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ABSTRACT

Nearly half of clinically used antibiotics target ribosome, the vital translational
machinery for bacterial survival. In this dissertation, we studied the translational
regulation and antibiotic resistance in Mycobacterium tuberculosis (Mtb) to better
understand persistency and provide insights for novel drug design. Firstly, we used cryo-
electron microscopy (cryo-EM) and X-ray crystallography to systematically study an
ATP-binding cassette F (ABCF) protein MtbEttA, which is possibly involved in
translational control and antibiotic resistance. High-resolution cryo-EM structures of the
Mtb ribosome in complex with MtbEttA at the pre-hydrolysis and transition states of the
protein's ATPase cycle were solved. Surprisingly, an asymmetric engagement of
conserved motifs around the two ATP binding sites and increased flexibility around the
peptidyl transferase center (PTC) were observed in the pre-hydrolysis state. Different
degrees of ribosomal intersubunit rotation were found between the pre-hydrolysis state
and transition state. A crystal structure of a domain-swapped MtbEttA dimer bound to
ADP illustrated the open conformation of the protein, showing a conformational change
of nucleotide-binding domains (NBDs). These structures collectively shed light on the
interplay between the ribosome and ABCF along the ATP hydrolysis trajectory.
Secondly, we focused on the hibernation promoting factor Mpy, which is involved in
ribosomal inhibition during stationary growth only when zinc is depleted in the cell. We
found that the C-terminal domain of Mpy aggregated upon binding to zinc molecules,

suggesting a zinc-controlled switch-mechanism. Finally, in collaboration with Sanofi,



we performed cryo-EM studies that revealed the structural mechanism employed by the
novel antibiotic sequanamycin (SEQ-9) to overcome A2296-methylation induced drug
resistance. A pivotal modification of the desosamine sugar in SEQ-9 was revealed,
which avoided steric clashes with the methyl group of A2296, permitting high binding
affinity to be retained. Our atomic-resolution structure of Mtb ribosome should also

provide the foundation for future drug design.
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CHAPTER |

INTRODUCTION

1.1 Tuberculosis, a long-lasting pandemic

In the midst of a global pandemic, what the year 2020 left us was a grave
reminder. It is about the vulnerability of human life, the necessity of scientific
communication, and the inequality of our society. Although the development of vaccines
against COVID-19 was at an unprecedented pace, the death toll has surpassed 1.7
million worldwide as of December 2020 (1). With more than 3 million projected deaths
(2), COVID-19 is neither the first nor the last pandemic to test humankind. Historically,
pandemics caused by viruses usually last for one to three years. However, bacteria-
induced pandemics can last for decades and recur even centuries later (3).

Tuberculosis (TB), a highly infectious disease caused by the aerosol
transmissible bacteria Mycobacterium tuberculosis (Mtb), has been documented since
three thousand years ago (4). Even today, 1.4 million people died from TB, and an
estimated 10 million fell ill with TB worldwide in 2019 alone (5). TB remains one of the
top 10 causes of death and the leading cause of death from a single infectious agent
worldwide. TB is also the leading killer of people with HIV/AIDS, claiming over 25%
of the lives of people with HIV (5) (6) (7). Although the occurrence of TB in Europe and
North America is low nowadays, it was responsible for almost 25% of all the deaths
during the 1600s and 1800s (8). In 2019, 87% of new TB cases were from the 30 high

TB burden countries. The leading eight countries responsible for two-thirds of the total



cases are India, Indonesia, China, the Philippines, Pakistan, Nigeria, Bangladesh, and

South Africa (5) (Fig 1).
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Figure 1 TB incidents in the leading eight countries in 2019

1.1.1 The treatment burden for TB

Although there were tremendous efforts in eliminating TB since Dr. Robert Koch
identified the bacterium Mycobacterium tuberculosis as the cause in 1882 (9) (10), the
prevention and treatment for TB remain challenging even today. The development of
vaccines against TB started in the early 20" century. However, only one vaccine, Bacille

Calmette-Guérin (BCG), is available with controversial results regarding its efficacy



(11). Diagnoses of TB have evolved from looking for the bacilli under a light
microscope to more convenient and robust tests, including chest X-ray, skin and blood
test (12) (13) (14). Currently, the treatment for drug-susceptible active TB involves a 6-9
months regimen using first-line antibiotics, including isoniazid (15), rifampin (16),
ethambutol (EMB), and pyrazinamide (PZA). Isoniazid and rifampicin are used
throughout the regimen, with ethambutol and pyrazinamide in the first 18 weeks of
treatment (17). However, the outcome could be compromised by poor adherence and
antibiotic resistance, mainly due to the inadequate treatment of active TB (18). Such a
prolonged treatment also imposes a financial burden on patients, especially those in
developing countries (19).

There are two types of TB, Latent TB Infection (LTBI) and TB disease (20). The
world health organization (WHO) estimated that nearly one-quarter of the world's
population (1.8 billion) have LTBI. Although people with LTBI neither show any
symptoms nor spread active Mtb bacilli, there is a 5-10% chance for those individuals to
develop active TB (21) (22). Due to the large base number of people with LTBI, the
potential number for active TB could be devastating.

One of the standard features of successful pathogens is their ability to escape
from the human immune system and then resurface decades later (23) (24). Upon
infection, active Mtb bacilli are phagocytized by alveolar macrophage and resident
dendritic cells. Granuloma, a focal collection of inflammatory cells with specific
architectural structures in humans, is formed after the bacilli-containing macrophages

and lymphocytes migrate to the primary infection site. Bacterial growth increases
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logarithmically in the granuloma and then reaches a plateau coincident with T cell
response (25) (26). Maintenance of the granulomas is considered a dynamic process of
continual immunologic control and a physical barrier of bacterial replication (27).
Approximately 5% of infected individuals will disseminate active Mtb bacilli
from granuloma in the first year or two after infection, and another 5% will develop the
disease sometime later in life (28). Around 90% of the time, Mtb bacilli will be
contained in the granuloma in a dormant non-infectious form. The treatment is
recommended to prevent latent TB from developing into active TB (29) (30). Current
remedies for LTBI include prolonged regimens: 6 or 9-months isoniazid; 12-weeks
rifapentine plus isoniazid; 3-4 months isoniazid plus rifampicin; or 3-4 months
rifampicin alone. However, due to isoniazid's lengthy treatment and side effects, the
effectiveness has been limited by low treatment acceptance and completion (31) (32).
Regular monitoring of isoniazid treatment is required due to the severe but rare risk of
hepatotoxicity. Other less severe side effects, including nausea, fatigue, and headaches,

could also hinder the treatment (33) (34).

1.1.2 Morphology and genetics of Mycobacterium tuberculosis

M. tuberculosis belongs to the diverse family of Actinobacteria, a rod-shaped
bacterium about 2-4 um in length and 0.2-0.5 pum in width. Although Mtb is classified as
a Gram-positive bacterium based on 16S ribosomal RNA sequence comparison (35), it
stains very weakly Gram-positive or not at all when a Gram stain is performed (16).

Morphologically, it is neither Gram-positive nor Gram-negative due to the unique cell
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wall composition (Fig 2). The waxy cell wall of Mtb contains peptidoglycan, while over

60% are complex lipids, including mycolic acids and cord factor (36) (37).
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Figure 2 Cell wall structure of Mtb

Mycolic acids are unique long-carbon-chain (60-90 carbon atoms) alpha-
branched lipids, which make up to 50% of the mycobacterial cell envelope's dry weight
(38) (39). Due to the strong hydrophobic properties of mycolic acids, the cell surface of
Mtb shows low permeability. It contributes to the resistance of cationic proteins,
lysozyme, and oxygen radicals in the phagocytic granule (40) (41). Trehalose-6,6-
dimycolate (TDM), the mycobacterial cord factor, is the primary cell wall lipid that has
long been known to contribute to the virulence of Mtb (42). TDM is an inhibitor of
polymorphonuclear leukocyte migration and sufficient to cause granuloma formation by
itself (43). The unique properties of mycolic acid and cord factor in the cell wall have
been associated with the persistency of Mtb, including resistance to many antibiotics,

acid-fastness, and survival inside of macrophages (44) (45).
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The whole-genome sequence of Mycobacterium tuberculosis H37Rv was
obtained and analyzed in 1998 (46). As the best-characterized laboratory strain, the
genome of H37Rv contains 4,411,529 base pairs, with an average of 65.61% GC
content. Initially, around 4,000 genes were annotated. However, the growing knowledge
of the unique properties of translation in mycobacteria may give rise to many
unannotated genes (47). Genetic analysis revealed many unique aspects of Mth. For
example, ~250 distinct enzymes involve fatty acid metabolism in Mtb, five times more
than those in Escherichia coli (E. coli). There is only one rrn operon in Mtb, while seven
are present in E.coli. Remarkably, 79 toxin-antitoxin systems are found in the Mtb

chromosome (46).

1.2 Translational regulation in Mycobacterium tuberculosis
1.2.1 Unique features of Ribosome from Mth

Ribosome, the vital molecular machinery consisted of RNAs and dozens of
proteins, is responsible for protein synthesis in all three domains of life. Although
ribosomes’ central function in prokaryotes and eukaryotes is the same, their structures
and regulations are diverse (48). Species-specific features of ribosomes, even among
prokaryotes, are often observed (49) (50) (51). Mycobacterial ribosomes have many
unique components, such as ribosomal RNA (rRNA) expansion segments (ES),
ribosomal proteins (rProteins), and ribosomal factors (rFactors), whose structures and
functions are not yet fully characterized. Previously, we used cryo-EM to explore the

unique features of the Mtb ribosome (49).



The prominent unique feature of Mtb ribosome is a 100-nt long ribosomal RNA
(rRNA) expansion segment (ES), named H54a or "handle.” (Fig. 3) The handle spans
between the L1 stalk and the small subunit (SSU) in the 70S and has interactions with
ribosomal proteins bL9 and bS6. The significant flexibility of handle on the 70S was
observed based on cryo-EM structures. Moreover, its motion is found to be correlated
with the movement of the SSU and L1 stalk. Interestingly, the handle on the 50S rotates
almost 40° toward the 30S-interacting interface, potentially blocking the formation of
70S. Furthermore, it has stable interactions with H68 of 23S rRNA and ribosomal

protein uL2, with little structural variability.

Figure 3 Structure of Mtb ribosome

The large subunit (50S) is colored in cornflower blue (23S rRNA and 5S
rRNA) and light blue (50S rProteins). The small subunit (30S) is colored in tan (16S
rRNA) and light yellow (30S rProteins). The handle is colored in red.

The handle's function needs further investigation, while some speculations can be

made according to the structure. Firstly, translational initiation could be unique as the



handle on the 50S could potentially prevent 30S from joining to form 70S. Secondly, the
handle's position on the 70S is close to the mMRNA exit site, which may interfere with the
ribosome's elongation cycle and polysome formation.

Other unique features of Mtb ribosome are the newly identified ribosomal
proteins: bS22 and bL37. The first new protein, bS22, is about 30 amino acids long. It is
located in a pocket, formed by h44 and h45 of the 16S and H67 and H69 of the 23S.
While the highly conserved pocket is empty in ribosomes from E.coli and other bacteria,
an a-helical protein, eL41 or mL41, is present in eukaryotic cytosolic ribosomes or
mitoribosomes, respectively. There is a high structural similarity between mL41 and
bS22. The second protein, bL37, locates close to the peptidyl transferase center (PTC),
in a position that no protein has been observed in any bacterial, archaeal, yeast, or
mammalian ribosomes. One end of the helix in bL37 is close to H89, a critical

component of the PTC.

1.2.2 Innate properties of Mtb ribosome

M. tuberculosis belongs to the slow-growing bacteria, with a doubling time of
around 20 hours (52). Its non-pathogenic relative, Mycobacterium smegmatis (M.
smegmatis), has a doubling time of around 2 hours (53). The growth rate for
mycobacteria is notably slower compared to E. coli, which has a doubling time of
around 20 minutes. It is speculated that one of the contributions to the slow growth rate
is the lower translational efficiency of mycobacterial ribosomes. However, M. smegmatis

ribosome's biochemical characterization showed comparable initiation and elongation
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kinetics to E. coli ribosome (54). Mtb ribosome's translational efficiency is also
comparable to E. coli ribosome based on our in vitro translation assays. A more
plausible explanation regarding the growth rate could point to the different numbers of
ribosomes present in a cell. In E. coli, around 72,000 ribosomes are present per cell,
which account for over 1/3 of the cell's dry mass (55). However, only on average 700
ribosomes are estimated per cell in Mtb (56). The significantly smaller number of
ribosomes per Mtb cell could devote to its slow growth rate.

Despite the slow growth rate, ribosomal profiling of Mtb and M. smegmatis
revealed that almost 25% of all the transcripts are leaderless (47), which by definition do
not contain Shine-Dalgarno (SD) sequence and a 5’ untranslated region (57). The results
indicate that ribosomes from Mtb and M. smegmatis have the intrinsic ability to translate
leaderless mMRNA. Canonically, a 30S pre-initiation complex is formed by joining
MRNA, the three initiation factors (IFs), and the initiator tRNA (N-formylmethionine-
charged tRNA) to the small ribosomal subunit during translational initiation (58). In
prokaryotes, the binding of mMRNA to 30S is mediated by the direct interactions between
the SD sequence of mMRNA and the anti-Shine-Dalgarno (aSD) sequence of 16S rRNA
(59). However, translating leaderless mRNA involves an alternative mechanism. In E.
coli, pre-formed 70S ribosomes are required to bind leaderless MRNA first and then
joined by initiator fMet-tRNA™etand initiation factors IF2 and IF3 (60). The ratio of IF2
and IF3 is the determining factor in the efficiency of initiating leaderless mMRNAs, with
higher relative concentrations of IF2 promoting leaderless translation (61). Nevertheless,

the mechanism of leaderless MRNA translation in Mtb is yet unexplored.
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1.2.3 Stress-induced factors involved in translational regulation in Mtb

Since Mtb is contained in the granuloma in the latent infection, its ability to
transform to and maintain the dormant form is critical for survival (Fig). To study the
metabolic state of Mtb during latent infection, an in vitro method, namely the "Wayne
model"” pioneered by Lawrence Wayne, is widely used (62). In this model, Mtb cells are
inoculated at a low density in a sealed tube. A non-replicating and dormant state of Mtb
is achieved with stirring and slowly consuming oxygen until the culture is anaerobic
(63). And then, the constant-hypoxia model is used to look at dormant Mtb that is
maintained at a 0.2% oxygen tension in culture flasks (64). An important dormancy
survival (Dos) regulon consisted of at least 48 genes appears to be essential for hypoxic
survival in mycobacteria (65). It is regulated by the response regulator DosR. Previous
studies have found that the ribosome-associated factor under hypoxia (RafH) controlled
by DosR is the primary factor responsible for the ribosomal stability in hypoxic

mycobacteria (66).
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Figure 4 Ribosomal stress response in bacteria

Like RafH, which contains the conserved ribosome-interacting S30AE domain,
mycobacteria-specific protein Y (Mpy) shows a unique aspect of translational regulation
in Mth. Mpy was previously named ribosome-associated factor during stasis (RafS),
indicating its role during stationary growth (66). The dimerization of 70S ribosome
(100S), often observed in stationary growth (67), is promoted by the binding of
hibernation factors, which are homologs of Mpy. However, in mycobacteria, 100S is not
present in the stationary growth phase, suggesting a different ribosomal inhibition

mechanism by Mpy (66). Previous research reported that Mpy only binds the ribosome
11



when cellular zinc is depleted (68). Its function also requires the Mpy recruitment factor
(Mrf). A follow-up study revealed that the hibernation of mycobacterial ribosome
requires an active caseinolytic protease (Clp) system, where the Clp protease system
destabilizes the zinc-bound Mrf. Therefore, zinc-depletion is required to maintain the
presence of Mrf (69). However, further research is needed to explore Mpy and Mrf's
biophysical properties and the detailed mechanism of Mrf-mediated recruitment of Mpy
to the ribosome.

Mtb genome possesses an unusually high number of toxin-antitoxin modules,
involving many different cellular processes (46). Toxin-antitoxin modules that belong to
the mazEF family canonically act on the cleavage of selective mRNA, known as
"mRNA interferases.” (70) However, the intracellular toxin MazF from Mtb has an
additional role as a translational inhibitor that cleaves 23S rRNA at the ribosomal A site
(71). Also, the antitoxin gene mazE-mt6 encoding the antitoxin MazE is up-regulated

during nutrient starvation (72).

1.3 Antibiotic resistance in Mtb
1.3.1 Anti-TB drugs and resistance mechanism

An estimated 60 million lives were saved because of improved diagnosis and
treatment since the WHO determined to end TB by 2030. However, drug resistance
strains emerged due to inappropriate antibiotic usage, incorrect prescription, low quality,
and premature treatment termination (73). Multidrug-resistant tuberculosis (MDR-TB) is

a form of TB caused by bacteria resistant to at least rifampicin and isoniazid, the two
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most effective first-line drugs. Extensively drug-resistant (XDR)-TB has also been
identified as resistant to any fluoroquinolone and at least one of the injectable second-
line drugs (74). Besides, some Mtb strains have been found resistant to all antibiotics
available for testing, which are labeled as totally drug-resistant (TDR)-TB (75). About
206,030 cases of MDR-TB were reported in 2019, around a 10% increase from 2018.
With only a 57% treatment success rate, MDR-TB remains a public health crisis and a
health security threat (76).

First-line and second-line anti-TB drugs have been used clinically, targeting
various molecular machinery of Mtb. Unfortunately, resistance has emerged toward each

one of them (77) (Table 1).
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Table 1 Anti-TB drugs

First-line drugs Drug target Resistance mechanism

Isoniazid Enoyl reductase Mutations
in katG and inhA or its
promoter region

Rifampicin RNA polymerase Mutations on 507-533 of

the rpoB gene
Pyrazinamide Pyrazinamidase Mutations in the gene pncA
Ethambutol Arabinosyl transferase mutations at

position embB306
Streptomycin Ribosome Mutations in rpsL and rrs
Second-line drugs Drug target Resistance mechanism
Quinolones DNA gyrase Mutations in gyrA or gyrB
Capreomycin Ribosome Mutations in the tlyA gene
Kanamycin/Amikacin Ribosome Mutations in 1400 and

1401 of the rrs
Ethionamide Enoyl-ACP reductase Mutations

in etaA/ethA, ethR, and

inhA

Para-aminosalicylic acid Thymidylate synthase A Mutations in folC

1.3.2 Ribosome is a successful antibiotic target
In the first-line anti-TB drugs, only streptomycin targets ribosomes. The
resistance quickly appeared since streptomycin was first introduced, resulting in its

absence in the routine treatment regime. However, the ribosome is a widely used drug
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target. Almost half of the clinically prescribed antibiotics target different translational

processes (78) (Table 2).

Table 2 Antibiotics that target the ribosome

Antibiotics targeting ribosome Mechanism of action

Macrolides, Clindamycin, Block the polypeptide exit tunnel on the 50S to

Streptogramins prevent chain elongation

Chloramphenicol Bind to PTC and inhibit the formation of peptide
bond

Linezolid Bind to 50S and prevent the formation of 70S

Tetracyclines Bind to 30S and interfere with the binding of

tRNA to the ribosome

Aminoglycosides Bind to 30S and cause misreading of mMRNA,;
Interfere with the interaction between mRNA and
30S in the initiation complex

1.3.3 Intrinsic resistance to macrolides in Mtb

The unsuccessful application of ribosome-targeting antibiotics to combat Mtb is
owing to its complex cell wall structure and the intrinsic resistance mechanism. Notably,
Mtb is intrinsically resistant to macrolides, a class of cornerstone drugs used in bacterial
infections (79). The expression of gene erm(37), encoding a methyltransferase that
functions on the macrolides binding pocket, is induced upon Mtb is incubated with

macrolides. Interestingly, the induction mechanism of erm(37) in Mtb is different from
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that of erm(C) in Bacillus subtilis. The mMRNA of erm(C) contains a sequence encoding a
leader peptide, which will trap the ribosome when the subinhibitory concentration of
erythromycin is used. It will then change the secondary structure because of the stalled
ribosome on its leader sequence, resulting in the exposure of the start codon of erm(C).
Therefore, another ribosome will initiate the translation of protein Erm(C) (80).
Nevertheless, no leader sequence is identified in the upstream of erm(37) mRNA,
indicating a different mechanism. It is suggested that the whiB7 regulates the expression
of erm(37). However, the detailed mechanism is unclear (81).

The specificities of both enzymes are also different. Erm(C) catalyzes the
dimethylation of A2058 in 23S rRNA with high specificity (82). In contrast, Erm(37)
primarily catalyzes the monomethylation of A2296 (A2058 in E.coli numbering) while
potentially attaches additional methyl groups to the neighboring nucleotides A2295 and
A2297 (83). Nonetheless, the consequence is that the induction of both

methyltransferases leads to macrolides and ketolides resistance.

1.3.4 Direct ribosome protection proteins against antibiotics

In recent years, antibiotic resistance by the ATP-binding cassette F (ABCF)
proteins through direct ribosome protection was brought into the limelight (84) (57) (85)
(86) (87) (88). This previously recognized but underappreciated mechanism is
fundamentally different from the antibiotic resistance mediated by the efflux pumps and
ABC transporters. ABCF proteins belong to the ABC superfamily but lack the

transmembrane domains. Different ABCF proteins are responsible for the resistance to a
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Figure 5 Structural differences between EttA and VmIR (antibiotic
resistance ABCF)

The structure of EttA is superimposed with the structure of VmIR. The
domain architecture is shown on the left. Circles indicate the general difference
between EttA and antibiotic resistance ABCF.
specific class of antibiotics in many pathogenic bacteria (Table 3). Several biochemical
and structural studies of antibiotic resistance ABCFs emphasize the importance of the P-
tRNA interacting motif (PtIM), which inserts into the peptide exit tunnel to directly
displace the bound antibiotics (85) (86).

Three ABCF proteins are found in Mtb, including Rv2477c, Rv1437, and
Rv1667c/Rv1668c. However, they are homologs to energy-dependent translational
throttle A (EttA) protein (89) (90). The significant difference between antibiotic
resistance ABCF protein and EttA-like protein is the length of PtIM. Antibiotic
resistance ABCFs have significantly longer PtIM than EttA-like ABCFs (Fig. 5).
Therefore, whether EttA-like ABCFs also have antibiotic resistance properties is in

question.
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Table 3 Antibiotic resistance ABCFs

ABCF protein Species Resistance
Vga(A) Staphylococcus aureus streptogramins (group A),
Vga(A)v Staphylococcus aureus lincosamides,
Vga(C) Staphylococcus aureus pleuromutilins
Vga(E) Staphylococcus aureus
Vga(B) Staphylococcus aureus
Vga(D) Enterococcus faecium
Msr(A) Staphylococcus aureus macrolides, ketolides,
Msr(C) Enterococcus faecium streptogramins (group B)
Msr(D) Streptococcus pyogenes
Msr(E) Pasteurella multocida
VmIR Bacillus subtilis streptogramins (group A),
Lsa(A) Enterococcus faecalis lincosamides,
Eat(A)v Enterococcus faecium pleuromutilins
Lsa(C) Streptococcus agalactiae
Lsa(B) Streptococcus sciuri
Lsa(E) Streptococcus aureus
Sal(A) Streptococcus sciuri
OptrA Enterococcus faecium oxazolidinones, phenicols
LmrC Streptomyces lincolnensis specific to the antibiotic
VarM Streptomyces virginiae produced by each species?
OleB Streptomyces antibioticus
TIrC Streptomyces fradiae
SrmB Streptomyces ambofaciens
CarA Streptomyces themotolerans

1.4 Introduction and development of cryo-electron microscopy

We employed cryo-electron microscopy (cryo-EM) to study the Mtb ribosome'’s
structure and its interacting factors to shed light on the molecular mechanism of
translational regulation. We also provided the blueprint for structure-based drug design

by solving high-resolution cryo-EM structures of Mtb ribosome bound with novel
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antibiotics. Unlike X-ray crystallography and nuclear magnetic resonance (NMR), cryo-
EM directly visualize macromolecules and computationally reconstruct them into three-
dimensional (3D) structures. Just as Richard Feynman once said, “it is very easy to

answer many of these fundamental biological questions; you just look at the thing!” (91)

Ever since the invention of the light microscope in the 17™ century, tremendous
scientific discoveries have been achieved, from discovering microscopic pathogens to
super-resolution light microscopy (92). However, the resolution of a light microscope is
limited by the light wavelength, which is hundreds of nanometers. Although super-
resolution light microscopy can exceed the physical resolution of a light microscope to a
couple of nanometers, it is still far behind the resolution required and not suitable for
studying the 3D structures of macromolecules inside a cell. In contrast, electron
microscopes, which use accelerated electrons to produce images rather than light,
provide sufficient physical resolution to visualize biomolecules at atomic resolution.

In order to image macromolecules under an electron microscope, several
methodological barriers have to be overcome. First, the biological samples are
susceptible to high-energy electrons, potentially damaged by the electron beam. An early
attempt to address this problem was using heavy metal solutions to stain samples before
imaging (93). The staining agent like uranyl acetate will cover and cast the sample,
generating a high-contrast image that appears reversed. This method is referred to as
negative staining, which reduces the radiation damage problem. However, due to the
heavy atom salt's grain size, the resolution limit of negative staining is around 20 A (94),

far from resolving even the secondary structure. Ken Taylor and Robert Glaeser
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demonstrated the revolutionized approach to address the radiation problem in 1974 (95).
By preserving samples in the liquid nitrogen temperature, the frozen-hydrated samples
are more resistant to radiation damage and preserved with high-resolution features.
Although the idea of reducing radiation damage using ultra-low temperature was
pioneered in X-ray crystallography (96), this work initiated the field of cryo-EM.
Following the discovery, Dubochet and colleagues developed a practical method for
vitrification of samples (97) (Fig 6 ). A sample is first applied on the cryo-EM grids and
then blotted away by filter papers, leaving a thin layer of the sample. The thin layer of
the sample is then rapidly plunged into liquid ethane. Due to the large heat capacity and
close to melting point temperature (-188 °C) of liquid ethane, the water in the thin layer
of the sample could not form crystalline ice, resulting in a vitrified state. The sample's
vitrification is critical for imaging, as it will prevent the sample from being damaged by
crystal ice formation and significantly decrease the background noise. Although there
are different commercially available cryo-EM sample preparation apparatuses nowadays,
the concept of rapid-freezing follows Dubochet and colleagues' research 30 years ago.
The improvement of modern cryo-EM sample preparation focuses on the sample

deposition methods, high-throughput, and time-resolving capability (98) (99) (100).
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Figure 6 Cryo-EM sample preparation using vitrobot

The second obstacle was the low-contrast image obtained using the electron
microscope. Due to biological samples' inherent properties as "soft matters," they
inefficiently diffract the electrons. Although the samples are preserved at liquid nitrogen
temperature, they are still vulnerable to the electron beam. Therefore, only a low
electron dose can be used to image the sample before any radiation damage, resulting in
even lower contrast. In the 1970s-1980s, Richard Henderson and his colleagues worked
around this problem by studying the 2D crystals of bacteriorhodopsin, using electron
diffraction patterns to calculate one of the first 3D atomic structures membrane protein
(101). However, this method is not generally applicable as the majority of proteins
cannot form 2D crystals. Another way to improve the quality of an EM image is to
develop better recording devices. Historically, EM images were recorded on
photographic films, with labor-intensive post processes like film development and
scanning. The usage of CCD cameras later greatly improved productivity, however, at

the expense of image quality. The direct electron detectors (DEEs) (102) were recently
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developed with high detective quantum efficiency (DQE) to enhance the signal-to-noise
ratio. The DEEs can also record images at an ultra-fast frame rate, about 1,500 frames
per second with the latest K3 camera. With the capability to record a movie instead of a
single image, the motion correction algorithm was first introduced by Niko Grigorieff in
2012 to improve the quality of EM images (103).

