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Abstract
Mycobacterium tuberculosis (Mtb), the causative agent of human lung TB, is well-known for
its strong persistence inside the human macrophage. Cholesterol catabolism has been
suggested to be one of the critical metabolic processes for the phagosome-dwelling Mtb. The
transcriptional regulator KstR, which controls a large cohort of genes taking part in the
cholesterol degradation pathway, is a potential drug target in Mtb. In this study, KstR has
been biochemically and structurally characterised as a basis for discovering new drugs
targeting the cholesterol metabolism in Mtb.
The interactions between KstR and cognate DNA or ligands have been investigated by
multiple biochemical techniques (i.e. electrophoretic mobility shift assay, surface plasmon
resonance and intrinsic fluorescence quenching assay). Protein-DNA binding assays have
demonstrated that the 21-amino-acid extension at the N-terminus of KstR imposes a positive
but non-essential role for KstR-DNA interaction. Protein-ligand binding assays and
competitive assays (of protein, DNA and ligand) have been used to identify three 3-oxo-Δ4
steroid ligands for KstR. The strong interactions with KstR of these compounds indicate that
they are endogenous ligands of KstR. In addition, the regulator has also been shown to
interact with an aliphatic ligand, palmitoyl-CoA, albeit with a weaker affinity and lower
specificity.
The crystallographic structures of KstR in various complexation states (i.e. free, ligandbound and DNA-bound) have been solved and analysed, which provides the basis for KstR’s
specificity with its ligands and cognate DNA. A structure-based allosteric mechanism is
postulated from the conformational changes of KstR among these forms. In addition, the
structures of the KstR-DNA complex hint at a potential role for intrinsic DNA shape
(determined by its sequence) in the protein-DNA interaction, which has never been observed
in other DNA-major-groove binding proteins.
The study also explores an application of the fragment-based drug discovery approach on
KstR. A thermal shift assay has been used to screen a fragment library, from which a subset
of fragments stabilising and destabilising the protein has been identified. The
crystallographic structure of KstR in complex with the stabilising fragments have been
solved, which provides the background for the future drug design targeted at KstR.
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Chapter 1. Introduction
1.1. The current context of tuberculosis
Tuberculosis (TB) is an ancient disease that has been persisting in human history since so
long as 2000 to 4000 B.C1. Nowadays, TB remains a global health issue, contributing an
estimated 10.4 million new incident cases in 2015 2. With an estimated 1.4 million deaths per
year, the disease is also among the top 10 causes of death by infectious diseases worldwide2.
When associated with the human immunodeficiency virus (HIV), the mortality rate of TB is
as high as 33%2, which further complicates the control of these two notorious diseases. As a
result of the implementation of intensive treatment programs such as DOTS over the last
century, there has been a steady decline in TB incidence of 1.5% annually2. However, the
World Health Organization targets a 4-5% annual decline2 to meet the milestone of the End
TB Strategy, which aims to bring complete control over the pandemic by 2020.
The current treatment scheme of TB is still coping with a number of challenges, mostly
associated with the limited portfolio of TB-drugs. The high risk of developing drug-resistant
TB was observed as early as the launch of the first anti-TB drug streptomycin3. Since then
multi-drug regimens, in which two or more antibiotics are used simultaneously, have been
employed in TB treatment. Current antibiotics for drug-susceptible TB include four first-line
drugs: isoniazid, rifampicin, ethambutol and pyrazinamide. However, the threat of a TB
epidemic is growing with increasing incidence of multi-drug-resistant (MDR) TB forms,
which show resistance to the most potent drugs isoniazid and rifampicin. Treatment of MDRTB is even more challenging with extended treatment time and the use of second-line drugs,
which are more toxic, expensive and harder to procure2. Although treatment time for MDRTB has been significantly reduced (from 20 months before 2016), the current standard
scheme recommended by the World Health Organization takes up to 12 months with
estimated cost of US$ 1000 per person2. The emerging extensively drug-resistant TB forms,
which are resistant to one fluoroquinolone and a second-line injectable drug, further restrict
treatment due to the limited choice of anti-TB drugs2. The limitations of treatment scheme are
particular obstacles for TB treatment with the confounding factors of poverty and HIV coinfection, in which there are interactions between TB and antiretroviral drugs3-4. Therefore it
is of great importance to improve drug efficacy and simplify the treatment schemes.
1
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Within the last four decades, bedaquiline is the only new anti-TB drug that has become
available for treatment5. Although new antibiotics and vaccines are emerging from the drug
pipeline, continuous efforts are needed to keep the pipeline running4. Furthermore, current
TB drugs predominantly target common metabolic processes of active Mycobacterium
tuberculosis, the causative agent of human TB, such as the replication, transcription and
translation machinery, energy and cell wall synthesis4, 6. Most of the available antibiotics are
not effective for treatment of latent TB, in which Mtb shows a metabolically inactive state
and consequently a phenotypic drug resistance7-8. Drugs with novel mechanisms are therefore
in need to diversify the antibiotic targets, which might open up a new possibility to improve
potency against latent TB and enable new drug combinations for an improved synergy and
efficacy4.

1.2. Mycobacterium tuberculosis (Mtb) and its cholesterol metabolism
1.2.1. Lipid metabolism in Mtb
The pathology of pulmonary TB, the most common form of TB in human, by Mycobacterium
tuberculosis (Mtb) is summarised in Figure 1. Unlike most pathogens that can be efficiently
tackled by macrophages, Mtb notoriously survives and thrives even after phagocytosis.
Remarkably, the bacterium is able to proactively compromise the safeguarding function of
the macrophage and persist within the harsh environment of the infected phagosome.
Aggressive attacks by the adaptive immune system with severe activation of the macrophages
cannot kill the pathogen effectively. Even in the lockdown of an immuno-induced granuloma,
the bacterium survives, although in a metabolically inactive stage, and until a compromise of
the immune system promotes a subsequent reactivation (Figure 1).
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Figure 1. The pathology of pulmonary TB.
Transmission of TB occurs when an individual inhales airborne Mtb. The bacilli follow
the respiratory tract to arrive at the lung alveoli, where they are phagocytosed by lung
macrophages. Due to the lysosome’s failure to fuse with infected phagosomes, Mtb
persists inside the macrophage. Although the acquired immunoreaction fails to eliminate
invading Mtb, it is capable of isolating the pathogen by recruiting mononuclear cells and
T lymphocytes and, by doing so, forming a granuloma. The bacteria persist in a dormant
state inside granuloma, but can be resuscitated to continue their invasion. Bacterial
activity leads to necrosis and caseation of the granuloma, which finally destroys its solid
structure. Active Mtb is released to the airway and coughed out in contagious aerosols.
Reprinted from Gengenbacher and Kaufmann9 with permission from the Federation of
European Microbiological Societies.
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To adapt to and bypass the human immuno-defence system, Mtb has evolved to equip itself
with an arsenal of remarkable metabolic features, one of which is the ability to metabolise
lipids. The Mtb genome revealed that an unusually large fraction of genes (6% of the total) is
devoted to lipid metabolism10. Considering the fact that Mtb has downsized its genome
during its evolution as an obligatory parasite10, the conservation of such pathways underlines
the importance of lipids for the bacterium’s fitness and pathogenesis. In general, biosynthesis
of lipids seems to be a dominant part of Mtb’s defence mechanism against environmental
attacks. The self-produced mycolic acids are the major constituents of Mtb’s complex cell
wall, which acts as an effective barrier, protecting the bacterium from external lethal
factors11. There is a long line of evidence that Mtb lipids and glycolipids can be potently
bioactive in manipulating the metabolism of host cells, the topic of which is intensively
reviewed elsewhere12-13. On the other hand, host cell lipids are also essential for the
intracellular survival and persistence of Mtb. It has been reported that the uptake of the
bacterium by macrophages is facilitated at the sites of accumulated plasma membrane
cholesterol14. Although the exact nutrient source of Mtb inside phagosomes remains to be
established, there has been strong evidence that the pathogen metabolises host cell lipids and
cholesterol (see below). It appears that the bacterium uses both lipid synthesis and lipid
catabolism for establishing pathogenesis12. As part of a bigger picture, this section focuses on
the catabolism of lipids and, especially, the regulation of catabolism of cholesterol in Mtb,
which has been widely suggested to be essential for the bacterium’s survival and persistence
during the macrophage infection.
Mtb has been shown to metabolically adapt to the environment inside the phagosome
vacuole15-17, which has been described as being oxidative, slightly acidic and lacking
common nutrients18-19. It appears that, apart from the stress-coping mechanism, the
bacterium’s ability to efficiently exploit the limited nutrient source in phagosome is also a
purported survival strategy. Multiple studies have suggested that Mtb relies on uncommon
nutrients such as lipids and cholesterols, which are abundant in inflammatory macrophages2021

, for critical carbon and energy sources. An early study on the biochemical differences

between Mtb grown in cultures and those separated from infected mouse lung noted that in
vivo grown bacteria respond metabolically to fatty acids but not to carbohydrate nutrient
sources22. The bacterium has been shown to utilise oxygenated mycolic acids to induce the
transformation of the native macrophage into a foamy cell, which is loaded with lipid
bodies20-21. Mtb has been seen actively invading these bodies (in foamy cells or in lipid4
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loaded hypoxic macrophages) and accumulating its lipid storage from host cell lipids20, 23-24.
Studies of Mtb’s transcriptional profiles have provided a consensus that lipids metabolism,
together with other cell defence mechanisms, is mobilised during infection15-17. Furthermore,
many genes involving in lipids degradation have been found to be essential for bacterial
survival during infection of alveolar macrophage25 and mouse spleen26. These observations
nominate lipids catabolism as one of the characters of intracellular Mtb that might be critical
for the bacterium’s fitness in this niche.
Mtb possesses an unusual central carbon metabolism that is heavily adaptive towards
catabolism of simple carbon nutrients27. Bacteria utilising fatty acids (FAs) as limited nutrient
sources rely on the catabolism and assimilation of the two-carbon (C2) acetyl-CoA and the C3
propionyl-CoA, which are products of the fatty acid (FA) -oxidation or cholesterol
degradation. For an efficient use of these substrates, additional pathways are required in
addition to the standard tricarboxylic acid (TCA) cycle. In Mtb, acetyl-CoA originating from
even-chain FA is fed to the glyoxylate cycle (or glyoxylate shunt)28-29, 27, 30 (Figure 2). The
cycle is a short version of the TCA cycle, in which the decarboxylation steps are bypassed to
preserve carbons for the subsequent gluconeogenesis31. Propionyl-CoA, produced from oddor branched-chain FAs, can be processed via three pathways: the methylcitrate cycle
(MCC)29,

32-33

, the B12-vitamin-dependent methylmalonyl pathway (MMP)34-35, or the

biosynthesis of membrane methyl-branched FAs36-37. Notably, the metabolism of propionylCoA has been suggested to be crucial for Mtb’s fitness due to the potential toxicity of this
metabolite. Similar to Aspergillus nidulans, an accumulation of propionyl-CoA in Mtb
inhibits the activity of pyruvate dehydrogenase (PYD), which is required for the generation of
acetyl-CoA from pyruvate (Figure 2). Supplementing acetyl-CoA, therefore, elevates the
propionyl-CoA toxicity37. It has been thus established that not only the detoxification of
propionyl-CoA is crucial for the bacterial growth on lipids, but a balance of C2 and C3
metabolites is also essential for a healthy metabolic state of Mtb32, 37.
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Figure 2. The metabolism of the lipid-originating C2 and C3 metabolites in Mtb.
The tricarboxylic acid cycle, the glyoxylate shunt, the methylcitrate cycle and the
methylmalonyl pathway are shown in green, orange, blue and purple arrows,
respectively. Solid arrows indicate single reaction, dashed arrows indicate multiple
reactions. PEPCK, phosphoenolpyruvate carboxykinase. PYK, pyruvate kinase. PYD,
pyruvate dehydrogenase. CIT, citrate synthase. ACN, aconitase. ICD, isocitrate
dehydrogenase. KGD, -ketoglutarate dehydrogenase. SDH, succinate dehydrogenase.
FUM, fumarase. MDH, malate dehydrogenase. ICL, isocitrate lyase. MLS, malate
synthase. MCS, methylcitrate synthase. MCD, methylcitrate dehydratase. MCL,
methylisocitrate lyase. PCC, propionyl-CoA carboxylase. MMCE, methylmalonyl-CoA
epimerase. MCM, methylmalonyl-CoA mutase. SCS, succinyl-CoA synthase. Adapted
from Rhee et al.27.

In agreement with the critical role of lipid catabolism during macrophage infection, the
metabolism of C2 and C3 metabolites has been found to be both active and essential for the
bacterial intracellular growth15, 17, 28-29, 37-39. However, it is likely that the lipids are not strictly
required throughout the course of macrophage invasion. A disruption of the bifunctional
isocitrate lyase/methylisocitrate lyase (icl) enzyme of the glyoxylate cycle and the MCC
conferred reduced survival of mutant bacteria only in activated macrophages or after
initiation of the immune response in mouse model, but not in naive macrophages28. The result
suggests that the bacterial metabolism of simple carbon sources is dispensable for
establishing infection but is critical for the bacterial persistence during the immuno-activating
stage. On the other hand, the carbohydrate metabolism is also required for the bacterium’s
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intracellular growth25-26. It is very likely that, at least in the early stage of phagocytosis, Mtb
is exposed to diverse nutrient sources and the bacterium catabolizes multiple carbon
substrates. The scenario is supported by the established phenomenon of substrate cometabolism in Mtb, in which multiple carbon sources are consumed simultaneously via
segregated metabolic pathways to serve distinct metabolic purposes

40-41

. Furthermore,

phagocytosed Mtb has been shown to undergo an initial fast-growing stage (up to two days
post infection), during which metabolic adaptation is most profound17. Metabolism of the
efficient carbohydrate substrates in this stage might be crucial for successful accommodation
in the intracellular environment. As the infection progresses, nutrient availability is possibly
limited in matured phagosomes, and the pathogen relies on the less efficient but more
abundant substrates, fatty acids and cholesterol21, to support its persistence.

1.2.2. Cholesterol degradation in Mtb
The cholesterol metabolism in Mtb has drawn scientific interest over the past decades due to
its crucial role in the bacterial pathogenesis. Studies on the metabolic adaptation for the
intracellular growth of Mtb have shown that many genes in the cholesterol degradation
pathway are upregulated or required for intracellular growth17, 42, indicating that cholesterol
metabolism is important during infection. Cholesterol degradation provides a major source of
C2 and C3 metabolites (see below), of which metabolism has been shown to be both active
and essential for the bacterial virulence during the chronic stage of infection (Section 1.2.1).
It is possible that Mtb metabolises the host cell cholesterol and lipids during phagocytosis as
limited nutrient sources available in this niche. In support of this view, cholesterol and
cholesteryl esters, apart from triacyl glycerols and lactosylceramides, are major components
of the caseum granuloma lipids and accessible by the phagosomal Mtb21. Similar to the lipid
catabolism, the degradation of cholesterol is only required in the immuno-adaptive stage of
infection and, although likely to be active17, dispensable during early infection. Disruption of
the cholesterol uptake via the ABC transporter complex MCE4 impairs Mtb’s persistence in
activated, but not in resting macrophages, and during the later chronic stage of infection in
mice model43. A similar phenotype has been observed with a disruption of fadA5, a thiolase
required for the side chain degradation of the cholesterol (see below), during the infection in
mice model44.
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Cholesterol degradation in Mtb is remarkable in a sense that it is sufficient to fuel the cellular
machinery by itself. Using 14C-radiolabeled cholesterol, it has been shown that the C4 carbon
(Figure 3) is converted to CO2 via the TCA cycle, while the C26 carbon is mainly
incorporated into methyl-branched lipids32,

43

. The result indicates that Mtb metabolises

cholesterol for both energy production and biosynthetic processes43. The pathway is not only
metabolically competent but also stringently regulated, suggestive of its important position in
maintaining the cellular well-being. The transmembrane transportation of cholesterol is
strictly performed by a dedicated transporter complex MCE443. Transcription levels of genes
involved in the pathway are jointly regulated by two transcriptional regulators KstR and
KstR2

45-46

(Section 1.2.3), suggesting a strong requirement for an appropriate coordination

of the pathway.

Figure 3. The chemical structure of cholesterol.
Steroidal rings are named as indicated. The numbering scheme of carbon atoms (blue) is
in accordance with IUPAC-recommended nomenclature.

The catabolism of cholesterol in mycobacteria comprises two main stages: degradation of the
aliphatic side chain and degradation of the 4-ring sterol. Extensive studies have drawn a
wealth of details for the picture of cholesterol degradation in Mtb, a summary of which is
depicted in Figure 4.
Cholesterol side chain degradation is achieved through successive rounds of -oxidation of
the 3-oxo form rather than the 3-hydroxyl form of cholesterol as seen in some
actinobacteria47 (Figure 4). In the first step, the hydroxyl group of cholesterol is oxidised to
produce cholest-4-en-3-one (3OCh). The reaction can be catalysed by a cholesterol oxidase
ChoD48 or a 3-hydroxysteroid dehydrogenase 3-Hsd49. 3OCh is subsequently oxidised to
cholest-4-en-3-onic acid (3OChA) by the redundant activities of two cytochrome P450
enzymes: Cyp125 50 and Cyp142 51. The condensation of 3OChA and CoSH is performed by
the acyl-CoA synthetase FadD19

52

, and the thioester product 3OCh-CoA enters three
8
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consecutive cycles of -oxidation to remove the aliphatic side chain (Figure 4). In each cycle,
acyl-CoA is first oxidised to produce an unsaturated trans-Δ2-enoyl-CoA. The acyl-CoA
dehydrogenases responsible for this step of cycle 1, 2 and 3 are ChsE4-ChsE5 (FadE26FadE27), ChsE3 (FadE34)53 and ChsE1-ChsE2 (FadE28-FadE29)54-55, respectively. In the
second step, the enoyl-CoA is hydrated at the newly formed double bond, producing L-3hydroxyacyl-CoA. The enzyme ChH1-ChH256 responsible for this step of cycle 3 is the only
enoyl-CoA hydratase that has been identified for cholesterol side chain degradation. The next
reaction of β-oxidation, in which L-3-hydroxyacyl-CoA is reduced at its hydroxyl group, has
not been characterised in Mtb. Finally, the product 3-ketoacyl-CoA of the previous step goes
through a cleavage to produce steroidyl-CoA and either propionyl-CoA (cycles 1 and 3) or
acetyl-CoA (cycle 2) (Figure 4). So far only the thiolase FadA5 57 has been identified for this
step of cycle 1. The Ltp2 protein located in the same operon with the chsE1-chsE2 genes is
predicted to be the thiolase of cycle 3 44. At the end of three -oxidation cycles, the aliphatic
side chain is completely degraded, and the product 4-androstene-3,17-dione (AD) enters the
ring degradation phase.

Figure 4. The cholesterol degradation pathway in Mtb.
Black solid arrows indicate single reactions, black dash arrows indicate multiple
reactions, blue arrows indicate product formations. Enzyme and compound names are
coloured in green and dark red, respectively. See text for the name abbreviations. The
diagram is adapted from Ouellet et al58 with the assumption that side-chain and ring
degradations occur sequentially.
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In the second stage, rings A and B of the 3-oxo steroid are degraded before rings C and D are
completely recycled (Figure 4). The process starts with oxidation by the 3-ketosteroid-1dehydrogenase KstD59, yielding 1,4-androstadiene-3,17-dione (ADD). Ring B of ADD is
subject to cleavage via hydroxylation by the 3-ketosteroid 9-hydroxylase KshAB
complex59-60. The product, 3-hydroxy-9,10-seconandrost-1,3,5(10)-triene-9,17-dione (3HSA) is further hydroxylated in ring A by the flavin-dependent mono-oxygenase HsaAB
complex61. The resulted catechol 3,4-dihydroxy-9,10-seconandrost-1,3,5(10)-triene-9,17dione (3,4-DHSA) is subject to opening of ring A by the iron-dependent estradiol
dioxygenase HsaC62 to produce 4,5-9,10-diseco-3-hydroxy-5.9.17-trioxoandrosta-1(10),2diene-4-oic acid (4,9-DSHA) with rings A and B linearized. The compound is subsequently
cleaved by the 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase HsaD, yielding 3aαH-4α(3’-propanoate)-7aβ-methylhexahydro-1,5-indanedione (HIP) and 2-hydroxy-hexa-2,4dienoic acid (HHD)63. HHD is possibly reduced to 4-hydroxy-2-oxohexanoate (HOHA) by
the putative hydratase HsaE42. HOHA undergoes complete digestion by the channelling
activity of the aldolase and dehydrogenase HsaFG complex64, resulting in one propionyl-CoA
and one pyruvate (Figure 4). The degradation of rings C and D starts from HIP with CoAthioesterification performed by the acyl-CoA synthetase FadD352. The degradation pathway
of HIP-CoA remains to be completely elucidated. However, gene disruption and metabolite
mapping have confirmed that the general process produces three acetyl-CoA, one propionylCoA and one succinate65.
There has been an ongoing disagreement in the literature regarding the order of the side chain
and ring degradations in Mtb. Some studies advocate that the two stages occur sequentially
with the side chain degradation preceding the ring opening. In support of this view, ChsE1ChsE2 of the first stage has a strong preference for the 4-ring steroid over the 2-ring
indanone54-55. Similarly, HsaC of the second stage favours biphenyl substrates over the 4-ring
intermediates of the first stage42. In the other view, the two stages have been proposed to
coincide with the possibility of interchanging metabolites between them as seen in some
actinomycetes47. Evidence that supports this is that an in vitro activity assay of KshAB
indicated a clear preference on 4BNC-CoA over AD59. It is possible that in vivo, the second–
stage enzymes are, although capable of catalysing substrates with partially degraded side
chains, more exposed to substrates with fully truncated side chains, and thus dominantly
process the laters. Therefore, side-chain and ring degradation in intracellular condition might
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appear to occur sequentially in the cell. This hypothesis is supported by the observation that
wild-type Mtb accumulates ADD and AD in the culture supernatant (suggestive of a
sequential order) while ΔfadA5 mutant produces several metabolites that have lost the
labelled 14C at C4 position44 (suggestive of a concurrent order).
It has been well documented that the cholesterol degradation in Mtb is associated with a
potential toxicity caused by a) toxic intermediates or b) inhibition of the central carbon
metabolism by propionyl-CoA. The first phenomenon has been observed in mutants of some
enzymes along the pathway. A cyp125A1 mutant showed a severe accumulation of
intracellular 3OCh and a reduced growth in the presence of cholesterol66. Similarly, a hsaC
mutant failed to grow in cultures supplemented with cholesterol due to an accumulation of
intoxicating catechols and byproducts62. Mutation of the igr operon, which encodes enzymes
for the last -oxidation cycle of side-chain degradation54, 67, resulted in an impaired bacterial
growth in cultures containing cholesterol and showed reduced in vivo survival in mice
model68. On the other hand, the toxicity of propionyl-CoA is a potential risk arising from
both lipids and cholesterol degradation (Section 1.2.1). However, the risk might be greater
with cholesterol metabolism considering the large ratio of C3 versus C2 metabolites produced
by the pathway. Indeed, it has been established that cholesterol is a major source of
propionyl-CoA during macrophage infection and that the MCC, as a drainage for propionylCoA (Section 1.2.1), is required for growth on cholesterol and in macrophages32. It is
therefore expected that degradation of cholesterol requires a strict regulation to minimise
exposure of toxic intermediates and to maintain a balance of propionyl-CoA and acetyl-CoA.
In general, cholesterol degradation in Mtb provides access to an abundant source of energy
inside macrophages. So far the precise role of cholesterol metabolism during the intracellular
growth of Mtb has not been established. However, whether its purpose is energy production
or providing metabolic precursors, its indispensable contribution to successful adaptation to
intracellular life is evident. One of the interesting aspects of the pathway is that it is
dominantly controlled by a master transcriptional regulator KstR (Section 1.2.3).
Understanding this regulation system would provide information on how cholesterol
degradation fits in the metabolic network of Mtb.
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1.2.3. Regulation of cholesterol degradation
The regulation of cholesterol degradation at a transcriptional level was first observed in
Rhodococcus sp. strain RHA1 42. A microarray transcriptome of RHA1 grown on cholesterol
demonstrated an induction of a subset of 51 genes, which are conserved within an 82-gene
cluster in Mtb (Rv3492c-Rv3574, termed the ‘Cho-region’44) as well as other mycobacteria42.
Most of these genes are involved in the cholesterol transportation and metabolism. The two
TetR family transcriptional regulators (TFTRs) located in this cluster, KstR and KstR2, have
been shown to jointly regulate the region.
KstR and KstR2 regulons have been characterised in Mycobacterium smegmatis (Msm)45-46, a
fast-growing relative of Mtb. The deletion of KstR in Msm (KstRMsm, MSMEG_6042)
derepresses the gene itself and the adjacent divergently transcribed gene (MSMEG_6041),
indicating that the protein regulates the promoter region sandwiched between these genes45.
The region contains a conserved 14-bp palindrome, which is a typical feature of TFTRs’
binding sites69. A genome-wide search has identified 31 instances of the motif in Msm.
KstRMsm regulon has been defined as genes derepressed in kstRMsm mutant and containing
the motif in their promoter regions. This resulted in 83 genes, a majority of which are located
within the Cho-region of Msm (MSMEG_5893-MSMEG_6043) (Table 1). A smaller subset of
genes (MSMEG_5999-MSMEG_6017) within this region is regulated by KstR2Msm46, which
also recognises a DNA palindromic motif. Transcriptome analysis of Msm confirmed that
most of the KstRMsm and KstR2Msm regulons are upregulated during growth on cholesterol70,
supporting the role of the two regulators in the cholesterol catabolism.
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M. smegmatis
D

Gene

KstR regulon
↑ MSMEG_0217
↑ MSMEG_0302
↑ MSMEG_0304
↑ MSMEG_0305
↑ MSMEG_0309
↑ MSMEG_1098
↓ MSMEG_1410
↑ MSMEG_2644
↑ MSMEG_2645
↑ MSMEG_2789
↑ MSMEG_2790
↑ MSMEG_3515
↓ MSMEG_3516
↓ MSMEG_3519
↑ MSMEG_3658
↓ MSMEG_3843
↓ MSMEG_3844
↑ MSMEG_5202
↓ MSMEG_5228
↓ MSMEG_5286
↑ MSMEG_5519
↓ MSMEG_5520
↑ MSMEG_5554
↓ MSMEG_5555
↓ MSMEG_5584
↓ MSMEG_5586
↑ MSMEG_5893
↑ MSMEG_5894
↑ MSMEG_5895
↑ MSMEG_5896
↑ MSMEG_5897
↑ MSMEG_5898
↑ MSMEG_5899
↑ MSMEG_5900
↑ MSMEG_5901
↑ MSMEG_5902
↑ MSMEG_5903
↑ MSMEG_5904g
↓ MSMEG_5906
↓ MSMEG_5907
↓ MSMEG_5908
↓ MSMEG_5909
↓ MSMEG_5911
↑ MSMEG_5913

M. tuberculosis
M C Gene
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
a
a
a
a
a
a
a
a
a
• a
•

Rv0162c
Rv1426c
Rv1427c
Rv1428c
Rv0223c
Rv0551c
Rv0687
Rv2800
Rv2799
Rv2669
Rv2668
–
–
Rv1894c
–
Rv1628c
Rv1627c
Rv1132
Rv1106c
Rv1059
–
Rv0953c
–
Rv0940c
Rv0927c
Rv0926c
Rv3492c
Rv3493c
Rv3494c
Rv3495c
Rv3496c
Rv3497c
Rv3498c
Rv3499c
Rv3500c
Rv3501c
Rv3502c
Rv3503c
Rv3504
Rv3505
Rv3506
–
–
–

Gene name

INTRODUCTION

Function

M C K P
adhE1
lipO
fadD12
–
–
fadD8
–
–
–
–
–
–
–
–
–
–
–
–
–
dapB
–
–
–
–
–
–
–
–
mce4F
mce4E
mce4D
mce4C
mce4B
mce4A
supBh
supAh
hsd4A
fdxD
fadE26/chsE4
fadE27/chsE5
fadD17
–
–
–

•
•
•
•

•
•

•
•

•
•

Alcohol dehydrogenase
Esterase
Acyl-CoA synthetase
CHP
Aldehyde dehydrogenase
Acyl-CoA synthetase
Short-chain type
CHP
dehydrogenase/reductase
Membrane protein
CHP
CHP
Short-chain type
CHP,
possibly a pseudogene
dehydrogenase/reductase
CHP
Fumarate reductase/succinate
CHP
dehydrogenase
Non-specific lipid transfer protein
Conserved membrane protein
Cholesterol dehydrogenase
Dihydrodipicolinate reductase
Monooxygenase
Oxidoreductase
Putative anti-terminator response
Oxidoreductase
regulator
Short-chain type
CHP
dehydrogenase/reductase
CHP MCE associated protein
CHP MCE associated protein
mce4 operon: lipid transfer
mce4 operon: lipid transfer
mce4 operon: lipid transfer
mce4 operon: lipid transfer
mce4 operon: lipid transfer
mce4 operon: lipid transfer
mce4 operon: lipid transfer
mce4 operon: lipid transfer
17b-hydroxysteroid dehydrogenase
Ferredoxin
Acyl-CoA dehydrogenase
Acyl-CoA dehydrogenase
Acyl-CoA synthetase
Oxidoreductase
AraC-like transcriptional regulator
Dioxygenase

Table 1. The regulons of KstR and KstR2 in M. smegmatis and M. tuberculosis.
(Legends are on the next pages)
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M. smegmatis
D
↑
↓
↑
↑
↑
↓
↓
↓
↓
↓
↑
↑
↑
↑
↑
↑
↓
↓
↑
↑
↑
↑
↑
↑
↓
↓
↓
↑
↑
↑
↑
↑
↑
↓
↓
↑
↓
↓
↑
↑
↑
↑
↓
↓

Gene
MSMEG_5914
MSMEG_5915
MSMEG_5918
MSMEG_5919
MSMEG_5920
MSMEG_5921
MSMEG_5922
MSMEG_5923
MSMEG_5925
MSMEG_5927
MSMEG_5930
MSMEG_5931
MSMEG_5932
MSMEG_5937
MSMEG_5939
MSMEG_5940
MSMEG_5941
MSMEG_5943
MSMEG_5990
MSMEG_5991
MSMEG_5992
MSMEG_5993
MSMEG_5994
MSMEG_5995
MSMEG_5996
MSMEG_5997
MSMEG_5998
–
MSMEG_6033
MSMEG_6035
MSMEG_6036
MSMEG_6037
MSMEG_6038
MSMEG_6039
MSMEG_6040
MSMEG_6041
MSMEG_6042
MSMEG_6043
MSMEG_6474
MSMEG_6475
KstR2 regulon
MSMEG_5999
MSMEG_6000
MSMEG_6001
MSMEG_6002

M. tuberculosis
M C Gene
•

•
•

•

•

•

•

••

•

•

•

Rv3515c
Rv3516
Rv3518c
Rv3519
Rv3520c
Rv3521
Rv3522
Rv3523
Rv3526
Rv3527
Rv3529c
Rv3530c
Rv3531c
Rv3534c
Rv3535c
Rv3536c
Rv3537
Rv3538
Rv3540c
Rv3541c
Rv3542c
Rv3543c
Rv3544c
Rv3545c
Rv3546
–
Rv3547
Rv3566c
–
Rv3567c
Rv3568c
Rv3569c
Rv3570c
Rv3571
Rv3572
Rv3573c
Rv3574
–
Rv0139
Rv0138
Rv3548c
Rv3549c
Rv3550
Rv3551

Gene name

Function

fadD19
echA19
cyp142
–
–
–
ltp4
ltp3
kshA
–
–
–
–
hsaF
hsaG
hsaE
kstD
hsd4B
ltp2
chsH1
chsH2
fadE29/chsE1
fadE28/chsE2
cyp125
fadA5
–
–
nat
–
hsaB
hsaC
hsaD
hsaA
kshB
–
fadE34/chsE3
kstR
–
–
–

Acyl-CoA synthetase
Enoyl-CoA hydratase
Cytochrome P450 monooxygenase
CHP
Co-enzyme F420-dependent
CHP
oxidoreductase
3-keto-acyl-CoA thiolase
3-keto-acyl-CoA thiolase
Ketosteroid-9a-hydroxylase
CHP
CHP
Oxidoreductase
CHP
4-hydroxy-2-oxovalerate aldolase
Acetaldehyde dehydrogenase
2-hydroxypentadoenoate
3-ketosteroid Δ1-dehydrogenase
2-enoyl acyl-CoA hydratase
3-ketoacyl-CoA thiolase
Enoyl-CoA hydratase (alpha subunit)
Enoyl-CoA hydratase (beta subunit)
Acyl-CoA dehydrogenase
Short/branched chain acyl-CoA
Cytochrome
P450 125
dehydrogenase
Acetyl-CoA acetyltransferase
CysQ family
CHP
Arylamine N-acetyltransferase
HP
3-HSA hydroxylase, reductase
3,4-DHSA dioxygenase
4,9-DHSA hydrolase
3-HSA hydroxylase, oxygenase
Ketosteroid 9a-hydroxylase, reductase
CHP
Acyl-CoA dehydrogenase
TetR regulator
Trehalose phosphatase
Oxidoreductase

–
–
echA20
ipdA

Short-chain-type
Short-chain-type
dehydrogenase/reductase
Enoyl-CoA
hydratase
dehydrogenase/reductase
CoA-transferase (alpha subunit)

M C K P
•

•

•

•

•

•

••

•

•

Table 1. The regulons of KstR and KstR2 in M. smegmatis and M. tuberculosis.
(Legends are on the next pages)
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M. smegmatis
D
↓
↓
↑
↑
↑
↑
↓
↓
↓
↓
↓

Gene
MSMEG_6003
MSMEG_6004
MSMEG_6008
MSMEG_6009
MSMEG_6011
MSMEG_6012
MSMEG_6013
MSMEG_6014
MSMEG_6015
MSMEG_6016
MSMEG_6017

M. tuberculosis
M C Gene

•
•

Rv3552
Rv3553
Rv3556c
Rv3557c
Rv3559c
Rv3560c
Rv3561
Rv3562
Rv3563
Rv3564
Rv3565

Gene name

INTRODUCTION
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M C K P
ipdB
ipdC
fadA6
kstR2
ipdF
fadE30
fadD3
fadE31
fadE32
fadE33
aspB

•
•

CoA-transferase (beta subunit)
Oxidoreductase
Acetyl-CoA acetyltransferase
TetR regulator
Oxidoreductase
Acyl-CoA dehydrogenase
Acyl-CoA ligase
Acyl-CoA dehydrogenase
Acyl-CoA dehydrogenase
Acyl-CoA dehydrogenase
Aspartate aminotransferase

Table 1. The regulons of KstR and KstR2 in M. smegmatis and M. tuberculosis.
D, the gene directions in accordance with the genome. M, KstR and KstR2 binding
motifs. C, genes induced (dark shaded) at least 3-fold in Msm70 or 1.5-fold in Mtb44
during growth on cholesterol. K, genes derepressed (dark shaded) at least 1.5-fold in Mtb
kstR mutant44. P, genes induced (dark shaded) at least 1.5-fold during growth on
palmitate15. HP, hypothetical protein. CHP, conserved hypothetical protein. a, weakly
induced (1.6-fold) by cholesterol70. The table was adapted from Kendall et al.45-46.

