for vanadate-trapped

MsbA
Model
Composition (#)
Chains 2
Atoms 9314 (Hydrogens: 0)
Residues Protein: 1152 Nucleotide: 0
Water 0
Ligands KDL: 2
AOV:2
Bonds (RMSD)
Length (A) (# > 40) 0.003 (0)
Angles (°) (# > 40) 0.680 (2)
MolProbity score 1.52
Clash score 9.89
Ramachandran plot (%)
Outliers 0.00
Allowed 1.13
Favored 98.87
Rama-Z (Ramachandran plot Z-score, RMSD)
whole (N = 1148) 1.55 (0.26)
helix (N = 728) 1.68 (0.20)
sheet (N = 50) -0.04 (0.72)
loop (N =370) -0.03 (0.35)
Rotamer outliers (%) 0.00
CpB outliers (%) 0.00
Peptide plane (%)
Cis proline/general 0.0/0.0
Twisted proline/general 0.0/0.0
CaBLAM outliers (%) 0.52
ADP (B-factors)
Iso/Aniso (#) 9314/0
min/max/mean
Protein 189.70/354.03/250.35
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Table 4.4 continued: Statistics of cryo-EM model refinement and geometry for vanadate-

trapped MsbA
Ligand 236.77/291.74/281.82
Data
Box
Lengths (A) 75.62, 86.27, 137.39
Angles (°) 90.00, 90.00, 90.00

Supplied Resolution (A)
Resolution Estimates (A)

d FSC (half maps; 0.143)

d 99 (full/half1/half2)

d model

d FSC model (0/0.143/0.5)
Map min/max/mean

3.6

Masked

3.6

3.8/4.5/4.6

3.8

3.4/3.6/3.8
-1.00/1.42/0.04

Model vs. Data
CC (mask) 0.56
CC (box) 0.48
CC (peaks) 0.36
CC (volume) 0.58
Mean CC for ligands 0.45
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Figure 4.6 The structure of the vanadate-trapped MsbA transporter in complex with KLA

and ADP-VOq4

a. Unsharpened cryo-EM map of the vanadate-trapped MsbA transporter in complex with KLA
and ADP-VOa (contoured at a level of 0.11). Two subunits of MsbA are colored in wheat and
purple-blue, respectively. The KLA molecule is colored in gold, and the ADP-VO4 molecule is

colored in purple.

b. Overall structure of the vanadate-trapped MsbA transporter in complex with KLA and

ADP-VOas. The color code is the same as in a.



The headgroup of KLA is bound to the basic patch, and the acyl chains of KLA interact
with the hydrophobic region of MsbA (Figure 4.6a). The buried surface area between KLA and
MsbA is 2,779 A2. The characteristic phosphoglucosamine (P-GIcN) substituents of KLA form
extensive hydrogen bonds and salt bridges with one subunit of MsbA, with R236, Q240, and
K243 interacting with one of the Kdo groups of KLLA on the other MsbA subunit (Fig 4.6b).
Furthermore, the clear electron density of ADP-VOu4 is observed in the NBDs, coordinated by a

series of conserved residues (Fig 4.6¢)

Figure 4.7 Vanadate-trapped MsbA binds KLA and ADP-VO4

a. Coulombic electrostatic potential (scale bar -10 to +10 units as calculated by PyMOL) is
colored red and blue for negative and positive charges, respectively. KLA is shown in ball and
sticks representation

b. Different views of KLA bound to MsbA with interacting residues shown in stick
representation. Bonds are shown as dashed yellow lines. Residues are labeled.
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(Figure 5.6 continued) c. View of the bound ADP-VO4 and interacting residues. Shown as
described in b.

4.3 Discussion and conclusion

In this study, our collaborator found that MsbA co-purified with copper(I), which has
not been reported before. Besides, they also characterized the MsbA-lipid interactions in
different conformational states by native MS, and they found that protein-lipid interactions are
directly affected by copper(Il)-binding and the conformational states of MsbA. Structural studies
revealed that 1) cooper(Il) is bound to the first four residues of MsbA, with a similar folding as
the GHK peptide; 2) the binding sites of KLA and ADP-VOs are clearly observed in the structure
of the vanadate-trapped MsbA transporter. Our findings provide new insights into metal and lipid
regulation of MsbA.

However, a major drawback of the study is that the density of the first four residues of
MsbA transporter in both conformational states is not clear. In that case, the roles of these four

residues and copper(Il)-binding in the entire MsbA transporters are not clear.