The third challenge was the development of a robust 3D reconstruction
algorithm. The first 3D reconstructed structure from EM images was the T4
bacteriophage tail, by David DeRosier and Aaron Klug using helical reconstruction in
1968 (104). In the late 1970s, Joachim Frank and colleagues proposed the idea of
"single-particle™ reconstruction for the protein samples displaying randomized
orientations on an EM grid (105) (106). The key to single-particle cryo-EM 3D
reconstruction was developing computational tools to define the relative orientations of
the 2D projection images. Different algorithms have been implemented to tackle the
problem. Pawel Penczek and Frank proposed the "projection matching™ approach, where
each 2D particle image is compared with different views of a 3D reference based on a
cross-correlation criterion (107). Another method to determine the orientation of 2D
projections is based on the “common line” theorem, in which each pair of 2D projections
shares a “common line” in the 3D Fourier space. Since then, different software packages
have been developed, including Spider, Imagic, and EMAN (108) (109) (110). Frealign
focuses on the 3D refinement procedure (111). More recently, RELION (112) and

cryoSPARC (113) are the dominant software in the field due to their 3D classification
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capability to separate heterogeneous conformations and GPU-acceleration to
significantly reduce the computing time.

Apart from overcoming the bottlenecks mentioned above, another significant
improvement is the high-throughput data collection for single-particle cryo-EM. With
the ultra-fast camera and well-implemented data collection software like SerialEM
(114), Leginon (115), and EPU (Thermo Fisher Scientific), the daily outcome could
reach ~8,000 movie stacks. With current software and hardware set up, getting
thousands of micrographs for different specimens in a day is within reach. Therefore the
pre-screening of cryo-EM grids in a low-end electron microscope remains necessary for
efficient data collection. The newly released 100kV electron microscope Tundra is
suitable for the need and provides a path to democratize cryo-EM.

As single-particle cryo-EM is gaining popularity, rapidly overtaking X-ray
crystallography as a mainstream method for protein structure determination, the
development of cryo-electron tomography (cryo-ET) is also substantial (116) (117). In
cryo-ET, the same area of the specimen is imaged at different tilting angles to obtain
information from various orientations. 3D reconstruction of the imaged area is then
performed by back projecting all the 2D images. All the hardware developed for single-
particle cryo-EM applies to cryo-ET, except the sample preparation procedure. As cryo-
ET is mainly used to provide the structural information in situ, the thickness of a thin-
sliced and frozen-hydrated cell is critical for the images' quality. Nowadays, cryo-
focused ion beam (cryo-FIB) milling is used to generate the lamellae (118). Although it

is still labor-intensive and a work-of-art to prepare lamellae, the field has already started
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implementing automated cryo-FIB (119)—for example, the Aquilos 2 from Thermo
Fisher Scientific. The cryo-ET's data collection routine has also been updated, including
using a tilted beam to rapidly collect tomograms (120). Although it is well-accepted that
resolving atomic structures in situ is the future of structural biology, many technical

barriers are needed to be overcome.
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CHAPTER II

THE MECHANISM-OF-ACTION OF AN ABCF PROTEIN MTBETTA

11.1 Introduction

ATP-binding cassette F (ABCF) proteins are widely spread among bacteria and
eukaryotes, with dozens of distinct groups (57) (121). Although they belong to the
universal ABC transporter superfamily, the lack of transmembrane domains makes them
unlikely to function as transporters (122) (123) (87). Indeed, a variety of ABCF proteins
are found to be involved in different aspects of protein synthesis. The early search of
ABCFs revealed that one ABCF, the eukaryotic Elongation Factor 3 (eEF3), has
potential roles in E-site tRNA release and ribosome recycling (124) (125). Later, more
ribosome-associated ABCFs were discovered in eukaryotes, many of which have been
proposed to be involved in the stress response (126), translation initiation, ribosome
biogenesis, and quality control (127) (128) (86). In prokaryotes, the first structurally
determined ABCF protein, EttA from Escherichia coli, was found to bind to the
ribosome and “throttle” the translation depending on the ATP/ADP ratio (90) (89).
Interestingly, a subset of bacterial ABCF proteins has been identified to reduce the
efficacy of a diverse range of clinically used antibiotics and are classified into different
groups according to the types of antibiotics they resist (123) (87). In recent years, direct
protection of ribosome against antibiotics by antibiotic resistance (ARE) ABCFs has

stepped into the limelight, which is supported by biochemical and structural studies of
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various AREs, disfavoring the previous idea that they function as efflux pumps (123)
(84) (86) (85).

ABCFs are generally composed of two tandem nucleotide-binding domains
(NBDs) connected by a linker of ~60-100 amino acids (129) (57). Despite various
lengths in the linker region, distinct variations among ABCFs include an extra N-
terminal domain, the insertion of an “Arm” domain within the first NBD (NBD1), as
well as a C-terminal extension (57). Like other members in the ABC superfamily, most
ABCFs are ATPases with highly conserved ATP binding/hydrolysis motifs, albeit with
variations of the aromatic residue at the A-loop within NBD1 (90). The two NBDs
interact with each other in a head-to-toe fashion, sandwiching two ATP molecules.
Movement between NBDs during ATP hydrolysis, referred to as a “clamping motion,” is
anticipated based upon available structures of different ABCs in different nucleotide-
bound states (130) (131) (132). The ATPase activity is essential for their functions (133)
(134) (84). However, the knowledge of the cooperativity between the two ATP binding
sites and the effect on its function is limited.

Structural investigations about the mechanism-of-action of ABCFs have been
primarily focused on AREs, such as MsrE (resistant to macrolides, streptogramin B,
ketolides) and VmIR (virginiamycin M and lincomycin resistance) (86) (85), and the
non-ARE ABCF, the E. coli EttA (90) (89). The mechanism of antibiotic resistance by
MSsrE is proposed as direct dispersion of the antibiotics from the ribosome, due to the
steric clash between the tip of the linker and the antibiotics, as well as the

conformational change of CCA tail and acceptor stem of P-site tRNA upon the binding
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of MsrE, both emphasizing the importance of the length of the linker. However,
structural and mutational studies of VmIR also provided evidence of allosteric effect
toward drug binding, which could serve as an alternative mechanism for reducing the
drug efficacy (85). Of note, the linker of most AREs is significantly longer than that of
EttA-like ABCFs. A crystal structure of EttA dimer in the nucleotide-free state and a
low-resolution cryo-EM structure of a monomeric EttA mutant in complex with the
ribosome in the ATP-bound state are available (89) (90). Nevertheless, the detailed
understanding of the structure-function relationship of EttA is limited due to the lack of
critical structures during its ATP hydrolysis. Therefore, high-resolution structures of
EttA at different states during ATP hydrolysis and its interaction with the ribosome are
needed to better understand its function.

Rv2477c¢ from Mycobacterium tuberculosis (Mtb) is an EttA-like ABCF protein
(135), which was previously mistaken as an efflux pump (136) (137). Unlike EttA from
E. coli, the Mtb Rv2477c (termed as MtbEttA from now on) is essential based on
saturating transposon mutagenesis (138) and has been found to respond to antibiotic
treatment (139) (140). MtbELttA could be a potential drug target in Mtb, the pathogen
leading to ~2 million deaths worldwide annually (5). We used in vitro translation assay
to evaluate the function of MtbEttA (Fig. 3). Although MtbEttA cannot provide
erythromycin resistance, the increased translational activity at a low concentration of
erythromycin indicates translational enhancement. Indeed, studies of EttA from E. coli
suggest that it can promote the first peptide bond formation on the ribosome. To better

understand how MtbEttA enhances the translation, we conducted the structural analyses
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between the Mtb ribosome and MtbEttA along its trajectory of ATP hydrolysis. We
determined high-resolution cryo-EM structures of Mtb ribosomes in complex with
MtbELttA in the pre-hydrolysis (ADPNP) and transition (ADP-VOg) states. We also
solved a crystal structure of MtbEttA alone in the post-hydrolysis (ADP) state. We
observed an asymmetric engagement of conserved motifs around the two ATP-binding
sites and the alternation of stereochemistry around peptidyl transferase center (PTC),
both of which are correlated with the intersubunit rotation in the pre-hydrolysis state.
Different degrees of ribosomal intersubunit rotation is observed between the pre-
hydrolysis and the transition states. Moreover, the crystal structure of domain-swapped
MtbEttA dimer with ADP is in an “open” conformation, in which the two NBDs are
apart from each other, not able to tightly encapsulate the nucleotides. These structures

reveal the interplay between the ribosome and MtbEttA during its ATPase cycle.
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Figure 7 Effect of MtbEttA on erythromycin 1C50 using in vitro translation
assay

Relative light units (RLU) are recorded due to the production of
nanoluciferase in the in-vitro tranlsation system. A series of erythromycin
concentration (0.04nM-4mM) is used with (red) or without (blue) MtbEttA to
estimate the 1C50. 1C50 of erythromycin with or without MtbEttA is around
104nM and 122nM, respectively.

11.2 Materials and Methods
11.2.1 Protein expression and purification

The full-length sequence of MtbEttA was cloned into a modified pET28(a)
vector with an N-terminal His6-SUMO tag. We then overexpressed full-length MtbEttA

in Rosetta™ 2(DE3) cells and purified using Ni-NTA affinity chromatography. The
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SUMO tag was then cleaved by SUMO protease and removed by Ni-NTA column,
leaving MtbEttA with one extra serine at N terminus. Further purification was done
using gel filtration chromatography by Superdex 200 (16/60 GL) column (GE
Healthcare) to separate dimer and monomer populations.

Purification of Mtb ribosome was done according to a previously established
protocol (141). Briefly, Mtb cells MC27000 were grown in 7H9 medium supplemented
with 10% oleic albumin dextrose catalase (BD), 0.5% glycerol, 0.05% Tween-80, and 50
pg/ml pantothenic acid at 37°C until an OD600 of 1.0. The following procedures were
performed at 4°C. Mtb ribosome 70S was purified according to modified protocols.
After the cells were lysed in buffer (20 mM Tris-HCI [pH 7.5], 100 mM NH4CI, 10 mM
MgClz, 0.5 mM EDTA, 6 mM 2-mercaptoethanol), it was clarified by centrifugation at
30,000 x g for 1 hr. The supernatant was pelleted in sucrose cushion buffer (20 mM
HEPES [pH 7.5], 1.1 M sucrose, 10 mM MgClz, 0.5 M KCI, and 0.5 mM EDTA) at
40,000 rpm in a Beckman Type 45Ti rotor for 20 hr. The pellet was resuspended in the
buffer containing 20 mM Tris-HCI (pH 7.5), 1.5 M (NH4)2SO4, 0.4 M KCI, and 10 mM
MgCl2. The suspension was then applied to a hydrophobic interaction column
(Toyopearl Butyl-650S) and eluted with a reverse ionic strength gradient from 1.5 M to
0 M (NH4)2S04 in the buffer containing 20 mM Tris-HCI (pH 7.5), 0.4 M KCI, and 10
mM MgCl2. The eluted ribosome peak was changed to re-association buffer (5 mM
HEPES-NaOH [pH 7.5], 10 mM NH4CI, 50 mM KCI, 10 mM MgClz, and 6 mM 2-

mercaptoethanol) and concentrated before loading on top of a 10%-40% linear sucrose
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gradient centrifuged in a Beckman SW28 rotor at 19,000 rpm for 19 hr. The 70S fraction

was concentrated to about A260 = 300 after the removal of sucrose.

11.2.2 In-vitro translation assay

The assay used to measure in vitro ribosome activity relied on the production of
nanoluciferase in an Mtb-based cell-free system. Mtb S30 cell-free extract was prepared
from Mtb MC27000, and equilibrated in S30 buffer (10 mM tris-acetate pH 8.2, 14 mM
magnesium acetate, 60 mM potassium acetate, | mM DTT). 10 puL of S30 extract
(containing 200 nM ribosome) was mixed with 5 uLL 10X salt buffer (2 M potassium
glutamate, 0.8 M ammonium acetate, and 0.16 M magnesium acetate), 1 mM each of the
20 amino acids and 33 mM phosphoenolpyruvate to a final volume of 41 uL. We then
added the erythromycin of various concentrations (2 pL) to the 41 puLL mixture, and after
the incubation for 10 minutes at RT, the reaction was supplemented with MtbEttA,
nanoluciferase mMRNA (200 ng), and 5 pL 5X master mix (286 mM HEPES-KOH,
pH7.5, 6 mM ATP, 4.3 mM GTP, 333 uM folinic acid, 853 pg/mL tRNA). The final
volume was 50 uL in each well of the 384-well plate. The reaction proceeded for 40
mins at 37 degrees and then was terminated by the addition of 80 pM Chloramphenicol.
The luminescent signal was detected by the addition of 20 uL of the nanoluciferase
substrate Furimazine (Promega). Nanoluciferase mRNA was prepared from an in vitro

transcription assay.
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11.2.3 Cryo-EM sample preparation and data collection

Mtb ribosome in complex with MtbEttA at pre-hydrolysis state was prepared
with 0.2 uM 708, 0.2 uM modified Z4C mRNA
(AGAAAGGAGGUAAAACAUGUUCAAAA) (142), 0.8 uM fMet-tRNA™et 33 yM
MtbEttA, and 2 mM ADPNP. Firstly, the 70S initiation complex (70SIC: 70S-fMet-
tRNA™e.mRNA) was formed by incubating 70S with mRNA in buffer A (50mM
HEPES pH 7.5, 50mM KCI, 10mM NH4Cl, 5SmM MgCI12, 6mM B-mercaptoethanol) at
37 °C for 30 min, and then supplied with fMet-tRNA™et for another 30 min at 37 °C. In
parallel, MtbEttA was mixed with ADPNP at 37 °C for 1 h. The final complex was
formed by combining two mixtures and bringing the Mg?* concentration to 10mM,
incubated at 37 °C for 1 h, and then kept on ice. Mtb ribosome in complex with MtbEttA
at transition state was prepared similarly, except that 4 mM ADP and 4 mM NaVO4
were used instead of ADPNP. Cryo-EM specimens were then prepared by applying 3 pL
of the freshly reconstituted complex to a glow-discharged Quantifoil 2/1 200-mesh
Holey Carbon Grid coated with 2-nm continuous carbon and vitrified using a Vitrobot
Mark 111 (FEI Company) at 22 °C with 100% relative humidity.

Cryo-EM images of the 70S1C-MtbEttA-ADPNP complex were recorded under a
Titan Krios microscope (FEI Company) operated at 300 kV (SLAC). Data were
collected using EPU on a K2 Summit direct detection camera (Gatan) in the electron
counting mode with a pixel size of 1.06 A. Beam shift was enabled to encompass 5
exposures per hole. The beam intensity was adjusted to a dose rate of 5 e and per pixel

per second on the camera. A 30-frame movie stack was recorded for each exposure with

32



0.2 s per frame for a total exposure time of 6 s. An in-column energy filter was used with
a slit width of 20 eV.

Similarly, 70S1C-MtbEttA-ADP-VO4 images were recorded under a Titan Krios
microscope (FEI Company) operated at 300 kV (UTHSC). Data were collected using
EPU on a K2 Summit direct detection camera (Gatan) in the electron counting mode
with a pixel size of 1.063 A. Beam shift was enabled to encompass 4 exposures per hole.
The beam intensity was adjusted to a dose rate of 6.5 e per pixel per second on the
camera. A 30-frame movie stack was recorded for each exposure with 0.2 s per frame for
a total exposure time of 6 s. An in-column energy filter was used with a slit width of 20

eV.

11.2.4 Image Preprocessing

Drift correction of collected movie stacks was done using MotionCor2. The
defocus value of each aligned micrograph was determined using Gctf (143).
Micrographs with visible contamination and poor power spectrum were discarded.
Automatic particle picking was done by gautomatch (http://www.mrc-
Imb.cam.ac.uk/kzhang/). 3D reconstruction was done by following the pipeline of
Relion3 (144).

The data processing for the 70SIC-MtbEttA-ADPNP sample was as follows (Fig.
4): In total, 1,175,176 particles were selected from 8,949 micrographs and binned by 8
before subjecting to 2D classifications in Relion to remove bad particles. After 2D

classifications, 1,016,405 particles were selected and binned by 4. The initial 3D

33



refinement step was performed with all clean particles to get a consensus map. 3D
classification using the consensus map as an initial model and skip_align option was
used to classify different subpopulations in the dataset. Two out of eight classes were
found with MtbEttA density. 196,100 particles were selected after an additional cleaning
step, using focused 3D classification without alignment around the MtbEttA and P-site
tRNA region.

Further 3D classification of these particles with skip_align option and 30S mask
yielded 3 subpopulations, including Pre_RO state with 126,715 particles and Pre_R1
state with 34,158 particles. We continued to refine Pre_RO and Pre_R1 states with non-
binned data to the resolution of 2.97 A and 3.23 A, respectively. Different
subpopulations, including 70S-P/PtRNA, 70S-P/EtRNA, 70S-P/PtRNA-E/EtRNA, were

also refined t0 2.76 A, 2.8 A, and 2.71 A, respectively.
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Figure 8 Cryo-EM data processing workflow for 70SIC-MtbEttA with

ADPNP.

a, Single-particle data processing strategy for 70SIC-MtbEttA with

ADPNP. Red cycle indicates missing bL25 and uL16 density. b, FSC curves of the
reconstructed cryo-EM maps. Gold-standard was used to estimate the resolution

(FSC=0.143). c, Cutaway view of the cryo-EM maps, which are colored by local
resolution.
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Similar to the procedure above, 70SIC-MtbEttA-ADP-VO4 data was processed
accordingly (Fig. 5): After 2D classifications, 742,504 particles from 8,666 micrographs
were selected. 3D classification without alignment was performed using a consensus
map obtained from an initial 3D refinement step. Two out of six classes were found with
ambiguous MtbEttA density. 125,420 particles were selected after an additional cleaning
step, using focused 3D classification without alignment around the MtbEttA and P-site
tRNA region. Further 3D classification of these particles with skip_align option and 30S
mask yielded 3 subpopulations, including Trans_RO state with 86,692 particles and
Trans_R1 state with 32,731 particles. We continued to refine Trans_RO and Trans_R1

states with non-binned data to the resolution of 2.79 A and 3.1 A, respectively.
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Figure 9 Cryo-EM data processing workflow for 70SIC-MtbEttA with ADP-

VOa.

a, Single-particle data processing strategy for 70SIC-MtbEttA with ADP-
VOus. Red cycle indicates missing bL25 and uL 16 density. b, FSC curves of the
reconstructed cryo-EM maps. Gold-standard was used to estimate the resolution
(FSC=0.143). c, Cutaway view of the cryo-EM maps, which are colored by local

resolution.
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11.2.5 Resolution Estimation and Post Processing

The overall resolution was assessed using the gold-standard criterion of Fourier
shell correlation (145), with a cutoff at 0.143, between two half-maps from two
independent half-sets of data. Local resolutions were estimated using Resmap (146).

Post-processing was done by LocalDeblur (147).

11.2.6 Crystallization, data collection, and structure determination

Purified full-length MtbEttA was concentrated to ~46 mg/ml before
crystallization. The final concentration of 4 mM ADP and 4 mM MgCl2 was mixed with
the protein for 1 h at room temperature. Crystals were observed at multiple conditions at
16 °C with initial screening against ~600 conditions, using the sitting-drop vapor
diffusion set by a Mosquito Crystal liquid handler (TTP Labtech Inc). The diffraction
quality of crystals was checked at the in-house x-ray source. Further optimization was
performed with the hanging drop vapor diffusion method, yielding The best crystal was
produced by hanging drop at condition 0.1 M MES pH 6.7, 0.2 M MgCl2, 10% v/v PEG
4000, at 16 °C.

Diffraction data were collected at the Advance Photon Source, Argonne National
Laboratory in Chicago. The crystal was diffracted to ~2.5 A and was processed by
HK L2000 (148). The diffraction data were scaled and truncated to 2.85 A using
imosfilm (149). Molecular replacement was performed with AutoMR (150)in the

PHENIX package, using two NBDs models of MtbEttA calculated from SWISS-

38



MODEL (151) based on E. coli EttA crystal structure (PDB 4FIN). The model was

iteratively refined and manually built with PHENIX(152) and COOT (153).

11.2.7 Modeling and Visualization

To build the atomic model for 70SIC-MtbEttA-ADPNP and 70SIC-MtbEttA-
ADP-VO4 complexes, we first fit our previous Mtb 70S ribosome structure (PDB 5V93)
and MtbEttA monomer structure obtained from SWISS-MODEL into the high-resolution
cryo-EM map as the rigid body using University of California San Francisco (UCSF)
Chimera (154). Model refinement was performed by real-space refinement in PHENIX.
The RNA geometry optimization was done by ERRASER. Manual model building was
done with COOT to inspect and improve local fitting. Moreover, the iterative process
involving refinement and manual building was conducted to achieve the best model. The
same model building procedure was done for 70S-P/PtRNA, 70S-P/EtRNA, and 70S-
P/PtRNA-E/EtRNA complexes. All of the figures and movies were made using UCSF

Chimera and ChimeraX.

11.3 Results
11.3.1 Cryo-EM structures of Mtb ribosome with MtbEttA at pre-hydrolysis (ADPNP)
and transition (ADP-VO4) states

To obtain a stable complex between the Mtb ribosome and MtbEttA, we
examined different conditions involving the presence of mMRNA, tRNA, and different

nucleotide analogs (Fig. 6). Similar to previous results, P-site tRNA and non-
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hydrolyzable ATP analog ADPNP are necessary for forming the complex (89) (85).
Also, we discovered that MtbEttA can still bind to 70S in the presence of ADP-VOs, an
analog mimicking the transition state of ATP-hydrolysis. To investigate the Mtb
ribosome structures in complex with MtbEttA at the pre-hydrolysis and transition states,
we reconstituted 70SIC (70S Initiation Complex)-MtbEttA-ADPNP and 70SIC-
MtbEttA-ADP-VO4 complexes in vitro, respectively. For the pre-hydrolysis state of
MtbELttA, 3D classification and refinement yielded two distinct subpopulations, namely
Pre_RO and Pre_R1, to the resolution of 2.97 A and 3.23 A, respectively (Fig. 4).
Different subpopulations, including the 70S with P/P tRNA, P/E tRNA, or P/P and E/E
tRNAs, were also resolved to 2.76-A, 2.8-A, 2.71-A resolution, respectively. Like the
pre-hydrolysis state, two distinct subpopulations were revealed at the transition state of
MtbEttA, namely Trans_RO and Trans_R1, to the resolution of 2.79 A and 3.1 A,
respectively (Fig. 5). Local resolution analysis showed even higher resolution at the core
region of the 70S, which enabled us to identify several conserved RNA modifications in

23S rRNA and 16S rRNA (Fig. 7).
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Figure 10 Analysis of the condition for forming stable MtbEttA-ribosome
complex.

a, Experiment conditions are listed in the table, with “+” and “- as
included and excluded, respectively. Chromatogram for each condition is shown in
the box, with 70S peak labelled in 1. b, SDS-PAGE showing the composition of 70S

peak in corresponding condition. The gel is stained by SYPRO™ Ruby. MtbEttA is
indicated by the star.
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Figure 11 Examples of cryo-EM density.

a,b, RNA modifications in ribosomal 23S rRNA and 16S rRNA in 70S with
P/P and E/E tRNAs. Cryo-EM density is shown in transparent lightgray and
modification sites are labelled with red arrows. ¢, Transparent indigo cryo-EM
density of C-terminal tail of MtbEttA in Pre_RO state.

MtbELttA resides at the E-site of the 70S and interacts with several ribosomal
proteins, RNAs, and the P-site tRNA. The linker region, termed P-site tRNA interaction
motif (PtIM) as for EttA Boel, 2014 #153] (89), has extensive interactions with the P-
site tRNA and 23S (Fig. 8a,b, 2b). The global structural difference between pre-

hydrolysis and transition states lies in the degree of intersubunit motion between the 30S

and 50S. To assess the relative motion between the two subunits, we aligned MtbEttA-
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ribosome complex structures to the structure of 70S with P/P tRNA, a classic non-
rotated conformation, based on the 23S rRNA. For pre-hydrolysis states, the Pre_R0 30S
has a subtle body rotation of ~0.2° and head swivel of ~0.8° relative to the non-rotated
state, while the Pre_R1 30S has a body rotation and head swivel of ~4.7° and ~4.1°,
respectively (Fig. 8c). In the transition states, the Trans_R1 30S shows a body rotation of
~3.4°and a head swivel of ~1.7°, which shows a larger head movement comparing to the
body of the 30S when MtbEttA transits from pre-hydrolysis to transition state. The
Trans_RO state shared a similar motion as the Pre_RO state, with body rotation of ~0.3°
and head swivel of ~1.0°. Nevertheless, the rotational movement of the 30S in the
presence of MtbEttA both at pre-hydrolysis and transition states is modest comparing the
spontaneously fully rotated state as shown in the 70S with P/E tRNA, which displays
~10.4° body rotation and ~11.6° head swivel (Fig. 8c).