The regulons of KstRMtb and KstR2Mtb (Rv3574 and Rv3557, respectively, hereafter implicitly
addressed as KstR and KstR2) were identified by the genetic orthology between Msm and
Mtb genomes. The Cho-region retains its structure in both species with most orthologous
genes and all binding motifs conserved (Table 1). Transcriptome profiling of Mtb confirmed
that most of KstR operons in this regions are depressed in kstR mutant or induced during
growth on cholesterol (together with theKstR2 regulon) except for the mce4 operon44 (Table
1). It has been noted that, in comparison with other operons in the regulon, mce4 in Msm is
weakly induced during growth on cholesterol70. It is thus possible that KstR of both species
loosely regulates the mce4 operon.
It is obvious that the main functions of KstR and KstR2 regulons are the cholesterol
catabolism. Apart from the mce4 operon which encodes a cholesterol-transporting system32,
43

, most of the genes in the KstR regulon are involved in the degradation of cholesterol side

chain and rings A and B (Table 1 and Figure 4). Although the catabolism of HIP
(corresponding to rings C and D of cholesterol) has not been elucidated completely, many
genes of KstR2 regulon take part in this process46, 65. Analysis of single and double mutants
of KstR and KstR2 demonstrated that they function independently of each other46. It is still
unclear why the catabolism of cholesterol requires two transcriptional regulators, but it has
been suggested that the two regulons might be induced at different stages during infection46.
15
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The fact that HIP-CoA is the endogenous effector of KstR271 supports this hypothesis since
the system dictates that KstR2 regulon is mobilised only when HIP is accumulated, which
might not necessarily be associated with the cholesterol degradation.
On the other hand, the redundancy of -oxidation genes in the KstR regulon (Table 1)
suggests that the cohort might be involved in the catabolism of more than one substrate. Mtb
FadD17 acts on both cholate and chenodeoxycholate but not cholesterol72. Mtb FadD19 and
EchA19 might not act on cholesterol but process -sitosterol, which differs from cholesterol
at a branched side chain at C24, as referred from their orthologues in Msm73. It is plausible
that the KstR regulon is designed for the degradation of a variety of steroids in addition to
cholesterol. Furthermore, there are indications that long-chain fatty acids (LCFAs) are also
substrates of the regulon. Other than steroids, Mtb FadD17 and FadD19 have shown activities
on LCFAs72, 74, although it is unclear which type of substrate is preferred by the enzymes.
Similarly, ChsH1-ChsH2 can also act on octenoyl-CoA and decenoyl-CoA, although with
less efficiency than with the steroid substrates56. It is possible that these enzymes exhibit
promiscuous activities on FA substrates. However, it has been noted that LCFAs partially, if
not fully, induce the KstR regulon. Transcriptome profiling has demonstrated that the regulon
is partially induced in culture supplemented with palmitate15, 45 (Table 1). The addition of
FAs with chain lengths from 3 to 8 carbons, but not 16 and 18 carbons, in culture medium
derepresses KstRMsm and its regulon, albeit to a lesser degree than cholesterol75. The results
suggest that FAs are possible inducers of the KstR regulon, yet the biological relevance of the
phenomenon remains to be investigated.
The KstR regulon also contains many hypothetical proteins whose function cannot be
bioinformatically predicted, suggestive that they are involved in novel processes that are
unrelated to cholesterol and lipids metabolism45. Interestingly, the regulon of Mtb contains an
arylamine N-acetyltransferase (nat, Rv3566c), of which the orthologue in Msm does not
belong to KstRMsm regulon46. Curiously, the enzyme transfers an acyl group from an acylCoA to an arylamine, which does not fit with the general subject of the KstR regulon.
Instead, a role for Mtb NAT has been suggested in fatty acid extension as part of the
biosynthesis of cell wall mycolic acids76. Noticeably, isoniazid (INH), a potent first-line antiTB drug, is a substrate of Mtb NAT and the enzyme might mediate INH-resistance by
inactivating the drug77. On the other hand, Mtb NAT catalyses the acyl transfer from acetylCoA and, to a less extent, propionyl-CoA78. It is possible that NAT-mediated biosynthesis of
16
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mycolic acids is one of the routes of incorporation of the C2 and C3 metabolites produced by
cholesterol degradation. If this is the case, including the nat gene in the KstR regulon ensures
that the carbon flux is proactively directed and intoxication by propionyl-CoA is avoided.
It has been widely perceived that the regulation of cholesterol degradation is required to
maintain Mtb fitness during infection, although the reason for this is not yet understood.
Meta-analysis of transcriptomic studies revealed a critical position of KstR in Mtb metabolic
adaptation, which was highlighted by its induction and essentiality in both macrophage and
mice infections15, 79-80. It is worth mentioning that, due to its regulatory function, a knockout
mutation of KstR does not disable any metabolic reaction or pathway. Rather, the KstR
regulon is expected to be fully expressed and functional in the absence of the regulator. The
essentiality of KstR for intracellular survival may result from the unnecessary expression of
such a large regulon, which might be energetically costly45. As important as KstR’s
repression, derepression of the regulon is required for triggering metabolism of cholesterol
and, possibly, FAs, both of which are potential nutrient sources for intracellular bacteria
(Section 1.2.1 and 1.2.2). Although the autoregulation of KstRMsm has not been confirmed in
Mtb, the conserved gene context and KstR motif in this region suggest a similar system in
Mtb. Since negative autoregulation feedback shortens the response time of a transcriptional
system81, the setup highlights a need for a fast recruitment of cholesterol catabolism during
intracellular growth. The system, therefore, underscores a strong requirement for the strict
regulation of the KstR regulon.
Due to its critical function and broad regulatory range, KstR presents itself as a promising
drug target. Targeting KstR’s regulation also opens a window to attack the bacterial
adaptation and settlement into the intracellular environment in the late stage of infection.
Depending on the precise metabolic purpose of the KstR regulon, tampering with the
regulator might lead to multiple effects on the bacterial metabolic network such as starvation,
lack of metabolic precursors and intoxication by metabolic intermediates (due to
inappropriate regulation of the pathway). Even when these effects are not strong enough to
kill the bacterium, there is an unexplored possibility of drug synergy (i.e. with INH through
suppression of NAT).
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1.3.1. Preliminary characterisation of KstR
Preliminary studies of KstR function have gathered useful information that is the background
of this study. Bioinformatic analysis identified the regulator as a member of the TetR family
based on the signature helix-turn-helix (HTH) motif at its N-terminus45. The C-terminal
domain of the protein does not match any profile of the 11 subgroups (Pfam) of the family,
suggesting that the structure of this domain in KstR is distinct from other TetR family
members. Since disruption of kstR increases the transcription level of the KstR regulon44-45,
the regulator is considered a transcriptional repressor. Electrophoretic mobility shift assays
(EMSAs) indicated that KstR binds DNA and represses the regulon in its free state45 (Figure
5). It is thus expected that KstR only releases DNA for expression of the regulon in the
presence of an inducer compound. The functional scheme of KstR is therefore similar to the
majority of TetR family repressors (Section 1.4). KstR is highly conserved among
mycobacteria and actinomycetes, with > 70% amino acid identity across the whole sequence
and >90% in the DNA-binding domain45, indicating a highly defined structure and its critical
regulatory role.
KstR has been expressed and purified using a standard expression system (pET30a vector) in
Escherichia coli (E. coli). Size exclusion chromatography (SEC) has confirmed that the
protein forms a homodimer in solution45, as expected from other TetR family transcriptional
regulators (TFTRs, Section 1.4). The regulator recognises a DNA motif containing the 14-bp
palindrome TnnAACnnGTTnnA (Figure 5A), of which 33 instances are located in the KstR
regulon in Msm and 22 in Mtb. Binding of KstR to many of the motif instances of Mtb has
been confirmed by EMSA and cross-validated with KstR’s binding sites identified by ChIPSeq75 (Section 1.2.3). SEC of KstR-DNA complex indicated that KstR binds cognate DNA
with a stoichiometry of 1:1 KstRdimer:DNAduplex45.
Notably, KstR binds the intergenic region between its gene and the divergently transcribed
gene fadE34 (Rv3573c)45. The binding motif in this region is highly conserved among
mycobacteria and has been suggested to overlap with a conserved putative -10 region of kstR
(Rv3574)45. However, inspection of this region revealed that the conserved -10 and -35 are in
the direction of, and in proximity with, fadE34 (Figure 5B), suggesting that these regions are
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more likely to be the RNA polymerase binding site of fadE34 rather than kstR. The RNA
polymerase-binding region and the transcriptional start of kstR have not been investigated.

A

B

Figure 5. The DNA binding motif of KstR.
A, the palindromic motif of KstR’s binding sites. The sequence logos show the relative
sequence at each nucleotide position, the y-axis shows the information content, error bars
indicate an approximate, Bayesian 90% confidence interval. B, the conservation of
KstR’s binding site in the fadE34-kstR intergenic region. The palindromic binding site is
shown in bold letters. The putative -10 and -35 regions of fadE34 are shaded in grey.
Asterisks indicate identical nucleotides in all genomes. Coding regions (bars) and gene
directions (arrows) of fadE34 and kstR are shown in blue and red, respectively. MTB,
Mycobacterium tuberculosis. MB, Mycobacterium bovis. MM: Mycobacterium marinum.
MSM, Mycobacterium smegmatis. MAP, Mycobacterium avium subspecies
paratuberculosis. NFA, Nocardia farcinica. Figure A is reprinted and figure B is adapted
from Kendall et al.45 with permission from the Molecular Microbiology journal.

Recently, proteomic studies have reannotated the translational start site of kstR82. The amino
acid sequence of KstR used in previous works was based on the gene annotation by
bioinformatic analysis of Mtb genome10, 83, which had been continuously corrected over the
last decade82, 84-85. The gene was initially annotated as a 600-bp gene (encoding a 199-aminoacid polypeptide) starting at a GTG codon, which is a common start codon in Mtb10.
Proteomic mapping of Mtb proteins has confirmed that the start codon of kstR is an ATG
codon located 63 bp upstream of the original start site82. Accordingly, the GTG codon has
been confirmed to be translated as a valine residue82, 86. This results in extra 21 amino acids at
the N-terminus of KstR. Although the short version of KstR has been shown to bind DNA
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with decent affinity45, 87, it is of interest to examine the possible effect of the N-terminal tail,
which is required for DNA-binding in some TFTRs (Section 1.4.3).

1.3.2. Identifying the ligands of KstRMsm
Shortly after the start of this study, there have been publications on the characterisation of
KstRMsm, which provide interesting information for the study of Mtb KstR87-88. Analytical
ultracentrifugation of KstRMsm has confirmed the protein’s dimeric form in solution, although
a small fraction (14%) of the protein appeared to be present as a tetramer87. The interaction of
KstRMsm with cognate operator DNA showed an estimated Kd of 210 nM as calculated from
EMSA experiments87.
A number of aliphatic and steroidal compounds have been investigated as potential effectors
of KstRMsm. The monitoring by circular dichroism (CD) of KstRMsm’s thermal denaturation
demonstrated that palmitate, oleate, 3OHChA and 3OChA (see Figure 6 for the chemical
structures) severely destabilize the regulator (Tm larger than 10C, Table 2). Interestingly,
3OChA induced a bimodal denaturation profile of KstRMsm, which has been suggested to be a
result of the independent unfolding of the DNA-binding domain and the ligand binding
domain87. Far-UV CD spectrometry of KstRMsm showed a reduction in the protein’s -helical
content in the presence of these compounds (oleate not investigated), suggesting a
confirmation change induced by these ligands87. On the other hand, compounds without a
carboxylate moiety did not show a significant effect on KstRMsm’s thermal stability (Table 2),
indicating that an acidic group facilitates the protein-ligand interaction. Steroids without an
aliphatic side chain (AD and ADD) did not appear to interact with the regulator either.
Competitive assays carried out by EMSA at high concentration of the compounds (250 M)
showed an inhibitory effect on DNA-binding by 3OChA and palmitate, but not 3OHChA or
other compounds (Table 2). Concentration-dependent EMSA demonstrated an estimated Kd
of 9 M for KstRMsm -3OChA binding. The effect of palmitate on DNA-binding was weak
and was only observed at high concentrations (>50 M). On the other hand, 3OHChA did not
show any significant effects at concentrations up to 1 mM, suggesting that this compound,
although interacting with KstRMsm, does not induce DNA-release from the regulator.
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Thermal
destabilisation

EMSA

Aliphatic compounds
Palmitate

+

+

Oleate

+

-

Octanoate

-

-

Palmitoyl alcohol

-

-

Oleyl alcohol

-

-

Octanol

-

-

Decane

-

N/T

3OHChA

+

-

3OChA

+

+

Cholesterol

-

-

3OCh

-

-

26OHCh

-

N/T

AD

-

N/T

ADD

-

-

Steroids

Table 2. The effect of candidate ligands on KstRMsm’s thermal stability and interaction
with DNA.
Shown are the compounds that have been tested on KstRMsm. The results are compiled
from the experimental data by García-Fernández et al.87. For the thermal denaturation
assay, compounds showing Tm larger than 2C are marked with ‘+’, those with less
effects are indicated with ‘-‘. For the EMSA, compounds inducing a release of DNA are
marked with ‘+’, those with no significant effect are indicated with ‘-‘. N/T, not tested.

The ligands of KstRMsm are in line with the protein’s regulatory targets, cholesterol and
potentially fatty acids catabolism (Section 1.2.3). Although the results show clear allosteric
effects of these ligands on KstRMsm, their effects on Mtb KstR have not been tested.
Furthermore, the structural characteristics for KstR and its role in the regulator’s function had
not been explored. For the purpose of a structure-based drug discovery against KstR, further
biochemical and structural characterisations of the interaction between KstR, DNA and
ligand are of interest. The next section presents a summary of previous studies on the
functions and molecular characteristics of TFTRs, which provide a background for the study
of KstR.
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Figure 6. The candidate ligands that have been tested on KstRMsm
Shown are the chemical structures of the steroid compounds that have been tested for
interactions with KstRMsm and inhibitory effects on KstRMsm-DNA binding by GarcíaFernández et al.87.

1.4. The TetR family of transcriptional regulators (TFTRs)
The TetR family of transcriptional regulators (TFTRs) was named after its first and most
well-known member: the tetracycline (Tc) repressor TetR from Escherichia coli, which
regulates the expression of the efflux pump TetA for Tc89. The TetR family is a large group
within the class of DNA-binding proteins utilising an HTH motif90. In comparison with other
HTH families, the motif of TFTRs is characterised by its inverse orientation and a short 3
helix91. The motif can be identified with a number of amino acid sequence profiles, namely
signature PS01081 on PROSITE, motif PR00455 on PRINTS, profiles PF00440 and
PF13972 on Pfam69. The profiles contain a conserved pattern covering the C-terminal of helix
1, the 2-3 HTH and five initial residues of helix 4 of TetR crystal structure69. Distinct
from this highly conserved motif in the N-terminal domain, the C-terminal domain of TetR
family members is diverse and no common profile could be built for this domain. Instead,
Pfam has identified 11 subfamilies (as of July 2016) of the domain based on sequence
clustering.
TetR family members are found in a majority of prokaryotes and are particularly abundant in
bacteria that are exposed to environmental changes, such as soil-dwelling microbes69. This is
in accordance with the observation that most TFTRs regulate processes involved in cellular
adaptations to external effects, such as drug efflux systems, metabolic pathways, and quorum
sensing90, 92. In mycobacteria, TFTRs make up the most abundant group of HTH regulators,
indicating their certain contribution to the fitness of these microbes92. Mtb has 52 predicted
TFTRs, which comprises 32% of HTH DNA-binding proteins in this bacterium92. The
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regulatory contribution of TFTRs in Mtb, similarly with other parasitic mycobacteria, appears
to be lower than that in other soil-dwelling mycobacteria, probably due to the more defined
intracellular niche of Mtb. Among the TFTRs of Mtb, only EthR, Fad35R, KstR, KstR2 and
Mce3R have assigned regulatory functions. At the start of this study, EthR was the only
TFTR that has been intensively studied biochemically and structurally.
TFTRs belongs to the one-component signal transduction system, in which both of the input
and output components are located on a single protein chain90. Most TetR family members
function as transcriptional repressors with a few exceptions acting as activators90. In most
cases, the TetR family repressor binds near or within the binding site of the RNA
polymerase89, 93-94 and represses the transcription of the downstream gene in the absence of
the endogenous inducer. In the presence of the inducer, the compound stimulates a
conformational change in the repressor and deprives the regulator of the ability to bind DNA.
This results in a derepression of the regulated genes (Figure 7). The setup is suitable for a
feed-forward regulatory system, in which the substrate stimulates the expression of a
pathway. A typical example is TetR, which negatively regulates the TetA efflux pump and
only derepresses its target in the presence of [Tc-Mg]+, which can be transported out of the
cell by the induced TetA89. The only exception to this scheme so far is the recently
characterised Myxococcus xanthus repressor AibR, which regulates the alternative pathway
for biosynthesis of isovaleryl-CoA (AIB) when leucine is limited95. Unlike other repressors
of the family, AibR binds weakly to the promoter of aib operon in the absence of isovalerylCoA and the interaction is enhanced approximately 10-fold in the presence of this
metabolite95. This design represents a feedback system in which the product represses the
expression of its biosynthesis pathway. Apart from these schemes, at least one repressor of
the family acts a metabolite sensor. The Pseudomonas aeruginosa DesT senses the ratio of
saturated versus unsaturated fatty acids and both types of FA compete for the regulator94.
Binding of saturated acyl-CoA to DesT induces a release of the regulator from its cognate
promoter, while unsaturated acyl-CoA enhances the regulator-promoter affinity. In contrast,
only a few TetR family members function as transcriptional activators (i.e. DhaS96, MdoR97
and AtrA98). These regulators bind their target protomer regions and promote transcription
level of the downstream genes via direct or indirect interactions with the RNA polymerase.
However, none of these regulators has been characterised, thus their activation schemes are
largely unknown.
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Figure 7. The functional scheme of TetR family transcriptional repressors.
The green box indicates the transcribed region of the regulated gene; the blue arrow
indicates the transcription initiation.

For the consistency between TFTRs of various regulatory schemes, a common set of
terminology regarding conformational states of TFTRs is applied hereafter. In this scheme,
the DNA-bound form of TFTRs is addressed as ‘active’ form (in term of DNA-binding
ability) (Figure 7). The ‘inactive’ form broadly addresses any conformation that is not
compatible with DNA-binding (as judged by the relative position of DNA-binding head, see
Section 1.4.1). For the majority of TFTR repressors, binding of endogenous ligand induces an
inactive conformation in the protein. However, many crystal structures of free TFTRs exhibit
intermediate conformations that are apparently incompatible with DNA interaction99-100, thus
also considered inactive forms.
To date, hundreds of TFTRs have been biochemically or structurally characterized90.
However, the functional and structural diversity among the family (Section 1.4.1) makes it
challenging to establish a general basis for TFTR specificity (Section 1.4.2 and 1.4.3) or their
allosteric mechanism (Section 1.4.4). For this reason, each characterised TFTR has been
found to be distinguished from other members, and studies of new TFTRs are of interest to
elucidate the structural and dynamic basis that define their functions.

1.4.1. Structural architecture
TetR family members share a general architecture of an all-helical, homodimeric protein with
a perfect or near perfect two-fold symmetry between the two subunits (Figure 8). Of most
characterised TFTRs, a homodimeric form of these proteins in solution has been confirmed45,
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. Each polypeptide chain of the protein folds into a two-domain subunit comprised of

9-11 helices (Figure 8). Three helices at the N-terminal end of each subunit form the DNAbinding domain (DBD) with the family’s signature HTH motif on helices 2 and 3. The rest
of the polypeptide folds into a ligand-binding domain (LBD), which harbours a cavity or
pocket for the endogenous ligand.

A

B

Figure 8. The structural architecture of TetR family members.
A, the crystal structure of TetR (PDB code 2O7O). B, the crystal structure of QacR (PDB
code 1JTX). Shown is the homodimer of each regulator with one subunit coloured in
grey and the other is colour-coded: blue for the DNA-binding domain, green for helix
4, orange for the 5-6-7 triangles, yellow for the wrapping arm and magenta for the
hairpins at the dimeric interface. The helix number of one subunit is shown.

For a consistent description of various TFTRs in this study, an explicit orientation of TFTR
subunit is used hereafter. The ‘front’ of a monomer is the side of the helix 5 and the Nterminal end of 6 helix (Figure 8, subunits of multiple colours), while the ‘back’ is where
7 helix and C-terminal end of 6 are exposed (Figure 8, grey subunit). Accordingly, the
side of the homodimer is where 4 is exposed. The ‘bottom’ of the dimer is the surface
covering the two DBDs, while the ‘top’ is the opposite side.
The DBD of TFTRs is highly conserved in its structure and overlays well in all atomic
structures of TFTRs69. While 1 helix acts as an anchor by making inter-domain contacts
with the LDB, 2 and 3 helices are responsible for extensive interactions with DNA major
grooves. The hydrophobic core of the DBD is formed by side chains from all three helices
and confers a robust structure to the domain, which has been shown to unfold independently
of the LBD in TetR105. Although this appears true for most TFTRs, some regulators show
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unusual flexibility in this domain, especially at helix 3. The first turn of 3 in
Corynebacterium glutamicum RolR appears to be slightly unfolded in its apoprotein
structure106. In the structure of Campylobacter jejuni CmeR in its free form, 3 completely
unfolds to a random coil107. However, it is not clear whether this flexibility is biologically
relevant and whether the region can be stabilised in upon DNA-binding. Apart from the core
domain, Streptomyces antibioticus SimR and C. glutamicum AmtR contain a long disordered
tail at the N-terminus, which also makes contact with DNA and is largely required for
protein-DNA interaction108-109 (Section 1.4.3).
Although the number of helices in the LBD and their relative orientations are generally
similar among TFTRs (Figure 8), the domain actually shows very different shapes and sizes.
Atomic structures of TFTRs demonstrated that the structural difference is mostly due to the
greatly varying lengths, shapes (straight or curved) and contact angles of these helices. The
general architecture of the LDB can be described by four features: helix 4 connecting the
DBD and the LBD, the ‘triangle’ of helices 5-6-7 surrounding the ligand pocket, an
antiparallel hairpin of two helices forming the dimeric core and an extra wrapping ‘arm’ that
consists of one or more helices and loops (Figure 8). Helix 4, which spans both domains,
has been implicated in the allosteric transduction pathway of many TFTRs108,

110-114

.

Molecular dynamics (MD) simulation of TetR revealed that the movement of 4 appears to
correlate with the DBD more than with the LBD, suggesting that it is best described as part of
the DBD115. Residues on the 5-6-7 triangle, together with some residues on 4 and 8
helices, determine the shape and chemical properties of the ligand pocket, which dictate
ligand specificity and affinity. TetR and a few TFTRs possess an uncommon feature of a
wrapping arm that can make contacts with the front of its subunit or the back the other
subunit116-118. The interface between two subunits of TetR is formed mostly by extensive
hydrophobic interactions between the antiparallel helices 8 and 10 (or the 8-9 hairpin in
TFTRs without a wrapping arm as with Staphylococcus aureus QacR, Figure 8) of both
subunits, resulting in a robust but flexible four-helix bundle119.
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A

B

C

D

E

Figure 9. The ligand binding pocket of TFTRs.
Shown are ligand-bound structures of CgmR (A), SimR (B), ActR (C), DesT (D) from
the left (left), front (middle) and top (right) views. From the front view, the front of blue
subunit and the back of the grey unit are visible. Proteins are shown in cartoon and
surface, ligands red stick representation. PDB codes for CgmR, SimR, ActR and DesT
structures are 2YVE, 2Y30, 3B6A and 3LSJ, respectively.
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The ligand pocket position and its entrance are not necessarily the same in all TFTRs. In the
majority of TetR family members, the ligand pocket is located between helix 4, 5-6-7
triangle and helix 8 (Figure 8). The pocket can open to the front (e.g. Corynebacterium
glutamicum CgmR120), the back (e.g. S. antibioticus SimR116), the top (e.g. P. aeruginosa
DesT121), or the side (e.g. Streptomyces coelicolor ActR117) of a subunit (Figure 9), or has
multiple entrances (e.g. Escherichia coli AcrR122). For C. glutamicum RolR, the ligand
resorcinol is buried deep inside the pocket, and its entrance cannot be determined from the
crystal structure106. The ligand-binding site of C. glutamicum AcnR is located in a position
different from those of most TFTRs. Its ligand, citric acid, binds a solvent-exposed cavity at
the turn between 4-5 (Figure 9E)123.
The regulatory function of TFTRs relies mostly on their ability to shuttle between
conformations with differentiated affinities for cognate DNA, which can be deduced from the
relative position of the two DBDs observed in crystallographic structures. In the active DNAbinding form of TFTRs, two DNA-binding heads contact two consecutive DNA major
grooves, and the DNA double helix, although being slightly bent or unwound, is not severely
deformed113-114. Therefore in this form, the distance between the two DBDs is expected to be
similar to the length of a DNA helical repeat (34 Å in B-DNA113). For instance, TetR in
complex with tetO operator demonstrates a distance of 34.7 Å between two DBDs (as
measured from the C carbons of Tyr42). In contrast, the distance is expanded to 37.3 Å in
the TetR-[Mg-aTc]+ complex (Figure 10A), which is indicative of a conformation that is not
compatible with DNA-binding and in agreement with the complex’s inability to bind DNA in
solution.
However, free TFTRs, although able to bind DNA (as observed from the functions of most
TetR family repressors), do not always show a crystal structure that is compatible with DNAbinding. For some TFTRs, the apoprotein is crystallised in an intermediate form, which may
correspond to a transitional state between the canonical active and inactive forms (e.g. QacR,
Figure 10B). Other apo regulators pose in extreme states that resemble or even surpass the
inactive (e.g. TetR and RolR) or active states (e.g. Msm Ms6564, Figure 10C). It has been
noted that free TFTRs crystallised in different lattices show slightly different apo forms (i.e.
Streptomyces coelicolor CprB100 and E. coli AcrR99). These non-canonical forms of TFTRs,
although not clear whether they are biologically relevant or not, demonstrate a dynamical
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flexibility of the protein dimer, which possibly adopts various conformational states in
solution.

A

B

C

Figure 10. The conformational states of TFTRs.
Shown are the crystal structures of TetR (A), QacR (B) and Ms6564 (C) in the inactive
(ligand-bound, left), free (middle) and active (DNA-bound, right) states. The arrows
indicate the distance between two DBDs. The protein chains are shown as cartoons, the
ligand molecules are shown as sticks. The PDB codes of the structures are (left to right,
top to bottom): 2TRT, 2O7O, 1QPI for TetR; 1JTX (left two structures), 1JTO for QacR;
4JKZ and 4JL3 for Ms6564.

1.4.2. Interaction with ligands
In accordance with the diverse functions of TFTRs, their ligands are of a wide variety of
chemical make-ups and sizes, ranging from simple small molecules (e.g. the 110-Da
resorcinol of RolR106), to highly complex compounds (e.g. the 626-Da heme molecule of
Lactococcus lactis HrtR111) and even polypeptides (e.g. the signal transduction protein GlnK
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of AmtR124). Similar to enzymatic proteins, TFTRs exhibit ligand promiscuity, the levels of
which likely varies in accordance with the regulatory function. For instance, TFTRs that act
as sensor-heads of drug-defence systems are capable of binding an array of structurally
diverse compounds93, 102, 125-126. By contrast, regulators taking part in more targeted processes,
including but not limited to metabolic pathways, are generally more selective and often
require distinct chemical patterns from their ligands71,

89, 106, 110-111, 121

. The nature of

endogenous ligands and the required selectivity towards these ligands dictate the chemical
properties of the TFTR ligand binding pocket, which results in a distinctive architecture for
each pocket. Two examples of ligand pockets from TetR and QacR with distinguished
selectivity and binding modes are described below to demonstrate the diversity in TFTR’s
interaction with ligand.

1.4.2.a.

TetR

The Escherichia coli TetR regulator recognises a number of Tc-based antibiotics with varied
functional groups at C5, C6 and C7 carbons127 (Figure 11A). Tc requires an activation by a
divalent cation, most potently Mg2+, to form a cation complex, [Mg-Tc]+, before it can
interact with the regulator128. The cation is thus a co-ligand of the interaction. [Mg-Tc]+ binds
TetR in a 2:1 ratio of ligand:TetRdimer (hereafter implicitly used for the stoichiometry of TetR
and other TFTRs), which is also the common binding mode of most TetR family members.
The change in the intrinsic fluorescence of Tc upon binding to TetR demonstrated a high
affinity of the interaction (Kd is less than 2.5 nM)127. The binding stoichiometry has also been
confirmed, and the cooperativity between the two pockets of TetR dimer was found to be
negligible127.
The crystal structure of the TetR-[Mg-Tc] + complex shows the ligand in the conventional
pocket but it is buried from all sides. Rigid body docking suggested that [Mg-Tc] + entered
the pocket through the opening under helix 9’ of the warping arm from the other subunit
(Figure 8A). It appears that the arm’s role is capturing the ligand and supporting its
binding112. There is only one TetR chain in the lattice asymmetric unit (ASU), as the two
subunits are identical and related by a two-fold symmetry. This means that the
conformational change is executed similarly between the two subunits, as expected from the
2:1 binding mode. Residues in the pocket establish an intensive contact network with [MgTc]+ involving hydrogen bonds, electrostatic and hydrophobic interactions (Figure 11B).
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Noticeably, hydrogen bonds are formed with Mg2+ ion and the functional groups on ring A
and at C10, C11 and C12 positions, all of which are strictly required for both binding to TetR
and the antibiotic activity of Tc91. In contrast, functional groups at positions bearing
hydrophobic contacts (i.e. C5, C6, C7, C8 and C9) are allowed to vary without diminishing the
protein-ligand affinity127, 129. The setup indicates that the pocket relies primarily on the strong
electrostatic interaction and hydrogen bonds to establish high affinity and strict selectivity for
Tc-based compounds. On the other hand, hydrophobic interactions also contribute to ligand
affinity yet, due to their low strengths, mostly allow relaxed selectivity at none-critical
positions of the ligand. The physiological meaning of this might be a more productive
defence system, in which the regulator can recognise slightly different antibiotics produced
by various competitor microorganisms.

A

B

Figure 11. The structure of Tc and its interaction with TetR.
A, the chemical structure of tetracycline. Carbon numbering scheme is indicated. B, the
interaction of Tc with TetR inside the ligand pocket (PDB ID 2TRT). Tc is shown in
orange stick representation. Two TetR chains are shown in blue and grey cartoon
representation. Only side chains of residues making contacts with Tc are shown in stick
representation. The green dot indicates Mg2+ ion, red dots water molecules. Hydrogen
bonds are shown as yellow dashed lines.

1.4.2.b.

QacR

Unlike TetR that specifically targets Tc-based compounds, S. aureus QacR demonstrates a
less stringent specificity. The regulator also controls an antibiotic efflux pump QacA but,
unlike TetA and TetR, the system recognises multiple drugs of dissimilar structures, many of
which are cationic and lipophilic compounds93,

130

. However, the endogenous ligands of

QacR, and the natural substrates of QacA, have not been firmly established130. QacR is the
first TFTR to show a 1:1 ligand:QacRdimer stoichiometry131, and so far has been the only
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TFTR known to utilise this binding mode solely. The stoichiometry with rhodamine 6G
(R6G) has been confirmed by equilibrium dialysis131. Other ligands appear to follow the same
binding ratio in intrinsic fluorescence quenching (IFQ) assays130. The allosteric effect of
QacR’s ligands on regulator-DNA interaction has been confirmed by EMSA130.
A number of crystal structures of QacR in complex with various ligands have been solved.
All of these structures are highly similar with two QacR dimers found in the lattice
asymmetric unit (ASU): one dimer is ligand-bound and the other is free of ligand. In
accordance with the 1:1 binding mode, only one of the pockets of the dimer is occupied by
ligand. Accordingly, the dimer is asymmetric, with conformational changes observed only in
the ligand-bound subunit, yet the dimer is posed in an inactive conformation with a distance
of 45.9 Å between two DBDs (Figure 10B).
QacR exhibits a large and hydrophobic ligand pocket, a feature commonly seen with
multidrug-binding TFTRs97,

105, 118-122

. The pocket is lined mostly with hydrophobic and

negatively charged residues. Structures of QacR in complex with various ligands
demonstrated two overlapping binding sites, termed ‘mini pockets’, corresponding to the sites
of R6G and ethidium (Figure 12). Each site has a set of aromatic and acidic residues to
sustain interactions with drug molecules. It has been suggested that acidic residues of the
pocket facilitated ligand interaction by neutralising the charge of cation drugs131. However,
the binding mode of some drugs and mutagenesis showed that these residues are not essential
for drug binding and but rather guide the orientation of drug molecule inside the pocket132-134.
Some drugs bind in multiple conformations within the pocket, indicating that the pocket is
chemically redundant for drug interaction135. Comparison of the pockets occupied by
different drugs also shows that the pocket’s side chains can adjust their position to
accommodate drug molecules (Figure 12). In fact, the pocket is so flexible that it can
accommodate ethidium and proflavin simultaneously with each drug settling in one of the
two minipockets132. Therefore it has been established that QacR ligand pocket is chemically
redundant and elastic134-135. It also appears that polar and van der Waals contacts, rather than
electrostatic interactions, are the main driving force for drug binding136. This property of
QacR pocket is suitable for its multidrug-binding function which requires recognition of a
number of structurally dissimilar compounds.
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Figure 12. The multi-binding sites of QacR’s ligand pocket.
Shown are overlaid structures of QacR in complex with R6G (orange, PDB code 1JUS),
ethidium (blue, PDB code 1JTY) and diamidine dexamidine (grey, PDB code 1RPW).
Ligands are shown in stick, side chains line, protein chain cartoon representation. Only
side chains with different conformations in three structures are shown. Residue names
are as indicated.