4.4 Methods

4.4.1 Materials
The protein samples were purified by our collaborator and sent on ice overnight. All the
samples were vitrified and screened on the date that the sample arrived. The holey carbon grids

used in this study are Quantifoil 300 mesh Cu 1.2/1.3.

66



4.4.2 Electron microscopy sample preparation for open-state MsbA and vanadate-trapped
MsbA

Sample vitrification was performed using a Vitrobot Mark IV (Thermo Fisher) operating
at 8 °C and 100% humidity. A total of 3.5 puL of sample (8 mg/mL open-state MsbA or vanadate-
trapped MsbA in 200mM NaCl, 20mM HEPES pH 7.4, and 0.07% CioEs) was applied to 300-
mesh holey carbon grids glow-discharged for 30 seconds. The grids were blotted for 5 seconds at
a blotting force of 1 using standard Vitrobot filter paper (Ted Pella, 47000-100), and then

plunged into liquid ethane.

4.4.3 Data collection for single-particle cryo-EM

The optimized grids were sent to the Advanced Electron Microscopy Facility at the
University of Chicago for data collection. The dataset was collected as movie stacks with a Titan
Krios electron microscope operating at 300 kV, equipped with a K3 direct detector camera.
Images were recorded at a magnification of 81,000x at super-resolution counting mode by image
shift. The total exposure time was set to 4 s with a frame recorded every 0.1 s, resulting in 40
frames in a single stack with a total exposure of around 50 electrons/A2. The defocus range was
setat -1.0 to -2.5 um (Table 4.5)

Table 4.5: Statistics of cryo-EM data collection and processing for open-state MsbA and
vanadate-trapped MsbA

open-state MsbA vanadate-trapped MsbA
Microscope Krios (University of Krios (University of
Chicago) Chicago)
Magnification 81,000 81,000
Voltage (kV) 300 300
Spherical aberration (mm) 2.7 2.7
Detector K3 K3
Camera mode Super resolution counting | Super resolution counting
Exposure rate (¢ /pixel/s) 15 15
Total exposure (e /A?) 50 50
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Table 4.5 continued: Statistics of cryo-EM data collection and processing for open-state
MsbA and vanadate-trapped MsbA

Defocus range (um) -1.0to -2.5 -1.0to -2.5
Pixel size (A) 0.5325 (1.065 physical) 0.5325 (1.065 physical)
Mode of data collection Image shift Image shift
Energy filter 20 eV slit 20 eV slit
Software for data collection EPU EPU
Number of micrographs 5,530 4221
Symmetry imposed C2 C2

Box size (pixel) 280 200

Initial particle images (no.) 3,491,284 1,442,923
Particle images for 3D (no.) 1,633,741 540,820
Final particle images (no.) 421,840 340,615
Map resolution, unmasked (A) 4.2 4.0

Map resolution, masked (A) 3.9 3.6
B-factor used for sharpening (A%) | 208.6 213.7

4.4.4 Image Processing.

Collected movies were processed by cryoSPARC [94]. The detailed data processing flow
is shown in Figure 4.8 (open-state MsbA) and Figure 4.9 (vanadate-trapped MsbA). Stage drift
and anisotropic motion of the stack images were first corrected by patch-based motion correction
[94]. CTF parameters for each micrograph were determined by patch-based CTF estimation [94].
To select the particles, the micrographs were picked using the templates generated by the blob
picker. Contamination and poorly-aligned classes were disposed of after 2D classification. Then,
I used different methods to process the open-state MsbA and the vanadate-trapped MsbA. For
the open-state MsbA, the particles were further aligned and cleaned by three-dimensional
classification three times with three initial models generated using ab initio reconstructions.
Then, the best class of particles was selected for a non-uniform refinement with a C2 symmetry
and a C1 symmetry, resulting in final maps resolved at 3.88 A and 4.06 A, respectively. For the
vanadate-trapped MsbA, the aligned particles were classified by three-dimensional classification

once with three initial models generated using ab initio reconstructions, followed by a non-
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uniform refinement with a C2 symmetry on the best class. The final maps for the vanadate-

trapped MsbA were resolved at 3.63 A.

