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ABSTRACT

Gene expression in the human pathogen, Mycobacterium tuberculosis (M. tuberculosis),
may possess species-specific structural features that can be targeted by drugs. Previous studies
have identified, for example, several ribosomal RNA (rRNA) expansion segments and ribosomal
proteins (rProtein) encoded by paralogous genes in the M. tuberculosis ribosome. To better
understand the functions of these features and facilitate drug design, high-resolution structures
are essential. Here we have used cryo-electron microscopy (cryo-EM) to solve the structures of
RNA polymerase, the ribosome, and their higher order complexes.
The RNA polymerase structure we have solved is a core complex consisting of all five
subunits. The structure indicates a new conformation of a bridging α-helix, termed “B2”, on the
β subunit. In this new conformation, the B2 helix can potentially interact with rifampicin, a firstline drug against tuberculosis, suggesting exciting potential approach to design rifampicin
derivatives. For the M. tuberculosis ribosome, we have solved multiple structures. These
structures reveal that, upon joining of the large and small ribosomal subunits, a 100-nucleotide
long expansion segment of the M. tuberculosis 23S rRNA, named H54a or the “handle”,
switches from interacting with rRNA helix H68 and rProtein uL2 to interact with rProtein bS6,
forming a new intersubunit bridge “B9”. In M. tuberculosis 70S, bridge B9 is mostly maintained,
leading to correlated motions among the handle, the L1 stalk and the small subunit in the rotated
and non-rotated states. Two new protein densities were discovered near the decoding center and
the peptidyl transferase center, respectively. We have also characterized the high order
complexes involved in gene expression, including ribosome dimers and expressome.
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The biochemical and structural characterizations in this work provided a glimpse of the
key components in the mycobacterial gene expression system. Most, if not all, unique features
were unveiled, which should be not only further complemented with functional studies, but also
taken into account for anti-tuberculosis drug development.
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CHAPTER I
1

INTRODUCTION AND LITERATURE REVIEW

Recent advances of science and technology are substantial. For example, we can hear
sounds from billions of years ago by detecting gravity waves; decipher the genetic code of any
form of life on this planet relatively easily, cheaply, and quickly with next-generation
sequencing; and even change these ciphers through advanced gene editing techniques. These
achievements make us feel that humans, as the dominant life form on the planet, have the power
to do whatever needs to be done for our advancement. However, the reality does not live up to
our expectations so easily. Take the common cold as an example: it is caused by the simplest
genetic entities, viruses comprised of just a few thousand nucleotides, yet annually causes
outbreaks which can kill many people, particularly immuno-compromised individuals. For the
common cold, recovery usually entails just suffering through the course of the infection, as there
is little modern medicine can do to help the body remove the virus and speed up the recovery
process. The common cold is a minor inconvenience, as healthy individuals can generally
recover after a week of symptoms, but how about a disease that threatens one-quarter of the
world’s population and kills millions every single year?

1.1

Tuberculosis remains a threat
Tuberculosis (TB) is an infectious disease, caused by the bacterium Mycobacterium

tuberculosis (M. tuberculosis) (Koch, 1882). TB has affected humans since the Neolithic era
(Hershkovitz et al., 2008). It was not until 1882 that Robert Koch discovered that TB is caused
by M. tuberculosis (Koch, 1882). In the first half of the 20th century, vaccines were developed
1

and have been widely used as a preventative measure (Luca and Mihaescu, 2013). On the other
hand, diagnosing the disease through X-ray examinations has enabled better treatment of TB
patients. In the middle of the 20th century, many efficient oral TB drugs were developed,
including four first-line drugs: isoniazid (1952), pyrazinamide (1954), ethambutol (1961), and
rifampicin (1963) (Table 1.1) (Zumla et al., 2013). All of these breakthroughs in pathology,
prevention, diagnosis, and treatment have contributed to a dramatic decrease of in the number of
deaths caused by TB (Daniel, 2006). However, even in the 21th century, TB is still among the top
causes of death, according to the World Health Organization (WHO) (WHO, 2017). Overall,
one-quarter of the world’s population is infected by M. tuberculosis (Houben and Dodd, 2016).
Most have a latent TB infection but do not show any symptoms and do not spread the disease.
However, within these individuals there is a ~10% chance for them to develop an active TB
infection (Vynnycky and Fine, 1997). In 2016, there were 10.4 million new TB cases, with
children (under age 14) accounting for about 10% (WHO, 2017). At this active stage, the disease
becomes contagious and one patient can transmit the disease to 10-15 people in a year through
close contact. HIV-positive individuals are 20 to 30 times more susceptible to developing an
active TB infection than those without HIV. If not treated properly, almost all HIV-positive
individuals with TB will die from it, with ~40% of deaths in HIV patients due to TB. In 2016,
TB caused 1.7 million human deaths, among which 0.4 million were HIV-positive, and 250,000
were children. Over 95% of deaths from TB occur in developing countries and almost two-thirds
of the deaths come from just 7 countries: India, Indonesia, China, Philippines, Pakistan, Nigeria,
and South Africa.
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Table 1.1. Major tuberculosis drugs and their targets

Diagnosis of TB has improved dramatically from the early days after M. tuberculosis was
identified as the causative agent, but still remains a challenge, particularly in underdeveloped
areas. Traditionally, an individual is suspected of having TB based on common symptoms, which
include coughing, fever, night sweats, and weight loss. (Ryu, 2015). Then a medical professional
must take a sputum sample from the patient’s lung and conduct a smear microscopy test to
diagnose TB. Basically, a doctor will look at the sputum under a microscope to look for the M.
tuberculosis (Desikan, 2013). However, there is a 50% chance for this microscopy method to fail
as greater than 10,000 organisms/ml are required for detection (Desikan, 2013). Even if M.
tuberculosis is detected, no information about drug resistance for that particular infection can be
3

obtained without further expensive tests. Chest X-ray examinations are another popular method,
since the main site of M. tuberculosis infections in TB patients is the lungs, but this method can
only provide some clues as to the potential cause of infection and cannot be used to make an
accurate diagnosis of the bacteria infecting the individual (Cudahy and Shenoi, 2016). Currently,
the WHO recommends the rapid Xpert MTB/RIF® method, which takes only 2 hours (Detjen et
al., 2015). This new method not only detects M. tuberculosis but also tests for resistance to the
most important TB antibiotic, rifampicin. However, it is still challenging to diagnose multi-drug
resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB). It is also difficult to
diagnose TB in children, which accounts for 10% of total TB cases (WHO, 2017).
While vaccination of individuals against TB is an important approach, the commonly
used BCG (bacille Calmette-Guerin) vaccine is not 100% effective, especially for TB infections
in the lung (Colditz et al., 1994; Rodrigues et al., 2011). It also has less efficacy in adults than in
children (Davenne and McShane, 2016). Typically the vaccination is given to children only
when the detection of TB reaches 40 cases out of 100,000 children per year in a certain area.
While the combination of TB and HIV is extremely lethal, it is hard to predict who will develop
HIV and the need for vaccination in advance. On the other hand, in the most TB-prevalent
countries, the healthcare infrastructure is inadequate and thus broad vaccinations against TB are
not practical.
When modern medicine is available, the treatment of TB can be very successful. Around
53 million TB patients were cured between 2000 and 2016 (WHO, 2017). The treatment process
involves a combination of the four TB first-line drugs, and takes about six months (Horsburgh Jr
et al., 2015). During the treatment, patients need to be supervised and supported properly.
However, again, this long treatment protocol is difficult to implement in underdeveloped
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countries. Similar to any other infectious disease, M. tuberculosis will also develop drug
resistance (Zaman et al., 2017). Due to the misuse of antibiotics, MDR-TB and XDR-TB have
emerged. MDR-TB is defined as when M. tuberculosis is resistant to isoniazid and rifampicin,
the most potent of the four first-line drugs (Gunther, 2014). In 2016, there were half a million
MDR-TB patients, half of which are from India, China and the Russian Federation where
antibiotics are overprescribed. MDR-TB is still curable using second-line drugs, but the
treatment is toxic, expensive, and time-consuming (up to two years). Continuous infections can
result if the drug regimen is not followed. In reality, only half of MDR-TB patients are
successfully cured (WHO, 2017). If M. tuberculosis develops resistance to second-line drugs,
then MDR-TB becomes the XDR-TB (Gunther, 2014). According to WHO, only 30% of XDRTB patients are able to be successfully treated (WHO, 2017).
Although TB is preventable, detectable, and curable in most cases, the million plus
annual human deaths is still a ghastly toll in this age of modern medicine. It is worthwhile to ask
why the TB-causing pathogen, M. tuberculosis, is so successful, or at least, what differentiates
M. tuberculosis from less successful pathogens and non-pathogenic bacteria.

1.2

M. tuberculosis is an uncommon bacterium
M. tuberculosis is a Gram-positive, acid-fast and GC-rich (65%) bacterium, within the

Actinobacteria, belonging to the genus Mycobacteria (Cook et al., 2009). Morphologically, M.
tuberculosis is similar to other mycobacteria, which are noted for their thick, waxy cell wall that
contains peptidoglycan, arabinogalactan, and mycolic acids (Chiaradia et al., 2017). The
innermost layer of the cell wall is composed of peptidoglycan which wraps around the cell
membrane. Beyond the peptidoglycan layer is arabinogalactan, which is conjugated with mycolic
5

acids. Mycolic acids are long-carbon-chain (60-90 carbon atoms) fatty acids, which are
responsible for the waxy cell wall, a defining feature of mycobacteria (Chiaradia et al., 2017;
Daffe and Draper, 1998). The waxy cell wall forms a unique barrier between the inner
metabolism and the outer environment. The mycobacterial cell wall further contributes to the
characteristic persistence of M. tuberculosis, by inhibiting the diffusion of some drugs into the
cell, thereby providing inherent drug resistance (Hett and Rubin, 2008).
Another feature of M. tuberculosis, and other mycobacteria, is their slow growth rate.
The doubling time of M. tuberculosis under optimal growth conditions is around 20 hours (James
et al., 2000), and that of its non-pathogenic close relative, Mycobacterium smegmatis (M.
smegmatis), is around 2 hours (Stephan et al., 2005). This is in stark contrast to the 20 minute
doubling time of Escherichia coli (E. coli) (Sezonov et al., 2007). Beyond these two species the
growth rates for all other mycobacteria are also slow. It can take 2-40 days to see visible colonies
of mycobacteria on an agar plate (Cook et al., 2009). Interestingly, the pathogenic M.
tuberculosis and Mycobacterium leprae, the causative bacteria of leprosy, have only one
ribosomal RNA operon (denoted as rrn; and for these two organisms as rrnA) in their genomes
and grow slowly, while M. smegmatis and Mycobacterium phlei have two (rrnA and rrnB) and
grow relatively faster (Cook et al., 2009). However, there also exist examples of mycobacteria
that are slow growers which have two rrn operons and fast growers that have one rrn operon
(Cook et al., 2009). Furthermore, inactivating either one of the two rrn operons in M. smegmatis
does not affect the growth rate (Sander et al., 1996). Therefore, the number of rrn operons per
genome does not determine the growth rate of mycobacteria. The reasons why mycobacteria
grow slowly are unclear (Lewin and Sharbati-Tehrani, 2005). Slow growth rates, often suggest
lower levels of metabolism, which decreases the efficacy of many drugs (Tuomanen et al., 1986).
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There are many difficulties encountered when studying M. tuberculosis in research
laboratories. Aside from the aforementioned pathogenic hazard and the slow growth rate, M.
tuberculosis cells tend to clump together, causing resistance to traditional cell lysis techniques
and hindering genetic manipulations (Cook et al., 2009). The most widely studied M.
tuberculosis strain is H37Rv (KUBICA et al., 1972), with “H37” as the initial name given when
it was isolated from a patient, and the “R” indicating a rough morphology and “v” virulent
(Steenken Jr, 1935). The genome sequence of H37Rv was first published in 1998 (Cole et al.,
1998). The genome has 4,411,529 base pairs with around 4,000 genes, a typical size for most
bacteria. No mycobacteria sequenced so far have been found to have more than two rrn in their
genomes, while other bacteria have many more, for instance E. coli has seven (Condon et al.,
1995).
While H37Rv is the most widely studied M. tuberculosis strain, it is not easy to
genetically manipulate. Therefore, M. smegmatis, a close relative of M. tuberculosis, was chosen
as a model organism for mycobacteria. M. smegmatis does not generally infect humans and
grows much faster than M. tuberculosis, both inherently advantageous to researchers aside from
the fact that genetic manipulation is easier in M. smegmatis compared to M. tuberculosis. The
commonly used M. smegmatis strain is MC2 155, due to its efficient plasmid transformation
phenotype (Snapper et al., 1990). However, there has been some debate on the relevance of M.
smegmatis as a model for M. tuberculosis (Barry, 2001a, b; Reyrat and Kahn, 2001; Tyagi and
Sharma, 2002). Despite the conservation of housekeeping genes, M. smegmatis is universally
found in soil and generally regarded as non-pathogenic, while M. tuberculosis infects humans
and obligately resides in mammalian hosts (Montali et al., 2001). For conserved cellular
processes, such as gene transcription and translation, the basic mechanisms are the same, and
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even the same as in E. coli. However, for drug design purposes, the change of a single nucleotide
may result in a different amino acid or RNA sidechain and thus potentially affect drug binding.
For instance, while the first-line drug isoniazid inhibits both M. tuberculosis and M. smegmatis,
M. smegmatis requires a higher minimum inhibitory concentration (MIC) to prevent growth
(Mohan et al., 2015). There are few cases where the two species have identical sequences for
common cellular targets. Moreover, genes required for virulence in M. tuberculosis may be
absent in M. smegmatis (Tyagi and Sharma, 2002). Therefore, results obtained from M.
smegmatis should generally be verified in M. tuberculosis. To avoid any misinterpretations, in
this work M. tuberculosis H37Rv was studied, with M. smegmatis only used for optimization of
polysome purification and subsequent structural characterization.

1.3

Drug targets in M. tuberculosis
There are two essential elements to consider when evaluating whether an antibiotic is

considered good or not. The first is whether the drug is potent against a particular target
organism. The potency of a drug requires that the drug target play an important role in cellular
processes such as metabolism or replication. When this important target is inhibited by the drug,
the bacteria will not survive. The second is whether the drug selectively kills the pathogen alone,
rather than affecting the human host or beneficial bacteria. In other words, are there off target
effects? The selectivity of a drug necessitates that the drug target be unique to the pathogen. This
necessitates the target be distinct between the pathogen and humans, or non-pathogenic bacteria,
e.g., probiotic bacteria. Otherwise, the antibiotic will also inhibit the target in human cells with
toxic side-effects, or kill off non-pathogenic bacteria which can displace other pathogens. In
contrast to the large number of antibiotics, the number of drug targets is relatively limited. In
8

general, the antibiotics are classified, based on their targets, into the following four classes: those
which target 1) cell wall biosynthesis, 2) gene replication, 3) gene expression, and 4) others,
including folic acid metabolism, cell membranes (Yoneyama and Katsumata, 2006).
Cell walls, absent in human, are important for bacteria, because the intracellular pressure
of a bacterium is often higher than the environment. Without protection from the cell wall, the
cell membrane will undergo osmolysis and the cell will die. The most important component of
the cell wall, for both Gram-negative and Gram-positive bacteria, is a layer of peptidoglycan
consisting of covalently crosslinked glycan and peptides. The crosslinking process is catalyzed
by transglycosidases and transpeptidases, the targets of β-lactam antibiotics, such as penicillin.
Two out of the four TB first-line drugs, isoniazid and ethambutol, also target cell wall
biosynthesis (Table 1.1) (Zumla et al., 2013). Isoniazid inhibits mycolic acid synthesis, while
ethambutol inhibits arabinogalactan biosynthesis. Ethionamide, a second-line drug, also inhibits
mycolic acid biosynthesis (Zumla et al., 2013).
DNA replication is essential for all domains of life. Chromosomes have to be unwound
for chromosome replication to occur (Dorman, 2006). The enzymes which catalyze the
unwinding process are topoisomerases (Drlica, 1990). There are two types of topoisomerases.
Type I topoisomerases break only one strand of the double stranded DNA at a time, while type II
break both strands at the same time. Antibiotics in the quinolone class target DNA gyrase, a type
II topoisomerase (Champoux, 2001). Ofloxacin is a second-line TB drug and belongs to the
fluoroquinolone family (Smythe and Rybak, 1989).
Gene expression can be divided into two mechanistically distinct steps, gene transcription
and gene translation, both of which are essential (Figure 1.1). Transcription is the process of
reading the genetic information from DNA and synthesizing a complementary RNA strand. The
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enzymatic complex involved in this process is RNA polymerase (RNAP) (Murakami, 2015). In
bacteria, there is only one type of RNAP, while, in eukaryotes, there are multiple types, each of
which is responsible for synthesizing a distinct subset of RNA (Cramer et al., 2008). The
differences between bacterial and eukaryotic RNAPs provides a great potential to target bacterial
RNAP specifically, leading to less toxicity for humans. One of the four first-line TB drugs,
rifampicin, inhibits RNAP by binding to its active site in the β subunit (Campbell et al., 2001).
Most of the RNAs transcribed by the RNAP are involved in the next step, translation, where
protein is synthesized. The mRNA serves as a code for each amino acid in the protein; each of
the tRNAs correlates one amino acid according to the codon in the mRNA, and the rRNA
constitutes the ribosome, the ribozyme for translation. Although all ribosomes perform the same
function, translation of mRNA into proteins, ribosomes are very different between bacteria and
eukaryotes, and many have species-specific features. One of the four first-line TB drugs,
pyrazinamide, and four out of eight major second-line TB drugs target the translation process
(Table 1.1) (Zumla et al., 2013). Indeed, translation is a major drug target (Poehlsgaard and
Douthwaite, 2005), which may not be a surprise considering the complexity of the ribosome and
multiple steps involved.
Folic acid metabolism is important for all living cells to synthesize a variety of other
cellular components (Bermingham and Derrick, 2002). One feature that makes folic acid
metabolism an attractive drug target is that humans get it from their diet while bacteria
synthesize it. Among drugs that target this pathway are sulfa-based drugs that has been used
since the 1930s, an example of which is para-aminosalicylic acid (PAS), a second-line TB drug,
that inhibits dihydrofolate reductase (DHFR) by generating a hydroxyl dihydrofolate
antimetabolite (Zheng et al., 2013).

10

In summary, while there are many antibiotics there are relatively few drug targets that are
specific for bacteria. The gene expression process was selected as the target for this study due to
the abundance of antibiotics and modes of action in this class. The general mechanisms of gene
expression have been elucidated in other model bacteria, and it should be technically practical to
further characterize the detailed features of RNAP and ribosomes in M. tuberculosis. The
mechanisms and structural models deduced from studies in non-pathogenic species may not
necessarily be exactly true in M. tuberculosis. The following three subsections will describe the
key machinaries involved in gene expression, including RNAP, riboosme, expressome and
polysome (Figure 1.1).

Figure 1.1. Schematic representation of bacterial gene expression with key machineries
highlighted
This figure was drawn based on an electron microscopy image of an E. coli gene (Miller et
al., 1970). Notably, the coupling between the two events, transcription by RNAP and
translation by ribosome, is a unique feature of bacterial gene expression.
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1.4
1.4.1

Transcription in M. tuberculosis is a poorly-studied drug target
Transcription and RNAP
Transcription is a chemical reaction in which four ribonucleoside triphosphates (ATP,

UTP, CTP, GTP) are polymerized into an RNA chain, while the sequence of the addition of
those four substrates are defined by a DNA template. It is also called DNA-directed synthesis of
RNA, and the enzyme that catalyzes this reaction is called DNA-dependent RNA polymerase.
By the 1950s, concept of RNA acting as an intermediate of the genetic information flow from
DNA to protein was accepted but had not been demonstrated (Hurwitz, 2005). In 1955, an RNAdegrading enzyme was discovered and thought to catalyze the biosynthesis of RNA, i.e., DNAdirected synthesis of RNA. However, it was later found the DNA template was not required by
that enzyme and the reaction was reverse when performed in vitro (Kresge et al., 2006). It was
not until the 1960s that the true DNA-dependent RNA polymerase, or RNAP, was discovered
and isolated (Hurwitz, 2005). RNAP is found in all three domains of life and is also found in
some viruses (Mirzakhanyan and Gershon, 2017). Since the basic formation of polynucleotides
from all organisms is very similar, the catalytic mechanism is conserved (Kireeva et al., 2013).
A wealth of biochemical, biophysical and genetic information of RNAP has accumulated
since its discovery. Understanding of bacterial transcription has been stimulated by emerging
structural information since the late 1990s (Murakami, 2015). Similar to other big and complex
macromolecules, the structural study of RNAP started with domains and subcomplexes. The first
atomic structure solved was the C-terminal domain of the RNAP α subunit, or αCTD, from E.
coli, determined by nuclear magnetic resonance spectroscopy (NMR) (PDB id: 1COO) (Jeon et
al., 1995). The structure revealed a distinct folding of αCTD compared with other DNA-binding
proteins. Together with mutagenesis studies, the structure explained the interaction of αCTD
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with transcription activators and the upstream promoter (UP) element. The N-terminal domain of
the RNAP α subunit, or αNTD, was later solved (PDB id: 1BDF) (Zhang and Darst, 1998). The
structure showed the dimerization of one of the two subdomains of αNTD, which further serves
as a platform for assembling other RNAP subunits. The two largest subunits, β and β', feature
large lineage-specific insertions (Lane and Darst, 2010). Many of these insertions are soluble
domains and were solved by X-ray crystallography. For M. tuberculosis, the β subunit 1 and 2
domains were solved (Gulten and Sacchettini, 2013), which revealed its interaction with CarD, a
transcription regulator. The structure provides important insights into how RNAP is regulated by
CarD in M. tuberculosis. In 2001, the first complete structure of bacterial RNAP was published
(Minakhin et al., 2001), revealing the architecture of α2ββ'ω. The shape of the complex structure
is reminiscent of a crab claw, with the active site buried inside the center of the claw. Studies of
eukaryotic and archaeal RNAPs confirmed the conserved overall shape, subunit organization and
active site motifs, such as the bridge helix, trigger loop and switches (Cramer et al., 2001; Engel
et al., 2013; Fernandez-Tornero et al., 2013; Hirata et al., 2008; Hoffmann et al., 2015).
All RNAPs catalyze RNA synthesis by the same two-metal-ion mechanism (Steitz and
Steitz, 1993; Yang et al., 2006) but not all RNAPs are exactly the same. For example, in
eukaryotes, it turns out that different types of RNAP synthesize different types of RNA. RNA
polymerase I (RNAP I) synthesizes the 25S rRNA precursor; RNAP II synthesizes mRNAs;
RNAP III synthesizes tRNAs and the 5S rRNA (Vannini and Cramer, 2012). These three RNAPs
share a conserved 10-subunit core, but contain 14, 12, and 17 subunits, respectively (Vannini and
Cramer, 2012). Some plants have RNAP IV and RNAP V to synthesize noncoding RNAs (Ream
et al., 2014). In bacteria, there is only one type of RNAP. The core enzyme consists of 5
subunits: α (two copies), β, β', and ω, all of which have homologs in eukaryotic RNAPs
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(Murakami, 2015). The multi-subunit RNAPs from three domains of life are significantly
different from the T7 phage-like single-subunit RNAP family, not only in the overall shape and
domain organization, but also in the configuration of the active site. Single-subunit RNAP can
directly recognize promoters, while the core enzyme of the multi-subunit RNAP cannot initiate
the transcription without a σ factor (Murakami, 2015). The core enzyme and a σ factor form the
holoenzyme, which initiates transcription by recognizing the promoter region in the DNA. The
initiation is also assisted by activators (Busby and Ebright, 1999). Once transcription starts, the
core enzyme can facilitate the elongation without a σ factor (Travers and Burgessrr, 1969).

1.4.2

Bacterial transcription cycle
The bacterial five-subunit RNAP represents the minimum form of RNAP across three

domains of life (Murakami, 2015). Transcription, even in bacteria, is a complicated process. In
one transcription cycle, one copy of RNA is synthesized, and many copies of RNA molecules are
synthesized by repeating the transcription cycle. Generally, the transcription cycle can be divided
into four steps: DNA template binding, RNA chain initiation, RNA chain elongation, and RNA
chain termination.
To initiate transcription, the RNAP must bind the DNA template. Interestingly, the
RNAP only binds to specific regions of the DNA template, i.e., the promoter. The promoter is
recognized by its specific σ factor (Paget, 2015). The binding specificity is determined by the
conserved regions around -35 and -10 sites (Harley and Reynolds, 1987; Pribnow, 1975). The
region around -10 position is the most conserved, usually with TATAAT consensus sequence.
The region around -35 position usually has TTGACA, especially for efficient promoters. For
highly expressed genes, the region between -40 and -60 positions has an AT-rich fragment,
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termed the upstream promoter (UP) element (Estrem et al., 1998). The UP element interacts with
the αCTD of RNAP (Ross et al., 1993). After the holoenzyme binds to the promoter, 12-14 base
pairs of the DNA template, from the middle of the -10 region to the initiation site, will be
deformed from double-stranded to single-stranded. This single-stranded region within the double
stranded DNA resembles a bubble and thus is termed as transcription bubble (Robb et al., 2013).
When the transcription bubble is observed, the DNA-holoenzyme complex, termed as an open
promoter complex (RPo), becomes transcriptionally competent (Saecker et al., 2011). During
this template binding process, the σ factor plays a critical role in recognizing specific promoters
(Paget, 2015). Bacterial σ factors are homologous to the archaeal transcription factor B and the
eukaryotic TFIIB (Burton and Burton, 2014). Based on the DNA sequence, the required σ factor
can be different (Burton and Burton, 2014). In E. coli, there are 7 σ factors (Hillebrand et al.,
2005). The primary or housekeeping one is σA or σ70 with a molecular weight of 70 kDa (Paget
and Helmann, 2003). The σ70 recognizes essential genes and the σ70 family are universally
expressed in all bacteria (Paget and Helmann, 2003; Sachdeva et al., 2010). The σ70 family has 4
domains, denoted as σ1, σ2, σ3, and σ4. σ2 and σ4 recognize the -10 and -35 elements,
respectively, to facilitate the template binding (Murakami et al., 2002a). Another major family is
the σ54 family which adopts a different structure and mechanism (Bonocora et al., 2015). The σ54
family has not been found in any GC-rich, Gram-positive bacteria (including M. tuberculosis)
and cyanobacteria (Sachdeva et al., 2010). M. tuberculosis has 13 σ factors, almost twice as
many as E. coli, while the sizes of their genomes are similar (Manganelli et al., 2004). Among
obligate pathogens, M. tuberculosis has the highest number of σ factors / genome size ratio,
which has been proposed to reflect the complexity of regulatory mechanisms (Rodrigue et al.,
2006; Sachdeva et al., 2010).
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The RNA chain initiation is a process where two free nucleotides dimerize into a
dinucleotide (Travers, 1993). Usually the first nucleotide is a purine, i.e., either A or G. After the
dimerization, the 5'-triphosphate is retained in the product. Then, the RNA chain is elongated
from 5' to 3'. During elongation, the DNA rotates to prevent the intertwining of DNA and RNA
(Futcher, 1988; Harada et al., 2001). Once initiated, elongation runs rapidly at rates of 20-70
nucleotides per second (Maiuri et al., 2011). The second RNAP will bind to the promoter as long
as there is enough room, which means a subsequent transcription cycle can start while the first
cycle is proceeding (Miller et al., 1970). The transcription is finally terminated either
intrinsically or in a Rho-dependent fashion (Ray-Soni et al., 2016). The intrinsic termination
relies on a GC-rich stem followed by a U-tract (7-to-9-nucleotide U-rich sequence motif). The
Rho factor is a hexameric protein, with a ring-like shape. The ring can be either closed (PDB id:
3ICE) (Thomsen and Berger, 2009) or open (PDB id: 1PVO) (Skordalakes and Berger, 2003) in
different functional states.