The tip region of PtIM extends into the proximity of the PTC and shows stable
interactions with P-site tRNA when the 30S has slight movement as in the Pre_R0 and
Trans_RO states (Fig 8c). However, destabilized interaction and increased flexibility
between PtIM and P-site tRNA are observed and related to the extent of 30S movement.
The tip region of PtIM and CCA tail of the tRNA display considerable flexibility in the
Pre_R1 state, inferred from the cryo-EM maps' resolvability (Fig 8b). However, only
subtle PtIM and tRNA variations are detected in the Trans_R1 state, presumably due to
the smaller head swivel in the 30S. Therefore, it shows a correlation between the head

domain's motion and the plasticity of the PtIM and the P-site tRNA.
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Figure 12 Cryo-EM structures of Mtb ribosome in complex with MtbEttA in
pre-hydrolysis and transition states.

a, Cartoon representations of Mtb ribosome in different states, with E, P,
and A sites as well as 50S and 30S (head and body) labelled. First column shows the
transition of tRNA from P/P (light green) to P/E (transparent medium slate blue)
position. Second and third columns show that MtbEttA (violet) resides at E-site and
interacts with P-site tRNA at pre-hydrolysis state (ADPNP), with two distinctive
conformations, namely Pre_RO and Pre_R1, respectively. Fourth and fifty columns
show the two conformations of Mtb ribosome in complex with MtbEttA in
transition state (ADP-VOa), namely Trans_R1 and Trans_RO, respectively. Dashed
outline at E and P sites are the position of MtbEttA in Pre_RO state and tRNA in
P/P-tRNA state, respectively. Flexibility is indicated by curved lines. b, Cryo-EM
maps showing the density of tRNAs and MtbEttA with 50S (light blue) and 30S
(light yellow) in the background. P/P-tRNA, P/E-tRNA, mRNA, MtbEttA, and
nucleotide analogues are labelled accordingly and correspond to the cartoon
scheme. ¢, Analysis of 30S rotation in P/E-tRNA and MtbEttA-bound states, with
the classic P/P-tRNA non-rotated state as the reference. (Inset) View of 30S subunit
and key features are labelled. Vectors showing the differences between equivalent
C4’ or Ca atoms of the 30S subunits are colored as rainbow, with arrows indicating
the degree and direction of the rotation.
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11.3.2 Interactions between MtbEttA and Mtb ribosome

We built atomic models with high-resolution cryo-EM maps to elucidate the
detailed interaction pattern between MtbEttA and Mtb ribosome. MtbEttA has a
conserved ABCF architecture with two tandem nucleotide-binding domains (NBDs), the
arm domain, PtIM, and basic C-terminal tail (Fig. 10a). Using the Pre_RO state as an
example, the arm domain of MtbEttA interacts with the L1 stalk of the 50S (Fig. 10b).
Surprisingly, contrary to the low-resolution cryo-EM structure of the EttA bound E. coli
ribosome, the basic C-terminal tail of the MtbEttA is inserted between the L1 stalk and
NBD1 (Fig. 10c). The MtbEttA C-terminus density is resolved, showing the trace of the
residues (Fig. 7). Interactions between MtbEttA and 30S involve a salt bridge between
Glu526 of NBD2 and Arg112 of uS7 protein, as well as electrostatic interactions
between the basic residues Arg316 and Arg346 of NBD2 and the h41-h42 RNA
backbones of the 16S (Fig. 10d). As opposed to the E. coli EttA-ribosome complex
structure, PtIM of MtbEttA is more extended than previously demonstrated (Fig. 12).
The first a-helix of PtIM (PtIM-a1), which connects to the NBD1, has extensive
interactions with H68 of 23S rRNA (Fig. 10e). Moreover, the positively-charged tip of
PtIM is stretched and inserted into the region surrounded by H74, H75, H93, and the
acceptor arm of the P-site tRNA (Fig. 10b,f). The electrostatic potential of MtbEttA
confirms the positive surface where it is in contact with ribosomal rRNAs and tRNA
(Fig. 9). Surprisingly, residue Arg 280 at the tip of the PtIM is in parallel with the

backbone of the CCA tail of the P-site tRNA and reaches the vicinity of PTC (Fig. 10f).
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Figure 13 Electrostatic surface potential of MtbEttA.
MtbELttA is colored by the electrostatic potential. H68, H74-75, H78, H93 of
23S rRNA and tRNA are shown in transparent ribbon model.
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Figure 14 Structure of MtbEttA and its interaction with Mtb Ribosome in
Pre_RO state.

a, The structure and domain composition of MtbEttA. Nucleotide-binding
domain 1 (NBD1, residues 1-93 and 137-240) and 2 (NBD2, residues 308-545), arm
domain (residues 94-136), P-tRNA interacting motif (PtIM, residues 239-307), and
the C-terminal basic tail (residues 550-557) are colored in thistle, light steel blue,
wheat, violet, and indigo, respectively. Nucleotide-binding sites (NBSI and NBSI1)
are indicated by dashed lines. b, The overall interactions between MtbEttA and
surrounding ribosomal RNAs and proteins. Peptidyl transferase center (PTC) is
outlined by a dashed cycle. Detailed view of squared regions is described in c-f. c.
The C-terminal tail is inserted between L1 stalk and NBD1. d, Interactions between
MtbEttA and 30S. A salt bridge is observed between E525 (MtbEttA) and R112
(uS7). Basic residues in MtbEttA (R316 and R346) are reaching to H41 and H42 of
16S rRNA. e, PtIM-al is in close contact with H68 of 23S rRNA. f, The tip of PtIM
reaches the proximity of PTC, and interacts with the CCA-stem of P-site tRNA,
H74, H75 and HI3 of 23S rRNA.
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11.3.3 Remodelling of P-site tRNA and 50S in the course of ATP hydrolysis of MtbEttA
The intersubunit movement of the 70S is often accompanied by the shift of P-site
tRNA, resulting in various intermediate P-site tRNA positions due to the interactions
with different ribosome-interacting factors (155) (156). Previous structures of the
ribosome in complex with MsrE and VmIR revealed a novel P-site tRNA conformation,
in which the acceptor stem was displaced by the tip of the PtIM and redirected from the
PTC toward the A site (86) (85). The PtIM from MtbEttA will unlikely cause such a
drastic displacement due to the short PtIM tip (Fig. 12). Indeed, by superimposing
structures to 70S with P/P tRNA according to the 23S rRNA, we find that the acceptor
stem of the P-site tRNA remains in the same position as the classic P/P-tRNA in the
Pre_RO and Trans_RO states, while the elbow region shifts ~6 A toward the E site,
presumably due to the interactions with the bound MtbEttA (Fig. 11). In the Pre_R1
state, the elbow of P-site tRNA moves ~14 A toward the E site, comparable to that in
ARESs bound ribosomes (Fig. 11). However, the CCA tail and acceptor stem remain at P-

site but with increased flexibility.
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Figure 15 Comparison of P-site tRNAs.

a, tRNA positions in Pre_RO0, Pre_R1, Trans_RO0, and Trans_R1 states,
compared to P/P-tRNA and P/E-tRNA. Dashed lines indicate the elbow region of
the tRNA. Distance and direction of the movement in Pre_RO0 and Pre_R1 states
relative to P/P-tRNA position are labelled by arrows. b, Comparison of tRNA
positions in Pre_R1 state, VmIR-ribosome and MsrE-ribosome complexes. Dashed
line and double-headed arrow indicate the elbow region and CCA tail of tRNA,
respectively.
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Figure 16 Comparison of the PtIM of MtbEttA in Pre_RO state with E.coli
EttA, VmIR, and MsrE.

In coordination with the movement of 30S in the Pre_R1 state, MtbEttA shifts
toward the same direction as 30S to ~6 A. (Fig. 13a,b). Interestingly, the 50S protein
bL31, which is responsible mainly for forming the ribosomal intersubunit bridge 1b
(B1b), and protein uL5 move ~2 A to the opposite direction of the 30S head swiveling
(Fig. 13a,b). In addition, the 5S rRNA and H84 of the 50S show an upward shift (Fig.
13a). The movement around central protuberance (CP) in the Pre_R1 state results in a
splitting interface between the 50S and 30S (Fig. 13b). Although there is a similar
observation in the 70S with P/E tRNA, in which the 30S is at a fully-rotated state, it does
not reach the same extent as in the Pre_R1 state (Fig. 15b). It suggests that this is not a
sole result of 30S rotation but rather the combination of the occupation of MtbEttA at the
E-site and the rotation of 30S. Indeed, the movement of CP in transition states is not

observed due to subtle 30S rotation (Fig. 15a).

50



L1 stalk
Pre_R1

MIbE'A
Pre_R1
Pre_RO

Figure 17 Remodeling of the 50S in Pre_R1 state due to 30S rotation and
conformational change of MtbEttA.

a, Structural comparison between Pre_RO and Pre_R1 state. Models of
70SIC-MtbEttA complex in Pre_RO and Pre_R1 states were superimposed based
on 23S rRNA. Outlines are used to include two colored groups demonstrating the
opposite directions of movement. MtbEttA, tRNA, handle and L1 stalk are in line
with the movement of 30S. Proteins bL31, uL5, uL18 and 5S rRNA are in the
opposite direction of 30S movement and showed as the close-up view in the inset. b,
Zoome-in view of the splitting interface in 70S. The dashed line marks the
separation point. Distance and direction of movement for MtbEttA, bL31 and uL5
are indicated by arrows. ¢, Remodeling of PtIM and P-site tRNA near PTC in
Pre_R1 state. 50S in Pre_RO state is shown as a transparent surface. Nucleotide
A2840 is shown in filled rings. Disordered CCA tail of tRNA in Pre_R1 state is
drawn as dashed line. d, Rearranged 50S-30S interface in Pre_R1 state. Direction
of the view is indicated by the eye cartoon in a. Reformed nucleotide stacking is
shown with red dot in the inset.

51



We then examined the effect on the 50S due to the observed unconventional
movement in the Pre_R1 state. Increased flexibility around PTC, specifically H89 and
protein uL16, is observed (Fig. 14). Also, nucleotide A2840 flips 180°, pointing at the A-
site (Fig. 13c). Furthermore, the interface between the 50S and the platform region of
30S is found to be remodeled in the Pre_R1 state (Fig. 13d). Nucleotide stacking
between A693 from 16S rRNA and A2082 in H68 from 23S rRNA is maintained in
Pre_RO state. However, due to the movement of 30S and PtIM-al in MtbEttA, 23S
rRNA nucleotide A2081 slides in between A693 and A2082 and forms stable stacking
with both nucleotides. The newly formed stacking interaction may contribute to
stabilizing the specific intermediate rotation of the 30S in the Pre_R1 state, as such
interaction is not present in the classic non-rotated structure, transition states, and the

fully rotated ribosome (Fig. 15c).

Pre_RO Pre_R1

Figure 18 Increased flexibility of PTC and uL16 in Pre_R1 state
Models are colored with b factor values after refinement
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Figure 19 Remodelling of the 50S is unique in the Pre_R1 state.

a, Comparison of Trans_RO0 and Trans_R1 states in the same view as in Fig.
3b. 30S of 70S with P/P-tRNA is colored in lightgray. No obvious movement is
observed for proteins bL31 and uL5, which are colored in lightgray. b, Structural
overlapping between Pre_R1 state (colored model) and 70S with P/E-tRNA
(darkgray model). The arrows indicate the direction of movement in Pre_R1 state.
¢, 50S-30S interfaces in 70S with P/P-tRNA, 70S with P/E-tRNA, Trans_RO0 and
Trans_R1 states are showed as in Fig. 3c.

11.3.4 Structural variations of MtbEttA during ATP hydrolysis and asymmetric
engagement of the nucleotides in pre-hydrolysis state

ATPase activity is essential for the function of ABCFs (90) (89). Moreover, ATP
hydrolysis by EttA significantly increases upon adding ribosomes in vitro (90). Although
much was focused on the effect of ABCFs toward ribosomes, including antibiotic

resistance and translational regulation, little is known about the ribosome’s role in
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stimulating ABCFs’ ATPase activities. With high-resolution cryo-EM structures of
MtbELttA at pre-hydrolysis and transition states, we can characterize its unique structural
variations during the trajectory of ATP hydrolysis.

Conserved motifs of ABC ATPases are present in the MtbEttA at both NBDs,
including Walker A, Walker B, H-switch, Q-loop, A-loop, and signature motif (Fig.
16a). When in complex with ribosome at both pre-hydrolysis state and transition state,
the MtbEttA is in a “closed” conformation, in which the nucleotides are “sandwiched”
between the two NBDs and engaged by the conserved motifs. ADPNP, ADP-VOg, and
the corresponding Mg?* ions were unambiguously identified at both nucleotide-binding
sites (NBSs) for the pre-hydrolysis states and transition states, respectively (Fig. 16Db).
To explore the flexibility of the MtbEttA, we superimposed the structures at different
states according to their NBD1s. A prominent variation was observed between Pre_RO
and Pre_R1 states. The tip region of PtIM in the Pre_R1 state shows a relaxed
conformation compared to that of the Pre RO state, with Ca distances of corresponding
residues at a range of 5-10 A (Fig. 17a). PtIM-al also undergoes deformation, showing a
disconnected and bent a-helix (Fig. 18b). The movement of PtIM-al corresponds to the
shift of the H-switch loop at NBS-I (Fig. 18a). Furthermore, the NBD2 of the Pre_R1

state rotates ~5° more toward the NBD1 (Fig. 18b).
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Figure 20 Cryo-EM density of ATP analogues in nucleotide-binding sites.

a, Zoom-in view of conserved motifs in NBSs. Nucleotides are shown as gray
molecular surface. b, Cryo-EM densities of ADPNP and ADP-VOqare shown in
transparent lightgray. Mg?* molecules are shown in cyan spheres.

Pre RO vs Pre R1 Trans_RO vs Trans_R1

Figure 21 Structural plasticity of MtbEttA in pre-hydrolysis and transition
states.

Tube representation of Ca distances between Pre_RO0 and Pre_R1 in a,
Trans_RO and Trans_R1 in b. Red color and wide tubes indicate larger Ca.
distances. MtbEttA shows high plasticity in pre-hydrolysis state.
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Surprisingly, an asymmetric engagement of the nucleotides by the conserved
motifs in the two NBSs was discovered at the pre-hydrolysis stage (Fig. 18e,f). Upon
nucleotide binding, denoted in the Pre_RO state as the initial stage of interaction between
MtbEttA and the ribosome, ADPNP is fully enclosed by the conserved motifs at NBS-I,
while the Q-loop at NBS-II is flexible and away from ADPNP, leading to a potentially
deficient catalysis site (157) (158)(Fig 18d,f). However, the Q-loop at NBS-II flips
inward at a distance of about 4.7 A to interact with the ADPNP in the Pre_R1 state,
creating a functional canonical configuration. While the A-loop (His15) and H-switch
(His214) at NBS-1 moves outward compared to the canonical positions to 2.5 A and 3.5
A, respectively. In the ATP hydrolysis transition states, the 30S rotates back toward a
non-rotated position as shown in Trans_R1 state, the H-switch and A-loop at NBS-I
return to the canonical conformation but with a slight rotation, while motifs at NBS-1I
remain in similar positions compared to that of the Pre_R1 state. Then with further
movement of the 30S toward the classic non-rotated state, as present in the Trans_RO
state, the H-switch and A-loop at NBS-I the Q-loop at NBS-II are in canonical

conformation.
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Figure 22 Structural plasticity and asymmetric nucleotide engagement in
MtbEttA

a, Overall structural comparison of MtbEttA at different states. Models are
aligned based on the NBD1. NBD1 and arm domain are colored as lightgray. PtIM
and NBD2 are colored accordingly. Insets show the close-up view of the tip of PtIM
and the base of PtIM-al. H214 of the H-switch in NBD1 is colored in pale green. b,
Top view of MtbEttA from the direction of the eye cartoon in a. Focused view of
NBD2 and Q-loop in NBD2 are shown in ¢ and d, respectively. Curved arrow
indicates the rotation direction in ¢, and Q391 is colored in dodger blue in d. e,f,
Comparison of nucleotide analogues and interacting motifs, which are shown as
stick and ribbon models, respectively. Models are superimposed based on NBD1 for
e, and NBD2 for f, and are shown in a vertical fashion. Different motifs are colored
the same way as in Figure 20. Magnesium is in ball representation and colored in
cyan. Cartoons in between e and f indicate different states of 70SIC-MtbEttA
complex and different degrees of 30S rotation. Dashed lines represent the Ca.
positions of corresponding residues in Pre_RO state. Distances between Co atoms
are labelled, compared to those in Pre_RO state.
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Figure 23 Structural plasticity and asymmetric nucleotide engagement in
MtbEttA

a, Overall structural comparison of MtbEttA at different states. Models are
aligned based on the NBD1. NBD1 and arm domain are colored as lightgray. PtIM
and NBD2 are colored accordingly. Insets show the close-up view of the tip of PtIM
and the base of PtIM-al. H214 of the H-switch in NBD1 is colored in pale green. b,
Top view of MtbEttA from the direction of the eye cartoon in a. Focused view of
NBD2 and Q-loop in NBD2 are shown in ¢ and d, respectively. Curved arrow
indicates the rotation direction in ¢, and Q391 is colored in dodger blue in d. e,f,
Comparison of nucleotide analogues and interacting motifs, which are shown as
stick and ribbon models, respectively. Models are superimposed based on NBD1 for
e, and NBD2 for f, and are shown in a vertical fashion. Different motifs are colored
the same way as figure 16. Magnesium is in ball representation and colored in cyan.
Cartoons in between e and f indicate different states of 70SIC-MtbEttA complex
and different degrees of 30S rotation. Dashed lines represent the Ca positions of
corresponding residues in Pre_RO state. Distances between Ca atoms are labelled,
compared to those in Pre_RO state.
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11.3.5 MtbELttA at post-hydrolysis state (ADP) adopts an open conformation

Others have made speculations that the two NBDs of ABCFs could undergo
conformational changes after ATP hydrolysis, as discovered in the ABC superfamily
(130). However, the lack of structure of ABCF at post-hydrolysis state limits our
understanding of its potential conformational changes. Based on our result (Fig. 6), the
MtbELttA in the ADP state does not form a stable complex with the ribosome. Therefore
we co-crystallized MtbEttA in complex with ADP and determined the X-ray crystal
structure at 2.85 A (Table 4). The asymmetric unit of MtbEttA-ADP in the crystal
contains a domain-swapped dimer, similar to the crystal structure of E. coli EttA in the
nucleotide-free state. In contrast to E. coli EttA, the dimer form of MtbEttA is dominant
even at ~10 UM concentration (Fig. 19a). Moreover, the dimer form persists even with
different nucleotides and analogs (Fig. 20a). The ADP molecules and Mg?* ions are
observed at NBSs in the domain-swapped dimer (Fig. 20b). Only subtle conformational
differences are observed between the two NBDs in each monomer (Fig. 19b). To
understand the conformational change of MtbEttA at post-hydrolysis state, we focused
on half of the domain-swapped dimer composed of the NBD1 from protomer A and

NBD?2 from protomer B.
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Table 4 X-ray crystallography statistics of MtbEttA-ADP

MtbEttA-ADP
Data collection
Space group P22121
Cell dimensions
a, b, c(A) 50.06, 106.96, 269.19
a, B,y () 90.00, 90.00, 90.00

Resolution (A)
Rsym OF Rmerge
/ol
Completeness (%)

Redundancy

Refinement
Resolution (A)
No. reflections(total/unique)
Rwork / Riree (%)
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

49.22-2.9 (3.004-2.9)
0.0525 (0.4825)

8.16 (1.85)

99.81 (99.72)

2.0 (2.0)

49.22-2.9 (3.004-2.9)
65870/33131
20.39/24.51

8685

8573

112

0

77.45
92.07

0.003
0.74
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Figure 24 Dimer monomer transition of MtbEttA

a, Size exclusion chromatography of apo MtbEttA at 10uM concentration.
Different sodium chloride concentration is plotted in different line style. b, Similar
domain organization between two halves of the domain-swapped dimer with ADP
molecules. The second half outlined by dashed square (residues 306-550 in
protomer A and 2-241 in protomer B) is superimposed to the first half (residues 2-
241 in protomer A and 306-550 in protomer B) based on NBD1.

When superimposed the structures of MtbEttA-ADP and MtbEttA in Trans_RO
state according to the NBD1, an opening ~40° rotation of NBD2 in MtbEttA-ADP is
observed, confirming the predicted domain movement after ATP hydrolysis (Fig. 20c).

The rotational movement accompanies the separation of the LSGGE signature motif, Q-
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loop, and H-switch from the nucleotide, showing a classic configuration in the ABC
superfamily after ATP hydrolysis (Fig. 20d). To evaluate the effects of such domain
movement of MtbEttA at post-hydrolysis state, we superimposed the structure of
MtbEttA-ADP to MtbEttA-ribosome complex in Trans_RO state based on the NBD1
domain (Fig. 20e). Due to the conformational change of MtbEttA at post-hydrolysis
state, the NBD2 and arm domain show evident steric clashes with uS7 and uL1,
respectively. The rotation of NBD2 and resulting steric clashes would likely facilitate the

dissociation of MtbEttA from the ribosome after ATP hydrolysis.
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Figure 25 Conformational change of MtbEttA and steric clash with Mth
Ribosome in post-hydrolysis state.

a, Distribution of dimer and monomer MtbEttA with different nucleotides
and analogues. Size exclusion chromatography graph indicates the distribution of
dimer and monomer. Different conditions are represented with different line styles.
b, Crystal structure of MtbEttA bound with ADP in the asymmetric unit. The
protomer A (plum) and protomer B (steel blue) form a domain-swapped dimer.
ADP molecules are labelled in both NBSs. ¢, Domain opening in the ADP-bound
state. Side by side comparison between the conformation of NBD2 (steel blue) in
Trans_RO state and post-hydrolysis state, which is aligned based on NBD1 (plum).
PtIM is not shown for the comparison and colored in gray in the cartoon. First
column shows the conformation of two NBDs (residues 242-305 are omitted from
the model) in Trans_RO state. Second column represents the model in post-
hydrolysis state, which is composed of residues 2-241 in protomer A and 306-550 in
protomer B. The direction and degree of NBD2 opening relative to NBD1 is
labelled. d, Zoom-in view of the comparison of the two NBSs. Transition of the
conserved motifs from Trans_RO state (transparent) to post-hydrolysis state
(colored) is indicated by the arrows. e, Steric clashes between MtbEttA in post-
hydrolysis state and Mtb Ribosome. MtbEttA in post-hydrolysis state is
superimposed with MtbEttA in Trans_RO state based on NBD1. Mtb ribosome is
shown as surface in lightgray. uL1 and uS7 are shown as ribbon models and
colored in green and yellow, respectively. The stars indicate the clashes between
uLl and the Arm domain, uS7 and NBD?2 in the close-up view.

63



Although the post-hydrolysis state adopts an open conformation, the structural
difference is unknown compared to the nucleotide-free state. Since the initial trial of
obtaining the nucleotide-free crystal was not successful, we then predicted the structure
of the nucleotide-free MtbEttA using homology modeling based on the crystal structure
of E. coli EttA. By superimposing two structures according to NBD1, we observed that
NBD?2 from the apo state moves ~8° toward NBD1, compared to the post-hydrolysis
state (Fig. 21a). Besides, the different conformations of the arm domain among the

transition state, post-hydrolysis state, and apo state indicate high plasticity (Fig. 21b).
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Figure 26 Conformational changes of NBDs and Arm domain in apo and
post-hydrolysis states.

a, Structural comparison between post-hydrolysis state and apo state
(homology model based on PDB ID: 4FIN), superimposed by NBD1. NBD1 and
NBD?2 in post-hydrolysis state are colored in plum and steel blue, respectively. Apo
state is colored in light gray. b, Arm domain plasticity in transition state, post-
hydrolysis state and apo state.

11.4 Discussion

We combined cryo-EM and x-ray crystallography to study the structures of
MtbELttA and its interaction with Mtb ribosome in the course of ATP hydrolysis.
Previous studies suggest that ribosomes can stimulate EttA’s ATPase activity, and in

return, EttA can promote the first peptide bond formation on the ribosome (90). Through
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the investigation of the interplay between MtbEttA and Mtb ribosome, we propose a
general model for its mechanism-of-action (Fig 22), primarily focusing on two
questions: (1) What is the role of the ribosome in affecting the ATPase activities of
MtbEttA; (2) How does MtbEttA stimulate the translational efficiency of Mtb ribosome.
Although the functional state of MtbEttA is the monomer form, the domain-swapped
dimer persists even at low concentration, which could serve as an autoinhibitory
mechanism. The transition from dimer to monomer in vitro is not promoted by the
nucleotide-binding but rather by high salt concentration (Fig. 19a), which suggests the
electrostatic interactions stabilize the dimer formation. When transiting from dimer to
monomer, the two NBDs would undergo extensive domain rearrangement to form the
compact configuration, as indicated by the molecular size on the size exclusion
chromatography. However, the structure of PtIM is ambiguous due to the lack of
structure of the monomer state alone.

In pre-hydrolysis state, MtbEttA could still maintain an open conformation after
ATP-binding, but before interacting with the Mtb ribosome, as suggested by the
structure of human ABCF1 at pre-hydrolysis state (159). Nevertheless, MtbEttA displays
a closed conformation after it binds to the ribosome, indicating that the ribosome could
facilitate the closure of NBDs. Surprisingly, an asymmetric engagement of nucleotides at
the two NBSs is observed and correlated with the rotation of 30S. In the Pre_RO state, in
which the 30S resembles classic non-rotated conformation, ADPNP at NBS-I is fully
engaged with all functional motifs, while it is engaged by all motifs but the Q-loop at

NBS-II. As the 30S rotates to an intermediate position shown in Pre_R1 state, the
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ADPNP at NBS-II is now fully engaged, but the H-switch and A-loop at NBS-I move
away from the ADPNP. The conformational change of H-switch and A-loop at NBS-1 is
likely mediated by the distortion of PtIM-al, which serves like a cantilever to transmit
the effect of 30S rotation. Although the effect of ATP hydrolysis due to the movement of
these residues is unknown, mutations at these positions in other ABC proteins impair
their ATPase activities (160) (161) (162). In summary, it appears that in order to
accommodate sufficient engagement of nucleotides in pre-hydrolysis state at both NBSs,
MtbELttA has to undergo a substantial conformational change, which is facilitated by the
rotation of 30S. By contrast, nucleotides are enclosed by all conserved motifs at both
NBSs in the transition states, presumably due to smaller head swelling of the 30S or
more rigid domain association in MtbEttA when in complex with ADP-VOs, as
increased monomer population is observed on size exclusion chromatography (Fig. 20a).
In agreement with the single-molecule fluorescence resonance energy transfer
(SmMFRET) experiment on E. coli EttA (89), as MtbEttA occupies the E-site on the 70S in
both pre-hydrolysis and transition states, the movement of 30S is limited although not
stopped to prevent the spontaneous rotation which will result in a P/E tRNA
conformation. Therefore the translational efficiency of ribosomes could increase due to
the favorable conformation for incorporating A-site tRNA. During the accommodation
of A-site tRNA, the elbow and 3'-CCA end of the tRNA have to be navigated through
the accommodation corridor to transit from A/T to A/A position (163) (164). Dynamic
simulation has pointed out that the displacement of H89 of 23S rRNA during elbow

accommodation could avoid steric clashes (163). Interestingly, increased flexibility
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around PTC, especially H89, is observed in the Pre_R1 state. A reasonable speculation is
that a more flexible H89 could facilitate the accommodation of A-site tRNA, the rate-
limiting step of peptide formation, by avoiding steric clashes. However, a thorough
dynamic simulation that includes the flexible property of H89 and kinetic experiment of
the accommodation rate is needed to validate the idea. Importantly, whether MtbEttA
interacts with 70 initiation complex before or after EF-Tu-aa-tRNA binding needs to be
explored to better understand the role of MtbEttA.

The physiological role of MtbEtA still needs to be addressed, as it is essential in
Mtb but not in E. coli. The essentiality of MtbEttA could be due to the necessity for Mtb
to survive in a stressful environment, as knockout of the ettA gene in E. coli results in a
severe fitness defect in the long-term stationary phase (90). However, we cannot rule out
the possibility that MtbEttA could be involved in a different essential pathway in
addition to the translational regulation. Furthermore, our results could provide a possible
explanation in the aspect of EttA functioning as a translational throttle based on the
ATP/ADP ratio. Due to the nucleotide's asymmetric engagement during the pre-
hydrolysis state, ATP could be more exposed and more accessible to be exchanged by
ADP when there is a high ADP concentration in the cell. Substitution of ATP to ADP
will disrupt the normal functional cycle of EttA-like protein, therefore impose a different

remodeling on the ribosome that would potentially slow down translation. Nevertheless,
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single molecular experiments are needed to elucidate the kinetics and at different

ATP/ADP ratios.
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Figure 27 Schematic model of the functional cycle of MtbEttA in the course
of ATP hydrolysis

Monomer formation involves the dissociation the domain-swapped dimer
(the favored configuration) and rearrengement of the two NBDs to form the open
conformation. The monomeric MtbEttA transits to the closed conformation after
binding to ATP molecues and the E-site of 70S with mRNA and tRNA in the P-site.
At pre-hydrolysis stage, the engagement of Q-loop at NBS-11 requires the
conformational change of H-switch and A-loop in NBS-I, which is mediated by
PtIM-al due to the 30S rotation. In addition, the tip of PtIM and CCA-stem of
tRNA become distorted. Meanwhile, remodelling of 50S occurs as 30S is in an
intermidiate state, potentially facilitating the translocation of A-site tRNA. In the
transition state, MtbEttA and P-site tRNA maintain stable interactions due to more
restrictred 30S movment. At post-hydrolysis stage, MtbEttA is in an open
conformation and disassociated from the ribosome, due to potential steric clash
with the ribosome. ADP dissocaition and ATP reloading are necessary for the next
cycle.
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CHAPTER Il

CHARACTERIZATION OF HIBERNATION PROMOTING FACTORS IN MTB

I11.1 Introduction

Tuberculosis, caused by slow-growing Gram-positive bacillus Mycobacterium
tuberculosis (Mtb), is one of the top 10 causes of death worldwide (5). About one-fourth
of the world’s population has latent TB, in which Mtb is in a non-replicating persistent
or dormancy-like state (165). During latent infection, Mtb bacilli have to conquer the
nutrient and oxygen limitation by slowing down the metabolic activity, especially
protein production (166). Studies involving the M. tuberculosis metabolic state during
latent infection are primarily based on the in vitro “Wayne model” (62), wherein a low-
density culture is sealed and allowed to slowly consume oxygen until the culture is
anaerobic, resulting in a dormancy-like state. With this model, a set of at least 48 tightly
regulated genes are identified in the dormancy survival (Dos) regulon controlled by a
response regulator, DosR (167) (65). There are two hypothetical ribosome-associated
factors among many uncharacterized genes in DosR regulon, RafS, and RafH (66).
Understanding how ribosomes are regulated is one of the critical aspects of revealing the
molecular mechanism during latency.