4.4.5 Model Building, Refinement, and Validation.

Model building, refinement, and validation for single-particle cryo-EM structures. The
previously reported structure of MsbA with ADP-vanadate from E. coli (PDB: STTP) [90] was
docked into the cryo-EM map using Chimera [55]. The model was manually refined using Coot
[56]. Phenix [57] was used to generate the coordinates and restraint files for KLA. The final
model underwent one round of real-space refinement using Phenix with secondary-structure and
Ramachandran restraints. Geometry outliers were manually fixed in Coot [56]. The statistics of
the final round of model refinement and the model geometry are reported in Table 4.2 and Table
4.4. Figures were generated using ChimeraX [95] and Pymol [96] (Schrédinger LLC., version

2.1).
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Figure 4.8 Single-particle cryo-EM analysis for the open-state MsbA
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(Figure 4.8 continued) a. The workflow of data processing. The representative micrograph is
shown along with a 50-nm scale bar. Particle picking was performed using the 2D templates
generated by a reconstructed model from earlier runs [33]. Representative 2D class averages
are shown, with the box edge corresponding to 298 A. After disposing contamination and
poorly-aligned 2D classes, the particles were classified by hetero refinement with three initial
models generated using ab initio reconstructions. A non-uniform refinement was performed
on the best class of particles with either C1 or C2 symmetry imposed.

b & c. Fourier shell correlation curves of the final reconstructions and model versus map for b.
C1 and c. C2, respectively. The resolution of the reconstruction was determined by the
FSC=0.143 criterion.
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Figure 4.9 Single-particle cryo-EM analysis for the vanadate-trapped MsbA

a. The workflow of data processing. Initial motion correction was carried out using MotionCor2
[80]. A representative motion-corrected micrograph is shown along with a 50-nm scale bar. The
following automatic picking and 2D classification were performed in cryoSPARC [33]. Particle
selection was performed using the 2D templates generated by blob picker, followed by a 2D
classification. Representative 2D class averages are shown, with the box edge corresponding to
213 A. After disposing contamination and poorly-aligned 2D classes, the particles were
classified by hetero refinement with 3 initial models generated using ab initio reconstructions. A
non-uniform refinement was performed on the best class of particles with a C2 symmetry.

b. Fourier shell correlation curves of the final reconstruction and model versus map. The
resolution of the reconstruction was determined by the FSC = 0.143 criterion.
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Chapter 5 Structural determination of KRas genetic mutant in

complex with SOS complex

5.1 Introduction

Rat sarcoma virus protein (Ras) [97], [98] is a family of proteins that play an essential
role in transmitting signals within cells, ultimately controlling cell growth [99], differentiation
[100], and survival [101], [102]. Overactive Ras signaling results in cancers because Ras
transmits important signals with diverse cellular roles. Three Ras genes [103] (HRAS, KRAS,
and NRAS) are the most common oncogenes in human cancers, and they have high overall
sequence identity and are the most commonly mutated of all discovered oncogenes. Among the
three oncogenes, KRas is the most frequently mutated isoform in cancers, such as pancreatic
cancer (70-90%), colon cancer (30-50%), and lung cancer (20-30%) [98], [104], [105].

Ras regulates cellular signaling by cycling between an inactive GDP-bound state (Ras-
GDP) and an active GTP-bound state (Ras-GTP) [106], [107] (Figure 5.1). In normal conditions,
the Ras proteins catalyze the guanine nucleotide exchange at a slow rate. The activation of Ras
proteins can be triggered by guanine nucleotide exchange factors (GEFs) that reload Ras with
GTP. Son of Sevenless (SOS) [108], [109] is a GEF with the cdc25 and Ras exchanger motif
domains representing the minimal, functionally-competent unit termed SOS". Previous
structural studies have discovered that one SOS molecule is able to bind two Ras proteins
[109]-[113]. One Ras protein is bound to the distal (or allosteric) site, and the other is bound to
the catalytic site. The Ras molecule bound at the allosteric site can remarkably increase the
guanine nucleotide exchange rate of the Ras at the active site.

In this study, our collaborator investigated the molecular assemblies of the catalytic

domain of SOS with KRas and oncogenic mutants by mass spectrometry, and I determined the
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structure of KRas®!13P— KRasG13P-SOSC2- KRas“!*P-GppNp ternary complex using cryo-EM to

understand the interactions between oncogenic KRas mutants and SOS.