1.4.2.c.

Other TFTRs

The ligand pockets of other TFTRs exhibit dissimilar architectures and chemical properties to
complement the diverse structures of their ligands. However, most regulators show a pocket
mostly or partially lined with hydrophobic side chains, which is consistent with the fact that
most TFTR ligands recognize hydrophobic (e.g. antibiotics and bioactive alkaloids102, 116-117,
120, 126, 130, 137

) or amphiphilic (e.g. CoA thioesters of FA103, 110, 121) compounds. Perhaps for

this reason, it is common for free TFTRs to crystallise with a fortuitous compound in the
ligand pocket. These compounds can be components of storage buffers107 or crystallisation
solutions104, 138. EthR is also an exceptional case in which the protein was co-purified and cocrystallized with the endogenous hexadecyl octanoate from the expression host cell139.
Although most TFTRs demonstrate one binding stoichiometry, a few multidrug-binding
regulators interact with different ligands in different stoichiometries. In the crystal structures
of the C. glutamicum CgmR, methylene blue binds the regulator with a 2:1 ratio of ligand:
CgmRdimer while ethidium binds only one pocket of the dimer120. Isothermal titration
calorimetry (ITC) assays confirmed the binding stoichiometry, thus validating these
structures. Similar multi-binding modes have been seen with the Salmonella typhimurium
RamR102, but the stoichiometry has not been confirmed by biochemical assays in this case.
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The Pseudomonas putida TtgR binds many drugs with the conventional 2:1 ratio except for
phloretin, which binds with a 3:1 ratio140. The crystal structure demonstrates that one subunit
of the dimer contains one phloretin molecule while the other harbours two molecules, one of
which occupies a site different from that of the other subunit and interacts with an arginine
side chain of the pocket. ITC assays revealed two binding events corresponding to the two
binding sites, the stronger of which corresponds to the asymmetric site involving arginine
residue140. In another case, actinorhodin binds the Streptomyces coelicolor ActR in a
conventional 2:1 ratio but (S)-DNPA (4-dihydro-9-hydroxy-1-methyl-10-oxo-3-H-naphtho[2,3-c]-pyran-3-(S)-acetic acid) binds the regulator with an unusual 4:1 ratio (2 ligand
molecules per protein monomer)117. The ligand pocket of ActR, similar to those of QacR and
TtgR, has two mini pockets, each of which is occupied by one (S)-DNPA molecule while
actinorhodin spans both pockets. In general, the binding mode of each regulator-ligand pair
appears to be distinctive and there has not yet been a proposed explanation for the
phenomenon.
The multidrug-binding Msm LfrR is an interesting example of the cooperativity between two
ligand pockets. A binding assay with ITC revealed that ethidium bromide imposed a positive
cooperativity on LfrR’s ligand pockets while proflavin demonstrated a negative effect,
although both drugs bind with similar affinity in the first binding event137. In agreement with
the results, the structure of LfrR-proflavin shows binding of the ligand in only one pocket137.
It should be noted that in the case of negative cooperativity, depending on the actual
equilibrium, there might be subpopulations of the protein-ligand complex in both 2:1 and 1:1
binding modes. The crystal structure grown from this mixture might be from either
subpopulation, i.e. one subpopulation can crystallise out and shift the equilibrium toward
itself. The structure, therefore, is not necessarily representative of the content of the mixture.
For this reason, the 1:1 binding mode, when observed, should be validated by a binding
assay. Once confirmed, the 1:1 mode can be interpreted as an extreme case of negative
cooperativity, in which the first binding event completely prevents the second. Perhaps even
more importantly, the LfrR case is evidence that each ligand imposes distinctive
cooperativity between the dimeric pockets. Since cooperativity might be explained by
changes in protein conformation or dynamics in the second pocket induced by ligand’s
occupancy in the first pocket141, it is plausible that different ligands provoke distinctive
disturbance in protein conformation and dynamics.
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Interestingly, the ligand selectivity, no matter how strongly it is dictated by the architecture of
ligand pocket, has been proved to be expandable. An in vivo screening of a random peptide
library has identified peptides that induce (TetR inducing peptides, TIPs) or inhibit (TetR
anti-inducing peptides, TAPs) TetR’s derepression142-143. Furthermore, the flexibility of the
ligand pocket in some TFTRs means that there might be an unexplored pocket hidden by
flexible side chains. During fragment screening for drug extension using the in situ click
chemistry, which uses the ligand pocket of protein as a catalyst for a chemical assembling
reaction, a newly extended pocket of EthR has been revealed144. These results indicate that
drug discovery has even larger possibilities of finding novel binding modes and unexpected
binding sites beyond the canonical pocket.

1.4.3. Interaction with DNA
The sequence of the DBD of TFTRs is well conserved among the family despites their
dissimilar DNA target sequences69. Accordingly, the HTH motifs of TFTRs are almost
identical, while the relative angles of the helices 1 and 4 slightly vary (Figure 13B). For
the convenient description of corresponding residues from the DBD of various regulators, a
common numbering scheme for amino acid residues of the DBD is used hereafter. In this
scheme, a residue is named in accordance with its position the helix or loop on which it is
located (Figure 13A). For instance, H2-3 means the third residue of the helix 2 (Lys29 of
TetR), and L1-4 is the fourth residue of the loop between helices 1 and 2 (Gly24 of TetR).
TFTRs recognise a motif of either a perfect or a pseudo-palindrome69. Notably, two half-sites
of the palindrome can be separated by an odd or even number of base pairs. The nucleotide
sequences of TFTR binding sites in this study are numbered in accordance with this feature.
Particularly, base pair ‘0’ is in the centre of the palindrome when the linker length is an odd
number (Figure 14A). In the other case, the two central base pairs are ‘-1’ and ‘1’(Figure
14C).
There are two DNA-binding modes among TFTRs, which differ mostly in the binding
stoichiometry. For TetR and many TFTRs, the DNA motif can be occupied by only one
regulator dimer (1:1 ratio of proteindimer:DNAduplex) and each of its DNA-binding head
contacts one half-site of the DNA palindrome108-109, 111, 113, 121 (Figure 14A). Other TFTRs,
such as QacR, bind DNA with a 2:1 ratio of proteindimer:DNAduplex110, 145-146. In this case, the
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binding position of each dimer is related by a two-fold symmetry through the mid-point of
the DNA palindrome (Figure 14C). Due to the small binding site, the palindrome motif of the
1:1 mode is as short as 12 bp113, while the 2:1 mode requires a long palindrome of 21 bp or
more to accommodate two protein dimers93,

110

. The 2:1 mode has been associated with

positive cooperativity in the binding of each protein dimers, as seen with QacR and CprB145146

.

A

B

Figure 13. The structure of DBD in TFTRs.
A, Sequence alignment of the DBDs of TetR and QacR as performed by Ramos et al.69.
The residue number of TetR sequence is shown on the top row. The numbering scheme
for helices (red) and loops (blue) is indicated in the last row. Shaded residues are typeconserved among TFTRs69. B, the conserved structure of DBDs from various TFTRs.
Shown are the overlaid DBDs of TetR, QacR, AmtR, TM1030, HrtR, CgmR, Ms6564,
DesT, CprB (PBD codes: 1QPI, 1JT0, 5DY0, 4I6Z, 3VOK, 2YVH, 4JL3, 3LSR, 4PXI,
respectively).

TetR family regulators specifically recognise and bind DNA major groove. Despite different
binding modes and the dissimilar nucleotide sequences of cognate operator DNA, a pattern of
contacts is generally conserved between TFTRs. The interaction mostly involves the residues
on 3, some residues on 2 and the N-terminus of 4. The protein-DNA interactions
between TetR and QacR and their cognate binding sites are used to illustrate the contact
network that is generally applied for other TFTRs. Contacts are made with the phosphate
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backbone on either side of the major groove in a manner that the HTH motif is hung over it
(Figure 14). On the reverse DNA chain (Figure 14B and D, grey chain), the phosphate group
of one nucleotide (G2 in case of tetO binding site of TetR) forms hydrogen bonds with side
chains of H2-1 (mostly conserved as threonine) and L1-6 residues, and a strong electrostatic
interaction with the highly conserved lysine at H4-1 position. The phosphate group of the
next nucleotide forms hydrogen bonds with the side chain of the highly conserved tyrosine of
H3-5 and the main chain amide of residue H4-1. On the primary chain of the DNA duplex
(Figure 14B and D, blue chain), the phosphate group of the nucleotide corresponding to C(-6)
of tetO forms a hydrogen bond with the side chain of H3-3, which is conserved as
threonine69. When a threonine is not conserved at this position, the contact can be made by a
side chain (as in QacR, Figure 14D) or a main-chain amide (as in TM1030) from T2-2 and
T2-3 residues. Contacts with the backbone of the preceding nucleotides can only be seen with
DNA fragment longer than 18 bp, in which side chains of H3-3 and H3-7 are responsible for
these interactions. The phosphate group of the outermost nucleotide is usually contacted by
the side chain of residue H3-6, which is highly conserved as tyrosine69.
There are generally less specific interactions with the nucleotide bases than with the
phosphate backbone. The side chains of H2-2, H3-1, H3-2 and H3-5 residues are commonly
used for probing the nucleotide bases of the major groove. The H3-5 residue is highly
conserved as tyrosine (in 74% of TetR family members69) in TFTRs. Its aromatic ring is
mostly involved in a CH-π interaction with the methyl group of a thymine base (Figure 14C
and D). Some TFTRs, such as the Msm Ms6564 and the P. aeruginosa DesT, recruit the
arginine side chain of H3-6 to form hydrogen bonds with peripheral base rings121. Depending
on the nucleotide motif to be recognised, the contacts can be electrostatic (by charged side
chains), van der Waals (by hydrophobic side chains) interactions, or hydrogen bonds (by
polar side chains). Although not commonly observed, water molecules have been found
bridging interactions at protein-DNA interface of Ms6564147.

37

INTRODUCTION

1.4. The TetR family of transcriptional regulators (TFTRs)

A

B

Figure 14. The interactions of TetR and QacR with DNA.
A, the structure of TetR in complex with tetO operator (PDB code 1QPI). B, the structure
of QacR in complex with its palindromic binding site (PDB code 1JT0). Protein chains
are shown as cartoons, DNA chains as sticks. The DNA spine is indicated by the red line.
The sequence of the primary DNA chain (blue) is shown with nucleotide number
scheme. Palindromic nucleotides are shaded. The DNA fragment of QacR is a perfect
palindrome. Helices 2 and 3 of the HTH are coloured in green. Only side chains
making contacts with DNA are shown. Hydrogen bonds are indicated by yellow dashed
lines. CH-π interactions between a tyrosine and the methyl group of a thymine ring are
shown by black dashed lines.
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Some studies have attempted to decipher the role of protein-DNA interactions in the global
affinity between the macromolecules, yet the results vary between TFTRs. Disruption of
either the only hydrogen bond with a nucleotide base by the arginine at H3-1 or the CH-π
interaction by the tyrosine at H3-5 of the L. lactis HrtR abolished its DNA-binding111. In
contrast, of the two residues of Msm Ms6564 that make contacts with DNA bases, only the
lysine at the H3-1 position is essential for DNA-binding147. However, mutation of CprB to
disrupt a single interaction with either backbone or nucleotide base did not produce any effect
on DNA-binding as judged by EMSA146. Only a double mutation in which both types of
interactions were disrupted could diminish DNA binding, suggesting a redundancy in CprB’s
interaction with DNA. The results suggest that, although the general binding network is
similar, each TFTR might employ distinct coordination of non-specific interactions (i.e. with
DNA backbone) and specific interactions (i.e. with nucleotide bases) to establish high
selectivity and affinity for its binding site.
Notably, some TFTRs form extra contacts with the adjacent minor grooves using a flexible
tail at the N-terminus. The phenomenon was first observed with SimR, of which the Nterminal tail, although unstructured, was seen resting on the minor groove of the
neighbouring DNA fragment (Figure 15A). The Msm Ms6564 and the C. glutamicum AmtR
demonstrate similar but shorter tails in their structure with DNA. In all cases, the tail contains
one or more arginines that form hydrogen bonds with nucleotide bases in the minor grooves
(Figure 15). Interestingly, the N-terminal tails are important for DNA-binding of SimR and
AmtR108-109. Analysis of TFTRs sequence suggested that a disordered, arginine-and-lysinerich N-terminal tail is a common feature of the family109.
In all crystal structures of TFTR-DNA complexes, the DNA fragment undergoes
deformation. TetR imposes a small bend of 3 toward the bottom of its dimer on tetO DNA
fragment69 (Figure 14A). Notably, the major groove is widened by  2 Å (in comparison with
canonical B-DNA) at the binding site of TetR’s HTH, but narrowed to a similar extent at the
central basepairs113. This deformation is associated with a slight unwinding of DNA duplex
with a helical repeat increased to 38 Å (from 34 Å in B-DNA). A similar widening of major
groove upon occupation of HTH is observed in QacR and Ms6564, although there is no
significant bend in the DNA spine114, 147 (Figure 14C). The DNA fragment of QacR, SimR
and DesT also exhibit partial unwinding with a significant (> 2) decrease in the helix twist
angles109, 114, 121. The DNA deformation caused by the first QacR dimer has been attributed to
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the positive cooperativity in binding of the second dimer114. However, the phenomenon has
not been analysed for DNA-bound structures of other TFTRs. Thus it is not clear whether the
feature is similar for all TFTRs and whether DNA deformation plays a role in the proteinDNA interaction.

A

B

C

Figure 15. The binding of TFTR N-terminal tail in DNA minor groove.
Shown are structures of Streptomyces antibioticus SimR (A), Msm Ms6564 (B) and
Corynebacterium glutamicum AmtR (C) in complex with cognate DNA (PDB codes
3ZQL, 4JL3 and 5DY0, respectively). The N-terminal tails are coloured in red. Only side
chains making contact with DNA minor groove are shown in stick representation.

1.4.4. Allosteric mechanisms of TetR family members
The function of TFTRs critically relies on the allosteric conformational change mediated by
the inter-domain cross-talk between the DBD and the LDB. X-ray crystallography has been a
useful method for studying the allosteric mechanism of TFTRs since the conformational
change can be deduced through structures of the protein in various complexation states (i.e.
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free, ligand-bound and DNA-bound states). Unfortunately, the mechanism, similar to the
diverse characteristics of the family, varies astonishingly among TFTRs.
The allosteric mechanism of TetR has been intensively studied over the years, with the most
prominent theory built from comparing the crystallographic structures of TetR. Comparison
of apo-, ligand-bound and DNA-bound structures of TetR suggested an allosteric pathway via
loop 6-7 at the pocket entrance on the back of the subunit (Figure 16). Briefly, [Mg-Tc]2+
induces a pull of the 6-7 loop towards itself by forming interactions with His100 and
Thr103 on this loop. The movement causes a displacement of helices 6 and 4, resulting in
a pendulum-like swing of the DBD away from the dimer center112-113. The consequence is a
net separation of two DBDs, and the regulator is locked in a conformation that is unable to
bind DNA. The mechanism highlights the central role of the highly chelated Mg2+ ion, which
appears to trigger an induced-fit conformational change at the ligand pocket entrance. Tc has
been thus considered as a Mg2+ carrier and the frame for ligand recognition and docking
process.

Figure 16. The allosteric mechanism of TetR.
Shown is the overlaid structures of TetR in complex with [Tc-Mg]+ (subunits in dark and
light blue, PDB code 2TRT) and tetO operator (subunits in dark and light grey, PDB
code 1QPI). The protein chains are shown as cartoons, the ligands as sticks and the Mg2+
ions as spheres. The red arrows indicate the domain movement induced by the ligand
binding. The DNA chains have been omitted for clarity.

Molecular dynamic (MD) simulation has independently confirmed the allosteric pathway
deduced from X-ray crystallography. The simulation has been performed in a “targeted
molecular dynamics” setup, in which the [Mg-Tc]+ adduct was placed in the pocket of the
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TetR model from the TetR-DNA structure115 (with the DNA duplex omitted). To guide the
conformational change towards the induced TetR-[Mg-Tc]+ structure, a set of weak biasing
forces were applied to the atoms surrounding the ligand, largely the residues of the 6-7
loop. A simulation trajectory demonstrated that the conformational rearrangement in the
ligand pocket propagated to a movement of the peripheral DBD though helix 4 as seen in
the crystal structure of TetR-[Mg-Tc]+ complex. Due to limited simulation time, the
conformational change was not complete and only observed in one monomer. However, the
results corroborated with the allosteric mechanism suggested by the crystallographic study.
The allosteric mechanism of QacR, as seen from crystallographic structures, is different from
that of TetR in the way that conformation change is triggered from the front of the subunit.
Comparison of the ligand-bound and DNA-bound structures revealed a coil-to-helix
transition at loop 5-6131. When the ligand pocket is unoccupied, residues in the Thr89Tyr93 region form a -turn (Figure 17). Upon ligand-binding, these residues are shifted
‘upward’ to form an additional turn of the helix 5. The shift is accompanied by a dislocation
of the helix 6, consequently causing a swing motion of helix 4 and the attached DBD
toward the back of the subunit. The final result is a separation of two DBDs by 10 Å apart,
which is too far for binding two DNA major grooves.

Figure 17. The allosteric mechanism of QacR.
Shown is the overlaid structures of QacR in complex with ethidium (subunits in dark and
light blue, PDB code 1JTY) and its cognate DNA (subunits in dark and light grey, PDB
code 1JT0). The protein chains are shown as cartoons, the ligands as sticks. The red
arrow indicates the domain movement induced by the ligand binding. The DNA chains
have been omitted for clarity.
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Many TFTRs undergo allosteric conformational changes that mostly result in a similar swing
of the DBD. However, the transmission pathway differs in each regulator. The mechanism of
AibR involves a refolding of the last turn of 6 at the back of the subunit, and a disruption of
a salt bridge between a glutamate of 4 and an arginine of 1 at the sides of the dimer95. For
Bacillus halodurans FadR and L. lactis HrtR, the conformational change involves a flexible
region in the middle of 4, which allows displacement of the two halves of 4 in DNA-form
but mediates realignment of the helix upon ligand binding110-111. Similarly, the structures of
free AcrR crystallised in two different space groups suggested an involvement of Glu67
located on a flexible loop in the middle of 4 in the allosteric movement of the protein99. In
AmtR, the change is merely a small ‘drop’ of 4 and DBD relative to with LBD108.
On the other hand, some TFTRs appear to utilise a conformational change deviating from the
pendulum swing motion above. The motion of the P. aeruginosa DesT involves complex
dislocations of helices 4, 6 and 7 and a slide of helices 6 and 6’121. SimR and CprB
appear to utilise a rigid-body twist of the whole subunit rather than the swing motion of DBD
as seen with TetR and QacR109,

146

. The diverse mechanisms among the regulators thus

greatly obscure the prediction of TFTR’s allosteric pathway and make predictions impractical
without crystallographic structures of various complexation states.

1.4.5. Dynamics of TetR family members
The dynamics of TetR’s recognition of its operator have been investigated intensively using
stopped-flow intrinsic fluorescence148-150. All of the studies suggested a multi-stage scheme
for the interaction of TetR and its operator. In the most recent work, intensive experiment
with DNA at low and high concentrations confirmed that there were at least two steps in the
interaction of TetR and the operator tetO1150 (Figure 18). The first step is a bimolecular
reaction in which an intermediate complex of TetR dimer and DNA is formed. The
interaction in this step is fast and strongly dependent on salt concentration, indicating an
involvement of electrostatic interactions in the molecular recognition. The strong dipole
moment of TetR dimer151, formed by abundant positive charges at the HTH motifs and
negative charges at the top of the dimer, has been attributed to these features150. In the
subsequent first-order reaction, the complex converts to a more stable state, possibly
associated with a conformational change. This step is relatively slow with a forward rate of
0.04 - 0.14 s-1

150

. It has been suggested that the intermediate complex corresponds to the
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nonspecific binding of TetR to DNA, while the primary complex represents the conformation
of TetR in stable contacts with its cognate DNA148, 150, although so far there has been no
direct evidence to confirm the speculation.

Figure 18. The two-state model of Tet-DNA interaction.
R, D, RD and RD* are the free TetR dimer, the free DNA duplex, the intermediate and
the final states of TetR-DNA complex, respectively.

The dynamics underlining the allosteric conformational changes in TFTRs are also of
interest. One of the unresolved arguments is whether the conformational change of the free
protein is a defined shift between discrete states (i.e. free, active and inactive states), or
whether there is a continuum of conformational ensembles between these states. The popular
classic view, as usually observed from a crystallographic aspect of static structures, generally
supports the former model. Many TFTRs demonstrate highly similar conformations in crystal
structures with various ligands (as seen with TetR, QacR, EthR and TtgR), indicating that the
induced (ligand-bound) form of TFTR is well defined. The theory is corroborated by the fact
that the synthetic peptide ligands of TetR can induce the discrete conformations of Tc-bound
and DNA-bound TetR152 although their chemical structures and binding modes are distinct
from those of the cognate ligand Tc.
In contrast with this view, the dynamics of TetR’s denaturation implicitly point to the model
of conformational ensembles. Denaturing assay with urea showed that the DBD of free TetR
is more flexible and less stable than the LBD105. However, both domains are cooperatively
denatured in the presence of ligand, indicating a protein rigidification mediated by the
ligand105. A similar stabilising effect of the ligand was seen in revTetR L17G, a TetR variant
that is able to bind DNA only in the presence of ligand153. The DBD of this variant has been
found to be unfolded in free protein, and ligand-binding induces its refolding105. The
correlation between the flexibility of DBD and the ability to bind DNA of TetR variants
implies a fundamental role of protein dynamics in the allosteric mechanism. In this view,
DNA-binding of TetR requires certain flexibility (i.e. ability to sample various
conformations) in the DBD so that the HTH motifs can adjust their positions to make
contacts with DNA. Ligand binding effectively rigidifies the protein, and the DBD is locked
in a conformation unable to bind DNA. The theory is supported by the crystal structure of
revTetR L17G in complex with [Mg-Tc]+, which unexpectedly poses in an inactive
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conformation that is not compatible with DNA binding153. Since the DBD of this
conformation exhibits certain flexibility, as seen in the refined translation-libration-screw
(TLS) parameters of atomic B-factors, it has been suggested that the domain is capable of
undergoing local movement to form contact with DNA. However, the phenomenon has not
been investigated in other TFTRs. Thus it is not clear whether conformation and dynamics
interplay similarly across TetR family.

1.5. TetR family members as drug targets
Despite numerous studies on TetR family members, drug discovery for TFTRs has been
limited, with the rare examples of E. coli TetR and Mtb EthR. Intensive screening of a
peptide library on TetR has produced novel peptide ligands for TetR with various allosteric
effects from inducing (enhancing TetR’s affinity to DNA) to anti-inducing (reducing TetR’s
affinity to DNA)143,

154

. The results highlight the possibility of discovery not only new

agonists (i.e. those that induce effects similar to that of endogenous ligands) but also inverse
agonists (i.e. those that induce effects opposite to that of endogenous ligands) for TFTRs.
In the case of EthR, novel drugs with various scaffolds have been discovered via multiple
approaches, using intensive compound screening and protein crystallography for validations
of the drug’s binding modes. EthR is of particular interest since its target, the monooxygenase
EthA, is the activator of the potent pro-drug ethionamide155-156. Drugs that induce DNA
derepression of EthR have shown synergistic effects with ethionamide during treatment of
tuberculosis in a murine model157. Although the endogenous inducer of EthR is still
undetermined, the crystal structures of free EthR showed two fortuitous ligands in its pockets:
hexadecyl octanoate from the E. coli host139 and dioxane from crystallisation condition138.
In a structure-based approach, the binding modes of the fortuitous ligands have been used as
a scaffold for a focused library of 131 compounds consisting of two hydrophobic ends
separated by a 4-6 Å linker157. The library was screened for inhibition of EthR-DNA binding
using surface plasmon resonance (SPR), and the hit compound was validated with an in vitro
boosting effect on ethionamide potency. Lead compounds identified from this approach has
been successfully optimised for enhanced drug potency and improved pharmacological
properties157-159. Additionally, a new chemical scaffold for EthR drugs has also been
discovered from a library of diverse compounds160. Screening of the library for EthR
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derepression in whole cell Msm and validation by thermal stability shift assay identified an Nphenyloxyacetamide motif. Subsequent structural optimisation of this motif resulted in two
potent drug-like compounds with a new scaffold160.
Fragment-based drug discovery has also been extensively explored with EthR. A 1250fragment library was screened for thermal stability shifts on EthR and hit compounds
validated by inhibition of EthR-DNA interaction using SPR161. Crystal structures of EthR and
validated hits showed that some fragments bind two different sites in the ligand pockets161-162.
Fragment linking and merging strategies were applied to join the binding conformations of
the same fragment161, or two fragments with overlapping sites162, resulting in compounds
with improved affinities and boosting effects on ethionamide. More generally, fragment
growing strategies using in silico docking and selection have been shown to provide a good
starting point for the discovery of drugs with new chemistries144, 163. Altogether, the success
of drug discovery for EthR underscores the promising possibility of finding new drug-like
compounds targeting TFTRs with novel and unpredictable binding mechanism.

1.6. Project aims
The cholesterol metabolism of Mtb has been shown to play a vital role in the bacterial
pathogenesis of Mtb, which suggests the possibility of targeting this pathway for drug design
(Section 1.2.2). KstR has emerged as a master regulator of the cholesterol catabolism
pathway (Section 1.2.3). Regulation of cholesterol catabolism appears to be vital for cell
fitness, which might contribute to bacterial survival and virulence. Therefore KstR has been
considered a promising drug target with a potential application for synergy with current TBdrugs. As part of the TB Structural Genomics Consortium, which encourages structural
studies of Mtb proteins as the background for drug discorvery164, this study focuses on the
structural characteristics of KstR. The information drawn from this study is of advantage for
structure-based discovery of drugs targeting this protein and the cholesterol metabolism of
Mtb. Furthermore, any insights gained from KstR will be complementary to the molecular
basis of the TFTR function, which is a highly diverse and versatile group of DNA-binding
proteins (Section 1.4).
At the start of this study, although the KstR’s regulon has been well characterized in Mtb and
Msm, the biochemical and molecular characteristics of the regulator, especially the Mtb
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orthologue, has not been thoroughly studied (Section 1.3). The full-length KstR with the 21amino-acid N-terminal extension (hereafter termed NKstR construct) had never been purified
in vitro and the effect of this tail not yet investigated. Prior to this project, a crystal structure
of KstR in its free form had been solved by our group. However, there was no structure of
ligand-bound or DNA-bound KstR, which are needed to comprehend the molecular
mechanisms that define the biochemical behaviour of KstR.
In this context, the project was set out to investigate the biochemical and structural features of
KstR to support drug discovery for this protein. For this purpose, the study was aimed at
these main goals:


Purify and biochemically analyse the KstR and NKstR constructs.



Identify the ligands of KstR.



Structurally characterise KstR using X-ray crystallography.



Explore the potential of applying fragment-based drug discovery for KstR.

This dissertation reports and discusses the achievement as well as the unresolved issues of the
project. The purification of KstR and NKstR and the biochemical analysis of the protein
constructs, focused on the effect of the N-terminal extension on the KstR-DNA interaction,
are presented in Section 3.1. In the next part of the project, ligand binding assays and
competitive assays (of protein, DNA, and ligand) were used to identify the compounds
interacting with KstR. The outcome was four ligands (three steroids and one acyl-CoA), two
of which have been initially identified, synthesised and provided to us by Lindsay Eltis’
group of The University of British Columbia. For the structural study of KstR, the structures
of KstR in complex with the ligands and with cognate DNA fragments have been solved by
crystallography. The determinations of these structures are reported in Section 3.3, in which
the structural insights of KstR were used to explain the protein’s interactions with its ligands
and cognate DNA. In the last part of the study (Section 3.4), a fragment library was screened
to identify the compounds interacting with KstR as the first indication that the protein is
druggable. The structural basis for the binding of two fragments has been resolved through
the crystal structures of the KstR-fragment complexes, which opens the possibility for the
future drug design on KstR. The work of this part was partially performed by Matthew MayoSmith under a summer studentship. The general achievements, limitations and future
perspectives of the project are summarized and discussed in Chapter 4.
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Chapter 2. Materials and methods
2.1. Gene and protein sequences
The nucleotide sequence of kstR (Rv3574) from M. tuberculosis H37Rv strain was obtained
from GenBank165. The full sequence of kstR with the new start site (nkstR, Section 1.3.1) was
produced by examining the promoter sequence of between Rv3573c and Rv3574 (Figure 19)
and locating the new start site as previously determined82.
Condon analysis for the nkstR sequence (using the Codon Usage Analyzer 2.1 server,
http://www.faculty.ucr.edu/~mmaduro/codonusage/usage.htm) showed that 16% of the
gene’s codons had less than 10% usage in E. coli, which might result in a low protein
expression level in this host. Therefore the gene was subjected to codon-optimization using a
web module of GeneArt® Gene Synthesis (Thermo Scientific) before performing gene
synthesis for plasmid preparation. The nucleotide and amino acid sequences of kstR and
nkstR are shown in Appendix 1.

Figure 19. The new start site of kstR.
Shown is nucleotide sequence (upper rows) of fadE34-kstR intergenic region and amino
acid sequence of the coding regions (lower rows). Bioinformatically annotated coding
regions (shaded in colours) and gene directions (arrows) of fadE34 and original kstR are
indicated in blue and red, respectively. The new start site of kstR is marked with the
block arrow, the start codon is in bold. Underlined amino acids indicate the peptide
fragments detected in proteomic studies82, 86. The binding site of KstR is marked with the
black arrows and the palindrome shown in bold. Grey boxes indicate the -10 and -35
regions of fadE34.

48

2.2. Culture media and buffers

MATERIALS AND METHODS

2.2. Culture media and buffers
Culture media
Lysogenic broth (LB)

10 g/l peptone, 5 g/l yeast extract, 5 g/l NaCl.

LB solid medium

LB and 15 g/l agar.

ZYM-5052166
ZY stock

10 g/l tryptone, 5 g/l yeast extract.

50x 5052 stock

25% (w/v) glycerol, 2.5% (w/v) glucose, 10% (w/v)
-lactose monohydrate.

50x M stock

1.25 M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl,
0.25 M Na2SO4.

1000x metals stock

50 mM FeCl3, 20 mM CaCl2, 10 mM MnCl2, 10 mM
ZnSO4, 2 mM CoCl2, 2 mM CuCl2, 2 mM NiCl2, 2
mM Na2MoO4, 2 mM Na2SeO3, 2 mM H3BO3.

To make 1 litre

957 ml ZY, 2 ml 1 M MgSO4, 20 ml 50x 5052, 20 ml
50x M, 200 l 1000x metals.

Agarose electrophoresis
Tris-acetate-EDTA (TAE)
buffer

40 mM Tris-acetate pH 8.0, 1 mM EDTA.

6x DNA loading buffer

0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol FF, 30% (v/v) glycerol.

DNA annealing
Annealing buffer

10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM
EDTA.

Electrophoretic mobility shift assay (EMSA)
EMSA buffer

20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mg/ml BSA.

SDS-PAGE
Resolving buffer

1.5 M Tris-HCl pH 8.8.

Stacking buffer

0.5 M Tris-HCl pH 6.8.

10x running buffer

3% (w/v) Tris base, 18.8% (w/v) glycine, 1% (w/v)
SDS.

4x loading buffer

200 mM Tris-HCl pH 6.8, 400 mM DTT, 8% SDS,
0.4% (w/v) bromophenol blue, 40% glycerol.

Coomassie stock
(RAMA stain)

0.2% (w/v) Coomassie brilliant blue R250, 60% (v/v)
methanol.

DNA cloning
10x buffer K (Invitrogen™)

2 M Tris-HCl pH 8.5, 1 M MgCl2, 100 mM DTT, 10
M KCl.

Table 3. (Legends on the next page)
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Protein purification and assays
HEPES-NaCl buffer

20 mM HEPES pH 7.4, 150 mM NaCl.

Wash buffer

HEPES-NaCl buffer containing 20 mM imidazole.

Elution buffer

HEPES-NaCl buffer containing 250 mM imidazole.

Dialysis buffer

HEPES-NaCl buffer containing 0.5 mM TCEP, 5%
glycerol.

Storage buffer

HEPES-NaCl buffer containing 5% glycerol and 1
mM EDTA.

SEC-MALLS
Running buffer

HEPES-NaCl buffer containing 3 mM sodium azide.

Surface plasmon resonance
HEPES-buffered saline –
EDTA – P20 (HBS-EP)

10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.05% (v/v) Surfactant P20.

Regeneration wash

0.03% SDS.

Surface regeneration buffer

10 mM Tris-HCl pH 7.5, 5 mM MnCl2, 1.3 mM
CaCl2.

Table 3. List of media and buffers used in this study.

2.3. Biomolecular techniques
2.3.1. Determination of protein, DNA and chemical concentrations
The concentrations of proteins, DNA and chemical compounds containing a CoA moiety in
this study were determined by ultra-violet (UV) spectrometry. UV absorbance at an
appropriate wavelength (Table 4) was measured using a NanoDrop™ 1000 spectrometer. The
concentration was calculated using equation (1)
𝑐 = 𝐴 ÷ (𝜀 × 𝑑)
(1)
Where c is the concentration of protein, DNA or a chemical compound (ng/l)
A is the absorbance (AU)
d is the pathlength (cm). NanoDrop uses pathways of 1.0 or 0.2 mm
depending on the measured absorbance.
ε is the wavelength-dependent extinction coefficient (ng-1cm-1l or M-1cm-1)
as shown in Table 4.
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Wavelength
(nm)

Extinction
coefficient
(M-1cm-1)

260

0.02 ng-1cm1
l

With expression tag

280

19060

27.5 kDa (KstR variants)
29.6 kDa (NKstR variants)

Without expression tag

280

17780

22.3 kDa (KstR variants)
24.4 kDa (NKstR variants)

Palmitoyl-CoA

260

15400

A230/A260 is 0.52-0.56

3OCh-CoA

248

17200

4BNC-CoA

248

17200

Double-stranded DNA

Notes

KstR variants

Table 4. The extinction coefficients of DNA, proteins and CoA thioester compounds in
this study.

2.3.2. DNA preparation
DNA oligomers were chemically synthesised by IDT (Integrated DNA Technologies) with a
standard desalting grade. Freeze-dried primers for PCR were dissolved in sterilised distilled
water (DW) to a final concentration of 100 M and stored at -20C till usage. For DNA
duplexes, the complementary single-stranded DNAs were synthesized and DNA annealing
was performed in-house. For the annealing reaction, each DNA strand was dissolved in
annealing buffer (Table 3) to a final concentration of 1 mM. Two complementary strands
were mixed at equal volumes and the mixture was heated to 95C for 5 minutes in a
temperature-controlled thermal block. Both the sample and the thermal block were then
removed from the heating element and left at room temperature (RT) for the DNA duplex to
anneal slowly. Annealed DNA was stored at -20C till usage.