1.4.3

Bacterial transcription regulation
Transcription is regulated in many different ways. First, anti-σ factor can block the

formation of holoenzyme by interacting with σ factor (Paget, 2015). In M. tuberculosis,
structures of several σ-anti-σ complexes have been solved (PDB ids: 4NQW, 3VEP, 3HUG)
(Jaiswal et al., 2013; Shukla et al., 2014; Thakur et al., 2010), revealing the structural
mechanisms of inactivation of σ factors in response to environmental changes. Second, many
transcription factors can bind to the RNAP core complex to regulate its activity. For example, the
catabolite activator protein (CAP) can bind both DNA and αCTD of RNAP, forming a CAPαCTD-DNA complex to facilitate the initiation of transcription (PDB id: 1LB2) (Benoff et al.,
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2002). Third, transcription factors from bacteriophages interact with host RNAP to inhibit host
transcription and promote phage gene transcription instead. For example, the gp39 protein from
the Thermus thermophilus (T. thermophilus) phage P23-45 binds to β-flap domain and σ4 of
RNAP and remodels the domain organization so that the binding with -35 region is hindered and
the transcription of the -10/-35 class promoters is inhibited (Tagami et al., 2014). Fourth,
repressors can bind to their corresponding operators to repress transcription. For example, the lac
repressor can binds to the lac operon via three binding sites, O1, O2, and O3, resulting in DNA
loop formation. Such a looped complex prevent RNAP from forming a productive initiation
complex (Lewis et al., 1996).

1.4.4

Bacterial transcription inhibition by small molecules
Transcription can be inhibited by small molecules, some of which target the non-

conserved regions in eukaryotic and bacterial RNAP. For example, the widely-used antituberculosis drug, rifampicin, targets the active site at the center of bacterial RNAP. Several
rifampicin-RNAP structures have been solved (PDB ids: 1YNN, 4KMU) (Campbell et al., 2005;
Molodtsov et al., 2013). These structures revealed the details of the drug-target interaction,
showing that the binding of the drug blocks the exit path of the newly-synthesized RNA. RNAP
with bound rifampicin derivatives have also been structurally characterized. These derivatives
generally have additional interactions with RNAP and have higher binding affinity. For example,
benzoxazinorifamycin (bxRIF) has a C3'-tail that interacts with σ3.2 loop (σ finger) and thus
affects its conformation (PDB ids: 4KN4, 4KN7) (Molodtsov et al., 2013). This interaction
provides an additional inhibition mechanism that appears to block the DNA template binding
step.
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Apart from rifampicin and its derivatives, several other inhibitors that have been
visualized together with RNAP, including streptolydigin (PDB ids: 2PPB, 1ZYR, 2A6H)
(Temiakov et al., 2005; Tuske et al., 2005; Vassylyev et al., 2007), myxopyronin (PDB ids:
3DXJ, 3EQL) (Belogurov et al., 2009; Mukhopadhyay et al., 2008), and salinamide (PDB id:
4MEX) (Degen et al., 2014). Despite disagreements as to the mechanisms of inhibition by some
of these inhibitors (Belogurov et al., 2009; Mukhopadhyay et al., 2008), these structures revealed
additional RNAP drug binding sites, such as the bridge helix, trigger loop, and switch.
Interestingly, all of these binding sites reside in the catalytic region of RNAP, whereas the other
major part of RNAP, the assembly platform region, has no identified drug binding sites (Werner
and Grohmann, 2011).

1.4.5

Previous studies on mycobacterial transcription
Despite the large number of structures of RNAP from E. coli, T. thermophilus, Thermus

aquaticus (T. aquaticus) (Murakami, 2015), only recently has a structure of a mycobacterial
RNAP been reported (Hubin et al., 2017a; Lin et al., 2017). Nevertheless, accumulating data
suggests that the transcription system of mycobacteria may have their own unique features. The
RPo complex is less stable in mycobacteria than in E. coli, and it is stabilized by the CarD factor,
which is absent in E. coli (Davis et al., 2015; Stallings and Glickman, 2011). A transcription
factor, RbpA, is present in mycobacteria but absent in E. coli and Thermus spp. (Hubin et al.,
2015; Tabib-Salazar et al., 2013). Moreover, mycobacterial RNAP exhibits better termination
efficiency than E. coli RNAP, in the case of imperfect U-tracts (Czyz et al., 2014). Sequencelevel analysis also revealed lineage-specific insertions in the large subunits (β and β') of RNAP
(Lane and Darst, 2010). For example, the actinobacteria-specific β′In1 of M. tuberculosis is
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different from that of E. coli or T. thermophilus. The recently published structures of RNAP from
M. tuberculosis and M. smegmatis have identified this insertion, spanning from around residue
140 to residue 230 (Hubin et al., 2017a; Lin et al., 2017). Although the insertion point is the
same as that in Thermus spp., the structure of this insertion is different. In mycobacteria, 90residue segment forms a two-helix bundle, while in Thermus spp., the segment folds into a
barrel. Interestingly, the charge distribution on the surface of the helix bundle is found to be
conserved (Hubin et al., 2017b). In addition, the N-terminal of σA1.2 (σAN) is reported to be
located between β2 domain and the actinobacteria-specific β′In1. The spatially close organization
of σAN and β′In1 was proposed to block the DNA template binding (Hubin et al., 2017b), while
in another study, it was proposed to trap the DNA template and thus stabilize the RPo (Lin et al.,
2017).

1.5
1.5.1

Gene translation in M. tuberculosis has species-specific features
Translation and ribosome
Translation is the chemical reaction of peptide bond formation, by which the 20 canonical

amino acids are polymerized into a polypeptide chain, based on the sequence of a mRNA (Green
and Noller, 1997). Its direct substrates are aminoacylated tRNAs. Every tRNA has an anticodon
stem loop (ASL) to pair with a particular codon in the mRNA, so that the sequence of the
polypeptide is determined by the sequence of the mRNA. The tRNA and mRNA cannot perform
translation without the ribosome. The ribosome is made of two subunits in all kingdoms of life,
one large subunit (LSU) and one small subunit (SSU). The LSU contains the peptidyl transferase
center (PTC) that consists exclusively of RNA, instead of protein (Moore and Steitz, 2011). The
SSU contains the decoding center where the pairing between codon and anticodon is favored.
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The LSU and SSU cooperate to translocate mRNA and tRNA. The mRNA is decoded from 5' to
3' and the polypeptide is synthesized from N-terminus to C-terminus. Despite the conservation of
the ribosome, there are substantial differences between ribosomes from different species (Fox,
2010). In prokaryotes, the ribosome is called 70S and the two subunits are 50S and 30S, based on
their sedimentation properties (“S” is the Svedberg unit). In eukaryotes, the ribosome is called
80S and the two subunits are 60S and 40S (Melnikov et al., 2012). The ribosomal factors
involved are also very different between prokaryotes and eukaryotes. For example, there are only
3 canonical initiation factors in bacteria but at least 12 in eukaryotes (Jackson et al., 2010). In the
following subsections, only the bacterial translation system will be discussed.

1.5.2

Bacterial translation cycle
Similar to gene transcription, translation can be initiated many times from the same

mRNA template, i.e., one polypeptide is synthesized during each translation cycle and the
process will repeat many cycles. The translation cycle can be divided into 3 steps: chain
initiation, chain elongation and chain termination.
Chain initiation is a process for forming a complex of fMet-tRNAfMet, mRNA and
ribosome, with the help of initiation factors (Laursen et al., 2005). The fMet is the Nformylmethionine residue. On each ribosomal subunit, there are 3 major binding sites for tRNA:
A, P, and E. First, the 30S, mRNA and fMet-tRNAfMet need to assemble correctly. The fMettRNAfMet binds to the P site. The mRNA needs to be properly aligned. The Shine-Dalgarno (SD)
sequence (Shine and Dalgarno, 1973) of mRNA is base-paired with the anti-SD sequence of the
16S rRNA. Then the 50S subunit joins to form an initiation complex. During initiation, initiation
factor 1 (IF1) was reported to anchor initiation factor 2 (IF2) and 3 (IF3) to enhance their
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activities. IF2 helps to capture fMet-tRNAfMet. IF3 facilitates the binding of fMet-tRNAfMet to the
P site (Hussain et al., 2016).
Chain elongation can be further divided into 3 substeps, decoding, transpeptidation, and
translocation (Ramakrishnan, 2002). Once the initiation complex is formed, the ribosome needs
to decode the second codon on the mRNA and select the corresponding aminoacyl tRNA. Direct
binding of aminoacyl tRNA to the A site is often very slow. In cells, the aminoacyl tRNA forms
a ternary complex with GTP and elongation factor EF-Tu, before binding to the A site, which is
much faster than the direct binding (Clark and Nyborg, 1997; Nissen et al., 1996). After the
ternary complex binds, GTP will be hydrolyzed, and GDP and EF-Tu will be released. Another
elongation factor EF-Ts then replaces GDP with GTP (Andersen et al., 2003). The
transpeptidation step occurs when the ester group of the peptidyl tRNA is attacked by the amino
group nucleophile of the aminoacyl tRNA, resulting in the peptide bond formation on the
aminoacyl tRNA (Rodnina et al., 2007). The entire transpeptidation process occurs in the PTC
without aid from any protein, or other energy-carrier molecules. The reaction is driven by the
energy stored in the ester group on the peptidyl tRNA. Therefore, the ribosome is a ribozyme
(Rodnina et al., 2007). The ribosome catalyzes peptide bond formation by correctly positioning
substrates within a constrained environment to accelerate the nucleophilic attack. After
transpeptidation, the tRNA in the A site becomes a peptidyl tRNA, while the tRNA in the P site
becomes unoccupied by amino acids. Then the P site tRNA needs to move to the E site, and the
A site tRNA moves to the P site. At the same time, the mRNA also moves together with the
tRNAs. Such a process, termed translocation, requires the help from another elongation factor,
EF-G, which, together with GTP, binds near to the A site and pushes the A site tRNA to move to
the P site (Brilot et al., 2013; Zhou et al., 2013).
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The chain will elongate until it is terminated by encountering one of the three stop
codons, UAA, UAG, and UGA (Brenner et al., 1967; Brenner et al., 1965). These three stop
codons do not have a corresponding tRNA and can be recognized by class I release factors, RF-1
and RF-2 (Capecchi, 1967; Caskey et al., 1971; Vogel et al., 1969). RF-1 recognizes UAA and
UAG, and RF-2 recognizes UAA and UGA. After the binding of RF-1 or RF-2, the peptidyl
group can only be transferred to water, instead of aminoacyl tRNA, causing the release of the
polypeptide. RF1 or RF2 dissociation from the ribosome, is then facilitated by the class II release
factor, RF-3 (Freistroffer et al., 1997). Finally the ribosome is released from mRNA by EF-G
and the ribosomal recycling factor (RRF) (Hirashima and Kaji, 1973).

1.5.3

Bacterial translation regulation
In bacteria, there are many ways to regulate translation. The ribosome modulation factor

(RMF) and hibernation promoting factor (HPF) can dimerize the 70S ribosome into 100S,
inhibiting translation (Yoshida and Wada, 2014). The ribosomal silencing factor S (RsfS) can
also block the association of the two ribosomal subunits to inhibit translation (Hauser et al.,
2012; Li et al., 2015). The structure of mRNA, which can be affected by temperature or binding
with many other molecules, can also influence translation efficiency, particularly translation
initiation efficiency (Kozak, 2005; Meyer, 2017).

1.5.4

Bacterial translation inhibition by small molecules
Almost every step of translation can be inhibited by chemical compounds (Wilson, 2014).

To inhibit chain initiation, edeine, kasugamycin, pactamycin and thermorubin can act on the 30S
subunit; orthosomycins avilamycin, evernimicin, and thiostrepton can act on the 50S subunit. For
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example, kasugamycin binds to the P-site on the 30S, blocking the mRNA channel (Schuwirth et
al., 2006). To inhibit chain elongation, streptomycin, tetracyclines and glycylcyclines can inhibit
aminoacyl tRNA delivery; blasticidin S, chloramphenicol, lincosamides, oxazolidinones,
pleuromutilins, puromycin, streptogramin A and sparsomycin can inhibit peptide bond
formation; capreomycin, viomycin, hygromycin B, neomycin, paromomycin, fusidic acid,
spectinomycin, and thiostrepton can inhibit tRNA translocation; macrolides, streptogramin B and
ketolides can inhibit nascent peptide elongation. Peptidyl-transferase inhibitors, such as
blasticidin S, chloramphenicol, puromycin and sparsomycin, can inhibit termination. Fusidic acid
can inhibit recycling.
Apart from these chemical compounds, some proline-rich antimicrobial peptides
(PrAMPs), such as oncocin, can bind to the PTC and the nascent peptide tunnel to inhibit
translation (Roy et al., 2015; Seefeldt et al., 2015).

1.5.5

Previous studies on mycobacterial translation
An unusual feature of M. tuberculosis is its capacity to persist, i.e., avoid elimination

from human host by immune system or antibiotics treatment (Gomez and McKinney, 2004).
During persistence, M. tuberculosis remains in a non-replicating state, minimizing most
metabolic activities including translation (Chao and Rubin, 2010). Genetic and biochemical
studies have revealed that M. tuberculosis has incredibly sophisticated approaches to fine-tune
translation, such as activating a dormancy survival regulator (DosR) regulon to control ribosome
stability in hypoxic mycobacteria (Kumar et al., 2012; Trauner et al., 2012), using toxin-antitoxin
pairs to regulate ribosome activity (Sala et al., 2014), or mistranslating to resist inhibitors (Javid
et al., 2014). It has also been shown that leaderless mRNA translation is common and robust in
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mycobacteria (Shell et al., 2015). These observations suggest the uniqueness of the mycobacteria
translation system. However, the underlying structural mechanisms of these featured regulations
in mycobacterial translation are not fully understood.
Sequence analyses (Cannone et al., 2002) have revealed that the M. tuberculosis
ribosome contains species-specific structural features, such as extended or inserted rRNA
helices, referred to as rRNA expansion segments. It has recently been shown that, in yeast
ribosomes, such rRNA expansion segments could be important for the appropriate assembly and
function of the ribosome (Gomez Ramos et al., 2016; Ramesh and Woolford, 2016). However,
structurally characterizing these large rRNA expansion segments remains challenging, mainly
due to their presence on the periphery of the ribosome, which allows for large conformational
variability. Compared with other, better studied bacterial ribosomes (Eyal et al., 2015; Fischer et
al., 2015; Sohmen et al., 2015; Wimberly et al., 2000), the M. tuberculosis ribosome has a 100nucleotide rRNA expansion segment, referred to as H54a or the “handle,” in its 23S rRNA. The
structure and function of the handle have not been clearly defined, though low resolution
structures of M. smegmatis 70S ribosome and M. tuberculosis 50S ribosomal subunit have been
determined (Li et al., 2015; Shasmal and Sengupta, 2012).
Several M. tuberculosis rProteins are significantly longer than their counterparts in model
bacterial ribosomes, and there are several rProtein paralogs encoded by non-identical genes,
which are expressed in response to varying physiological conditions (Cook et al., 2009).
Moreover, the M. tuberculosis ribosome might have species-specific rProteins that have not been
annotated based solely on sequence information. Therefore, the three-dimensional (3D) structure
of the M. tuberculosis ribosome should reveal these unique features of the M. tuberculosis
ribosome and allow their roles in translation to be elucidated.
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1.6

Gene expression in M. tuberculosis may involve different higher order complexes
It has long been known that the two steps of gene expression, i.e., transcription and

translation, can be coupled in bacteria. Early evidence came from EM studies of E. coli cell
lysates, prepared in a special way, called “Miller spread” (Miller et al., 1970). The EM images
from this study showed that actively expressing genes have a typical ‘Christmas tree’ like shape.
In this ‘tree’, the main trunk is the DNA and the branches are RNA decorated by many high
contrast dots. The first dot from the trunk is presumably the RNA polymerase and all following
dots are ribosomes. From these studies, a straightforward interpretation is that, under
physiological conditions, bacterial gene expression may involve higher order complexes of
RNAP and ribosomes. The first higher order complex is a RNAP-ribosome complex, or
expressome (Kohler et al., 2017), and the second is a ribosome-ribosome complex, or polysome
(Warner et al., 1962). Indeed, evidence has accumulated that suggests a physiological
significance and mechanism of both forms. For example, in vivo measurement of the
transcription and translation rates shows a correlation between these two events (Proshkin et al.,
2010).
To explain the coupling between transcription and translation in bacteria, the highly
conserved transcription factor NusG was proposed to physically link the RNAP with the
ribosome (Burmann et al., 2010). Recently, the expressome of E. coli RNAP and 70S ribosome,
connected only by mRNA and possibly glutaraldehyde, has been found to have a defined
structure (Kohler et al., 2017). The exit site of mRNA on the RNAP was found to be directly
interacting with the entry site of mRNA on the ribosome. Despite the discovery of this
physiologically relevant configuration, two groups independently found that RNAP and 30S can
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directly interact with each other in the absence of any tethering by mRNA or cross-linking
(Demo et al., 2017; Fan et al., 2017). These observations showed that the exit site of mRNA on
the RNAP is facing to the exit site of mRNA on the 30S. It is possible that both configurations
exist and represent different stages of the coupling.
To study the spatial arrangement of polysomes, both negative staining EM and cryo-EM
have been used to image polysomes from E. coli (Brandt et al., 2009), or wheat germ (Kopeina et
al., 2008; Myasnikov et al., 2014), confirming that polysomes can have an ordered structure.
Common characteristics can be found from these structures: 1) the mRNA is threading through
multiple ribosomes in a helical manner; 2) the nascent peptides emerging from each ribosome
have a large distance from each other. Such configuration maximizes the translation efficiency
and minimizes the interference between nascent peptides.
By contrast with actively translating ribosomes, the 70S particle can also form
hibernating dimers, or 100S, mediated by a “ribosome modulation factor” (RMF) in E. coli
(Wada et al., 1990). The formation of hibernating 100S was later found to be related to cell
growth rate and responsible for fast recovery from stationary phase when fresh media was added
(Aiso et al., 2005; Yamagishi et al., 1993). Inhibition of translation by forming 100S is also
widely found in other bacteria (Yoshida and Wada, 2014) and other related protein factors were
discovered. In addition to dimerization by RMF, there is a separate dimerizing mechanism
caused by hibernation promoting factors (HPFs), which can then be divided into short HPFs and
long HPFs. The majority of bacteria only have long HPFs, including T. thermophilus, Bacillus
subtilis (B. subtilis), and M. tuberculosis. Interestingly, 100S formation by long HPFs is not
limited to the stationary phase growth, but spans all stages of bacterial growth. During
exponential phase of cell growth, polysomes, including disomes, are also formed. Therefore,
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during sucrose density gradient separation of the cell lysate, the fraction corresponding to the
ribosome dimer fraction can be the disome or hibernating 100S.

1.7

Cryo-electron microscopy
To gain a clear mechanistic understanding of the unique features in M. tuberculosis gene

expression, we believe that the structural study of the related molecular machineries, including
RNAP, ribosome, and their higher order assemblies, is essential. There are three major
techniques for structure determination: X-ray crystallography, NMR, and cryo-electron
microscopy (cryo-EM). We have chosen cryo-EM as the major technique as it only requires a
minimal amount of sample and also tolerates heterogeneity much better than the other two
techniques.
A microscope works by magnifying the image of an object. In the traditional light
microscope, the visible light can be distorted by optical lenses to form a magnified image. The
construction of the electron microscope dates back to the early 20th century. Following the
discovery of the electron by Joseph John Thomson in 1897, Louis de Broglie proposed the wave
property of electrons and Hans Busch calculated that electrons can be focused by a magnetic
field in the 1920s (Busch, 1926). Ernst Ruska and others built the first electron microscope in
1931. Since the wavelength of an electron is much shorter than that of visible light, the resolving
power of electron microscopes is much better than light microscopes. However, imaging
biological samples was soon found to be challenging. Biological molecules are often very
sensitive to high energy electrons, which are sufficiently energetic that they can break chemical
bonds and thus damage biological samples. Several methods were developed to overcome the
radiation damage problem, including negative staining (Huxley and Zubay, 1961), and glucose
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embedding (Henderson and Unwin, 1975). The negative staining agent is usually uranyl acetate,
which strongly scatters electrons. The region occupied by the biological samples scatters
electrons less. Therefore, an image can be formed with different contrast depending on the
degree of staining. However, this method is limited to low resolutions where protein domains
may be resolvable but secondary structures can not be visulized. In addition, negative stain
preparation requires sample dehydration before imaging, while most biological molecules have
to be in hydrated state to maintain their shape. The glucose embedding method utilized glucose
to preserve the crystal array of protein samples, which resulted in an amazing subnanometer
resolution structure of a membrane protein in the 1970s (Henderson and Unwin, 1975), in which
α-helices could be distinguished from each other. Nevertheless, this method is little utilized,
probably because of its dependence on crystallization and weak contrast.
The idea of “cryo” electron microscopy, i.e., imaging samples at cryogenic temperatures,
was demonstrated in 1974 by Kenneth Taylor and Robert Glaesser (Taylor and Glaeser, 1974).
By keeping samples at liquid nitrogen temperature, molecular damage from the incident electron
radiation could be minimized. Later on, Jacques Dubochet and colleagues invented a routine
method for freezing samples by rapidly plunging them in liquid ethane, which has a large heat
capacity, leading to a fast cooling rate. In this new method, the temperature of samples changes
so rapidly that ice crystals cannot form and water is directly vitrified into a glass-like state
(Dubochet et al., 1988). The elimination of ice crystal formation is important because ice
formation can damage biological molecules while vitrification does not. In addition, compared to
crystalline ice, vitrified water interferes more uniformly with incident electrons, thus resulting in
significantly decreased level of background noise. It is noteworthy that the vitrification method
has become very popular and is currently actively used in cryo-EM experiment worldwide. In
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this freezing method (Figure 1.2), a few microliters of a sample are applied onto a supporting
grid and excess water is removed using filter paper. Then the grid is rapidly plunged into liquid
ethane, cooled by liquid nitrogen, and the sample layer is vitrified. A typical supporting grid has
two layers, a copper grid layer and a holey carbon film layer. Such grids allow the formation of a
thin, unsupported aqueous sample layer in the holes, as well as providing a relatively sturdy
support. The unsupported sample layer, when imaged, results in images with minimal
background noise.
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Figure 1.2. Schematic representation of the vitrification method used in cryo-EM
Tweezers (A) are used to pick up a grid (B). A sample is applied to the grid (C), and then
filter papers absorb excess sample (D), leaving a thin sample layer on the grid (E). Finally
the grid is plunged into precooled liquid ethane (F), during which a thin layer of vitrified
ice can form (G).

Apart from sample freezing, the quality of electron microscopes has also improved, in
terms of beam, vacuum and specimen stage. Traditionally, tungsten or lanthanum hexaboride
(LaB6) filaments were used as the electron source, with subsequent development of the field
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emission gun (FEG) (Crewe et al., 1968) that significantly improved coherence. The coherence
of electrons includes two aspects, temporal coherence and spatial coherence. The temporal
coherence refers to the distribution of electron energy. The narrower the distribution, the better
the coherence. The spatial coherence refers to the similarity of the directions of incident
electrons. Better coherence improves the phase contrast generated by defocusing. The
commercially available FEI and JEOL microscopes provide an excellent vacuum and a stable
specimen stage.
Camera technology has also improved, from photographic film to silica-based chargecoupled devices (CCD), and more recently to direct electron detectors. Traditional photographic
film is very labor-intensive to use, involving development and scanning. This inconvenience was
overcome by CCD cameras, however, at the cost of image quality. The direct electron detectors
were developed based on the Complementary Metal Oxide Semiconductors (CMOS) technology
(Clough et al., 2014). The new cameras can not only minimize the noise, but also record
electrons quickly. The fast capture speed enables the recording of a movie during imaging,
instead of a single frame. The movie can be analyzed to correct for specimen drift during
imaging.
Apart from these breakthroughs in hardware, advancement in software also plays an
important role in revolutionizing cryo-EM. Reconstructing a 3D structure from its 2D projections
is not as easy as it first sounds, because one 2D projection is actually a mixture of different levels
of a 3D object. The first 3D reconstruction was done in 1968 by David DeRosier and Aaron Klug
(De Rosier and Klug, 1968). The object was a phage tail with helical symmetry. The helical
symmetry ensures not only the full coverage of different views of the subunit, but also the
relationship between these views. Later on, the idea of “single particle” reconstruction was
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demonstrated by Joachim Frank and colleagues (Frank, 1975; Frank et al., 1978; Hoppe et al.,
1974). In the single particle reconstruction method, the sample does not need to have any
symmetry. The particles are expected to have identical shapes, at least to some extent, and have
random orientations in the vitrified layer, so that different views of the particles can be obtained.
If a large number of particles are imaged, then all orientations can be collected. Such a randomorientation dependent method is distinct from the tomography where a series of images of the
same object were collected after tilting the specimen stage. Then it becomes a difficult problem
to determine the orientation of the particle in a 2D image. The projection theorem states that the
Fourier transform of the 2D image is a slice of the Fourier transform of the 3D object, and the
Fourier transforms of the 2D images should have identical common lines in an assumed noisefree case (Crowther et al., 1970). Then the problem can be solved, in theory, by maximizing the
cross-correlation between the central sections of the two 2D Fourier transforms. However, in
reality, an EM image often has much more noise than signal for many reasons. Fortunately,
averaging images after proper alignment can effectively increase the signal to noise ratio, though
alignment errors will still exist. To overcome the alignment error problem, Frederick Sigworth
introduced the maximum-likelihood algorithm to the EM field (Sigworth, 1998) and Sjors
Scheres further implemented it in the Relion software (Scheres, 2012). In the maximumlikelihood approach, the particle in a 2D image is assumed to have all possible orientations,
though in reality it only has one during imaging. Each orientation is weighted by its probability
before integrating into the 3D map. This method turns out to be very successful and has become
the state-of-the-art approach.
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In the following chapters, I will present the cryo-EM study of the RNAP (chapter II),
ribosome (chapter III) and expressome (chapter IV) from M. tuberculosis, as well as ribosome
dimers (chapter IV) from M. smegmatis.
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CHAPTER II
2

2.1

STRUCTURE OF THE RNA POLYMERASE FROM M. TUBERCULOSIS

Introduction
Transcription is an essential process, catalyzed by the RNA polymerase, or RNAP, to

synthesize RNA based on a DNA template in all three domains of life. Accumulating data
suggests that the transcription system of Mycobacteria may have their own unique features. The
RNAP open promotor complex, or RPo, is less stable in Mycobacteria than in E. coli, and it is
stabilized by the CarD factor, which is absent in E. coli (Davis et al., 2015; Stallings and
Glickman, 2011). A transcription factor, RbpA, is present in Mycobacteria but absent in E. coli
and Thermus spp. (Hubin et al., 2015; Tabib-Salazar et al., 2013). Moreover, mycobacterial
RNAP exhibits better termination efficiency than E. coli RNAP, in the case of imperfect U-tracts
(Czyz et al., 2014). Sequence-level analysis also revealed lineage-specific insertions in the large
subunits (β and β') of RNAP (Lane and Darst, 2010). For example, the Actinobacteria-specific
β′In1 of M. tuberculosis is different from that of E. coli or T. thermophilus.
Transcription is also the target of many drugs, including rifampicin, streptolydigin,
myxopyronin, and salinamide. Interestingly, all these inhibitors bind to the catalytic region of
RNAP. Particularly, rifampicin is a first-line tuberculosis drug that is frequently used to treat TB.
Despite the importance of rifampicin and RNAP in TB therapy, the detailed mechanism of drug
inhibition has long been understood based on structures of RNAP from non-pathogenic model
organisms, instead of that from M. tuberculosis. Given that the sequences of RNAP subunits are
not identical, it is possible that the understanding obtained from other species does not apply to
M. tuberculosis. Therefore, solving the structure of RNAP from M. tuberculosis may advance
34

our understanding of drug inhibition. In this chapter, I will present our cryo-EM study of M.
tuberculosis RNAP.