The ribosome, an apparatus responsible for protein biosynthesis, comprises two
subunits: the 30S and 50S in prokaryotes (168). The small subunit 30S, required for
fidelity, contains 16S rRNA and about twenty ribosomal proteins (rProteins). The large

subunit 50S, containing the peptidyl transferase active site, includes 5S rRNA, 23S
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rRNA, and about thirty rProteins. In bacteria, instead of degrading and regenerating this
super complex when switching from stressful to a favorable environment, stabilizing and
inhibiting ribosome is the energy-efficient strategy for rapid response to the stress (169).
Escherichia coli (E. coli), the best-studied Gram-negative bacteria regarding ribosomal
stabilization during stress, employs three mechanisms to stabilize and inhibit ribosomes
(170). YTiA (previously named as protein Y or RaiA) occupies the A and P tRNA site in
the 30S, creating a stable but inactive 70S ribosome. Ribosome modulation factor
(RMF) interacts with Shine-Dalgarno (SD) sequence and causes the conformational
change of the 30S to facilitate the intimate interaction between two 30S. Therefore the
90S complex, which is made of 70S and 30S, is formed because of the dimerization of
30S. After RMF binds the ribosome, short hibernation promoting factor (SHPF), a
homolog to YfiA, also binds to tRNA recognition sites to further form a 100S complex,

the dimer of 70S (171) (Fig. 23).
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Figure 28 Scheme of different mechanisms of the formation of 100S

The appearance of 100S is also typical for most other bacteria, however, with a
distinguished mechanism. They lack both RMF and SHPF, which are only present in a
subset of Gammaproteobacteria, including E. coli. Instead, they contain a long-form

HPF (LHPF), consisting of an N-terminal domain homologous to SHPF, a C-terminal
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domain, and a long linker between them (67). Cryo-EM structures of 100S from four
different species, Staphylococcus aureus (172) (173), Lactococcus lactis (174), Bacillus
subtilis (175), and Thermus thermophilus (176), revealed a more universally conserved
mechanism of the formation of 100S in bacteria. The N-terminal domain blocks A and P
tRNA sites in the 30S, similar to its homolog SHPF. However, the C-terminal domain
can form a dimer through hydrophobic interactions, therefore mediating the formation of
100S, rather than changing the conformation of 30S like in E. coli. Interactions between
these two 70S monomers also involve proteins and RNAs from 30S. For example, the
interaction between s18, s2, and h26 forms a head-to-head pattern in the dimerization
interface. Moreover, no 100S was observed in versions of LHPF with a shorter linker,
showing the importance of the length of the linker (175).

Surprisingly, even though RafS and RafH from Mycobacterium are homologs to
LHPF, there were no 100S found during the stationary growth and hypoxia stress (66).
Indeed, CryoEM structures of the ribosome-RafS complex from Mycobacterium
smegmatis confirmed that it adopted monomer configuration (68) (177). Similar to other
LHPFs, the N-terminal domain binds across A and P sites on the 30S. However, the C-
terminal domain is invisible, potentially due to its flexibility. Interestingly, Li et al.
showed that RafS only bound to ribosome when the cell was grown at zinc-depleted
media and is mediated by Mrf (68). Nonetheless, the detailed molecular mechanism of
how zinc is involved in the binding of RafS to the ribosome in Mtb is unknown.

Here we present biophysical characterizations of MtbRafH (Rv0079) and

MtbMrf (Rv3241) from Mtb. We also explore the interaction between MsmMpy
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(MSMEG_1878) and its potential recruitment protein MsmMrf (MSMEG_6069) from
Msm. Our results suggest that MtbRafH cannot bind to the ribosome in vitro. We also
show that there are no stable interactions between Mpy and Mrf. Interestingly, Mpy
alone can bind to zinc molecules due to its C-terminal domain, despite lacking the
conserved zinc-binding motifs. Besides, the C-terminal domain of Mpy shows reversible
zinc-dependent aggregation in vitro. Furthermore, Instead of forming a dimer, the C-
terminal domain of Mpy displays as a tetramer, which could potentially prevent

ribosomes from forming 100S in Mycobacteria.

111.2 Materials and methods
111.2.1 Protein expression and purification

The full-length MsmMpy (MSMEG_1878), MsmMrf (MSMEG_6069), and
MtbRafH (Rv0079), were cloned into a modified pET28(a) vector with an N-terminal
His-SUMO tag. MBP-tagged MsmMpy and MsmMrf were constructed with pDB-His-
MBP vectors. Untagged versions of MtbMpy were cloned with pET-22b(+) vectors. We
then overexpressed proteins in Rosetta™ 2(DE3) cells and purified using either Ni-NTA
or amylose resin depending on the affinity tag. The SUMO tag was then cleaved by
SUMO protease and removed by Ni-NTA column, leaving proteins of interest with one
extra serine at the N terminus. MBP tag was removed with TEV protease. Further
purification was done using gel filtration chromatography by Superdex 200 (16/60 GL)

column (GE Healthcare). Buffer exchange was performed using Spectrum™ Labs
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Spectra/Por™ dialysis tubing with a different molecular weight cut-off. Protein

concentration was done with Sartorius ultrafiltration centrifugal concentrators.

111.2.2 Negative staining electron microscopy

5 uL protein samples (~50nM) were applied on the glow discharged 300 mesh
carbon film grid and incubated for 1 min. Protein samples were then blotted away with a
filter paper, followed by adding 5 puL 0.75% Uranyl Formate (UF) staining solution onto
the grid and blotting away immediately. Another 5 pL. 0.75% UF staining solution was
applied onto the grid and incubated for 1 min. The staining solution was then blotted
away by a filter paper, and the grid was left on a petri dish to dry out for at least 30 mins
before imaging under an electron microscope. Images were recorded with Tecnai G2
Spirit BioTWIN operated at 200kV, using K2 Summit direct detection camera (Gatan) in

the electron counting mode.

111.2.3 Dynamic light scattering

Particle diameter estimation was done with the Zetasizer Nano-S dynamic light
scattering instrument, which provides measurements of particles ranging from 0.6 nm to
6 microns and molecular weight determinations from 1000 to 2 x 107 Daltons. A 500 pL

sample was used for the measurement.
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111.2.4 On-column cross-linking

To mildly cross-link the C-terminal domain of MtbMpy, we performed the “on-
column” cross-linking (178). First, 200 puL of 0.25% glutaraldehyde was injected into a
pre-equilibrated Superdex 200 (10/300 global in 20mM HEPES, pH 7.4, 500mM NacCl)
column and run at 0.25 ml/min for 20 min (i.e., a total of 5ml buffer). Subsequently, the
flow was paused, and the injection loop was flushed with equilibration buffer, followed
by injection of purified complex (200ul volume, at 5 uM concentration). The column
was then run at 0.25 ml/min, and 0.3 ml fractions were collected. Cross-linking product
was visualized by running the individual fractions on an 18% SDS gel with Coomassie

blue staining.

111.2.5 Sucrose gradient ultracentrifugation

Four different concentrations of sucrose solution (10%, 20%, 30%, 40%) were
prepared with the ribosome re-association buffer (5 mM HEPES-NaOH [pH 7.5], 10
mM NH4Cl, 50 mM KCI, 10 mM MgCl2, and 6 mM 2-mercaptoethanol). The sucrose
gradient was prepared as a step gradient first. To easily handle the gradient and increase
reproducibility, we used the flash-freezing method to prepare a step sucrose gradient.
Each sucrose layer was flash-frozen with liquid nitrogen before adding another layer. A
linear 10%-40% sucrose gradient was formed by thawing the step gradient first at room
temperature and left at 4 °C for at least 24 hrs. 100 pL sample was applied on top of the
linear gradient and centrifuged with a Beckman SW41 Ti rotor at 40,000 rpm for 2.5 hr.

Sample distribution in the gradient was collected with Model EP-1 Econo Pump and
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analyzed using Bio-Rad BioLogic LP System. Fractions were collected at every 0.4 ml

and visualized by running on an 18% SDS gel with Coomassie blue staining.

111.3 Results
111.3.1 RafH does not interact with the ribosome in vitro

Ribosome-associated factor during Hypoxia (RafH) is proposed to interact with
Ribosome and regulate its stability (66). RafH has an N terminal S30AE domain based
on sequence analysis, which typically occupies the A and P tRNA sites on the 30S.
However, the C terminal domain shows extra ~50 residues than the ribosome hibernation
factors (Fig. 24). Although the deletion of RafH affects the ribosome's stability in the
hypoxia condition, the characterization of the interactions between RafH and ribosome

has not been investigated.
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Figure 29 Sequence alignment between RafH and LHPFs

a, the full-length sequence alignment between RafH from Mtb, and LHPFs
from Staphylococcus and Lactococcus. Different domains are labelled with
different color. b, C-terminal domain dimer structure. Red loop shows where the
insertion is located in RafH.
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We overexpressed MtbRafH in E.coli and purified it with His-sumo tag. It
reached high purity with one-step purification and was further purified when the sumo
tag was removed (Fig. 25a). In order to test the ribosome-binding property of MtbRafH,
we performed pull-down experiments with His-sumo-tagged MtbRafH. However, upon
mixing His-sumo tagged MtbRafH with either 30S, 50S, or 70S, we observed
precipitation. SDS-PAGE analysis showed that the aggregation is mostly His-sumo
tagged MtbRafH, while the supernatant still contains soluble MtbRafH (Fig. 25b). We
then proceeded with the pull-down experiment with Ni-NTA resin using the His-tag on
MtbRafH. Unfortunately, the elution from Ni-NTA resin showed that the His-sumo
tagged MtbRafH was unable to pull down 30S, 50S, and 70S (Fig. 25¢). Although it did
not show stable interaction between MtbRafH and Mtb ribosome, we cannot rule out that
this could be a false negative due to the sumo tag on MtbRafH. However, MtbRafH,

with only His-tag, experienced solubility issues.
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Figure 30 RafH purification and pull-down experiments with ribosome

a, SDS-PAGE of the purification of MtbRafH. b, His-sumo-MtbRafH
aggregates upon incubating with 30S, 50S, and 70S. c, Pull-down experiments
showing MtbRafH is unable to pull down either 30S, 50S, or 70S.

111.3.2 MsmMpy can only solubilize with C-terminal His tag in buffer with high salt and
EDTA

Mpy, previously named Ribosome-associated factor during stasis (RafS), is a
long hibernation promoting factor. The structural information of Mpy in mycobacteria is
still unknown, and so is its interaction with the ribosome. Specifically, the architecture

of its C-terminal domain is of great interest. Since there are no 100S observed in
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Mycobacteria, the conformation of the C-terminal domain of Mpy could be different
from other LHPFs.

Initially, we started with Mpy from Msm due to the less time-consuming process
of getting ribosomes. An N-terminal His-tag was introduced to the full-length MsmMpy.
Although the production is sufficient, there are solubility issues before and after
purification (Fig. 26a). In order to address the solubility issue, we tried different buffer
conditions during the purification. In the beginning, the high salt (500 mM NaCl)
sodium phosphate buffer helped to solubilize the MsmMpy after cell lysis (Fig. 26b)
while precipitated after dialysis against low salt buffer (Fig. 26c). Since high salt was
necessary to keep the protein soluble, we then tested whether different buffer reagents or
pH would keep MsmMpy soluble. Unfortunately, sodium phosphate buffer (pH 7.5) or
5mM HEPES buffer (pH 7.4) failed to keep the protein soluble during concentration
(Fig. 26e), as well as HEPES at pH 8.0 (Fig. 26f). We also tested 500 mM NH.CI as the
salt component, which helped with the solubility of MsmMpy (Fig. 26g). Besides, we
found out that it significantly reduced the solubility when removing the 500 mM

imidazole in the buffer (Fig. 26h).
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Figure 31 Purification attempts for MsmMpy

a, His-MsmMpy purification with low salt buffer. b, 100mM sodium
phosphate low pH (pH 7.0) with high salt buffer. c, Dialysis against Tris low slat
buffer (pH 7.7). d,100mM sodium phosphate normal pH (pH 7.5) with high salt
buffer e, Buffer exchange using concentrator against 20mM sodium phosphate high
salt buffer and 5mM HEPES high salt buffer. f, 500mM sodium chloride in HEPES
buffer pH (pH 8.0). g, 500mM Ammonium chloride in HEPES buffer pH (pH 8.0)
h, Buffer exchange to remove imidazole
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Due to the high salt concentration (500 mM NH4Cl and 500 mM imidazole)
required to stabilize MsmMpy, we did not proceed to study its interaction with the
ribosome. Instead, we experimented with a different construct, which has a His-tag at the
C-terminus of MsmMpy, to test whether the new construct would provide better
stability. The supernatant after cell lysis contains more soluble protein than the previous
construct, and the yield significantly increased (Fig. 27). However, aggregation occurred
again when we tried to remove imidazole from the elutions either through dialysis or

concentrator.

M lysis sup FT  wash elutel  elute2 elute3 elute4 eluteS

Figure 32 C-terminal His tag purification of MsmMpy

To systematically test how to maintain MsmMpy solubilized upon removal of
imidazole, we diluted concentrated ~10mg/ml MsmMpy, which contains 500 mM
imidazole, into variant buffers to test its solubility at a concentration of ~1mg/ml (Table

5). Interestingly, only buffer that either has a high NH4Cl concentration or high
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imidazole concentration (>150 mM) can keep MsmMpy soluble. Surprisingly, if the

buffer contains 500mM NH4Cl and 1mM EDTA, it also can help MsmMpy stay soluble.

One possible explanation is that the elution from the Ni-NTA column has a small trace

of nickel ions, which could induce protein precipitation. However, due to the high

concentration of imidazole in the elution, its competition for nickel ions maintained the

protein’'s solubility. Once imidazole is removed during dialysis or the concentration is

lowered during buffer exchange using concentrator, the protein starts to aggregate due to

binding to nickel ions with high affinity. On the other hand, EDTA neutralizes the effect

of the small trace of nickel ions in the buffer completely.

Table 5 Solubility test for MsmMpy with C-terminal His tag in different buffers

HEPES
(mM)

NH,CI
(mM)

MgCl,
(mM)

KCI
(mM)

Glycerol

Imidazole
(mM)
EDTA
(mM)

buffer1

20

100

20

50

buffer2

20

200

20

50

buffer3

20

100

20

50

10%

buffer4

20

500

20

50

10%

buffers

20

500

20

50

20%

bufferé

20

100

20

50

50

20
200
20

50

50
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20

100

20

50

150

20

100

20

50

250

20

200

20

50

50

buffer7 | [ | TN  burfer1o | N

20

500

20

50

50

bufferi2 | N

20

200

20

500



111.3.3 MsmMpy inhibits translation in vitro

The final MsmMpy purification strategy was to use the C-terminal His-tag
construct and 500mM NH4Cl in the buffer. Elution from the Ni-NTA column was
collected and titrated into a 10 ml buffer containing 10mM EDTA to prevent
aggregation. Removal of imidazole was done using a protein concentrator. The
concentrated MsmMpy was further purified using HiLoad 16/600 Superdex 200 pg (Fig.
28a). Two major peaks corresponding to the molecular weight around 320kDa and
160kDa are two different oligomeric states of MsmMpy. The long linker between the N
terminal and C terminal domains in MsmMpy could alter its retention volume on the gel
filtration column. However, the homolog from Staphylococcus aureus showed expected
molecular weight (172). Therefore, MsmMpy could be both tetramer and octamer
according to the molecular weight. Although the oligomeric state of MsmMpy still needs
further validation, we proceeded with the functional analysis of MsmMpy using in vitro
translation assay. MsmMpy was shown to inhibit the translation with an 1Cso of about 2

uM (Fig. 28b).
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Figure 33 Gel filtration and in vitro translation analysis of MsmMpy

a, Gel filtration result showing two major peaks corresponding to around
240kDa and 120kDa. b, MsmMpy inhibits translation with an 1Cso ~2 pM

111.3.4 In vitro reconstitution and cryo-EM studies of ribosome-Mpy complex

As MsmMpy displayed active inhibition toward translation in vitro, we set to
study the ribosome-Mpy complex structure. We evaluated the interaction between
MsmMpy and ribosome using sucrose gradient ultracentrifugation after reconstituting
the complex in vitro. In agreement with the in vivo studies, reconstituting the ribosome-
Mpy complex in vitro did not result in the formation of 100S (Fig. 29a). SDS-PAGE
analysis of the ribosome peak showed that MsmMpy co-migrated with Msm ribosome
(Fig. 29b), while MsmMpy alone was on the near top of the sucrose gradient (Fig. 29a),

indicating a stable complex was formed.
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Figure 34 Sucrose gradient analysis of MsmMpy-70S complex

a, chromatograms of different experimental conditions. B, SDS-PAGE
analysis of the ribosome fraction. The star indicates the band of MsmMpy.

Samples for cryo-EM studies were made from the sucrose gradient fraction that
contains Msm ribosome and MsmMpy. However, the preliminary structures of the
ribosome did not reveal the density of MsmMpy. 3D classification results showed
different states of Msm ribosome (Fig. 30a), while the density of MsmMpy was not

observed in the A and P tRNA sites on the 30S, where the N-terminal domain was

expected to be. Instead, tRNA density is present at the P tRNA site (Fig. 30c).
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Figure 35 Preliminary cryo-EM structures of MsmMpy-70S complex

a, Different subpopulations of ribosome. b, Potential MsmMpy binding site
on ribosome. ¢, Density map showing the MsmMpy binding pocked, however the
density colored in red resembles the P site tRNA instead of N-terminal domain of
MsmMpy.
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111.3.5 Absence of interactions between Mpy and Mrf

While we were analyzing our initial cryo-EM results, the cryo-EM structure of
MsmMpy with Msm ribosome was published. More importantly, Li et al. showed that
RafS (renamed as Mpy) only bound to ribosome when the cell was grown at zinc-
depleted medium and is mediated by Mrf. However, the detailed molecular mechanism
involving zinc in the binding of Mpy to the ribosome in Mtb is unknown. Besides, the C-
terminal domain of MsmMpy is not resolved in the published structure.

Hence, we changed course to investigate the potential interaction between Mpy
and Mrf and zinc ions' possible roles in the interaction between Mpy and ribosome. We
tried to purify MsmMrf with His-sumo tag or MBP tag at the N-terminus. Although both
are soluble after elution and concentration, SEC results revealed that they are soluble
aggregates, displaying more than 600kDa molecular weight (Fig. 31). We then tested co-
purification of MsmMrf and MsmMpy, by mixing the cells expressing His-sumo-tagged
MsmMrf and untagged MsmMpy before lysis (Fig. 32a). Untagged MsmMpy is shown
to be purified together with His-sumo-tagged MsmMrf. Interestingly, a similar amount
of MsmMpy and MsmMrf were present in the early elution, while more MsmMpy was
eluted later. It also appears that MsmMrf can prevent MsmMpy from aggregating since
the early elution did not precipitate. After removing the His-sumo tag on MsmMrf, we
ran a gel filtration to examine the interactions between MsmMrf and MsmMpy (Fig.
32b). Unfortunately, MsmMrf and MsmMpy did not co-migrate on the gel filtration
column (Fig. 32c). Nevertheless, MsmMrf still showed soluble aggregates, which could

potentially compromise its interactions with MsmMpy.
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Figure 37 Co-purification of MsmMpy and MsmMrf

a, Untagged MsmMpy is co-purified with His-sumo tagged MsmMrf. b, Gel
filtration of co-purified MsmMpy and MsmMrf. ¢, SDS-PAGE analysis of the peaks
on the chromatogram. Co-migration of MsmMrf and MsmMpy is not observed
MBP tags.
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111.3.6 Full-length and C-terminal domain of untagged MtbMpy can be purified by Ni-
NTA resin

From the observation that untagged MsmMpy was eluted after MsmMrf fully
eluted from the column during co-purification above, we deduce that untagged Mpy
could potentially bind Ni-NTA as well. Also, considering zinc molecules' role in
regulating the interactions between Mpy and ribosome, we set out to explore the zinc-
binding property of Mpy from Mtb. Due to the promiscuity of many zinc-binding
proteins in distinguishing zinc and nickel molecules, we initiated the experiment to test
whether untagged MtbMpy can be purified by Ni-NTA resin, which could be an
indicator of zinc-binding property. The full-length untagged MtbMpy construct was
overexpressed in Rosetta 2(DE3) cells. Surprisingly, it can be purified by Ni-NTA resin
(Fig. 33), indicating that MtbMpy could bind zinc molecules as well. In order to pinpoint
the potential zinc-binding motif, we overexpressed different constructs of MtbMpy,
including the N-terminal domain, N-terminal domain with linker region, C-terminal
domain with linker region, and C-terminal domain. Only the C-terminal domain is
present after purification using Ni-NTA resin, suggesting that the C-terminal domain of

MtbMpy is responsible for potential zinc-binding (Fig).
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Figure 38 Purification of full-length and different domains of MtbMpy

111.3.7 Tetrameric state is the dominant configuration of MtbMpy C-terminal domain
C-terminal domains of LHPFs often form a dimer, therefore mediating the
formation of 100S. However, the absence of 100S in mycobacteria raises the question of
the configuration of the C-terminal domain of Mpy. According to the size exclusion

chromatography result of the Mpy C-terminal domain, we observed two peaks
corresponding to the molecular weight around 24 kDa and 48 kDa, respectively (Fig.

34). The estimated molecular weight indicates tetramer and octamer formation, which is
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in agreement with the full-length MsmMpy. We further investigated the oligomeric state
of MsmMpy using an on-column cross-linking method. Different oligomeric states were
detected on the SDS-PAGE gel, including tetramer and higher-order oligomer

population, potentially due to the mild nature of the cross-linking method (Fig. 35).

630 158 44 17 1.35
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Figure 39 Gel filtration of purified C-terminal domain of
MtbMpy
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Figure 40 On-column cross-linking C-terminal domain of MtbMpy
Gel filtration profile and SDS-PAGE revealed high oligomerization states.
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Structural characterization of the C-terminal domain of MtbMpy was
unsuccessful by either X-ray crystallography or NMR. No crystals were observed by the
hanging drop method in nearly 600 conditions. Although we can detect the secondary
structures using NMR, we did not get 3D information due to the protein's instability in

the required low salt buffer (Fig. 36).

Figure 41 Structural characterization of MtbMpy C-terminal domain

using NMR
Although the it shows stable secondary structure, the signal is week and
protein aggregated in less than 24 hrs.

111.3.8 Reversible Zinc-mediated polymerization and aggregation of C-terminal domain

of MtbMpy
Since the C-terminal domain of MtbMpy can be purified with Ni-NTA resin
without a His-tag, we set to investigate the effect of zinc molecules on MtbMpy. We

employed dynamic light scattering to estimate the distribution of protein particle
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diameter. The average particle diameter of the purified C-terminal domain of MtbMpy is
around 6 nm (Fig. 37). However, upon adding zinc ions, visible aggregation was
observed, and the averaged particle diameter was more than 2 um. The precipitation is
not due to denaturation but instead mediated by zinc ions since it is reversible upon

adding EDTA to the aggregates.

“~ Mpy-C:1mg/ml
= Mpy-C:1mg/ml+100uM Zn?*
Mpy-C:1mg/ml+100uM Zn2*+500uM EDTA

Intensity (%)

Diameter (nm)

Figure 42 Dynamic light scattering profile of MtbMpy C-terminal domain.

We also used negative staining electron microscopy to image the aggregation
induced by Zinc molecules. Although most aggregates were clumps of proteins (Fig. 38),
we observed filament-like structures, ranging from 1pm to 3 um long and more than 50
nm wide. Different high-order structures could form based on the different molar ratios

of protein and zinc molecules.
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Figure 43 Negative staining analysis of the aggregated MtbMpy C-terminal
domain

111.3.9 Attempts to identify Zinc-binding residues in the C-terminal domain of MtbMpy
By building a dimer structure of the C-terminal domain of MtbMpy based on the

available homologous structures using the SWISS model, we suspect that possible
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histidine clusters are present in the dimer interface (Fig. 39a). Mutant H170F and a
double mutant H170F/P171S were expressed. However, both were still able to be
purified by Ni-NTA resin (Fig. 39b). Further mutations, including other histidines, are

needed to address the zinc-binding residues in the C-terminal domain of MtbMpy.

b Total lysate Supernatant Elution

M V177 H1T0F H170F/P171S V177  HI70F H170F/P171S V177 H170F H170F/P1718

Figure 44 Potential histidine cluster and mutagenesis study

a, Structure of predicted C-terminal dimer indicates the
potential histidine at the dimer interface. b, preliminary mutagenesis
studies shows that H170 is not critical for Zinc-binding.
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111.4 Discussion

Here we explored the translational regulation related to the persistency of Mtb,
primarily focused on the factors during hypoxia and stationary phase. According to our
preliminary results, whether there is a direct interaction between RafH and ribosome is
ambiguous. However, as stated previously, more thorough experiments are needed to
fully address the question. For example, different purification tags could interfere with
the results. In addition, inferred from the studies of Mpy, whether RafH needs other
factors to facilitate its interaction with ribosome is still unknown and to be explored.

As for the investigation of Mpy, we initially spent extensive efforts purifying and
characterizing its interaction with the ribosome without success. Li et al. showed two
necessary conditions for Mpy to bind to ribosome, Mrf, and zinc-depletion in the
medium. We then changed the course to study its interaction with Mrf and accidentally
found out its zinc-binding ability. Although the direct interaction between Mpy and Mrf
was not detected, it still needed further declaration as Mrf were soluble aggregates in
vitro under our experimental conditions.

Surprisingly, Mpy can be purified by Ni-NTA resin without any tag, which
indicates that it can also bind zinc molecules. Further investigations revealed that the C-
terminal domain of Mpy is responsible for the zinc-binding. It is reasonable to speculate
that the C-terminal domain of Mpy serves as a regulatory domain since the N-terminal
domain is the functional domain that binds to the ribosome. The zinc molecule could act
as a trigger for a switch-mechanism. Mpy would polymerize when an excess amount of

zinc molecules are present in the cell, preventing it from binding to the ribosome. When
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there are fewer zinc molecules present in the cell, potentially through the help of Mrf,

Mpy returns to tetrameric form, which will interact with the ribosome (Fig. 40).

Zinc

N

Mrf?

Figure 45 Potential Zinc-mediated switch mechanism of Mpy

The unique property of the C-terminal domain of Mpy compared to its homologs
in other bacteria could be inferred from the fact that no 100S is present in mycobacteria,
which is typically mediated by the dimerization of the C-terminal domain. Indeed, the C-
terminal domain of Mpy appears to be dominantly tetrameric, potentially blocking the
formation of 100S.

In conclusion, we propose a direct zinc-mediated switch mechanism of Mpy in
this study, which provides an alternative explanation for regulating ribosome hibernation
in mycobacteria. We also reveal the possible explanation for the absence of 100S in
mycobacteria, which is due to differences in the oligomerization states of the C-terminal

domain of Mpy.
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CHAPTER IV
NATURAL PRODUCT DERIVED SEQUANAMYCINS OVERCOME

METHYLATION-INDUCED MACROLIDE RESISTANCE IN MTB RIBOSOME

V.1 Introduction

As one of the most successful human pathogens, Mycobacterium tuberculosis not
only can escape the immune system to remain dormant for decades but also show
resistance against many commonly used antibiotics (73). The currently recommended
treatment for new cases of drug-susceptible TB (DS-TB) is a six-month regimen of four
first-line drugs: isoniazid (H), rifampicin (R), ethambutol (E), and pyrazinamide (Z)
(17). It is even more challenging to treat TB-HIV co-infection. The alarmingly
increasing burden of drug-resistant-TB cases, defined as resistant to at least isoniazid
and rifampicin (multi-drug resistance, MDR) or resistant to even more TB drugs
(extensively drug-resistant, XDR), has been documented in the past decade (5). With
limited therapeutic options to efficiently target drug-resistant TB, the treatment requires
much longer, more expensive, and more toxic drugs, while with only a 50% success rate
toward MDR-TB. A new 9-month treatment regimen, with a potential success rate of
80%, has been recommended by WHO since 2016 (5).