2.3.3. Agarose gel electrophoresis
Agarose gel electrophoresis was used to analyse the sizes of DNA fragments. For casting a
gel, agarose was dissolved at 1% (w/v) in TAE buffer (Table 3) by heating in a microwave
and stirring with a magnetic bead. 5 μl of Redsafe™ Nucleic Acid Staining solution (iNtRON
Biotechnology) was added to the solution and the gel was immediately casted into a gel
running tray (Hoefer™ HE33). Loading samples were prepared by mixing 1 μl DNA sample,
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1 μl 6x DNA loading buffer (Table 3) and 4 μl of Mili-Q® (MQ) filtered water. In an
electrophoresis chamber filled with TAE buffer, samples were loaded on the gel and
electrophoresis were performed at 100 V for approximately 1 hour. DNA bands were
visualised using a GelDoc™ XR+ Gel Documentation System (BioRad).

2.3.4. Gel extraction
Fragmented DNA products after PCR or restriction enzyme digestion were collected and
purified using AxyPrep™ DNA Gel Extraction Kit (AxyGen Biociences). A modified
agarose gel electrophoresis procedure was performed to separate DNA fragments of different
lengths. A typical volume of 25 μl of DNA sample was mixed with 5 l 6x DNA loading
buffer (Section 2.1) and loaded on 1% agarose gel (Section 2.3.1). Electrophoresis was
performed as standard procedure (Section 2.3.1). To minimize DNA damage caused by UV
light, DNA gel was illuminated with a custom-built blue-light transilluminator. The gel piece
containing the DNA band of interest was cut out using a clean razor. DNA fragments were
extracted from the gel piece using an AxyPrep™ DNA Gel Extraction Kit (AxyGen
Scientific) following the manual instruction except for the last step of DNA elution. To
facilitate evaporation of residual ethanol from the washing buffer, the silica membranes with
bound DNA were air-dried at room temperature for 30 minutes before the DNA fragment was
eluted with sterilised MQ water. DNA prepared using this procedure has been found to give a
more productive enzymatic reaction or show better signal in Sanger DNA sequencing.

2.3.5. Transformation
The heat-shock transformation was used to incorporate exogenous DNA plasmid into E. coli
cells. Chemically competent cells of E. coli strains DH5α, Top10 and BL21(DE3) were
produced in-house using a calcium-chloride-based method167. For a cell transformation, 1 l
purified DNA plasmid (Section 2.3.9) was added to 50 l slurry of competent cells and the
mixture was gently stirred. The cells were incubated on ice for 10 minutes. The heat shock
was performed by heating the cell slurry to 42C in a thermal block for 30 seconds, and
immediately placing the cells on ice for 1 minute. The cells were recovered by adding 1 ml
LB medium and incubating them at 37C on a shaker at 800 rounds per minute (RPM) in one
hour. The culture was then spread on an LB plate containing appropriate antibiotics (Section
2.3.6) to obtain transformed cell colonies.
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2.3.6. Antibiotics selection
Antibiotics stock solutions were prepared as below.

Antibiotic stocks

Concentrations

Kanamycin

50 mg/ml in water

Chloramphenicol

35 mg/ml in ethanol

Table 5. Antibiotic stock solutions.

E. coli strain BL21 (DE3) pLysS was maintained by including 25 mg/l chloramphenicol in
culture media. The cells harbouring a pET-based plasmid were selected with kanamycin. For
E. coli DH5 or Top10 cells harbouring a pET-based plasmid in LB medium, kanamycin was
used at the standard concentration of 50 g/ml. For BL21 (DE3) cells containing a pET-based
plasmid in LB medium, 50 g/ml kanamycin was found to be too stringent for the cell
growth, thus the concentration was reduced to 30 g/ml, which provided an adequate
selectivity in transformation and a good growth rate of cell culture. For the same selection of
BL21 (DE3) in the auto-induction medium ZYM-5052, 100 g/ml kanamycin was used to
due to the high antibiotic tolerance of the cells in this medium166.

2.3.7. Amplification and extraction of plasmid DNA
Plasmid DNAs were extracted using the small-scale miniprep method with the NucleoSpin®
Plasmid Kit (Macherey-Nagel). For a DNA amplification, the plasmid or ligation product of
interest was incorporated into E. coli cells (strains DH5α or TOP10) by heat shock
transformation (Section 2.3.5). A single transformant colony was used to inoculate 5 ml LB
in a 15-ml Falcon™ tube (BD). The culture was incubated on a rotating wheel in a
temperature-controlled room at 37 °C overnight. The following morning, bacterial cells were
collected in 1.5 ml Eppendorf tube by centrifuging at 8000xg for 30 seconds. The cell pellet
was lysed and plasmid DNA was extracted and purified according to the manual of the kit.
Similar to the gel extraction procedure (Section 2.3.7), the plasmid-bound silica membrane
was dried at RT before an elution with preheated MQ water. Plasmid DNA eluted in this
manner also showed good signals in DNA Sanger sequencing.

53

MATERIALS AND METHODS

2.3. Biomolecular techniques

2.3.8. DNA sequencing
The newly cloned pET-NKstR sequence was checked by DNA Sanger sequencing performed
by the Genomics Centre, Auckland Science Analytical Services, The University of Auckland.
The multiple-cloning site of pET-based plasmids was sequenced using a T7 primer on the
forward strand and a T7-terminator primer on the complementary strand (Appendix 1). The
purified plasmids (> 30 ng/l) were directly used for the sequencing reaction. Sequencing
results were aligned with the construct sequence using the SerialCloner software (SerialBasic
Software).

2.3.9. Preparation of DNA plasmids
For the expression of KstR lacking the N-terminal extension, the plasmid pSK35 (obtained
from the Department of Pathology and Pathogen Biology, The Royal Veterinary College,
London, United Kingdom) was used. For the construction of this plasmid, the open reading
frame of kstR (Rv3574) had been cloned into the pET30a vector with a preceding 6-histidine
(His6) tag as described elsewhere45.
For the expression of full construct NKstR (KstR with a 21-amino-acid extension at the Nterminal, see Section 1.3.1), the plasmid pET-NKstR was prepared, in which the nkstR gene
(Section 2.1) was cloned into a pET30a vector with an N-terminal His6 tag (Figure 20).
The nkstR gene fragment was commercially prepared by GeneArt Gene Synthesis (Life
Technology™). For the purpose of cloning, the cleavage sites of NcoI and HindIII were
introduced upstream and downstream of the gene, respectively. The cassette was chemically
synthesized and cloned into the SfiI site of the pMA-T vector, resulting in the pMAT-NKstR
plasmid (Figure 20).
To obtain the plasmid pET-NKstR, the open reading frame of nkstR in pMAT-NKstR was
cloned between the NcoI and HindII sites of pET30a vector by a digestion with restriction
enzymes followed by a ligation reaction. pMAT-NKstR and pET30a were amplified in E.
coli Top10 strain and purified plasmids extracted (Section 2.3.7). The plasmids were then
digested with NcoI and HindIII to produce the DNA fragments of linearized pET30a and the
nkstR gene. The digestion reaction with both restriction enzymes was performed concurrently
as shown in Table 6.
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Figure 20. The plasmid maps of pET-NKstR and pMAT-NKstR.

10x buffer K (Table 3)

2.5 l

0.1% (w/v) BSA (Invitrogen™)

2.5 l

NcoI (10 U/l)

1 l

HindIII (50 U/l)

0.5 l

Plasmid DNA (100 ng/l)

10 l

Water

to 25 l

Condition

37°C in 1 hour

Table 6. The components of digestion reaction with restriction enzymes.

The digestion products were separated by agarose gel electrophoresis (Section 2.3.3). DNA
bands corresponding to the pET30a fragment (5350 bp) and the nkstR gene (670 bp) were
extracted following a gel extraction protocol (Section 2.3.4). The NcoI and HindIII sticky
ends of the fragments were ligated by a T4 ligation reaction as shown in Table 7.

5 x T4 ligase buffer (Section 2.1)

2 l

T4 ligase (1 U/l)

1 l

DNA fragments (5 ng/l)

4 l each

Condition

RT in 10 minutes

Table 7. The components of the T4 ligation reaction.
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5 l of the ligation product was used for transformation of E. coli Top10 cells (Section 2.3.5).
Three transformant colonies were picked and used for amplification and purification of the
cloned plasmids (Section 2.3.7). Purified plasmids were subjected to Sanger DNA sequencing
(Section 2.3.8) to confirm the insertion of nkstR at the cloning site as well as the sequence
fidelity of the insert.

2.4. Protein expression and purification

2.4.1. Polyacrylamide gel electrophoresis
Sodium-dodecyl-sulphate denaturing polyacrylamide gel electrophoresis (SDS-PAGE) was
used to analyse the components of protein samples. During gel electrophoresis, SDS-bound
polypeptides migrate toward the anode of an electric field at rates proportional to their
molecular masses. Therefore, protein components of a sample can be separated into bands of
polypeptides of similar molecular masses. 15% acrylamide gel was suitable to clearly observe
the KstR band (with a mass of 22 kDa).
Polyacrylamide gels were cast in a set of twelve 100 x 80 x 1 mm gels. Firstly, the resolving
gel was cast by mixing the gel components (Table 8). The mixture was immediately
dispensed into the gel caster set. 1 ml of iso-propanol was gently placed on top of each gel to
flatten the gel interface and the gels were allowed to set for one hour. When the gels had
solidified completely, the iso-propanol was removed by washing the gel caster set with DW.
The components of the stacking gel (Table 8) were mixed and then dispensed on top of the
resolving gels. The gel combs were inserted on top of each gel plate and the gels were left to
solidify for another 1 hour. Completed gel plates were wrapped in wet paper towels and
stored at 4°C until use.
To perform an SDS-PAGE, 15 μl protein sample was mixed with 5 μl 4x loading buffer
(Table 3). The mixture was heated to 95°C for 3 minutes and 5-10 μl of the mixture was
loaded on the polyacrylamide gel. Electrophoresis was performed in 1x running buffer (Table
3) for 50 minutes at a current of 30 mA per gel plate using the Hoefer SE250 vertical
electrophoresis apparatus. The protein bands were visualised by staining the gels with RAMA
stain168. The staining solution was made up by mixing all of its components (Table 8)
immediately before use. After electrophoresis, the gel was washed with water three times (5
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minutes each time). The washed gel was submerged in the staining solution and left to be
stained on a shaker at 50 RPM overnight. The gel was destained with water for at least one
hour before being scanned with a document scanner.

Resolving gel (15% acrylamide)
30% acrylamide

36 ml

Resolving buffer (Table 3)

15 ml

10% SDS (w/v)

0.6 ml

Water

8 ml

10% APS

600 μl

TEMED

60 μl

Stacking gel
30% acrylamide

6.6 ml

Stacking buffer (Table 3)

12.6 ml

10% SDS (w/v)

0.5 ml

Water

30 ml

1% (w/v) bromophenol blue

1 drop

10% (w/v) APS

800 μl

TEMED

100 μl

RAMA stain
Coomassie stock (Table 3)

12.5 ml

40% (w/v) ammonium sulphate

3.75 ml

Glacial acetic acid

5 ml

Water

to 50 ml

Table 8. The components of polyacrylamide gel and RAMA stain.

2.4.2. Protein expression
Both KstR and NKstR constructs were expressed in the E. coli strain BL21 (DE3), which
carries a chromosomal copy of the T7 RNA polymerase for the bacteriophage T7 promoter in
pET-based vectors. BL21 strains are deficient in Lon and OmpT proteases, and are thus
convenient for producing overexpressed protein. The pET30a vector itself contains a
kanamycin-resistance system for antibiotics selection and a LacI regulation system for
induction of protein expression. Additionally, BL21 (DE3) pLysS, which harbours a T7
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lysozyme gene to ensure a low basal expression of the T7 promoter, was also tested for
expression of KstR.
Two culture media were tested for protein expression of each E. coli strain: standard LB
medium and autoinduction ZYM-5052 medium166. In LB medium, protein expression was
induced by adding isopropyl -D-1-thiogalactopyranoside (IPTG), an analogue of the inducer
allolactose of the lac operon. On the other hand, the ZYM-5052 medium contains both the
inhibitor glucose and the inducer lactose of the lac system. In the initial stage of culture
growth, glucose facilitates cell growth and suppresses production of the exogenous protein.
As cell density increases, glucose in the medium is depleted and its inhibitory effect
diminishes. Lactose not only serves as the secondary carbon source but also triggers the
production of exogenous protein in the later stage of the culture growth.
For the small-scale expression test, BL21 (DE3) and BL21 (DE3) pLysS cells were
transformed with pET-KstR or pET-NKstR (Section 2.3.5). The cultures of transformant cells
were prepared as follows:


Starter culture:
o A single transformant colony was inoculated into 5 ml LB in 15-ml Falcon™
tube and incubated on a rotating wheel at 37C overnight.



Expression culture:
o The starter culture was used to inoculate an expression culture of 5 ml LB or
ZYM-5052 medium. The expression culture was grown on a rotating wheel at
37C till mid-log phase (OD600 of 0.4-0.6, typically 3 hours after inoculation).
o To induce the protein expression, LB cultures were induced by adding 1 M
IPTG to a final concentration of 0.2 mM and incubating at 37C for 3 hours or
at 18C overnight. The autoinduction ZYM-5052 cultures were grown in the
same condition as LB cultures but were not added with IPTG. An uninduced
culture, which was an LB culture without IPTG, was prepared at the same
time.

For the protein purification, BL21 (DE3) cells were used to express the proteins in ZYM5052 medium. The starter culture was prepared similarly as in the expression tests. The
volume of the expression culture was increased to 0.5 l and the culture was grown in a 258
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litre glass baffled flask. The cells were grown at 37C to a mid-log phase (3 hours)
before transferred to 18C for an overnight autoinduction.
The OD600 of the cultures was measured with a UV-Vis spectrometer (Helios Gamma,
Themo Fisher Scientific). The induced cells were harvested by a centrifugation at 5000xg
for 15 minutes in a refrigerated centrifuge (Multifuge X3R, Thermo Fisher Scientific or
Sorvall RC6+, Thermo Fisher Scientific). The cell pellet was separated from the liquid
medium and resuspended in HEPES-NaCl buffer (Table 3) to an OD600 of 10 before a
cell disruption was performed (Section 2.4.3).

2.4.3. Cell disruption
The harvested cells were lysed using one of the three instruments: a French-press cell
disruptor, a continuous cell disruption system or an ultra-sonic sonicator. For the small-scale
expression tests, the cells suspension (typically 1 ml) was lysed using a French-press cell
disruptor (ConstantSystem) at 18 kPsi. Alternatively, the sample was sonicated at 25 W for
2 minutes (pulses of 1-s on and 1-s off) using an ultra-sonic sonicator (Sonicator 3000,
Misonix) equipped with a microtip. For large-scale protein purification, sonication was
performed in the same condition for 20 minutes using a macrotip. Alternatively, a cell
suspension of a large volume was lysed using a continuous fluidizer system (M-110P,
Microfluidics). The cell suspension and cell lysate were kept on ice during the process.
The clear cell lysate and the insoluble cell debris were separated by a centrifugation at
13000xg for 30 minutes in a refrigerated centrifuge (173OR, Gyrozen, for samples smaller
than 1 ml or Sorvall RC6+, Thermo Fisher Scientific, for a larger volume). The clear lysate
(soluble fraction) was decanted from the pellet (insoluble fraction). To investigate the
components of the insoluble fraction, the pellet was resuspended in HEPES-NaCl buffer
(Table 3). The protein components of each fraction were subsequently analysed by SDSPAGE (Section 2.4.1).

2.4.4. Immobilized metal ion affinity chromatography (IMAC)
Both KstR and NKstR constructs were expressed with a His6 tag for the purpose of protein
purification and an S-tag for an enhanced solubility (Figure 21). To remove these tags from
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the purified protein, a cleavage site for the tobacco etch virus (TEV) protease was placed
between the S-tag and KstR.
His6-tag

S-tag

TEV-site

KstR

Figure 21. The construct of His6-tagged KstR.

The protein was purified through two steps of immobilized metal ion affinity chromatography
(IMAC). Briefly, the full protein was separated from the cell lysate by the first run of IMAC.
The expression tags were removed from the partially purified protein by a digestion with the
recombinant TEV (rTEV) protease. The proteolysis products were subjected to a second
IMAC to separate the expression tag and the rTEV protease from the tagless protein.
IMAC was performed using the HiTrap Chelating High Performance prepacked column (bed
volume of 5 ml, GE Healthcare). The column was connected to a peristaltic pump to maintain
a flow of 5 ml/min. A filter of 0.45-m pore size (ReliaPrep™, Ahlstrom) was attached to
the inlet of the column to prevent precipitations and large particle from entering the column.
Before the experiment, the column was washed with 2x bed volume (BV) of water to remove
storage ethanol and then charged with 1x BV of 0.2 M NiCl2 solution. The charged column
was washed with 1x BV of water and equilibrated with 2x BV of HEPES-NaCl buffer (Table
3). The clear cell lysate was passed through the column and the His6-tagged protein was
retained in the column. The column was washed with 2x BV of the washing buffer (Table 3)
to remove contaminating proteins. The bound protein was eluted with 30 ml of the elution
buffer (Table 3) and collected in 1-ml fractions. The protein content of each fraction was
examined by SDS-PAGE. The fractions containing the target protein were pooled and
subjected to proteolysis with rTEV protease.
The rTEV protease containing a His10 tag was purified in-house following a protocol
described by Busby169. The tagged protein separated by the first IMAC (in 5–10 ml column
eluent) was mixed with 1 ml of 1 mg/ml purified rTEV protease. The mixture was dialysed
against the dialysis buffer (Table 3) to remove imidazole and to supplement with 1 mM tris
(2-carboxyethyl) phosphine (TCEP), which is required for the activity of rTEV protease, as
well as glycerol, which assists protein stability. To set up the dialysis, the protein-protease
mixture was transferred to a dialysis membrane (Pectra/Por®, Spectrum Labs) tubing with a
molecular weight cut-off (MWCO) of 12000-14000 Da. The mixture was left to dialyse
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against 1 l of dialysis buffer while being gently stirred at 4C for at least 8 hours. The process
was repeated twice by changing the dialysis buffer to ensure complete buffer exchange.
In the next stage, the protein-protease mixture was subjected to the second IMAC, in which
the cleaved tag and the rTEV protease were retained in the Ni2+-charged column and the
tagless protein was expected to remain in the column flowthrough. However, tagless KstR
and NKstR have been to found to bind the IMAC column (see Section 3.1.1.b). Therefore, the
proteins were eluted using 10 ml of washing buffer (Table 3) which contained 20 mM
imidazole.
The buffer of purified protein was exchanged to HEPES-NaCl buffer by two rounds of
concentration and dilution with an ultracentrifugal unit (MWCO of 10 kDa, Amicon, Merck
Millipore). After the last round of buffer exchange, the protein was concentrated to 20
mg/ml. 10% (v/v) glycerol was added to the final protein stock to aid with protein stability.

2.5. Biomolecular assays

2.5.1. Electrophoretic mobility shift assay (EMSA)
Electrophoretic mobility shift assay (EMSA) of KstR or NKstR and a DNA duplex was used
to investigate the effect of the N-terminal extension on DNA binding. The binding of protein
and DNA results in an up-shift of DNA band in agarose gel electrophoresis (Section 2.3.3)
due to the larger size of the protein-DNA complex. For the assay, 15 l binding mixture of
7.5 M DNA duplex and 0 to 30 M KstR or NKstR dimer was prepared in EMSA buffer
(Table 3). For the electrophoresis, the mixture was mixed with 3 l 6x DNA loading buffer
without the tracking dyes (Table 3) and the sample loaded on 1.5% agarose gel. The gel was
subjected to an electric field of 90 V for 30 minutes and then stained with 0.5 mg/l ethidium
bromide. The DNA bands were visualized with a UV-light imaging system (ChemiDocTM
XRS+, BioRad).
An EMSA of KstR and DNA in the presence of a candidate effector was used as a
competitive assay to identify the ligands of KstR. Since KstR’s endogenous ligand inhibits
the formation of KstR-DNA complex, the complex band is down-shifted towards the free
DNA band of a smaller size. The effectors tested in this assay were 3OCh, AD and ADD
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(Figure 4). The stock solutions (20 mM) of these compounds were prepared in ethanol. For
the assay, a 15 l binding mixture containing 5 M KstRdimer, 5 M DNA duplex (1:1 ratio)
and 1 mM ligand in EMSA buffer (Table 3) was prepared and incubated at RT for two hours.
DNA electrophoresis was similar to the EMSA of protein and DNA described above.
The competitive EMSA with the thioester candidates was performed by Mr Adam M. Crowe
and Dr Israel Casabon (Professor Lindsay D. Eltis’s group, The University of British
Columbia, Vancouver, Canada) as a collaboration within the project. The procedure has been
described elsewhere170.

2.5.2. Multi-angle laser light scattering (SEC-MALLS)
Multi-angle laser light scattering coupled with size exclusion chromatography (SECMALLS) was used to analyse the molar mass of protein or protein-DNA complex. SEC was
performed on a Superdex 200 10/300 GL column (GE Healthcare) connected to a Dionex
HPLC system. Light scattering was measured with a PSS SLD7000 seven-angle MALLS
detector. The refractive index was recorded using a Shodex RI-101 differential refractive
index detector. The system is connected with a UV spectrometry unit to track the change in
the absorbance of the flow.
For the determination of KstR’s molar mass in solution, the system was equilibrated with
SEC-MALLS running buffer (Table 3) before 100 l of 2.5-5.0 mg/ml KstR was loaded on
the column. The change of reflective index and light scattering were collected as the sample
was eluted from the SEC column. The molecular mass of protein was calculated from the
measured refractive index using the WinGPC Unichrom software (Polymer Standards
Service).
To determine the molar mass of protein-DNA complexes, a three-detector method171, in
which the refractive index, light scattering and UV absorbance were measured
simultaneously, was used to obtain the protein and DNA contents of the complex. For the
data collection, 100 l mixture of KstR or NKstR and the DNA fragment at a 1:1 ratio of
DNAduplex:proteindimer (56 M each) was injected to the SEC column. The changes of
refractive index, light scattering and UV absorbance (at 256 nm) during sample elution were
recorded and used to calculate the mass proportion of protein (δ) in the complex, which is
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required to calculate the molar mass of protein-DNA species as described by Slotboom et
al.171

2.5.3. Intrinsic fluorescence quenching (IFQ) assay
An intrinsic fluorescence quenching (IFQ) assay was used as a protein-ligand binding assay.
The method takes advantage of the fluorescence from the aromatic side chains of some amino
acids (i.e. tryptophan, tyrosine and phenylalanine), which can be quenched upon binding of a
small ligand to proteins. The side chain of tryptophan, which exhibits the most intense
fluorescence172, emits at 330-360 nm wavelength upon excitation at 280 nm. Tyrosine
produces a similar but weaker fluorescence emission at 303 nm upon excitation at 270 nm.
The application of protein IFQ as a ligand-binding assay requires addressing the collisional
quenching and inner-filter effect, which are unrelated to the binding event but might
significantly reduce the protein fluorescence173. Collisional quenching occurs when a
fluorophore at its excited-state is deactivated by contact with a quencher molecule in solution.
The quenching effect is limited by the molecular diffusion rate, thus its quenching rate
constant is very small and the effect is only pronounced at micromolar concentrations of the
quencher172-173 (the effect is comparable with that of a binding event with Kd of 5 mM or
higher189). All protein-ligand interactions identified in this study, as expected from
biologically relevant events, demonstrate low-micromolar Kd, therefore are exclusive of
collisional quenching. The inner-filter effect, in which the ligand demonstrates significant
absorbance at excitation or emission wavelength, was examined by scanning ligand
absorbance from 250 to 400 nm at the highest concentration used in the experiment. All of
the compounds used for the assay showed low absorbance (less than 0.2 AU) and negligible
inner-filter effect within the excitation-emission range (270 – 350 nm) at the highest
concentration used in the assay (Figure 22).
The fluorescence intensity of KstR at the equilibrium state was measured in a black quartz
cuvette with a 10 x 2 mm path length (Hellma® Analytics), using a fluorescence spectrometer
(Pistar, Applied Photophysics). The temperature of the cuvette chamber was maintained at
20°C by a circulating-water system connected with a temperature control unit. The protein
sample was excited at 280 nm (7-nm bandwidth), and the emission spectrum was scanned
from 300 to 360 nm.
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Absorbance (AU)

1.0
0.8
10 µM 4-BNC-CoA
500 µM 3OCh
50 µM Pamitoyl-CoA
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0.4
0.2
0.0
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300
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Wavelength (nm)

Figure 22. The absorbance spectrum of KstR’s ligands.
Shown are the 10-mm path length absorbance of 10 M 4BNC-CoA (red), 500 M
3OCh in 1% (w/v) methyl--cyclodextrin (green) and 50 M palmitoyl-CoA (blue).
Dotted lines indicate the excitation and emission peaks of KstR at 280 and 328 nm,
respectively.

Since the KstR sequence contains only two tryptophan residues, the intrinsic fluorescence
intensity of the protein is weaker than many other proteins. To obtain a good signal-to-noise
ratio, the maximum signal from the protein should be at least 80% of the sensor capacity as
suggested by Favicchio et al174, which is 8 out of 10 relative fluorescence units (RFU) for the
instrument used in this experiment. This required a widening of the excitation bandwidth to 7
nm and the use of 2 M protein, which is relatively higher than the amount used in
conventional IFQ assays174. Under these conditions the background baseline from the buffer
was significantly lower than the signal from protein, contributing less than 0.6 RFUs to the
total fluorescence intensity at all wavelengths.
To obtain the fluorescence quenching curve of KstR’s ligands, the fluorescence intensity of
KstR was measured in the presence of ligands at various concentrations. The samples were
prepared by diluting a KstR-ligand master mixture with a solution of KstR at the same
concentration. This results in a series of samples with a fixed concentration of KstR and
varied concentrations of ligand. Routinely, a series of samples for the binding curve was
prepared as follows:


A master mixture of 2 M KstR and 10-15 M of ligand in HEPES-NaCl-EDTA
buffer (Table 3).



A diluting solution of 2 M KstR in HEPES-NaCl-EDTA buffer.
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100 l samples of KstR-ligand mixture at various ligand concentrations were prepared
by mixing appropriate volumes of the master mixture and the diluting solution.

The fluorescence intensity of each sample (at a specific ligand concentration) was measured
twice. The experiment was repeated three times independently. The fluorescence quenching
curve was plotted using the fluorescence intensity at the emission maxima of 328 nm. The
curve was fitted with an equation developed from the simple 1:1 binding model (Figure 23).
Kd
M+L

ML

Figure 23. The 1:1 binding model for the fitting of KstR’s fluorescence quenching
curves.
M is the protein monomer, L is the ligand, ML is protein-ligand complex, Kd is
dissociation constant of the interaction.

The application of the model was based on two assumptions:


There is no cooperativity between two ligand pockets of the dimer, i.e. binding of the
ligand in one pocket is independent of the ligand’s presence in the other pocket.



The fluorescence quenching effect by a ligand molecule in each pocket is identical
and cumulative.

In accordance with the model, the concentrations of the protein and ligand species are related
by the following equations:

𝐾𝑑 =

[𝑀𝐿]
[𝑀] × [𝐿]

(2)

[𝑀] + [𝑀𝐿] = [𝑀]0

(3)

[𝐿] + [𝑀𝐿] = [𝐿]0

(4)

Where [M] is the concentration of free KstR monomer,
[M]0 is the total concentration of KstR monomer,
[L] is the concentration of free ligand,
[L]0 is the total concentration of ligand,
[ML] is the concentration of KstRmonomer-ligand complex.
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The measured fluorescence intensities is defined as:
𝐹 = 𝐹𝑚𝑎𝑥 −

[𝑀𝐿]
× (𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛 )
[𝑀]0

(5)

Where F is the measured fluorescence intensity of KstR,
Fmax is the fluorescence intensity of KstR in the absence of ligand,
Fmin is the fluorescence intensity of KstR when saturated with ligand.
Combining equations (2)-(5) gives equation (6), which was fitted with the quenching curves
to determine the Kd, Fmax and Fmin using GraphPad Prism 6.0 (GraphPad Software, La Jolla
California, USA). The default fitting parameters were used. [L]0 and F were inputs of X and
Y variables, respectively; [M]0 was fixed at 2 μM.

𝐹 = 𝐹𝑚𝑎𝑥 −

([𝐿]0 + 𝐾𝑑 + [𝑀]0 − √([𝐿]0 + 𝐾𝑑 + [𝑀]0 )2 − 4 × [𝐿]0 × [𝑀]0 )
× (𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛 )
2 × [𝑀]0

(6)

2.5.4. Surface plasmon resonance
A surface plasmon resonance (SPR) assay was used to analyse KstR’s interaction with DNA.
Generally, a biotinylated DNA duplex containing a KstR’s binding site was immobilized on
the streptavidin surface of a sensor chip SA (GE Healthcare) and KstR was passed over the
surface using a continuous flow system (Biacore T200, GE Healthcare). The system was run
in HEPES-buffered saline containing the P20 surfactant and EDTA (HBS-EP buffer, Table
3). All samples and buffers were filtered with filter membranes of 0.45-μm pore size to
remove particles that might block the SPR flow cell.
For the preparation of the DNA surface, the forward strand of the DNA duplex was
chemically synthesized with a biotin moiety attached to its 5’-phosphate end. The
biotinylated strand and its unmodified complimentary strand were annealed as described
(Section 2.3.2). The streptavidin surface was conditioned for usage as per manufacturer’s
recommendations. The DNA immobilisation was performed by injecting 20 pg/μl
biotinylated DNA duplex in HBS-EP buffer to the sample flow cell with a flow rate of 15
μl/min for 30 seconds. To avoid an over-crowding of DNA on the surface, the immobilisation
time was prolonged or shortened to achieve a signal increase of less than 100 response units
(RUs) during the injection.
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It was found that the DNA surface in this study was not stable and prone to a deterioration
after a week. Since the streptavidin moieties of the sensor chip were under-saturated in the
first immobilisation, it could be recycled to make a new DNA surface. Deoxyribonuclease
DNaseI was used to remove the old DNA debris from the streptavidin moieties. Briefly, 100
g/ml DNaseI in the surface regeneration buffer (Table 3) was passed through sample flow
cell at a flow rate of 5 l/min for 120 seconds. The surface was washed with washing
solution (Table 3) at 50 l/min for 20 seconds before new biotinylated DNA was
immobilised on the sensor chip again.
The SPR experiment was performed in a multi-cycle scheme, in which each cycle consisted
of one sample injection, during which the association of the protein and DNA duplex was
recorded, and a wash with the running buffer, during which the dissociation of the protein
from the DNA surface was recorded. The flow path was set to pass through the reference
(without immobilised DNA) and the sample flow cells consecutively and the signals from
both cells were recorded to account for the signal drifting effect. At the start of each run, the
DNA surface was stabilised by running three start-up cycles, in which only the buffer
solution was injected into the flow cells.
For the protein-DNA binding assay, protein samples (1-500 nM dimer in HBS-EP buffer)
were injected through the DNA surface at 30 μl/min for 180 seconds and the protein-DNA
association was recorded. At the end of the end injection, the flow of the running buffer was
resumed and the protein-DNA dissociation was recorded for 120 seconds. The DNA surface
was regenerated by injecting the washing solution (Table 3) at 50 l/min for 20 seconds
before the next sample was injected. In each run, two identical series of samples were
injected in an increasing order of protein concentrations, resulting in two readings for each
sample. The experiment was repeated three times independently to obtain three experimental
replicates. For fitting of the global dissociation constant Kd, the steady-state response
(recorded 4 seconds before the end of injection) was used for plotting against the KstRdimer
concentration. The curve was fitted with the “One site – Total” equation (GraphPad Prism
6.0) which describes a summation of a specific response (binding of protein and immobilised
DNA) and a linear nonspecific response (corresponding to the steady reduction of total signal
due to the leak of immobilised DNA).

67

MATERIALS AND METHODS

2.5. Biomolecular assays

For the analysis of the ligand’s inhibitory effect on KstR-DNA binding, a competition assay
was developed based on the SPR experiment with the Mtb EthR157. KstR was mixed with a
ligand to final concentrations of 15 nM KstRdimer and 0-2000 nM ligand. The mixture was
then passed through the DNA surface in a similar procedure to the above protein-DNA
binding assay. The steady-state response of the samples was normalized against that of the
control sample without ligand. The resulting residual binding activity of KstR was used for
plotting the dose-response curve, which was fitted with the “log (inhibitor) vs. response –
variable slop” equation in GraphPad Prism to calculate the half maximal inhibitory
concentration IC50 of each ligand.

2.5.5. Differential scanning fluorimetry (DSF)
A thermal shift assay was used to identify fragment compounds interacting with KstR. A
change in the protein denaturing profile (melting curve) is indicative of an interaction
between the protein and a compound. The protein melting curve was determined by
differential scanning fluorimetry (DSF) with Sypro Orange as a fluorescein indicator. Briefly,
an elevation of temperature causes protein denaturation, during which the protein is unfolded
and its hydrophobic regions are exposed to the surrounding solvent. Sypro Orange binds nonspecifically to hydrophobic patches of unfolded proteins. The interaction can be traced by an
increase in the dye’s fluorescence, which is strongly quenched by solvent but restored when
the dye binds to hydrophobic sites.
A typical DSF assay was performed with a 25-l mixture containing 15 M KstR (Table 9).
The protein melting curve was recorded using the iQ™5 real-time PCR system (BioRad).
The thermal cycles were set for an increment of 1C/min from 25C to 95C. Sypro Orange
fluorescence (excitation at 492 nm, emission at 575 nm) was detected using filters for 485nm excitation and 530-nm emission.
KstR

15 M

Sypro Orange (250x stock in DMSO)

1x

Additive (i.e. ligands, screened fragments)

10 – 2000 M

HEPES-NaCl buffer (Table 3)

up to 25 l

Table 9. The components of DSF assay.
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The transition stage of the protein melting curve was fitted with the Boltzmann sigmoidal
equation (7) using GraphPad Prism 6.0. T and F were inputs for X and Y, respectively; Fmax,
Fmin, Tm and n were fitted parameters. Routinely, the data was fitted from 46C to 56C to
exclude the interference by the pre- and post-transition slopes. Depending on the actual Tm,
the data range could be adjusted to the produce the best fit.
𝐹 = 𝐹𝑚𝑖𝑛 + (𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛 )⁄(1 + 𝑒 ((𝑇𝑚 −𝑇)⁄𝑛) )

(7)

Where F is the measured fluorescence intensity (RFU).
Fmin and Fmax are the minimal and maximal fluorescence intensity of the
transition stage, respectively (RFU).
Tm is the melting temperature (the midpoint of the transition stage, C).
T is the sample temperature (C).
n is the transition slope (arbitrary unit).