2.2
2.2.1

Materials and Methods
Expression and purification of M. tuberculosis RNAP and RbpA
M. tuberculosis RNAP and RbpA were purified by Dr. Qingan Sun. Briefly, genes of M.

tuberculosis H37Rv β and β' subunits were cloned into a pET-Duet vector, α and ω in pACYCDUET, σA in pET28b, RbpA in pET28b. A His-tag was fused to the N-terminus of the α subunit,
and the N-terminus of the RbpA. All the plasmids for RNAP genes were co-transformed, or the
plasmid for the RbpA gene was transformed, into E. coli BL21(DE3) cells. The cell pellet was
resuspended in buffer A (50 mM Tris/HCl, 100 mM NaCl, 10% glycerol, pH 7.6), and passed
through a microfluidizer. The lysate was loaded on the gravity column with Ni-NTA, washed
with buffer A, and eluted with buffers containing different imidazole concentrations by mixing
buffer A and buffer B (50 mM Tris/HCl, 100 mM NaCl, 10% glycerol, 500 mM imidazole, pH
7.6). The fractions containing RNAP, or RbpA, were pooled and dialyzed against low-salt buffer
before further purification on a HiTrap Q high performance ion exchange columns (buffer C: 25
mM Tris/HCl, 50 mM NaCl, 5% glycerol, 0.1 mM EDTA, 5 mM DTT, pH 7.6; buffer D: 50 mM
Tris/HCl, 1 M NaCl, 5% glycerol, 0.1 mM EDTA, 5 mM DTT, pH 8.0). At last, the purified M.
tuberculosis RNAP, or RbpA, was polished, and the buffer was exchanged with Superdex 200
column (buffer E: 20 mM Tris/HCl, 200 mM NaCl, 2% glycerol, 5 mM DTT, pH 8). During
buffer-exchange, the protein was concentrated to ~10 mg/mL. The sample was fractionated into
small volumes and quickly frozen by liquid nitrogen before storage at -80°C.
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2.2.2

Cryo-electron microscopy
The RNAP and RbpA were thawed on ice and mixed at either 1:1 or 1:4 molecular ratio.

Both mixed samples were incubated at room temperature for 30 minutes. Then both samples
were diluted to ~0.1 mg/mL with buffer E, and 3 µL of the diluted sample was applied to a CFlat 1.2/1.3 holey carbon grid, followed by plunge-freezing in Mark III Vitrobot (FEI company,
Netherlands). The temperature and relative humidity were set at 4°C and 100%, respectively.
The grids were screened and imaged under an FEI Tecnai TF20 cryo electron microscope with a
field emission gun (FEI company, Netherlands) operated at 200 kV. Data were recorded on a
Gatan K2 Summit (Gatan, Pleasanton CA) direct detection camera in the super-resolution
electron counting mode. A nominal magnification of 19,000 x yielded a pixel size of 1.87 Å on
the specimen. The beam intensity was adjusted to a dose rate of 10 electrons per pixel per second
on the camera. An 82-frame movie stack was recorded, with a 0.2 second exposure per frame. In
total, 1803 movie stacks were automatically collected using the automation software, SerialEM
(Mastronarde, 2005), in several non-consecutive sessions.

2.2.3

Image processing
The 1803 movie stacks were aligned using MotionCor2 (Zheng et al., 2017), with

customized automatic parameter optimization by p3motioncor2opt.py (See APPENDIX III for
details). The movie stacks in which the drift was too fast were discarded at this step. The defocus
value of each image stack was determined using GCTF (Zhang, 2016). Particles were
automatically picked using Gautomatch (developed by Dr. Kai Zhang, MRC Laboratory of
Molecular Biology in UK). After considerations in defocus value and image quality, the number
of good micrographs was further screened to 866. From these 866 micrographs, 668,627 particles
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were initially selected and used as input for the next classification step. 2D classification was
performed in Relion2.0 (Kimanius et al., 2016). Then a rough 3D auto-refine was performed,
with an E. coli RNAP structure (PDB id: 4IGC) (Murakami, 2013) as the initial model, to center
the particles according to the x and y shifts after 3D refinement. After centering, duplicate
particles were removed. After all the above screening steps, 364,201 particles were considered
good and used as the input for the final refinement. The particles used for the final refinement
were binned 1.5 times, which was selected considering both speed and the resolution limit. The
overall resolution was estimated according to the gold-standard Fourier shell correlation (Scheres
and Chen, 2012). 3D classification was also performed, which revealed little meaningful
structural heterogeneity and resulted in no resolution improvement. The particles were also split
into two datasets based on the molecular ratios (1:1 or 1:4) to do independent reconstructions and
no significant difference was observed.

2.2.4

Molecular modeling
Initially, the molecular modeling was based on the crystal structure of the T. aquaticus

RNAP core complex (PDB id: 1HQM) (Minakhin et al., 2001), because the M. tuberculosis
RNAP was found to be a core complex and 1HQM was the only available high-resolution
structure of bacterial RNAP core complexes. Later on, the crystal structures of M. tuberculosis
RNAP were published (Lin et al., 2017) and the structure of the RPo (PDB id: 5UHA) was
chosen as the starting model. Considering the low-resolution nature of the EM map, the MDFF
software was chosen (Trabuco et al., 2008). The crystal structure was first rigid-body fit into the
EM map based on the platform and the β pincer regions in UCSF Chimera (Pettersen et al.,
2004). Then a normal MDFF run was performed with the following restraints: 1) secondary
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structure restraints, 2) cis/trans peptide restraints, 3) chirality restraints, 4) domain restraints. The
domain restraints were specified as follows: 1) the platform and β pincer regions (α2ω, β residue
28-1033, β' residue 425-1205) were defined as one domain and the Cα-trace was treated as a
rigid-body; 2) the β' pincer region (β residue 1069-1153, β' residue 3-416, 1220-1281) was
defined as one domain and the Cα-trace was treated as a rigid-body; 3) the connecting region (β
residue 1034-1069, β' residue 417-424, 1206-1219) was not restrained. Multiple rounds of
MDFF run were performed and between each round, one particular region (β residue 1034-1069)
was manually adjusted with caution to better fit the density.
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Figure 2.1. Cryo-EM structure of M. tuberculosis RNAP core complex
(A) Representative 2D class averages of the imaged particles.
(B) Fourier shell correlations of the cryo-EM reconstruction of M. tuberculosis RNAP core
complex.
(C) Distribution of the particles orientations. The inner grey density is the core complex
viewing through the channel between the two pincers. On the outer layer, each bar
represent one orientation and its length (and color) corresponds to the number of particles
in this orientation. Red bars represent preferred orientations.
(D) A representative view of the matching between the cryo-EM map and model. The
densities of individual α-helices (light blue color) are discernible.
(E) Overview of the core complex. Both the model and map are colored by subunits. The
two α subunits are colored by blue and cyan, respectively, and β green, β' yellow, and ω
red. The two-helix bundle out of density is β'In1. No additional density is available to
model σA or RbpA.
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2.3
2.3.1

Results
Overview of the cryo-EM structure of M. tuberculosis RNAP core complex
The imaged particles from the 1:1 mixed samples were initially presumed to be the

complex of the M. tuberculosis RNAP holoenzyme bound with RbpA. However, no density can
be clearly assigned to RbpA or even the σA factor. Therefore, the molecular ratio of RNAP
versus RbpA was increased to 1:4, but there was no improvement for the visibility of RbpA or
σA. Finally the two datasets were merged together for data processing. The reference-free 2D
classification showed clear shapes and multiple views of the RNAP particles (Figure 2.1A). The
3D refinement generated a density map at 7.2Å resolution, based on the gold-standard Fourier
shell correlation (FSC, Figure 2.1B) (Scheres and Chen, 2012). The distribution of the particles
orientations reviewed that the particles have two preferred orientations, but all other orientations
are evenly distributed without any missing angles (Figure 2.1C). The protein secondary
structure, α-helix, is clearly discernible as sausage-like density in the map (Figure 2.1D),
confirming the consistency between the map quality and the claimed sub-nanometer resolution.
The cryo-EM structure represents the core complex of the M. tuberculosis RNAP, in contrast to
the initially expected holoenzyme-RbpA complex, because the density in the σA factor region is
essentially missing and no density can be modeled into the RbpA either (Figure 2.1E). The
RbpA is known to bind to RNAP via the σ2 region of σ factors (Bortoluzzi et al., 2013; TabibSalazar et al., 2013), so missing RbpA, even at 1:4 molecular ratio, can be explained by the
absence of the σ factor. All five subunits can be modeled into the density, while some peripheral
flexible fragments are missing their density, including the Actinobacteria-specific β′In1. The
absence of β′In1 indicates that it is highly flexible in the core complex.

40

2.3.2

The open conformation of the claw in the core complex
Despite the large number of available bacterial RNAP structures, currently there is only

one high-resolution structure of the RNAP core complex, from T. aquaticus, solved by X-ray
crystallography (PDB id: 1HQM) (Minakhin et al., 2001). Many comparisons have been made
between this single structure with many others (Darst et al., 2002; Mukhopadhyay et al., 2008;
Murakami et al., 2002b). Interestingly, the M. tuberculosis core complex solved by cryo-EM in
this report shows slight conformational differences from the T. aquaticus core complex crystal
structure (Figure 2.2). The differences are present in almost all domains around the channel
between β and β'. The directions of the differences are not always the same for neighbouring
domains. For example, all four conformationally different domains shift in opposite or
perpendicular directions (Figure 2.2A), while the β' pincer region shown in Figure 2.2B has a
uniformly right shift. The reasons underlying these differences are not clear; however, the β′In1
apparently has an effect on its neighboring domains.

Figure 2.2. Conformational difference between M. tuberculosis core complex and T.
aquaticus core complex
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For clarity, only the α-helices in conformationally different regions are colored as light blue
and blue for M. tuberculosis and T. aquaticus, respectively, while all others are colored as
gray. The direction of the conformational difference is indicated by arrows.
(A) View through the channel between β and β', as indicated by the box in the inset.
(B) View from beneath the β', as indicated by the eye cartoon in the inset. The β′In1 is
labeled.

The recently available structure of RNAP from M. tuberculosis in the RPo form provides
a great chance for identifying interesting conformational changes between RPo and the core.
Indeed, upon comparison with the M. tuberculosis RPo structure, the claw, or the β′ pincer,
shows an outward opening or rotation (Figure 2.3). The rotating angle is around ~10° with the
switch region as the hinge, and the distal end travels ~10Å. Although the overall direction of the
opening motion is consistent with the previous comparisons between the T. aquaticus core
complex and E. coli holoenzyme (Darst et al., 2002), or yeast RNAP (Mukhopadhyay et al.,
2008), the degree of the rotation and the length of displacement decreases to around half. This
minor difference may be caused by the comparison of RNAP structure from different species.
The consistent direction of movement means that when the channel between the two pincers are
empty, the opening of the channel is relatively large; when the channel is occupied by σ factors
and DNA template, the opening becomes smaller. Apparently, the large opening is to
accommodate the incoming σ factors and DNA template, while the small opening is to increase
the binding affinity of DNA.
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Figure 2.3. Conformational change from M. tuberculosis core complex to M. tuberculosis
RPo complex
The RNAP is viewed from the same orientations as in Figure 2.1E. The RPo is
superimposed onto the core based on the α2ωβ region. The core complex is colored as light
blue, and the RPo blue. The movements are indicated by yellow arrows. For clarity, four
adjacent residues are treated as one group and the average distance of this group in the two
structures is calculated. The length of an arrow is defined by the average distance, and the
starting point of an arrow is positioned at the Cα atom of the fourth residue in the fourresidue group. In addition, arrows shorter than 3.5Å are not displayed.

2.3.3

A unique conformation near the active center
A common feature of multi-subunit RNAP is the so-called bridge helix. It is a long α-

helix in the β' subunit that connects or bridges the two pincers. In M. tuberculosis, it spans from
residue 846 to 880. Besides the bridge helix, there is another fragment from the β subunit that
connects the two pincers (Figure 2.4A) and thus termed “bridge 2”, or “B2”, in analogy to the
naming methods of the bridges in ribosomes. Unlike the bridge helix, B2 only has a very short αhelix. All other regions of B2 are loops, indicating the high flexibility of B2. In M. tuberculosis,
B2 spans from residue 1033 to residue 1069. Direct docking of the M. tuberculosis RPo shows
that the B2 is out of density; however, there is a nearby density that connects the two pincers and
is not occupied by any models (Figure 2.4B). Therefore, it is tempting to model the B2 into this
43

empty density, since the empty density does have a typical sausage-like shape at subnanometer
resolutions. Moreover, no alternative interpretations seem reasonable. First, the sausage-like
density cannot belong to RbpA or σ, because the binding sites of RbpA or σ have been well
characterized. Second, the density cannot belong to DNA, because no DNA was added and the
binding of DNA requires σ. Third, the density cannot be ions, because density of ions are usually
much smaller and invisible at the current resolution.
Assuming the density assignment to B2 is correct, B2 should shift ~10Å toward the
active center. The new position of the B2 helix is occupied by the template strand of DNA in the
RPo (Figure 2.4C). Usually it is common to observe conformational changes on the periphery of
a complex, however, the conformational change of the B2 helix is within the center of the RNAP
and is very close to the active center. Actually, in the new conformation, the rifampicin and the
B2 backbone (side chains are not considered, due to the low resolution of the current EM
structure) are as close as 5Å (Figure 2.4D). However, no mutation on B2 helix was reported in
rifampicin mutants, suggesting that the potential interaction between B2 helix and rifampicin is
not critical for drug binding. It is possible to design rifampicin derivatives to lock B2 helix in this
new conformation, so that the DNA template binding would be blocked (Figure 2.4C).
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Figure 2.4. The unique conformation of B2
The color code of each subunit is the same as in Figure 2.1E, i.e., α blue or cyan, β green, β'
yellow.
(A) A cut-through view of the core complex, showing the two bridges, bridge helix and B2.
(B) Comparison between the EM map and the RPo model, to show the B2 in RPo (colored
as purple) is out of density and there is empty density nearby.
(C) A cut-through view of the core complex with a DNA model (colored as red), to show the
path of DNA. The longer strand is the template strand and its right end is the 3' terminus.
(D) Comparison between the core complex model and the RPo model, with rifampicin
docked in its binding site, to show the close proximity between rifampicin and the B2 in
core complex. The rifampicin is colored by elements, i.e., carbon grey, nitrogen blue,
oxygen red.
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2.4

Discussion
We set out to solve the structure of M. tuberculosis RNAP holoenzyme in complex with

RbpA. However, neither the σ factor nor the RbpA can be observed. In retrospect, this failure
may be caused by the following reasons. First, the affinity between the core complex and the σA
is low without the stabilization by either RbpA or a proper DNA promoter in M. tuberculosis.
Second, to avoid the overlapping of particles in cryo-EM, the protein concentration is often
diluted to a very low level, such as ~0.1 mg/mL, which inevitably dissociates low-affinity
complexes.
Nevertheless, the core complex structure provides interesting insights into the unique
features of M. tuberculosis RNAP. First, the high flexibility of β′In1 in the core complex and its
relatively high stability in the RPo suggests that it is stabilized by the σ factor and/or the DNA
template. Therefore, β′In1, σ, and DNA may mutually stabilize each other, supporting the notion
that the role of β′In1 is to trap DNA and stabilize RPo (Lin et al., 2017), instead of blocking
DNA binding (Hubin et al., 2017b). Second, the core complex structure confirmed a similar, yet
not exactly the same, open conformation in M. tuberculosis to accommodate the incoming DNA.
Third, the core complex structure indicated a new position of the B2 helix on β subunit, which
provides possibilities to design rifampicin derivatives.
Finally, the current study highlights the therapeutic potential of the B2 helix, and further
studies are definitely necessary. For example, the resolution of the EM structure under the
current sample preparation condition, needs to be improved to at least 4Å, so that the bulky side
chains can be visualized and the entire backbone can be traced with certainty. Second, the
structure and affinity relationship of B2 and rifampicin needs to be answered by mutagenesis
experiments.
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CHAPTER III
3

STRUCTURES OF THE RIBOSOME FROM M. TUBERCULOSIS
1

3.1

Introduction
An unusual feature of M. tuberculosis is its capacity to persist, i.e., avoid elimination

from the human host by the immune system or antibiotics treatment (Gomez and McKinney,
2004). During persistence, M. tuberculosis remains in a non-replicating state, minimizing most
metabolic activities including translation (Chao and Rubin, 2010). Genetic and biochemical
studies have revealed that M. tuberculosis has incredibly sophisticated approaches to fine-tune
translation, such as activating a dormancy survival regulator (DosR) regulon to control ribosome
stability in hypoxic Mycobacteria (Kumar et al., 2012; Trauner et al., 2012), using toxinantitoxin pairs to regulate ribosome activity (Sala et al., 2014), or mistranslating to resist
inhibitors (Javid et al., 2014). It has also been shown that leaderless mRNA translation is
common and robust in Mycobacteria (Shell et al., 2015). These observations suggest the
uniqueness of the Mycobacteria translation system. However, the underlying structural
mechanisms of these featured regulations in mycobacterial translation are not fully understood.

Most of this chapter is reprinted with permission from “Structural insights into species-specific
features of the ribosome from the human pathogen Mycobacterium tuberculosis.” by Kailu
Yang, Jeng-Yih Chang, Zhicheng Cui, Xiaojun Li, Ran Meng, Lijun Duan, Jirapat Thongchol,
Joanita Jakana, Christoph M. Huwe, James C. Sacchettini and Junjie Zhang, Nucleic Acids Res
2017 45(18), 10884-10894, Copyright 2017 by Oxford University Press.
Author contributions: XL purified the M. tuberculosis and M. smegmatis ribosomes with the
assistance from ZC and measured the IC50 values for linezolid and LZD-114 in an in vitro
translation assay. KY collected the cryo-EM data of the M. tuberculosis ribosomes with the
assistance of ZC, JT, and JJ. KY performed the data processing for the M. tuberculosis
ribosomes. ZC collected and processed the cryo-EM data of the M. smegmatis ribosome. KY and
JC built the ribosome models with the assistance of RM and LD. CH provided LZD-114. JCS
and JZ aided in the analysis of the results.
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Sequence analyses (Cannone et al., 2002) have revealed that the M. tuberculosis
ribosome contains species-specific structural features, such as extended or inserted rRNA
helices, referred to as rRNA expansion segments. It has recently been shown that, in yeast
ribosomes, such rRNA expansion segments could be important for the appropriate assembly and
function of the ribosome (Gomez Ramos et al., 2016; Ramesh and Woolford, 2016). However,
structurally characterizing these large rRNA expansion segments remains challenging, mainly
due to their presence on the periphery of the ribosome, which allows for large conformational
variability. Compared with other, better studied bacterial ribosomes (Eyal et al., 2015; Fischer et
al., 2015; Sohmen et al., 2015; Wimberly et al., 2000), the M. tuberculosis ribosome has a 100nucleotide rRNA expansion segment, referred to as H54a or the “handle,” in its 23S rRNA. The
structure and function of the handle have not been clearly defined, though low resolution
structures of M. smegmatis 70S ribosome and M. tuberculosis 50S ribosomal subunit have been
determined (Li et al., 2015; Shasmal and Sengupta, 2012).
Several M. tuberculosis rProteins are significantly longer than their counterparts in model
bacterial ribosomes, and there are several rProtein paralogs encoded by non-identical genes,
which are expressed in response to varying physiological conditions (Cook et al., 2009).
Moreover, the M. tuberculosis ribosome might have species-specific rProteins that have not been
annotated based solely on sequence information. Therefore, the three-dimensional (3D) structure
of the M. tuberculosis ribosome should reveal these unique features of the M. tuberculosis
ribosome and allow their roles in translation to be elucidated.

48

3.2
3.2.1

Materials and Methods
Purification of M. tuberculosis and M. smegmatis ribosomes
M. tuberculosis and M. smegmatis ribosomes were purified as previously described (Li et

al., 2015). Briefly, MC27000 M. tuberculosis or MC2155 M. smegmatis cells were grown in 7H9
medium supplemented with 0.5% glycerol, 0.05% Tween-80, and OADC (BD) at 37°C until
they reached an OD600 of around 1. All subsequent procedures were performed at 4°C. Harvested
cells were lysed in a bead beater (BioSpec) in lysis buffer (20 mM Tris-HCl pH 7.5, 100 mM
NH4Cl, 10 mM MgCl2, 0.5 mM EDTA, 6 mM β-mercaptoethanol). M. tuberculosis and M.
smegmatis ribosomes were purified according to modified protocols. Cell lysates were clarified
by centrifugation at 30,000 g for 1 hour. The supernatant was pelleted in sucrose cushion buffer
(20 mM HEPES pH 7.5, 1.1 M sucrose, 10 mM MgCl2, 0.5 M KCl, and 0.5 mM EDTA) at
40,000 rpm in a Beckman Type 45Ti rotor for 20 hours. The pellet was resuspended in a buffer
containing 20 mM Tris-HCl pH 7.5, 1.5 M (NH4)2SO4, 0.4 M KCl, 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)2SO4 in a buffer containing
20 mM Tris-HCl pH 7.5, 0.4 M KCl, and 10 mM MgCl2. The eluted ribosome peak was changed
to either a reassociation buffer (5 mM HEPES-NaOH, pH 7.5, 10 mM NH4Cl, 50 mM KCl, 10
mM MgCl2, and 6 mM β-mercaptoethanol) or dissociation buffer (20 mM Tris-HCl, pH 7.5, 2
mM MgCl2, 150 mM NH4Cl, 50 mM KCl, and 6 mM β-mercaptoethanol) then concentrated
before applying to a 10%-40% linear sucrose gradient centrifuged in a Beckman SW28 rotor at
19,000 rpm for 19 hours. The 70S and 50S fractions were concentrated to about A260 = 300 after
removal of the sucrose.
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3.2.2

Cryo-electron microscopy
In total five samples were prepared for cryo-EM, including M. tuberculosis 50S with 10

mM Mg2+, M. tuberculosis 50S with 1 mM Mg2+, M. tuberculosis 70S with capreomycin, M.
tuberculosis 70S without capreomycin, and M. smegmatis 70S, for which the ribosome
concentrations were diluted to 50 nM. M. tuberculosis 50S with 1 mM Mg2+ was diluted with the
M1 dilution buffer (5 mM HEPES-Na, pH 7.5, 10 mM NH4Cl, 50 mM KCl and 1 mM MgCl2).
The other samples were diluted with the M10 dilution buffer (5 mM HEPES-Na, pH 7.5, 10 mM
NH4Cl, 50 mM KCl and 10 mM MgCl2). For M. tuberculosis 50S with 10 mM Mg2+, 10 µM
LZD-114 was added and then incubated for 30 min at 25 °C. For M. tuberculosis 70S with
capreomycin, 10 µM capreomycin was added and then incubated for 30 min at 25 °C. A total of
3 µL of the sample was applied to a C-Flat 1.2/1.3 holey carbon grid, at 16°C with 100% relative
humidity, and vitrified using a Vitrobot Mark III (FEI company, The Netherlands).
The grids for M. tuberculosis 50S with 10 mM Mg2+ were imaged under a JEM-3200FSC
transmission electron microscope operated at 300 kV. Data were recorded on a Gatan K2
Summit (Gatan, Pleasanton CA) direct detection camera in the super-resolution electron counting
mode. A nominal magnification of 40,000 x was used, yielding a pixel size of 0.82 Å on the
specimen. The beam intensity is adjusted to a dose rate of 8 electrons per pixel per second on the
camera. A 30-frame movie stack was recorded for each exposure of 6 seconds, at 0.2 second per
frame.
The grids for M. tuberculosis 70S with capreomycin, and M. smegmatis 70S were imaged
under an FEI Tecnai TF20 cryo electron microscope with a field emission gun (FEI company,
Netherlands) operated at 200 kV. Data were recorded on a Gatan K2 Summit (Gatan, Pleasanton
CA) direct detection camera in the super-resolution electron counting mode. A nominal
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magnification of 29,000 x yielded a pixel size of 1.25 Å on the specimen. The beam intensity
was adjusted to a dose rate of 10 electrons per pixel per second on the camera. A 33-frame movie
stack was recorded, with a 0.2 second exposure per frame. Additional data for M. tuberculosis
50S with 1 mM Mg2+ and M. tuberculosis 70S without capreomycin was collected using the
similar procedure at a nominal magnification of 19,000 x, yielding a pixel size of 1.87 Å on the
specimen. All related information for data collection was summarized in Table 3.1.

3.2.3

Image processing
The collected image stacks were aligned and summed using Unblur (Grant and

Grigorieff, 2015). The defocus value of each image stack was determined using CTFFIND4
(Rohou and Grigorieff, 2015). Good image stacks were selected based on the results from both
programs. From the summed micrographs of the good image stacks, particles were semiautomatically picked using the Erase and Swarm tools of e2boxer.py in EMAN2 (Tang et al.,
2007). 2D and 3D classifications were performed in Relion1.4 (Bai et al., 2015) to get cleaner
and more homogenous particles, then the particles were refined and polished (Scheres, 2014) to
get the final reconstructions. Overall resolutions were estimated according to the gold-standard
Fourier shell correlation (Scheres and Chen, 2012). Local resolutions were calculated using
blocres from the Bsoft package (Heymann and Belnap, 2007). To further improve the map
quality of the M. tuberculosis 70S SSU, masked classification with signal subtraction (Bai et al.,
2015) followed by masked refinement was performed in Relion1.4.
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Table 3.1. Data collection and processing

To examine the conformational dynamics of the handle, the M. tuberculosis 70S particles
collected at 19,000 x magnification were merged with the dataset of M. tuberculosis 70S
collected at 29,000 x magnification. Then the merged dataset was analyzed using masked
classification with signal subtraction (Bai et al., 2015) followed by unmasked refinement of the
entire M. tuberculosis 70S for each class in Relion1.4. Briefly, the particles were downscaled by
a factor of 4 and refined into one consensus density map. Then a mask around the handle region
was generated. The projections of the consensus map (except the handle region) were subtracted
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from the polished images using the orientation parameters from the consensus refinement, which
generated new images of the handle alone. Then the new images were classified without
alignment into forty good classes, each of which was then refined to get a final reconstruction.
We examined the particle distribution over different classes and found no significant difference
between the two datasets of M. tuberculosis 70S with or without the capreomycin.