Due to the inevitably increasing burden of MDR-TB and XDR-TB, there is a
substantial need to develop novel anit-TB drug combinations to maximize efficacy, limit
resistance to the individual components, and shorten the treatment. Several new TB

treatment regimens for both drug-susceptible and drug-resistant TB combining new or
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repurposed anti-TB drugs are being tested in Phase Il or Phase Il trials (179). However,
only three novel classes without pre-existing resistance are included in these regimens:
nitroimidazoles (Pretomanid or Delamanid), diarylquinolines (Bedaquiline), and
oxazolidinones (Linezolid, Sutezolid) (http://www.newtbdrugs.org/).

Although nearly half of clinically used antibiotics target ribosomes, it has not
been successful in treating TB by targeting the Mtb ribosome (180). However,
repositioning the old antibiotic Linezolid has been recently attempted to compensate for
the lack of TB drugs that target the Mtb ribosome. Despite its well-known toxicity,
Linezolid demonstrated a clear impact on XDR treatment in a clinical trial conducted in
Korea (181) (182). Besides, recent data in preclinical models using Linezolid and
Sutezolid demonstrated the potential of oxazolidinones to reduce the treatment duration
needed for the cure when given in combination with other novel compounds (183).
Taken together, it suggests that ribosome is not only a traditionally attractive target for
classic bacterial infections but also for TB.

Macrolides are a widely-used class of antibiotics that bind at the nascent peptide
exit tunnel of the ribosome to block protein biosynthesis (184). Although this class of
antibiotics is often preferred prescribed drugs against many bacterial infections, it has
been established that the 14-membered macrolides do not work against Mtb due to
intrinsic resistance (185) (81). When Mtb is treated with macrolide antibiotics such as
clarithromycin and erythromycin, the erm37 gene is induced, resulting in a significant
reduction in their activity. Unlike erm genes in other bacteria, the detailed induction

mechanism in Mtb is unknown as no lead sequence is found upstream of the start codon
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of erm37. Gene erm37 encodes a methyltransferase responsible for the methylation of
the Mtb ribosome in the 23S rRNA at position A2296, a residue critical for macrolide
binding, and also potentially at neighboring nucleotides A2295 and A2297, which could
further reducing the binding affinity for macrolides (83). Therefore, the usage of
macrolides against Mtb is less than desirable. Although clarithromycin is occasionally
used in salvage regimens for highly drug-resistant TB, it has never demonstrated
significant efficacy against TB in the clinical setting or preclinical models. Aso,
chemical optimization of the 14-membered ring macrolides has not met with success
(186) (187).

Most efforts to discover anti-TB drugs were stopped in the 1970s when
rifampicin was approved for TB therapy (188). With the urgent need to find novel anti-
TB drugs in mind, the Sanofi chemical patrimony containing former TB drug programs
was re-explored (15). The natural product Sequanamycin A (SEQ-503), belonging to a
14-member ring erythromycin family, was considered a good starting point for a
medicinal chemistry optimization program (189). Here, we describe the in vitro activities
of the advanced lead compound SEQ-9, demonstrating its efficacy to inhibit the A2296-
methylated Mtb ribosome, as well as the cryo-EM structure of SEQ-9 in complex with
A2296-methylated Mtb ribosome to provide detailed molecular information for

structure-based drug design (SBDD)
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1.2 Materials and methods
IV.2.1 Mtb S30 and S100 preparation

The purified S30 fraction from Mtb is prepared according to a previous
publication (190) with modifications. Briefly, cell lysates are centrifuged twice at 30,000
g for 30 min at 4°C. The supernatant is collected and 3 mL of pre-incubation buffer (0.3
M Tris-acetate, pH 8.2, 14.0 mM Mg(Ac)2, 12.0 MM ATP, 4.4 mM DTT, 0.04 mM 20
amino acids, 6.7 U/mL pyruvate kinase, 84.0 mM PEP) is added to every 10 mL of cell
extract. The mixture is wrapped in aluminum foil and incubated at 37°C on a rotary
shaker (120 rpm) for 80 min. Following the pre-incubation step, the S30 extract is
dialyzed against four exchanges of 20 volumes of S30 buffer (10 mM tris-acetate pH
8.2, 14.0 mM Mg(Ac)2, 60 mM KAc, 1 mM DTT) for 45 min each. The dialyzed extract
is finally centrifuged at 4000 g for 10 min at 4°C. Fraction S100 is made from S30 by
centrifugation at 100,000 g for 2 hours at 4 “C on Beckman Type Ti50.2 rotor to remove

ribosome.

1V.2.2 Methylated Mtb ribosome purification

Mtb ribosomes are purified as previously described, except that methylated
ribosomes are prepared from Mtb culture with 1 ug/ml of erythromycin. Briefly, cell
lysates are clarified by centrifugation at 30,000 g for 1 h. The supernatant is pelleted in
sucrose cushion buffer (20 mM HEPES pH 7.5, 1.1 M sucrose, 10 mM MgClz, 0.5 M
KCI, and 0.5 mM EDTA) at 185,511 g in a Beckman Type 45Ti rotor for 20 h. The

pellet is resuspended in a buffer containing 20 mM Tris—HCI pH 7.5, 1.5 M (NH4)2S04,
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0.4 M KCI, and 10 mM MgCl2. The suspension is then applied to a hydrophobic
interaction column (Toyopearl Butyl-650S) and eluted with a reverse ionic strength
gradient from 1.5 M to 0 M (NH4)2SOu in a buffer containing 20 mM Tris—HCI pH 7.5,
0.4 M KCI, and 10 mM MgClz. The eluted ribosome peak is changed to reassociation
buffer (5 mM HEPES-NaOH, pH 7.5, 10 mM NH4CI, 50 mM KCI, 10 mM MgClz, and 6
mM B-mercaptoethanol) then concentrated before applying to a 10-40% linear sucrose
gradient centrifuged in a Beckman SW28 rotor at 64,921 g for 19 h. The 70S fractions

are concentrated to about A260 = 150 after removal of the sucrose.

I1V.2.3 IC50 measurement of different compounds

The Mtb S100 extract (15 pL, containing translation factors such as initiation,
elongation, termination, recycling factors, and aminoacyl tRNA synthetase) mixed with
10 pL 10X salt buffer (2 M potassium glutamate, 0.8 M ammonium acetate, and 0.16 M
magnesium acetate), 0.5 mM each of the 20 amino acids, 16.7 mM PEP and 1% poly
(ethylene glycol) 8000. This mixture (41 pL) is added to each well and mixed with wild-
type or erythromycin-treated ribosome to the final concentration at 100 nM.

We next add 2 uL compound of each concentration (40 uM, 4 uM, 2 uM, 1 uM,
400 nM, 200 nM, 100 nM, 40 nM, 20 nM, 10 nM, 4 nM, 0) to the 41 uL mixture, and
allow incubating for 10 minutes at room temperature prior to adding master mix and
MRNA. The reaction is started by adding nanoluciferase mRNA (100 ng in 2 puL) and 5
uL 5X master mix (286 mM HEPES-KOH, pH7.5, 6 mM ATP, 4.3 mM GTP, 333 uM

folinic acid, 853 pg/mL tRNA). The final volume is 50 pL. The reaction is allowed to
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proceed for one hour at 37 degrees and then terminated by the addition of 80 uM
Chloramphenicol. The luminescent signal is detected by the addition of 20 uL of the

nano-luciferase substrate Furimazine in S30 buffer.

IV.2.4 Cryo-electron microscopy and Data processing

SEQ-9-bound A2296-methylated Mth 70S was prepared by incubating 800 nM
methylated 70S with 16 uM SEQ-9 on ice for 30 min. A volume of 3 pl of the sample
was applied to a glow-discharged Quantifoil R2/2 holey carbon grid (300 mesh) and
vitrified using a Vitrobot Mark 111 (FEI company, The Netherlands) at 22°C with 100%
relative humidity. Cryo-EM data were collected under a Titan Krios electron microscope
(89) operating at 300 kV, at a nominal magnification of 130,000, which yields a pixel
size of 1.06 A/pixel. Image stacks were recorded on a Gatan K2 Summit (Gatan,
Pleasanton CA, USA) direct detection camera in the electron counting mode. A total
exposure time of 8.0 s with 0.2 s intervals, and a dose rate of ~6.0 electrons/A?/s was
used, resulting in 40 frames per image stack and an accumulated total dose of ~48
electrons/AZ,

Drift correction of collected image stacks was done by MotionCor2 with dose
weighting (191). Aligned and summed image stacks were subjected to CTF estimation
using gCTF (143). Images showing ice contamination and low resolution according to
the estimation from gCTF were discarded, resulting in a total of 6,481 micrographs.
Particle picking and reference-free 2D class average were done by Gautomatch

(http://www.mrc-lmb.cam.ac.uk/kzhang/) and RELION-3.0 (144), respectively. A total
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of 1,065,544 clean particles were selected and refined into one consensus map. Then 3D
classification was used with the option ‘--skip_align’ to classify ribosomes' different
conformations. Furthermore, each state was processed according to the pipeline of
RELION-3.0. The overall resolution was estimated according to the gold-standard

Fourier shell correlation (145).

IV.2.5 Molecular modeling and refinement

To build the atomic model for methylated 70S bound with SEQ-9, we used our
previously published structure from Mycobacterium tuberculosis (PDB 5V93) (49),
which was fitted into the calculated cryo-EM map using rigid body fitting in Chimera
(154). The docked model was then manually adjusted to refine into the cryo-em map
using COOT (153). ERRASER (102) was used to improve the RNA backbone geometry.
Ligand restraints of SEQ-9 were generated by eLBOW (192). The SEQ-9 molecule was
manually docked into the extra density around the PTC region and refined using COOT.
Iterative refinement using real-space refinement in PHENIX (152) and COOT was

performed to improve the geometry and local fitting.

1.3 Results
1V.3.1 A2296-methylated Mtb ribosome is resistant to macrolides

To purify the A2296-methylated Mtb ribosome, we cultured Mtb with
erythromycin to induce the expression of Erm37, which will methylate A2296 required

for the intrinsic resistance. In order to test whether the purified ribosome is resistant to
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macrolide, we used in vitro translation assay. As expected, the 1Cso values of a different
generation of macrolides were greatly increased with the ribosome purified from cells
cultured with erythromycin, indicating that ribosomes were methylated (Fig. 41). 1Cso
values of clarithromycin and erythromycin increased 100 to 200 folds from 353.9 nM to
88,042.6 nM and 670.5 nM to 1399422.9 nM, respectively. We also tested the 1Cso of
other non-macrolides, including capreomycin, chloramphenicol, linezolid, and
streptogramin. Only a modest difference between unmethylated and methylated

ribosomes was observed, confirming that the macrolide-resistance is due to A2296-

methylation (Fig. 42) (Table 6).
Clindamycin (CLI) Tylosin (Tyl)

Figure 46 Methylated Mtb ribosome is resistant to different
generations of macrolides.
In vitro translation assay with wild type ribosome (blue) and
methylated ribosome (red)
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Figure 47 Methylated Mtb ribosome is NOT resistant to other
antibiotics.

In vitro translation assay with wild type ribosome (blue) and
methylated ribosome (red)
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Table 6 Summary of the 1C50 of different antibiotic toward unmethylated and
A2296-methylated Mtb ribosome

_ unmethylated A2296-methylated

Clarithromycin (nM) 353.9 88042.6
Azithromycin (uM) 2.9

Tylosin (nM) 89.2 377.1
Erythromycin (nM) 670.5 139942.9
Capreomycin (nM) 7.9 10.2
Chloramphenicol (uM) 14.9 16.3
Linezolid (uM) 5.9 5.8
Streptogramin (nM) 68.6 84.3

1V.3.2 SEQ-9 inhibits the A2296-methylated ribosome in vitro

According to the in vivo efficacy analysis of different Sequanamycin A
derivatives by Sanofi, SEQ-9 shows promising activity, which could serve as an
advanced lead compound. To quantitatively test its activity against translation in Mtb,
including the methylated ribosome, we employed in vitro translation assay to evaluate
SEQ-9 (Fig. 43). The 1Cso value of SEQ-9 toward unmethylated Mtb ribosome is around
170 nM, demonstrating potent inhibition. To our surprise, the 1Cso value of SEQ-9
toward methylated Mtb ribosome is almost unaltered, suggesting its potency against A-

2296 methylated Mtb ribosome.
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Figure 48 SEQ-9 can overcome methylation mediated resistance
In vitro translation assay with wild type ribosome (blue) and methylated
ribosome (red)
1V.3.3 Cryo-EM structure of SEQ-9 in complex with A2297-methylated Mtb ribosome
To better understand the mechanism by which sequanamycins overcome the

resistance due to the methylation of A2296 on the Mtb ribosome, we performed cryo-
EM studies on the structure of the A2296-methylated Mtb ribosome bound with SEQ-9.
A total number of 6,481 micrographs were collected, yielding final cryo-EM maps of
variant states of the ribosome, including the 50S, vacant 70S, 70S with P site tRNA, and

70S with P/E site tRNA to the resolutions of 2.9 A, 2.9 A, 2.6 A, and 2.8 A, respectively

(Fig. 44).
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508 Vacant 70S
(2.9A) (2.9A)

P70S E70S
(2.6A) (2.8A)

Figure 49 Cryo-EM maps of different subpopulations in the dataset of
methylated Mtb ribosome bound with SEQ-9

By examining the peptidyl transferase center (PTC), only 70S with P site tRNA
state shows apparent density for SEQ-9 (Fig. 45). However, the C13 and C8 side chains'
weak cryo-EM densities suggest these side chains may be quite flexible and interact with
peptide tunnel walls through nonspecific interaction. It has also been observed on
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ketolides, which possess 11, 12-linked carbamate and an extended alkyl-aryl side chain.
The alkyl-aryl side-chain stretches down the exit tunnel away from the peptidyl
transferase center, protecting A752 in the E. coli and S. aureus ribosomes, but not on

the D. radiodurans or H. halobium ribosomes. The orientations of ketolides'
pharmacophoric side-chain vary when the drug binds to ribosomes from different species

(193).

0.017 e/A3
Figure 50 Density of SEQ-9 at different contour levels
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The density of an extra methyl group of A2296 was visible in the 70S with P site
tRNA state, while no extra density was found for methylated A2295 and A2297 (Fig.
46). Although unambiguously identifying RNA modifications on ribosome from cryo-
EM map may need atomic resolution (< 2 A), some conserved modifications on Mtb
ribosomal RNA are already visible based on our 2.6-A resolution map (Fig. 47).

a

A2295 A2295

A2296

Figure 51 Cryo-EM density of 3 potentially methylated RNAs
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Figure 52 Cryo-EM densities of RNA modifications in Mtb
ribosome

The previous structure suggests that macrolide resistance is caused by steric
clashes between the methyl group of N6 on A2058 and the dimethylamine group of the
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desosamine sugar, conserved for the three generations of macrolides (Fig. 48) (194). We
superimposed the erythromycin structures (PDB 4V7X) with the SEQ-9 bound A2296-
methylated Mtb ribosome structure to examine the interaction toward mono-methylated
A2296 Mtb ribosome (Fig. 49). Despite the observed hydrogen bond between the 3°-
hydroxyl group and the N1 of A2296, the distances between the methyl group on N6 of
A2296 and either the hydroxyl group or the methyl group on erythromycin are 2.9 A and
2.4 A, respectively. These hypothetical close distances indicate potential steric clashes,

contributing to macrolides' resistance in the methylated Mtb ribosome.

N’T
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Figure 53 Structures of the three generations of macrolides
Red box highlights the desosamine sugar
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Figure 54 Macrolide resistance due to the methylation of A2296 in Mtb
ribosome

Cyan model is the desosamine sugar of erythryomucin

For the methylated Mtb ribosome, SEQ still showed potent inhibition of protein
synthesis, suggesting that the methyl group on N6 of A2296 does not interfere with the
interaction between the Mtb ribosome and sequanamycins. Comparison between the
crystal structure of the erythromycin-bound ribosome and the cryo-EM structure of
SEQ-9 bound Mtb methylated ribosome indicates macro-lactone and ketoallose groups
are located in the same pockets. However, the 3’-hydroxyl and 4’-Methyloxime of
ketoallose in SEQ-9 protrude differently in methylated Mtb structure compared to the
crystal structure (Fig. 51). Besides, A2300 in the SEQ9-bound methylated ribosome
structure flips 90 degrees away from SEQ-9. SEQ-9 has a modified desosamine sugar, in
which the ketoallose contains one sp? methyloxime group, compared to erythromycin

with sp® dimethylamine groups (Fig. 50). The distances between the methyl group on N6
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of A2296 and either the modified ketoallose group or the hydroxyl group on SEQ-9 are
4.1 A and 3.4 A, respectively. While it is hard to predict the interactions between
ketoallose and nearby nucleic acids, the conformational change of SEQ-9 reduces the
clash between ketoallose and the N6 methyl group on A2296, therefore maintaining the

anti-tubercular potency.

\
07 = N /J
Modified desosamine sugar s \l

SEQ-416 SEQ-372 SEQ-S

Figure 55 Structures of the different sequanamycin lead compounds
Red box highlights the modified desosamine sugar
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A2296

Figure 56 Modified desosamine sugar of SEQ-9 avoids steric clash with the
methyl group of A2296

Pink model is the desosamine sugar of SEQ-9
IV.3.4 Structural variability around PTC in different states of Mtb ribosome

When we were building the model of the PTC region of A2296-methylated Mth
ribosome, we noticed that the densities of the RNA loop around A2296 had different
resolvability in different states (Fig. 52). The 70S with P site tRNA has the most defined
density that shows the loop's canonical conformation. However, vacant 70S, 70S with
P/E site tRNA, and 50S have week RNA loop densities that shift away from the
canonical conformation. Although the ribosome's PTC is inherently flexible,
coordinating with numerous translation steps, such variations in previously reported Mtb
ribosome structures were not observed. Since the data set was collected with methylated
Mtb ribosome and SEQ-9 compound, flexible PTC in different ribosome states may be

due to methylation of A2296, binding of SEQ-9, or the combination of both. However,
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we cannot rule out the possibility that the conformation of PTC in ribosomes varies at
different stages of cell growth (195) since the methylated ribosome was purified when
Mtb cells were cultured in the late log phase. Nevertheless, understanding the dynamic

of PTC could provide valuable insights for design and optimizing the new generations of

antibiotics that target the region around PTC.

) i 7 > vt €
Figure 57 Variant PTC conformations in different ribosome subpopulations

revealed by cryo-EM
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Ribosomal silencing factor during starvation or stationary phase (RsfS) was
initially proposed as the regulatory factor for the 50S under nutrient depletion stress
(196). However, the expression of RsfS was also observed during the log phase of cell
growth (196). More evidence suggests that RsfS may also function as a 50S biogenesis
factor, as a homolog in mitochondria was identified and co-purified with mitoribosome
assembly intermediates (197) (198).

Surprisingly, an extra density was found in the cryo-EM map of the 50S, which
was later identified as RsfS due to the perfect fit for the atomic model (Fig. 53).
Previously, Li et al. solved the cryo-EM structure of Mtb 50S in complex with RsfS to 9-
A resolution (141). The complex was reconstituted in vitro using 50S that was purified
from the disassociated 70S. However, the 50S subpopulation in our data set was the
contamination of the 70S fraction, which represented the 50S population in situ. In the
case of Mtb, RsfS was found to be bound with mature 50S, indicating its role in
maintaining the population distribution among 70S, 50S, and 30S. Our high-resolution
cryo-EM data will provide a detailed description of the interactions between RsfS and

Mtb 50S.
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Figure 58 RafS density is observed on the 50S

I1VV.4 Discussion

Rediscovering macrolide-like antibiotics against TB is an unchartered area,
primarily due to the intrinsic resistance to macrolides in Mtb. However, here we
provided a functional and structural characterization of Sanofi advanced lead compound
SEQ-9. Macrolide resistance contributed by the methylation of A2296 is overcome by
SEQ-9, verified in vivo and in vitro. The cryo-EM structure shed light on the
interactions between A2296-mediated ribosome and SEQ-9, supplying the blueprint for
possible further SEQ-9 optimization.

Additionally, structural information about methylated Mtb ribosomes purified
from a medium supplied with erythromycin was shown for the first time. Although the
exact percentage of the methylated ribosome still needs to be confirmed, structures of
different ribosome conformations were solved by cryo-EM. Interestingly enough, the
RNA loop at PTC around A2296 remained canonical conformation in the 70S with P site
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tRNA while showed alternative conformation in the states including 50S, vacant 70S,
and 70S with P/E site tRNA. The cause of the observed differences needs further
investigation.

Another interesting observation is that the solved 50S structure shows the density
of RsfS, a factor that is supposed to be induced under nutrient depletion stress. Although
the methylated ribosomes were purified from cells grown in the late log phase, the 50S
bound with RsfS was also observed when cells were in the log phase. The physiological

role of RsfS remains ambiguous, as its expression is throughout the entire growth curve.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

V.1 Potential regulations and additional functions of MtbEttA

We combined cryo-EM and X-ray crystallography to study the interactions
between Mtb ribosome and MtbEttA during its ATP hydrolysis. We solved the
ribosome-MtbEttA complex structures in pre-hydrolysis and transition states and
MtbELttA alone in the post-hydrolysis state. With detailed analyses of our structures, we
proposed thorough descriptions of the interplay between MtbEttA and ribosome. For
instance, 1. MtbEttA destabilizes the PTC of 50S in the pre-hydrolysis state; 2. The
rotation of 30S is responsible for promoting the ATP hydrolysis function of MtbEttA.

However, there are o0 aspects of MtbEttA that need further investigation.

V.1.1 The sequence of events of MtbEttA’s action on the ribosome

Early research indicates EttA functions on the initiation process of the translation
and depends on the ATP/ADP ratio in the cell. Our structures confirm the binding site of
EttA-like proteins is at the E site on the 70S, which will conflict with E site tRNA.
However, the detailed investigation about the sequence of events during the MtbEttA’s
function is absent. The first question involves whether MtbEttA binds to the ribosome
before or after elongation factor thermo unstable (EF-Tu) brings tRNA to the A site, or
even when EF-Tu is still present on the ribosome. Another question regards the

Elongation factor G (EF-G) whether it competes or facilitates the binding of MtbEttA to
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the ribosome. Although the minimum translation assay was used to investigate the time
of action of EttA on the ribosome, it involved using the ATP-hydrolysis deficient
mutant. Since there are different conformations of ribosome when bound with MtbEttA
at a different stage of ATP-hydrolysis, the ATP-hydrolysis deficient mutant may
function differently as the wild type in terms of the sequence of interactions. The most
robust way to study whether MtbEttA co-exists with EF-Tu or EF-G is two-color single-

molecule experiments, potentially revealing the sequence of interactions.

V.1.2 Dimer-monomer transition of MtbEttA

Several ribosomal factors we have studied undergo dimer-monomer transition,
including ribosome silencing factor (Rsf) and MtbEttA. The functional form of EttA-like
proteins is the monomer state, while the dimer configuration of EttA-like protein is
observed in both E. coli EttA and MtbEttA. It is suspected that the dimer form can not
interact with the ribosome according to the available structures. Although E. coli EttA
can shift the equilibrium toward monomer configuration at low concentration, the dimer-
monomer transition of MtbEttA requires high salt conditions even at low concentration.
In analogy to GTPase, where the GTPase-activating proteins (GAPS) are often found to
couple and accelerate the GTPase’s activity, it would be intriguing to investigate
whether such activating proteins toward MtbEttA are present. Although ribosomes play

a role in increasing the ATPase activity of EttA-like proteins, certain conditions or
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factors may be first required to break the stable dimer of MtbEttA into functional
monomer form in vivo.

Another unique aspect of MtbEttA is its essentiality, which is different from E.
coli EttA. One possible explanation is that MtbEttA might be essential in maintaining
translation homeostasis in Mtb since EttA-like proteins are responsible for preserving
bacteria's fitness under stress. However, an out-of-box hypothesis is that the dimer form

of MtbEttA has additional essential functions in the cell.

V.1.3 The potential role of MtbEttA in leaderless mRNA translation

One prominent feature of translation in mycobacteria is the high efficiency of
translating leaderless mMRNAs. It is estimated that a quarter of the transcripts are
leaderless in mycobacteria (47). Due to the essentiality of MtbEttA, it would be exciting
to investigate the role of MtbEttA in leaderless mRNA translation. Although we did not
observe that MtbEttA increased the translational efficiency of leaderless mRNA using in
vitro translation assay with the preliminary data, more thorough experiments are needed,

including different types of mMRNAs to verify its function.

V.2 Structural studies of Mpy and its regulation in vivo
The unique hibernation factor Mpy in mycobacteria can inhibit translation
without forming the 70S dimer (100S), which is often observed in most bacteria

containing homologs of hibernation factor. Based on recent studies, Mpy can only bind
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to ribosomes when zinc is depleted inside the cells. However, the detailed mechanism of
how zinc molecules prohibit the interaction of Mpy and ribosome is unknown. We
discover that Mpy can bind to zinc molecules. Moreover, we pinpointed out that the C-
terminal domain is responsible for the zinc-binding property. Interestingly,
polymerization of purified C-terminal domain of Mpy occurs upon supplying with zinc
molecules. This observation gave rise to a hypothesis that Mpy is self-inhibited as
polymers when there is an excess amount of zinc molecules inside cells, which will
prevent its interaction with the ribosome. However, the polymerization of Mpy is
reversible, resulting in a functional form when Zinc molecules are depleted, potentially
with the help of Mrf. Furthermore, the functional form of Mpy is a tetramer instead of a

dimer like its homologs, which potentially blocks the formation of 100S.

V.2.1 Structural studies of Mpy C-terminal domain

To verify our observation, including the tetramer formation and zinc-binding
property of the Mpy C-terminal domain, we are obligated to solve the 3D structure.
However, the attempts to reveal the structure of the Mpy C-terminal domain were not
successful. Other efforts like co-crystallization with Mrf could provide a different result.
If the structure is ultimately unavailable, other technics like size-exclusion
chromatography with multi-angle light scattering (SEC-MALS) could be used to verify
the tetramer formation, as well as an alanine scanning experiment to pinpoint the zinc-

binding motif.
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V.2.2 Verification of the zinc-induced polymerization of Mpy in vivo

Because all the experiments were performed in vitro using purified Mpy proteins,
it is crucial to verify the observations in vivo. The straightforward experiment could be
using fluorescent microscopy to examine genetically modified Mpy with a fluorescent
protein tag under different zinc concentrations. Also, the co-localization of Mpy and Mrf
could be detected with fluorescence resonance energy transfer (FRET) experiments. Due
to the small size of the bacteria, super-resolution fluorescent microscopy might be

needed.

V.3 Insights of drug design toward methylated Mtb ribosome

We employed cryo-EM to study how SEQ-9 overcome the macrolide resistance
due to the A2296-methylation. Steric clashes between the macrolides' desosamine sugar
and the methylated RNA are the proposed vital factors contributing to the resistance.
The unique modification of the desosamine sugar of SEQ-9 avoids the steric clashes
with methylated A2296 on Mtb ribosome. This result provides structure-based guidance
for future drug designs that bypasses the intrinsic macrolide resistance in Mtb. The
modified desosamine sugar and 14-carbon backbone should be kept while changing
other groups on the molecule to increase efficacy or reduce toxicity.