2.6. Structure determination by X-ray crystallography

2.6.1. Crystallisation
The protein complexes in this study were crystallised by a vapour diffusion method using a
sitting drop or hanging drop setup. Routinely, the sitting-drop setup was used in small-scale
and high-throughput screening of a large number of crystallisation conditions. On the other
hand, the hanging-drop format was employed to optimise the crystallisation condition.
The robotic screen was performed with an in-house 576-condition screen as described by
Busby J.169. In addition, the commercial screens Morpheus175, JCSG and PACT175-176 were
also used for screening. 100 l of each condition was dispensed to a 96-well crystallisation
plate (Intelli-plate®, Art Robbins Instruments) using a liquid-handling robot (MultiPROBE II
HT/EX, Perkin-Elmer). Sitting drops were set up by mixing 0.2 l of the mother liquor and
0.2 l of the protein solution/mixture using a protein crystallisation robot (Oryx8, Douglas
Instruments). The plates were sealed with a clear film (Hampton Research) and incubated at
18C in a temperature- and humidity-controlled room.
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When a hit was obtained from the screen but the crystal quality was inadequate for the data
collection, a fine screen was performed to search for the optimal concentration of the
precipitant(s). Routinely, the concentration of the precipitant was decreased step-wise until
no spontaneous crystallisation occurred. For the conditions of the Morpheus screen175, the
concentration of the precipitant mixture was screened in such a manner that the ratio of the
mixture components was fixed. The fine screen provided not only the optimal concentration
of the precipitant but also the boundary of crystal nucleation, which is useful for the
microseeding method (see below). A routine procedure for fine screening employed a
hanging-drop setup using 24-well plates (VDX plate, Hampton Research). For a vapour
diffusion drop, 1 l of the protein sample was mixed with 1 l of the mother liquor on a glass
cover. The drop was hung over 500 l of the mother liquor and the well was sealed with a
silicon sealant (Dow Corning® Vaccum Grease, Hampton Research). The crystallisation
plates were incubated at 18C in a temperature and humidity-controlled room and regularly
examined for protein crystals.
In case spontaneously grown crystals did not yield crystal of diffraction quality, the
microseeding method was used to bypass the nucleation phase, which has been found to
effectively improve crystal quality177. Briefly, the seed crystals were grown in the labile
supersaturation zone (or nucleation zone), under which conditions spontaneous nucleation
occurs177. These crystals were used to make a seed stock, which was inoculated into a new
crystallisation drop set up in the metastable zone (seeding condition), which does not produce
spontaneous nucleation but stimulates crystal growth from protein nuclei177. The boundary
between labile and metastable zones at a specific concentration of protein can be drawn from
a fine screen of precipitant concentration as described above. The hanging drop method was
employed for microseeding experiments in this study. To make the seed stock, the seed
crystals were crushed to fine particles in its crystallisation drop using an acupuncture needle
and the drop was transferred to 20 l of the microseeding condition. A serial dilution of 20,
100 and 500-fold was performed to dilute the seed stock. The diluted seed slurry was used to
inoculate a new crystallisation drop set up in the microseeding condition. The components of
the seeded drop were 0.5 l mother liquor, 0.5 l seed slurry and 1 l protein sample.
The typical KstR concentration was 5 mg/ml (220 M) in all crystallisation trials. For the
crystallisation of KstR-ligand complexes, KstR was pre-mixed with each ligand to final
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concentrations of 220 M KstR and 250 M ligand (or 0.5-1.0 mM palmitoyl-CoA) in
HEPES-NaCl buffer before the mixture is dispensed into crystallisation drops. The stock
solutions of the thioester ligands were prepared at 1.5 mM in HEPES-NaCl buffer. The
stock solution of 3OCh was prepared in ethanol at a concentration of 20 mM. For the
crystallisation of KstR-DNA complexes, mixtures containing 200 M KstR and 100 M
DNA duplex in HEPES-NaCl buffer were used. The crystallisation of the fragment-bound
complexes was performed using mixtures containing 220 M KstR and 1 mM fragment
(diluted from 50 mM stock in DMSO). The concentrations of ligand and DNA were chosen
so that a major population of the bound complex (more than 95% of total protein) was
ensured based on experimental or predicted Kd.

2.6.2. Data collection
X-ray diffraction data were collected at the in-house X-ray source or the Australian
Synchrotron, Victoria, Australia. The in-house source was produced by a Micromax 007 HF
rotating-anode generator (Rigaku) equipped with an MAR345 image-plate detector. When
possible, X-ray diffraction data were collected at beam lines MX1 and MX2 of the Australian
Synchrotron (Table 10). All X-ray sources were equipped with a nitrogen cryo-stream for
data collection at 100 K.
A typical strategy for data collection was 0.5-1 per diffraction frame and a total oscillation
angle of 360. The strategy was found to provide good data multiplicity (higher than 3) and
completeness (higher than 95% at the highest resolution shell and across the dataset) for the
datasets in this study. The exposure time for each frame was 5-10 minutes for the in-house
source and 0.5-1 second for the Australian Synchrotron beam lines.

Beam line
Source
Beam size

MX1

MX2

Bending magnet

In-vacuum undulator

130 x 90 m

37 x 32 m

Flux at 12.6 keV

1.5 x 10 photons/s

4 x 1012 photons/s

Monochromator

Silicon double crystal

Silicon double crystal

CCD, ADSC Quantum 210r

CCD, ADSC Quantum 315r

Detector

11

Table 10. Technical details of the macromolecular crystallography beam lines of the
Australian Synchrotron.

71

MATERIALS AND METHODS

2.6. Structure determination by X-ray crystallography

2.6.3. Data processing
Data reduction was performed with either iMOSFLM178 or XDS179. The lattice symmetry
predicted by these programmes was confirmed using POINTLESS180, which analyses the
presence of rotational and screw axes. Integrated data were scaled and merged using
AIMLESS181. The scaling statistics were used to determine data range to be included in
refinement. Radiation damage was assessed by examining the scales and the decaying Bfactors across data frames. Ideally, scales are expected to be close to 1 and data B-factor
should be less than -10 to avoid intense correction for radiation damage. Frames with bad
radiation damage or large deviations from the majority of the dataset (as judged from the
Rmerge of each frame) were excluded from the analysis.
The resolution cut-off was determined based on the data strength and the internal consistency
at high resolution shells, which was examined through the merging statistics. The data quality
was judged mostly by the signal-to-noise ratio <I/σ(I)> and the half-dataset correlation
coefficient CC1/2. A cut-off limit was applied when <I/σ(I)> fell below 1.5 and/or CC1/2
passed 0.5 in the highest-resolution shell. However, for most KstR crystals, the data were
significantly anisotropic, which resulted in diverging signal quality along the unit cell
principal directions. The determination of the resolution cut-off was based on examining the
merging statistics along these axes. The above criteria could be relaxed for the worst
direction depending on how anisotropic the data were (see Section 3.3.4.a). Scaled and
merged data were subsequently converted to structure factors using the CTRUNCATE
module, which is part of the CCP4 programme suite182, following the French and Wilson’s
procedure183. The module also performs a number of twinning tests to analyse crystal
pathology.

2.6.4. Molecular replacement
The number of protein chains in the lattice asymmetric unit (ASU) was decided based on the
Matthews coefficient, which gives the statistically most probable solvent content of the unit
cell. Molecular replacement (MR) was performed using the PHASER-MR module distributed
with the PHENIX package184. Briefly, the programme identifies the most probable position
and orientation of a search model in agreement with the experimental data using a maximumlikelihood algorithm. The quality of the solution was judged by two scoring functions: the
log-likelihood gain (LLG), which indicates the probability of the model in comparison with a
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random model, and the Z-score of the translation function solution (TFZ), which expressed
the signal-to-noise ratio of the solution. As a general guide, LLG is expected to be as high as
possible while a TFZ less than 5 denotes a false solution and a TFZ higher than 8 usually
indicates a solution.

2.6.5. Model modification and refinement
The model from MR was modified in accordance with the initial electron density map using
the graphical programme COOT185. The quality of the model was improved by performing
model refinements using the PHENIX program package186. A routine refinement consisted of
5 macro cycles, in which each of the following refinement strategies was performed:


XYZ coordinates: Cartesian refinement of the atomic coordinates against the
experimental data and towards improving the model geometry.



Real-space: refinement of the atomic coordinates against the electron density map.



B-factors: refinement of the individual atomic B-factor for each atom. At the initial
stage of refinement during which input B-factors were far from the final values, or in
cases of low resolution data (worse than 3.0 Å), grouped B-factors refinement (of
neighbouring atoms) can be used instead.



Occupancies: refinement of the atomic partial occupancy. This strategy was only used
for small molecules, which do not necessarily associate with every equivalent protein
unit in the crystal lattice.

It was found that during the refinement of the KstR structures, the relative weight between
the X-ray target function and the geometry restraints had to be optimized to avoid overfitting
(i.e. the difference between Rwork and Rfree larger than 0.05). The automatic assignment of the
target weight by PHENIX resulted in severely overfitted models.
For datasets with resolutions lower than 2.5 Å, secondary structure restraints, which help
maintain the hydrogen bonds within alpha helices, beta sheets and Watson-Crick nucleotide
base pairs, were applied. The geometrical restraints for the ligand and fragment molecules
were generated using eLBOW187. For datasets with a resolution higher than 2.8 Å, an
automatic placement of water molecules was performed and the model was subsequently
inspected and corrected manually. Small molecules and ions were built manually when
appropriate.
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In the case of KstR-PEG and KstR-palmitoyl CoA structures, B-factors were refined with a
multi-segment translation-libration-screw (TLS) vibrational motion model188. TLS segments,
of which residues tend to vibrate as a rigid body, were determined automatically using the
phenix.find_tls_groups command or manually using the TLS Motion Determination
Server189.

2.7. Structure analysis
The atomic structures were structurally analysed and illustrated using PYMOL190. The
rotamer probability was calculated using the MolProbity module191 distributed with COOT.
The base pair step parameters and the normal vectors of the DNA fragments were calculated
using the 3DNA web server192.
To analyse the DNA deformation, a normal vector plot was constructed as described by
Dickerson et al.193. Briefly, a viewing axis along the long axis of DNA was chosen in such a
manner that DNA curvature can be best observed193. The normal vectors of all base pair steps
were brought to the same origin and projected on to a plane perpendicular to the viewing
axis. The coordinates of the projected vector were the CosX and CosY values for the normal
vector plot.
For a comparison of experimental and simulated DNA conformations, the predicted base-pair
step parameters were obtained from DNAShape194 and Fujii et al.195. The DNAShape server
provides minor groove widths, roll and twist angles for each of the 136 unique
tetranucleotides. On the other hand, Fujii et al. provide a full lookup table of the six base pair
step parameters for the 512 unique pentanucleotides. To obtain the parameters for the KstR’s
binding site, a sliding window of 4 or 5 base pairs was used to retrieve the parameters for
each base pair (in the case of the 5-bp window) or each base pair step (in the case of the 4-bp
window).
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Chapter 3. Results and discussion
3.1. Biochemical characterisation of KstR
Prior to this study, our group had attempted to express and purify KstR from E. coli using a
maltose-binding-protein (MBP) fused construct. However, the protein yield of this construct
was low and inconvenient for protein crystallisation. In this study, I have purified KstR from
E. coli using a His6-tagged construct, using a pET30-based plasmid prepared by Kendall et
al.45 (obtained from the Department of Pathology and Pathogen Biology, The Royal
Veterinary College, London, United Kingdom). Apart from the original KstR construct, the
full-length NKstR, which contains a 21-amino-acid extension in the N-terminus, has never
been characterised previously (Section 1.3.1). To purify this construct, the pET-NKstR
plasmid was prepared by cloning the synthetic nkstR gene into the pET30a vector (Section
2.3.9) to obtain the His6-tagged construct of NKstR similar to that of KstR. This section
reports the purifications of KstR and NKstR constructs and their biochemical
characterisations, in which their polymeric states and their interaction with cognate DNA
have been investigated.

3.1.1. Expression and purification of KstR

3.1.1.a.

Expression tests

Small-scale (5-ml culture) expression tests were performed to optimise the expression level
of KstR and NKstR in E. coli. In the first test, the E. coli strains BL21 (DE3) and BL21(DE3)
pLysS, which harbours a T7 lysozyme gene for a tighter control of the T7 promoter, were
compared for protein expression. The induction methods, IPTG induction (in LB medium)
and autoinduction (in ZYM-5052166 medium) were also examined. Between the two variants,
BL21 (DE3) produced a larger amount of protein in both media, although pLysS cells had a
lower basal expression as seen from the uninduced sample (Figure 24A and B). Therefore
BL21 (DE3) was chosen for the protein production. The level of expression was roughly
similar in both media, with the majority of the target protein seen in the soluble fraction
(Figure 24A and B). Since the ZYM-5052 medium provides a more convenient experiment
setup, in which the closely monitoring of culture OD600 can be avoided, this medium was
chosen for the subsequent test. The expression level of NKstR was very similar to that of
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KstR, suggesting that there was no significant translational hold-up caused by the rare codons
of kstR (Section 2.1).

Figure 24. The expression test of E. coli strains and culture media for the expression of
KstR and NKstR.
Small-scale expression test was performed with E. coli cells harbouring the pET-KstR
(A) or pET-NKstR (B) plasmids. Culture media are as indicated. U: whole cell lysate of
uninduced culture. T, S, I: total cell lysate, soluble and insoluble fractions of induced
culture, respectively. Protein markers are the first lane on the left. Arrows indicate the
target protein bands.

Protein expression at 37C and 18C has also been tested to examine the effect of
temperature in the protein production. It has been suggested that protein expression at a
temperature lower than 37C can enhance the fraction of soluble protein166. To shorten the
growth time and to ensure culture saturations at the low temperature, the cultures were grown
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at 37C till OD600 reached 0.4-0.6 (typically within 3 hours) and then transferred to 18C for
an overnight incubation. As expected, the amount of target protein in the insoluble fraction
significantly reduced upon induction at 18C (Figure 25). Therefore, protein expression in
BL21 (DE3) using the ZYM-5052 medium with an induction at 18C was chosen for
purification of KstR and NKstR.

Figure 25. The effect of the induction temperature in the expression of KstR and NKstR.
Small-scale expression test was performed using E. coli BL21 (DE3) harbouring the
pET-KstR or pET-NKstR plasmids. Induction temperatures are as indicated. U: whole
cell lysate of uninduced culture. T, S, I: total cell lysate, soluble and insoluble fractions
of induced culture, respectively. Molecular weight markers are the first lane on the left.
Arrows indicate the target protein bands.

3.1.1.b.

Protein purification

KstR
For the protein purification, BL21 (DE3) cells expressing KstR were grown in one litre of
culture in the chosen condition. The cells were harvested and disrupted and the His6-tagged
protein was separated from the cell lysate using IMAC as described (Section 2.4.4). An SDSPAGE of the induced cell lysate showed a generally lower expression level of KstR in
comparison with the earlier expression test (Figure 26). After the cell lysate had been passed
through the IMAC column, the KstR band was greatly diminished in the flowthrough,
indicating that the protein effectively bound to the column. Washing the column with buffer
containing 10 mM imidazole did not disrupt the binding of KstR but remove some of the
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contaminating proteins. 250 mM imidazole effectively eluted KstR from the column. The
elution fractions 5 to 17 (Figure 26) contained a large amount of two protein species of
similar sizes to His6-KstR (27.5 kDa). Comparing the two bands with the total cell lysate of
induced cells (lane T and #19, Figure 27) confirmed that His6-KstR was the band of slightly
smaller molecular weight.
Fractions 5 to 17 were pooled for further purification based on their high KstR content and
low amount of contaminants (Figure 26). rTEV protease was added to remove the His6 tag
while the mixture was also subjected to dialysis to remove imidazole (Section 2.4.4). It was
noted that during dialysis the sample heavily precipitated. The precipitation was separated
from soluble protein by centrifuging at 13000x g for 30 minutes, and the pellet was
suspended in HEPES-NaCl buffer for examination with SDS-PAGE. The gel confirmed that
most of the His6-KstR was cleaved by rTEV protease and the precipitation was a mostly
KstR. However, only a small fraction of total KstR precipitated (Figure 27, fractions SD and
PD,) with the majority of the protein remaining stable in solution. An unknown protein
species of 23 kDa was observed in the sample after rTEV digestion. This species probably
was masked by the large amount of His6-KstR in earlier gels and only became visible when
KstR was cleaved.
Cleaved KstR was purified by passing the rTEV-digested product through the IMAC column
a second time for subtractive affinity chromatography (Section 2.4.4). The protein species
containing polyhistidine tags, namely rTEV, cleaved His6 tag and uncleaved His6 KstR, were
retained in the column while the tagless KstR was expected to pass through the column and
remain in the flowthrough. However, neither the sample flowthrough nor the washing buffer
(without imidazole) contained cleaved KstR (data not shown). When the column was washed
with a series of imidazole concentrations from 20 to 250 mM, KstR was eluted effectively at
20 mM imidazole (Figure 27). At this stage purified KstR still contained a small portion
(5% total protein) of tagged protein and a negligible amount of a 23-kDa unidentified
species. Another step of SEC was considered to remove the tagged KstR. However,
considering the 5-kDa difference in molecular mass between tagged and tagless KstR, it was
expected that the resolution of conventional SEC could not effectively separate them apart.
Furthermore, KstR is expected to be an obligatory homodimer in solution (Section 1.4.1), it is
thus possible that tagged and tagless KstR could associate to form heterodimers, which
further complicates the process. Therefore KstR was not purified further. The final purity was
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95% as judged from SDS-PAGE. Buffer exchange was performed to remove imidazole, the
protein was concentrated to 20 mg/ml and stored in storage buffer (Section 2.4.4). The final
yield of purified KstR was 44 mg per litre of cell culture. The KstR stock solution was stored
at -80C and remained stable up to three years.

Figure 26. The IMAC purification of KstR.
U is the uninduced cell lysate. T, S, I are the total lysate, soluble and insoluble fractions
of induced cells. The soluble fraction was passed through an IMAC column and the
flowthrough (F) was collected. The column was washed twice with 5 ml washing buffer
(W1 and W2) containing 10 mM imidazole. Bound proteins were eluted from the column
with 30 ml elution buffer containing 250 mM imidazole and collected in 1-ml fractions.
Molecular weight markers are the first lane on the left. Arrows indicate the target protein
bands.
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Figure 27. The rTEV protease digestion and subtractive IMAC of KstR.
T is the total lysate of induced cells. TD, SD, PD are total, soluble and precipitation pellet
of KstR after dialysis. Soluble protein was passed through an IMAC column and the
column was washed with 5 ml HEPES-NaCl buffer (W) before being eluted with a series
of elution buffers (5 ml each) containing 20-250 mM imidazole. Molecular weight
markers are the first lane on the left. Arrows indicate the target protein bands.

NKstR
NKstR was purified following a similar procedure to KstR. The expression level of largescale NKstR culture was comparable to the earlier expression test. His6-NKstR bound
effectively to the Ni-NTA column, as demonstrated by a diminished amount of NKstR in the
column flowthrough (Figure 28). Due to the large amount of protein that possibly saturated
the IMAC column, a substantial amount of NKstR was washed off in the second washing step
(W2). Elution fractions 1 to 12 (Figure 28) contained a large amount of NKstR and were
pooled for dialysis and digestion with rTEV protease.
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Figure 28. The IMAC purification of NKstR.
U is the uninduced cell lysate. T, S, I are the total lysate, soluble and insoluble fractions
of induced cells. The soluble fraction was passed through an IMAC column and the
flowthrough (F) was collected. The column was washed twice with 5 ml washing buffer
(W1 and W2) containing 10 mM imidazole. Bound proteins were eluted from the column
with 30 ml elution buffer containing 250 mM imidazole and collected in 1-ml fractions.
Molecular weight markers are the first lane on the left. Arrows indicate the target protein
bands.

Unlike KstR, which could not be digested completely with rTEV, NKstR was effectively
cleaved with only a very faint band of the remaining His6-NKstR (Figure 29). Furthermore,
the protein mixture after the dialysis and rTEV treatment did not contain any precipitation as
seen with KstR, which suggests that NKstR is more stable than KstR. During the subtractive
IMAC, although some of NKstR bound the column and was washed away by 20 mM
imidazole, a large amount of NKstR remained in the flowthrough and came off in the
washing fraction (Figure 29). The different behaviour in NKstR in comparison with KstR
might be due to the larger amount of NKstR that was loaded on the IMAC column.
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The fractions containing tagless NKstR (i.e. the flowthrough, wash and 20 mM elution
fractions) were pooled and the purified NKstR was concentrated to 20 mg/ml and stored in
the storage buffer (Section 2.4.4). The purification process yielded 210 mg NKstR per litre
of cell culture.

Figure 29. The rTEV protease digestion and subtractive IMAC of NKstR.
B is NKstR (10-fold dilution) before treatment with rTEV protease. rT is purified rTEV
protease. The digested product (A) was passed through an IMAC column and the
flowthrough (F) was collected. The column was washed with 5 ml HEPES-NaCl buffer
(W) before being eluted with a series of elution buffers (5 ml each) containing 20-250
mM imidazole. Molecular weight markers are the first lane on the left. Arrows indicate
the target protein bands.

3.1.2. Characterisation of purified protein
Confirming the homodimeric form of KstR and NKstR in solution
Using analytical SEC, Kendall et al. have shown that KstR forms a homodimer in solution45.
To confirm the polymeric state of our purified proteins, SEC-MALLS was performed with
both KstR and NKstR constructs (Section 2.5.2). The calculated molar masses of both
proteins in solution (Figure 30) agreed well with a single homodimeric species of 44 kDa
(KstR) or 48 kDa (NKstR). There was no other protein peak throughout the elution range of
the SEC column (8 to 24 ml after the sample injection), confirming that the homodimer was
the only polymeric state of KstR and NKstR. KstR at concentrations of 5 and 2.5 mg/ml
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showed the same symmetrical peak, indicating that the protein does not dissociate or further
multimerizes in this concentration range.
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Figure 30. SEC-MALLS of KstR and NKstR in solution.
Refractive index (solid line) and molar mass (empty circle) of KstR (A) and NKstR (B)
are shown. Data were collected with 100 l of KstR/NKstR at 5 mg/ml (red) or 2.5
mg/ml (blue).

Interaction of KstR and NKstR with cognate DNA
KstR has been shown to bind a palindromic motif, which was found in its promoter region
between Rv3573c and Rv3574 (Section 1.3.1). An EMSA with isotope-labelled 28-bp DNA
fragments has been used to demonstrate the interaction between KstR and cognate DNA45, 87.
SEC has been used to show that KstR binds the motif in a 1:1 ratio of DNAduplex and
KstRdimer45. In this study, we performed a non-labelled EMSA (Section 2.5.1) as a qualitative
test to assess the effect of the NKstR’s extension on DNA binding. To account for the
possible interaction of the tail with DNA, a 40-bp DNA duplex (BS40) of the Rv3573cRv3574 intergenic region containing KstR’s binding motif was used for the assay.
In this study, the EMSA of KstR and the BS40 fragment (Figure 31) showed that 90% of the
free DNA was converted to the KstR-bound complex at a 1:1 ratio of DNAduplex and KstRdimer
(7.5 M each). However, when the DNA is over-saturated with KstR (at 1:2 and 1:4 ratios),
there was an abrupt formation of an aggregation-like species of large molecular mass, which
was too big to enter the agarose gel and remained in the sample loading well (Figure 31).
When NKstR was used for the assay, a similar species was also observed, albeit at a higher
ratio of 1:4 DNAduplex:KstRdimer. Interestingly, NKstR forms an up-shifted band that has a
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significantly larger mass than that of the KstR-DNA complex. This supershift band gradually
converted to the normal complex (of similar mass to the KstR-DNA band) when NKstR
concentration decreased, indicating that formation of the larger complex was facilitated by a
high concentration of NKstR. Since the massive aggregation-like species were associated
with both constructs, their formation is intrinsic to KstR and independent of the N-terminal
tail. By contrast, the ‘up-shift’ species is characteristic of the NKstR construct, suggesting it
is mediated by the N-terminal extension.

Figure 31. The EMSA of KstR and NKstR with BS40 DNA fragment.
Each lane was loaded with a 15-l mixture of 7.5 l DNA duplex and 0–30 M KstRdimer
or NKstRdimer.

To investigate the nature of these high-molecular-weight complexes, SEC-MALLS of
protein-DNA mixture was performed. BS40 was mixed with KstR or NKstR at a 1:1 ratio of
DNAduplex:proteindimer (56 M each) before being loaded on a size exclusion column.
Interesting, complexes of both KstR and NKstR showed a presence of multiple species with
very high molar mass (Figure 32). Protein-DNA peaks were asymmetric with a peak at 10.5
ml and a long shoulder up to 13 ml of elution volume. The calculated molar mass indicated
that the species in KstR samples were of 300 kDa or less, while the species with NKstR was
smaller, with the highest mass of 160 kDa. The slope of molecular mass along the peak
shoulder indicated that there was an equilibrium between the species. The 1:1 complex of
DNAduplex :proteindimer has a molar mass of 68-72 kDa, which is significantly smaller than the
species here. Since the protein and DNA concentrations used in SEC-MALLS were 8-fold
higher than those in the previous EMSA, is likely that the 1:1 complex aggregates into larger
complexes at high concentration. Decreasing the complex concentration, however, could not
resolve the multiple peaks but also increased noise due to the low refractive index signal.
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SEC-MALLS results of the two constructs differ at a higher shoulder at 12.5 ml of elution
volume seen with the NKstR-DNA complex. The feature indicates that there was a major
peak in this region. This species might correspond to the N-terminal-tail-mediated supershift
observed in the previous EMSA. The high-molar-mass species at 11.5 ml of elution volume,
which dominated in SEC-MALLS of both constructs, is likely to be the aggregation-like
species in EMSA. Unfortunately, due to the multiple components of the peak, the calculated
molar mass was not reliable to deduce the protein and DNA contents of these species.
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Figure 32. SEC-MALLS of KstR and NKstR in complex with the DNA fragment BS40.
Refractive index (solid line) and molar mass (empty circle) of KstR-BS40 (A) and
NKstR-40 complexes (B) are shown. Data of the complexes are shown in red, free
protein in green and free DNA in blue. The experiment was performed with 100 l of
each sample, protein and DNA concentrations were 56 M.

For a better analysis of the protein-DNA interaction, SPR assays were used to quantitively
characterise the DNA-binding of both constructs. Due to its high sensitivity, the method is
suitable for investigating the high-affinity interaction between KstR and DNA.
SPR experiments in this study were set up with a DNA duplex immobilised on the sensor
chip surface (Section 2.6.5). The samples containing KstR were passed over the DNA surface
to record protein-DNA association events. Dissociation of the protein-DNA complex was
observed by washing the protein-bound surface with running buffer. For the experiment, 5’biotinylated DNA duplex was immobilised on the sensor chip streptavidin surface. The DNA
was stable for continuous usage within one week after immobilisation. However, neither dry
nor wet storage could maintain the DNA surface, which severely deteriorated after a few
weeks of storage and lost 90% of interaction capacity with protein. In an effort of recycling
the surface, DNase I was used to digest the remaining DNA debris on the surface and fresh
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DNA duplex was re-immobilized (Section 2.6.5). The recycled surface was found to give
similar kinetics to a new surface but suffered a steady loss of immobilised DNA, resulting in
decreasing signal after each cycle. Although the signal reduction within one dataset is less
than 10% of maximum RU, it might affect the fitting of global Kd. Since SPR cycles were
arranged in an increasing order of KstR concentrations, the steady reduction of the signal was
accounted for by including an extra first-order term in the fitting equation (Section 2.5.4).
Apart from the BS40 DNA fragment, a similar but shorter 28-bp fragment (BS28) of the
same binding motif was included to examine whether the extra nucleotides are required for
the effect of the N- terminal tail. SPR of both KstR constructs and each DNA fragment
showed highly similar kinetics characteristic, in which the proteins reached a steady-state
within 100 seconds of contact (Figure 33 A-D). BS40 was immobilised on a new sensor chip,
thus the DNA surface was more stable than in other experiments. Since SPR response is
proportional to the molecular mass of the analysed species, a binding stoichiometry can be
drawn when DNA surface is saturated with protein. The sensor chip surface used for data in
Figure 33 A-B was charged with 39 RU of BS40 DNA. Equilibrium response of NKstR and
KstR at 500 nM, which is close to the saturation level, on this surface were 64 and 60 RU,
respectively. In accordance with the molecular masses of DNA and protein dimer (24 and 4448 kDa, respectively), the level of saturated response corresponds with a 1:1 ratio of
DNAduplex:proteindimer.
Although the kinetic data of KstR and BS40 were obtained from a stable DNA surface and
showed good signal-to-noise ratio, the data could not be fitted with the simple Langmuir 1:1
kinetic model. One potential issue of SPR experiment is mass transport, which can obscure
binding kinetics if the process is limiting an analyte’s binding rate. A mass transport test, in
which the flow rate was varied from 15 to 75 l/min, showed that mass transport in this
condition did not affect the association/dissociation slopes or the steady-state response
significantly. Since TetR’s interaction with DNA has been shown to comprise of at least two
reaction steps in stopped-flow intrinsic fluorescence experiment (Section 1.4.5), it is possible
that KstR-DNA interaction also follows this model. Even though the data could be fitted
reasonably with this model, fitting results were not consistent between experiment replicates.
The problem could be due to the model’s large number of variables, which requires high
consistency of experimental data. Since each replicate was measured on a different DNA
surface, the data might slightly deviate from each other, making local fitting not reliable.
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Figure 33. SPR of KstR’s interaction with DNA.
A to D, sensorgram of KstR (A and C) and NKstR (B and D) in interaction with the
immobilised DNA BS40 (A and B) or BS28 (C and D). The concentrations of protein
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Global fitting of steady-state response (at the end of association phase) established that the Nterminal tail enhances the protein’s affinity for DNA. As mentioned above, the BS40 surface
was stable during data collection, thus its steady-state data could be fitted well with the
conventional binding equation (Figure 33E). On the other hand, the fragment BS28, which
was immobilised on a recycled surface, was slowly bleached off the surface, resulting in a
signal decrease in the two readings of the same sample (Figure 33D). Including a linear term
in fitting equation (Section 2.5.4) efficiently improved the fit (Figure 33F). Data with both
DNA fragments confirmed that the N-terminal extension mediates a decrease of Kd from 10
nM with KstR to 5 nM with NKstR (Table 11). Although the difference was a mere 5 nM, it
translates to a two-fold increase in KstR’s affinity with DNA. The standard deviations of
fitted Kd indicate that the difference in Kd was significant. Results with BS40 and BS28
fragments agree very well with each other (Table 11), suggesting that the 28-bp fragment
provides enough space for interaction of the N-terminal tail. Therefore, BS28 has been used
for subsequent assays with ligands and for crystallisation with protein.

BS40
Kd (nM)

BS28

KstR

NKstR

KstR

NKstR

10 ± 1.8a

4.3 ± 0.7

9.9 ± 0.6

4.7 ± 0.4

Table 11. The global Kd of KstR-DNA interaction measured by SPR.
Kd value was fitted with a simple 1:1 binding model using the steady-state response of
SPR data. Shown are the best-fitted values and standard deviations of three replicates,
each of which includes two SPR measurements.
a
Values are from two replicates only.

3.1.3. Discussion
The original and the extended, full-length constructs of KstR have been purified with good
protein yield (> 44 mg protein per litre of cell culture). In agreement with other TFTRs, the
homodimeric form of KstR in solution has been confirmed by SEC-MALLS. Notably,
Fernandez et al. have observed a small peak of tetrameric KstRMsm in analytical
ultracentrifugation87, in which 45 M KstRMsm was used. The protein concentration in our
SEC-MALLS was 110-220 M, yet there was no other protein peak during the elution of
SEC column, indicating that Mtb KstR is an obligate dimer and does not form any higher
polymeric state under experimental conditions used.
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The results of EMSA, SEC-MALLS and SPR confirmed a role of the N-terminal extension in
the protein-DNA interaction. Although the tail mediates formation of a complex of higher
molecular mass with DNA, SEC-MALLS could not resolve the molar mass of this species
due to KstR’s tendency of aggregating with DNA. However, SPR confirmed the 1:1 ratio of
DNAduplex:proteindimer previously suggested by SEC of KstR-DNA complex45. Both
constructs showed the same binding stoichiometry at protein concentrations up to 500 M
dimer. Since the protein and DNA concentrations in EMSA and SEC-MALLS were higher
than those in the SPR assay, it is possible that the complexes of higher stoichiometry only
form at high concentrations of protein and DNA. It is therefore likely that the 1:1
stoichiometry is the biological relevant binding mode of KstR.
The SPR experiment has clearly established that the N-terminal extension enhanced KstRDNA binding by two-fold. However, the strong affinity with DNA of the short construct (Kd
of 5 nM in SPR) means that the tail is not strictly required for DNA binding. In contrast, the
disordered tails of the S. antibioticus SimR and the C. glutamicum AmtR have been shown to
be required for DNA binding. A truncation of SimR’s tail resulted in a 120-fold reduction of
the protein’s affinity for DNA109. Similarly, deletion of AmtR’s tail abolished its DNA
binding in EMSA108. The positive but disposable effect of KstR’s tail indicates that it might
make contact with DNA but its contribution to global protein-DNA affinity is minimal. The
disordered tails of SimR, AmtR and Ms6564 use one or more arginine residues to contact
DNA (Section 1.4.3). The extension of KstR also contains an arginine within a proline-rich
region (Figure 19). Further investigation for the role of this residue in KstR-DNA interaction
is required to elucidate the function of the N-terminal tail.