3.2.4

Molecular modeling
The following modelling procedures were performed first in the highest resolution maps,

i.e., the LSU of the M. tuberculosis 50S and the locally refined SSU of the M. tuberculosis 70S.
The sequences of M. tuberculosis 5S, 16S, and 23S rRNA were obtained through NCBI Gene
with the Gene ID 2700459, 2700429, and 2700466, respectively. Template-based comparative
modelling was performed using modeRNA (Rother et al., 2011). The E. coli 70S structure (PDB
ID 5AFI) (Fischer et al., 2015) was chosen as the template. The sequence alignment of rRNA in
bacteria was downloaded from the CRW website (Cannone et al., 2002). The rRNA expansion
segments were manually built in Assemble2 (Jossinet and Westhof, 2005) with the aid of the
secondary structures that were constructed based on the downloaded sequence alignment, and
then refined into the density map using MDFF (Trabuco et al., 2008). The rRNA was refined in
PHENIX (Adams et al., 2010), with restrictions of secondary structures. ERRASER (Chou et al.,
2013) was also used to improve the RNA backbone geometry. The sequences of M. tuberculosis
rProteins were obtained from the NCBI database. MODELLER (Eswar et al., 2007) was used to
generate the initial homology models. Rosetta (DiMaio et al., 2015) was used to refine the
homology model of each rProtein into the density map. The best model was selected from the
Rosetta refinement based on both the geometry and the fitting scores. The rRNA and rProtein
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models were merged into one model and subsequently refined using Rosetta and PHENIX.
During the above modelling process, Coot (Emsley and Cowtan, 2004) was iteratively used to
inspect and improve the local fitting.
To obtain a full model of the M. tuberculosis 70S ribosome, the models of the M.
tuberculosis 50S and 30S from the above procedures were merged together with adjustment of
the interface between the two subunits. For the handle in the M. tuberculosis 70S, we used
MOSAICS-EM (Zhang et al., 2012) to flexibly fit the handle into the density of the dominant
conformation, while ensuring its connectivity to the other part of the LSU. The 70S map has low
local resolutions in some certain regions, including the tip of the handle and the periphery of the
SSU. To prevent any improper refinement of high quality models into these poor quality regions,
we added the density of the dominant handle conformation and the density of the locally refined
SSU to the 70S map to refine the entire 70S model. Both models of the M. tuberculosis 50S and
70S were inspected and adjusted in Coot, and iteratively refined in Rosetta and PHENIX. The
statistics, obtained by using PHENIX and MolProbity (Chen et al., 2010), of the refined models
are listed in Table 3.2.
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Table 3.2. Model statistics for the final models of the M. tuberculosis 50S and the M.
tuberculosis 70S

3.2.5

Fitting the models for the forty conformations of the L1 stalk, the handle, and the
16S
The Hierarchical Natural Move Monte Carlo or HNMMC as implemented in MOSAICS-

EM (Zhang et al., 2012) was applied to refine the handle and the L1 stalk into all forty obtained
EM density maps. The HNMMC allows the user to group atoms into regions with collective
motions (Sim et al., 2012) to increase the efficiency of conformational sampling. For the forty
conformations of the 16S, we first segmented out the densities for 16S only and then used
MOSAICS-EM to refine the 16S model into its density.
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3.2.6

Principal component analysis of the M. tuberculosis 70S structures
The principal component analysis was performed on forty models of the handle, the L1

stalk, and the 16S rRNA using the Bio3D package (Grant et al., 2006). Only the C4’ atoms were
used in calculating the principal components.

3.2.7

Figures and movies preparation
All figures and movies were made using UCSF Chimera (Pettersen et al., 2004) and

XRNA (http://rna.ucsc.edu/rnacenter/xrna/).

3.3
3.3.1

Results and Discussion
Architecture of the M. tuberculosis ribosomes
The M. tuberculosis 70S ribosome consists of a large subunit (LSU or 50S) and a small

subunit (SSU or 30S). For consistency throughout the text, we will use 50S and 70S to refer to
the two ribosome specimens, and use LSU and SSU to refer to the two ribosomal subunits. E.g.,
the M. tuberculosis 50S specimen contains only the LSU while the M. tuberculosis 70S specimen
contains both the LSU and SSU. The M. tuberculosis LSU is composed of rRNA 23S, rRNA 5S,
and about thirty rProteins, while the M. tuberculosis SSU is made of rRNA 16S and about twenty
rProteins.
Using single-particle cryo-EM, structures of the purified M. tuberculosis 50S ribosomal
subunit and 70S ribosome were determined to overall resolutions of 3.7 Å and 4.0 Å,
respectively (Table 3.1, Figure 3.1). Cryo-EM densities in the core region of the M. tuberculosis
ribosomes showed clear features of individual RNA bases (Figure 3.2B) as well as the bulky
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side chains of the rProteins (Figure 3.2C). In the cryo-EM map of the M. tuberculosis 70S, the
SSU exhibited a large degree of flexibility, leading to a lower local resolution. To improve the
quality of the structure, densities of the SSU were extracted from the particle images for the
entire M. tuberculosis 70S (Bai et al., 2015) and processed separately. This approach allowed us
to resolve the SSU to an overall resolution of 4.5 Å (Figure 3.1). The models of M. tuberculosis
50S and 70S were built (see Methods) and the model statistics are summarized in Table 3.2.
The resultant structures of the M. tuberculosis 50S and 70S ribosomes showed that the
overall architecture is conserved compared with other bacterial ribosomes, possessing all the
structural landmarks, including the central protuberance, the L1 stalk, and the L7/L12 stalk base
of the LSU, as well as the head, the beak, the body, the spur, and the platform of the SSU
(Figure 3.2D). In the M. tuberculosis 70S structure, the density for the anticodon stem loop
(ASL) of the P-site tRNA, along with the mRNA, is clearly visible, showing base pairing
between the codon and the anticodon (Figure 3.3). We have resolved most of the rProteins and
modelled them into the density with the exception of rProteins uL1, uL10, uL11, bL12, bS1, and
uS2, due to the flexibility or absence of these proteins in our structure (Table 3.3).
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Figure 3.1. Raw micrographs and resolution estimation
(A) A representative raw micrograph of M. tuberculosis 70S with a defocus of 1.2 µm. The
scale bar denotes 500 Å.
(B) A representative raw micrograph of M. tuberculosis 50S with a defocus of 0.9 µm. The
scale bar denotes 500 Å.
(C) Fourier shell correlations (FSC) of the reconstructions and models for locally refined
SSU, 70S and 50S alone, from left to right, respectively. The black curves denote the FSC
between the two independent reconstructions from two half datasets. The red curves
denote the FSC between the final maps of reconstructions and the final refined models.
(D) 3D density maps colored by local resolutions.
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Figure 3.2. Cryo-EM structures of the M. tuberculosis 50S and 70S ribosomes
(A) Secondary structure of the 5’ half of the M. tuberculosis 23S, showing the positions of
the M. tuberculosis expansion segments (plum color) within the 23S rRNA.
(B) The model of a helix fragment of the 23S rRNA (residue 818–822 and residue 898–902)
fits into the density from the M. tuberculosis 50S, showing individual RNA bases.
(C) The model of bL35 (residues 6–31) fits into the density from the M. tuberculosis 70S,
showing bulky protein side chains.
(D) Overall structures of the M. tuberculosis 50S (top row) and 70S (bottom row) ribosomes
viewing from the subunit interface (left column) and the L7/L12 stalk base (right column),
respectively. Structural landmarks of the bacterial ribosome are labeled. Color schemes
are dodger blue for LSU rProteins, light blue for 23S, plum for 23S rRNA expansion
segments, green for 5S, gold for SSU rProteins, light yellow for 16S, purple for
capreomycin (CPM) and red for the anticodon stem loop of the P-site tRNA. The cartoon in
the inset box is an overlay of the 50S and 70S viewed from the SSU. The handle swings 40°
counter-clockwise upon the association between SSU and LSU.
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Figure 3.3. Cryo-EM density of the anticodon stem loop and the fragment of mRNA in the
map of the M. tuberculosis 70S ribosome
The densities of the tRNA and the mRNA are in red and blue, respectively. Models of the
anticodon stem loop and the mRNA were taken from the crystal structure (PDB ID 4WR6).
Note that the anticodon stem loop and the mRNA can be of different base composition for
each 70S particle. Therefore, the bases are shown as slabs without the identity of the bases.
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Table 3.3. Modeled regions of the rProteins and rRNAs
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The secondary structures of all the M. tuberculosis rRNAs 23S, 16S, and 5S, were built
based primarily on sequence alignment (Cannone et al., 2002)(Figure 3.4). All the rRNA
expansion segments in the M. tuberculosis ribosomal LSU are located in the 5’ half of the rRNA
23S (Figure 3.2A) and have all been identified in our M. tuberculosis ribosomal structures
(Figure 3.2D). Expansion segments for H25 and H31a are located on the solvent exposed side of
the LSU, away from the SSU, with H25 leaning towards the L7/L12 stalk base and H31a leaning
towards the central protuberance. Expansion segments H15 and H16a are located on the solvent
exposed side of the LSU, close to the L1 stalk, with their tips forming an RNA kissing loop
(Figure 3.5A). From the Comparative RNA Website (CRW) (Cannone et al., 2002), we have
identified expansion segments of H15 and H16a in the 23S from eight different bacteria (M.
tuberculosis,

Mycobacterium

leprae,

Micrococcus

luteus,

Streptomyces

ambofaciens,

Thermotoga maritima, Leptospira interrogans, Borrelia burgdorferi, and Treponema pallidum).
Seven of the eight bacterial species have nucleotide bases at the tips of the H15 and H16a
supporting Watson-Crick base pairing to form a kissing loop (Figure 3.5B). The only exception
is Treponema pallidum, whose H15 is about 20 nucleotides shorter than the H15 in the other
seven bacteria, and is therefore unable to form a kissing loop with H16a. The rRNA expansion
segment of H15 from the M. tuberculosis ribosome interacts directly with the long α-helix of
rProtein bL9, which connects the two globular domains at the N-terminal and C-terminal ends.
This extended H15, stabilized by the kissing loop between H15 and H16a, may provide an
additional structural anchor for binding the long connecting α-helix of bL9 (Figure 3.6).
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Figure 3.4. Secondary structures of the M. tuberculosis rRNA
(A) Secondary structure of 23S 5' half.
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Figure 3. 4B The secondary structure of the M. tuberculosis rRNA 23S 3’ half
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Figure 3. 4C The secondary structure of the M. tuberculosis rRNA 16S
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Figure 3. 4D The secondary structure of the M. tuberculosis rRNA 5S
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Figure 3.5. The rRNA kissing loop between H15 and H16a
(A) Location of the H15 and H16a rRNA helices. The base pairing is shown as red ladders.
(B) Secondary structures of the H15 (left) and H16a (right) from M. tuberculosis and seven
other bacteria. Solid blue lines connect bases that can form Watson-Crick base pairs. The
dashed blue line connects bases that can form non-Watson-Crick base pairs. H15 is present
in Treponema pallidum, but too short to form a kissing loop with H16a.
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Figure 3.6. Different lengths of H15 rRNA helices
Color code: E. coli, blue; T. thermophiles, green; M. tuberculosis, pink.
The E. coli and T. thermophilus ribosome structures were from PDB ID 5AFI and 2J01,
respectively. The bL9 C terminal domain is flexible and therefore shown as representative
straight and bent conformations from available structures. The H15 in the M. tuberculosis
ribosome is much longer than other bacterial ribosomes and forms kissing loop with H16a.
The longer H15 interacts with the long connecting α-helix of the straight bL9.
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The cryo-EM density for the 100-nucleotide long rRNA expansion segment, handle, is
well defined in the M. tuberculosis 50S density map. However, in the 70S map, density for the
tip of the handle was missing, suggesting significant levels of conformational variability among
the handles in the 70S particles. To better resolve the structures of the handle in M. tuberculosis
70S, an unsupervised classification was performed locally on the handle to generate forty maps
of the M. tuberculosis 70S ribosome, each showing more complete density of the handle in that
particular conformation (Figure 3.7). The resolutions of these forty maps of the M. tuberculosis
70S range between 6.6 Å and 12.8 Å (Table 3.4). Five representative conformations of the
handle in M. tuberculosis 70S are shown in Figure 3.8. The dominant conformation is
conformation I, where the ribosome is in the non-rotated state and the handle is closer to the L1
stalk. In conformations I, II, and III, the densities of the handle and the bS6 are connected, while
in conformations IV and V, they are disconnected.
The better densities of the handles obtained for the forty classes of the M. tuberculosis
70S, allowed us to compare it with its corresponding density in the M. tuberculosis 50S. The
handle showed a remarkable conformational change between the M. tuberculosis 50S and the M.
tuberculosis 70S structures. In the 50S, the handle is bent towards the central protuberance; the
dominant conformation of the 70S shows the handle tilted towards the L1 stalk. The handle
moves about 40 degrees from its primary orientation in the 50S to the predominant conformation
in the 70S. This movement effectively translates into the tip traveling about 60 Å from one state
to the other (inset of Figure 3.2D).
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Figure 3.7. Different conformations of the M. tuberculosis 70S
The M. tuberculosis 70S particles were classified into forty good classes, based on the
conformations of the handle. Arrows indicate the locations of the handles. The five
representative conformations were selected (in the black boxes) and displayed in detail in
Supplementary Figure 3.8. Map 33 is the most dominant conformation out of the forty
maps.
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Table 3.4. Classification of M. tuberculosis 70S based on the region around the handle
If the bridge B9 is maintained, the column B9 is recorded as “Y”; otherwise, “N”.
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Figure 3.8. Five representative handle conformations
The handle is colored purple and the L1 stalk is colored orange. For each conformation,
two zoom-in views of the boxed regions of the M. tuberculosis 70S (labeled in the upper
right corner) were shown. In conformation I, II and III, the densities of handle and bS6 are
connected, while in conformation IV and V, they are disconnected.
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3.3.2

Interactions between handle and other regions in the M. tuberculosis ribosome
In the M. tuberculosis 50S structure, three loops on the solvent exposed side of uL2

(amino acid residues 168 - 170, 134 - 136, 121 - 123; labeled with blue stars from top to bottom
in Figure 3.9A) form interactions with a minor groove on the handle (nucleotide residues 1576 1580 and 1626 - 1630). There is another interaction (labeled by a black star in Figure 3.9A)
between residue 1591A of the handle and a minor groove of helix H68 of the 23S (formed by
nucleotides 2079 - 2081 and 2132 - 2134). The interactions of the handle with H68 (Figure
3.9C) and uL2 (Figure 3.9D) appear to be stable within the M. tuberculosis 50S structure and
not an artifact of a high magnesium concentration (Ivanov et al., 2013), as reducing the
magnesium concentration in the buffer to 1 mM does not affect these interactions (Figure 3.10).
Interestingly, in the M. tuberculosis 70S model, the same minor groove of helix H68 interacts
with an unpaired adenine (nucleotide residue 693A) on the 16S rRNA of the SSU, forming
intersubunit bridge B7a.
In bacterial ribosomes, rProtein uL2 interacts with rRNA in the SSU to form the
intersubunit bridge B7b (Liu and Fredrick, 2016). When we directly superimposed the 50S
structure onto the M. tuberculosis 70S, the handle in the M. tuberculosis 50S specimen collides
with both rProtein uS11 and helix h23 of the 16S rRNA in the 70S. Thus, the conformation of
the handle seen in the 50S would not allow the direct association of the SSU with the LSU.
Moreover, if the handle remained in the same conformation as in the 50S, the tip of the handle
would be in close proximity to the initiator tRNA in the initiation complex (Figure 3.11) (Sprink
et al., 2016). This position suggests the handle may play a role in coordinating translation
initiation in the M. tuberculosis ribosome, such as the handle staying in this bent conformation in
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the M. tuberculosis 50S to prevent the association of the 30S until the initiation complex is
properly formed.

Figure 3.9. Interactions of the handle with other ribosomal components within the M.
tuberculosis ribosomes
(A) Ribbon models showing where the handle (purple) interacts with rProtein uL2 (blue)
and H68 (black) when in the 50S alone. The cryo-EM density of the 50S is low-pass filtered
to 8Å resolution and overlaid onto the model. Black and blue stars indicate the sites of
interactions from the handle to H68 and uL2, respectively. The two eye cartoons, top and
bottom, label the cutting plane and viewing direction for Panels C and D, respectively.
(B) Ribbon models show the handle interacts with bS6 (orange red) in the 70S. The cryoEM density for the predominant conformation of the 70S is low-pass filtered to 8Å
resolution and overlaid onto the model. Densities of rProteins bL9 and uL2 are colored
blue. Cyan and orange stars indicate the sites of interactions from the handle to bL9 and
bS6, respectively. The eye cartoon labels the cutting plane and viewing direction of Panel E.
(C–E) Cryo-EM densities showing the handle interact with H68, uL2, bS6 and bL9. The
50S is labeled grey with uL2 and bL9 in blue while the handle is in purple. The 30S is in
yellow with the rProtein bS6 in orange red.
(F) Secondary structure of the handle with arrow heads indicating the nucleotides that
interact with H68 (black), uL2 (blue), bS6 (orange) and bL9 (cyan). The sequence, which
can form the sarcin-ricin motif, is colored in the red background.
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Figure 3.10. The conformation of the handle in the M. tuberculosis 50S specimen at 1 mM
magnesium concentration
(A) The overview of the M. tuberculosis 50S at 1mM magnesium concentration. The eye
cartoon indicates the viewing angle of Panel B.
(B) Zoom-in view of the interaction points of the handle with the uL2 and the H68 are
shown as blue and black stars, respectively. The interactions have no considerable change
when the magnesium concentration was lowered down to 1 mM.
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Figure 3.11. Superimposition of the M. tuberculosis 50S with the E. coli 70S initiation
complex I (70S IC I)
The E. coli 70S IC I was taken from PDB ID 3JCN. The M. tuberculosis 50S was aligned
onto the 70S IC I. The LSU of 70S IC I was hidden for simplicity (the M. tuberculosis 50S
and the LSU of 70S IC I match well with each other). Apparently, the handle would collide
with h23 and the initiator tRNA.
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The 70S structure shows that when the subunits associate to form the mature 70S, the
handle forms a new intersubunit bridge with rProtein bS6 (named B9, Figure 3.9B, E). Bridge
B9 (labeled with an orange star in Figure 3.9B) comprises interactions between an ɑ-helix from
rProtein bS6 (amino acid residues 12 - 17) and the minor groove of the handle (residues 1576 1578 and 1628 - 1630). About 80% of the M. tuberculosis 70S particles have the B9 bridge
maintained (Table 3.4).
In the most dominant conformation, the handle also interacts with rProtein bL9 (Figure
3.9B, E) with the C-terminal domain of bL9 inserted into a major groove of the handle
(nucleotide residues 1571 - 1573 and 1625 - 1626, Figure 3.9F). In a recent high-resolution
cryo-EM structure of the E. coli ribosome, E. coli bL9 was shown to interact with both uL2 and
bS6 (Fischer et al., 2015). However, in the M. tuberculosis 70S ribosome, the handle can interact
with the C-terminal domain of bL9 and may serve as a substitution for the interaction between
bL9 and bS6 (Figure 3.9E). rProtein bL9 is highly flexible in the ribosome and has been shown
to be involved in translational bypass of the T4 phage gene 60 (Adamski et al., 1996). Gene
disruption of bL9 in E. coli increases the translational error rate when the cell is under stress,
e.g., being treated with antibiotics (Naganathan et al., 2015). These observations, in combination
with structural information from ribosomes and polysomes, led to the proposal that bL9 may
slow the forward movement of ribosomes that trail transiently stalled ribosomes on the
polysome. However, in M. tuberculosis, the extended RNA helices and the handle may further
restrain the flexibility of bL9.
In particular, the handle contains a GAA-AGUA sequence (labeled red in Figure 3.9F),
located at the bottom of this long RNA helix, to form a sarcin-ricin motif (or bulged-G motif)
(Leontis and Westhof, 1998). The sarcin-ricin motif serves as a recognition site for RNAs and
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proteins (Correll et al., 2003; Moore, 1999), which may aid in target binding (Ulyanov et al.,
2006). Of note, many toxins, including α-sarcin (Ackerman et al., 1988), ricin A-chain (Endo
and Tsurugi, 1988), Shiga toxin (Tesh and O'Brien, 1991) and VapC20 (Winther et al., 2013),
bind to the sarcin-ricin motif in the sarcin-ricin loop (Szewczak et al., 1993) and cleave the
nearby rRNA. The sarcin-ricin motif in the handle is exposed to solvent, as in the sarcin-ricin
loop, thus accessible to its potential binding partners. It is yet to be discovered that such binding
partners do exist or that a cleavage can occur in the M. tuberculosis handle, which may serve as a
“switch” to control the potential translational modulation by the handle.

3.3.3

Correlated motions of the handle, the L1, and the SSU in the M. tuberculosis 70S
The M. tuberculosis 70S exhibits significant structural variation among the forty different

density maps calculated from the 3D classification (see Methods, Figure 3.7), each representing
a snapshot between the rotated and the non-rotated states of the M. tuberculosis 70S ribosome
(Figure 3.12A) during the spontaneous intersubunit rotation (Dashti et al., 2014). Analysis of
these states shows that the majority of the LSU remains unchanged. From the rotated to the nonrotated M. tuberculosis 70S with the LSU aligned, the SSU rotates clockwise when viewed from
its solvent exposed side; the L1 stalk moves away from the tRNA binding sites and the handle
moves towards the L1 stalk (Figure 3.12B, C). To further delineate motions in the M.
tuberculosis 70S, we built structural models for each of the forty snapshots of the SSU, the L1
stalk, and the handle. Then we subjected them to principal component analysis, which revealed
their dominant modes of motion (Grant et al., 2006). The first principal components of the
motions for the SSU (represented by the rRNA 16S), the L1 stalk, and the handle, are the
rotation of the SSU relative to the LSU, the tilt of the L1 stalk, and a large conformational
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change of the handle between the mRNA exit and the L1 stalk. (Figure 3.13A). Each principal
component 1 (PC1) represents 93%, 82%, and 68% of their total motions for the SSU, the L1
stalk and the handle, respectively. Therefore, each PC1 approximates their dominant structural
variations. Projecting the forty conformations of the SSU and the L1 stalk onto their respective
PC1s clearly shows a correlation between the major movements of the SSU and the L1 stalk
(Figure 3.13B), which is consistent with the previous finding that the movement of the L1 stalk
is directly linked to the rotation of the SSU (Mohan and Noller, 2017). Remarkably, in most of
the M. tuberculosis 70S conformations, the major motion of the handle exhibits a strong
correlation with the major movements of both the L1 stalk and the SSU (Figure 3.13C, D).
When the SSU rotates clockwise and the L1 stalk moves away from the E-site, the handle moves
close to the L1 stalk and vice versa. These concerted movements are consistent with a simple
morphing between the rotated and non-rotated conformations of the M. tuberculosis 70S in
Figure 3.12. Only about 20% of the M. tuberculosis 70S particles do not show such correlation
of the handle to either the SSU or the L1 stalk. Closer inspection revealed that these 20% of the
particles are missing the B9 bridge, resulting in less restrained movement of the handle.
The large conformational changes of the handle, which are correlated with the movement
of the L1 stalk and SSU, may affect the translocation of the M. tuberculosis ribosome. For
example, as the tRNA translocates between different sites on the ribosome, the SSU rotates and
the L1 moves. As the handle moves around the exit sites of the mRNA and tRNA, it may
coordinate the exit of the tRNA and the mRNA. Inspection of the different states of the M.
tuberculosis 70S revealed that the tip of the handle is close to the mRNA exiting site in several
rotated states. In fact it is less than 20 Å from the anti-Shine-Dalgarno sequence on the rRNA
16S in several conformations (Figure 3.14). The anti-Shine-Dalgarno sequence has been shown
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to drive translational pausing and codon choice in bacteria (Li et al., 2012), and the close
proximity of the handle to this region of the M. tuberculosis ribosome may well affect M.
tuberculosis translation.

Figure 3.12. Correlated motions between the handle, SSU and the L1 stalk in the M.
tuberculosis 70S ribosome
(A) M. tuberculosis 70S in the rotated (left) and non-rotated (right) states.
(B) Conformational difference between the rotated and non-rotated states of the M.
tuberculosis 70S viewing from the solvent exposed side of the SSU. The SSU, L1 stalk,
handle and bS6 on the SSU are colored yellow, green, purple and orange red, respectively.
Colored arrows indicate the directions and amplitudes of the conformational differences
for the handle (purple), the L1 stalk (green), the SSU (yellow) and the bS6 (orange red) on
the SSU.
(C) Zoom-in view around the handle as viewed from the direction indicated by the eye
cartoon in Panel B.
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Figure 3.13. The correlation of the motions of the handle, the L1 stalk and the 16S
(A) Principal component analysis from forty conformations of the 70S ribosome with
arrows indicating the principal component 1 (PC1) of motions for the handle (purple), the
L1 stalk (orange) and the 16S rRNA (yellow), respectively. Each conformation of the forty
M. tuberculosis 70S was projected onto the three PC1s for the handle, the L1 stalk and the
16S rRNA, and thus simplified as three parameters (the values in the X and Y axes in
Panels B-D).
(B-D) Each conformation is plotted as a dot with respect to the parameters for L1 and 16S
(Panel B), handle and 16S (Panel C), as well as handle and L1 (Panel D). Blue dots denote
the conformations in which the densities of handle and bS6 are connected; red denotes
denote the conformations in which the densities of handle and bS6 are disconnected.
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Figure 3.14. The handle in the rotated state is close to the mRNA exit
The models of the handle and the SSU were built based on a representative map of the M.
tuberculosis 70S in the rotated state. The density of the Shine-Dalgarno (SD) sequence of
the mRNA was segmented from an E. coli ribosome density map (EMD 3285) to show
where the mRNA exits. Since the tip of the handle and the mRNA are both flexible, it is
possible that the tip of the handle may interfere with the mRNA.
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Interestingly, in eukaryotic ribosomes, there is an rRNA expansion segment ES27, which
undergoes conformational changes upon the rotation of the ribosomal subunits (Beckmann et al.,
2001), similar to what have been observed for the handle of the M. tuberculosis ribosome. ES27
has been proposed to perform essential functions (Sweeney et al., 1994), such as coordinating
nonribosomal factors or interfering with the nascent peptide around the peptide exit tunnel. The
handle in M. tuberculosis may reach the exiting tRNA and mRNA and its potential functions are
still under investigation. Future cryo-EM studies of the M. tuberculosis polysome may reveal
potential interactions between the handle and the exiting mRNA.