A possible direction derived from this study is to investigate the

methyltransferase Erm(37)’s mechanism-of-action. There is no structural information
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available on how a methyltransferase functions near the PTC. Whether Erm(37)
functions on the fully assembled ribosome or the intermediates also need further

clarification.
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APPENDIX A
ASYMMETRIC CRYO-EM STRUCTURE OF THE CANONICAL ALLOLEVIVIRUS
QB REVEALS A SINGLE MATURATION PROTEIN AND THE GENOMIC SSRNA

IN SITU*

*Reprinted with permission from “Asymmetric cryo-EM structure of the canonical Allolevivirus Qb
reveals a single maturation protein and the genomic ssSRNA in situ” by Karl V. Gorzelnik, Zhicheng Cui,
Catrina A. Reed, Joanita Jakana, Ry Young, Junjie Zhang. 2016. PNAS, 113, 11519-11524, Authors retain

copyright.
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Single-stranded (ss) RNA viruses infect all domains of life. To date,
for most ssRNA virions, only the structures of the capsids and their
associated protein components have been resolved to high resolu-
tion. Qp, an ssRNA phage specific for the conjugative F-pilus, has a
T = 3 icosahedral lattice of coat proteins assembled around its 4,217
nucleotides of genomic RNA (gRNA). In the mature virion, the mat-
uration protein, A,, binds to the gRNA and is required for adsorp-
tion to the F-pilus. Here, we report the cryo-electron microscopy
(cryo-EM) structures of Qp with and without symmetry applied.
The icosahedral structure, at 3.7-A resolution, resolves loops not
previously seen in the published X-ray structure, whereas the asym-
metric structure, at 7-A resolution, reveals A; and the gRNA. A,
contains a bundle of a-helices and replaces one dimer of coat pro-
teins at a twofold axis. The helix bundle binds gRNA, causing denser
padung of RNA in its proximity, which asy ically ds the
surT coat p shell to p tially facilitate RNA release
during hfectlon We observe a fi xed paﬂem of gRNA organization
among all viral particles, with the major and minor grooves of RNA
helices clearly visible. A single layer of RNA directly contacts every
copy of the coat protein, with one-third of the interactions occurring
at operator-like RNA hairpins. These RNA-coat interactions stabilize
the tertiary structure of gRNA within the virion, which could further
provide a p for capsid bl

Y

single-particle cryo-EM | Allolevivirus | ssSRNA virus | genomic RNA |
maturation protein

Singlc-slrandcd (ss) RNA viruses are an abundant type of vi-
rus and infect all domains of life (1-4). One of the best-
studied ssRNA virus systems is the Leviviridae, which infects
Gram-negative bacteria via a variety of retractile pili (5); ex-
tensive genetic and biochemical studies have been performed on
two of these phages: MS2 and Qp (5-11). All of the Leviviridae
have the same core genome, spanning 3.4-4.3 kb, encoding the
maturation protein, the coat protein, and a subunit of RNA-
dependent RNA replicase (ST Appendix, Fig. S1) (10). The MS2-
like phages, designated true leviviruses, have a fourth gene that
encodes the lysis protein, whereas the Qp-like phages, designated
alloleviviruses, have the lysis function as an additional feature
of the maturation protein (called A; in Qp). Qp also encodes
a minor coat protein, called A, arising from occasional read-
through of the stop codon of the major coat protein; it has been
estimated that the Ay protein replaces 3-10 copies of the major
coat protein in the virion (11) and is required for infection (12).
Ay consists of a coat domain and a read-through domain scpa-
rated by a flexible linker (13). Unlike most dsDNA phages, which
use specialized protein machinery to pump their genomic DNA
into a capsid preassembled around a protein scaffold (14-17),
ssRNA viruses, including the Leviviridae, assemble their coat
proteins around the genomic RNA (gRNA), presumably because
the extremely small genome does not allow for genes to encode
proteins that help package the genetic material. Therefore,
ssRNA viruses require direct gRNA—coat protein interactions,
some of which are specific, to self-assemble the virion (18). This

www.pnas.orglcgiidoi/10.1073/pnas. 1609482113

raises interesting questions, including how the viral RNA is selec-
tively encapsidated over host RNAs. Addressing these questions
will lead to a better understanding of the physiology of sSRNA
viruses, and potentially novel therapeutics against them (19).

In Leviviridae, both Qf and MS2 have capsids with T =
morphology, meaning each coat protein monomer adopts one of
three conformers, termed A, B, and C (20, 21). Within the viral
capsid, conformers A and B form an asymmetric A/B dimer and
two C conformers form a symmetric C/C dimer. The gRNAs of
Qp and MS2 form secondary structures both in vitro (22, 23) and
in vivo (7). There is a specific RNA hairpin near the start of the
replicase gene called the “operator,” which has a high binding
affinity for the coat protein (24, 25). Although both MS2 and Qp
operators form hairpins, the coat proteins for cach phage are se-
lectively attracted to their specific operator to the point at which, if
purified RNAs from both phages are mixed with the coat protein
of just one phage, only the cognate RNA is encapsidated (8). In
MS2, the maturation protein binds to specific regions on the 5
and 3" of the gRNA during capsid assembly (26).

Neither the maturation protein nor the gRNA of Leviviridae
was resolved in the previous high-resolution structural studies by
X-ray crystallography, most likely because of the asymmetry of
these two components in the stacking of symmetric particles within
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the crystals (20, 21). The first glimpse of RNA within the capsid
came from a low-resolution structure of MS2 using single-particle
cryo-EM (27). On the basis of another single-particle cryo-EM
structure with icosahedral symmetry applicd, it was proposed that
MS2 has two concentric shells of RNA within the phage capsid
(28). Subsequent work, using cryo-electron tomography and sub-
tomogram averaging, yielded a 39-A resolution symmetry-free
density map of MS2 (29), suggesting the gRNA adopts the same
conformation for each virus particle within the capsid and the
maturation protein replaces a C/C dimer of the coat proteins.
However, at this low resolution, it was not clear how the matu-
ration protein, which contributes ~1% of the molecular mass of
the entire virion, interacts with the rest of the capsid or how the
#RNA is organized inside the capsid shell.

In this study, we report the eryo-EM structures of the ca-
nonical Allolevivirus Op with and without symmetry applied,
at 3.7- and 7-A resolutions, respectively. Our structures reveal
features never seen before for Ofy, such as the structure of A,
symmetry deviation of the coat proteins, organization of gRNA,
and the interactions between them. These results are discussed in
terms of a model for viral assembly and gRNA release in Qp.

Results

Icosahedral Structure of Phage Qf. Icc-embedded OB phage par-
ticles were imaged using cryo-EM (SI Appendix, Fig. S2). A total
of 712 image stacks were recorded on a direct detection camera
in superresolution electron counting mode (30), yielding 51.815
high-quality phage particle images. Tcosahedral symmetry was
first applied to generate a structure of the coat protein shell at
3.7-A resolution (SI Appendix, Fig. S3). Fig. 1 shows the icosa-
hedral cryo-EM density map of Of with 180 copies of the 14-kDa
coat protein. Each asymmetric unit within the capsid consists of

Asp91
Tyr89 2

Glut11  Phel0?

Leulls

Fig. 1. Icosahedral reconstruction of the Qf coat protein shell at 3.7-A reso-
lution. (A) The map is oriented with the twofold axis pointing out of the
figure. Coat protein conformers A, B, and C are colored salmon, green, and
blue, respectively. (B) The a-helix density of the coat protein showing u-helical
pitches and bulky amino add side-chains. (C) The bulky side-chains in the
f~strand. (inset) Separation of four fi-strands in a j;-sheet formed within coat
protein dimers, with the red arrow indicating the location and viewing angle
for the C. (D) The cryo-EM densities and models of the FG-loops, located at the
threefold axis, with residues 76-79 for conformers A and C colored red and
blue, respectively. The black triangle indicates the threefold axis.

11520 | www.pnas.org/cgidoi/10,1073/pnas. 1609482113

three conformers: A, B, and C (Fig. 14). Both types of dimers
(A/B and C/C) are revealed. Protein a-helices and p-strands are
clearly resolved throughout the cryo-EM density, with most of
the bulky side-chains visible (Fig. 1 B and C). The cryo-EM
structure is consistent with the previously solved crystal structure
of the icosahedral Qp phage capsid. PDB coordinates of the
crystal structure fit into the cryo-EM density without the need for
major adjustments (SI Appendix, Fig. $4). Two loops within the
coat protein of note are the EF-loop, which protrudes into the
interior of the capsid, and the FG-loop, which forms small pores
at both the fivefold and threefold vertices of the capsid (S/ Ap-
pendix. Fig. S5) (20). In our cryo-EM structure, the previously
missing protein segment (residues 76-79) at the tip of the FG-
loop of both conformers A and C is resolved (Fig. 1D), allowing
us to build a more complete model for the capsid. The additional
resolved residues are at the threefold vertices, with alternating
FG-loops from conformers A and C. These residues form an
~15-A pore, in agreement with its predicted size (20). Residues
76-79 of conformer B are resolved both in our cryo-EM re-
construction and the previous crystal structure, mostly because of
the location at the fivefold vertices, which allows smaller pores
(~8 A in diameter) between neighboring subunits, restricting the
movement of their FG-loops.

Asymmetric Structure of Phage Q. To determine the structures of
the A, protein and gRNA within the Qp virion, we released the
symmetry for our cryo-EM reconstruction. After 3D classifica-
tion (Experimental Procedures). 12,975 particles were used to
generate a symmetry-free reconstruction of Qf at 7-A resolution,
with A, and the gRNA clearly defined. The resolution for the
asymmetric reconstruction of the coat proteins and A, was fur-
ther improved to 6.5 A after masking out the RNA during map
refinement (S7 Appendix, Fig. 3 and $6). Fig. 2 and Movie S1
show the asymmetric cryo-EM structure of Qf. The overall
capsid stays similar to the icosahedral reconstruction of the coat
proteins. The read-through domain of the A, coat protein is not
visible in our asymmetric reconstruction, possibly because of the
flexible connector to the coat domain and/or the heterogeneity in
the locations of A, proteins among different virions. The most
apparent difference in the capsid between our symmetric and
asymmetric reconstructions is for A, (colored hot pink in Fig. 2).
A, replaces one of the C/C dimers at a twofold axis (Fig. 24),
which leaves 178 copies of the coat protein in the virion. Much of
the gRNA is clearly resolved, with major and minor grooves of
the RNA helices discernible (SI Appendix, Fig. S7).

Structure of the Maturation Protein A;. The Qf maturation protein,
Ay, consists of two structural regions positioned at an angle of 120°
(Fig. 2). The top structural region, named the f-region, consists
mostly of sheet-like densities from p-strands, whereas the bottom
segment, termed the a-region, is mostly composed of rod-like
densities from a-helices. Five a-helices were identified in the o-re-
gion and labeled al to oS, from the longest to shortest helix lengths
(Fig. 2B), with «1 being ~60 amino acids. Sequence-based secondary
structure analysis predicted several a-helices in A, (ST Appendix, Fig,
$8). Remarkably, one predicted a-helix (from residues 130-190) has
a high confidence score and is consistent in length with al. The
a-region conneets the gRNA through the capsid, the p-region, in
contrast, is exposed on the surface of the phage with a tilt angle of
30° from the capsid shell (Fig. 2C). The dimers around A, are
numbered clockwise from 1 to 10 (Fig. 2D). The top halves of he-
lices «1 and «2 interact with two A/B dimers (labeled 1 and 10) of
the coat proteins. The bottom halves of helices «l and «2, along
with a3—5, insert into the gRNA. Although most of the A-gRNA
interactions oceur at the bottom of the a-helix bundle, one RNA
stem-loop, labeled with an asterisk in Fig. 2, leans toward the top of
the helix «5, forming an interaction between RNA with the middle
of A, (seen as the black dashed oval in Fig. 2B). Another RNA
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Fig.2. Asymmetric structure of the Qp virus at 7-A resolution. (4) Top view of Qp with coat protein conformers A, B, and C colored light red, light green, and
light blue, respectively. The maturation protein A, is hot pink. (B) Segmented density of A; showing the top (-region and bottom u-region. Five a-helices were
modeled into A;. They are labeled from a1 to «5 according to their lengths, with the longest as «1. Black dashed oval indicates the location where one RNA
stem-loop contacts. (C) Side view of Qp rotated 90° from the top view, with A; pointing up. The virion is sliced down the middle to reveal the interaction of A;
with the RNA (yellow). The RNA density is low-pass-filtered to 10-A resolution. Densities of two RNA stem-loops, which are close to A, are labeled with star
and pound signs. (D) Zoom-in top view around A, with the hot pink helix models shown for the «-helix bundle of 1 to «5. Ten coat protein dimers around A
are labeled from 1 to 10 cdlockwise and colored salmon, green, and blue for conformers A, B, and C, respectively. Black arrows label the disruption of the

interface between dimers 3 and 4. The yellow densities of two RNA stem-lcops are labeled with star and pound signs as in C.

stem-loop, labeled with a pound sign in Fig. 2, displaces the FG-
loop on conformer A of dimer 5 (S/ Appendix, Fig. S9 and Movie
$2). The presence of A, and the gRNA forces the coat proteins to
deviate from the perfect icosahedral arrangement seen in our
symmetric reconstruction (S/ Appendix, Fig. 89 and Movie S3), es-
pecially for the coat proteins around A,. Notably, the deviations are
larger for dimers 1-5 compared with dimers 6-10. The distance
between the protein backbones of opposite FG-loops increases
from 20 A for dimers 6-10 to 30 A for dimers 1-5. The break in
symmetry around Ao causes a fissure between dimers 3 and 4,
disrupting the interactions that hold them together (Fig. 2D, S/
Appendix, Fig. 89, and Movies S2 and S3), leaving more of an
opening on the right toward which the f-region of A, is angled.
These disrupted coat protein interactions may allow for an easier
detachment of A, along with the gRNA, from the capsid upon
infection. Furthermore, although A; interacts with neighboring coat
proteins, it does not make up for all of the interactions that would
have taken place with the two coat proteins for which it has
substituted. As a result, the weakened coat protein interactions
around A> may cause less obstruction during release of the
gRNA from the capsid.

Organization of the gRNA. In the asymmetric structure, the gRNA
exhibits well-defined secondary and tertiary structures within the
~30-A-thick coat protein shell. Shown in Fig. 3 is a cutaway view
of the asymmetric cryo-EM density map of Qp oriented with A,
at the “North Pole™ and its f-region, pointing out of the figure.
The RNA elements (vellow density in Fig. 34) show clear RNA
helices and junctions. Only one shell of RNA lies beneath the
capsid, with RNA further inside the virion showing distinct
asymmetric tertiary structures. Several long RNA helices are ob-
served to traverse the interior of the capsid (Movie S1). One
striking feature is a Z(XLA-long RNA helix (density fitted with a
red RNA helix model in Fig. 34) spanning the middle of the
capsid close to its equator. One end of this long helix touches the
inner surface of an A/B dimer that is slightly above the equator
(marked with a purple oval in Fig. 3 4 and B); the other end of the
long helix touches the inner surface of a C/C dimer on the equator

Gorzelnik et al.

at the opposite side (marked with an orange oval in Fig. 3.4 and C).
In our asymmetric reconstruction, ~60% of the RNA density is
located above the equator, and ~40% below. South of the equator,
the local resolution of the RNA is lower compared with the RNA in
contact with the capsid or proximal to A, (SI Appendix, Fig. S6).
This indicates that the RNA is more flexible in the interior of the
southern hemisphere, possibly because of it being less packed in
this region.

Interactions Between the Capsid and gRNA. The EF-loop of each
coat protein thrusts inside the capsid. toward the RNA (Fig. 44
and SI Appendix, Fig. S5). Close inspection of the coat protein
sequence of QP reveals that there are several positively charged
residues at the tip of the EF-loop: residues 56-60 with the amino
acid sequence SRNRK. These positively charged side-chains of
Arginine and Lysine, at the tip of its EF-loop, may help anchor the
coat proteins of Qf to the negatively charged gRNA backbone
during assembly. Moreover, it was previously proposed that, in
many ssSRNA viruses, the capsid proteins consist of highly basic
semiflexible peptide arms, which provide nonspecific electrostatic
interactions to control both the length and conformations of the
gRNA (31).

We highlighted the tip of the EF-loops as spheres on our ribbon
model of the coat proteins with colors salmon, green, and blue for
conformers A, B, and C, respectively (Fig. 44). Fig. 48 shows the
density of gRNA and A, with the locations of EF-loops labeled as
dots in corresponding colors. After defining A, as the North Pole,
similar to that of Earth, we can unwrap the outmost spherical shell of
the gRNA such that it would be like a map of the world. This is
referred to as a Mercator projection, where the poles of the globe
appear much larger in the projection than parts at the equator
(Fig. 4C). What is readily seen is that each colored dot, repre-
senting EF-loops from the different-colored coat protein con-
formers, is immediately proximal to RNA, with most of the
EF-loops appearing to be within the grooves of the RNA helices
or at the tips of stem-loops. Interestingly, at some of the fivefold
vertices, surrounded by the salmon ellipsoids (EF-loop of con-
former A), the RNA also adopts a pseudo fivefold arrangement
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Fig.3. gRNA organization inside the Qff capsid. (A) Cutaway front view of Qff
with A; in the North Pole and pointing out of the paper. Proteins and RNA are
colored as in Fig. 2. The density of a long RNA helix, ~200 A in length, is
docked with a red RNA duplex model and spans the two ends of the equator.
Purple and orange ovals indicate the left and right of the helix, respectively.
(B) Left outside view of the Qfi map, with the purple circle annotating the A/8
dimer at the left end of the long helix in A. (C) Right outside view of the Qf
map, with the orange circle annotating the C/C dimer at the right end of the
long helix in A. The black dashed lines, in 8 and C, label the eguator.

(Fig. 4C), which provides evidence that the structure of the out-
most shell of the RNA depends on steric contributions from the
capsid inner surface topography (32).

The interactions between coat proteins and gRNA in Qff were
first seen through a crystal structure of the complex between the
operator and a coat protein dimer (24). We can fit this crystal
structure (PDB ID code 4L.8H) as a template into our asym-
metric density map to look for interactions that are similar to the
one between operator and coat protein dimers. To our surprise,
31 of the 89 coat protein dimers interact with operator-like
hairpins, suggesting they may share a similar mode of interaction
with high binding affinity. The operator-like hairpins interact
with both types of dimer, A/B and C/C (Fig. 5 A and B), with a
preference of A/B dimers (23 of the 31 dimers). When visualized
over the whole capsid in a Mercator projection, the operator-like
hairpin-coat protein interactions are asymmetrically distributed
within the capsid, mostly between longitudes 90° and 180° in the
northern hemisphere. close to A; (Fig. 5 C and D). The coat
protein dimers also interact with the gRNA in other locations,
such as in the middle of RNA helices or on RNA junctions (S7
Appendix, Fig. S10).

11522 | www.pnas.org/cgidoi/10,1073/pnas. 1609482113

Discussion

Role of A; as the Maturation and Lysis Protein. The results presented
here may have implications for the mechanism of host infection
and of gRNA packaging in sSRNA phages. The Qf gRNA is
surrounded by a coat protein shell, whose symmetry is broken
by the maturation protein, A,. A, replaces a C/C dimer with its
p-region tilting at an angle of ~30° from the virus surface, just
barely rising above the capsid. As in all Leviviridae, the maturation
protein A; is required for infection. The f-region of A,, outside
the capsid, may carry out the role of binding to the receptor,
the F-pilus, whereas the a-region binds to the gRNA and hangs on
until the RNA is inside the cell. In Of and Qf-like phages, the
portion of A, outside the capsid has the expanded role of causing
lysis. At the time of lysis, it has been shown that A,, cither free in
the cytosol or as a single protein on the virion, can both bind and
inhibit MurA (33). a universally conserved enzyme that catalyzes
the first committed step in cell wall biosynthesis. From our asym-
metric structure of Qp, the MurA-binding site of A, is likely to be
exposed and around the B-region.

Structural Implication for gRNA Release. We see that A, coordi-
nates denser packing of gRNA around it, locally expanding the
capsid and causing a fissure between coat dimers (S/ Appendix.
Fig. S9 and Movie S3). Upon attachment to the F-pilus, the
p-region of A; may have weakened interactions with the neigh-
boring coat proteins, easing the detachment of As-bound gRNA.
Upon infection, most of the RNA tertiary interactions, as well as
the gRNA—coalt interactions, need to be abolished for the gRNA
to exit through the narrow slot (~60 x 40 A). Ieft on the capsid
after A, is detached. As ssRNA viruses of Leviviridae do not have
a pressurized capsid, the gRNA cannot be mechanically injected
into the host from the capsid. The retractile character of the
F-pilus may provide some or all of the driving force to pull the
Ax-bound gRNA out of the capsid. Notably, the loose interactions
of A, with the coat proteins and the disrupted interfaces between
coat protein dimers around the exit may facilitate the gRNA re-
lease. The fissure between coat protein dimers 3 and 4 may further

longitude

Fig. 4. EF-loops anchor the coat proteins onto the outmost shell of gRNA.
{A) Interaction between the gRNA and an asymmetric unit of the coat protein
with the residues at tip of the EF-loop shown as sphere models. The density of
gRNA is in yellow, whereas the models of the coat proteins are colored salmon,
green, and blue for conformers A, B, and C, respectively. (B, Left) A, (hot pink)
and Qp gRNA (yellow) are viewed with A; as the North Pole (labeled “N*). Tips
of the EF-loop are presented as colored dots (with color conventions as in A)
around the QB gRNA globe. (Right) Earth in the same orientation. (C) Mercator
projection of the outmost shell of the Qff gRNA (yellow) and the locations of
EF-loops (salmon, green, and blue ellipsoids).
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longitude

Fig. 5. Interaction between coat protein dimers and the operator-like hair-
pins of gRNA. (A) Operator-like hairpin interacting with an AB dimer. (8)
QOperator-like hairpin interacting with a CC dimer. (C) Model of the coat
protein dimers interacting with operator-like hairpins are in salmon, green,
and blue for their conformers A, B, and C, respectively. Dimers not interacting
with operator-like hairpins are in gray. The a-helix bundle of A; is in hot pink
and shown as the North Pole (labeled “N*). (D) Mercator projection of the
capsid density with coat protein dimers colored as in C.

expand during gRNA release and come together when the capsid
is emptied. The loose packing in the southern hemisphere of the
capsid may enable the gRNA to sample different conformations to
unfold during release through the narrow exit.

Structural Mechanism for Capsid bly. For Qff and other ssRNA
viruses, there is clearly an cvolutionary mandate for efficient and
accurate virion assembly (34). After the gRNA is replicated and
coat proteins are produced, the rate-limiting step in virion pro-
duction is encapsidation of the RNA (35). It was first proposed that
the assembly pathway was initiated when the first coat protein dimer
bound the operator hairpin, serving as a nucleation event for other
coat protein dimers to “walk” down a “Hamiltonian path™ binding
neighboring RNAs until the virion is complete (36). To accom-
modate this perspective, it was later proposed that there are many
sites within the gRNA, termed “packaging signals,” that can interact
with the coat protein (6). These packaging signals were thought to
be related to the consensus sequence of the operator. In our re-
construction of Qp, we see the outmost layer of the gRNA coming
in contact with almost every coat protein, presenting 31 operator-
like hairpins for the binding of coat protein dimers. Many of the
gRNA secondary structures involve an extensive array of long-range
tertiary interactions, which have been shown to play roles in gene
regulation and capsid assembly (37). These tertiary interactions may
contract the gRNA to a rigid structure in which the operator-like
hairpins, which may be far apart in the genome, are located near
each other. As seen in our structure, the operator-like hairpins are
asymmetrically distributed on the outmost shell of the gRNA,
possibly presenting a roadmap to sequentially recruit more coat
protein dimers. The recruited coat protein dimers strengthen their
interactions with neighboring coat protein dimers, which in turn
stabilize the gRNA underneath, Such a mutual chaperoning of
both RNA and coat protein conformations (38) may facilitate the
fast and accurate assembly of these viruses in vivo,

Experimental Procedures

Sample and Grid Preparation. Phage Qf was purified as previously described
(9). The final protein concentration of Q was 5 mg/mL, ~10'? plaque-forming

Gorzelnik et al.

units. For imaging, 3 pL of the sample solution was first applied to a C-Flat
1.2/1.3 400 mesh holey carbon grid at 20 °C with 100% relative humidity and
vitrified using a Vitrobot Mark Il (FEI Company).

Cryo-EM Imaging. The thin-ice areas that showed clearly visible and mono-
dispersed particles were imaged under a JEM3200FSC cryo-electron micro-
scope with a field emission gun (JEOL) operated at 300 kV. Data were
collected using the manual mode of SerialEM (39) on a Gatan K2 Summit
direct detection camera (Gatan) in the superresolution electron counting
mode. A nominal magnification of 30,000x was used, yielding a subpixel size
of 0.6 A. The beam intensity was adjusted to a dose rate of 7.2 e 7/pixel's on
the camera. A 50-frame movie stack was recorded for each picture, with 0.2 s
per frame, for a total exposure time of 10 5. Each frame in the movie stack
had an exposure dose of 1 e /A% per frame. An in-column energy filter was
used with a slit width of 29 eV.

Data Preprocessing. A total of 712 superresolution movie stacks were col-
lected and first binned by 2 to yield a pixel size of 1.2 A. Using Unblur (40),
these stacks were aligned, filtered according to electron dose, and summed
to generate two sets of sum images, with one set from frames 1-30 and the
other set from frames 2-12, respectively.

These sum images were visually screened, and 582 of each set with strong
power spectra were selected for further processing. Contrast transfer func-
tions of the micrographs were estimated using CTFFind4 (41). Batchboxer in
EMAN (42) was first used to automatically pick all the particles from these
582 sum images with a box size of 320 x 320 pixel®, yielding 111,507 par-
ticles. The automatically picked particles were then shrunk by eight times to
a pixel size of 9.6 A and screened for high-contrast particles for three rounds
of the reference-free 2D classification in Relion (43), with each round having
18, 16, and 25 iterations, respectively. The coordinates of the 53,999 screened
particles were then imported into the e2boxer.py in EMAN2 (44) to manually
screen for missed false positives, leaving only 51,815 particles.

Icosahedral Refinement for the Coat Proteins. The 51,815 clean particles were
then refined in Relion, with the icosahedral symmetry applied. Initial re-
finement was run using the sum images from frame 1-30 (total dose of 31 e /A?
with dose filter on in Unblur). The starting map was generated from EMAN2
and low-pass-Filtered to 60-A resolution. The refinement first yielded a map at
4.0-A resolution. This was followed by a continuing map refi 1t with sum
images of only frame 2-12 (total dose of 11 e /A* with dose filter on) and the
local contrast transfer functions for each particle reestimated using Getf (45).
The final refined icosahedral map yielded a resolution of 3.7 A.

Asymmetric Refinement for the Entire Virion. The same 51,815 clean particles
were binned by 2 to a pixel size of 2.4 A for the asymmetric reconstruction of
the entire virion. The icosahedral map of the coat proteins was low-pass-
filtered to 60 A as an initial model. Unsupervised 3D classification in Relion
was first performed with C1 symmetry, and 12,975 particles went into a class,
which showed dear density of the gRNA inside the capsid. These 12,975
particles were further refined in Relion with C1 symmetry to yield a map at
7.0-A resolution, where the protein secondary structures were clearly visible.
To further improve the resolution of the coat proteins and A,, a mask was
applied to focus the refinement on the outer shell of the partide, which
yielded a resolution of 6.5 A. Further refinement of the asymmetric structure
using all of the 51,815 particles did not improve the resolvability of the map,
potentially because the 12,975 particles, selected from the 3D classification in
Relion, have the best contrast and are most homogeneous in conformations.

Resolution Estimation. The overall resolutions of all these reconstructed maps
were d using the gold criterion of Fourier Shell Correlation,
with a cutoff at 0.143, between two half maps from two independent half-
sets of data (46). Local resolutions were estimated using Blocres (47).