3.2. Identifying ligands of KstR
It has been established that KstR regulates the expression of the cholesterol degradation
pathway in mycobacteria. However, there is also evidence suggesting that the KstR may also
regulate the catabolism of other substrates, such as other steroids and fatty acids (Section
1.2.3). Fernandez et al.87 have shown that 3OChA (an early metabolite of cholesterol
degradation) and, to a lesser extent, palmitate destabilise KstRMsm and induce DNA release
from the regulator. Therefore these compounds are considered potential inducers of Mtb
KstR.
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This section describes how KstR’s ligands were identified from a number of steroidal
intermediates of the cholesterol degradation pathway. An EMSA reported in this study has
identified 3OCh as a potential inducer of KstR. Concurrently, Lindsay Eltis’s group
(Departments of Biochemistry and Molecular Biology and Microbiology and Immunology,
Life Sciences Institute, The University of British Columbia, Vancouver, Canada) synthesised
two steroidal thioesters, i.e. 3OCh-CoA and 4BNC-CoA, and also identified them as KstR’s
inducers using EMSA. Using intrinsic fluorescence quenching (IFQ) assays, these thioesters,
together with 3OCh and palmitoyl-CoA, have been confirmed to interact with KstR. The
compounds with the highest affinity towards KstR, i.e. 3OCh-CoA and 4BNC-CoA, were
then subjected to a competitive assay with DNA in SPR to quantitively assess their inhibitory
effect on DNA-binding.
The results of the IFQ assay with 3OCh-CoA and 4BNC-CoA in this section have been
published in Ho et al.170.

3.2.1. Identifying the ligands of KstR using EMSA
An EMSA of KstR and the DNA fragment BS28 was used as a qualitative assay to identify
compounds that can inhibit the protein-DNA interaction, as would be expected from the
inducers of KstR’s regulon (Section 1.3.1).
In this study, I have performed an EMSA with a number of steroid compounds, namely
cholesterol, 3OCh, ADD and AD, all of which are the substrates or intermediates of the
cholesterol degradation pathway (Section 1.2.2 and Figure 34A). Among these compounds,
only 3OCh showed significant inhibition of DNA binding in EMSA, with a bold band of free
DNA in the presence of 3OCh (Figure 34B). The effect, however, was limited and 3OCh
could not completely abolish protein-DNA interaction, even at the 1 mM concentration in the
assay. Despite the weak effect, the result was consistently repeated in replicate experiments,
indicating an authentic inhibition of this sterol on KstR-DNA binding. Cholesterol, AD and
ADD did not show any significant and consistent effect on the binding of KstR and DNA,
suggesting that both the 3-oxo steroid moiety and the aliphatic side chain are required for the
effect of 3OCh.
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A

B

C

Figure 34. EMSA for identification of KstR’s ligand.
A, the chemical structures of the tested compounds. HSBNC-CoA, 3-hydroxy-9-oxo-9,
10-seco-23, 24-bis-norchola-1, 3, 5(10)-trien-22-oyl-CoA. For the full name of other
compounds see Section 1.2.2. B, EMSA of KstR and non-CoA intermediates of
cholesterol degradation. Each lane was loaded with 15 l of the binding mixture. The
concentrations of DNA, KstRdimer and effectors in the mixture were 7.5 M, 15 M and 1
mM, respectively. C, EMSA of KstR and CoA thioesters of cholesterol degradation
carried out by Adam Crowe. The concentrations of DNA, KstRdimer and effectors were
0.6 M, 1.2 M and 20 M, respectively. Nonspecific DNA was from salmon sperm.
Figure C was reprinted from Ho et al.170 with permissions from the American Society for
Biochemistry and Molecular Biology.
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On the other hand, an EMSA with CoA thioester intermediates of the cholesterol degradation
pathway (performed by Lindsay Eltis’s group, Figure 34A and C) clearly demonstrated the
effect of 4BNC-CoA and 3OCh-CoA, which share the 3-oxo steroidal moiety and the
aliphatic side chain with 3OCh. Among the two thioesters, 3OCh-CoA showed a stronger
effect, in which the compound completely abolished DNA binding in these assay conditions.
4BNC-CoA showed an incomplete inhibition of DNA binding, but the effect was clear in
comparison with other compounds. CoASH and the conjugate acids of these thioesters did
not exert any effect on KstR, indicative of an indispensable role of CoA moiety for the effect
of the adducts. The 2-ring metabolites HSBNC-CoA and HIP-CoA did not show any effect
on KstR-DNA binding, confirming KstR’s specificity for the 4-ring steroid moiety. It
appeared that the effects of 3OCh-CoA and 4BNC-CoA were stronger than those of 3OCh,
considering their pronounced effects at a concentration much lower than that of 3OCh in the
previous EMSA (20 M versus 1 mM).
To further confirm the inhibitory effects of the two competent ligands, 3OCh-CoA and
4BNC-CoA, a quantitative SPR assay was performed. A setup similar to the previous proteinDNA binding assay was used, in which protein was mixed with ligand and the mixture was
passed through a surface of immobilised DNA (Section 2.5.4). The concentration of KstRdimer
was fixed at 15 M throughout the experiment. This amount of KstR provides a good signal
for data recording yet it is well below the level that saturates the DNA surface (Figure 33),
which is convenient for detecting small changes in the DNA-bound fraction of KstR. Both
3OCh-CoA and 4BNC-CoA induced a concentration-dependent inhibition of DNA-binding
activity (Figure 35A and B). At the saturation level, both ligands nearly abolished KstR’s
interaction with DNA, i.e. residual DNA-binding activity of KstR less than 10% (Figure 35C
and D). In agreement with the EMSA, 3OCh-CoA showed a greater effect, with an IC50 at
least 5-fold lower than that of 4BNC-CoA (Table 12). The low IC50 of 3OCh-CoA
demonstrates a high sensitivity of KstR towards this ligand. The same experiment with
NKstR established that 3OCh-CoA exerts an identical effect on both KstR constructs.
However, the effect of 4BNC-CoA on NKstR was slightly weaker, with the IC50 being 40 nM
higher than that with KstR. It is possible the difference was caused by the higher affinity of
NKstR for the cognate DNA (Section 3.1.2), thus more ligand was required to produce the
same inhibitory effect to that on KstR.
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Figure 35. The effect of 3OCh-CoA and 4BNC-CoA on DNA binding in SPR assay.
A and B, the sensorgrams of 15 M KstRdimer interacting with BS28 in the presence of
4BNC-CoA (A) or 3OCh-CoA (B) at various concentrations. Data of the same colours
are readings of the same sample. Only one representative replicate of the experiment is
shown. C and D, dose-response curves of the steady-state data showing the inhibitory
effects of 3OCh-CoA (blue) and 4BNC-CoA (red) on the interactions of 15 M KstRdimer
(C) or NKstRdimer (D) and BS28. The symbols are measured data, straight lines are fitted
curves. Error bars indicate standard deviation within three replicates.

3OCh-CoA
IC50 (nM)

4BNC-CoA

KstR

NKstR

KstR

NKstR

36 ± 1

36 ± 1

143 ± 1

180 ± 1

Table 12. Fitted IC50 for the inhibitions of 3OCh-CoA and 4BNC-CoA on DNA binding.
The competitive assay was performed with 15 M of protein dimer on immobilised
BS28. Shown are the best-fitted values and fitting standard deviations of three replicates,
each of which includes two SPR measurements.
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3.2.2. Confirmation of the protein-ligand interaction
A protein intrinsic fluorescence quenching (IFQ) assay (Section 2.5.3) was used to confirm
the protein-ligand interaction of the ligands identified in EMSA. The amino acid sequence of
KstR contains two tryptophan and five tyrosine residues, which are located within or in close
proximitiy to the predicted ligand-binding pocket, as seen from the previously solved
structure of apo-KstR (Figure 36). It is therefore expected that their fluorescence intensity
would be affected when the pocket is occupied by a ligand. Upon an excitation at 280 nm, the
emission spectrum of KstR has a global maximum at 328 nm and a secondary peak at  345
nm (Figure 37). The pattern is consistent with a cumulative emission spectrum of tryptophan
class I and class III, the former of which is characteristic of buried tryptophans that possess
an emission maximum at 330 nm and the later is characteristic of solvent-exposed
tryptophans which possess an emission peak at 350 nm196. According to the KstR structure
(Figure 36), Trp164 is likely to be a class I tryptophan due to its enclosed position that is also
part of the hydrophobic ligand pocket. On the other hand, Trp171 matches the description of
class III with one side of its indole ring paving the protein surface.

Figure 36. The tryptophan and tyrosine residues of KstR.
The structure of free KstR (PDB code 3MNL) is shown in cartoon representation. The
side chains of tryptophan and tyrosine residues are shown in red and purple stick
representation, respectively.

IFQ experiments with 3OCh-CoA and 4BNC-CoA demonstrated a strong and concentrationdependent quenching effect on KstR (Figure 37A and B). At saturation level, these
compounds decrease KstR’s fluorescence intensity up to 73% at the 328-nm emission peak.
The magnitude of the quenching effect was not constant across the emission spectrum.
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Quenching was more severe at wavelengths longer than 320 nm, resulting in a shift of the
emission peak to 310 nm when the protein became saturated with ligands. Since the tyrosine
emission peak is 310 nm (Section 2.5.3), the result indicates that the thioesters mostly affect
tryptophan but not tyrosine fluorescence, which is in agreement with the distance of tyrosine
residues from the ligand pocket (Figure 36). The quenching curve of the emission maxima at
328 nm showed a tight binding of both ligands, with a steep quenching slope and a sharp
bend when the binding reached saturation (Figure 38A). The elbow of the curve of 3OChCoA was close to 2 M of ligand. Since the concentration of protein dimer was 1 M, the
curve indicated that the interaction follows a 2:1 ratio of ligand:KstRdimer. Curve fitting
yielded a submicromolar-range Kd for both ligands, with 3OCh-CoA demonstrating 5-fold
higher affinity than 4BNC-CoA (Table 13).
For the IFQ assay with 3OCh, 1% (w/v) methyl--cyclodextrin (MCD) was added to the
buffer to solubilize this hydrophobic ligand. The fluorescence spectrum of KstR-3OCh
mixture showed a weak quenching effect of the ligand, which affects only 10% of KstR
fluorescence (Figure 37C). Due to the small effect, the spectrum of KstR appeared to shrink
down without a change in the spectrum’s shape. Although the change was small, it was
consistently observed in a replicate experiment. Furthermore, the quenching curve reached
saturation near 10 M and the fluorescence intensity of KstR did not decrease further as more
ligand was added (Figure 38B), indicating that the fluorescence decrease was not an effect of
light scattering by 3OCh aggregation. The large difference in quenching capacity between
3OCh and 3OCh-CoA implies that CoA, rather than the steroid moiety, is the major cause of
the quenching effect. Due to the low affinity of 3OCh, a stoichiometry of KstR-3OCh
interaction could not be drawn from the experiment. However, the structure of KstR-3OCh
complex showed a 2:1 stoichiometry of ligand:KstRdimer (Section 3.3.2), thus this ratio was
used for fitting of the quenching curve. The fit produced a low-micromolar Kd (Table 13) that
is significantly larger than those of the thioester ligands, demonstrating that the 3OCh binds
KstR with a weaker affinity than its CoA derivative.
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Figure 37. Changes in the emission spectrum of KstR in the presence of its ligands.
Shown are the emission spectrum of 1 M KstRdimer (upon excitation at 280 nm) in the
presence of 3OCh-CoA (A), 4BNC-CoA (B), 3OCh (C) and palmitoyl-CoA (D). Data of
one representative replicate is shown.

Apart from the steroid ligands, palmitoyl-CoA was also tested for an interaction with KstR.
The CoA thioester form, but not the acid form, was chosen for to its high solubility. The
compound showed a strong quenching effect, with a 75% reduction of KstR’s fluorescence
intensity. However, the change of spectrum exerted by palmitoyl-CoA was different from
those seen with the steroidal CoA ligands. At the saturation level, the global maximum of the
spectrum did not shift towards 310 nm but remained close to 328 nm (Figure 37D). The
phenomenon indicates that palmitoyl-CoA affects the fluorescence of both tryptophan and
tyrosine residues, which also implies a distinct binding mode of the ligand. While the
stoichiometry of palmitoyl-CoA cannot be determined from this experiment, the crystal
structure of KstR-palmitoyl-CoA complex showed a 1:1 ratio of ligand:KstRdimer (Section
3.3.1). Fitting the curve with this ratio resulted in a Kd of 12 ± 1 M, which was the highest
among KstR’s ligands (Table 13).
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Figure 38. The concentration-dependent fluorescence quenching curves of KstR’s
ligands.
Shown are the fluorescence emissions of KstR at 328 nm (upon excitation at 280 nm) in
the presence of 3OCh-CoA (A, blue), 4BNC-CoA (A, red), 3OCh (B) and palmitoylCoA (C). The symbols are measured values, solid lines are fitted curves from two (3OCh
and palmitoyl-CoA datasets) or three replicates (3OCh-CoA and 4BNC-CoA).

Kd (M)

3OCh-CoA

4BNC-CoA

3OCh

Palmitoyl-CoA

KstR

0.06 ± 0.02

0.28 ± 0.05

1.2 ± 0.4a

12 ± 1

NKstR

-

0.34 ± 0.09a

-

-

Table 13. The dissociation constants of KstR and ligands determined by intrinsic
fluorescence quenching.
Shown are the best-fit parameter values and fitting standard deviation from two ( a) or
three replicates with two measurements for each replicate.

To determine whether the N-terminal extension of NKstR affects interaction with ligand,
NKstR was used for IFQ with 4BNC-CoA. The spectrum changes and quenching curve of
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NKstR were nearly identical to those of KstR. Fitted Kd of the interaction is slightly higher
than KstR but the difference was not significant (Table 13). The result confirms that Nterminal tail is not involved in KstR-ligand interactions.

3.2.3. Discussion
EMSA, IFQ and SPR experiments confirmed that 3OCh-CoA and 4BNC-CoA, which are the
early stage degradation products of cholesterol, are the main effectors of KstR. These
compounds bind KstR and inhibit DNA-binding with Kd and IC50 in the nanomolar range,
demonstrating a relatively high sensitivity of KstR for these compounds. The fact that 3OChCoA has a higher affinity and stronger effect on KstR than 4BNC-CoA suggests that the long
aliphatic side chain is more favourable for protein-ligand interaction and allosteric induction.
It is, however, unclear how additional carbons at the side chain account for the activity
divergence between the two ligands. It is possible that the CoA moiety is better positioned
with the long side chain, or that the dynamics of ligand binding (i.e. of 3OCh-CoA to the
hydrophobic pocket) is favoured by the increased hydrophobicity of the compound.
Although observed in a limited manner in EMSA, the effect of 3OCh in inducing DNA
releasing was consistent in experiment replicates. Although not confirmed in SPR due to
solubility constraints, it was evident that 3OCh is an allosteric ligand of KstR. The result also
agrees with published results on the effect of 3OChA, which only differs from 3OCh at a
side-chain carboxyl group, on KstRMsm87. IFQ assay also showed a mild quenching effect of
3OCh with a Kd in low micromolar range, strongly confirming an interaction of the ligand
with KstR. Its low affinity in comparison with the thioester ligands might be a side effect of
its low solubility in aqueous solution. Steroid compounds with long aliphatic side chains, i.e.
cholesterol, 3OCh and 3OCh-CoA, have low solubilities in aqueous condition (for instance 5
M for cholesterol197). Therefore, solubilizing agents (i.e. detergents and solvents) are
required to dissolve these compounds at high concentrations87-88. However, usage of these
chemicals should be taken with care, as they can interfere with the binding equilibrium
between protein and assayed compound. Depending on the amount of solubilizing agents,
they might significantly compete with protein for interaction with the compound and mask
the protein-compound binding event being analysed. Therefore, although 3OCh demonstrated
a lower affinity with KstR, its biological relevance cannot be ruled out.
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The fact that the EMSA experiment (performed by Eltis’s group, condition 1) did not show
any effect with 3OChA and 4BNC raises a discrepancy with the results by Fernandez et al.87
on 3OChA and our results on 3OCh (EMSA condition 2, performed by the author).
Considering the facts that 3OCh, 3OChA and 4BNC share the same 3-oxo Δ4 steroid moiety
(Figure 34A), and that 3OCh, 3OCh-CoA and 4BNC-CoA all showed induction effect on
KstR, 3OChA and 4BNC are expected to induce KstR as well. In agreement with this
scenario, Fernandez et al. clearly demonstrated the allosteric effect of 3OChA on KstRMsm
using EMSA. It is worth noting that the different KstR homologue used in their study is not
likely to be the cause of the discrepancy. The KstR orthologues in Mtb and Msm share 85.2%
sequence identity with only 20 different residues, none of which are in the vicinity of the
pocket entrance where the aliphatic side chain of the ligands is located (see the structures of
steroid-bound KstR in Section 3.3.2). One plausible explanation is the different assay
conditions and the distinctive equilibria in the three experiments. Fernandez et al. used radiolabelled DNA for their EMSA assay, thus DNA concentration was as low as 0.5 nM,
although the amount of protein and ligand were comparable with those in our assay (Table
14). The apparent Kd for 3OChA estimated from the study was 7 M, thus at 20 M as in
condition 1 in our assay, KstR might not be completely saturated with 3OChA. Considering
this and the higher amount of unlabelled DNA used in our experiment, it is possible that the
equilibrium favoured the DNA-bound complex and the amount of released DNA was not
enough to be observed in our gel. On the other hand, EMSA with 3OCh in condition 2
employed a very large amount of ligand to maintain a saturated level of dissolved ligand.
This might help shift the equilibrium towards the ligand-bound protein, thus increasing the
amount of free DNA to be observed on the gel. It is, therefore, possible that 3OChA and
4BNC are also allosteric ligands of KstR, albeit with affinities lower than their CoA thioester
counterparts. In this view, the CoA moiety, though greatly enhancing the affinity of steroid
ligands, is not essential for the binding and the allosteric effect on KstR. The exact role of
CoA remains to be investigated. It is possible that the tail establishes additional interactions
with KstR and contributes to ligand’s affinity, or that it only enhances the solubility of the
hydrophobic steroids, creating an effect of enhancing the ligand’s affinity in the aqueous
environment of the assays.
The interaction of palmitoyl-CoA and KstR has been established by IFQ assay. The affinity
of palmitoyl-CoA was the weakest among KstR’s ligands, suggesting that the compound is
not a primary target of KstR. Although the allosteric effect of palmitoyl-CoA on DNA
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binding has not been investigated, our result is in agreement with the observation that
palmitate is a weak inducer of KstRMsm87. It is therefore very likely that palmitate and
palmitoyl-CoA, although capable of binding and inducing KstR, are not a physiological target
of KstR.

Components

Condition 1

Condition 2

Condition 3

DNA probe

0.6 M

5 M

0.5 nM radio
labelled probe

KstR

1.2 M

5 M

0.5 M

Ligand

20 M 3OChA

1 mM 3OCh

1-50 M 3OChA

Table 14. Comparison of the EMSA conditions for KstR-DNA-ligand competitive assay.
Condition 1 and 2 are for the EMSA experiments in this study performed by Lindsay
Eltis’s group and the author, respectively (Section 2.5.1). Condition 3 was used
previously by Fernandez et al.87.

3.3. The structures of KstR
Before the start of this project, Chen Gao, a previous student in our lab, had determined a
crystal structure of ligand-free KstR (PDB code 3MNL). The KstR protein used in
crystallisation of this structure was purified from a construct containing a His6-tagged MBP
attached to the N-terminus170. Despite the different starting construct, the purified, tagless
KstR was identical to the original construct KstR used in this study.
KstR has an overall fold that is consistent with other TetR family members (Section 1.4.1).
The protein chain is comprised of nine helices organised into a DBD (helices 1-3) and an
LBD (helices 4-9). The structural features of the LBD (i.e. helix 4, the 5-6-7 triangle
and the 8-9 hairpin) are arranged in a manner similar to that of the QacR structure (Figure
39 and Figure 8B). The homodimer form in solution is seen in the structure in which the
intermolecular contacts are mostly formed by the two corresponding 8-9 hairpins. The
buried surface at this interface is 9500 Å2 (as measured by PISA198), indicating a biological
protein interface. Helices 4 and 5 of KstR are connected by a long and flexible loop
(Figure 39), which adopts different conformations in the two subunits. The distance between
the two DBDs is 43.4 Å, indicating that the dimer is in an inactive conformation that is
unable to bind DNA (see Section 1.4.1 for the explanation on the conformational states of
TFTRs)
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Figure 39. The general architecture of KstR.
Shown is the structure of apo-KstR (PDB code 3MNL) in cartoon representation. One
subunit is coloured in grey and the other is colour-coded: blue for the DNA-binding
domain, green for helix 4, orange for the 5-6-7 triangle and magenta for the
interfacial hairpin (see text for explanation). The numbering scheme for helices of one
subunit is indicated.

Due to the low protein yield of the MBP-fused construct, I used a different plasmid vector to
express and purified KstR, which could produce a large quantity of protein for crystallisation
(Section 3.1). However, KstR purified from this protocol did not crystallise in the above
condition and the crystal of apo-KstR could not be reproduced. This prompted another full
screen to search for another condition for the crystallisation of ligand-free KstR, which
resulted in a structure of KstR in a PEG-based (polyethylene glycol-based) condition.
However, this structure showed a fortuitously bound ligand in one ligand pocket of the KstR
dimer, which was assigned as a triethyl ethylene molecule originated from the PEG
components of the crystallisation condition. The structure of KstR in complex with
palmitoyl-CoA was also solved in the same condition with a crystal lattice highly similar to
PEG-bound KstR structure. The determination of these structures is described in Section
3.3.1. Crystallisation has also been attempted with the full construct of KstR (NKstR) but no
hit condition was found, which is unsurprising considering the possible flexibility of the long
N-terminal tail.
I have also crystallised and solved the structures of KstR in complex with the steroid ligands
that has been biochemically identified and characterised (i.e. 3OCh, 3OCh-CoA and 4BNCCoA, see Section 3.2). The determinations of these structures are described in Section 3.3.2.
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For the KstR-DNA complex, two structures were solved. In one structure, KstR was cocrystallized with an 18-bp DNA fragment containing KstR’s binding motif. To investigate the
function of the N-terminal extension, a structure of NKstR in complex with a 26-bp DNA of
the same binding site was solved. The determination of these structures is reported in Section
3.3.3.
The structural insights for KstR are discussed in Section 3.3.4. Also in this part of the report,
a structure-based allosteric mechanism and an implicit role of the sequence-dependent DNA
shape in KstR’s interaction with DNA are postulated.

3.3.1. The structures of KstR in complex with PEG and palmitoyl-CoA
To find crystallisation conditions for ligand-free KstR, full sparse-matrix screens were
performed using KstR stock at concentrations of 5, 10 and 20 mg/ml. With 10 and 20 mg/ml
KstR, most of the conditions produced microcrystals or precipitation but none of them
showed crystals of usable size. Only at 5 mg/ml, promising clusters of rod-shaped crystals (
0.02 mm) were found in RS5 A6 condition (Table 15). A fine screen was set up around this
condition with PEG 3350 concentration varying from 8 to 22%. At 12% PEG 3350 or higher,
crystals of similar morphology and size with the hit condition were produced within 1-2 days
but they did not grow larger (Figure 40A). Drops with 10% or less PEG 3350 remained clear,
indicating that the boundary of labile and metastable zones is between 10% and 12% PEG
3350. Microseeding method (Section 2.6.1) was used to improve crystal quality. Crystals
grown in 12% PEG 3350 were used to make the seed slurry and seeded to a new drop of
similar condition with 8% PEG 3350. Seeded crystals in this condition grew to usable sizes
(0.05-0.1 mm long, Figure 40B) overnight and continued growing, albeit more slowly, to the
best state within a week. Longer growth can lead to twinning or formation of satellite
crystals. Single rod crystals from the cluster were separated with an acupuncture needle. The
microseeding condition itself was cryoprotected against forming ice crystals, thus the single
crystals were directly mounted in a cryo-loop to collect X-ray diffraction data. However,
subsequent structure determination revealed that KstR in these crystals is not ligand-free but
contains a PEG molecule in its ligand pocket (see below). Therefore the crystals in this
condition are hereafter addressed as KstR-PEG crystals.
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Mother liquor components
Hit condition (RS5 A6)

20% (w/v) PEG 3350, 25% (w/v) PEG 400, 0.1 M MgCl2, 0.1 M
Tris-HCl pH 8.5

Microseeding condition

8-10 % (w/v) PEG 3350, 25% (w/v) PEG 400, 0.1 M MgCl2, 0.1
M Tris-HCl pH 8.5

Table 15. The crystallisation condition for KstR-PEG and KstR-palmitoyl-CoA complex.

B

A

C

Figure 40. The crystals of PEG-bound KstR and KstR-palmitoyl-CoA complex.
A, crystals of PEG-bound KstR in hit condition RS5 A6. B, crystals of PEG-bound KstR
microseeded from those in (A). C, crystals of KstR-palmitoyl-CoA complex cross-seeded
from those in (A).

To crystalise the KstR-palmitoyl-CoA complex, a mixture of 5 mg/ml KstR and 0.5-1 mM
palmitoyl-CoA was used to set up vapour-diffusion drops. A screen was performed using the
commercial screens Morpheus, JCSG and PACT175-176. There were a number of conditions
that produced small rod or plate crystals (< 0.01 mm). However none of them could be
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optimised by fine screening. Soaking crystals of ligand-free KstR with palmitoyl-CoA could
not be performed as the diffraction-quality apo-KstR crystals could not be reproduced.
However, the KstR-palmitoyl-CoA complex crystallised readily in the same condition as the
KstR-PEG complex. These crystals had a rectangular plate shape that is distinguished from
KstR-PEG crystals (Figure 40C). Although they could grow to a good size (> 0.1 mm long),
they were highly prone to splitting and twinning, resulting in the stacking of thin plate
crystals. Cross-seeding from the KstR-PEG crystal to a drop containing KstR and palmitoylCoA produced single plate crystals of the same morphology as spontaneous crystals. These
crystals diffracted to 3 Å resolution or better and were used for data collection.
X-ray diffraction data from the KstR-PEG crystal were collected at the MX2 beam line of the
Australian Synchrotron as described (Section 2.6.2). Data indexing by the software
iMOSFLM178 suggested a monoclinic centred lattice and the I121 space group (Table 16).
The software POINTLESS180 confirmed the centred lattice and no other symmetry, thus
validating the space group with a confidence of 0.719. KstR-palmitoyl-CoA data were
collected at the in-house X-ray source (Section 2.6.2). The data were indexed and integrated
with the software XDS179. For this dataset the program suggested space group C121, which is
equivalent to spacegroup I121 but has a different choice of unit cell. The unit cell dimensions
of KstR-palmitoyl-CoA dataset are highly similar to those of the KstR-PEG dataset (Table
16), with the biggest differences corresponding to 5 Å in the longest dimension (3% of its
length) and 4 in  angle. It is likely that the two crystal lattices are very similar but the
difference between them is also significant. POINTLESS confirmed the space group of the
KstR-palmitoyl-CoA crystal with a confidence of 0.838.
Merging statistic revealed that the KstR-PEG data were severely anisotropic, with very weak
data in one principal direction (Figure 41A). The anisotropic CC1/2 in this direction drops
below 0.5 from 2.5 Å resolution and the data strength falls below the low level of <I/σ(I)> of
1 at 2.2 Å resolution, indicating that the data are weak and noisy. On the other hand, data in
the other directions are still strong and consistent at 2.2 Å resolution (CC1/2 larger than 0.5
and <I/σ(I)> larger than 2). At resolution higher than 2.1 Å, data in the best directions start to
deteriorate. Therefore data were cut at 2.1 Å to balance data quality among all directions.
Similarly, KstR-palmitoyl-CoA data also demonstrated significant anisotropy (Figure 41B).
The data was cut to 2.6 Å at which CC1/2 of the data in the best directions starts deteriorating.
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Figure 41. Anisotropic CC1/2 and <I/σ(I)> as indicators for the resolution cut-off of
KstR-PEG and KstR-palmitoyl-CoA datasets.
CC1/2 (left) and <I/σ(I)> (right) at various resolution shells along three principal
directions d1 (blue), d2 (red) and d3 (green) of KstR-PEG (A) and KstR-palmitoyl-CoA
(B) datasets are shown. d1, d2 and d3 directions of KstR-PEG are 0.66h – 0.75l, k axis,
and 0.56 h + 0.83l; KstR-palmitoyl-CoA 1.00h - 0.10l, k axis and -0.38h + 0.93l. Dotted
line indicates an <I/σ(I)> of 1.

The Matthews coefficient of the KstR-PEG unit cell suggested that there were most likely
three KstR chains in the ASU (Table 17), which is unusual considering the homodimeric
form of KstR (Section 3.1). According to the solvent content analysis, the probability of four
chains in the ASU was higher than two chains, thus molecular replacement (MR, Section
2.6.4) was set to search for two dimers of KstR.
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KstR PEG
5CXG

KstR-palmitoyl-CoA

37.41 - 2.10 (2.16 - 2.10)

42.08 - 2.61 (2.72 - 2.61)

I121

C121

Dimensions (Å)

126.03 38.38 154.72

159.79 38.67 126.96

Angles (°)

90.00 111.69 90.00

90.00 115.64 90.00

146672 (11118)

160199 (17521)

40309 (3154)

21768 (2508)

3.6 (3.5)

7.4 (7.0)

98.5 (94.6)

99.4 (94.9)

4.6 (1.4)

11.9 (2.7)

Rmerge

0.140 (0.805)

0.134 (0.754)

Rmeas

0.163 (0.939)

0.145 (0.813)

CC1/2

0.990 (0.669)

0.998 (0.774)

37.41 - 2.10 (2.18 - 2.10)

42.08 - 2.61 (2.70 - 2.61)

40302 (3816)

21756 (2055)

Data processing
Resolution range (Å)
Space group
Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
<I/σ(I)>

Refinement
Resolution range (Å)
Reflections used in
refinement
Reflections used for Rfree

1991 (193)

1086 (103)

Rwork

0.2098 (0.2770)

0.2176 (0.3686)

Rfree

0.2581 (0.3434)

0.2492 (0.4232)

5368

5318

Number of refined atoms
Macromolecule

5129

5251

Ligand

31

36

Protein residues

728

734

RMSD (bond lengths, Å)

0.04

0.003

RMSD (bond angles,)
Ramachandran favoured (%)

0.66

0.47

98

97.78

Ramachandran allowed (%)

1.8

2.22

Ramachandran outliers (%)

0

0

Rotamer outliers (%)

1.6

1.77

Clash score

3.81

4.29

48.43

60.68

Protein

48.68

60.75

Ligand

48.99 (PEG in ligand pocket)

58.96 (palmitoyl-CoA)

Solvent

41.97

39.92

2

Average B-factor (Å )

Table 16. Crystallographic statistics of the KstR-PEG and KstR-palmitoyl-CoA datasets.
Numbers in parentheses indicate the statistics in the highest resolution bin.
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Number of
molecule in ASU

Matthews
Coefficient
(Å3/Da)

Solvent content
(%)

P(2.10 Å)

1

7.79

84.22

0

2

3.89

68.43

0.02

3

2.6

52.65

0.64

4

1.95

36.86

0.33

5

1.56

21.08

0

Table 17. Matthews coefficient and solvent content prediction of KstR-PEG unit cell.
Matthews coefficient and solvent content were calculated as defined by Matthews199,
using KstR molecular weight of 22.3 kDa. P(2.10 Å) is the probability of unit cell
content calculated with data up to 2.10 Å resolution based on the statistics of Kantardjieff
and Rupp200.

For the MR of the KstR-PEG dataset, the apo-KstR structure was used as a search model. The
search was performed with either a monomer (four copies) or a dimer (two copies) of the
structure. Between the two strategies, only the dimer search succeeded with two solutions of
equivalent lattice arrangements but different choices of ASU. The best solution had a final
TFZ and LLG of 27.4 of 875, respectively, denoting a definite solution (see Section 2.6.4).
The solution was taken for multiple modification and refinement rounds as described (Section
2.6.5). TLS refinement of grouped B-factor (Section 2.6.5) was deployed in the later stage of
refinement as the strategy improved final R factors by 0.015.
During the refinement process, a stretch of positive electron density appeared inside one
ligand pocket of each dimer. The shape and length of the density match those of a triethylene
glycol molecule (Figure 42A), which might be from the PEG components of the
crystallisation condition. Refinement with these PEG molecules did not significantly affect
final R factors. Their refined B-factors were comparable to those of protein chains (Table 16)
and their occupancies were 0.85-1.00, supporting a clear presence of the molecules in the
KstR ligand pocket.
The KstR-palmitoyl-CoA structure was solved by MR using one dimer of the KstR-PEG
structure. The software module PHASER184 found a definite solution with LLG and TFZ
(Section 2.6.4) of 5064 and 55, respectively. A similar but longer positive density was found
in one pocket of the dimer at a similar position with PEG molecule in the previous structure
(Figure 42B). The density fitted the palmitoyl moiety of the ligand. There is no density that
could be ascribed to the CoA tail of the compound. The refined B-factors of the ligands were
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close to that of the protein and their group occupancy was 0.82-0.88, indicating their strong
association with the protein.

A

B

Figure 42. The electron density of PEG and palmitoyl-CoA inside the KstR ligand
pocket.
The final 2mFo-DFc map (left, blue mesh, contoured at 1 σ) and the mFo-DFc map
(right, green mesh, contoured at 2 σ, calculated prior to modelling of the ligands) are
shown for the ligand molecules (orange stick representation) in KstR-PEG (A) and KstRpalmitoyl-CoA (B) structures. Protein chains are shown in grey cartoon representation.