3.3.4

Inhibitors visualized in the M. tuberculosis ribosome
The potent ribosomal inhibitors capreomycin and LZD-114 (a linezolid analog, Figure

3.15) were pre-incubated with the M. tuberculosis 70S and the M. tuberculosis 50S, respectively,
prior to cryo-EM sample preparation. Capreomycin binds to the conserved decoding center,
which is near helix h44 of the 16S (Figure 3.16A, B), in agreement with a crystal structure of
capreomycin bound to the Thermus thermophilus ribosome (Stanley et al., 2010).
LZD-114 is about 20 times more potent against the M. tuberculosis ribosome than
linezolid (the IC50 of LZD-114 is 0.7 µM; the IC50 of linezolid is 14 µM; Figure 3.15). The
density of LZD-114 was observed in the peptidyl transferase center (PTC) of the M. tuberculosis
50S ribosomal subunit. It is bound in the same pocket and in a similar orientation to linezolid in
other bacterial ribosomes (Eyal et al., 2015; Ippolito et al., 2008; Wilson et al., 2008). The
improved potency of the LZD-114 may be due to the lack of a fluorine group in the B-ring and
the substitution of the morpholine ring with a thiazole ring. The thiazole group is in close
proximity to rRNA to form potential hydrogen bonds, i.e., the sulfur in the thiazole ring and the
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O2’ of the U2744. Linezolid is not desirable as a TB treatment, because of an off-target
inhibition of the human mitochondrial ribosome (mitoribosome) (Barnhill et al., 2012; PacheuGrau et al., 2013). A superimposition of the M. tuberculosis 70S and the human mitoribosome
(Figure 3.17) (Amunts et al., 2015) showed that the binding site of LZD-114 is highly
conserved, with only three residues difference between the two ribosomes within 10 Å of the
LZD-114 binding site, namely A2296, C2745, and C2848 in the M. tuberculosis ribosome and
G2721, U2994, and U3097 in the human mitoribosome. While the positions and orientations of
these three nucleotide bases in the M. tuberculosis ribosome and the human mitoribosome are
nearly identical, differences do exist, with one oxygen atom for each of the three bases (O6 in
G2721, O4 in U2994 and U3097) of the human mitoribosome being replaced by a nitrogen atom
(N6 in A2296, N4 in C2745 and C2848) in the M. tuberculosis ribosome, respectively. These
small differences in the drug-binding pocket may be used to optimize linezolid analogs to avoid
the off-target inhibition of the human mitoribosome.
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Figure 3.15. The comparison between linezolid and LZD-114
Compared with linezolid, LZD-114 lacks a fluorine group in the B-ring, and the original
morpholine ring is replaced by a thiazole ring in the A-ring. IC50 denotes the half maximal
inhibitory concentration. The values were measured in an in vitro M. tuberculosis
translation system.
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Figure 3.16. Unidentified proteins in the M. tuberculosis ribosomes discovered near the
binding sites for two M. tuberculosis translation inhibitors
(A) Cartoon indicating the locations of the mL41-like protein (red), the antibiotic
capreomycin (CPM, purple) in the structure of M. tuberculosis 70S incubated with
capreomycin. Helix h44 of the 16S is in dark yellow. The dashed circle indicates the
decoding center.
(B) Zoom-in view to show the models of CPM (purple) and polyalanine model of the mL41like protein (red) and their neighboring environment. SSU protein uS12 (orange), helices
h44, h45 of the 16S (yellow) and helices H67, H69 of the 23S (grey) are labeled.
(C) Cartoon indicating the locations of the unknown protein (red), the linezolid analog 114
(LZD-114, purple) in the structure of M. tuberculosis 50S incubated with LZD-114. The 5S
is in green. The H89 is in dark gray. The dashed circle indicates the PTC.
(D) Zoom-in view to show the models of LZD-114 (purple) and polyalanine model of the
unknown protein (red) and their neighboring environment. H39, H89 of the 23S (gray) and
Loop D of the 5S (green) are labeled.
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Figure 3.17. Comparison of the LZD-114 binding site in M. tuberculosis and mitochondrial
ribosomes
The structure of the human mitochondrial ribosome (blue color, PDB ID 3J9M) is
superimposed on the M. tuberculosis ribosome (red color) and only the residues, different
between these two ribosomes, within 10 Å distance of LZD-114 are shown as stick models
with their residue ID labeled.
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3.3.5

Two new protein densities close to the functional sites of the M. tuberculosis
ribosome
In the cryo-EM maps of the M. tuberculosis ribosomes, we observed densities for two

distinct unknown proteins with clear α-helical geometries. One was positioned close to the
decoding center where capreomycin binds, and the other close to the PTC near the LZD-114
binding site. Neither of these proteins has been observed in previously solved bacterial ribosome
structures. Based on the full length and modelled sequences of nearby rProteins, these new
structures do not correspond to any extensions of nearby rProteins.
The first protein, located close to the decoding center, is estimated, based on the density,
to be about 30 amino acids long (Figure 3.16A, B). Interestingly, it has a very similar fold and is
in the same location as that of eL41 and mL41, the rProteins found in eukaryotic cytosolic
ribosomes and mitoribosomes, respectively (Figure 3.18A-F). The protein lies in a pocket
formed by h44 and h45 from the 16S on the SSU and H67 and H69 from the 23S on the LSU,
near the pivot point of intersubunit rotation (Ben-Shem et al., 2011). This pocket is highly
conserved in ribosomes across species (Amunts et al., 2015; Ben-Shem et al., 2011; Cannone et
al., 2002; Desai et al., 2017; Schluenzen et al., 2000; Wilson and Doudna Cate, 2012; Wimberly
et al., 2000). While E. coli and other bacterial ribosomes have this pocket empty (Fischer et al.,
2015), the ribosomes from S. cerevisiae, H. sapiens, S. cerevisiae mitochondria, and H. sapiens
mitochondria all show an ɑ-helical protein in this pocket (Amunts et al., 2015; Ben-Shem et al.,
2011; Desai et al., 2017; Khatter et al., 2015), which overlaps with this “mL41-like protein” from
M. tuberculosis (Figure 3.18).
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Figure 3.18. Comparison of the binding sites of the mL41-like protein and the unknown
protein in different ribosomes
(A-F) Each of the six ribosomes from the labeled species was shown from the same viewing
angle around the binding sites of eL41, mL41 and the mL41-like protein of the M.
tuberculosis ribosome.
(G-I) Each of the three ribosomes from the labeled species was shown from the same
viewing angle around the binding sites of cL38 and the unknown protein of the M.
tuberculosis ribosome. The PDB ID for the E. coli, S. cerevisiae, H. sapiens, S. cerevisiae
mitochondria, H. sapiens mitochondria and S. oleracea chloroplast are 5AFI, 4V88, 4UG0,
5MRC, 3J9M and 5MMM, respectively.
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The second protein, close to the PTC, has not been identified in any bacterial, archaeal,
yeast, or mammalian ribosome structures. It is an α-helix and coil loop that sits in a chamber
formed by H39 and H89 of the 23S rRNA, and the loop D of the 5S rRNA. Building a
polyalanine model into the density allowed us to estimate the unknown protein to be around 20
amino acids long. Related density is also observed in the 7.1 Å resolution cryo-EM structure of
the ribosome from M. smegmatis (Figure 3.19). The pocket formed between H39 and H89 of
rRNA 23S, and loop D of rRNA 5S is very similar among the 70S ribosomes from bacteria and
chloroplasts. In the E. coli ribosome this pocket is empty, but both the M. tuberculosis and
chloroplast ribosomes have a protein in this pocket (Figure 3.17G-I), that interacts with the loop
D of rRNA 5S.
It has been proposed that the 5S rRNA is uniquely positioned to link all the functional
centers of the ribosome. Previous studies have supported the hypothesis that the 5S acts as a
physical transducer of information, facilitating communication between the different functional
centers and coordinating multiple events catalyzed by the ribosome (Dinman, 2005). By
interacting with loop D of the 5S, an rProtein in this location may stabilize the interactions
between H38, H89, and the loop D of the 5S. The name of the corresponding protein in
chloroplast ribosomes is cL38 (Bieri et al., 2017) or PSRP6 (Ahmed et al., 2016; Graf et al.,
2016). The identity of this protein in M. tuberculosis is yet to be determined, but its orientation
and length in the M. tuberculosis ribosome is different from cL38 (Ahmed et al., 2016; Bieri et
al., 2017; Graf et al., 2016). Notably, one end of the helix of this protein is close to H89, a major
component of the PTC.
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Figure 3.19. The unknown protein is also present in M. smegmatis ribosome
The model of M. tuberculosis LSU was fitted into the M. smegmatis ribosome. The helix of
the unknown protein has a corresponding density that matches with each other.
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In summary, we have shown the M. tuberculosis ribosome has several species-specific
features, including the handle and two new proteins. In the M. tuberculosis 50S, the handle stays
in a bent conformation, which blocks the association of the SSU. From the 50S to the 70S, the
handle undergoes a large-scale conformational change to form intersubunit bridge B9. In the M.
tuberculosis 70S, the handle shuttles between the L1 and the mRNA exiting site, which
correlates with the rotation of the SSU.
While our manuscript was in review, a cryo-EM structure of the M. smegmatis 70S
ribosome was reported (Hentschel et al., 2017). Despite the great interest of the unique handle
conformation in 50S ribosomal subunit, the M. smegmatis 50S structure was not reported.
Therefore, only the comparison of the 70S structures is possible. In the conserved core region,
the M. tuberculosis 70S structure is in good agreement with the M. smegmatis 70S structure.
However, in the peripheral region where most of the species-specific features exist, the M.
tuberculosis 70S shows interesting difference from the M. smegmatis 70S structure. For
example, the M. smegmatis paper reported an “altered” conformation of bL9, which was
proposed as one possible effect of the kissing loop between H15 and H16a. However, such a
conformation of bL9 in M. smegmatis may not be universal in mycobacteria, particularly in the
human pathogen, M. tuberculosis. In our M. tuberculosis ribosome structure, the bL9 mainly
exhibits a different conformation, which directly interact with the handle, even in the presence of
a similar kissing loop (Figure 3.9). The fact that the same protein bL9 has distinct conformations
in M. tuberculosis and M. smegmatis, further emphasizes the necessity and clinical relevance of
performing structural studies using the exact pathogen, with respect to a closely-related nonpathogenic model organism.

92

3.4

Data Access

Cryo-EM density maps have been deposited in the Electron Microscopy Data Bank under the
accession numbers EMD-8641, 8645, 8646, 8647, 8648, and 8649 for M. tuberculosis 50S with
LZD-114, M. tuberculosis 70S with capreomycin, the M. tuberculosis locally refined SSU, M.
smegmatis 70S, the forty M. tuberculosis 70S conformations (as one entry) and M. tuberculosis
50S with 1 mM Mg2+, respectively. The atomic models of the M. tuberculosis 50S and 70S
ribosomes have been deposited in the Protein Data Bank under the accession number 5V7Q and
5V93, respectively. Other data that support the findings of this study are available from the
corresponding author upon request.
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CHAPTER IV
4

STRUCTURES OF HIGHER ORDER COMPLEXES IN MYCOBACTERIAL GENE
EXPRESSION

4.1

Introduction
Bacterial gene expression in vivo may involve higher order complexes of RNAP and

ribosome, including the expressome (Kohler et al., 2017), polysome (Warner et al., 1962), and
100S ribosome (Wada et al., 1990). The expressome and polysome may contribute to the
coupling between transcription and translation (Proshkin et al., 2010). The formation of
hibernating 100S was found to be related to cell growth rate and responsible for fast recovery
from stationary phase when fresh media was added (Aiso et al., 2005; Yamagishi et al., 1993).
Recently, the expressome of E. coli RNAP and 70S ribosome, connected only by mRNA
and possibly glutaraldehyde, has been found to have a defined structure (Kohler et al., 2017).
The exit site of mRNA on the RNAP was found to be directly interacting with the entry site of
mRNA on the ribosome. Despite the discovery of this physiologically relevant configuration,
two groups independently found that RNAP and the 30S subunit can directly interact with each
other in the absence of any tethering by mRNA or cross-linking (Demo et al., 2017; Fan et al.,
2017). These observations showed that the exit site of mRNA on the RNAP faces the exit site of
mRNA on the 30S subunit. It is possible that both configurations exist and represent different
stages of coupling transcription and translation.
To study the spatial arrangement of polysomes, both negative staining EM and cryo-EM
have been used to image polysomes from E. coli (Brandt et al., 2009), or wheat germ (Kopeina et
al., 2008; Myasnikov et al., 2014), confirming that polysomes can have an ordered structure.
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Common characteristics can be found from these structures: 1) the mRNA threads through
multiple ribosomes in a helical manner; 2) the nascent peptides emerging from each ribosome
have a large distance from each other. Such configuration maximizes the translation efficiency
and minimizes the interference between nascent peptides.
By contrast with actively translating ribosomes, the 70S particle can also form
hibernating dimers, or 100S, mediated by a “ribosome modulation factor” (RMF) in E. coli
(Wada et al., 1990). In addition to dimerization by RMF, there is a separate dimerizing
mechanism caused by hibernation promoting factors (HPFs), which can then be divided into
short HPFs and long HPFs. The majority of bacteria only have long HPFs, including T.
thermophilus, Bacillus subtilis (B. subtilis), and M. tuberculosis. Interestingly, 100S formation
by long HPFs is not limited to stationary phase growth, but spans all stages of bacterial growth.
During exponential phase of cell growth, polysomes, including disomes, are also formed.
Therefore, during sucrose density gradient separation of the cell lysate, the fraction
corresponding to the ribosome dimer fraction can be the disome or hibernating 100S.
Since all these higher order complexes are only present in bacteria, there is a potential to
design specific anti-tuberculosis drugs that do not affect humans. To achieve this goal, it is
necessary to solve the 3D structures of these complexes and understand why their defined
structures contribute to their functions. In this chapter, I will present the optimization of
purifying Mycobacterial ribosome dimers and related cryo-EM studies.
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4.2
4.2.1

Materials and Methods
Measurement of M. smegmatis growth rate under optimal growth media
A single colony of M. smegmatis 1552 was picked after growth on a Middlebrook 7H10

agar plate, supplemented with Middlebrook OADC (Oleic acid, Albumin, Dextrose, Catalase)
Enrichment. Then the single colony was inoculated into 2 mL optimal media A: Middlebrook
7H9 liquid media, supplemented with 0.5% (V/V) glycerol, 0.2% g/mL dextrose, 0.05% (V/V)
Tween-80, 0.25 µg/mL malachite green. The growth condition was always at 37°C with shaking
at 200 r.p.m. for liquid cultures throughout this chapter. After 24 - 36 h, the mid-log phase was
roughly estimated based on the degree of turbidity. Then 1 mL liquid was used to inoculate 20
mL media A in a 125 mL flask. When the new culture reached the mid-log phase, 4 mL liquid
was used to inoculate 0.5 L media A in a 2 L flask. Then at intervals of 1 or 2 hours, 1 mL liquid
was removed from the flask and the apparent absorption (OD600) was measured and recorded
with a spectrophotometer. If the measured OD600 was greater than 2, then the sample would be
measured again after dilution, and a linear relationship between the OD600 and the dilution was
assumed.

4.2.2

Purification of M. smegmatis polysome
M. smegmatis 1552 cells were cultured as described in 4.1.1. When the OD600 of the

culture reached ~0.5, the cells were harvested with or without fast cooling. In the fast cooling
approach, a thick and 37°C-prewarmed glove was used to remove the flask from the shaker and
pour the culture into a centrifuge bottle pre-packed with fresh ice. Once the culture reached 0°C,
excess ice was removed and the centrifuge bottles were balanced before centrifugation at ~4,000
x g for 10 min at 4°C. The supernatant was decanted and then the pellet was washed with the
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ribosome buffer A (20 mM Tris-HCl, 100 mM KCl, 10 mM MgCl2, 6 mM 2-mercaptoethanol,
pH 7.5). Then the cells were lysed using a French press at 20,000 psi. After lysis, the cell debris
was removed by centrifugation at 10,000 x g for 10 min at 4°C. The cell lysate was then
aliquoted into 1 mL tubes, fast cooled by liquid nitrogen and stored at -80°C.
Sucrose density gradient centrifugations were performed in two different ways. The first
approach is the same as in Chapter III. Briefly, the sucrose density gradient was prepared by a
“layering” method, i.e., sequentially pumping 10%, 20%, 30%, 40% sucrose solutions (buffer A)
into the bottom of a centrifuge tube. Then 1 mL cell lysate was carefully loaded onto the surface
of the gradient. The centrifuge tubes were balanced and then centrifuged at 125,000 x g for 17 h
at 4°C. The second approach uses a “thawing and freezing” method. The 40% and 15% sucrose
solutions (buffer A) were first prepared. Then the two solutions were mixed at a 2:1 and 1:2
ratios, respectively. These four solutions were added to centrifuge tubes sequentially from
highest density (40%) to lowest density (15%). After adding each layer of sucrose, the tube was
frozen in liquid nitrogen for one minute before adding the next layer. Finally the tubes were
stored at -80°C. The tubes were thawed at 4°C overnight before usage. Then a 1 mL aliquot of
the cell lysate was carefully loaded onto the surface of the gradient. The tubes were balanced
with buffer A and then centrifuged at 250,000 x g for 2h at 4°C.
After centrifugation, the solutions were pumped from bottom. The absorption was
measured and recorded by the UV (260 nm) monitor from an AKTA chromatography system.
The fractions corresponding to peaks of the UV absorption curve were collected. To concentrate
the ribosomes and remove the sucrose, the sample was centrifuged using a protein concentrator
with 30 kDa molecular weight cutoff. For “tandem” sucrose gradient centrifugation, a second
centrifugation was performed after the concentration step.
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4.2.3

Polysome profiling of M. smegmatis under different conditions
A total of 20 mL M. smegmatis 1552 culture was obtained starting from a single colony,

as described in 4.1.1. Four 2 L flasks each containing 0.5 L media A were each inoculated with 4
mL M. smegmatis culture. These flasks were placed in the same shaker at 37°C with shaking at
200 r.p.m. The culture from two flasks was used for polysome profiling at mid-log phase (OD600
is ~0.5). Then, there are two remaining flasks. The culture from one of the two was transferred to
a 0.5 L bottle. The bottle, full of culture, was sealed with parafilm and placed into the same
shaker as the other remaining flask. After one day, the cells in the bottle was presumed to be
under hypoxic conditions, while the cells in the flask was considered as in the stationary phase.
Both of them were then subjected to the same polysome profiling procedure.

4.2.4

Preparation of M. tuberculosis expressome
The M. tuberculosis 30S was purified by Dr. Xiaojun Li using the same procedure

described in Chapter III. The M. tuberculosis RNAP core was purified by Dr. Xuelin Bian using
the same procedure described in Chapter II. The M. tuberculosis 30S was diluted to 20 uM, and
RNAP to 80 uM. They were mixed at a 1:1 ratio before fractionation and storage at -80°C.

4.2.5

Electron microscopy
For negative stain EM, 4 µL M. smegmatis ribosome dimer fraction, or 4 µL 10 nM M.

tuberculosis expressome, was applied to a glow discharged 200 copper mesh grid with
continuous carbon film at room temperature. The sample was stained with 2% uranyl acetate.
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The areas that showed negatively stained and mono-dispersed particles were imaged under a
JEOL-1200 electron microscope or an FEI Tecnai F20 cryo electron microscope with a field
emission gun (FEI company, Netherlands) operated at 200 kV. Images at different
magnifications were recorded. Representative images shown in this chapter were all labeled with
scale bars. For expressome, 267 micrographs were collected at a nominal magnification of
19,000 x with a pixel size of 1.87 Å on the specimen.
For cryo-EM, 3 µL of 100 nM M. smegmatis ribosome dimer, or M. tuberculosis
expressome, was applied to a C-Flat 1.2/1.3 holey carbon grid, followed by plunge-freezing in a
Mark III Vitrobot (FEI company, Netherlands). The temperature and relative humidity were set
at 4°C and 100%, respectively. The grids were screened and imaged under an FEI Tecnai TF20
cryo electron microscope with a field emission gun (FEI company, Netherlands) operated at 200
kV. Data were recorded on a Gatan K2 Summit (Gatan, Pleasanton CA) direct detection camera
in the super-resolution electron counting mode. A nominal magnification of 19,000 x yielded a
pixel size of 1.87 Å on the specimen. The beam intensity was adjusted to a dose rate of 10
electrons per pixel per second on the camera. An 82-frame movie stack was recorded, with a 0.2
second exposure per frame. In total, 360 movie stacks for M. smegmatis ribosome dimer, and
218 movie stacks for M. tuberculosis expressome, were collected.

4.2.6

Image processing
The negative stain data of M. tuberculosis expressome was processed normally except

that the CTF correction step was skipped due to the low resolution nature of negative stain. A
total of 21,481 particles were considered as good after particle picking and screening in Relion
2.0 (Kimanius et al., 2016). The particles were classified into 3 classes with the M. tuberculosis
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RNAP core (chapter II), 30S (chapter III) and a M. tuberculosis expressome model based on E.
coli expressome (EMDB id: 7014) (Demo et al., 2017) as the three initial models.
The cryo-EM data of M. tuberculosis ribosome dimer was first processed by treating the
particles as monosomes. In this case, the processing procedure is similar to previous methods
(chapter II). The number of the initial particles is 90,452, out of which 35,107 particles were
considered as good after 2D screening in Relion2.0 (Kimanius et al., 2016). These good particles
were auto-refined, resulting in a reconstruction at 8.5 Å resolution, based on the gold-standard
Fourier shell correlation (Scheres and Chen, 2012). To investigate the tRNA occupancy, these
particles were analyzed using masked classification with signal subtraction (Bai et al., 2015)
followed by unmasked refinement of the entire M. tuberculosis 70S for each class in Relion2.0
(Kimanius et al., 2016) (also see 3.1.3). In the 10 classes obtained, 3 classes have clear tRNA
density. These 3 classes contain 32,430 particles, which were subsequently used for disome
analysis. To remove the monosome, the images were binned extensively by a factor of 8, so that
the 3D classification will be focused on the large difference between monosome and disome,
instead of smaller differences, such as the ratcheting motion between the two subunits.

4.2.7

Molecular modeling
All the modeling in this chapter was done by rigid-body fitting in UCSF Chimera

(Pettersen et al., 2004).
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4.3
4.3.1

Results
In silico analysis of M. tuberculosis disome, 100S ribosome and expressome
Since the structures of M. tuberculosis RNAP (chapter II) and ribosome (chapter III)

were solved, it became possible to computationally analyze M. tuberculosis disome, 100S
ribosome and expressome, assuming the organizations of these higher order complexes are
conserved to some extent.
For the disome, there are two structures of polysomes available, from E. coli (EMDB id:
1582) (Brandt et al., 2009) and wheat germ (EMDB id: 2790) (Myasnikov et al., 2014). The
leading two ribosomes from each polysome were cut out and treated as a disome structure. The
M. tuberculosis ribosome structure was rigid-body fit into each ribosome region of the disome
structures. Two disome models were obtained, based on E. coli or wheat germ (Figure 4.1 A, B).
The spatial organizations in these two models are similar, i.e., the exit site of mRNA on the
leading ribosome is facing towards the entry site of mRNA on the trailing ribosome. Such
organization not only protects the fragile mRNA, but also maximizes the number of ribosomes
on one mRNA molecule. Significant differences do exist. First, the distance between the mRNA
entry and exit sites of adjacent ribosomes is larger in the wheat germ-based model (130Å) than in
the E. coli-based model (60Å). Second, the trailing ribosome rotates relative to the leading
ribosome in the wheat germ-based model, compared to the E. coli-based model. Obviously, the
difference in distance is caused by the size difference between E. coli 70S ribosome and wheat
germ 80S ribosome. The size of M. tuberculosis ribosome is more close to, but slightly larger
than, the E. coli ribosome. Particularly, the unique handle of M. tuberculosis is in the contact
region between the two ribosomes within the disome. Therefore, the M. tuberculosis disome is
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likely to have a larger distance than E. coli disome, though the organization is expected to be
similar.
For the 100S ribosome, there are several structures available, from E. coli (EMDB id:
1750) (Ortiz et al., 2010), B. subtilis (EMDB id: 3664) (Beckert et al., 2017), and Staphylococcus
aureus (S. aureus) (EMDB ids: 3638, 3639) (Khusainov et al., 2017). Since the formation of the
100S ribosome is mediated by RMF in E. coli, which is distinct from long HPF in B. subtilis, S.
aureus, and M. tuberculosis, the E. coli 100S structure was excluded for modeling. In addition,
the S. aureus 100S was reported to have one “tight” and one “loose” conformations (the map
quality of the tight conformation was better). The tight conformation of S. aureus 100S is more
similar to the B. subtilis 100S structure and was chosen as a template. Following the same fitting
strategy, two 100S models were obtained, based on B. subtilis or S. aureus tight conformation
(Figure 4.1C, D). The spatial organization in these two models are similar, i.e., the two
ribosomes in the 100S are symmetric around the interaction site near the SSU. The physiological
significance of such organization is still not clear, though it is known that the NTD of long HPF
inhibits translation by blocking tRNA binding. The difference between the two models is the
relative rotation between the two ribosomes within the 100S.
For the expressome, there are only two structures available, both from E. coli. One is a
complex between 70S and RNAP, connected by mRNA and possibly cross-linking (EMDB id:
3580) (Kohler et al., 2017). The other is a complex between 30S and RNAP, stabilized by the
interaction at the interface without any connecting molecules (EMDB id: 7014) (Demo et al.,
2017). In addition, no consensus can be found between the two structures. Both structures were
presumed to be correct and representing different functional states. Following the same strategy
used in analyzing ribosome dimers, two expressome models were obtained (Figure 4.1E, F).
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The RNAP binds to the mRNA entry site, while the other binds to the exit site. Such distinct
difference stimulates the study of M. tuberculosis expressome.

Figure 4.1. In silico analysis of M. tuberculosis disome, 100S and expressome
The ribosome is represented by the rRNAs for clarity, with the LSU colored as cornflower
blue, SSU white, and the handle purple. The RNAP is colored the same as in Figure 2.1E,
i.e., α blue or cyan, β green, β' yellow, and ω red.
(A) A M. tuberculosis disome model based on wheat germ polysome (EMDB id: 2790).
(B) A M. tuberculosis disome model based on E. coli polysome (EMDB id: 1582).
(C) A M. tuberculosis 100S model based on S. aureus 100S (EMDB id: 3638).
(D) A M. tuberculosis 100S model based on B. subtilis 100S (EMDB id: 3664).
(E) A M. tuberculosis expressome model based on an E. coli expressome (EMDB id: 7014;
30S + RNAP).
(F) A M. tuberculosis expressome model based on another E. coli expressome (EMDB id:
3580; 70S + RNAP).
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4.3.2

Optimization of polysome purification from mycobacteria
The purification of polysomes from mycobacteria may be hampered by the following two

factors. The first is slow growth rate. Cell growth, a process of accumulating mass, is positively
correlated with the total yield of translation. Polysomes are expected to occupy the
translationally active mRNA pool, while monosomes are presumed to be translationally inactive
or less productive (Heyer and Moore, 2016; Noll, 2008; Warner and Knopf, 2002). Thus the
slow growing mycobacteria may not need too many polysomes. The second is the thick cell wall.
The thick cell wall makes it more difficult to break down cells. The lysozyme method used in a
popular bacterial polysome purification protocol (Qin and Fredrick, 2013) is not effective for
mycobacteria cell lysis. Alternative methods of breaking down cells, including French press and
Beadbeating, need harsher conditions to fully disrupt the mycobacterial cell wall, which may
disrupt mRNA. Even after breakdown, the prevalence of cell wall debris may cause a significant
level of contamination. To perform polysome profiling and get enough high-quality samples for
EM studies, the optimization of polysome purification is necessary.
Presumably, the polysome is abundant in the exponential growth phase. So the growth
curve of M. smegmatis 1552 under an optimal condition was measured (Figure 4.2A). The
growth curve showed a typical “S” shape for bacterial growth. The M. smegmatis entered the
exponential phase around 10h after inoculation and the OD600 was around 0.6. It kept growing at
the maximum rate for at least 10h, after which the measurement may not be accurate because the
OD600 was assumed to be a linear relationship with dilution when it is larger than 2.
Nevertheless, the OD600 between 0.6 and 1 should be a good time to harvest the cells.
In initial trials of purifying polysomes, the method of purifying the 70S ribosome
(chapter III) was used. The sedimentation profile did show a peak adjacent to the 70S peak
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(Figure 4.2B). Samples corresponding to this peak were imaged under microscope. However,
the particles are not ribosomes, based on the shape and size (Figure 4.2C). Instead, it may be the
polyphosphate granules from mycobacteria (Ward et al., 2012). The later trial (see Materials
and Methods), shown in Figure 4.2D, showed a much weaker dimer peak. Multiple peaks
(disome, trisome, up to 6-mer) can be observed after lowering the input of cell lysate by 10 times
(Figure 4.2E). The fraction of the dimer peak was imaged and validated as a dimer (Figure
4.2G). Indeed, they are ribosome dimers. In retrospect, this trial has the following improvements
that might contribute to the success of obtaining ribosome dimers. First, the cell culture was
quickly cooled by pouring it into a centrifuge bottle pre-packed with ice. Since the translation
initiation takes much longer time than elongation, fast cooling stops both steps and minimizes
the loss of polysome. Second, the preparation of the sucrose gradient was changed from
“layering” to “thawing and freezing”. This means that when the centrifugation starts, the sucrose
volume from “layering” is actually sucrose layers, while the one from “thawing and freezing” is
presumably sucrose gradient. A better gradient results in higher resolution of separation. Third,
the centrifugation parameters were change from 125,000 x g, 17h to 250,000 x g, 2h. Faster and
shorter centrifugation is expected to separate the polysomes better. Despite the success in the
visualization of multiple polysome peaks, the yield is tiny, around 1 to 2 orders of magnitude less
than the 70S yield. More importantly, the purity of the dimer peak was expected to be low
because of the contamination from the 70S peak. Therefore, a “tandem” sucrose gradient
centrifugation (see Materials and Methods) was performed to separate the dimer and 70S better
(Figure 4.2F).
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Figure 4.2. Optimization of polysome purification from mycobacteria
(A) Measurement of OD600, monitoring the growth of M. smegmatis in liquid 7H9 media.
(B) Sedimentation profile of initial trials using sucrose density gradient centrifugation.
(C) A representative EM image of the assumed dimer peak in panel B.
(D) Sedimentation profile of sucrose density gradient centrifugation with improved
procedures. The sucrose density gradient was prepared using the freezing-thawing method.
The centrifugation parameters were change from 125,000 x g, 17h to 250,000 x g, 2h.
(E) Sedimentation profile from a repeat experiment of panel D with 10 times smaller input
of cell lysate. The A260 values in the polysome region were multiplied by 10 to show the
individual polysome peaks.
(F) Sedimentation profile from a tandem sucrose density gradient centrifugation.
(G) A representative EM image of the assumed dimer peak in panel D.
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4.3.3

Polysome profiling of M. smegmatis under different conditions
One question remains from the previous purification of polysomes, i.e., is the dimer an

actively translating disome or hibernating 100S ribosome? One way to address this question is
polysome profiling at different stages or conditions of cell growth. If the dimer peak corresponds
to the 100S ribosome, then this peak will become larger and larger as time goes by, and
eventually larger than the 70S peak (Akanuma et al., 2016). For this purpose and out of curiosity,
I did the polysome profiling of M. smegmatis under three conditions (mid-log phase, stationary
phase, and hypoxia condition; see Materials and Methods) (Figure 4.3). The dimer peak in the
stationary phase was not larger than the one in the mid logarithmic phase, and disappeared in the
hypoxia condition, suggesting this peak consists of actively translating disomes, instead of
hibernating 100S ribosomes. In addition, the 50S peak was found to be significantly larger than
the ones in mid logarithmic or stationary phase, despite the presence of considerable amount of
30S, suggesting the existence of a mechanism that inhibits translation by preventing the
association of 50S and 30S, under hypoxia condition. For example, the ribosomal silencing
factor S (RsfS) silences translation in the stationary phase using a similar mechanism (Appendix
I) (Li et al., 2015).
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Figure 4.3. Polysome profiling of M. smegmatis under different conditions
The polysome profiles from mid-log, stationary, hypoxia conditions are colored as blue,
red, and green, respectively. The three curves are aligned and normalized by the 70S peak.