Modeling, Map and i To build the model for the
coat protein from the icosahedral reconstruction, the crystal structure (PDB ID
code 1QBE) was used as the initial model. The missing loop in the crystal
structure was built in COOT (48) and then further refined in the real-space
refinement in Phenix (49). The refined model showed good model geometry
from Molprobity (50) (5! Appendix, Table S1). The Fourier Shell Correlation
between the icosahedral map and the refined PDB model agreed at 3.9-A
resolution at 0.5 threshold (S5/ Appendix, Fig. 53). This more complete model
for the coat protein was then used to fit into the asymmetric map of the Qi
virion to guide the segmentation of the gRNA and A, protein with Segger
(51) as a plugin in University of California, San Francisco (UCSF) Chimera (52).
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The a-helices of the A; protein were identified in Helixhunter (53). Secondary
structure prediction of A; was performed with -TASSER (54). The 200-A long
RNA helix that spanned the equator of the gRNA was first built in UCSF Chimera
with a straight A-form RNA helix with 70 GC base pairs and then refined in
Molecular Dynamics Flexible Fitting to improve the fit to the density (55). All of
the figures and movies were made in UCSF chimera and VMD (56). Unwrapping
of the gRNA into Mercator projection was done in EMAN2 with the tool
“"e2unwrap3d.py” in two steps for the longitude and latitude, respectively.
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S| Appendix:

Asymmetric cryo-EM structure of the canonical Allolevivirus QB reveals a single
maturation protein and the genomic ssRNA in situ

Karl V. Gorzelnik®', Zhicheng Cui®', Catrina A. Reed™?, Joanita Jakana®, Ry Young®,
and Junjie Zhang™®

? Center for Phage Technology, Department of Biochemistry and Biophysics, Texas A&M
University, College Station, TX 77843

® National Center for Macromolecular Imaging, Verna and Marrs McLean Department of
Biochemistry and Molecular Biology, Baylor College of Medicine, Houston, TX 77030

Movie Legends

Movie S1. Asymmetric structure of QB. Coat proteins are in salmon (conformer A),
green (conformer B) and blue (conformer C), respectively. A; is in hot pink. RNA is in
yellow and low-pass filtered to 10A resolution.

Movie S2. Symmetry breaking in the coat proteins around A;.

Movie S3. The deviations of the coat protein dimers in the asymmetric structure from
their locations in the icosahedral structure.
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MS2 maturation protein coat replicase
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QB maturation/lysis protein coat replicase
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Figure S1. Genomic maps of Leviviridae MS2 (top; Levivirus) and QB (bottom;
Allolevivirus). The maturation proteins are highlighted in hot pink. The lysis protein of
MS2 is highlighted in purple. A; of QB is labeled as dashed box. Yellow stars indicate
the operators near the start of their respective replicase genes.
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Figure S2. Drift-corrected micrograph of Q (left) and its power spectrum (right).
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Figure S3. Gold-standard Fourier shell correlation (FSC) for the cryo-EM
reconstructions of QB with and without symmetry and between the icosahedral map and
the refined PDB model.
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a-helices) (B-sheets)

Figure S4. Fitting of the crystal structure (PDB ID 1QBE) into our icosahedral cryo-EM
density map at 3.7A resolution.
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Figure S5. PDB model of QB coat protein showing the location of EF-loop and FG-loop.
The protein backbone is colored blue to red from N-terminus to C-terminus.
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Figure S6. Local resolution of the asymmetric reconstruction of QB from outside (left)
and cutaway (right) views. The yellow dashed circle encloses the gRNA densities.
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Figure S7. Segmented density map of genomic RNA showing major and minor grooves.
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HiHelix; S:Strand; C:Coil

1 100
Sequence MPRLPRGLRFGADNEILNDFQELWFPDLFIESSDTHPWYTLEGRVLNAHLDDRL TVPIASLGLRPVTTVQYDPAALSFLLNARVG

Cond. score 9978633111788510444576407500133335676179876755876211156765347651775302311235764411589636734998545254

101 200
Sequence  WDFGNGDSANLVINDELPRTPAPKEFDF| QAF ETIKYLGLLLRRL A
Prediction
Conf.score  3037764463675141897057663031342. 7542011577887 1 12788564201
201 300
Sequence GNLWLEFRYGLMPLFYDII L v LKGEITL 'SDWKE
Prediction

Conf.score  0113212121677688889999998741332243133233147505602454456777601201379863478756731566410110566451011123

301 400
LATAFI! YSFVVDWF AQQGQL IVDGF RL T SAVDLFYSRLHETSNLPFATLOLDTT

o
Pradiction
Conl.score  4320457210111204246522242027679887337645626804430207688864200255267874178760021014663156679876220674

401 420
Sequence FSSFRKHVLDSIFLLTORVER
Prediction CHHEEHHEHHEHHBHEHECC
Conf.scor  03478899899999997439

Figure S8. Secondary structure prediction for the A, protein from I-TASSER, with the
first line as peptide sequence, second line as predicted secondary structures and the
third line as the confidence score of the predicted secondary structures. The larger the
confidence score, the higher the probability of the predicted secondary structures.
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Figure S9. Deviation of the coat protein dimers’ position in the asymmetric structure
from their positions in the icosahedral reconstruction. (A) Zoom-in top view of the capsid
proteins in the asymmetric structures (salmon, green and blue ribbon models) overlaid
with their positions in the icosahedral structure (grey ribbon models). The a-region of A,
is shown as a five-helix bundle (a1-5, hot pink ribbon models). Two RNA stem-loops
(yellow density) are labeled with the star and pound symbols, respectively. Black arrows
label the disruption of the interface between two dimers. (B) Zoom-out top view of
asymmetric QB capsid with the black arrows indicating the direction and amount of
deviation for each coat protein dimer from its position in the icosahedral structure. The
length of each arrow equals 10 times the deviation between the corresponding dimer’s
centers-of-mass in the icosahedral and asymmetric capsids. (C) The side view with
viewing angle rotated 90° from the top view.
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Figure S$10. Examples of coat protein dimers (grey ribbon models) interacting with
gRNA (yellow densities), which do not have an operator-like hairpin fold. (A) Side view
and top view of one coat protein dimer interacting with the middle of an RNA helix. (B)
Side view and top view of one coat protein dimer interacting with an RNA junction.
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Table S1. Molprobity model statistics for the coat proteins built from the icosahedral
map.

All-atom Clashscore 10.42
Poor rotamers 0.00%
Favored rotamers 98.06%
Ramachandran outliers 0.00%
Ramachandran favored 83.08%
MolProbity score 2.23
CpB deviations >0.25A 0.00%
Bad bonds: 0.00%
Bad angles: 0.07%
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APPENDIX B
STRUCTURES OF QB VIRIONS, VIRUS-LIKE PARTICLES, AND THE QB-MURA
COMPLEX REVEAL INTERNAL COAT PROTEINS AND THE MECHANISM OF

HOST LYSIS*

*Reprinted with permission from “Structures of Qb virions, virus-like particles, and the Qb-MurA
complex reveal internal coat proteins and the mechanism of host lysis” by Zhicheng Cui, Karl V.
Gorzelnik, Jeng-Yih Chang, Carrie Langlais, Joanita Jakana, Ry Young, Junjie Zhang. 2017. PNAS, 114,
11697-11702, Authors retain copyright.
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In single-stranded RNA bacteriophages (ssRNA phages) a single
copy of the i ein binds the g ic RNA (gRNA) and
is required for attachment of the phage to the host pilus. For the

canonical Allolevivirus Qp the maturation protein, A, has an addi-
ﬂonalroleshetydswotdmbyluahlﬂybhlndandkﬂhklhtk
which is involved in peptidogh thesis. Here, we di i
smnuesofopﬂdons. \Arus-ll(e parids. and the Qp-MurA com-
plex using single-particle cryoelectron microscopy, at4.7-A, 33-A, and
6.1-A resolutions, respectively. We identified the outer surface of the
p-region in A; as the MurA-binding interface. Moreover, the pattern
of MurA mutations that block Qf lysis and the conformational
changes of MurA that facdilitate A; binding were found to be due to
the intimate fit between A; and the region encompassing the closed
catalytic deft of substrate-liganded MurA. Additionally, by comparing
the Qp viron with Qp virus-like particles that lack a maturation pro-
tein, we observed a structural rearrangement in the capsid coat pro-
teins that is required to package the viral gRNA in its dominant
conformation. Unexpectedly, we found a coat protein dimer seques-
tered in the interior of the virion. This coat protein dimer binds to the
gRNA and interacts with the buried c-region of Az, suggesting that it
kmmeddtﬁngd\eeaﬂlyﬂageofmsldformmmme
the gRNA cond These inter-
nalized coat proteins are the most aymmmhlly arranged major
capsid proteins yet observed in virus structures.

single-particle cryo-EM | ssRNA virus | genome packaging |
maturation protein | lysis protein

ingle-stranded RNA (ssRNA) viruses infect all domains of
life and are important pathogens (1-4). Bacteriophages or
phages, especially the canonical Leviviridaee QP and MS2, have
been model systems for studying ssRNA viral gene regulation (5~
8), genome replication (9, 10), and encapsidation (11-14). They
have a near-icosahedral capsid, encapsidating genomic RNAs
(gRNAs) of ~3,500-4,300 nucleotides. Recent advances in
single-particle cryoelectron microscopy (cryo-EM) have enabled
characterization of asymmetric features in sSRNA phages. Of
note, the gRNA has been found to adopt a single, well-folded,
3D structure within the virion (15-18).
‘The 4217-nucleotide gRNA of Qp has genes for the maturation
protem (A2), the coat protein, and the replicase (the viral subunit of
the RNA-dependent RNA poly ) (19-21). The gene for the
QP coat protein contains a “le stop codon that occasionally
results in a readthrough by the host ribosome producing a minor
coat protein Ai. As is essential and consists of the mll-hngthcom

dimers, directly binds the gRNA, encapsidating it in a near-
icosahedral (T = 3) capsid (15). Around 10 copies of A, are in-
corporated into the capsid, replacing monomers of the coat protein,
but the positions of these substitutions and the basis for the re-
quirement for Ay are unknown (23, 24 oo‘;?osnmnofriao
nucleoprotein assembly mtermechamso the related phage MS2 was
estimated o be 1:15:1:1 for the replicase subunit, coat protein,
maturation protein, and RNA, induding both gRNA and ribosomal
RNAs (25). This suggests that the maturation proteins of sSRNA
phages bind before ﬁ vast majority of coat proteins, as there are
~180 coat proteins in the fully assembled virion. However, the de-
tailed interactions between the components of Qp were not dear,
due to the lack of high-resolution structures of the QP virion.
One major difference between QP and other ssSRNA phages, such
as MS2, is that the maturation protein of Qp, A,, has an additional
role. While MS2 dedicates a unique protein, L, for host lysis (26),
QP uses the maturation protein A; to bind and inhibit MurA (27),
the enzyme for the first committed step in bacterial cell wall bio-
znthms (28). The inhibition of cell wall biosynthesis leads to lysis at
e next cell nrelemngthepmgenyQﬁvmom(Z‘)).
Therefore, Ay, as well as the mature QP virion, has been regarded
as a “protein antibiotic” (27). Although it has been shown that
in vitro A, binds MurA in the presence of its first substrate, uridine
5'-diphosp hate-N-acetylghicosamine (UDP-GkNAc) (19), the basis

Significance

Host lysis and virion assembly are essential processes during
the infection cycle of single-stranded RNA (ssRNA) viruses,
Using single-particle cryoelectron microscopy, we visualized
how the ssRNA virus, Qp, uses its single-molecule "tail protein,”
Az, to inhibit MurA, a bacterial enzyme essential for cell wall
blosynthesis, leading to lysis of the host cell. We also revealed
an extra coat protein dimer, which instead of being a part of
the viral capsid, is sequestered within the virion, binding to an
RNA hairpin from a five-way junction in the genomic RNA. The
same five-way junction ako presents hairpins to bind Az and
other coat protein dimers in the capsid, potentially supporting
a nudeation event for virion assembly.
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domain connected by a flexible linker to the
196-amino acid C-terminal extension (22). These four proteins have
essential functions at the various stages of the Qp life cycle, from
genome replication and packaging to host lysis and the subsequent
a&umnlome F pilus of a new host.

double-stranded DNA phages, which use spedalized
machinery to pump their genetic material into a preformed capsid,
ssRNA phages assemble their capsid proteins around their gRNA.
In Qp, the mamration protein, A, along with 89 coat protein
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of how A, inhibits MurA was unknown, again largely due to the lack
of structural information.

Here we present cryo-EM structures of Qf both free and
bound with MurA, to determine the structural details of bacterial
cell lysis . Moreover, by comparing the structures of the
vmollyxSl So?ninfectious Qb{i vi::gliklggpamcl‘ es (VLPs), whi
are copurified with the QP virions, we reveal a structural rear-

ement in the capsid coat proteins that is required for the
assembly of viable phages. These results are discussed in terms of
the pathway of Qp assembly and the genetics of resistance to
Qp propagation.

Results

Qp Virion at Near-Atomic Resolution Using single-particle cryo-
EM, 2,370 movie stacks of the Qﬂphmere recorded on a
direct detection camera in the superresolution electron counting
mode (30), yielding 248,434 high-quality e particles. Clas-
sification of these particles revalg that ~20% of them contain
A in the capsid and have a single, dominant gRNA conforma-
tion (SI Appendix, Fig. S1). These particles were then used to
generate a etry-free r truction of the mature QP virio
at an overall resolution of 4.7 A, an improvement from the 7-
resolution reconstruction in our previous work (15). The local
resolution of the virion is not uniform, with the A in the
center of the virion having the lowest resolution, presumably due
to the intrinsic flexibility of the RNA helices that are not directly
bound to the capsid. The resolution for the asymmetric re-
construction of capsid components, including the coat proteins
and A,, was further improved to 44 A after excluding the gRNA
during the map refinement (8! Appendix, Fig. S2 A and C).

The cryo-EM density of the maturation/lysis protein, Ag, matches
the recent crystal structure of purified Ag, in the absence of the
capsid and gRNA (31). A, conssts of an a-region and a p-region. It
replaces a coat protein dimer at a twofold axis, with its a-region
inserted into the capsid, bound to the gRNA, and its f-region ex-
posed outside the virion. By labeling the coat protein dimers sur-
mundi:ﬁﬁqﬁmnlb 10 in a clockwise fashion, the f-region of A, is
seen to lean toward the interface of neighboring coat protein dimers
3 and 4 (Fig 1A4). These results are consistent with our previous
observations at a lower resolution (15). A cutaway side view 55'; 1B)
shows the components of the mature Qp inchiding Ay, the gRNA,
and the coat proteins. Surprisingly, an extra protein density is ob-
served inside the virion close to the bottom of A, around the
aregion. This density does not resemble any RNA secondary
structures and is not proximal to any coat proteins on the capsid. The
identity of this density will be revealed in the present study.

The improved resolution of the capsid components in our cryo-
EM reconstruction, from 65 A in previous work (I5) to 4.4 A,
allowed us to build the entire backbone model of the Q protein
capsid into the cryo-EM density map and examine the detailed
interactions between the A, amt!y ighboring coat protein dimers.
Four surrounding coat protein dimers (dimers 1,5, 6, and 10 in Fig.
1.4 and C) present loops to interact with A, (Fig. 1C and SI Ap
pendix, Fig. S3), wherein the tightest interaction occurs from coat
protein dimer 10. A zoomed-in view of the interface between coat
protein dimer 10 and A, reveak that several amino acid residues
from coat protein dimer 10 and A, site (Ar,
Glu45, and Arg47 on the coat pmiemoppoAx@Bl, mclnrgis 96,
and 98 from A,, Fig. 1D), suggesting that salt bridges are in-
L LT

Comparison of the Qf Virion and Qf Virus-Like Particles. The capsids
of 70-80% of the particles are perfectly icosahedral and do not
have A, incorporated into the surface of the capsid. Among
these particles, the RNA density within the capsid does not
adopt a dominant oonfonnatiannSSl Appendix, Fig. S1). These
particles are regarded as noninfectious VLPs. The electron
density of the :ﬁich for Qp VLPs was resolved 10 3.3-A reso-
lution with icosahedral symmetry applied (Fig. 24 and SI Ap-
pendix, Fig. $24). Sidechains for the coat proteins in the Qf VLP
are clearly seen (Fig 2B).

11698 | www.pnas.orglkgiVdoi 0.1073/pnas 1707102114

protein
density

gRNA

Coat
proteins

Fig. 1. The structure of the Qf virion shows interactions between the matu-
ration protein and the @apsid coat proteins. (A) Near-atomic asymmetric struc-
ture of Qf shows the maturation protein surrounded by 10 @at protein dimers,
which are labeled dockwise 1-10. Diagram in the Lower Right corner shows the
triangulation pattern for T = 3 and the placement of 3 coat protein dimers la-
beled by three yellow dashed diamond boxes. (8) A 90° turn and cutaway view
of Qf shows the coat proteins {radially wlored from light blue to blue), the
WA(yeloubwpuflmdtoMrsom«‘).A,a\otphlo, andthe electron
density of the previously uncharacterized proteins (green). (C) Close-up image of
Aq (hot pink) in proximity to the 4 @at protein dimers (blue) neighbaoring it; the
red star labels the tightest interaction. The densities for the gRNA (yellow) and
the previously uncharacterized proteins (green) are also shown. (D) A zoomed-in
view of the tightest in jon b the protein and coat pro-
tein dimer 10 with the clusters of charged residues labeled and shown as spheres
{blue and red spheres for positively and negatively charged resid
respectively).

Compared with our previous cryo-EM structures (15), these im-
proved resolutions for thmeQBvirionandtbeVS.P)’allowedus
to more accurately delineate the 1 diffe b
these two types of capsids, which are particularly striking for coat
dimers 2-6, with deviations in certain regions larger than 10 A (S
Appendix, Fig. S4). When replacing the conformations of the coat
proteins in the virion capsid with their corresponding conformations
in the VLP (Fig. 2C), there are tsteric clashes between the
VLP capsid and the gRNA, particularly between a gRNA hairpin
ltx;gandoneFGloopﬁomooﬁpmleindhnerS(hbeledbyaslar
in Fig, 2C). A large structural rearrangement, expanding the capsid
locally around these coat protein dimers, is necessary to avoid these
collisions in the mature Qp virions. The ion ako leaves a gap
between the models of coat protein dimers 3 and 4. Interestingly, at
this gap between the coat protein models, some extra density
(colored red in Fig, 2D) is observed, protruding from the C termini
of the coat proteins (8] Appendix, Fig. S5). The identity of this extra
density is yet to be determined. One explanation is that one or a few
coat proteins in dimers 3 and 4 are replaced by Ay and this extra
density belongs to part of the flexible linker of the readthrough
domain in A;.

MuwrA Binds A, in Matwe Qf Virions. During Qp infection, A, in-
hibits MurA, resulting in host lysis. In addition, the mature Qp
virion has been shown to be a stoichiometric inhibitor of MurA,
via its single molecule of A; (27). To reveal the interactions
between A, and MurA, we collected 2,871 movie stacks of the
Qp-MurA complex on a direct detection camera in the S\E:.
resolution electron counting mode using single-particle cryo-EM.
Approximately 20% of total 130,013 particles correspond to

Cui et al.
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Fig. 2. A comparison between the capsids of Qf
virions and Qf virus-like particles. (A) An kosahedral
reconstruction of the Qf VLPs at 3.3-A resolution
with the red diamond, triangles, and pentagons la-
beling the twofold, threefold, and fivefold axes,
respectively. (B) Sidechains visualized on an a-helix
(Top) and a p-strand (Bottom) in the coat proteins.
(C) Coat protein dimers from the capsid of the Qf

QB-MurA complexes. The resolution was determined to 6.1 A
for the Qp-MurA complex and improved to 5.7 A for the protein
components by excluding gRNA during map refinement (S/

Appendix, Fig. S2 B and D). The architecture of the Qp-MurA

complex is almost identical to that of the QP alone (Fig 3 4 and

B), except for the additional density from MurA binding to A,

The extra protein density sequestered inside the virion, seen in

the structure of QP alone, is still observed. No significant con-

:‘grmasaéi)t.mal rearrangement of the gRNA is seen (8] Appendix,
ig.

MurA consists of two globular domains: a catalytic domain
and a C-terminal domain, resulting in a clamshell shape (32).
The catalytic domain has an 11-amino acid loop (catalytic loop,
residues 111-121), creating a “lid” over the active site, where the
substrates UDP-GlcNAc and phosphoenolpyruvate (PEP) bind.
By reﬁmﬁamodel of the complex based on the crystal struc-
tures of MurA (32) and A, (31) into our cryo-EM density map,
we are able to determine the overall interaction pattern (Fig
3C). Both the C-terminal and the catalytic domains of MurA are
seen to interact with the f-region of Ay, with the outer surface of
Az binding at the concave side of MurA, where the catalytic loop
is posnmmd This interface between MurA and A,, q)annmg
~170 A ees with previous studies that mapped murA mu-
tations bl ing Az lysns in vivo (19). These MurA mutants are
fully functional but cannot be inhibited by A,. The positions of
the mt (resistant to A-two) muumom, labeled as red stick models
in Fig. 3D, are clearly capable of disrupting the i
between A, and MurA (FE 3D). Of particular interest is
Leul38 in MurA, the site of the ﬁm mt mutation (L138Q) (27).
Leul38 is positioned directly at the interface where a three-
stranded P-sheet (residues 106-110, 135-139, and 142-146)
from MurA comes in contact with a five-stranded p-sheet (resi-
dues 38-45, 49-55, 91-103, 107-114, and 367-379) from A, (S/
Appendix, Fig. S7). Mum.mg thls residue from a hydrophobic
leucine to a hydrophilic gluitamin. gepmvent the proper as-
sociation between the f-sheets fmm two proteins. Further
examination of the MurA-A, interface raeak that most of the
interactions with MurA occur in the N-terminal p-sheet region of
A, (between residues 30 and 120), as outlined in Fig 3E.

Cui et al.

virus-like particles are overlaid onto the gRNA (yel
low density) and Az (pink model) of the Qf virion.
Only four coat protein dimers (green and blue al-
ternating) are shown and numbered as in Fig. 1A.
The arrows indicate the conformational difference
between these four coat protein dimers in the Qf
virus-like particles and the Qf virion. The star indi-
cates a severe steric clash where the gRNA density
collides with the EF loop of a coat protein in dimer
5 of the Qf virus-like particles. (D) The same view as
in C but with the four coat protein dimers in their
conformations within a mature Qf virlon. An extra
density {red) was observed at the interface between
the models of coat protein dimers 3 and 4.

To verify that the imaged interaction involving the N-terminal
psheet ffgon of A, with MurA had biological significance, we
tested di nt truncations and deletions of A, for their effect
on cell lysis caused by induction of plasmid-borne clones of 4,

7 Sl/:?m:dcx Fig. §9). As expected from the structure,
selz.u(ons termmlg dot%wns were uniformly nonlytic. The
shortest N-terminal fragment that was capable of lysis comprised
residues 1-180, which spans the entire interface observed by

cryo-EM.

During catalysis, MurA undergoes a large conformational change
bemem th and liganded (closed) 33)
Binding of &D lcNAc(vj.r?;‘e)ts the catalytic lSJOp to c:g%br)e

the association of the second substrate PEP (34, 35). Previous re-
seamhhasslwwnﬂmmemlemmmbetween&mdeAm
conformation dependent, specifically fa the conformation
when MurA binds UDP-GIcNAc (19). To stabilize MurA in the
UDP-GlcNAc bound state, we pretreated MurA with both UDP-
GlcNAc and fosfomydn before incubating with Qp. Fosfomycin
covalently binds to Cys115 in the catalytic loop of MurA to lock it in
the dosed state, the structure of the UDP-GlcNAc/fos
bound state (PDB ID: 1UAE) & similar to that of the UDP-
GlcNAc bound state (PDB ID: 3KQJ). In our cryo-EM map of
Qp-MurA complex, the density of UDP-GlcNAc s clearly visible in
the active site of MurA 3Cand Dand 8/ Fi
Fosfomymnsnmvmhzeﬁm most likely due bﬁsmm‘ﬁmllmgsg)’
the limited resolution of the electron density map. In the unli-
ganded open conformation of MurA, the catalytic loop flips out
from the active site and may collide with the p-region of A, (Movie
S1), which nts their association. In fact, even a slight

out of the mwa}ync loop for LbeUDPGkNAdPEPﬁm
could inhibit its binding to A, (19).

An Extra Coat Protein Dimer Is S d Inside the Qp Virion. In
both the cryo-EM density maps of QP alone and the Qp-MurA
complex a strong protein density was observed inside the virion
betwenlbebonomofAzand gRNA. To resolve this density
better, we combined both datasets and subjected them to local 3D
classification in the region including A,, the extra protein density,
and the interacting gRNA hairpins (Expenimental Procedures). The
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Fig. 3. The structure of Qf bound with MurA reveals the structural mech-
anism of Ay-mediated host lysk. (A) The structure of Qf bound to MurA
colored as in Fig. 1 A and B with MurA colored orange. (8) A 90° turn and
cutaway view of Qff shows MurA bound to the maturation protein. (C) The
ribbon model of A; bound to MurA with uridine diphosphate N-acetylglu-
cosamine (UDP-GkNAC) in the active site (comflower blue). (D) The ribbon
model of MurA viewed from the MurA-A; interface. The point i
that render MurA resistant to A, are labeled and shown as red stick modek.
Locations of the catalyti loop and the UDP-GkNAc are indicated by black
arrows. (£) Ribbon model of Az as viewed from the MurA-A; interface. The
region interacting with MurA, encompassing the N-terminal §-sheet region
of residues 30-120, s outlined by a black lasso. The N and C termini are
indicated by black arrows.

e

C-terminus 4% \ torminus

resultant map shows much better resolvability, with the improved
extra density able to fita coat protein dimer, which interacts with a
gRNA hairpin in a mode that is similar to the interaction between
a coat protein dimer and the RNA hairpin “operator” at the start
of the repli ne (36) (Fig. 44). When compared at the local
mmﬁﬁﬁméﬁi(on?memmmm'onswmmeen
this density and the fitted crystal structure of the Qp coat protein
dimer, in complex with the operator RNA (PDB ID 4L.8H), s 0.91.