As expected, the crystal lattice and the protein conformation of KstR-palmitoyl-CoA were
highly similar to those of the PEG-bound structure (RMSD of 0.27 Å over C of both
dimers) (Figure 43A). The two dimers of the ASU are very similar to each other (RMSD of
0.38 Å over C) with the biggest difference located at the flexible loop between helices 4
and 5. The distance between the two DBDs is 38 Å, indicating that the conformation of
KstR is incompatible for interaction with DNA.
The conformation of PEG and the first half (C1 to C10) of the palmitoyl moiety overlap in the
long and narrow pocket of KstR (Figure 43B). Since palmitoyl-CoA and PEG bind only one
pocket of the dimer, they induced a small deviation between the subunits (RMSD of 1.0-1.2
Å). The difference appears to be triggered by a push of palmitoyl-CoA (or PEG) on helix 6
at the entrance of the pocket, leading to a displacement of the 8-9 hairpin at the dimeric
interface and the DBD at the bottom of the subunit (Figure 43C).
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A

B
Ile75
S1P

Leu110

C1

Glu71

O1

C2
C3

C4
C5

Thr111
Met114

C6
C7

Met104

C8
C9

C

Thr115

C10
C11

Trp164

Leu68

C12
C13
C14
C15

Ile136

Leu168

C16

Tyr118

D

Figure 43. The structures of KstR-PEG and KstR-palmitoyl-CoA complexes.
A, the overlaid structures of KstR-PEG (green) and KstR-palmitoyl-CoA (magenta). B,
hydrophobic interactions between the palmitoyl moiety (purple line) and the side chains
(red arcs) of ligand pocket. C, the conformation of PEG (green) and palmitoyl-CoA
(magenta) in the ligand pocket. Protein surface is shown in grey. Ligand molecules are
shown in stick representation. D, the overlaid structures of subunit A (magenta, ligandbound) and subunit B (green, ligand-free) of KstR-palmitoyl structure. Protein chains are
shown in cartoon, ligands in stick representation.
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3.3.2. The structures of KstR in complex with steroidal ligands
In the first attempt to produce a crystal of KstR in complex with the steroid-CoA thioesters
(i.e. 3OCh-CoA and 4BNC-CoA), crystals of PEG-bound KstR (Section 3.3.1) was soaked
with 0.25-1.0 mM ligand. However, structure determination by MR showed that the ligands
were not delivered into the ligand pocket. Furthermore, as ligand binding is expected to
induce a conformational change in KstR, the protein might require a different lattice
formation that could not be maintained in the same condition. Therefore a full sparse-matrix
screen was performed for each KstR-ligand complex as described (Section 2.6.1).
Within the first two weeks, a number of conditions in each screen produced small needle or
plate crystals (less than 0.02 mm long). However, fine screening (Section 2.6.1) could not
improve the crystal quality in these conditions. Within the next month, plate crystals from the
screens of two steroidal CoA ligands continued growing to usuable sizes (0.05 to 0.1 mM
long) and were of diffraction quality. Data for crystals of the 3OCh-CoA and 4BNC-CoA
complexes were collected from crystals from two different conditions (Table 18). The
condition for the KstR-4BNC-CoA complex was from the Morpheus screen which is cryoprotected175, thus a cryo protectant was not needed. The crystal of the KstR-3OCh-CoA
complex was cryo-protected by washing the crystal in the same condition containing 20%
glycerol before snap cooling for data collection.

Crystallisation conditions

KstR - 4BNC-CoA

10% PEG 4000, 20% glycerol, 0.02 M carboxylic acid mixture
(sodium formate, ammonium acetate, trisodium citrate, sodium
potassium L-tartrate, sodium oxamate), 0.1 M MES/imidazole pH
6.5

KstR – 3OCh-CoA

0.01 M NiCl2, 1.0 M Li2SO4, 0.1 M Tris pH 8.5

KstR – 3OCh

Hit condition: 12.5 % PEG 1000/PEG 3350/MPD, 0.03 M divalent
cations (MgCl2, CaCl2), 0.1 M bicine/Trizma base pH 8.5
Seed condition: hit condition containing 3% PEG 1000/PEG
3350/MPD

Table 18. The crystallisation conditions for complexes of KstR with the steroid ligands.

Unlike the cocrystals with steroid CoA, crystals with 3OCh grown in a condition from the
Morpheus screen175 (Table 18) could be consistently reproduced. These are plate crystals
which grew within one day to good sizes (up to 0.2 mm long) but were thin and heavily
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stacked. Microseeding method (Section 2.6.1) was employed to improve the crystal quality.
Fine screening of the precipitant concentration showed that spontaneous crystallisation
occurred at 6% or more PEG 1000/PEG 3350/MPD. Microseeding to 5% of the precipitant
mixture, however, reduced stacking but the crystals were still thin and fragile. Lowering the
precipitant concentration further below the metastable-labile boundary (3% of the precipitant
mixture) proved to reduce the growth rate (crystals appeared after 3 days) and improve the
crystal quality (thicker plate). These crystals were used for data collection of the KstR-3OCh
dataset.
Data for the 4BNC-CoA and 3OCh complexes were collected at the MX1 beamline, while
data for the 3OCh-CoA complex were collected at the MX2 beamline at the Australian
Synchrotron (Section 2.6.2). The software XDS179 suggested space group I121 for both the
3OCh-CoA and 4BNC-CoA datasets. The unit cells of the two datasets are identical (Table
19), indicating that they share a crystal lattice arrangement. The software POINTLESS180
confirmed the body-centering lattice and I121 space group with a confidence of 0.878 and
0.752 for 4BNC-CoA and 3OCh-CoA complex datasets, respectively. Similar to the data for
the PEG and palmitoyl-CoA complexes, the two datasets exhibited slight to moderate
anisotropy, as judged from anisotropic CC1/2 and <I/σ(I)> (Figure 44A-D). The 3OCh-CoA
complex data were processed to 2.6 Å resolution, at which the anisotropic CC1/2 of the data in
the best directions starts to degrade and <I/σ(I)> of the inner shell in the worst direction falls
below the threshold of 1 (Figure 44A). The 4BNC-CoA complex data were processed to 2.0
Å resolution, at which the CC1/2 of the data start to fall below 0.7 in the two worse direction
d2 and d3 (Figure 44B). The L-test201 indicates that the data were not significantly twinned.
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Figure 44. Anisotropic CC1/2 and <I/σ(I)> as indicators for the resolution cutoff in the
datasets of KstR-steroid complexes.
CC1/2 (left) and <I/σ(I)> (right) along three principal directions d1 (blue), d2 (red) and d3
(green) of 3OCh-CoA (A), 4BNC-CoA (C) and 3OCh (E) datasets are shown. The
directions d1, d2 and d3 of KstR-4BNC-CoA crystal are 0.68h - 0.73l, k axis, 0.13h +
0.99l; KstR-3OCh-CoA 1.00h + 0.09l, k axis, -0.06h + 1.00l; KstR-3OCh 0.61h + 0.67k
+0.42l, -0.34h + 0.94k - 0.07l, -0.33h + 0.10k + 0.94l. Dotted line indicates <I/σ(I)>
value of 1.
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XDS suggested space group P1 for the 3OCh complex dataset. Lattice symmetry checking by
XDS indicated that the next higher symmetry for the data was a monoclinic centred point
group. However, this resulted in a high penalty and thus was rejected. POINTLESS did not
recognize any symmetry for the data either, thus confirming the primitive space group.
Noticeably, the unit cell (Table 19) closely resembled the primary unit cell (equipvalent to
the unit cell of P1 spacegroup) of the 3OCh-CoA and 4BNC-CoA complex datasets, for
which dimensions and angles are 49.8 Å, 67.3 Å, 72.4 Å, 62.3, 75.9 and 90.0. The result
indicates that the lattice arrangement of the 3OCh complex dataset is similar to those of the
thioesters and pseudo-symmetry might be present. The data were not anisotropic and
included to 2.8 Å resolution, at which CC1/2 of all three directions are 0.5 (Figure 44E).
Interestingly, despite good internal consistency in the highest resolution shell, data strength
was relatively low with <I/σ(I)> less than 1.5 (Figure 44F and Table 19), suggesting that the
data were intrinsically weak. The L-test201 of intensities distribution indicated that the data
were not twinned. Since the data was in the primitive space group P1, there was no ambiguity
regarding its space group. However, pseudo-symmetry distorts intensity statistics and results
in more weak data201, which might be responsible for the high refinement R factors (see
below).
The Matthews coefficient indicates that there is one KstR dimer (two peptide chains) in the
ASU of the 3OCh-CoA and 4BNC-CoA complex datasets. MR was performed with the dimer
of apo-KstR (PDB code 3MNL). The software module PHASER184 found a single solution
for both datasets, with LLG and TFZ of 6397 and 67.3 for the 4-BNC-CoA complex, and
3879 and 51.2 for the 3OCh-CoA complex data, respectively. Model refinement and
modification were performed as described (Section 2.6.5). Electron density maps of both
complexes showed clear positive density for the 3-oxo steroid moiety in both pockets of the
KstR dimer (Figure 45A and B). Similar to the palmitoyl-CoA structure, there was no
electron density for the CoA moiety of any ligand molecule. Refined B-factors of all ligand
molecules were comparable with those of the protein chains (Table 19). Refined grouped
occupancy of all ligand molecules varied from 0.8 to 1.0, supporting their presence in the
pockets.
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Structures

KstR-4BNC-CoA

KstR-3OCh-CoA

KstR-3OCh

PDB code

5CXI

5CW8

47.88 - 2.00 (2.05 2.00)

47.80 - 2.60 (2.72 2.60)

47.28 - 2.80 (2.95 2.80)

I121

I121

P1

Dimensions (Å)

49.78 67.26 124.23

49.69 67.10 124.23

50.18 66.22 67.47

Angles (°)

90.00 96.79 90.00

90.00 96.74 90.00

69.12 89.96 71.75

227667 (16598)

80862 (9709)

73153 (10285)

27478 (1994)

12603 (1508)

18551 (2636)

8.3 (8.3)

6.4 (6.4)

3.9 (3.9)

99.6 (99.0)

100.0 (100.0)

98.7 (96.8)

9.5 (3.4)

6.7 (2.3)

6.1 (1.3)

Rmerge

0.198 (1.095)

0.197 (0.884)

0.232 (1.105)

Rmeas

0.211 (1.167)

0.215 (0.964)

0.269 (1.280)

CC1/2

0.993 (0.731)

0.985 (0.706)

0.975 (0.579)

39.83 - 2.00 (2.07 2.00)

47.80 - 2.60 (2.69 2.60)

40.21 - 2.80 (2.90 2.80)

27469 (2719)

12598 (1237)

18526 (1795)

1350 (129)

640 (61)

932 (92)

Rwork

0.2429 (0.3015)

0.1940 (0.2637)

0.2768 (0.3771)

Rfree

0.2750 (0.3409)

0.2354 (0.3640)

0.3070 (0.4539)

Number of refined atoms

2940

2770

5239

Macromolecule

Data processing
Resolution range (Å)
Space group
Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
<I/σ(I)>

Refinement
Resolution range (Å)
Reflections used in
refinement
Reflections used for Rfree

2654

2635

5115

Ligand

61

69

112

Protein residues

358

357

709

RMSD (bond lengths,Å)

0.003

0.003

0.004

RMSD (bond angles,)

0.58

0.64

0.82

Ramachandran favoured
(%)

96.86

96.28

97.68

Ramachandran allowed (%)

2.86

3.44

2.32

Ramachandran outliers (%)

0.29

0.29

0

Rotamer outliers (%)

5.2

5.28

0

Clash score

3.4

5.1

8.22

26

33.66

32.98

Protein

25.72

33.69

33.1

Ligand

17.55

31.66

24.09

Solvent

31.67

34.66

18.67

2

Average B-factor (Å )

Table 19. Crystallographic statistics for the structures of KstR in complex with steroidal
ligands.
The numbers in parentheses indicate statistics in the highest resolution bin.
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A

B

C

Figure 45. The electron density maps of steroidal ligands.
The final 2mFo-DFc map (left, blue mesh, contoured at 1 σ) and the mFo-DFc map
(right, green mesh, contoured at 2 σ, calculated prior to modelling of ligands) are shown
for the ligand molecules (orange stick representation) in KstR-3OCh-CoA (A), KstR4BNC-CoA (B) and KstR-3OCh (C) structures. Protein chains are shown in grey cartoon
representation.

In the 3OCh complex dataset, there are two KstR dimers (four chains) in the ASU of the
structure. MR was performed using the dimer of KstR-4BNC-CoA structure. PHASER
produced two definite solutions with identical lattice but different choices of ASU. The best
solution has LLG and TFZ of 3336 and 45.7, respectively. Refinement was performed
following the routine procedure (Section 2.6.5). The two KstR dimers in the ASU are highly
similar (RMSD of 0.53 Å). In agreement with the diagnosis of pseudo-symmetry, lattice
arrangement was very similar to those of the thioesters. In each ligand pocket, there were
strongly positive electron densities that resembled the shapes of 3OCh molecules. All four
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ligand molecules in the ASU were refined to good B-factors and occupancy higher than 0.9.
Water molecules were manually built and the process was limited to areas with well defined
election density only. Despite good electron density maps, refinement with data up to 2.8 Å
resolution converged at Rwork/Rfree of 0.27/0.31, which are relatively high for data at this
resolution. The reason for the high R factors, which indicate model-data agreement, might be
the presence of pseudo-symmetry (mentioned above), which results in an increased number
of weak reflections201, therefore the data might have been integrated with more measurement
errors (noise) than a normal dataset.
All three structures of steroid-bound KstR show a highly similar conformation (RMSD < 0.3
Å) with the 3-oxo steroid moieties located in the identical positions within the ligand pocket
(Figure 46A). The dimers are symmetrical with the RMSD between two corresponding
subunits being less than 0.6 Å. The distance between two DBDs is 43 Å, which is the widest
of the KstR structures, indicating that the KstR conformation is inactive for DNA binding.
The 3-oxo steroid moiety of the ligands is placed within a tight pocket with their aliphatic
side chains pointing towards the pocket entrance flanked by helices 4 and 5 (Figure 46B).
Within the pocket, the ligands share an extensive hydrophobic contact network, in which the
five-ring steroid is surrounded by the side chains of Leu68, Phe72, Leu100, Met104, Thr111,
Met114, Tyr118, Ser161, Trp164, Leu168 (Figure 46C). The only specific hydrogen bond in
the network is formed by the 3-oxo group of the ligands and the amine group of Arg158 at
the back of the pocket. The amine group of 4BNC-CoA also forms a hydrogen bond with the
carboxyl group of Glu71, although the interaction seems nonspecific as it is absent in the
structure with 3OCh-CoA.
The structures of KstR-3OCh-CoA and KstR-4BNC-CoA complexes have been published in
Ho et al.170
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C

Figure 46. The interactions of steroid ligands with KstR inside the ligand pocket.
A, the overlaid structures of KstR in complex with 3OCh-CoA (green), 4BNC-CoA
(magenta) and 3OCh (orange). Protein chains are shown as C trace, ligand molecules as
sticks. The arrow indicates the distance between two DBDs. B, the binding of 3OChCoA, 4BNC-CoA and 3OCh (green, magenta and orange stick representation) in the
ligand pocket of KstR (only the surface of protein in KstR-3OCh-CoA structure is shown
in grey). C, the interaction of each ligand (purple ball-and-stick representation) and
protein residues inside the pocket. The residues forming hydrophobic interactions are
shown as red arcs. Side chains taking part in a hydrogen bond (green dash line with
indicated length) are shown in orange ball-and stick representation.
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3.3.3. The structures of KstR in complex with DNA fragments
Crystallisation of the KstR-DNA complex was attempted with a number of DNA fragments
of various lengths (18, 26, 28 and 40 bp). The DNA sequence was taken from KstR’s binding
site in the fadE34/kstR intergenic region (Section 1.3.1), which contains the palindromic
motif of the regulator (Figure 47). The original construct KstR was crystallized with short
DNA fragments of 16-18 bp. The full-length construct NKstR was crystallized with DNA
duplexes of 26, 28 and 40 bp. For each complex, a broad crystallisation screen was performed
as described (Section 2.6.1). The protein-DNA complexes appeared to crystallize readily.

Figure 47. The DNA duplex used for crystallisation with KstR and NKstR.
The numbering scheme based on the palindromic motif of KstR (shaded in grey) is
shown in blue. The arrows indicate the sequences of BS18 and BS26 fragments.

In the screen of each complex, up to 60 conditions produced needle or rod-shaped crystals,
yet none of them was of diffraction quality. Fine screening and microseeding were performed
around conditions with the most promising crystals. Diffraction testing using the in-house Xray source showed that crystals from only two conditions, one each of the KstR-BS18 and
NKstR-BS26 complexes, could produce crystals of diffraction quality. Microseeding was
subsequently performed to improve the quality of these crystals, which were used to collect
diffraction data for the two complexes. The growth conditions of the crystals are shown in
Table 20.

Crystallisation conditions
KstR-BS18 complex
Hit condition

25% PEG 3350, 15% MPD, 0.2 M Li2SO4, 0.1 M imidazoleHCl pH 6.5

Microseeding condition

Hit condition containing 15% PEG 3350, 9% MPD

NKstR-BS26 complex
Hit condition

24% PEG 600, 0.2 M imidazole malate pH 5.5

Microseeding condition

Hit condition containing 20% PEG 600, 0.2 M

Table 20. The crystallisation conditions of KstR-DNA complexes.
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Data from both crystal forms were collected at the MX2 beam line of the Australian
Synchrotron (Section 2.6.2). For the KstR-BS18 dataset, data integration with the software
XDS179 assigned space group P222. The software POINTLESS180 found the presence of three
screw axes along each unit cell axis and assigned space group P212121 with a confidence of
0.868. Inspection of reflections along the reciprocal axes showed a pattern of systematic
absences at h=2n, k=2n or l=2n, which is in agreement with the predicted screw axes. For
NKstR-BS26 data, space group C121 was chosen by both XDS and POINTLESS (space
group confidence of 0.839 in POINTLESS). Both datasets were anisotropic, showing weak
diffraction along one principal direction. The data were cut to 2.9 Å resolution, at which the
data in the two best principal directions start to deteriorate (Figure 48 and Table 21). The L
test of intensities did not show significant twinning.
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Figure 48. Anisotropic CC1/2 and <I/σ(I)> as indicators for the resolution cut-off for
KstR-DNA datasets.
CC1/2 (left) and <I/σ(I)> (right) along three principal directions d1 (blue), d2 (red) and d3
(green) of KstR-BS18 (A) and NKstR-BS26 (C) datasets are shown. The directions d1,
d2 and d3 of KstR-BS18bp crystal are h, k and l axes; NKstR-BS26 0.74h - 0.68l, k axis
and 0.39h + 0.92l. Dotted line indicates <I/σ(I)> value of 1.

119

RESULTS AND DISCUSSION

3.3. The structures of KstR

Structures

KstR-BS18

NKstR-BS26

PDB code

5UA1

5UA2

48.56 - 2.90 (3.00 - 2.90)

46.76 - 2.90 (3.00 - 2.90)

P212121

C121

Data processing
Resolution range (Å)
Space group
Unit cell
Dimensions (Å)

61.42 79.28 116.16

60.37 79.54 77.12

Angles (°)

90.00 90.00 90.00

90.00 106.81 90.00

Total reflections

94277 (9362)

53698 (5420)

Unique reflections

24284 (2410)

15213 (1535)

Multiplicity

3.9 (3.9)

3.5 (3.5)

Completeness (%)

100 (100)

100 (100)

<I/σ(I)>

9.3 (1.9)

5.0 (1.4)

Rmerge

0.155 (1.045)

0.185 (0.803)

Rmeas

0.180 (1.215)

0.218 (0.946)

CC1/2

0.993 (0.470)

0.981 (0.744)

46.85 - 2.90 (3.02 - 2.90)

46.75 - 2.90 (3.12 - 2.90)

24235 (2682)

15185 (3042)

1233 (118)

766 (151)

Rwork

0.2271 (0.3452)

0.2298 (0.3024)

Rfree

0.2676 (0.4053)

0.2556 (0.3200)

4047

2287

4025

2280

Ligand

18

5

Protein residues

355

182

RMSD (bond lengths,Å)

0.004

0.005

RMSD (bond angles,)

0.57

0.71

Refinement
Resolution range (Å)
Reflections used in refinement
Reflections used for Rfree

Number of refined atoms
Macromolecule

Ramachandran favoured (%)

97

96

Ramachandran allowed (%)

2.6

4.5

Ramachandran outliers (%)

0

0

Rotamer outliers (%)

0.45

0.92

Clash score

6.47

6.44

2

Average B-factor (Å )

44.17

49.24

Protein

46.03

43.00

DNA

40.86

57.51

Solvent

30.33

30.86

Table 21. Data processing and structure refinement statistics of KstR-DNA datasets.
Numbers in parentheses indicate statistics in the highest resolution bin.

For the KstR-BS18 structure, the protein chains were built using molecular replacement (MR,
Section 2.6.4) and the DNA duplex was built manually based on the election density maps of
the protein model. The Matthews coefficient indicated there was one KstR dimer and one
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DNA duplex (total mass of 55.5 kDa) in the ASU, corresponding to 52% solvent content. MR
was performed using one protein dimer of the KstR-PEG structure as this conformation of
KstR was expected to most closely resemble the DNA-bound form (Section 3.3.1). The
module PHASER184 produced a single solution in space group P212121, with final LLG and
TFZ values of 189 and 16, respectively (see section 2.6.4 for interpretation of scoring
system). A few rounds of refinement with simulated annealing were performed to remove
model bias (Section 2.6.5). Manual rebuilding of the protein model into the electron density
map gradually improved the model-data agreement, although Rwork and Rfree values at this
stage were still higher than 0.4. At the protein-DNA interface, positive difference densities
gradually appeared, which was interpreted as traces of the nucleotide phosphate backbone
(Figure 49A). The DNA nucleotides were manually built in this density with the assumption
that the palindrome centre lies on KstR’s dimeric symmetry axis, as seen with other TFTRs
(Section 1.4.3). Placement of the DNA duplex completed the crystal lattice, in which the
protein-DNA complex formed interactions with neighbouring symmetry-related mates
(Figure 50A). DNA fragments were located in such a head-to-tail manner that a pseudo-DNA
strand was formed throughout the crystal lattice. Refined B-factors of DNA chains are
comparable with that of the protein (Table 21), which validates the presence of DNA in the
structure.
As the DNA fragments used in crystallisation are not full palindromes (Figure 49), it is
assumed that the complex is incorporated into the crystal lattice in a mixture of ‘forward’ and
‘reverse’ direction of the DNA duplex. Although the two DNA half-sites of BS18 differ at a
few base pairs (i.e. at positions 1 and 8), the palindrome motif is type-conserved in these
positions (i.e. the nucleotides are replaced by nucleotides with the same purine or pyrimidine
type). This results in similar one-ring (purine) or two-ring (pyrimidine) shapes of these
nucleotides in the electron-density map. Perhaps for this reason, refinement with single or
alternative conformations of DNA (occupancy of 0.5 for each direction of DNA) did not
show a significant difference either in map quality or Rwork /Rfree values. Careful inspection at
these base pairs did not reveal any feature of electron density that favoured a particular or
suggested a single conformation of DNA. The issue is expected considering the data
resolution (2.9 Å) and the small difference (in term of electron density shape) between
nucleotides of the same type, which differ at only one heavy atom. To be inclusive of both
cases, the DNA was built and refined as two conformations of opposite directions at an
occupancy of 0.5 each.
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A

B

Figure 49. Electron density maps of manually built DNA.
2mFo-DFc map (grey mesh, contoured at 1 σ) and mFo-DFc map (green mesh, contoured
at 2 σ) before building DNA chains (A) and after the final round of refinement (B).
Protein chains are shown in black ribbon and DNA magenta stick representation. Only
one DNA conformation is shown.

For the NKstR-BS26 dataset, the Matthews coefficient indicated there is only half a complex
(one KstR subunit and one DNA chain) in the ASU, corresponding to a solvent content of
60%. NKstR-BS26 was solved by MR using half of the KstR-BS18 structure as a search
model. PHASER found a single solution with final LLG and TFZ (Section 2.6.4) of 932 and
23, respectively. Refinement was performed in a manner similar to KstR-BS18 structure. The
18-bp fragment from MR search model was extended manually following the trace electron
density of the phosphate backbone. Similar to other KstR structures, the N-terminal tail of
NKstR does not show any electron density up to Gly32 (Gly11 in the KstR construct),
indicating that the N-terminus, containing the extension, is disordered in the structure. The
NKstR-BS26 complex also forms a pseudo-DNA strand with symmetry mates, but the lattice
arrangement is different from that of the KstR-BS18 complex. While the short complex
alternately rotates by 180 along the long axis of the pseudo-strand, the long complex
maintains its orientation throughout the lattice (Figure 50).
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A

B

Figure 50. The crystal lattice of KstR-DNA structures.
Lattice arrangement of KstR-BS18bp in space group P212121 (A) and NKstR-BS26bp in
space group C121 (B) are shown in cartoons.

Since the ASU of NKstR-BS26 contains only half of the biological complex, it is worth
inspecting the possibility of a larger ASU. This also deals with the issue of over-merging
data, which might result in a loss of small structural divergence between two halves of the
complex. Removing the two-fold symmetry of space group C121 brings the data back to the
primitive space group P1, which contains a full NKstR-BS26 complex in the ASU. While
scaling and merging showed comparable statistics with space group C121, refinement
converged at Rwork and Rfree of 0.246 and 0.281, respectively. As R values significantly
increased (by 0.025) after changing space group, the data was confirmed to be processed
best in C121.
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The structures of KstR-BS18 and NKstR-BS26 are highly similar (RMSD of 0.58 Å over C
of the protein dimer). The distance between the two DBDs in the structures is 32 Å, which is
slightly smaller than the distance between two DNA major grooves (34 Å in canonical BDNA). The large difference in the DBD distance from the other KstR structures (> 38 Å)
indicates a significant conformational change when KstR binds DNA. The protein appears to
bend the DNA towards itself while maintaining the DNA directions at either end, resulting in
a curvature of the DNA spine at the centre of the central base pairs (Figure 51A).
The DBDs of the regulator dip into two consecutive DNA major grooves in a manner similar
to other TFTRs (Section 1.4.3). The HTH motif of DBD was numbered in a structure-based
scheme as explained (Section 1.4.3 and Figure 51A). In general, KstR’s interactions with
DNA major groove is in line with the pattern of other TFTRs. The HTH motif of KstR makes
contacts with the phosphate backbone of either DNA strand (Figure 51C). For the ‘reverse’
strand (Figure 51C, grey strand), side chains of GlnL1-6, TyrH3-5, LysH4-1 and the main
chain amine of LysH4-1 form hydrogen bonds with the phosphate groups of C(1), G(2) and
T(3). For the forward strand (Figure 51C, blue strand), the side chains of ThrH3-3, TyrH3-7
and the main-chain amine of AlaT2-3 make hydrogen bonds with the phosphate groups of T(7) and C(-8). Apart from residues of the HTH, the side chain of Arg17 on helix 1 is also
recruited for interaction with the phosphate group of C(-8), which has not been seen in other
TFTRs.
There are three observed interactions between protein and the nucleotide bases of DNA. The
side-chain of ArgH2-2 forms two hydrogen bonds with the pyrimidine ring of G(2). The side
chain of ValH3-1 appears to be involved in a hydrophobic interaction with the methyl group
of T(3). The indole ring of TyrH3-5 takes parts in a CH-π interaction with the methyl group
of T(4), which seems to be a specific interaction that is also observed in other TFTRs
(Section 1.4.3). Lastly, the side chain of AlaT2-3 forms a CH- π interaction with the base of
T(-7).
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A

C

B

Figure 51. The interactions of KstR and its cognate DNA fragment.
A, sequence alignment of the DBDs of KstR and TetR. The residue number of KstR is
shown on the top row. The structure-based numbering scheme with indicated helix and
loop names is shown in the last row. B, the overlaid structures of KstR-BS18 (green) and
KstR-BS26 (magenta) complexes. Protein chains are shown as C trace, DNA as thin
lines. Red curve indicates the DNA spine. C, the interaction of the HTH motif and DNA
major groove. Protein chains are shown in cartoon representation, DNA in stick. Helices
2 and 3 are coloured in green. Side chains making contacts with DNA are shown as
thin lines. Hydrophobic interactions and hydrogen bonds are indicated by blue and red
dash lines, respectively.

3.3.4. Discussion

3.3.4.a.

Structure determination remarks

In this study, KstR was crystallized with fortuitous or endogenous ligands and cognate DNA
fragments. Except for the palmitoyl-CoA and PEG-bound crystals, which were grown in the
same condition, all other crystals were produced from dissimilar conditions. The protein does
not favour particular precipitation agents, which could be a variety of PEGs or salts (Table
15, Table 18 and Table 20). Even the crystals of the two thioester ligand complexes, which
have identical lattice arrangement, were found in two unrelated conditions (Table 18). It is
thus concluded that, for the crystallisation of KstR complexes, screening for new conditions
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proved to be more efficient than working around the condition of the apo crystals. This
observation is in line with the fact that KstR, as other TFTRs, is flexible and able to undergo
conformational changes between different induction states (i.e. ligand-bound, free form and
DNA-bound forms, Section 1.4.1). These differences dictate a distinct lattice arrangment of
each form, which possibly requires a different crystallisation conditon to support the lattice
formation.
Data anisotropy is a common pathology of KstR X-ray diffraction data. There has not been a
general guideline for determining the optimal resolution cut-off for anisotropic data in the
literature176, 192. Evan et al.181 have suggested that cutting the data to the limit of the best
direction, as including weak data did not significantly affect the electron density map.
However, including data up to CC1/2 of 0.5 in the best direction of the data in this study
resulted in a very high Rfree (> 0.3, data not shown). Instead, the criteria applied here do not
follow the conventional guideline for determining resolution cut-off (CC1/2 of 0.5 and
<I/σ(I)> of 1.5181). The rationale was obtaining a balance of data-model aggrement (as
judged from the model R factors) and not discarding too much of good data (as judged from
the CC1/2 and <I/σ(I)> of the highest resolution shell). The latter was ensured by choosing the
resolution at which data in the best direction start to deteriorate (CC1/2 of 0.7). This results in
severely pushing the limit of data in the worst direction (CC1/2 below 0.2 and <I/σ(I)> below
1), but it was limited to the highest resolution shells only. The models refined with data
processed by this approach all show reasonable R factors and geometrical quality. Since the
model’s final R factors were not optimal values regarding the various resolution cut-off (i.e.
cutting to a resolution lower than those reported here often results in decreased refinement R
factors), the compromise set out above is considered achieved. Other than careful choices of
resolution cut-off, data anisotropy was also addressed by applying aniotropic scaling on the
data during refinement (as default with the sofware PHENIX186), or by using translationlibration-screw (TLS) contraints for B-factor refinement (Section 2.6.5), which takes into
account the protein’s local domain movements that may cause the anisotropic diffraction.
In the structures of KstR in complex with the thioester ligands (i.e. 3OCh-CoA, 4BNC-CoA
and palmitoyl-CoA), there was no electron density for the CoA moiety. The results suggested
that the CoA moiety was either a) hydrolised or b) present on the ligands but highly
disordered in the structures. Scenario a) is based on the observation that CoA thioesters,
especially acyl-CoAs, are prone to spontaneous hydrolysis at the thioester bond, forming the
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conjugate acids and CoASH. While palmitoyl-CoA is susceptible to hydrolysis during
crystallisation (one week at 18C), 3OCh-CoA and 4BNC-CoA have been observed to be
generally stable at the pH and temperature of the crystallisation conditions (Casabon, I.,
private communication). The electron density maps of the steroidal CoA ligands also indicate
that the thioester bond of the ligands was intact. In the KstR-3OCh-CoA structure, the steroid
moiety of the ligand was built up to the sulphur atom, based on the observation that the
electron density of this part has a shape more similar to a thioester bond than a carbonyl
group of a hydrolysed steroid acid (Figure 45A and B). The map of KstR-4BNC-CoA
structure shows a clear density of the tail beyond the thioester bond (Figure 45B), suggesting
that the CoA tail was still associated with the 4BNC moiety. To clarify whether the ligands
had been hydrolysed or not, mass spectrometry of KstR-4BNC crystal was attempted to
confirm the molecular mass of the ligands. However, the method could not be performed as
PEG in the crystallisation condition produced numerous signal peaks that completely masked
the ligand’s signal. On the other hand, the co-crystal with 3OCh-CoA, which was grown with
salt as the precipitant, could not be reproduced. Despite the lack of direct evidence, all
considerations leave scenario b) to be the most likely explanation. Not long after our
publication of the KstR-3OCh-CoA and 4BNC-CoA complex structures, there was another
structure of KstR-3OCh-CoA deposited in the Protein Database Bank (PDB code: 5ACQ).
The crystal was grown in a condition unrelated to ours, yet the structure highly resembles
ours with no interpretable density for the CoA tail. Therefore it is very likely that disordered
CoA is an intrinsic structural feature of the interaction.

3.3.4.b.

Structural insights

The structures of KstR in various complexed forms reported here highlight the allosteric
conformational change of KstR, which has been shown to be the basis for the allosteric
mechanism of TFTR (Section 1.4.4). KstR follows the general allosteric mechanism of the
TetR family, in which the relative position of the DNA-binding heads are pulled together
during interaction with DNA (to 32 Å) but separated when the endogenous ligand binds the
protein (to 43 Å). The free protein, however, crystallized in a conformation that is not
compatible with binding DNA (DBDs distance is 42 Å), suggesting that KstR dimer, similar
to other TetR family members (Section 1.4.1), is flexible in solution and can adopt various
intermediate conformations between the two extreme forms.
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The structures of ligand-bound KstR provide the structural basis for KstR’s interaction with
its ligands. Since the steroidal compounds are the endogenous ligands of KstR (Section 3.2),
the conformation of steroid-bound KstR is considered the intrinsic inactive form (see Section
1.4.1 for the explanation on the conformational states of TFTRs). The 2:1 binding ratio
(ligand:KstRdimer) of the structures is in agreement with the binding stoichiometry suggested
by the IFQ assay with the steroid-CoA ligands (Section 3.2.2). The architecture of the ligand
pocket provides the basis for KstR’s specificity towards the 3-oxo steroid moiety. The snug
fit of the 4-ring steroid inside the ligand pocket (Figure 46B) indicates a targeted selection of
the amino acid side chains flanking the pocket to accommodate the ligand. The only
hydrogen bond within the pocket was between Arg158 and the 3-oxo group of the ligand,
indicating a setup for the specific recognition of this group. This scenario is in line with our
and previous observation that cholesterol, which contains a hydroxyl in stead of an oxo
group, did not bind nor induce KstRMsm87 (Section 1.3.1 and 3.2). Since all three complexes
of 3OCh, 3OCh-CoA and 4BNC-CoA are almost identical, it is still unclear how the
chemistry of the aliphatic side chain and the presence of CoA moiety differentiate binding
affinities of the three ligands. The structures show that the side chain is located at the pocket
entrance and the CoA is likely solvent-exposed. It is possible that the CoA moiety makes
contacts with positively charged residues in this area (such as Lys99, Arg102 and Arg106 of
the KstR construct) and acts as a tethering anchor to facilitate binding of the steroid moiety.
This scenario is in agreement with the high affinity of 3OCh-CoA and 4BNC-CoA in the
previous EMSA and IFQ assays (Section 3.2.2). The superior affinity of 3OCh-CoA can be
explained by the better position of the thioester bond with the 8-carbon side chain of 3OChCoA.
The structure of the KstR-palmitoyl-CoA complex confirms that the compound is a ligand of
KstR. KstR in this structure is in an inactive form (with a DBD distance of 38 Å), supporting
the previous suggestion that palmitate and palmitoyl-CoA are inducers of KstR (Section 1.2.3
and 1.3.1). Since the CoA tail is located in a similar position to those of the steroid ligands, it
is likely to play the same role, if one exits, in ligand binding. However, the interaction
between KstR and the acyl chain are significantly different from those with the steroids. The
ligand pocket is smaller and tightly fits the acyl chains, yet it lacks features and there is no
hydrogen bonding with the ligand. It appears that the interaction of palmitoyl-CoA is less
specific, which might explain its lower affinity with KstR in the IFQ assay (Section 3.2).
Since palmitoyl-CoA is not a primary inducer of KstR (Section 3.2), KstR conformation in
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the complex with this ligand is considered a non-intrinsic inactive form. It is unclear whether
the 1:1 binding ratio of ligand and KstRdimer is the true stoichiometry for palmitoyl-CoA,
since the crystal structure is not representative of the binding equilibrium in solution (Section
1.4.2). Further biochemical experiments are required to confirm the stoichiometry and the
physiological relevance for the binding of palmitoyl-CoA.
On the other hand, the structures of the DNA-bound complex have confirmed the 1:1
stoichiometry of DNAduplex:proteindimer observed in SPR (Section 3.1.2). The DNA fragment
in the structure was deformed in a manner similar to TetR’s structure (Figure 14), indicating a
similar binding mechanism. Although an effect of the N-terminal tail in DNA-binding has
been established (Section 3.1.2), the tail appears to be highly flexible and its interaction with
DNA could not be observed in the crystal structure. It is predicted that the tail makes contact
with the adjacent minor groove as seen in the structure of other TFTRs with a disordered Nterminal tail (Figure 15). It is possible that the minor grooves at both ends of the DNA
fragment are distorted by contacts with the neighbouring complexes (Figure 50B) and their
interactions with the tail are obstructed. A similar phenomenon has been observed with the
SimR-DNA structure, in which the N-terminal tail of only one subunit contacted DNA minor
groove while the other was disordered109. Since the tail is not strictly required for DNA
binding (Section 3.1.2), the DNA-bound conformation of KstR and NKstR still represents the
major features of the protein-DNA interaction, which is discussed further in Section 3.3.4.d.