4.3.4

Cryo-EM analysis of the ribosome dimers
Another way to figure out whether the dimer is disome or 100S is to directly solve its

structure. If the dimer is disome, the ribosome must contain tRNAs, while the 100S does not
have any tRNA. Therefore, I did cryo-EM imaging of the ribosome dimer fraction (Figure
4.4A). In the following tRNA occupancy analysis, three classes contain tRNA (Figure 4.4B).
Interestingly, the number and conformation of tRNA are different in each class. The total number
of particles is 35,107, out of which 13,774 (39%) particles have both A-site and P-site tRNAs,
10,803 (31%) particles have only P-site tRNA, 7,853 (22%) particles have both A-site and P-Esite tRNAs. This means that ~92% of the total particles contain at least one tRNA, suggesting
that the dimer is actually actively translating disomes, rather than hibernating 100S ribosome.
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Next, these 92% particles (that contain tRNA) were subject to disome analysis. To
remove monosome, the particles were binned by 8 times and classified into 5 classes using a M.
tuberculosis monosome as the initial model. Out of the 5 classes, the major (57%) class is a
monosome, and another two classes are disomes, each accounting for ~11%. These two disome
classes were found to be similar except that one is centered by the leading ribosome and the
other by the trailing ribosome. The one centered by the leading ribosome is shown in Figure
4.4C. The map has two blobs, each of which can be fit with a ribosome structure. To compare
with the models derived from structures of polysomes or 100S ribosomes from other species, a
new model was built based on the disome map (Figure 4.4D). Interestingly, it is different from
all other models. The distance between the exit site of mRNA on the leading ribosome and the
entry site of mRNA on the trailing ribosome is 80Å, which is larger than the distance in the E.
coli based model (60Å) and smaller than the distance in the wheat germ based model (130Å).
The change of distance is expected as analyzed in 4.2.1. Interestingly, the handle on the leading
ribosome is not in the contact region between the two ribosomes as in the E. coli based model,
suggesting the function of the handle is not related to polysomes in Mycobacteria. The new
configuration of mycobacterial disome is closer, though not identical, to the 100S ribosomes.
One advantage of this configuration is to avoid the tangling between the handle and the mRNA.
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Figure 4.4. Cryo-EM analysis of the M. tuberculosis ribosome dimer
The color codes are similar to Figure 4.1, except that the reddish colors denote tRNA. Asite tRNA is colored pink; P-site tRNA red; P-E-site tRNA dark red.
A. Representative cryo-EM image of the M. tuberculosis ribosome dimer.
B. Three maps from the 3D classification showed clear tRNA densities. The map on the left
has two tRNAs, A-site tRNA and P-site tRNA. The map in the middle has one tRNA, P-site
tRNA. The map on the right has two tRNAs, A-site tRNA and P-E-site tRNA.
C. The two blobs from the disome reconstruction matches well with two ribosomes.
D. The M. tuberculosis disome model derived from the map from panel C is shown on the
left. The four models from Figure 4.1 are shown on the right.

110

4.3.5

Preliminary studies of M. tuberculosis expressome
At the time of writing, the study of M. tuberculosis expressome is still underway and only

some preliminary results have been obtained (Figure 4.5). The particles behave well under both
negative-stain and cryo-EM. The main problem is that the RNAP appears to be much more
abundant than the 30S particles.

Figure 4.5. Preliminary cryo-EM study of M. tuberculosis expressome
A. Representative 2D class averages of the negative stain data. Most of them were actually
the RNAP with a crab claw shape.
B. One representative class from 3D classification matches well with M. tuberculosis RNAP
core. The subunits were colored the same as in Figure 2.1.
C. One representative class from 3D classification matches with M. tuberculosis 30S.
Similar to Figure 4.4, the gray density is a map converted from M. tuberculosis 30S model,
while the black mesh is the real map.
D. Representative image of cryo-EM data.
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4.4

Discussion
To reconstitute the physiological scenario of gene expression in M. tuberculosis, we

studied the higher order complexes involved in gene expression. Particularly, we have succeeded
in the purification and cryo-EM imaging of actively translating disomes. The spatial organization
of the two ribosomes in our disome structure is significantly different from the two published
polysomes from other species. There might be three reasons for such difference. First, the
difference is caused by the extra handle and kissing loop in mycobacterial ribosome. Second, the
organization in polysome and disome may not be necessarily the same, i.e., it is not appropriate
to simplify the polysome as the disome. Third, our disome structure was purified in a “native”
and actively translating condition, while the other two structures were inhibited by
chloramphenicol and cycloheximide, respectively. Such strong inhibitors stall every ribosome
and may cause a packing effect on the mRNA strand.
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CHAPTER V
5

SUMMARY AND CONCLUSION

Tuberculosis remains a global health threat. To facilitate the development of antituberculosis therapy, we studied gene expression, the major drug target, in M. tuberculosis and
M. smegmatis. The key machineries of gene expression, including RNAP, ribosome, and their
higher order complexes, have been visualized using the state-of-the-art structural approach, cryoEM.
In the M. tuberculosis RNAP structure, the bridge B2 showed a potential conformational
difference from the one in other species. Specifically, the B2 shifts about 10Å towards the active
site and gets very close to the first-line TB drug, rifampicin. Future study should first focus on
improving the resolution of the structure, especially around the B2 region, under the current
buffer condition. A higher resolution cryo-EM map may not only confirm the new conformation,
but also reveal the detailed interaction network around B2, which should explain the structural
basis of the new conformation. The next question is what is the biological significance of the
new conformation? Since the new conformation of B2 in the core complex overlaps with part of
the template strain of DNA in RPo (Figure 2.4C), my hypothesis is that B2 precludes immature
binding of DNA in the core complex and undergoes a conformational change, possibly facilitated
by σ factors, to allow proper binding of DNA during or before the formation of RPo. Finally, the
new conformation of B2 provides exciting potential to design rifampicin derivitives. These
derivitives are expected to be more potent because 1) the additional interaction with the B2 may
increase the binding affinity; 2) the derivitives may lock B2 in the new conformaiton, which
blocks the binding of DNA.
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The M. tuberculosis ribosome structures feature the long handle on the tRNA/mRNA exit
side of the ribosome. The handle was found to be flexibly moving relative to the main body of
the ribosome in 70S. To characterize a mobile fragment in cryo-EM, we have explored the
following strategies. First, to solve a high resolution structure of the handle, we imaged the 50S
ribosomal subunit where the handle is in the most stable state to our knowledge. Second, to get
high quality density maps of the handle, we classified the particles based on the conformation of
the handle, using the state-of-the-art signal subtraction approach. Third, to improve the accuracy
of interpretation, we developed an RNA modeling method for low resolution cryo-EM maps that
relies on identifying rigid structural motifs and sampling connecting regions between those
motifs. Fourth, to characterize the movement, we used the statistical PCA analysis to derive the
major motion of the handle, as well as other regions of the ribosome. It turned out that the major
motion of the handle is correlated with that of the L1 stalk and the 30S subunit. Such correlation
suggests that the handle may be involved in the tRNA and mRNA translocation. In addition, the
comparison of the handles in 50S and 70S reveals a large conformational change of the handle,
indicating its role in the joining of the two subunits. Two new ribosomal proteins were also
found in the vicinity of the two important active sites: PTC and the decoding center.
Many questions about the M. tuberculosis ribosome remain to be answered. First, as the
largest feature of the M. tuberculosis ribosome, does the handle have other functions, in addition
to the suggested involvement in translation initiation and elongation? In this work, the startling
discovery of the sarcin-ricin motif in the handle may provide a clue to the question. The sarcinricin motif, consisting of the GAA-AGUA sequence, is a very stable structure, mainly due to the
large number of hydrogen-bonds per nucleotide (1.57 for the sarcin-ricin motif, larger than 1.50
for a stable GC helix) (Sripakdeevong et al., 2012). This motif is a recognition site for RNAs and
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proteins (Correll et al., 2003; Moore, 1999), which may aid in target binding (Ulyanov et al.,
2006). Of note, many toxins, including α-sarcin (Ackerman et al., 1988), ricin A-chain (Endo
and Tsurugi, 1988), Shiga toxin (Tesh and O'Brien, 1991) and VapC20 (Winther et al., 2013),
bind to the sarcin-ricin motif in the sarcin-ricin loop (Szewczak et al., 1993) and cleave the
nearby rRNA. The sarcin-ricin motif in the handle is exposed to solvent, as in the sarcin-ricin
loop, thus accessible to its potential binding partners. It is yet to be discovered that such binding
partners do exist or that a cleavage can occur in the M. tuberculosis handle, which may serve as a
“switch” to control the potential translational modulation by the handle. On the other hand,
genetically deleting the handle may provide vital information on its function.
Second, what are the identities and functions of the two new proteins in the M.
tuberculosis ribosome? Despite the importance of pointing out their existence and locations in
the ribosome, it is still far from taking advantage of them in drug design, which will require
learning their sequences. In this work, we named the new protein in the small subunit as mL41like protein, because of its similar location and folding as the mL41 in the mitochondrial
ribosome. We have also tried mass spectrometry but failed to obtain their sequences so far,
probably due to their small sizes. Interestingly, these two proteins were claimed to be “identified
by de novo structure interpretation” of a 3.3-Å resolution cryo-EM map (Hentschel et al., 2017).
This de novo interpreation requires one to guess the identity of an amino acid based on its shape
in the cryo-EM map. At 3.3-Å resolution, the shapes of two amino acids can be indistinguishable
(Hryc et al., 2017) for the following reasons: 1) the difference between two amino acids can be
as small as a carbon atom, which is far beyond the resolvability of a 3.3-Å resolution map; 2)
negatively charged amino acids, such as aspartate and glutamate, usually show weak density
beyond their Cβ-atoms, leading to a featureless bulge that resembles many other amino acids; 3)

115

cryo-EM maps contain significant level of noise, which can overwhelm the difference of amino
acids. The problem of guessing amino acids based on shape is further complicated by the fact
that a given amino acid can have many different shapes because of rotamers. Therefore, a
rigorous verification of their “identified” sequences is necessary. There are three approaches to
verify the sequences: 1) separate the new proteins by 2D gel before mass spectrometry; 2) add a
fluorescent tag to the candidate sequences; 3) improving the resolution to ~2Å. The functions of
these two proteins can be studied by mutagenesis.
Third, how can the unique features in the M. tuberculosis ribosome be targeted for drug
design, assuming the previous two questions have been addressed? One interesting direction, for
instance, is to design a bipartite aptamer to lock the handle in the bent conformation, so that
translation initiation is inhibited. The bipartite aptamer should have one end interacting with the
handle and the other with the main body of the ribosome. RNA molecules in L-configuration
may be great candidates, because of their intrinsic resistance to degradation by ribonucleases
(Sczepanski and Joyce, 2013).
Higher order complexes of RNAP and ribosome may provide more understanding of the
gene expression in vivo. We have explored the polysome purification and profiling in M.
smegmatis. The ribosome dimer peak was further studied and confirmed to be actively
translating disomes, rather than hibernating 100S. A low resolution reconstruction of the disome
showed a reasonably different configuration from any ribosome dimers of other species. In this
configuration, the handle is far from the interface between the two ribosomes, ruling out the
possibility that the handle plays a role in polysomes as proposed by assuming the conservation
between mycobacteria and E. coli. This work suggests that the actively translating disome is
structurally flexible. Therefore, future study should consider using chloramphenicol or other

116

molecules to stabilize the disome before structural determination. In addition, gene expression
under stress condition is another direction to explore. First, the mycobacterial 100S ribosome
may be different from available 100S structures from other species, since the HPF in M.
tuberculosis is longer. Second, as shown in this work (Figure 4.3), the 50S fraction is
significantly higher in hypoxic condition than in normal conditions, indicating a difference of the
50S ribosomal subunit in hypoxic condition. Studying these differences may provide a better
understanding of how M. tuberculosis can adapt to various growth conditions.
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APPENDIX I
7

RIBOSOMAL SILENCING FACTOR RSFS
1

A1.1 Introduction
A wealth of structural and biochemical studies on the ribosome published over the last
two decades has helped to create a deeper understanding of the mechanism of translation (Ban et
al., 2000; Gao et al., 2009; Harms et al., 2001; Korostelev et al., 2006; Moore, 2012; Schuwirth
et al., 2005; Selmer et al., 2006; Yusupov et al., 2001). Ribosome structures have provided
molecular details for the machinery of translation as well as information on how drugs bind to
the ribosome and interfere with protein synthesis (Wilson, 2014). In bacteria, the functional
ribosome consists of two subunits, a 50S and a 30S. The 50S subunit contains 23S rRNA, 5S
rRNA and over 30 proteins (35 in M. tuberculosis), while the 30S subunit contains a 16S rRNA
and over 20 proteins (22 in M. tuberculosis). Given their fundamental importance to cell
viability, it is not surprising that more than half of all clinically prescribed antibiotics target the
ribosome (Wilson, 2014). However, the detailed mechanisms underlying the regulation of
translation are, in some cases, poorly understood. This is especially true for the pathogenic
bacterium M. tuberculosis, and it is most likely due to its complex growth characteristics,

Most of this appendix is reprinted with permission from “Structure of Ribosomal Silencing
Factor Bound to Mycobacterium tuberculosis Ribosome.” by Xiaojun Li, Qingan Sun, Cai Jiang,
Kailu Yang, Li-Wei Hung, Junjie Zhang, James C. Sacchettini, Structure 2015 23(10), 18581865, Copyright 2015 by Elsevier Inc.
Author contributions: XL and CJ purified M. tuberculosis ribosome and crystallized M.
tuberculosis RsfS. CJ developed the function assay based on the GFP signal. LH collected and
analyzed the X-ray diffraction data and QS solved the crystal structure of RsfS. JZ and KY
solved the cryo-EM structures and interpreted the binding between the RsfS and the M.
tuberculosis 50S ribosome. JS and JZ are the principal investigators.
156

including the ability to enter a non-replicating state in which protein synthesis is presumed to be
greatly diminished.
Tuberculosis (TB) remains a major global health problem and is linked to high morbidity
and mortality worldwide (Harries and Dye, 2006; Koch et al., 2014; Russell, 2007). The World
Health Organization estimates that one-third of the global population is infected with latent M.
tuberculosis while more than eight million people develop active TB. Roughly one million
people die from the disease annually (http://www.who.int/mediacentre/factsheets/fs104/en/) and
co-infection with HIV markedly increases mortality associated with TB (Kwan and Ernst, 2011).
The success of M. tuberculosis as a pathogen is largely attributed to its ability to persist
in host tissues (Flynn and Chan, 2001; Wayne and Sohaskey, 2001). In chronic or persistent
infections, M. tuberculosis shows reduced growth, which is thought to be related to the host’s
immune system or to the lack of susceptibility to antibiotics (Harries and Dye, 2006; Wayne and
Sohaskey, 2001). Persistent M. tuberculosis are thought to exist a non-replicating state,
equivalent to dormancy, in which many metabolic processes, including protein synthesis, are
assumed to be greatly reduced in order to conserve cellular resources (Kumar et al., 2012;
Trauner et al., 2012). As a consequence, drug treatment must be dramatically extended (Gomez
and McKinney, 2004). M. tuberculosis’s emergence from dormancy is not understood, but it can
lead to the reactivation of the disease.
A recently characterized protein from Escherichia coli, named ribosomal silencing factor
during starvation or stationary phase (RsfS), has been shown to slow down or block translation
entirely (Hauser et al., 2012). It appears to play an important role in the maintenance of
sustainable energy levels during nutritional shortages. Disruption of the rsfS gene slows the
adaptation from rich to poor media, and impairs the viability of the cells during the stationary
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phase. Previous mutagenesis studies in E. coli suggest that RsfS binds to the 50S large ribosomal
subunit (Jiang et al., 2007), preventing the normal association of the 50S and 30S into a
functional 70S complex (Hauser et al., 2012). In order to improve our understanding of the
molecular details of the inhibition of translation by RsfS, biochemical and structural studies have
been completed on the 50S ribosome from M. tuberculosis.

The crystal structure of M.

tuberculosis RsfS and the cryo-electron microscopy (cryo-EM) structure of the M. tuberculosis
50S, with and without M. tuberculosis RsfS bound, provide a detailed understanding of the
molecular basis of RsfS function.

A1.2 Materials and Methods
A1.2.1 Expression and purification of M. tuberculosis RsfS and E. coli RsfS
M. tuberculosis rsfS wild-type and site-directed mutant (Y102A, E74A) were cloned into
the NdeI and HindIII sites of p1602-dest (Life Technologies) vector. The vectors encoded a Cterminal His6-tagged RsfS and that was transformed into M. smegmatis cells MC24517. Colonies
containing the plasmid were selected by hygromycin. For large-scale production of recombinant
proteins, cells were grown in 6 l of 7H9 broth to a cell density (OD600) of 0.8, and then induced
by 0.2% acetamide at 37°C for 8 hr. The M. tuberculosis RsfS protein was purified according to
a modified protocol (Noens et al., 2011). The culture was centrifuged, separated from the pellet,
and the cell pellet was lysed using a French press in lysis buffer composed of 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, and 10 mM imidazole. The suspension was centrifuged at 30,000 × g
for 45 min at 4°C and its supernatant was applied to a nickel chromatography column (GE
Healthcare). The column was washed extensively and the overexpressed RsfS protein was eluted
using elution buffer (lysis buffer with 250 mM imidazole [pH 7.5]). Next, size-exclusion
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chromatography was performed using a Superdex 75 column (GE Healthcare) in a buffer
containing 20 mM Tris-Cl (pH 7.5) and 150 mM NaCl and the protein profile was compared
with protein molecular size standards. The Y102A RsfS mutant was only used for crystallization.
Both wild-type RsfS and mutant E74A were used in the ribosome function assay and the nickel
pull-down assay, and only wild-type RsfS was used for cryo-EM structure determination.
E. coli rsfS wild-type was cloned into the NdeI and XhoI sites of pET22b (Novagen)
vector. The final construct encoded a C-terminal His6-tagged RsfS and was transformed into E.
coli strain BL21 (DE3). The colonies containing plasmid were selected by ampicillin. For largescale production, cells were grown in 6 l of LB broth up to a cell density (OD600) of 0.8 and then
induced by 0.5 mM imidazole at 37°C for 3 hr. The E. coli RsfS protein was purified with the
same method as M. tuberculosis RsfS.

A1.2.2 Purification of M. tuberculosis 70S and 50S
M. tuberculosis cells MC27000 (Vilcheze et al., 2011) were grown in 7H9 medium
supplemented with 10% oleic albumin dextrose catalase (BD), 0.5% glycerol, 0.05% Tween-80,
and 50 µg/ml pantothenic acid at 37°C until an OD600 of 1.0. The following procedures were
performed at 4°C. Harvested cells were lysed in a bead beater (BioSpec) in lysis buffer (20 mM
Tris-HCl [pH 7.5], 100 mM NH4Cl, 10 mM MgCl2, 0.5 mM EDTA, 6 mM 2-mercaptoethanol).
M. tuberculosis ribosome 70S and 50S were purified according to modified protocols (Noll et al.,
1973; Selmer et al., 2006). Cell lysate was clarified by centrifugation at 30,000 × g for 1 hr. The
supernatant was pelleted in sucrose cushion buffer (20 mM HEPES [pH 7.5], 1.1 M sucrose, 10
mM MgCl2, 0.5 M KCl, 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-HCl (pH 7.5), 1.5 M
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(NH4)2SO4, 0.4 M KCl, 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)2SO4 in the buffer containing 20 mM Tris-HCl (pH 7.5), 0.4 M KCl,
and 10 mM MgCl2. The eluted ribosome peak was changed to re-association buffer (5 mM
HEPES-NaOH [pH 7.5], 10 mM NH4Cl, 50 mM KCl, 10 mM MgCl2, and 6 mM 2mercaptoethanol) or dissociation buffer (20 mM Tris-HCl [pH 7.5], 2 mM MgCl2, 150 mM
NH4Cl, 50 mM KCl, and 6 mM 2-mercaptoethanol) and concentrated before loading on top of a
10%–40% linear sucrose gradient centrifuged in a Beckman SW28 rotor at 19,000 rpm for 19 hr.
The 70S and 50S fractions were concentrated to about A260 = 300 after removal of the sucrose.

A1.2.3 Ribosome functional assay
The assay used to measure in vitro ribosome activity relied on the production of GFP in
an M. tuberculosis-based cell-free system. M. tuberculosis S100 cell-free extract was prepared
from M. tuberculosis MC27000. The supernatant was pelleted in the buffer containing 20 mM
HEPES (pH 7.5), 1.1 M sucrose, 10 mM MgCl2, 0.5 M KCl, and 0.5 mM EDTA to remove
endogenous ribosome. The assay was carried out in a 96-well plate, which involved incubating
the necessary substrates with ribosome-free cell extract in an incubator plate reader. The standard
reaction mixture contained 2 mM each of the 20 amino acids, 33 mM phosphoenolpyruvate, 0.33
mM nicotinamide adenine dinucleotide, 0.26 mM coenzyme A, 2 µl of 0.85 µM purified M.
tuberculosis ribosome, 200 ng of GFP mRNA, and 24 µl of S100 ribosome-free M. tuberculosis
cell-free extract in certain buffer (Swartz et al., 2004). GFP mRNA was prepared from an in vitro
transcription assay (Baugh et al., 2001). Either M. tuberculosis RsfS or E. coli RsfS was added to
the reaction to final concentrations of 0.14 µM and 0.28 µM. The final concentrations of
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streptomycin and chloramphenicol were 0.7 µM and 0.14 µM, respectively. The total volume of
the assay was 100 µl and samples were incubated at 37°C for 40 hr.

A1.2.4 Crystallization and structure determination of M. tuberculosis RsfS
Nine different single-point mutants were made to hydrophobic amino acids that were
predicted to be on the surface. Only one mutant protein of Y102A yielded diffraction-quality
crystals. The RsfS mutant Y102A was concentrated to ∼40 mg/ml and mixed with an equal
volume of 0.1 M sodium cacodylate (pH 6.5), 0.2 M magnesium acetate, and 30% (+/−)-2methyl-2,4-pentanediol. Crystals were produced by vapor diffusion in sitting-drop trays at 20°C
and were directly harvested from the drop, flash frozen, and stored in liquid N2. Diffraction data
were collected to 2.1 Å at the Advanced Light Source synchrotron at Lawrence Berkeley
National Laboratory and were processed by HKL2000 (Otwinowski and Minor, 1997) (Table
A1.1). The structure was solved by molecular replacement with a truncated poly-Ala model
(Ala7-Ala103) derived from a B. halodurans ortholog (PDB: 2O5A) as the search model in
AutoMR of PHENIX (Adams et al., 2010). After initial refinement, the side chains were rebuilt
in AutoBuild of PHENIX. Then iterative cycles of manual rebuilding in COOT (Emsley et al.,
2010) and PHENIX refinement led to the final model. Simulated annealing was applied in the
early stages of refinement.
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Table A1. 1 Data Collection and Refinement Statistics of M. tuberculosis RsfS Crystal
Structure
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A1.2.5 Cryo-EM sample preparation
RsfS was added to purified 50S ribosome in a molar ratio of 15:1. This mixture was
further diluted with 5 mM HEPES-Na (pH 7.5), 10 mM NH4Cl, 50 mM KCl, and 10 mM MgCl2
to final concentrations of 50S at 0.36 µM and RsfS at 5.4 µM. This sample was then applied onto
a 200 mesh R2/2 Quantifoil grid (Quantifoil Micro Tools). The grid was previously glow
discharged. After applying the sample, the grid was blotted and rapidly frozen in liquid ethane
using a Vitrobot (FEI), and then stored in liquid nitrogen before imaging.

A1.2.6 Electron microscopy, image processing, map segmentation, and visualization
The grid was imaged on an FEI Tecnai F20 with a field emission gun operated at 200 kV
(FEI). One hundred and sixty-five micrographs were recorded at an effective magnification of
81,081×, on a Gatan 4k × 4k charge-coupled device camera (Gatan) with a final image pixel size
of 1.85 Å.
Each micrograph was carefully examined for drift and astigmatism. One hundred and
fifty-four micrographs with a defocus range of 1–2.5 µm were used for further processing. We
carefully boxed the raw particles using EMAN2 (Tang et al., 2007) and manually removed (1)
ice contamination, (2) particles that touched each other, and (3) particles that were on the carbon.
This gave us 73,103 particles. We then used the unsupervised 3D classification in Relion 1.3 to
classify the particles into ten classes and removed seven bad classes of particles, leaving a total
of 42,138 “clean” particles (Figure A1.1, step 1). We then processed these selected particles to
generate a 3D map in Relion 1.3. This map (named Initial Map 1) already shows relatively weak
extra density for RsfS next to the L14 protein. Next, we manually erased the extra density of the
RsfS in UCSF Chimera (Pettersen et al., 2004) and generated Initial Map 2. Both the 3D initial
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maps were subjected to additional low-pass filtering with a Gaussian radius of 30 Å before
applied for the supervised classification to separate the raw particles into two classes, 21,287
particles for RsfS-free and 20,851 particles for RsfS bound. This 30-Å radius filtering removed
the high-resolution features and minimized the artifacts by manually removing the weak RsfS
density, but still showed a noticeable difference in the RsfS binding site. Finally, we swapped the
two reference maps to refine against the separated raw particles. The refined maps showed
consistent results, with or without RsfS density, even with the contrary reference maps (Figure
A1.1). This validated the correct separation of the raw particles and ruled out the possibility of
model bias. The final resolutions were 9.3 Å for RsfS-free 50S and 9.1 Å for the RsfS-bound 50S
(Figure A1.2). The local resolution of RsfS in the RsfS-bound state was ∼9 Å according to the
ResMap result. Map segmentation was done in UCSF Chimera with the reference from an E. coli
50S ribosome PDB structure (PDB: 2I2V; (Berk et al., 2006)). Figures of the maps and models
were produced with UCSF Chimera.