An RNA domain that contains a five-way junction was observed
close t0 A, and the extra coat protein dimer, with the five RNA
helices around the junction labeled from 1 to 5 (Fig. 4 B and C).
This local RNA domain oonnecsbacktomherpamofmegNA
through helix 1. The hairpin loop of RNA helix 2 di FG
loop of one coat protein on coat protein dimer 5. RNA helices 3-5,
each containing a hairpin loop, interact with Ay, the sequestered
ooatpmteindimerantfiol:mppu’neindhnerl,m ively. The se-
questered coat protein dimer interacts with A, via its CD and DE
loops, which clamp the bottom of the «-region of A, (Fig 4D).
Along with the interaction between coat protein dimer 1 and A,
the interactions between these protein components may further

Low Infectivity for Qf May Be Due to Either VLP Formation or MurA
Binding. Qf, and smm, have low viability, as only
afraction of the purified particles are actually infectious (37, 38).
In our cryo-EM data analysis, around 20% of the total number of
particles contain A, and have a defined gRNA conformation inside
the capsid (SI Appendix, Fig, S1). After further classification of the
remaining dataset, we determined that the remaining particles are

11700 | www.pnas.orglgiVdoi 0.1073/pnas 1707102114

VLB, inasmuch as they lack Ao, leading to a perfectly icosahedral
capsid. The RNA in these VLIS could be viral RNA, which does
not have A; bound; or host RNA, since it has been demonstrated
that ssSRNA viruses can encapsidate host RNAs (39). By testing coat
protein binding to purified RNAs from Qp and MS2, it was found
that the QP coat protein has a higher affinity for both homologous
and helemlogompgawly than the M&tz:m protein (40).
higher affinity for the coat proteins of QB to bind RNA could be
due to its positively charged interior EF loop (15), which may fa-
cilitate the ecific binding to the negati RNA
backboxm.!mmpndeed,tbed;?h%lynstoemm' m@ A is the
basis on which the Qp coat protein is commercially used to protect
heterologous RNAs (41). It is also possible that just as there is a
sequestered coat protein dimer within the virion, the maturation
protein may also bind to the Qp gRNA in these VLPs but be in-
ternalized due to mispackaging. The low infectivity of Qf could
further be due to the cellular MurA binding A, wherein it pr
efficient assembly of the mature virion or occupies the interface of
A, that is required for attachment to the host F pilus,

Potential Role of the Extra Coat Protein Dimer. The extra coat
protein dimer sequestered in the interior of Qf has not been
seen in other ssSRNA viruses. Its presence lends credence to the
role of “packaging signals” (11) in virion morphogenesis. As the
viral gRNA is replicated and translated, coat proteins are syn-
thesized and form dimers to bind to packaging signals, mainly
RNA hairpins, such as the operator, a hairpin at the start of the

A B
A =g
Extra
c
‘\ @
3
2
P 1 5
CPdimer5 5 ™
gulnic CP dimer 1

Fig. 4. Acoat protein dimer ks sequestered inside the capsid proximal to the
bottom of A, but away from the rest of the capsid. (A) The additional
protein density (transparent green) inside the virion fits the model of a coat
protein dimer (green), which interacts with a gRNA hairpin (yellow ribbon
model in transparent yellow electron density). The ribbon model of A, is
colored pink and shown in the back. (8) A gRNA domain (yellow density),
containing a five-way junction, interacts with Az (pink), the sequestered coat
protein (CP) dimer (green) and CP dimer 1 (blue). The helices on this gRNA
five-way junction are labeled 1-5 from the 5’ to the 3’ ends. (C) A scheme
showing the secondary structures of the gRNA five-way junction domain
with helices labeled from 1 to 5. Double-headed arrows indicate the inter-
acting component of each hairpin on the comresponding helix. The star
collision sign indicates where hairpin 2 displaces coat protein dimer 5 asin
Fig. 2C. (D) Zoomed-inregion as viewed by the eye cartoon in B showing the
interactions between the extra coat protein dimer and the bottom of the
a-region in A, The CD loop and DE loop from the sequestered CP dimer and
the a-helices of ad, a6, and a7 from A; are labeled.
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replicase gene that is known to bind coat proteins to repress
translation of the replicase (42). The current resolutions of the
Qp RNA do not allow the assignment of the genome sequence
soleltibased on its cryo-EM density. It needs to be determined

hether the RNA sequence that the internalized coat protein
dimer binds corresponds to the operator of the replicase gene or
a sequence similar to the operator. It also cannot be ruled out
that there may be a small fraction of Qp particles that contain
more coat protein dimers, internalized at different locations in
the virion and bound to other gRNA hairpins facing inwards.
The internalized coat protein dimer, observed in our QP virion,
may participate in a nucleation event wherein the combination of
the maturation protein, the sequestered coat protein dimer and
the capsid coat protein dimers condense the gRNA locally
around the RNA five-way junction, compacting the gRNA and
enabling it to fit into the dimensions of the capsid.

Such an internalized coat protein dimer and its associated
compact gRNA domain may also affect the genome release
during viral infection. Helix 3 from this gRNA domain directly
associates with A, (Fig. 4) and is likely the first portion of the
RNA to exit the capsid during the genome release. The expan-

snonoflheupsndamundAz(F ZandSIA ix, Fig. $4)
may facilitate the initial relese of this ordered gRNA domain. It
would be i ing to d ine if the sequ d coat protein

dimer remains inside the capsid or just simply diffuses away after
the maturation protein and gRNA are removed from the virion.
Alternatively, the sequestered coat protein dimer may recap the
opening that is left after A, is removed from the capsid, leaving
an empty but icosahedral VLP.

Structural Comparison of the M ion Proteins from Two Model
SSRNA Phages. A, from QP and the A protein from MS2 share
high structural similarity within the a-region (S/ Appendix, Fi xg,
S104). However, the connections between the a- and f-r

of these two proteins are very different. A, has a long -] hx
(residues 128-177) from the «-region to the f-region, while the A
protein has a zigzag helix-loop-helix (residues 117-169) motif to
connect the two regions (S/ Appendix, Fig. S10B). The different
angles between the a- and p-regions for these two proteim lead
to altered insertions into the capsid, at va.rymlg s relative to
the opening in the capsid (S/ Appendix, Fig. S10C). When
viewing A and A, in their corresponding virions, we see that the
a-region of A, inserts at an orientation that is more perpendic-
ular to the capsid opening (S/ Appendix, Fig. S10D). Even though
the coat proteins and a-region of the maturation proteins from
MS2 and QP are structurally similar, the interactions between
the a-region of the maturation protein and its surrounding coat
proteins are different between and QP (S Appendur, Fig
S10C), indicating these interactions are not co

Experimental Procedures

Sample and Cryo-EM Grid Preparation. Qf and MurA were purified as pre-
viously described with minor modifications (19, 44). After separation using a
cesium chloride gradient, Qf particles were further purified by a 200-mL
hand-packed $500 gel-filtration column. The sample of MurA-bound Qf was
prepared by pretreating MurA with 1 mM UDP-GIcNAc and 1 mM fosfo-
mycin on ke for 30 min, and then incubating with Qf on ice for another
30 min. The molar ratio of MurA to Qf was ~5-1. Cryo-EM specimens were
prepared by applying 3 L of the sample solution to a C-Flat 1.2/13 or 211
400-mesh Holey Carbon Grid (Protochips) at 22 *C with 100% relative hu-
midity and vitrified using a2 Vitrobot Mark 1l (FEI Company).

Cryo£M Data Collection. Qff alone and some of the Qfi-MurA complex im-
ages were recorded under a JEM3200FSC cryoelectron micoscope with a
field emission gun (JEOL) op d at 300 kV. Data were collected using
SerialEM (45) on a K2 Summit direct detection camera (Gatan) in the
super lution electron ting mode (30). A nominal magnification of
30,000xwas used, yiekling 2 subpixel size of 0.608 A. The beam intensity was
adjusted to a dose rate of 7e™ per pixel per second on the camera. A 50-
frame movie stack was recorded for each exposure with 0.2 s per frame fora
total exposure time of 10 s. An in<olumn energy filter was used with a slit
width of 29 eV.

Most of the QB-MurA complex images were obtained under an FEI Tecnai
F20 cryoelectron microscope with a field emission gun (FEl Company) op-
erated at 200 kV. Data were recorded using SerialEM on a K2 Summit direct
detection camera (Gatan) in the supemresolution electron counting mode.
A nominal magnification of 29,000x was used, yielding a subpixel size of
0625 A. The beam intensity was adjusted to a dose rate of 8.7e™ per pixel
per second on the camera. A 33-frame movie stack was recorded for each
picture, with 0.2 s per frame for a total exposure time of 66 s.

Image Preprocessing. The collected superresolution movie stacks were first
binned by 2, then aligned, summed, and filtered using Unblur (46). The
defocus value of each summed micrograph was determined using CTFFIND4
(47). Micrographs with strong power spectrums were wed to semi-
automatically pick particles with e2boxer.py in EMAN2 (48). The 20 and 3D
classificati and 30D refi of the image data were performed in
Relion (49).

The data processing for the Qf alone sample was as follows (S Appendix,
Fig. $1): Particles were selected from 2,370 micrographs and subjected to 20
classifications in Relion to remove bad particles. After 2D classifications,
248,445 particles were chosen for three independent rounds of unsupervised
3D classifications, each for 30 interactions, requesting three, four, and five
classes, respectively. Each round of the 3D classification produced a single
class containing particles with defined densities for A, and the gRNA. These
three single classes were combined to yield 76,843 particles without the
duplication of particles. To impr the for Ay, 50 i jors of a
masked classification around A, with signal subtraction was performed (50).
A total of 46,471 particles with good A, density were selected for the 3D
refinement of the Qf virion, giving 2 4.7-A resolution map of the Qf virion.
The resolution of the capsid for the Qf virlon was improved to 4.4 A after a

the two model phages. The maturation protein may be loosely
anchored in the capsid while being held in place by the neigh-
boring coat proteins that wrap around it. The weak interactions
between the maturation protein and the coat pmlelm could
further facilitate the release of the maturation pmem along
with the attached gRNA, from the capsid during infection.
Even though folded differently, the overall geometries of the
p-regions in A and A, are similar, both presenting a flat outer
surface that is ~30° to the opening of the capsid (87
Appendix, Fig, S10D). Based on a low-resolution density map of
MS2 bound to the F pilus obtained through cryoelectron to-
mography (43), the outer surface of the f-region of the MS2 A
protein binds the pilus. Presumably, the similar outer surface of
Qp would also bind to the pilus. It has also been reported that
treating QP with MurA abolishes its ability to infect Escherichia
coli g,z), suggesting that the F pilus and MurA bind the same or
ping locations on the p-region of A,. However, a detailed
picture of the interaction between the F pilus and the maturation
protein requires a high-resolution structure of the phage-
pilus complex.

Cui et al.

ked refi luding the gRNA density. The 3D classification of the
remaining 171,602 particles revealed no A, density and the capsid of these
particles was perfectly kosahedral. These particles were subjected to kosa-
hedral refinement, giving a 3.3-A resolution map of the Q@ VLP capsid.

The structure of the Qf-MurA complex was determined by combining
1,117 and 1,754 images collected using the JEM3200FSC and the FEI Tecnai
F20 microscopes, respectively. By carefully comparing the two maps calcu-
lated from icosahedral refinement in those two datasets, images collected
on the JEM3200FSC microscope were downscaled to match the pixel size of
those collected on the FEI Tecnai F20 microscope. After 2D and 3D classifi-
cations, 25,597 of the 130,013 total partides were used for the final re-
construction to yield a 5.7-A map after using an outer shell mask, which
exdudes the gRNA.

To achievebetter map quality for the extra coat protein dimer density near
the bottom of A, we combined all 5,241 images of Qf alone and Q-MurA
complex by the same procedure as we combined the two Qf-MurA datasets.
With a masked classification around A, and the extra coat protein dimer,
47,621 good particles were selected for the final refinement. A 6.2-A map of
A, and the mat protein dimer was obtained after masking.

luti The overall lutions of all these ted maps
were assessed using the gold-standard criterion of Fourier shell correlation,
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with a cutoff at 0.143, between two half-maps from two independent half-
sets of data (51). Local lutions were esti d using R (52).

Mo deling and Visualization. To build the atomk model for the QB VLP capsid,
our previous icosahedral Qff structure (PDB ID: 5KIP) was used as the initial
model and subsequently refined into the 3.3-A kosahedral map of the Qf
VLP by the real-space refinement from PHENIX (53). To build the backbone
model for the Qf virion capsid, the crystal structure of Az (PDB ID: SMNT)
was used to replace one coat protein dimer on the Qf VLP capsid from the
previous step. The model for the internalized coat protein dimer was then
added to the capsid of the Qf virion by fitting into its cor ding density

by the realspace refin with the dary structure ints in
PHENIX. The model istics are ized in & Appendix, Table S1.

The model of the E. cali MurA in its open conformation was built using
homology modeling by SWISS-MODEL (56), based on the crystal structure of
the Enterobacter cloacae MurA (PDB ID: 1E1D). All of the figures and movies
were made using UCSF Chimera.
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ondary structure restraints in PHENIX. To model the interaction between A,
and MurA, the density of the Ac—MurA lex was firstly seg d out
from the 5.7-A map of the Qf-MurA wsing University of Californi

imaging (NCMI) at Baylor College of Medkine for the cryo-EM data collec-
tion. NCMI & supported by NIH Grants P41GM 103832 and U24GM116787.
We ako thank the Texas A&MnghPer“ Research C ing Cen-
ter for pr g the for the data processing. J.Z. is
supported by startup funding from the Department of Biochemistry and

San Francisco (UCSF) Chimera (54). The crystal structures of MurA (PDB 1D:
1UAE) and Az were then rigidly fitted into the segmented dersity and fur-
ther refined by the molecular dynamics flexible fitting method (55) followed

1. Koorin BV, Dalja W, Krupovic M (2015) Origirs and evokution of viruses of eukary-
otes: The ultimate modularity. Virology 479-480:2-25.

2. Roossinck M1 (2003) Plart RNA virus evolution. Curr Opin Microbiol 6:406-209.

2. Kolakofsky D (2015) A short bissed history of RNA viruses. ANA 21:667-669.

4 Barré-Sinoussi F, Ross AL, Delfraissy JF (2013) Past, present and future: 30 years of HIV
research. Nat Rev Microbiol 11877-883.

Biophysics at Texas A&M University and Welch Foundation Grant A-1863.
RY. b supported by Public Health Service Grant GM27099. JZ. and R.Y.
acknowledge the support of the Center for Phage Technology jointly spon-
sored by Texas A&M AgriLife and Texas A&M University.

30. ulculaml)l-dmnculﬂmg'\d beam-induced motion correction enable near-
icle cryo-EM. Nat Methods 10-584-530.
31. Rumrieks 4, Tars K (017) Crystal structure of the maturation protein from bacte-

5. Kajitani M, Kato A, Wada A, Inckuchi Y, Ehinama A (1934) Regulstion of the
coli hfq gene encoding the hast factor for phage Q A J Bacteniol 176:531-534.
6. Poot RA, Tsareva NV, Boni IV, wan Duin J (1997) RNA fokding kinetics regulates
mmofmmmmmmumdhmsmmo-mu
7. de Smit MH, van Duin I (1993) iation at the P gene of

riophage Qf J Mol Biol 423688-696.
n i T, etal FUDP-N: an
esential for the synthess of bacterial complosd with substrate
UDPN. and the drug fosf in. Structume 414651474,
3. Schinbrunn E, Svergun DI, Amrhein N, Kach MH (1998) S the

changes in the bacterial cell wall ba
enolpyruvyl transferase (MurA). £ur J Biochem 253:406-412.
34 Zhu JY, et al. sz)Wmdmhtmmdw

RNA refieves inhi bition by Mol

8. Klovins J, Berzins V, van Duin J (1998) A long-range interaction in Qbeta RNA that
bridges the thousand nudeotides between the Mesite and the 3’ end & required for
rephication. RNA 4948-957.

9. Brown D, Gold L (1995) RNA replication by Q p replicase: A working model. Proc Nat!
Acxd Sci USA 931155811562,

10. Gytz H, et al. 2015) Structural bass for RNA-genome recognition during bacterio-

Mtkﬂl‘ﬂ:‘ﬂ!—‘ﬂﬂ

with UDPN Murd). J Bol
Chem 287:12657-12667.
35 Slﬂyvltl'f Kim DH, Lees W, Walsh CT, Duncan K (1998) Stereochemical course of
u-m-mduﬂnx ion of the adtive site revealed
by the crgtal of the gue of the reaction tetrahedral in-
termediate bound to the active site of the C115A mutant of MurA. Biochemistry 37:
2572-2577.

phage Qp replication.

11. Rolfsson O, et al. (2016) Direct evidence for jing signalk of
bacteriophage MS2_J Mol Biol 28431-448

12. Stockley PG, nimu)hdmsg-knWMAmNmﬁ

ve to a purely asembly mm. J Biol Phys 39:277-287.

13. Peabody DS (1997) Role of the coat protein-RNA interaction in the life cycle of bac-
teriophage MS2. Mol Gen Genet 254358-364.

ILHon\Wl' etal (2008) Structural bass of RNA binding dicrimination between bac-

Qbeta and MS2 14:487 -495.
15. Gorzelnik KV, et al. Qm!)mnwmdhmuw
wvirus Qf reveak a s ion protein and th in situ. Proc Natl

Acd So USA 113:11519-11524.
16. Dai X, et al. (2017) Insitu structures of the genome and gename deliveryapparatus in
a single-stranded RNA vins. Ilct'un 541:112-116.

17. Koning RL, et al. (2016) ayo-EM of phage MS2 reweals
mnmﬂnCmvmun?'!mL
1 thgo,nt 6) = = of MS2

resutance to (30, diinfection. Eméron Sa Tedwial 50:13520-13528.

19. Reed CA, Langlais €, Kuznetsov V, Young R (2012) Inhibitory mechanism of the Qf
Iysis protein As. Mol Miobiol 86436-844.

20. Garwes D, Sillero A, Ochoa S (1968) Vins-specific proteins in Escherichia coli infected
with phage Qb. Biochim Biophys Acta 186:166-172.

21. Blumenthal 7, Carmichael GG (1979) RNA cati
Qbetarephicae. Annu Rev Biochemn 48525-548.

2. Rumeieis J, Tars K (2011) Cystal structure of the read-through domain fram bacte-

Function and of

riophage Qf A, protein. Protein Sci 20:1707-1712.
23. Weber KK w(1975) L the RNA phages. C¢ Monogr
Arch 551-84.

24 H H, € (1974) The readthrough protein Ay & es-
sential for the formation of viable Q p partides. Biochim Biophys Acta 374238-251.

25. Richelson E, Nathans D ﬂm)maumeanm
E. caliinfected with M. Biochem Res Commun 29842-849

26. Kastelein RA, Remaut E, Fiers W, van Duin J (1982) Lymwmufw
phage MS2 depends on a during ion of the coat
protein gene. Mature 295:35-41.

27. Bernhardt TG, Wang IN, Struck DK, Young R (2001) A protein antibiotic in the phage
Qbeta virion: Diversity in lysis targets. Science 2922326-2329.

28. Brown ED, Vivas B, WakhCT, Mrl(’”QMWA“ﬂlﬁumMuﬁ[m
the first stepin = =, & esentialin

26 ieks J, Tars K (2014) Cystal of the Qp coat protein in
mﬂphlwﬂ\ﬂnonprm'ofh uﬁmg—uluolwmlm-ml!.
M(1970) C 7 gy of five RNA phages, R23,f2.Q

lm-ﬂw.ﬁll"ﬂwlﬁﬂ-&(

38 Leipold 8 Hofschneider PH (1975) kolation of an infectious RNA-A-protein camplex
from the bacteriophage M12. FEBS Lett 55:50-52.

39. Routh A, Domitrovic 7, Johrson JE (2012) Host RNAs, indluding transpasons, are encapsi-
dated by a eukaryotic snglestranded RNA vins. Proc Natf Aad Sa USA 103:1907-1912.

40. Ling €M, Hung PP, Owerby LR (1969) Specificity in sel fassembly of bacteriophages Q
and MS2. Biochemistry 8:4464-8469.

41. Bundy BC, Swartz JR, Ghan W (2010) idation of g
fike partides. US Patent 12/621,416.

&2 Weber H (1976) The binding site for caat protein on bacteriophage Qbeta RNA
Biochim Bophys Acta 418:175-183.

4. Dent KC, et al. (2012) The L of ani wirus bound to its
receptor suggests a mechanim for genome release. Smm-li |z:s-|m

44 Strawss M, Jr, mer RL (1963) Purification and prope of
MS2 and of its ribonudeic add. J Mol Biol 78354,

DN 2005) electron mi P using robust
= = J Struct Biol 15236-51.

46. GrantT, N(201%) ing the optimal exp for single partice ayo-
EM wsing a 2.6 A reconstruction of rotavins VP6. elLife 4006380,

47. Rohou A, Grigorieff N 2015) CTFFIND4: Fast and accurate defocus estimation fram
electron micrographs. J Struct Biol 192216-221.

48 Tang G, et al. (2007) EMAN2: An extensible image processing suite for electron mi-
croscopy. J Struct Biol 1573846

49. Scheres SH (2012) RELION: of a Bayesian
structure determination. J Struct Biol 180513-530.

50. Bai XC Rajendra E, Yang G, Shi Y, Scheres SH (2015) Sampling the conformational
space of the atalytic subunit of human psecretae. eLife 4:011122.

51. Scheres SH, Chen S (2012) of ing in ayoEM de-
termination. Nat Methods 9853-854.

52. Kucukelbir A, Sigworth FJ, Tagare HD (2014) Quantifying the local resalution of cryo-
EM dersity maps. Mot Methods 1163-65.

53 Adams PD, et al. (2010) PHENIX: A camprehensive Python-based system for macro-
molecular structure solution. Acta Crystallogr D Biol Gystallogr 66212221,

54, Pettersen EF, et al. (2004) UCSF Chimera: A ve ion system for re-
search and analysis. J Comput Chem 25:1605-1612.

5. Trabuco LG, Villa £, Mitra K, Frank J, Schulten K (2008) Flexitle fitting of atomic

tities into virus-

to cryo-EM

J Bacteriol 177:4194-4197 .

into electron maps using Strcture 16
673682

29 ReedCA, Langlais €, Wang IN, Young R 2013) AG) X ly regul
tysis in Qf infections. Microbiology 159-507-514.

1702 | www.pnas.orglkgiVdoi 0.1073/pnas 1707102114

56 S 1. Kopp 1, Guex N, Peitsch MC (2003) SWISSMODEL: An automated protein
homal. server. Nudeic Acids Res 31:1381-3385.

Cui et al.

181



S| Appendix:

Structures of QB virions, virus-like particles, and the QB-MurA complex
reveal internal coat proteins and the mechanism of host lysis
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Movie Legends

Movie S1. Substrate binding causes the closure of the catalytic loop in MurA, which
allows MurA to bind to the outer surface of A;. The model for the open conformation of
the E. coli MurA with no substrate bound was built using homology modeling based on

the crystal structure of Enterobacter cloacae MurA (PDB ID: 1EJD).
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Dataset after 2D classification
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Figure S1. 3D classification of the Qf image data. For the dataset screened after 2D
classification, 30 iterations of the 3D classification was first performed for three
independent rounds in Relion, requesting 3, 4 and 5 number of classes, respectively. For
each round of the 3D classifications, one class showed defined densities of A, and the
gRNA (outlined in a dotted rectangle). Particles within this class in each of the three
rounds were combined as a union set with duplicate particles eliminated. This yielded
about 30.9% of the total particles, which were subjected to another round of focused
classification for 50 iterations around A;. Finally, 18.7% of the particles showed good A
density, and particles in this class, corresponding to the QB virions, were asymmetrically
refined to 4.7-A resolution. The resolution was improved to 4.4A after excluding the
gRNA density during the final map refinement. The remaining particles in those classes
that did not show a defined density for A, or RNA (outlined in a dashed trapezoid) turned
out to have a perfect icosahedral capsid, corresponding to the virus-like particles (VLP).
These VLPs from each round of the 3D classifications were combined as an intersection
set, sharing only 69.1% of the total particles, and refined to 3.3-A resolution with an
icosahedral symmetry applied.
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Figure S2. Resolution estimations. (A-B) Fourier shell correlation (FSC) of cryo-EM
reconstructions of the QB virion, QB VLP and QB bound with MurA showing the overall
resolutions based on the gold-standard criteria. The FSC curves for the complete virion,
VLP and the virion capsid without the gRNA are in black, orange and red, respectively.
(C-D) Cutaway view of each reconstruction showing the local resolution. The color scale
indicates the local resolution. The map for QP alone is low-pass filtered to 6A to better
visualize the gRNA.
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coat proteins within 5A and 10A Ca-Ca distances to A, are colored red and orange,
respectively. The numbering for the coat protein dimers follows Figure 1. (A) For coat
protein dimer 10, its N-terminus (residues 2-4), CD-loop (residues 23-35), DE-loop
(residues 40-43) and C-terminus (residues 131-132) interact with the N-terminal end of
a-helix 9 (residue 389-400), the N-terminal end of B-strand 12 (residues 340-344) and
the C-terminal end of B-strand 11 (residues 280-283) of A,. (B) For coat protein dimer 1,
its N-terminus (residues 1-2), CD-loop (residues 26-32), EF-loop (residues 52-57) and
C-terminus (residues 127-132) inferact with a-helix 2 (residues 129-146) of A,. (C) For
coat protein dimer 6, its EF-loop (residues 54-57 and residues 59-60), the C-terminal of
p-strand G (residues 97-101) and N-terminus (residues 123-130) interact with N-
terminus (residues 3, residues 10-16) and the N-terminal end of a-helix 6 (residues 289-
290 and 292-294) of A,. (D) For coat protein dimer 5, its AB-loop (residues 16-18), B-
strand B (residues 20-22), DE-loop (residues 36-42), and FG-loops (residue 75-76 and
79-82) interact with B-strand 5 (residues 51-53), the N-terminal end of B-strand 4
(residues 34-38), B-strand 9 (residues 114-1186), B-strand 8 (residues 92-96), B-strand
13 (residues 372-379), and B-strand 12 (residues 355-358) of A,. (E) A single copy of
the coat protein with the loops and termini annotated.
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Figure S4. Conformational deviations of the corresponding QB coat proteins in the
mature virion versus the virus-like particles (VLP). Coat protein dimers around the
capsid opening are labeled as in Figure 1. The displacement of coat protein dimers in
the mature virion compared to VLP is shown through a color scale. Coat protein dimers
2-6 are the most displaced in the mature virion compared to the virus-like particles, with
some loop residues being displaced more than 10A.
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Figure S5. Extra electron density at the interface between the models of Qﬂ coat
protein dimers 3 and 4. The N- and C-termini of the adjacent coat protein models at the
interface are labeled as blue and red spheres, respectively. The extra density (from the
unfiltered map of the QB virion) not occupied by the models of the coat proteins is
marked by the red dashed oval.
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gRNA with extra coat dimer

Figure S6. Structural comparison of the gRNA and the sequestered coat protein
dimer between QB and QB+MurA. The protein capsid is removed (except for the
sequestered coat protein dimer) and the gRNA is colored yellow and gray for QB alone
and QB bound with MurA, respectively. The density for the sequestered coat protein
dimer is colored blue and red in Q alone and QB bound with MurA, respectively. When
the electron density maps are superimposed, there are no major differences between
the two maps. The density from the QB alone map is low-pass filtered to 6-A resolution.
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Figure S7. The interaction between the B-sheets from MurA and A,. MurA is colored
orange while A; is hot pink. Leu138, the residue with its mutation in MurA causing
resistance to A, is labeled as a ball-and-stick model.
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UDP-GIcNACc

Figure S8. Slice view of the density for MurA from the MurA-QB complex. The
models of MurA (orange) and its substrate UDP-GIcNAc (blue) fit well into the density
(transparent gray).
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Figure S9. N-terminal fragments of A, can cause lysis of E. coli. Growth profiles of
N-terminal fragments of A, as expressed in BL21(DE3) pLysS pET11a-(His)A,. Induction
of N-terminal fragments consisting of the first 190, 186 and 180 residues (red circles,
blue squares, green diamonds respectively) but not 172 (black open circles) or fewer,
cause lysis. Full length A; is shown (pink triangles). Culture turbidity indicating the cell
lysis was monitored as a function of time.
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a-region

Figure $10. Structural comparison of the maturation proteins from Qp and MS2.
(A) The maturation protein, A protein, from MS2 (green, PDB ID: 5TC1) is aligned to the
refined cryo-EM model of A; from QB (hot pink) based on their a-regions. (B) The long
helix in A; and the helix-loop-helix in A that connect the a- and B-regions are colored red
and blue, respectively. (C) The maturation proteins from MS2 and Q are aligned based
on the their proximal coat protein dimers. For visualization only the capsid coat proteins
from QB are shown (cornflower blue). (D) A 90° rotation with the capsid coat proteins
removed shows the side view of the A and A, proteins, revealing that the a-regions of
the two maturation proteins insert into their capsids at different angles.
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Table S1. Statistics for the backbone model of the Q virion capsid, the atomic model of
the QB VLP capsid and the pseudo-atomic model of the MurA-A; complex.

Model statistics Backbone model of Atomic model of the Pseudo-atomic
the QB virion capsid QB VLP capsid model of the MurA-
Az complex
All-atom clash score 2.08 6.11 20.24
Ramachandran plot (%):
outliers 0.00 0.00 0.24
allowed 6.12 7.94 7.2
favored 93.88 92.06 92.56
Rotamer outliers (%) N/A 0.00 0.00
C-B deviations N/A 0 0
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