Slow GTP — . — . GDP

/\Catamic site Ras
& -
SOS

Ras-GTP

Fast GTP

Allosteric site Ras-GTP

Figure 5.1 The Ras proteins can be activated by GEFs reloading Ras with GTP

5.2 Results

5.2.1 Molecular Assemblies of SOS*** and KRas Oncogenic Mutants.

Our collaborator first determined the conformational dynamics of SOS and KRas
oncogenic mutants by mass spectrometry. They chose Q61H, G13D, and G12C KRas mutants
due to their high occurrence in some cancers. The mutants first loaded with GTP and mixed with
SOS< immediately before MS. From the MS analysis, our collaborator found that ternary
complex, KRas!H-SOS-KRas!H-GTP, cannot be detected for this mutant. However, abundant
KRasQM-GTP dimer and SOS-KRas®!H-GTP complex are found in the sample (Figure
5.2a,d). By contrast, KRas%!3P solely forms the KRas%!3P-SOS-KRas%!3P-GTP ternary complex
with SOS¢, and some KRas®!*P-GTP dimer can also be detected by MS (Figure 5.2b,d). The
third GTP-loaded mutant KRas®'?C similarly engaged SOS®* as wild-type KRas except for an
increased abundance of the ternary complex containing GDP (Figure 5.2¢,d)

Our collaborator next investigated the three oncogenic mutants loaded with GDP and

their assembly with SOS¢t, KRas?®!H-SOS* and GTP in a similar fashion as that it interacts
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with GTP. However, with a 3:1 mixture of KRas?!! to SOS, a weak signal for a GDP-bound
binary complex (Figure 5.2¢,h). In stark contrast, KRasC®!3P-SOS< interacts with GDP in a very
different way than GTP. Instead of forming a uniform KRas%'3P-SOS-KRas%!3P-GTP ternary
complex, it predominantly formed ternary complexes composed of KRas“!3P-SOS¢-
KRas®!3P-GDP(GDP)o-1 with ~90% of the signal accounting for the complex bound to only one
GDP (Figure 5.2f,h). This unexpected observation of a prevalent ternary complex for
KRas®!3P-GDP suggests it can bind the allosteric site and possibly function as an allosteric
modulator of SOS®*, Assembly of SOS and KRas%'?“~GDP led to the formation of complexes

reminiscent of wild-type KRas but overall lower in abundance (Figure 5.2g,h).
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Figure 5.2 Distinct molecular assemblies of SOScat with oncogenic KRas mutants.

a-c. Native mass spectra of 2 uM SOS* mixed with three equivalents of a. KRasQ61H-GTP, b.
KRasS3P_GTP, or c. KRasG12C—GTP.

d. Plot of the mole fraction of SOS®* complexes formed with GTP-loaded proteins.

e-g. Mass spectra of 2 uM SOS® mixed with a threefold molar excess of e. KRasQ61H-GDP, f.
KRasS3P-GDP, or g. KRasG12C-GDP.

h. Plot of the mole fraction of SOS complexes formed with GDP-loaded proteins. and KRas
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5.2.2 Structural determination of the KRas¢!3P— KRas¢13P-SOSCa- KRas®!*?-GppNp
ternary complex

The unique property that KRas%!*P forms predominantly ternary complexes with SOS¢at
encouraged us to determine the structure of KRas%!3P-SOS® loaded with 5'-guanylyl
imidodiphosphate (GppNp), a nonhydrolyzable analog of GTP by cryo-EM. The final resolution
of the map is 3.47 A (Table 5.1, Figure 5.3). In the structure, the KRas®'*P and KRas%13P—
GppNp bound at the active and allosteric sites of SOS, respectively, in line with MS results.

Table 5.1: Statistics of cryo-EM model refinement and geometry for KRas®!3P— KRasG13P-
SOSC- KRas®"3?-GppNp ternary complex

Model
Composition (#)
Chains 3
Atoms 6588 (Hydrogens: 0)
Residues Protein: 803 Nucleotide: 0
Water 0
Ligands GNP: 1
MG: 1
Bonds (RMSD)
Length (A) (# > 40) 0.005 (0)
Angles (°) (# > 40) 0.562 (0)
MolProbity score 1.35
Clash score 6.33
Ramachandran plot (%)
Outliers 0.00
Allowed 2.02
Favored 97.98
Rama-Z (Ramachandran plot Z-score, RMSD)
whole (N =791) 0.05 (0.27)
helix (N = 64) 0.13 (0.68)
sheet (N =43) 0.71 (0.66)
loop (N = 684) 0.13 (0.22)
Rotamer outliers (%) 0.00
CpB outliers (%) 0.00
Peptide plane (%)
Cis proline/general 2.5/0.0
Twisted proline/general 0.0/0.0
CaBLAM outliers (%) 0.13
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Table 5.1 continued: Statistics of cryo-EM model refinement and geometry for KRas¢3P—