A1.2.7 Molecular modeling, docking and flexible fitting of RsfS within the density map
The M. tuberculosis RsfS monomer from the RsfS crystal structure was first roughly
docked onto the homology model of M. tuberculosis L14, which was built with the SWISSMODEL server (Schwede et al., 2003) in the cryo-EM density map. To avoid the initial model
bias in the refinement, the complex of L14 and RsfS was diversified into 1,000 initial models in
the following two steps: (1) arbitrarily displacing RsfS away from L14 within a hemisphere of
10-Å radius; (2) randomly applying a rotation on the RsfS with the azimuthal angle between 0°
and 360°, an altitude angle between 0° and 180°, and phi angle between 0° and 360°. All the
1,000 initial models were then refined independently with MOSAICS-EM (Zhang et al., 2012)
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using the cryo-EM density map as a constraint. The best-fit model to the EM density map was
further refined using the real-space refinement routine in PHENIX to optimize the protein
stereochemistry (Adams et al., 2010).

A1.2.8 Accession codes
Coordinates and structure factors of the M. tuberculosis RsfS-50S complex have been
deposited in the Protein Data Bank under accession code 4WCW. The cryo-EM maps of the M.
tuberculosis 50S subunit with and without RsfS have been deposited in the Electron Microscopy
Databank with accession code EMD-6177 and EMD-6178, respectively.
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Figure A1. 1, related to Figure A1.3
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Figure A1. 2, related to Figure A1.3
Fourier shell correlations (FSC) for the three reconstructions of the M. tuberculosis 50S
ribosome calculated using the gold-standard criterion. The resolutions are 8.5Å (when
using all the particles), 9.1Å (RsfS-bound state) and 9.3Å (RsfS-free state).
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A1.3 Results
A1.3.1 M. tuberculosis RsfS inhibits translation by preventing 70S ribosome association
We developed a translation assay that uses M. tuberculosis ribosome to translate green
fluorescent protein (GFP) mRNA in an M. tuberculosis-derived cell-free extract. When purified
recombinant M. tuberculosis RsfS was added to our cell-free assay, we observed a significant
reduction in translation of GFP. Specifically, RsfS (0.28 µM) was able to block GFP synthesis
by the ribosome (0.14 µM) by 83 percent, a level comparable to 0.7 µM streptomycin and 0.14
µM chloramphenicol (Figure A1.3A). Interestingly, when M. tuberculosis 50S and 30S
ribosome were mixed with 15-fold molar excess of RsfS (4.2 uM final concentration) and
applied to a sucrose-gradient (Figure A1.3B), only 10% of the large subunit was in the 70S
form. However, in the absence of M. tuberculosis RsfS, more than 70% of 50S subunits were
associated into the 70S ribosome. However, when the same concentration of RsfS was incubated
with pre-formed 70S ribosome for 2 hrs at room temperature, no significant dissociation of 70S
was observed. These results indicated that while RsfS was able to block the association of 50S
and 30S subunits, it was unable to dissociate the 70S ribosome (Hauser et al., 2012).
M. tuberculosis RsfS shows selectivity for the 50S subunit, as demonstrated using a pulldown assay with His-tagged RsfS. In this assay, 6.7 µM (0.1 mg/ml) RsfS was mixed with
purified 1.2 µM 70S (2.9 mg/ml), 50S (1.9 mg/ml) and 30S (1.0 mg/ml) fractions from a sucrose
gradient. After incubation for 1 hr at 4°C, nickel affinity beads were used to pull-down RsfS.
Only the 50S subunit associated with RsfS (Figure A1.3C).
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A1.3.2 Crystal structure of M. tuberculosis RsfS
Crystals of full length M. tuberculosis RsfS could not be obtained; therefore we resorted to
screening single point mutants of RsfS in order to produce diffraction-quality crystals. Nine
distinct single-point mutants were made to hydrophobic amino acids that were predicted to be on
the surface. Only one mutant protein of Y102A yielded diffraction-quality crystals. M.
tuberculosis RsfS Y102A crystallized in the P1 space group with four M. tuberculosis RsfS
molecules (referred to as A, B, C, D) in the crystal’s asymmetric unit (ASU) (Figure A1.4). The
structure was solved by molecular replacement using the Bacillus halodurans homolog (PDB:
2O5A) as the search model. The structure was refined with diffraction data to 2.1-Å resolution
(Table A1.1). The R factor of the final model was 21.0% (Rfree = 26.0%) with good
stereochemistry and 97.0% of the amino acids were in the preferred regions of the
Ramachandran plot. The C-terminal 8-13 amino acids were disordered and showed either weak
or no corresponding electron density.
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Figure A1. 3 RsfS Prevents Ribosomal Subunit Association Resulting in Inhibition of
Protein Translation
(A) GFP translation by M. tuberculosis ribosome. The assay was performed with M.
tuberculosis ribosome 70S at 0.14 µM and M. tuberculosis RsfS at 0.14 µM and 0.28 µM.
Chloramphenicol at 0.14 µM and streptomycin at 0.7 µM provided approximately the same
inhibition.
Data
are
represented
as
means
±
SEM.
(B) Sucrose gradient separation of 70S ribosome association.
(C) The results of the nickel pull-down assay of M. tuberculosis ribosome using His6-tagged
RsfS. RsfS was mixed with purified 70S, 50S, and 30S, respectively, and incubated for 1 hr
before the nickel beads were added. The beads were washed and the eluted fractions were
loaded on SDS polyacrylamide gel. Only ribosome 50S can be pulled down by RsfS.
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Figure A1. 4, related to Figure A1.5
Four M. tuberculosis RsfS molecules in one asymmetric unit of crystal lattice Chain A had
117 residues visible, Chain B had 113 residues, and Chains C & D had 118 residues.

RsfS adopts the α1-β1-β2-α2-β3-β4-β5-α3 fold, where five β strands form one β sheet.
The first two long α helices (α1 and α2) reside on one side of the β sheet, while the short α3 helix
with a long C-terminal tail resides on the edge of β sheet close to β1 (Figure A1.5A). This is a
well-conserved domain referred to as DUF143 (Fung et al., 2013).
Alignment of the sequence of M. tuberculosis RsfS with other bacterial orthologs
indicated relatively good sequence similarity for the portion of RsfS that is well ordered in the
crystal (Figure A1.6). Superimposition of the three ortholog structures (PDB: 2O5A for B.
halodurans RsfS, PDB: 3UPS for Zymomonas mobilis RsfS, and PDB: 2ID1 for
Chromobacterium violaceum RsfS) onto M. tuberculosis RsfS showed that the overall structure
is well conserved from the N terminus to the end of β5 (Figure A1.7), corresponding to His95 in
M. tuberculosis RsfS. The mutation Y102A did not appear to change the overall structure of M.
tuberculosis RsfS when compared to the crystal structures of the other orthologs. The Cα root-
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mean squared difference (rmsd) values (for residues 6-95 in M. tuberculosis RsfS) are 1.6 Å, 1.9
Å, and 2.2 Å for 2ID1, 3UPS, and 2O5A, respectively. The lack of similarity in the structure of
the C termini implies that they are not the critical determinant for inhibition of the ribosome.
Although E. coli RsfS has an overall sequence of 25% with M. tuberculosis RsfS, the C-terminal
region is much shorter (15 residues) than M. tuberculosis RsfS (32 residues) and shares only
16% sequence identity in this region compared with M. tuberculosis RsfS. However, full-length
recombinant E. coli RsfS showed approximately the same level of inhibition as M. tuberculosis
RsfS in the M. tuberculosis ribosome cell-free translation assay (80% inhibition of E. coli RsfS
and 84% inhibition of M. tuberculosis RsfS on M. tuberculosis translation assay). This supported
the notion that the C-terminal extensions of these orthologs were not critical components in the
binding to ribosome.
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Figure A1. 5 M. tuberculosis RsfS Structure
(A) M. tuberculosis RsfS dimer.
(B) RsfS dimer rotated 90° from the view in (A). The two RsfS molecules are related by
∼180° rotation around the pseudo-dyad axis in the center of dimer. The residues involved
in hydrogen bonding are highlighted as sticks and the hydrogen bonds are shown as black
lines (see also Figures A1.4, A1.6, A1.7, and A1.10).
(C) Size-exclusion chromatography (Superdex 75) of M. tuberculosis RsfS showed a
solution dimer in agreement with the crystal structure. The standard curve is shown as a
dashed line (see also Figures A1.8 and A1.9).
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Figure A1. 6, related to Figure A1.5. Multiple sequence alignment of M. tuberculosis RsfS
(RVBD_2420c) with iojap-like orthologs in TBDB database.
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Figure A1. 7, related to Figure A1.5
Superimposition of the three ortholog structures (2ID1, 3UPS, and 2O5A) onto M.
tuberculosis RsfS showed that the overall structure is well conserved from the N terminus
to the end of β5 (Red: M. tuberculosis RsfS; cyan: 2ID1; Yellow: 3UPS; Pink: 2O5A). The
C terminal helices or unstructured regions appear to be flexible.
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A1.3.3 M. tuberculosis RsfS forms a dimer in both crystal and solution
The structures of the four copies of the M. tuberculosis RsfS in the crystal’s ASU are
very similar (Thr2 to Pro112), except for the last six residues of C termini. The four subunits are
packed into two nearly identical dimers (dimers AB and CD) each with quasi two-fold rotational
symmetry for the subunits. The buried surface areas for the two dimers are 1,822 Å2 and 1,706
Å2, respectively (analyzed by PISA; (Krissinel and Henrick, 2007)), and this represents around
15% of the total surface of each dimer. A high percentage of buried surface area and the
conservation of the packing of both dimers in the asymmetric unit indicated that the dimer
observed in the crystal was equivalent to what is observed in solution (Krissinel and Henrick,
2007; Nooren and Thornton, 2003). RsfS also eluted from a size-exclusion chromatography
(Figure A1.5C) as a dimer based on the calculated molecular weight of 29 kDa (an RsfS subunit
is 15 kDa) (Figure A1.8). The RsfS dimer is also consistent with native gel electrophoresis and
glutaraldehyde crosslinking experiments (Figure A1.9).
The dimer interface is predominately formed through interactions between the sidechains of amino acids of contained within β3 (Arg72-Gly75) and β4 (Trp81- Asp85) from
opposing subunits. In addition, loop2 (Val31-Asp39) and loop4 (Ala76-Arg80) from each
subunit contribute residues that are located at the dimer interface (Figure A1.5B). Indeed, the
two subunits appear to be stitched together through an extensive network of 22 intermolecular
hydrogen bonds and electrostatic interactions (Figure A1.10). The two dimers are very well
conserved with only small conformational differences in loop4 and the adjacent N-terminus of
helix α2 (rmsd between A and B chain for the first 111 Cα is 0.88Å; that between C and D is
0.90Å). In contrast, the rmsd between chains A and C is only 0.17 Å, and that between chains B
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and D is 0.37 Å. In the crystal lattice, contacts between subunits A and C of each dimer are very
close to these loops and it is likely that these crystal contacts influence the observed differences.

Figure A1. 8, related to Figure A1.5. Calculation of M. tuberculosis RsfS size based on sizeexclusion chromatography
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The black solid line is the linear regression curve through the standards
(

, MW: molecular weight of standards, Ve: elution volume of

standard peaks; F=144.4; df=1, 3; p=0.00124; R2=0.980). 50% confidence and 95% confidence
lines are shown in long-dash and short-dash, respectively. M. tuberculosis RsfS elution peak is at
15.96 ml,
labeled in the blue line. The theoretical molecular weight of M. tuberculosis RsfS quaternary
structures (monomer, dimer and tetramer) are labeled in red lines.

Figure A1. 9, related to Figure A1.5
Blue native gel (left) and Glutaraldehyde cross-linking PAGE (right) of M. tuberculosis
RsfS
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When the three homologs deposited in the PDB were compared to the M. tuberculosis
RsfS crystal structures, they all showed significant differences in their quaternary structures. Z.
mobilis RsfS (PDB: 3UPS) forms the clearest dimer of the three with a buried surface area of
2,840 Å2, which represents 28% of the total surface of the dimer. B. halodurans RsfS (PDB:
2O5A) forms an apparently less stable dimer with a buried surface area of 1,070 Å2, which
represents 9% of the total surface of the dimer. The analysis of the crystal packing for C.
violaceum RsfS (PDB: 2ID1) does not reveal any higher level oligomerization, suggesting it is a
monomer in solution (Krissinel and Henrick, 2007). Comparison of M. tuberculosis RsfS dimer
with Z. mobilis and B. halodurans RsfS dimers indicated that the intra-dimer interfaces occur at
different regions for each of the three proteins. For the Z. mobilis RsfS dimer, the interactions are
primarily between α helices (α2 and α3), loop 2 (connecting β1 and β2), and the two bends
(connecting α2 and β3 or β4 and β5). In the B. halodurans RsfS dimer, the interactions are
between β strands (β3 and β4) and loops (loop 1 connects β1 and β2; loop 4 connects β5 and α3).
Although the dimers organize differently between the three proteins, the interfaces of the Z.
mobilis and B. halodurans dimers are similarly dominated by hydrogen bonding and electrostatic
interactions (Figure A1.10).
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Figure A1. 10, related to Figure A1.5. Hydrogen bonds and salt bridges in M. tuberculosis
RsfS dimer
Chain A was shown in blue, Chain B in red. The hydrogen bonds involved in the dimeric
interface are shown in black line. The salt bridges between Arg72 and Asp85 are labeled.
The residues involved in hydrogen bonding are highlighted as stick, and the 2Fo-Fc
electron density map around these residues are shown in mesh at 1.5 σ level.
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A1.3.4 Cryo-EM structures of M. tuberculosis 50S
We used single particle cryo-electron microscopy (EM) to visualize the purified 50S M.
tuberculosis ribosome mixed with recombinant M. tuberculosis RsfS at a molar ratio of 1:15. A
density map was generated from 42,138 screened particles (Figure A1.11) and was calculated to
be at 8.5-Å resolution using the gold standard Fourier shell correlation (Scheres and Chen,
2012)(Figure A1.2). We observed weak density for RsfS, suggesting that despite the 15-fold
molar excess of RsfS to ribosome, we may have had a mixture of RsfS-bound and RsfS-free 50S
particles. A modified supervised classification was used to classify the 42,138 particles into the
RsfS-bound (20,851 particles) and RsfS-free (21,287 particles) states, from which two density
maps were reconstructed (Figure A1.1). After the classification, the RsfS density was strong in
the RsfS-bound state and clearly showed the secondary structures of the RsfS. The calculated
final resolutions were 9.3 Å for the 50S subunit alone and 9.1 Å for the RsfS-bound 50S
(Figures A1.12A–A1.12D; Figure A1.2). To rule out the possibility that the density of RsfS was
due to the reference bias, we performed extra steps, described in the Materials and Methods, to
prove the reliability of the classification.
At 8–9 Å, the cryo-EM density map of the core regions of the M. tuberculosis 50S
ribosome agree well with the crystal structure of the E. coli 50S ribosome (Berk et al., 2006).
The density was observed for the common structural motifs associated with the ribosome
structures including the body, the stalk base (SB) of the L7/L12 arm near the A site (entry for the
aminoacyl tRNA), the L1 stalk near the E site (exit site of the uncharged tRNA), and the central
protuberance (CP) found between the L1 and L7/L12 stalks (Figure A1.12). It is known that the
two peripheral stalks (L1 and L7/L12) of the 50S subunit are intrinsically dynamic. In fact, the
L1 stalk of the M. tuberculosis structure has relatively weaker density and the density for L7/L12
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was completely missing. Density maps for the ribosomal proteins L9 and L11 were missing,
probably due to their loose association with the 50S subunit. Figure A1.13 shows the local
resolution of our density map calculated from ResMap (Kucukelbir et al., 2014). Most regions of
our 50S density maps have a resolution better than 9 Å.
The most distinct structural feature of the M. tuberculosis 50S ribosome is a 107
nucleotide-long RNA helical extension of H54a (golden density in Figures A1.12 and A1.14)
that ends close to the L1 stalk and the E site. Density attributable to the nucleotide (nt) sequence
extensions of rRNA (23S) was also observed in M. tuberculosis 50S subunit (Figure A1.15).
Helix 15 and helix 16a are ∼40 and 20 nt long in M. tuberculosis, observed in the density close to
the base of the L1 stalk. Helix 31a, which is 25 nt longer in M. tuberculosis compared with E.
coli, is visible at the solvent side of the 50S close to the CP. Helix 25 shows the greatest length
variability among the three phylogenetic domains (Petrov et al., 2014). It is a short stem loop in
E. coli, an ∼80 nt bent helix in Archaea, and is longer as one progresses to higher organisms (876
nt in humans). M. tuberculosis H25 is 42 nt long, which is 15 nt longer than its counterpart in E.
coli.
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Figure A1. 11, related to Figure A1.12. Cryo-EM image of M. tuberculosis 50S + RsfS
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Figure A1. 12 Cryo-EM Maps of M. tuberculosis Ribosome 50S in Its RsfS-free and RsfSBound States
The cryo-EM density maps of 50S ribosome (A) without RsfS and (B) RsfS-bound M.
tuberculosis 50S are shown in “crown view” with their densities colored (23S RNA, light
gray; 5S RNA, dark gray;
ribosomal proteins, blue; RsfS, red; handle, gold).
(C–F) The “front view” of the density map made by rotating the maps 90° along the x axis
in (A) and (B). Central protuberance (CP), stalk base (SB), and L1 protuberance (L1) are
labeled accordingly. The dashed square regions in (C) and (D) show maps and models of
the RsfS-free 50S (E) and RsfS-bound 50S (F). The cryo-EM density maps for 23S RNA are
in gray, L14 in blue, and RsfS in red.
(G) The interacting surfaces between L14 and RsfS.
(H) L14 has a net positively charged side while the RsfS is negatively charged on the
interface (see also Figures A1.1, A1.2, A1.11, A1.13, A1.14, A1.15, and A1.16).
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Figure A1. 13, related to Figure A1.12
Local resolutions of the reconstructions of the M. tuberculosis 50S ribosomes in the RsfSfree state and RsfS-bound states showing most regions of the maps have a resolution better
than 9Å (color ranges from blue 6 Å to red 12 Å or greater).
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A1.3.5 A single subunit of RsfS directly binds to the L14 protein on the M. tuberculosis 50S
Cryo-EM density corresponding to a single RsfS protein was clearly identified on the
surface of the 50S, interacting directly with the L14 protein. L14 is composed of a five-stranded
β barrel, a C-terminal loop region that contains two small α helices, and a β ribbon that projects
from the β barrel (Davies et al., 1996). The primary structures of L14 from M. tuberculosis, E.
coli, Thermus thermophilus, and Haloarcula marismortui are highly conserved. M. tuberculosis
L14 has between 66% and 78% sequence identities with these orthologs and, as expected, all
three of the L14 crystal structures fit nicely into the density map. Our homology model of M.
tuberculosis L14 was built using SWISS-MODEL (Schwede et al., 2003) based on the E. coli
L14 structure and the resulting model was fit into the M. tuberculosis density map.
Given that RsfS is a dimer in solution, we were surprised to find that the cryo-EM density
for the bound RsfS was only large enough to accommodate a single protein subunit (Figures
A1.12E and A1.12F). In order to get the structure of the complex, the refined crystal structure of
a single subunit of RsfS and the homology model of L14 were optimized to fit their cryo-EM
densities by starting from random initial orientations of the RsfS relative to the L14. The two
models were refined into density using the real-space refinement routine in PHENIX (Adams et
al., 2010). The final refined model of the complex between L14 and RsfS had a cross-correlation
score of 0.9 with its cryo-EM density map. Visual inspection showed very good agreement of the
secondary structural components of the RsfS crystal structure with the EM density.
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Figure A1. 14, related to Figure A1.12
“Crown-view” (Left) and Side view (Right) of M. tuberculosis 50S superimposed with M.
smegmatis 70S cryo-EM density map. The “handle” in M. tuberculosis and “steeple” in M.
smegmatis have been outlined and are overlapped on the base.
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Figure A1. 15, related to Figure A1.12
Extra densities marked with * for nucleotide extensions.
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Most of the atoms of RsfS that form the dimer interface are also at the interface of RsfS
with L14. This is in agreement with the observation of a single subunit of RsfS dimer bound to
L14. The structure of the complex indicates that the two small C-terminal α helices (Arg104 to
Leu117) of L14 are interacting with the RsfS β sheet (β1, Val26-Asp30; β2, Cys40-Gly46; β3,
Arg72-Gly75; β4, Trp81-Asp85; β5, Ile89-His95), loop 2 (Val31-Asp39), and the C-terminal α3
(Phe101-Gly109) of RsfS (Figure A1.12G). In fact, the buried surface area between L14 and
RsfS is 2,212 Å2, which represents about 20% of the total surface area of the RsfS-L14 complex
(Krissinel and Henrick, 2007), slightly more than the buried surface area observed in the dimer.
While it is not possible to assign hydrogen bonds at this resolution, the binding interface of the
RsfS-L14 contains complementary electrostatic surface potentials as well as many potential Hbond donors and acceptors. At the interface of the two proteins, L14 has a net positive
electrostatic surface while the RsfS interface has a negative potential (Figure A1.12H),
indicating that H bonds and electrostatic forces are likely the dominant interactions between the
RsfS and the L14. We have made 14 mutations to residues on RsfS that are common between the
interface of the dimer and the RsfS-L14 complex. Only one mutation, E74A, provided soluble
recombinant protein. The mutant was 64% less active in the inhibition for the M. tuberculosis
translation assay. In addition, we found this mutant could not pull down 50S to the same degree
as wild-type (Figure A1.16), suggesting that there was a significant reduction in affinity.
However, the mutant protein was still a dimer in solution.
We compared our cryo-EM M. tuberculosis RsfS-50S structure to a published E. coli
RsfS-50S homology model (Hauser et al., 2012). The model was constructed based on alanine
scanning mutagenesis. Both M. tuberculosis RsfS and the modeled E. coli ortholog interact with
L14 through their C-terminal helix α3 and loop 2, as well as the β sheet. However, there is a
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relatively large difference in the position and orientation of RsfS bound to L14. The position of
the E. coli model of RsfS on L14 was rotated about 172° compared with the M. tuberculosis
cryo-EM structure. While we cannot rule out the possibility that E. coli RsfS could bind
differently, M. tuberculosis RsfS and L14 share 25% and 66% sequence identities with their E.
coli counterparts, respectively, and therefore one would expect the binding to be conserved.

Figure A1. 16, related to Figure A1.12
(Left) Nickle pull down – assay of RsfS wild type and mutant E74A with M. tuberculosis
ribosome.
(Right) GFP translation assay of RsfS wild type and E74A. Data are represented as mean ±
SEM.
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A1.4 Discussion
A1.4.1 M. tuberculosis RsfS regulates translation by binding to 50S
The mechanism by which RsfS is able to slow translation when cells transition to the
stationary phase is not well understood. Transcriptome analysis in E. coli and M. tuberculosis
shows that RsfS mRNA levels are not significantly altered during bacterial growth (Hruz et al.,
2008). Indeed, RsfS mRNA levels remained relatively constant from the early log phase through
the stationary phase, a time when one would expect RsfS levels to increase so that translation
would be slowed. The gene expression profiling results indicated that mRNA levels of RsfS and
other ribosomal proteins are consistent (Galagan et al., 2010; Reddy et al., 2009). This suggests
that RsfS is likely to be regulated at the protein level.
RsfS inhibits translation by directly binding to the L14 protein of the 50S ribosome at a
site that, in the functional 70S, is occupied by helix 14 of the rRNA 16S in the 30S subunit. The
overlap between the RsfS binding site and that of helix 14 is relatively small, only about 30 Å2,
compared with the extremely large buried surface area of the 50S with the 30S. The structures
are consistent with the observation that RsfS binding is sufficient to compete with the 30S
subunit. However, RsfS was unable to disassociate preformed 70S, as we only observed binding
to the free 50S subunit. Yet when RsfS was added to an M. tuberculosis cell-free translation
assay, it was able to significantly decrease translation, indicating that the monomer was present
in the cell-free translation conditions. These results suggest that RsfS does not interfere with
normal ribosomal functions during the elongation phase but it has the potential to block the
formation of the functional 70S ribosome and to inhibit mRNA translation, both of which are
consistent with RsfS's role as a regulator of translation.
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The crystal structure and biochemical analysis clearly show that RsfS is a dimer in
solution, and the EM density indicates that a single subunit of the dimer binds to L14 of the 50S
subunit. It is highly unlikely that the second subunit of the dimer is bound and not visible due to
flexibility, because most of the RsfS dimer interface observed in the crystal structure directly
interacts with L14 in the inhibited RsfS-50S complex. Therefore, dissociation of the RsfS dimer
must occur before binding to the L14.
A relatively large cavity is found adjacent to the interface of the RsfS dimer. On the
periphery, the cavity contains the side chains of mostly polar and charged residues. It is tempting
to speculate that binding of a molecule might be responsible for dimer dissociation. Numerous
attempts using pull-down experiments have neither identified a molecule bound to RsfS nor
conditions where RsfS dimer dissociates. However, other groups have reported that RsfS from E.
coli interacted with several hypothetical proteins, such as yehL, yehQ, yihU, and yjcF in E. coli
(Butland et al., 2005). M. tuberculosis does not have any identifiable orthologs to any of these
proteins, again suggesting that M. tuberculosis dimer dissociation may be a regulatory event.
E. coli has three other proteins that have been implicated in the regulation of the
ribosome in the bacterial transition to the stationary phase (Polikanov et al., 2012). Ribosome
modulation factor (RMF) and hibernation promoting factor (HPF) are thought to act by inducing
dimerization of the ribosome into a 100S particle, which is incapable of translation. Protein Y
(PY) has been shown to reverse this ribosome dimerization, although the resulting 70S ribosome
appeared to be inactive. RMF and HPF are thought to induce dimerization by binding to the
mRNA and tRNA binding sites on 30S subunits. PY is a paralog of HPF and its binding site
overlaps with that of HPF and part of the RMF. We searched for the presence of RMF, HPF, and
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PY by BLASTP (Altschul et al., 1990) in M. tuberculosis using E. coli counterpart sequences
and found that only one hypothetical protein (Rv3241c) shares homology with HPF.

A1.4.2 RsfS may have multiple roles in M. tuberculosis
It is possible that RsfS serves other roles in the bacterium aside from simply silencing the
ribosome. Interestingly, the RsfS homolog in humans, C7orf30, has been shown to participate in
the assembly and stability of the large subunit of the mitochondrial ribosome. Inactivation of
C7orf30 using RNAi leads to instability and an assembly defect in the large subunit, which
results in reduced mitochondrial translation (Fung et al., 2013; Rorbach et al., 2012; Wanschers
et al., 2012).
The initiation factor eIF6 is highly conserved from yeast to mammals. It binds to RpL23,
the L14 counterpart in yeast. Binding of eIF6 to the large 60S subunit inhibits subunit joining
and thus prevents translation initiation (Gartmann et al., 2010; Klinge et al., 2011). The
mechanism of anti-association factor eIF6 is likely to be similar to that of RsfS. However, this
protein shares no structural similarity with RsfS. While eIF6 consists of five β-sheets that form a
barrel to cap RpL23, RsfS contains only one β sheet. It is possible that RsfS is involved in the
assembly of the ribosome and prevents the association of a premature 50S.
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APPENDIX II
8

CARBON-PHOSPHORUS LYASE COMPLEX
3

A2.1 Introduction
Phosphorus is essential for life. Currently, this element is most abundant as phosphoric
acid and phosphate esters (Wackett et al., 1987). However, certain organisms can acquire
needed phosphorus under conditions of low phosphate directly from organophosphonate
compounds, a class of compounds that contain a carbon-phosphorus (C-P) bond that must be
enzymatically cleaved to phosphate (McGrath et al., 2013). Phosphonates have been proposed as
a major source of phosphorus on the prebiotic earth and large quantities of phosphonates are
discharged annually into the environment as agricultural herbicides and industrial detergents
(Ternan et al., 1998).