KRas®3P-SOS - KRas®3P-GppNp ternary complex

ADP (B-factors)

Supplied Resolution (A)
Resolution Estimates (A)

d FSC (half maps; 0.143)

d 99 (full/half1/half2)

d model

d FSC model (0/0.143/0.5)
Map min/max/mean

Iso/Aniso (#) 6588/0
min/max/mean
Protein 21.61/141.57/50.14
Ligand 41.29/49.62/49.37
Data
Box
Lengths (A) 73.48,100.11, 124.61
Angles (°) 90.00, 90.00, 90.00

3.5

Masked

3.5

6.4/3.3/3.4

4.1

3.0/3.1/3.4
-0.14/0.24/0.00

Model vs. Data

CC (mask) 0.85
CC (box) 0.74
CC (peaks) 0.72
CC (volume) 0.83
Mean CC for ligands 0.92

Figure 5.3 The structure of the KRasG13P-SOS¢*- KRas®3P-GppNp complex




(Figure 5.3 continued) a. Unsharpened cryo-EM map of the KRas%!13P-SOS¢a.-
KRasS13P-GppNp complex
(contoured at a level of 0.02)
b. Overall structure of the open-state KRas%!3P-SOSC4t- KRas%!3P-GppNp complex
5.2.3 KRasS3P-GppNp complex binds SOS® at the allosteric site

The structure of KRas®!3P-SOS-KRas®!3*P-GppNp complex is very similar to that of the
ternary complex HRas-SOS*-HRas-GppNp complex (PDB: INVW), with an RMSD of 0.668 A

(Figure 5.4a). However, the interactions between the SOS®* and the Ras-GppNp molecule are

different in these two complexes (Figure 5.4b,c).

Figure 5.4 Comparison between the HRas-SOS*-HRas-GppNp complex and KRas®!3P-
SOS-KRasC!3P-GppNp complex at the allosteric site

a. The KRas-SOS*-KRas-GppNp complex is superimposed on the HRas-SOS¢*-HRas - GppNp
complex (PDB: INVW). The HRas-SOS*-HRas*GppNp complex is colored in yellow

b-d. The interfaces of SOS® and KRas-GppNp at the allosteric site of b. HRas-SOS¢'-
HRas-GppNp complex (PDB: INVW), ¢. KRas%3P-SOS-KRasC"3P-GppNp complex, and d.
HRasY%*A-SOS - HRasY*A-GTP complex (PDB: 4NY]I)
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In the KRas®!*P-SOS *-KRasC!3P-GppNp complex, the side chain of W729 in SOS®t is
reoriented and forms hydrogen bound with P34 of KRas%!3P instead of Y64. The changed
orientation of W729 is similar to that of the HRasY**A-SOS-HRasY**A- GppNp complex (PDB:
4NYT) at the allosteric site (Figure 5.4d). Previous studies showed that Y64 A mutation in HRas
results in a drastic decline in the binding affinity of HRas with SOS® at the active site [114].
However, MS results showed that the binding affinity of the SOS with KRas%!3P actually
increased at the active site, probably due to the conformational changes of the flexible regions,
which are not shown in the structure and the interfaces at the active site. Additionally, the
conformation of Ras-GTP allosterically regulates the binding affinity of KRas at the active site.
Due to the changes at the allosteric site, the binding affinity of SOS®" and KRas molecule at the

active site was expected to alter.

5.2.4 KRas®13P conformation at the active site of KRas¢3P-SOS-KRas®"3P-GppNp

Overall, the conformation of KRas®!3P bound at the active site of SOSis also different
from that of HRas and KRas“!?¢ in these three regions.

At the active site, G13D mutation forms hydrogen bonds with N86 and K117 at the active
site of SOS*, These interactions orientate its side chain away from the GTP/GDP-binding
pocket, resulting in binding GTP to a greater extent. Besides the nucleotide-binding pocket, three
key regions play an essential role in cell signaling regulation of Ras proteins: p-loop (residues
10-17), switch I (residues 30-38), and switch II (residues 60—76). G13D mutation also displaced
p-loop and switch I in KRas%'3P (Figure 5.5 a), compared to the HRas at the active site of SOS<,
Comparison of the KRas®'3P-GDP structure (PDB: 6E6G) with KRas®%!3P bound at the active

site reveals the side chain of G13D mutation is rotated 180° and pointing away from N86. The
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G13D

observed conformation of KRas also differs from the structure of a mutated form of

KRas®'?C bound only at the active site of SOS (PDB: 6EPM) (Figure 5.5b,c).

Figure 5.5 G13D mutation enlarges the nucleotide-binding pocket and displaces p-loop and
switch I of the Ras molecule at the active site

a. The KRas%13P at the active site of the KRas%!?P-SOS*-KRas%!3P-GppNp complex is
superimposed on the HRas at the active site of the HRas-SOS®-HRas-GDP complex

b. Molecular interactions among G13D, K117, and N86 in the KRas®!*P-GDP complex structure
(PDB: 6E6G)

c. Molecular interactions among G12C, K117, and N86 in the KRas%'2€ structure (PDB: 6EPM)

5.3 Discussion and conclusion

The structure of the KRas®%!*P-SOS¢- KRas%!*P-GppNp complex provides mechanistic
insights into the higher binding affinity of KRas%!3P for SOS®*. The interactions between the
KRasS13P molecule at the active site and the SOS® molecule are compared with those in

complex with HRas and KRas%!2¢. G13D mutation changes the conformation of the side chains
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adjacent to the cavity binding GTP, resulting in binding GTP to a greater extent than the wild-

GI3D gplely forms

type proteins. The hypothesis is also supported by the MS analysis that KRas
the KRas%!3P-SOS-KRas®!3P-GTP ternary complex with SOS®* and can barely observe complex
engaging GDP. Besides, considering the structural similarities between the KRas%!3P-SOS-
KRas®13P-GTP and HRas-SOS-HRas-GTP, molecular interactions between Ras molecules and
SOS¢t would be similar for HRas, KRas, and KRas%!3P, Therefore, the enhanced activity of the
KRasS13P is due to the altered dynamics of the mutant protein. With negatively charged residues

adjacent to the GTP-binding pocket, the GDP is more readily detached from the KRas%!3P

protein upon completion of converting GTP to GDP, resulting in a higher exchange rate.

5.4 Methods

5.4.1 Materials
The protein samples were purified by our collaborator and sent on ice overnight. All the
samples were vitrified and screened on the date that the sample arrived. The holey carbon grids

used in this study are Quantifoil 200 mesh Cu 1.2/1.3.

5.4.2 Cryo-EM grids preparation

The KRas®!3P-SOS¢a-KRasC"3P-GppNp complex was concentrated to 8.6 mg/mL for
cryo-EM grid preparation. To reduce protein aggregation on the grids, 0.5% fluorinated octyl
maltoside (FOM) was added to the samples to a final concentration of 0.05% right before
freezing. Sample vitrification was performed using a Vitrobot Mark IV (Thermo Fisher)
operating at 8 °C and 100% humidity. A total of 3.5 pL of the sample was applied to holey

carbon grids glow-discharged for 30 seconds. The grids were blotted for 1 second at a blotting
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force 1 by standard Vitrobot filter paper (Ted Pella, 47000-100), and then plunged frozen in

liquid ethane.

5.4.3 Data collection for single-particle cryo-EM

Frozen grids were shipped to the National Center for Cryo-EM Access and Training
(NCCAT) for data collection. The dataset was acquired as movie stacks with a Titan Krios
electron microscope operating at 300 kV, equipped with a K3 direct detector camera. Images
were recorded at a magnification of 105,000x at super-resolution counting mode by image shift.
The total exposure time was set to 2.5 s with a frame recorded every 0.05 s, resulting in 50
frames in a single stack with a total exposure of around 65 electrons/A2. The defocus range was
set at -0.8 to -2.5 um (Table 5.2).