In bacteria such as Escherichia coli, the C-P bond in unactivated

organophosphonates can be enzymatically cleaved to form phosphate and an alkane by the multisubunit C-P lyase complex (Chen et al., 1990). In E. coli, the C-P lyase complex is encoded by
the 14 genes (phnCDEFGHIJKLMNOP) contained within the phn operon (Chen et al., 1990;
Metcalf and Wanner, 1993a, b). Previous genetic and biochemical studies have demonstrated
that seven of the genes in this operon (phnGHIJKLM) are critical for the expression of proteins
that are required for the enzymatic cleavage of the C-P bond during the transformation of
phosphonates to phosphate (Metcalf and Wanner, 1993b). The individual subunits of the E. coli

Most of this appendix is reprinted with permission from “Structures of the Carbon-Phosphorus
Lyase Complex Reveal the Binding Mode of the NBD-like PhnK” by Kailu Yang, Zhongjie Ren,
Frank M. Raushel, Junjie Zhang, Structure 2015 24(1), 37-42, Copyright 2016 by Elsevier Inc.
Author contributions: ZR purified the sample. KY solved the structures. KY, ZR, FMR, and JZ
designed the experiments, interpreted the results, and wrote the paper. FMR and JZ are the
principal investigators.
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C-P lyase complex that are essential for the enzymatic cleavage of the C-P bond in
methylphosphonate have been reconstituted and characterized in vitro (Kamat et al., 2013;
Kamat et al., 2011). The series of enzymatic steps catalyzed by the C-P lyase complex is
illustrated in Figure A2.1A. The initial reaction of the C-P lyase pathway is catalyzed by a
nucleotide phosphorylase, PhnI, in the presence of PhnG, PhnH and PhnL in which ATP and
methylphosphonate

are

converted

to

adenine

and

α-D-ribose-1-methylphosphonate-5-

triphosphate (RPnTP). The RPnTP is hydrolyzed by the phosphohydrolase PhnM to produce
pyrophosphate and 5-phosphoribosyl-1-phosphonate (PRPn). PRPn serves as a substrate for the
cleavage of the C-P bond by PhnJ through a SAM-dependent radical-based reaction,
transforming PRPn to the production of 5-phosphoribosyl-1, 2-cyclic phosphate (PRcP) and
methane (or corresponding alkane).
Fragments of the C-P lyase complex containing PhnG2I2, PhnG2H2I2J2 and PhnG2H2I2J2K
can be expressed and purified in high yield (Jochimsen et al., 2011). We have used mass
spectrometry and H/D exchange methods to construct a low-resolution interaction map of the
PhnG2H2I2J2K complex that illustrates how the individual subunits associate with one another to
form larger multi-subunit complexes (Ren et al., 2015).

Interestingly, the demonstrated

stoichiometry indicates that one copy of PhnK binds to the dimeric core complex (PhnG2H2I2J2).
The X-ray crystal structure of the core complex PhnG2H2I2J2 has been recently reported
(Seweryn et al., 2015). It revealed an intertwined network of subunits PhnG, PhnH, PhnI and
PhnJ with self-homologies. However, how PhnK binds to the core complex remains unclear.
From sequence analysis, PhnK is homologous to the nucleotide-binding domain (NBD)
of ATP-binding cassette (ABC) transporters. PhnK has all the NBD motifs: Walker A, Walker B,
ABC signature, A-loop, D loop, Q-loop, and switch H-loop. The role of PhnK in the C-P lyase
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pathway is unclear: PhnK is apparently not required for any of the essential reactions of the C-P
lyase pathway in vitro (Kamat et al., 2011). However, the E. coli ΔphnK strain is phosphonate
growth deficient (Metcalf and Wanner, 1993b). PhnK was previously mapped in a groove close
to the two-fold symmetry axis of the core complex PhnG2H2I2J2 based on a low-resolution
density map from negative stain electron microscopy (negative stain EM) (Seweryn et al., 2015).
The ABC signature was suggested to bind to the core complex based on the assumption that
conserved regions comprise the interaction surface. However, this model for the binding of PhnK
needs to be validated. Moreover, the following questions still remain unanswered: (1) Why is
there only one copy of PhnK bound to a dimeric PhnG2H2I2J2 core complex? (2) How does PhnK
bind to the core complex? (3) What is the effect on the core complex after PhnK binds? A
higher-resolution structure of PhnG2H2I2J2K is clearly needed. Unfortunately, attempts to
crystalize the PhnG2H2I2J2K complex have thus far failed.
Recent advances in single-particle cryo-electron microscopy (cryo-EM) have enabled the
structure determination of large macromolecular complexes, usually with a molecular weight of
more than 400 kDa, to atomic resolutions (Bartesaghi et al., 2015; Campbell et al., 2015; Fischer
et al., 2015; Grant and Grigorieff, 2015; Jiang et al., 2015; Yu et al., 2015). This breakthrough is
mostly attributed to the development of the instrumentation needed to acquire better images (Bai
et al., 2013; Bammes et al., 2012; Fischer et al., 2015; Li et al., 2013), and the software to more
reliably process and validate the results (Frank et al., 1981; Hohn et al., 2007; Lyumkis et al.,
2013; Scheres, 2012; Tang et al., 2007), especially the use of statistical approach for processing
images of particles with conformational and compositional heterogeneity (Lyumkis et al., 2013;
Scheres, 2012). Such resolution revolution (Kuhlbrandt, 2014) in cryo-EM is expanding to the
structure determination of small (~200 kDa in size), nonsymmetrical macromolecular complexes,
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with a few examples being determined to near-atomic or subnanometer resolutions (Kim et al.,
2015; Liang et al., 2015; Lu et al., 2014). In this study, we used single-particle cryo-EM to
determine two respective structures of the PhnG2H2I2J2K (248 kDa) and PhnG2H2I2J2 (220 kDa)
complexes at 7.8Å resolution from a sample containing both of them. The interaction between
the monomeric PhnK and the dimeric PhnG2H2I2J2 was revealed.
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Figure A2. 1 Cryo-EM Analysis Reveals the Co-existence of PhnG2H2I2J2 and
PhnG2H2I2J2K
(A) The series of the enzymatic steps of C-P lyase.
(B) A region of a representative micrograph showing the particles of PhnG2H2I2J2 and
PhnG2H2I2J2K with a defocus of −1.2 µm. The scale bar denotes 500 Å.
(C) Power spectrum of the same micrograph in (B). The white dashed curve shows the
Nyquist at 3 Å.
(D) 3D density maps of PhnG2H2I2J2 (left) and PhnG2H2I2J2K (right). The maps were
colored based on the local resolutions.
(E) Projections of the two maps compared with the reference-free class averages in two
representative orientations. The Euler angles were based on the EMAN2 convention.
Yellow arrows indicate the location of PhnK. See also Figure A2.2.
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A2.2 Materials and Methods
A2.2.1 Protein purification
The plasmids for the expression of PhnG2H2I2J2K from the C-P lyase complex of E. coli
were cloned, transformed and expressed as previously described (Ren et al., 2015). The cells
were resuspended (4:1, v/w) in binding buffer (50 mM HEPES [pH 8.5], 150 mM NaCl, 20 mM
imidazole and 2 mM tris (2-carboxyethyl) phosphine) containing 0.10 mg/mL PMSF and 0.1%
protease cocktail for polyhistidine-tagged protein purification.

The cells were lysed by

sonication and the supernatant solution was separated from the insoluble debris by centrifugation
at 10,000 x g for 20 minutes at 4°C. The pellet was discarded and the supernatant solution was
applied to a 5-mL HisTrap (GE Healthcare) column, which was pre-equilibrated with 10 column
volumes of binding buffer. The proteins were eluted with a gradient of elution buffer (0.5 M
imidazole in binding buffer). The eluted fractions were pooled and applied to a High Load 26/60
Superdex 200 prep grade gel filtration column (GE Healthcare), which was previously
equilibrated with running buffer (binding buffer without imidazole). The fractions were pooled
and analyzed by SDS-PAGE.

A2.2.2 Electron microscopy
PhnG2H2I2J2K was diluted to 0.1 mg/mL with the dilution buffer (50 mM HEPES [pH
8.5], 150 mM NaCl, 2 mM TCEP). 3 µL of the sample was applied to a C-Flat 1.2/1.3 holey
carbon grid at 16°C with 100% relative humidity and vitrified using a Vitrobot Mark III (FEI).
The thin-ice areas that were expected to show clearly visible and mono-dispersed particles were
imaged under an FEI Tecnai F20 cryo electron-microscope with a field emission gun (FEI)
operated at 200 kV. Data were recorded on a Gatan K2 Summit electron-counting direct
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detection camera (Gatan) in electron counting mode (Li et al., 2013). A nominal magnification
of 25,000x was used, yielding a pixel size of 1.5 Å. The beam intensity was adjusted to a dose
rate of ~10 electrons per pixel per second on the camera. A 25-frame or 50-frame movie stack
was recorded for each picture, with 0.2 s per frame for a total exposure time of 5 s or 10 s,
respectively.

A2.2.3 Image Processing
967 collected image stacks were iteratively aligned and filtered based on the electron
dose using Unblur (Grant and Grigorieff, 2015). 694 sum images were selected according to the
visibility of particles and power spectra. For particle picking, the sum images were first lowpass filtered to 15 Å to visualize particles unambiguously. Then the Erase tool of e2boxer.py in
EMAN2 (Tang et al., 2007) was used to erase bad areas that have junk or have no particles.
Finally the Swarm tool of e2boxer.py was used to semi-automatically pick 492,889 particles
using a box size of 120 pixels, during which the threshold for picking was interactively changed
so that the false-positive picking was minimized. The coordinates were imported into Relion
(Scheres, 2012) to extract the particles from the original sum images with a downscaling factor
of 1, 2 or 4. Reference-free 2D classification was performed in Relion to remove bad particles
that cannot average well with each other, which generated a dataset of 294,203 particles. We
selected 3,956 particles with good contrast to generate an initial model using the PRIME routine
in the SIMPLE package (Elmlund et al., 2013), which was low-pass filtered to 60 Å and used for
the first round of unsupervised 3D classification in Relion. The 3D classification and refinement
were performed hierarchically (Figure A2.2).

Briefly, in the first two rounds of 3D

classification, particles were separated into three classes based on its quality and the presence or
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absence of PhnK. 50,061 good particles from one class with PhnK were selected and further
refined with C1 symmetry to produce the density map of PhnG2H2I2J2K. 86,391 particles
without PhnK were subjected to an additional round of 3D classification to separate into three
classes, which yielded 23,861 good particles in one class. These 23,861 particles were further
refined with C2 symmetry to produce the density map of PhnG2H2I2J2. The particle images were
downscaled by 4 times in the first two rounds of the 3D classification and downscaled by 2 times
in the later 3D classification and refinement.

Refinement against the particles without

downscaling, did not improve the final resolution of the maps. Blocres of the Bsoft package
(Heymann and Belnap, 2007) was used to estimate the local resolution of the cryo-EM maps.
Our resolution is limited to 7.8Å, which may be due to the flexible nature of the specimen.

A2.2.4 Molecular modeling and map segmentation
Fitting of models into the density map is done in UCSF Chimera (Pettersen et al., 2004).
The correct handedness of the density maps of PhnG2H2I2J2 and PhnG2H2I2J2K were initially
determined by docking the crystal structure of PhnH (PDB: 2FSU) (Adams et al., 2008) into both
the original maps and the maps with the flipped handedness. The crystal structure of PhnH fitted
into the flipped maps with all the secondary structures matching, confirming that the original
maps should have their handedness flipped. A homology model of PhnK was built using SWISS
Model (Guex et al., 2009) based on a NBD (PDB: 4U00) (Devi et al., 2015). The location of
PhnK was determined by the difference map between PhnG2H2I2J2K and PhnG2H2I2J2.
Moreover, the homology model of PhnK fitted the difference map with all of the secondary
structures in place, confirming the correct location of PhnK in PhnG2H2I2J2K. Segmentation of
PhnG2H2I2J2 core was done using Segger (Pintilie et al., 2010) in UCSF Chimera based on the
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crystal structure of PhnG2H2I2J2 (PDB: 4XB6). The electrostatic surface of the models was
calculated using the APBS module (Baker et al., 2001) in UCSF Chimera.

Figure A2. 2, related to Figures A2.1 and A2.3
(A) Hierarchical unsupervised classification of particles in Relion. “(Classify, C1)” denotes
unsupervised 3D classification without any symmetry constraints. “(Refine, C1)” denotes
auto-refinement without any symmetry constraints. “(Refine, C2)” denotes auto-refinement
with C2 symmetry constraint. Initial models for all classifications or refinements were lowpass filtered to 60Å. In round 1 and round 2, particles were downscaled by 4 times and
separated mainly by the presence or absence of PhnK. In round 3, particles were
downscaled by 2 times. All maps are shown with the original handedness and in the
original order of the output. Refinement against the particles without downscaling, did not
improve the final resolution of the maps.
(B) Fourier shell correlations of the reconstructions of PhnG2H2I2J2 and PhnG2H2I2J2K.
(C) Electrostatic surface of PhnG2H2I2J2 shows a negatively charged groove. The
electrostatic surface is calculated based on the PDB structure 4XB6.
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A2.2.5 Accession Numbers
The cryo-EM maps have been deposited in the EM Databank with accession codes EMD6410 (PhnG2H2I2J2K) and EMD-6411 (PhnG2H2I2J2).

A2.3 Results
A2.3.1 Co-existence of PhnG2H2I2J2 and PhnG2H2I2J2K
The genes expressing PhnG, PhnH, PhnI, PhnJ and PhnK were cloned into a pET-28b
plasmid with a polyhistidine tag on the N-terminus of PhnG as previously described (Jochimsen
et al., 2011; Ren et al., 2015). The expressed proteins were isolated using a nickel column and
then further purified by passage through a gel filtration column. The purified complexes were
vitrified and imaged (Materials and Methods). The collected movie stacks, from an electroncounting direct detection camera (Li et al., 2013), showed clear particles and strong power
spectra after aligning the frames within each movie (Grant and Grigorieff, 2015) (Figures A2.1B
and A2.1C). A total of 492,889 particles were semi-automatically picked, and subsequently
classified with reference-free two-dimensional (2D) classification and unsupervised threedimensional (3D) classification in Relion (Scheres, 2012) (Figure A2.2). Two populations of
particles were identified and reconstructed into two density maps, which correspond to the
PhnG2H2I2J2 (core complex) and PhnG2H2I2J2K (core complex bound with PhnK), respectively.
These two maps were similar except for an extra lobe of density in one of them (Figure A2.1D).
Differences in the extra density were also observed in the reference-free 2D class averages
calculated from all particles (Figure A2.1E). This extra density was later confirmed as the PhnK
subunit of the PhnG2H2I2J2K complex.

Further refinements against the separated particles

yielded the cryo-EM density maps of PhnG2H2I2J2 and PhnG2H2I2J2K, both at 7.8Å resolution,

204

based on the gold-standard Fourier shell correlation (FSC, Figure A2.2) (Scheres and Chen,
2012). Local resolution was estimated, showing most regions of the maps were at a resolution
range between 7 and 8Å (Figure A2.1D). At this resolution, the protein secondary structures
were clearly visible.
The existence of a complex missing PhnK, in the purified sample expressed from a
plasmid containing the phnGHIJK genes, is consistent with previous native gel electrophoresis
and mass spectrometry experiments (Jochimsen et al., 2011), suggesting the loose binding of
PhnK to the core complex PhnG2H2I2J2. The fact that PhnG2H2I2J2 and PhnG2H2I2J2K co-exist
in the same sample apparently hindered previous trials for the crystallization of PhnG2H2I2J2K
(Seweryn et al., 2015).

A2.3.2 Architecture of PhnG2H2I2J2 with or without PhnK bound
The 3D density maps of the PhnG2H2I2J2 and PhnG2H2I2J2K complexes measure 110Å x
70Å x 100Å and 110Å x 110Å x 100Å in dimension, respectively (Figure A2.3). The common
part of these two complexes is the PhnG2H2I2J2 core. The core retains the same architecture after
PhnK binding. In both density maps, the two copies of PhnG, PhnH, PhnI and PhnJ are arranged
in a head-to-tail fashion in a sequence of H-J-I-G as labeled in Figure A2.3B. While the cryoEM maps were independently determined and not biased by the recently determined crystal
structure of PhnG2H2I2J2 (Materials and Methods), the crystal structure fits well into the cryoEM density map of the core complex PhnG2H2I2J2 with matching secondary structures (Figure
A2.3C).
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A2.3.3 Two identical binding sites for PhnK on PhnG2H2I2J2
The binding site for PhnK is located on the α-helix 6 (residue 147-158) and a nearby loop
(residue 227-230) of PhnJ. We term this loop “chock-loop” as it may stabilize the binding of
PhnK like a chock. Two PhnJ subunits in the core complex provide two identical binding sites
for PhnK (purple polygons in Figure A2.3B). These two binding sites are approximately 50 Å
away from each other. Noticeably, between these two binding sites lies a negatively charged
groove (Figure A2.2), which was previously proposed as the PhnK-binding region based on a
low-resolution density map of PhnG2H2I2J2K from negative stain EM and protein sequence
conservation (Seweryn et al., 2015). However, the entire groove is exposed to solvent and not in
contact with PhnK in our cryo-EM map of PhnG2H2I2J2K.

A2.3.4 One copy of PhnK, through its helical domain, binds to PhnG2H2I2J2
Even though the core complex provides two identical binding sites for PhnK, only one
copy of PhnK was found to bind (Figures A2.3D, A2.3E, A2.3F and A2.4).

PhnK is

homologous to the conserved NBD of proteins in the ABC transporter family. Like NBDs,
PhnK consists of a helical domain and a RecA-like domain. It has all of the sequence motifs
(Walker A, Walker B, ABC signature, A-loop, D-loop, Q-loop and switch H-loop) of the NBD
(Figure A2.4A) (Ambudkar et al., 2006; Davidson et al., 2008). A sequence alignment of PhnK
with other structurally characterized NBDs is presented in Figure A2.5. NBDs are known to
interact with a transmembrane domain or protein (TMD) through its helical domain (Schmitt et
al., 2003). The L-loop of the TMD inserts into a cavity around the helical domain of the NBD
(Figure A2.6), which forms the major interaction between NBD and TMD (Locher et al., 2002).
In contrast, PhnK, an NBD-like protein, interacts with the cytoplasmic protein complex
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PhnG2H2I2J2. This interaction is via a helix-turn-helix motif (residues 100-120 containing the αhelices 3 and 4) within the helical domain of PhnK to bind to the α helix 6 and chock loop of
PhnJ (Figures A2.4A and A2.4C). When PhnK binds to PhnJ, the cavity of PhnK is completely
exposed to solvent. The chock loop of PhnJ may instead provide additional support to block the
movement of PhnK (Figure A2.6). The binding interface between PhnK and PhnJ shows
complementary electrostatic surface potentials. At the interface, PhnK exhibits a net positive
charge while PhnJ exhibits a negative charge (Figure A2.4D).
Attempts to dock a second copy of PhnK, in the same conformation as the first one, to the
empty binding site in the PhnG2H2I2J2K, resulted in considerable collision between their RecAlike domains, which prevents the simultaneous binding of two PhnK subunits.

A2.3.5 Binding of PhnK exposes the active site residue Gly32
The universally conserved Gly32 of PhnJ was proposed to generate a stable glycyl radical
enzyme that supports multiple turnovers without further SAM consumption (Kamat et al., 2013).

207

Figure A2. 3 Architecture of PhnG2H2I2J2 without or with PhnK Bound
(A and B) Front and bottom view of PhnG2H2I2J2. In (A), the groove on the core complex
PhnG2H2I2J2 is labeled. In (B), the gray ellipse denotes the two-fold symmetry axis, and the
two purple polygons denote the two identical binding sites for PhnK.
(C) The crystal structure of PhnG2H2I2J2 fitted into the cryo-EM map of PhnG2H2I2J2 in
the same orientation as (B). The red circles and squares denote the positions of Gly32 and
Cys272 of PhnJ, respectively.
(D and E) Front and bottom view of PhnG2H2I2J2K in the same orientations as (A) and (B),
respectively.
(F) The crystal structure of PhnG2H2I2J2 and the homology model of PhnK fitted into the
cryo-EM map of PhnG2H2I2J2K in the same orientation as (E). See also Figure A2.2.
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Figure A2. 4 PhnK is an NBD-like Protein and Interacts with PhnJ
(A) Secondary structure of PhnK with the NBD motifs labeled. The symbols and # label
the sites for the interactions between PhnK and PhnJ.
(B) One PhnK binds to the core complex with the models fitted in the map.
(C) The same view as (B) with the NBD motifs color labeled.
(D) Electrostatic surface potentials at the interface of PhnJ and PhnK. See also Figures
A2.5 and A2.6.
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Figure A2. 5, related to Figure A2.4
Sequence alignment of PhnK, PhnL with NBDs in the ABC transporter family using CLC
sequence viewer (CLC bio, QIAGEN).
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Figure A2. 6, related to Figure A2.4
The interaction mode between PhnK and PhnJ (A, C) was compared with the interaction
between a classical NBD and the corresponding TMD (B, D; PDB id: 1L7V). Purple color:
Helices 3 and 4 of PhnK interacting with PhnJ, and their corresponding helices in the NBD.
Green color: the chock-loop and Helix 6 of PhnJ, the L-loop and a helix (at the similar
position of the chock-loop) of TMD. PhnK and NBD in (C) and (D) are in the surface
representation to show the cavity for L-loop binding in ABC transporters.
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In the core complex, the two Gly32, each from one subunit of PhnJ, are symmetrically
located on the two sides of the complex. Both of these glycine residues are buried in PhnJ near
the interface between PhnJ and PhnH. In the map of PhnG2H2I2J2K, the density burying Gly32 of
PhnJ shows striking difference between the two copies of PhnJ (Figure A2.7). On the side where
there is no PhnK bound (apo side), the density burying Gly32 is stronger than the corresponding
density on the side where there is a PhnK bound (bound side), indicating the interaction between
PhnJ and PhnH in the apo side is tighter than in the bound side. On the apo side, the residue
Gly32 is hidden, as in our cryo-EM density map of PhnG2H2I2J2 (Figure A2.7A). On the bound
side, the α helices 5 and 6 of PhnJ move away from PhnH, disrupting the molecular interaction
between PhnJ and PhnH to expose the active site residue Gly32 (Figure A2.7B). Further
comparison with the crystal structure of PhnG2H2I2J2 is shown in Figure A2.8. On the apo side,
the density of α helices 5 and 6 of PhnJ matches well with the crystal structure, while on the
bound side, the density of α helices 5 and 6 of PhnJ is shifted relative to the crystal structure.
This shift indicates there is a structural rearrangement in this region to reveal the active site
underneath.
The glycyl radical formed at Gly32 was proposed to abstract the hydrogen of Cys272 to
form a cysteine radical during PhnJ catalysis (Kamat et al., 2013). In contrast, (Seweryn et al.,
2015) made the startling discovery that Gly32 of PhnJ is more than 30 Å away from Cys272 in
the crystal structure of the PhnG2H2I2J2 complex (Figure A2.3C). Here, in our cryo-EM
structure of PhnG2H2I2J2 with PhnK bound, the overall structure of PhnJ remains similar to the
crystal structure with Gly32 still ∼30 Å away from Cys272. If the proposed reaction mechanism
for C-P lyase, which involves the direct interaction between Cys272 and Gly32, is correct, then
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substantial structural rearrangements must occur transiently and/or after the binding of substrates
or other protein subunits to this complex.

Figure A2. 7 Binding of PhnK Causes Gly32 of PhnJ to Be More Exposed
(A) On the side without PhnK bound (apo side), helix 5 of PhnJ connects PhnH.
(B) On the side with PhnK bound (bound side), the densities for helix 5 and helix 6 of PhnJ
move away from PhnH to expose the Gly32 of PhnJ. The density map of PhnG2H2I2J2K is
rendered at 4.5 σ above the mean and colored coded as in Figure A2.3. The red sphere
model denotes Gly32 of PhnJ. Inset shows the map of PhnG2H2I2J2K in the same
orientation as Figure A2.3E with the locations of (A) and (B) labeled. See also Figure A2.8.

Figure A2. 8, related to Figure A2.7
Comparison between our density map of PhnG2H2I2J2K and α-helices 5 and 6 of PhnJ in
the crystal structure (PDB id: 4XB6) for the PhnK apo side (A) andbound side (B),
respectively. The color code and orientation are the same as Figure A2.7.
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A2.4 Discussion
We have demonstrated the unique binding mode of the NBD-like PhnK to the C-P lyase
core complex PhnG2H2I2J2. Even though there exist two identical binding sites for PhnK on the
core complex, only one PhnK can bind at a time, leading to a more exposed active site residue
Gly32 of PhnJ on the PhnK bound side. Such rearrangement around the active site may facilitate
the delivery of the substrate or release of the reaction product.
PhnK has all the structural motifs to bind the ATP molecule. It might help recruit the
ATP as the substrate for the C-P lyase reaction. While the two-fold symmetrical C-P lyase core
complex PhnG2H2I2J2 potentially provides two equivalent sets of active sites for two series of the
catalytic reactions, the loose and monomeric binding of PhnK suggest that it may alternate
between the two binding sites on the core complex to deliver ATPs and facilitate the two series
of reactions in a staggered time shift. Further biochemical and structural studies are needed to
test these hypotheses.
The structural information provided here will help a better understanding of the
enzymatic reaction mechanism for phosphonates utilization, especially the function of the NBDlike PhnK. Besides, our results clearly demonstrate the power of cryo-EM for the structural
study of small (~200 kDa) asymmetrical multi-subunit protein complexes with compositional
heterogeneity.
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APPENDIX III
9

CUSTOMIZED AUTOMATIC TOOLS FOR 3D ELECTRON MICROSCOPY

To process the massive data in 3D Electron Microscopy (3DEM), many state-of-the-art
software are freely available, such as EMAN2 (Tang et al., 2007) and Relion (Scheres, 2012).
However, there may be substantial need for in-house programs or even small scripts with the
following functionalities. First, the processing strategy should be customized or personalized for
one’s own application. Second, the entire data processing pipeline should be as automatic as
possible, ie., with minimal human intervene. Third, the processing results should be as good as
possible, eg., with novel ideas to process the data. It should serve as a summary of the best
procedures of processing EM data to the best of one’s knowledge. To satisfy the above need, I
write and maintain a package, initially named Personalized Automatic Tools for 3D Electron
Microscopy (PAT3DEM), that contains Python scripts and libraries covering many aspects of the
data processing. To have the version control, I also regularly upload the codes to the Github
website (https://github.com/emkailu/pat3dem).
The installation of this package is simple. First download the package from the above
Github link. Then uncompress the downloaded file and goto the uncompressed folder using a
terminal. Finally run “./INSTALL.sh”. The prerequisite is that the default Python is able to
import the EMAN2 module.
The usage of this package is uniform and self explanatory. I will use two examples to
explain it.
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Example 1: p3starcoord.py
If you type this script in a terminal, a brief description of its functionality will show up as
“Output the coordinates from star files. Origin offsets will be considered as float.” It also say
“Please run 'p3starcoord.py -h' for detailed options.” Following this instruction, the detailed
options will show up. For example, “-b BOX, --box BOX

specify a box size (in pixel) for

output, by default -1 (output .star only)” means that you can use either “-b” or “--box” to specify
a box size, and if you do not specify anything, the default value, -1, will be used and no box files
will be output. Do notice that this script will consider the offset values contained in the input star
files. If you do not want to consider the offset values, you can use p3starscale.py to reset them as
0. If you do use it, it is suggested to run an additional script, p3starcoordcheck.py, to remove
duplicate particles.

Example 2: p3rnarosettaem.py
This script is described as “Mimic MOSAICS-EM. Use Rosetta de novo RNA sampling
to replace MOSAICS.” In such cases, if you found this script useful in your publications, you
may consider to cite the MOSAICS-EM and Rosetta de novo RNA sampling papers (Das and
Baker, 2007; Zhang et al., 2012), though there is no need to cite this script.
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