Table 5.2: Statistics of cryo-EM data collection and processing for KRas¢13P-SQS¢at-
KRas®3P-GppNp ternary complex

KRas%13P-SOS*-K Ras®!3P-GppNp complex

Microscope Krios (NCCAT)
Magnification 105,000

Voltage (kV) 300

Spherical aberration (mm) 2.7

Detector K3

Camera mode Super resolution counting
Exposure rate (¢ /pixel/s) 30

Total exposure (¢ /A?) 65

Defocus range (um) -0.8 to -2.5

Pixel size (A) 0.5325 (1.065 physical)
Mode of data collection Image shift
Energy filter 30 eV slit
Software for data collection Leginon
Number of micrographs 5,202
Symmetry imposed Cl

Box size (pixel) 192

Initial particle images (no.) 5,749,548
Particle images for 3D (no.) 2,294,620
Final particle images (no.) 1,021,288
Map resolution, unmasked (A) 3.85
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Table 5.2 continued: Statistics of cryo-EM data collection and processing for KRas¢!3P-
SOS¢- KRas®"3P-GppNp ternary complex

Map resolution, masked (A) 3.47
B-factor used for sharpening (A2?) | -162
EMD accession code Tkfz

5.4.4 Image Processing

Stack images were subjected to beam-induced motion correction by MotionCor2 [80].
CTF parameters for each micrograph were determined by CTFFIND4 [115]. The following
particle selection, two- and three-dimensional classifications, three-dimensional refinement, and
post-processing were performed in RELION-3.1 [34]. The detailed data processing flow is
shown in Figure 5.5. Briefly, particles were selected by automatic picking, using the 2D
templates generated from ~2,000 manually picked particles. Contamination and poorly-aligned
classes were disposed after 2D classification. 2,294,620 particles were selected for the initial 3D
classification using a previously reported HRas-SOS®-HRas-GDP complex (PDB: 1XD2) as a
reference model, followed by 3D refinement, post-processing, CTF refinement, and Bayesian
polishing performed on the best class. The final map for the KRas%!3P-SOS *-KRas%!3P-GppNp

complex was resolved at 3.47 A.

5.4.5 Model Building, Refinement, and Validation

Previously reported HRas-SOS“*-HRas-GDP complex structure (PDB: 1XD2) was
docked into the cryo-EM map as a rigid body using Chimera. HRas-GDP bound at the allosteric
site was replaced by aligning the KRas%'*P bound to GppNp (PDB: 6E6F) in Coot. In a similar
fashion, the HRas molecule bound at the active site was replaced by aligning KRas®'?¢ (PDB:
6EPL) followed by mutation of residues to match the KRas%!*P sequence in Coot. After these

operations, the model was manually refined using Coot followed by one round of real-space
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refinement using Phenix with secondary-structure and Ramachandran restraints. Geometry
outliers were manually fixed in Coot. The statistics of the final round of model refinement and

the model geometry are shown in Table 5.1.

a

Picked 5,749,548 particles

Two rounds of Relion
2D Classification

2,294,620 particles | 3D Classification

Class | Class Il Class llI
49.6% 26.0% 24.4%

{?r‘;

3D Refinnement

4.01 Amap -

3D classification

1,021,288 particles
i CTF Refinement

Bayesian Polishing b

0.9 = Half map 1 vs. Half map 2

0.8 Model vs. Full map
0.7

0.6
0.5
0.4
0.3

Post processing

1.0
¢ 3D Refinement
- FSC=
. =0.5

\
021 Fsc=0.143 \
0.1 \

Fourier Shell Correlation

V.

0.0 :
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0'35 0.40 0.45 0.50
Resolution (1/A)

Figure 5.6 Single-particle cryo-EM analysis for the KRas¢3P-SOS-KRas¢!3?-GppNp
complex

a. The workflow of data processing. The data was acquired at the National Center for cryo-EM
Access and Training (NCCAT) using a Titan Krios electron microscope operating at 300 KV.
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(Figure 5.6 continued) Initial motion correction was carried out using MotionCor2 . A
representative micrograph is shown along with a scale bar corresponding to 50 nm. The
following steps were performed in Relion . Representative 2D class averages are shown, with the
box edge corresponding to 170 A. After disposing contamination and poorly-aligned 2D classes,
three maps were resolved using 3D classification. Subsequent refinement and polishing were
performed on the best 3D class.

b. Fourier shell correlation curves of the half map 1 versus the half map 2 (blue), and the refined
model versus the overall map (yellow). The resolution of the reconstruction was determined by
the FSC= 0.143 criterion.
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Chapter 6 Summary and perspectives

6.1 Technical and methodological improvements of single-particle cryo-EM
analysis

Over the past decade, hardware and software developments of single-particle cryo-EM
analysis have enabled the determination of macromolecules at high resolution with routine
methods, providing many novel molecular insights into biological questions. However,
improvements can still be made in various aspects of the single-particle cryo-EM analysis
workflow.

First, the improvements of sample vitrification. Commercialization of ample preparation
devices has enabled convenient cryo-EM sample preparation. However, the increasing demand
for cryo-EM reveals some common problems of sample vitrification, for example, protein
degradation and preferential orientation problems caused by the air-water interface [116]. To
solve those problems, next-generation cryo-EM sample preparation robots, such as Spotiton
[117], VitroJet [118], and CryoWriter [119], have emerged in recent years. Their basic principle
is that robots spray proteins onto commercial or self-wicking grids in a computationally
controlled system[117]-[119]. Compared to the traditional cryo-EM sample preparation method,
the next-generation robots do not need to blot the grids with Vitrobot filter papers and plunge
freeze grids at a higher speed [116], [117], [120], [121]. These advances reduce contact of
proteins with the air-water interface and assist with protein degradation and preferred orientation
problems. Another benefit of these novel models is that fewer protein samples are needed
because they only use several nanoliters instead of microliters.

Second, lowering the cost of cryo-EM to promote its further development. Although a

boom in cryo-EM structures has been observed in recent years, a high cost of purchase and
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maintenance makes cryo-EM still prohibitive to many institutions, especially the cryo-EM
operated at 300 kV. Some research groups showed that the two-condenser lens TEMs operating
at 200 kV, less expensive cryo-EM models, are also able to produce high-resolution structures
even for proteins less than 100 kDa [122], [123]. Theoretically, some benefits are brought by the
cryo-EM operated at a lower voltage, including higher image contrast [124], a greater ratio
between the elastic and inelastic scattering electrons, and lower radiation damage. However, in
reality, the choice of the instrument still depends largely on the biological specimen itself.

Third, improvements in software for data collection and processing [125]. In terms of
data collection, image acquisition software packages such as Serial EM [126] and EPU enable
automated data collection. However, some bottlenecks, including complicated EM alignments
and a significant amount of required user intervention, remain to be solved. In terms of image
processing, the workflow has already been standardized over the last decade. But the speed and
capabilities of image processing algorithms still have much room to improve. From my
perspective, a fast and automated image processing workflow during data collection is the future

of cryo-EM data collection and processing software [127], [128].

6.2 The development of structural biology

The main target of structural biology is understanding macromolecules’ roles in
organisms. While we can understand the roles of proteins, the information we obtain from single-
particle cryo-EM analysis lacks spatial and temporal dimensions. I think the future of cryo-EM is
to observe protein structures at atomic resolution in real-time inside the cell.

From my perspective, to understand proteins’ roles in cellular events, cryogenic electron

tomography (cryo-ET) [129], an imaging technique providing three-dimensional views of
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samples, has also been developed very fast recently. In a cryo-ET study, a cell, tissue, or
organism, flashed frozen and thinned to an appropriate thickness, is imaged using EM. Similar to
cryo-EM, the sample is in a close-to-native state. The sample can be tilted in the EM with images
captured at different angles. Then, the images are aligned and merged to reconstruct a tomogram
using computational techniques.

Static structures of proteins provide limited information on how proteins function. Time-
resolved structural biology studies shed light on how the conformation of proteins evolves as it
executes their function. Recently, time-resolved X-ray crystallography [130], [131] has provided
some undoubtedly impressive results. This technique successfully incorporates time as a fourth
dimension to visualize the reactions of proteins. The reaction is first triggered in the protein
crystal before X-ray exposure, then the diffraction patterns of the crystals are collected at
different time delays.

Besides experimental methods, structural biologists are now better equipped with
structural prediction platforms. AlphaFold2 [51], an Al system developed by DeepMind, is a
machine learning method incorporating physical and biological knowledge about protein
structure. It provides more confident prediction results of proteins based on their sequences than
previous structural prediction platforms. AlphaFold2 not only predicts the proteins at apo state
but also their complexes with other proteins. Although AlphaFold2 has improved drastically, its
applications are still limited [132], [133]. First, AlphaFold2 cannot predict structures of proteins
with small molecules, the fundamentals of drug discovery. Second, AlphaFold2 can only predict
a single state, but not all conformations of proteins. Third, AlphaFold2 cannot identify the
differences between protein variants with mutations. Taken together, AlphaFold?2 still has much

space to develop and improve.
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