3.3.4.c.

The structure-based allosteric mechanism of KstR

Comparison of KstR structures reveals a conformational change that appears to be the core of
the allosteric mechanism for KstR’s function. Overlaying the four representative
conformations of KstR (i.e. steroid-bound, apo, palmitoyl-CoA-bound and DNA-bound)
shows a spectrum of movement across the protein dimer (Figure 52A). It appears that the
conformational change is both intramolecular (i.e. within one subunit) and intermolecular
(i.e. across the dimeric interface). Noticeably, the 8-9 hairpin of each subunit is a rigid
structure that maintains its conformation in all structures. Overlaying the hairpin of all KstR
structures revealed a change in the contact angle with the other subunit and a displacement of
the hairpin relative to the rest of its subunit.
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To illustrate the protein movement, the intermediate forms (i.e. free and palmitoyl-CoAbound) were compared with the two extreme forms (steroid-bound and DNA-bound). Upon
binding of steroid ligands, the contact angle between two subunits at the dimeric interface
decreases by 6 (Figure 52B). At the same time, a dramatic rearrangement of the helices
within the LBD is seen. The 5-6-7 triangle is lifted relative to the 8-9 hairpin. As a
result, the connected 4 and the whole DBD at the other side are raised up and slightly away
from the core domain. The consequence is not only a separation but also a lift of the two
DBDs, which shortens the vertical dimension of the dimer. A similar but opposite movement
is observed when KstR switches from the intermediate to the DNA-bound form. The
flexibility of the core four-helix bundle again is demonstrated with an increase in contact
angle (by 2-4) between the two 8-9 hairpins of the dimer (Figure 52C). However, there is
less movement within each subunit, in which the 5-6-7 triangle remains essentially
unmoved. The conformational change appears to be caused by a small drop of the helix 4,
which results in a small swing of DBD into the DNA-bound conformation.
Since the conformational change between the intermediate and the inactive forms is most
significant within the LBD, binding of the steroid ligands is suspected to cause a major
rearrangment in the ligand pocket. Inspection of the residues lining the pocket revealed that
the side chain of Trp164 is flipped upwards in the presence of the 3-oxo steroid moiety
(Figure 53B). In the intermediate and DNA-bound structures, the indole ring of this residue is
in a favoured conformation (>75% rotamer probability as calculated by MolProbity191) with a
χ2 dihedral angle of 76-86. When a steroid ligand occupies the pocket, the side chain rotates
around the C-C bond by 120 and arrives at a χ2 dihedral angle of -50 to -42. The
resulting conformation of Trp164 is a rare rotamer (1.2% rotamer probablity), indicating that
the side chain is energetically less favourable and the protein might be in a tense state.
Noticeably, the Phe140 side chain appears to force the allosteric conformational change by
limiting the space on top of the indole ring of Trp164 (Figure 53A). For the tryptophan to
rotate and make space for the ligand, the 4-5-6 triangle and the attached DBD has to be
lifted relative to the 8-9 hairpin as desbribed above. Therefore, it appears that Trp164 and
Phe140 are required to activate the conformation change upon ligand binding and lock the
two DBDs in an inactive position.
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Figure 52. The allosteric conformational changes of KstR.
Shown are the structures of KstR in apo-form (green) and in complex with palmitoylCoA (blue), 3OCh-CoA (orange) or BS26 fragment (magenta). A, the structures are
overlaid to show the spectrum of conformational changes. B and C, 8-9 hairpins of the
intermediate forms (apo-form and palmitoyl-CoA complex) are overlaid with those of the
intrinsically inactive form (3OCh-CoA complex, figure B) or the active form (BS26
complex, figure C) to demonstrate the conformational movement. The red arrows
indicate the protein movement upon binding of ligand or DNA. The ligand molecules are
omitted for clarity.
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In general, the allosteric mechanism of KstR is distinct from other TFTRs in the way that a
large confirmational change is deployed within the protein subunit and across the dimeric
interface. The movement of the DBD appears to be similar to the ‘pendulum’ swing of TetR
and QacR (Section1.4.4), but the transduction mechanism involving the Trp164 side chain in
the pocket is very distinctive of KstR. The system also appears to be precise and effective, i.e.
the unfavourable flipped conformation of Trp164 is achieved only when the pocket is filled
with a steroid moiety. Therefore, the allosteric pathway can be taken advantage of for the
discovery of drug-like compounds mimicking or counteracting the effect of KstR’s inducer.

A

B

Figure 53. The role of Trp164 in the allosteric mechanism of KstR.
A, the conformations of Trp164 (blue stick) in the ligand pocket of apo-KstR (left) and
KstR-3OCh-CoA (right). Other residues are shown in grey sphere representation, Phe140
side chain is coloured in green and 3OCh-CoA in orange. B, Trp164 and Phe140 mediate
the intramolecular movement upon ligand binding. Shown are overlaid structures of apoKstR (blue) and KstR-3OCh-CoAl complex. Protein chains are shown in cartoon
representation. The red arrow indicates the structure movement when 3OCh-CoA binds
KstR. Ligand molecule has been omitted for clarity.
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The implicit role of DNA shape in KstR-DNA interaction

In the DNA-bound structure, the DNA fragment is bent in a manner similar to the distortion
imposed by TetR on the tetO operator (Figure 14A). Inspection of the groove width showed
that the major groove is narrowed from 11.7 Å (as in canonical B-DNA) to 9.5 Å at the
central base pairs, but is expanded to 12.4 Å around base pairs 4 and 5 (Figure 54A). A
opposite effect is seen simultaneously in the minor groove.
To investigate the DNA deformation, the conformation of DNA was analysed at the level of
the base pair step. The relative relationship between two adjacent base pairs can be described
by six parameters, which correspond to the translation and rotation about the long (roll and
slide), short (tilt and shift) and perpendicular (twist and rise) axes of the base pair202. At this
level, DNA bending can be most attributed to high roll and tilt angles193. Nevertheless, the tilt
angle is constrained by the finite length of the sugar-phosphate bone, thus generally does not
contribute significantly to DNA bending193.
Analysis of base-pair step parameters in the two structures shows the presence of highly
positive roll and large tilt angles in both DNA fragments. The conformation profiles of BS18
and BS26 are similar, with peaks of positive roll value at steps 6-7 and 1-2 and the
corresponding positions on the other DNA half site (Figure 54B). The highest roll is 8.2°,
significantly higher than average of 0.6° in ideal B-DNA203. In both long and short DNA
fragments, there is a strong correlation of major groove width and roll angle (i.e. high
positive rolls associate with narrowed major groove and expanded minor groove) as seen in
most DNA bending193. Within 8 bps from the centre of the DNA dyad, tilt angles are within ±
3.5°. High tilts (5-7°) are only seen at the base-pair step 9-10 at both ends of DNA.

133

RESULTS AND DISCUSSION

A

3.3. The structures of KstR

B

C

Figure 54. The deformation of DNA fragment in KstR-DNA structure.
A, the major groove (blue) and minor groove (red) widths of the BS26 (solid lines) and
BS18 (dash line) fragments. The dotted lines indicate the groove widths (5.8 Å and 11.7
Å) of the canonical B-DNA. B, the roll (blue) and twist (red) angles of BS26 (solid line)
and BS18 (dash line) fragments. In each graph, DNA sequence and numbering scheme of
the forward strand are as indicated. C, the normal vector plot CosX-CosY of the BS26
fragment. Arrows indicate changes of the normal vector direction in each DNA half-site
(blue and red) and at the central base-pair step (green).

To determine whether the global bend is predominantly caused by tilting of successive base
pairs (roll angle) or twisting of phosphate back bone (tilt angle), the changes in the DNA
spine were analysed using a normal vector plot as described by Dickerson et al.193 (See
Section 2.7). The CosX-CosY plot shows a V-shape curve, in which the normal vector at one
end of the DNA swings to the upper part of the plot, then veered back to the centre at two
central base pairs, then the process is repeated at the other DNA half site (Figure 54C). With
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the CosX-CosY values confined within ±0.3, the curvature is considered a minor bend193.
Furthermore, all base pair steps of high roll angles associate with a large change in normal
vector direction, indicating the major role of the roll angle in DNA bending. Noticeably,
bending by the high roll angles at the 1-2 and 6-7 steps are co-planar yet in opposite
directions as they are half a helix turn apart. The large tilt angle at the 9-10 step also couples
with a change in normal vector direction, indicating their contribution in DNA deformation at
either end of the duplex. However, since the DNA ends make contacts with neighbouring
DNA fragments (Figure 50), the deformations at these parts are likely due to crystal packing.
It is thus established that high roll angles at base-pair step 1-2 and 6-7 are the main factors for
the intrinsic DNA bend observed in the structure.
There has been a long line of evidence suggesting that DNA deformability is intrinsic to its
nucleotide sequence193,

195, 204-208

. At the level of dinucleotide sequence, certain base pair

steps, such as pyrimidine-purine (Y-R) pairs, are more flexible and prone to deformability
than others. As a result, Y-R steps have been found to be highly associated with high roll
angles causing DNA kink and bend193. Interestingly, all of the base-pair steps with high roll
angle in the BS18 and BS26 fragments are of the Y-R type. It is thus of interest to determine
whether this conformational abnormality is intrinsic to DNA sequence or a consequence of
protein-DNA interaction.
To investigate the intrinsic conformation of DNA, the predicted DNA conformation (as
constructed by MD simulation) was compared with our experimental structure. For this
purpose, DNA base-pair step parameters predicted for KstR’s target sequence were obtained
from the DNAShape server194 and the data by Fujii et al.195 (see Section 2.7). Interestingly,
both studies could reproduce the pattern of high roll angles (Figure 55). In both cases,
predictions matched the measured values for base pairs within 9 bp from the central base
pairs but deviated at both ends of the DNA, confirming that DNA conformation in the
peripheral region is affected by crystal contacts. It is thus established that the high roll angles,
and the resulting DNA bend, is intrinsic to KstR’s palindromic sequence, which also implies
that DNA shape plays a role in the protein-DNA interaction.
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Figure 55. The roll and tilt angles as predicted by MD simulations.
Shown are the roll (blue) and tilt (red) angles of the BS26 fragment as measured in the
NKstR-BS26 structure (solid lines) and predicted by Fujii et al.195 (dashed line) and
DNAShape194 (dotted line). Nucleotide sequence and numbering scheme of the DNA
forward strand is as indicated. The palindrome sequence is shown in bold.

It is worth bearing in mind that the prediction results imply a favourable conformation of
DNA bend rather than a fixed curvature of the free DNA fragment. Fujii’s data averaged
parameters over 9000 conformations from 9 ns trajectories, meaning that the high roll angles
are of the largest conformational population within this time frame. However, since the base
pairs with high roll angles are at least two steps apart, their occurrence is not significantly
correlated as pointed out in MD simulation studies195, 209-210. Therefore, the concurrence of all
high roll angles in DNA sequence is only a statistical fraction in a myriad of possible
combinations of roll angles from different base-pair steps. Considering the significantly large
deviation (> 4.5) in roll angle during simulation, it is expected that most, if not all, base pair
steps are capable of sampling a conformation of high or low roll angle. It is thus important to
keep in mind that the signature bend at KstR’s binding site is only an instance of a
conformational ensemble and that theoretically, a DNA fragment of similar size and any
sequence order is capable of adopting the bend at a certain time point. The indispensable role
of DNA shape in protein binding, nevertheless, holds valid in term of binding energy, in
which the energy cost of DNA deformation is diminished when DNA can readily present the
compatible conformation. The outcome is that DNA sequences with a larger population of
conformation resembling protein-bound structure are more capable of maintaining an
interaction with protein, which in turn results in a high affinity. In general, our evidence for
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the role of DNA shape indicates that it likely contributes to specificity by lowering the
binding energy, thus facilitating protein-DNA interaction.
Having established that the bend of DNA is encoded in DNA sequence, one might pose a
question of whether the feature is a prerequisite for the binding of KstR. It is likely that
bending is required for establishing the protein-DNA interaction. The argument is that the
majority of KstR-DNA contacts are made with the DNA’s phosphate backbone, which would
be impossible without the curvature of the DNA spine. The DBD of KstR forms hydrogen
bonds with the phosphate backbone at both sides of the major groove spanning base pairs 1 to
8 (Figure 56). From the aspect of DNA, the conformational fit with protein is facilitated by an
expansion of major groove width around the 4-5 step, which is caused by the positive roll
angles at the flanking 1-2 and 6-7 steps. On the other hand, the central curvature caused by
high roll angles at the 1-2 step is required for widening the minor groove width and matching
it with the distance between the two DBDs, which are in the closest conformation among
KstR structures. It seems that the protein could not possibly shorten the distance further due
to the physical constraint created by the Phe120 side chain from each subunit of KstR (or
Phe141 of NKstR). This pair of side chains are located far apart in other structures of KstR
but form an aromatic stacking interaction in the DNA-bound structure (Figure 56).

Figure 56. The DNA bend facilitates the interactions between KstR and DNA.
Shown is the structure of NKstR-BS26 with protein chains in cartoon and DNA in stick
representation. Base pairs involving in the high roll angles are coloured in red.
Nucleotide sequence and numbering scheme of the DNA forward strand (blue) is as
indicated, the palindromic sequence is shown in bold. The stacking side chains of two
Phe120 (or Phe141 in NKstR) are shown in sticks.
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In general, the data presented here suggest a coordination of both direct contacts (i.e. physical
interaction) and shape-recognition in KstR’s interaction with DNA. The scheme is in line
with the notions of direct base readout (i.e. interactions with nucleotide base) and indirect
readout (i.e. shape recognition) in the establishment of protein-DNA specificity207. For the
first term, KstR makes polar and non-polar contacts with the bases of at positions 2, 3, 4 and
7 (Section 3.3.3). Direct readout of these base pairs imposes strict requirements of specific
nucleotides at this position, resulting in the motif TnnAACnnGTTnnA of KstR45. On the
other hand, indirect readouts require two Y-R steps at two positions 1-2 and 6-7 (or four
positions on DNA dyad) as established above. The mechanism further imposes a requirement
of certain nucleotide types at non-specific positions, which results in the motif
TrrAACryGTTyyA (r is a purine, y is a pyrimidine). In support of this view, the consensus of
KstR’s motif also showed a type conservation at non-specific base pairs (Figure 5B).
Interestingly, inspection of the 54 instances of KstR’s motif in Mtb and Msm revealed almost
half of them (25 instances) strictly obey the specific and type conservation (Table 22). 29
instances had violations on the number and the position of Y-R steps. However, these
violations are seen in only one palindrome half-site, suggesting that they are only tolerable
for binding one DBD of KstR. The most severe violations were the binding sites of Rv3501c
and MSMEG_5920, which control the mce4 operon in both species. Since the operon has
been shown to be weakly regulated by KstR (Section 1.2.3), it is thus very likely that KstR
binds weakly to this site due to the non-complying binding motif.
In conclusion, the structures of KstR in complex with DNA provide evidence for the
requirement of the DNA bend, which is intrinsic to the DNA sequence, in the KstR-DNA
interaction. The observation implies an interplay between direct and indirect readout in the
specificity for DNA-recognition of KstR. Previously, the role of DNA-shape has only been
described for DNA recognition of minor-binding proteins207,

211

. Therefore the results

presented here open an interesting aspect of the phenomenon in major-groove binding
proteins, which has not been investigated before. Further experimental data are needed to
elucidate the details of protein-DNA interactions used by KstR and other TFTRs.
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Consensus
MSMEG_0305/MSMEG_0306
MSMEG_1098
MSMEG_1410
MSMEG_3519
MSMEG_3522/MSMEG_3524
MSMEG_3658
MSMEG_5202
MSMEG_5228
MSMEG_5286
MSMEG_5519/MSMEG_5520
MSMEG_5554/MSMEG_5555
MSMEG_5579/MSMEG_5580
MSMEG_5583/MSMEG_5584
MSMEG_5902 (1)
MSMEG_5919
MSMEG_5932/MSMEG_5933
MSMEG_5995/MSMEG_5996
MSMEG_6041/MSMEG_6042
MSMEG_6475
Rv0940c
Rv0953c/Rv0954
Rv1894c/Rv1895
Rv3545c/Rv3546
Rv3570c/Rv3571 (1)
Rv3573c/Rv3574
MSMEG_2790
MSMEG_3843
MSMEG_5904/MSMEG_5906
MSMEG_5914/MSMEG_5915
MSMEG_5925
MSMEG_5940
MSMEG_6038/MSMEG_6039 (1)
Rv0551c/Rv0552
Rv0687
Rv1628c/Rv1629
Rv3503c/Rv3504
Rv3515c/Rv3516
Rv3525c/Rv3526
Rv3536c/3537
Rv3570c/Rv3571 (2)
MSMEG_0217
MSMEG_6038/MSMEG_6039 (2)
MSMEG_0309
MSMEG_2645
Rv0223c
Rv3531c/Rv3532
Rv2799
MSMEG_3515/MSMEG_3516
MSMEG_3562
MSMEG_5920/MSMEG_5921
Rv3520c/Rv3521
MSMEG_5902 (2)
Rv3501c

RESULTS AND DISCUSSION
y
-8
T
C
C
T
T
C
T
C
C
C
T
T
T
C
C
C
C
C
C
T
T
C
A
C
C
C
C
C
C
C
G
T
C
T
C
C
C
C
G
C
A
C
C
C
A
C
T
T
C
G
G
C
C

Y
-7
T
T
T
T
C
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
C

R
-6
G
A
A
A
A
A
A
G
G
G
A
A
A
G
A
A
G
A
A
A
A
G
G
A
A
G
G
A
A
A
A
A
A
A
G
A
A
A
A
A
A
A
G
A
G
A
A
G
G
A
A
A
A

R
-5
G
G
G
G
G
G
G
G
G
A
G
G
G
A
G
G
A
G
G
G
G
A
A
G
G
A
A
G
G
G
G
G
G
G
A
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

A
-4
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

A
-3
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

C
-2
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

R
-1
G
G
A
A
A
A
G
G
A
A
A
G
G
G
G
G
G
G
A
G
G
G
G
A
G
G
G
G
G
A
A
A
G
A
G
G
G
A
A
A
A
A
A
G
A
G
A
A
A
A
A
A
G

Y
1
T
T
C
C
C
C
T
T
C
C
C
T
T
T
C
C
T
T
C
T
T
T
T
C
T
T
T
T
T
C
C
C
T
C
T
T
T
C
C
T
G
G
G
T
C
T
A
G
G
G
G
A
A

G
2
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

T
3
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

T
4
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

Y
5
C
C
C
T
C
C
C
T
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
A
G
A
A
A
A
A
G
A
G
A
A
A
A
A
G
A
C
C
C
C
C
C
C
C
C
C
T

Y
6
T
C
T
C
C
T
T
C
T
T
T
C
C
T
T
T
T
T
T
T
C
T
T
C
T
C
C
C
C
C
T
C
C
C
C
C
C
C
T
C
C
C
T
T
T
C
T
T
T
T
T
G
G

Table 22. The sequence of KstR binding sites in Mtb and Msm.
The sequences were obtained from Kendall et al.45 and rearranged such that the
half sites obeying the motif are located on the left. Nucleotides are colour-coded:
adenine and thymine, red; guanine and cytosine, green. Purines are colour-shaded.
Boxes indicate violations to the DNA consensus.
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3.4. Fragment-screening targeting KstR
Fragment-based drug discovery is a popular approach for target-based drug development. It
has been suggested to provide access to a broad chemical space, high-quality interaction and
better control over drug properties212. The approach has been successfully applied with the
Mtb EthR, with a number of compounds of various scaffolds having been discovered161-163.
Since KstR’s ligands, i.e. 3-oxo steroids and fatty acids, are of lipophilic nature, they do not
provide favourable chemical scaffolds for drug design212. The fragment-based approach is an
option to discover new chemical motifs with favourable physical properties for drug
development.
This section reports scouting experiments for the application of a fragment-based drug
discovery against KstR. In the first experiment, a fragment library was screened to identify
fragments interacting with KstR using differential scanning fluorimetry (DSF) as the
detection technique. This experiment is described in Section 3.4.1. The assay identified two
fragments that stabilise KstR by 1C and 42 fragments that destabilise the protein by 2C.
The crystal structures of KstR in complex with the two stabilising fragments were solved and
the binding of these fragments in KstR’s was confirmed. The determination of these
structures is reported in Section 3.4.2.
The fragment screen was jointly performed by the author and Matthew Mayo-Smith (a
summer student). Mr Mayo-Smith performed a part of the fragment screen, concentrationdependent DSF and the crystallisation of KstR-fragment complexes under the supervision of
the author. The author performed a part of the fragment screen, X-ray data collection and
processing, and structure refinement.

3.4.1. Fragment screening using differential scanning fluorimetry (DSF)
DSF was used as a thermal shift assay (see Section 2.5.5 for the method explanation) for
detection of fragment compounds interacting with KstR. The short construct KstR was used
as the protein target for the assay.
DSF was performed at a KstR protein concentration of 15 M, which was found to produce a
clear melting curve. The free KstR exhibited a single-phase denaturation profile (Figure 57).
The mid-point of the transition stage (i.e. the steep increase in the measured fluorescence
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intensity) was calculated by fitting the data within 5C of the slope centre with the
Boltzmann sigmoidal equation (Section 2.5.5), which yielded a Tm of 51.2C.
The Sypro Orange dye demonstrates a low stability in the aqueous buffer, which shows a
visible reduction of its colour within one hour at RT. Therefore, the melting curves recorded
in different batches of data collection (on a 96-well microplate) showed a deviation, mostly in
the absolute scale of the data (Figure 57A). The standard deviation of three replicates in
different batches was 0.07C. Within one batch of data, the scale was similar although there
was inconsistency at the pre- and post-transition stages (Figure 57B). The standard deviation
of three replicates within one batch was 0.03C. To improve data consistency, each data
collection batch was included with a control sample of KstR from which the fitted Tm was
used to calculate Tm values.
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Figure 57. The replicates of KstR’s melting curve in DSF.
Shown are three replicates of DSF measured with 15 M KstR in different (A) or the
same (B) data collection batches. Thin lines indicate the experimental data, bold lines the
fitted sigmoidal curves at the transitional stage. Dotted lines indicate KstR’s Tm value.

To test the detection of ligand binding using this method, thermal denaturation profiles of
KstR were inspected in the presence of known ligands, i.e. 3OCh, 3OCh-CoA, 4BNC-CoA
and palmitoyl-CoA (Figure 58 and Table 23). As expected, 3OCh-CoA and 4BNC-CoA
stabilised the protein by 10C. 3OCh-CoA produced a high background, probably due to its
lipophilic steroid moiety. 3OCh, in contrast, did not produce any effect, possibly due to its
lower solubility and affinity for KstR (Section 3.2.2). Palmitoyl-CoA showed a very small
stabilising effect, probably because of its low affinity and low binding fraction at this assay
condition (30 M). Similar to 3OCh-CoA, increasing palmitoyl-CoA concentration to 50 M
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produced a high background and low protein signal (data not shown). Despite the absence of
an effect from 3OCh and palmitoyl-CoA, the clear melting curve of free KstR and the
positive results of the steroid thioesters indicate that DSF could be used as a high-throughput
method to detect binding events in the ligand pocket.
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Figure 58. The melting curves of KstR in the presence of its ligands.
Solid lines are the melting curves of KstR only (blue) and in the presence of 3OCh
(purple), 3OCh-CoA (green), 4BNC-CoA (red) and palmitoyl-CoA (brown). Thin lines
are experimental data, bold lines are the fitted curves. Dotted lines are samples
containing the ligand only. DSF assay was performed with 15 M KstR and 30 M
ligand (or 100 M 3OCh in 0.5% ethanol).

KstR only

KstR and ligands
3OCha

3OCh-CoA

4BNC-CoA

Palmitoyl-CoA

Tm (C)

51.24 ± 0.04

50.18 ± 0.06

60.45 ± 0.08

61.57 ± 0.07

52.30 ± 0.08

Tm(C)

-

-0.03

9.21

10.33

1.06

Table 23. The effects of KstR’s ligands on the protein thermal stability in DSF assays.
Shown are the best-fitted values and the fitting standard errors. The DSF assay was
performed with 15 M KstR and 30 M ligand. a, data was measured with 100 M
ligand in 0.5% ethanol, Tm was calculated with KstR control in 0.5% ethanol, of which
Tm was 50.19C.

The same DSF setup was used to screen the Maybridge fragment library, which contains 500
fragments of diverse pharmacophore building blocks. For screening of fragments interacting
with KstR, 15 M of protein was mixed with 1 mM fragment (stock solution of 50 mM in
DMSO) with a final DMSO concentration of 2%. The screen was performed twice to confirm
the hits. A control screen, in which the protein was omitted, was performed to examine the
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background signal caused by the fragments and to confirm that a Tm shift (when present) was
not an effect of overlapping signal from the fragment.

Figure 59. The distribution of Tm across the DSF screen of the Maybridge fragment
library.
DSF assay was performed with 15 M KstR and 1 mM each fragment.
Tm is the difference in Tm between a sample and a control containing 15 M KstR and
2% DMSO. The dashed lines indicate the cut-offs for identifying the hit fragments.

The distribution of Tm across the library in the first screen is shown in Figure 59. In general,
there are more fragments destabilising the protein than those with a stabilising effect. Tm
cut-offs of 1 and -1, which have been used previously for fragment screening with DSF161,
213

, was chosen to determine a hit. The first screening experiment identified 44 hit fragments

(9% of the library), only 2 fragments of which exhibited protein stabilising effects. A second
screen was performed to validate the hits. 39 fragments (89% of the initial hits), including the
2 stabilising fragments, consistently showed effects above the threshold in both screens,
indicating a good consistency between the two replicate experiments. The hit fragments were
of diverse chemical motifs, consisting of single or multiple five- or six-carbon rings. The
details of these fragments are shown in Table 24.
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number
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ΔTm ()
1st

2nd

Compound name

CAS number

Chemical
formulae

Molecular
weight
(Da)

Stabilising fragments
CC53409

1.54

1.42

(5Morpholinothiophen-2yl)methanol

910036-90-7

C9H13NO2S

199.27

CC55016

1.31

1.59

5-Phenylpyridine-2carbonitrile

39065-45-7

C12H8N2

180.205

Destabilising fragments

CC47846

-0.99

N-(2,3dihydrothieno[3,4-1.34 b][1,4]dioxin-5ylmethyl)-Nmethylamine

CC58509

-2.65

(2-4.49 (Phenoxymethyl)pheny
l)methanol

34904-98-8

C14H14O2

214.26

CD02568

-1.11

-1.53

Methyl 2-(1H-pyrrol-1yl)benzoate

10333-67-2

C12H11NO2

201.221

BTB14322

-1.24

2,3-Dihydro-1H-1.82 indole-2-carboxylic
acid

16851-56-2

C9H9NO2

163.173

CC42223

-2.41

Ethyl 2-methyl-4-3.26 phenylthiazole-5carboxylate

32043-95-1

C13H13NO2S

247.313

CC48414

-1.96

-2.29

3-(Thiophen-3yl)aniline

161886-96-0

C10H9NS

175.25

AC29603

-1.05

-1.23

3(5)-Phenyl-1Hpyrazole

2458-26-6

C9H8N2

144.173

CC10501

-1.34

-2.33

5-Phenylthiophene-2carboxylic acid

19163-24-7

C11H8O2S

204.245

CC49701

-1.06

5-Methyl-2-1.58 phenylfuran-3carboxylic acid

64354-50-3

C12H10O3

202.206

AC29726

-1.04

-1.6

6-Chloro-1,3benzoxazol-2-ol

19932-84-4

C7H4ClNO2

169.565

AC30928

-1.69

-2.43

Methyl indole-3carboxylate

942-24-5

C10H9NO2

175.184

CC70601

-1.42

-3.06

4-(Thiophen-2ylmethyl)benzoic acid

1002727-90-3

C12H10O2S

218.272

859851-03-9

C8H11NO2S

185.243

Table 24. The hit fragments of the DSF screen.
(Legends on the next pages)
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ΔTm ()
CAS number

Chemical
formulae

Molecular
weight
(Da)

5-(Thiophen-2yl)thiophene-2carboxylic acid

2060-55-1

C9H6O2S2

210.273

-4.09

3-(Pyridin-3yl)benzenamine

57976-57-5

C11H10N2

170.21

-1.03

-1.24

6-Chlorothiochroman4-one

13735-12-1

C9H7ClOS

198.669

TL00752

-1.55

-1.93

N-(2,3-Dihydro-1Hinden-5-yl)acetamide

59856-06-3

C11H13NO

175.227

RJC03578

-1.06

-1.68

3-(Pentylthio)-4H1,2,4-triazole

71705-07-2

C7H13N3S

171.263

SEW04679

-3.4

1-Methyl-4-phenyl-3-3.87 (trifluoromethyl)-1Hpyrazol-5-amine

63156-74-1

C11H10F3N3

241.212

KM09261

-2.03

3,4-2.61 Dihydronaphthalen1(2H)-one oxime

3349-64-2

C10H11NO

161.2

RH01349

-1.75

7-hydroxy-2,2,5-1.76 trimethyl-2,3-dihydro4H-chromen-4-one

20052-60-2

C12H14O3

206.238

RF00619

-1.26

[3-(2,6dichlorophenyl)-5-1.63
methylisoxazol-4yl]methanol

175204-38-3

C11H9Cl2NO2

258.101

SEW04370

-1.82

-2.33

2,6-dimethyl-4-(2thienyl)pyridine

50581-77-6

C11H11NS

189.277

TL00268

-4.04

-5.95 2-propylphenol

644-35-9

C9H12O

136.191

CC40823

-1.26

-1.62

ethyl 1-benzofuran-3ylacetate

82156-58-9

C12H12O3

204.222

BTB06369

-1.82

-2.51

2-(pentylthio)nicotinic
acid

175135-23-6

C11H15NO2S

225.307

CC44509

-4.54

-5.36

(3-thien-2ylphenyl)methanol

103669-00-7

C11H10OS

190.262

JFD01562

-1.14

5-hydroxy-1,2,3,4-1.11 tetrahydronaphthalen1-one

28315-93-7

C10H10O2

162.185

1st

2nd

CC14601

-1.24

-1.3

CC39814

-4.92

SEW00590

Compound name

Table 24. The hit fragments of the DSF screen.
(Legends on the next pages)
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ΔTm ()
1st

2nd

Compound name

CAS number

Chemical
formulae

Molecular
weight
(Da)

444-30-4

C7H5F3O

162.109

SB01911

-2.32

2-3.13 (Trifluoromethyl)pheno
l

CD09470

-1.98

-2.8

N3-(3-pyridyl)-2,5dichlorothiophene-3carboxamide

524924-26-3

C10H6Cl2N2OS

273.138

KM08419

-1.66

-2.27

Tert-butyl 3aminobenzoate

92146-82-2

C11H15NO2

193.242

KM09434

-1.49

-1.95

5-Hex-1-ynylnicotinic
acid

306935-31-9

C12H13NO2

203.237

CC70609

-2.39

[4-(Thien-2-3.52 ylmethyl)phenyl]metha 1031843-62-5
nol

C12H12OS

204.288

MO00227

-1.92

2-(2-chlorophenyl)-1-2.57 (4-pyridinyl)-1ethanone

465514-65-2

C13H10ClNO

231.678

BTB04635

-1.32

-1.8

N1-(4propylphenyl)acetamid
e

20330-99-8

C11H15NO

177.243

AC37284

-2.27

-3.59

4-Oxo-4H-chromene-3carbonitrile

50743-17-4

C10H5NO2

171.152

CC45816

-1.58

-2.06

1-Methyl-1H-indole-4carbonitrile

628711-58-0

C10H8N2

156.184

CC46246

-2.18

-2.93

N-[2-(2-furyl)benzyl]N-methylamine

859850-97-8

C12H13NO

187.238

Chemical structure

Table 24. The hit fragments of the DSF screen.
Shown are the details the Maybridge fragments which induced larger than 1 changes in
Tm in two DSF screens (1st and 2nd replicates). The chemical details and structures were
obtained from the eMolecules search engine (https://www.emolecules.com).

To further confirm the effects of these fragments, we conducted a dose-response experiment,
in which DSF was performed with a series of fragment concentrations. As expected, a clear
concentration-dependency was seen in all fragments. Among the two stabilising hits, a
saturation-like plateau was seen with CC53409 at a concentration higher than 0.5 mM (Figure
60), indicating a sub-micromolar Kd of this fragment. In contrast, even the most potent
destabilising fragment did not show a saturated curve, and all destabilising hits exhibited
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steady increasing effects at higher concentrations (the representative results of AC30928 and
CC58509 are shown in Figure 60). It is unclear whether this linear relationship is the result of
a weak binding (i.e. high Kd) or a combination of the destabilisation and the unfolding events.

54
53

Tm (°C)

52

1 F9
4 F2

51
1 A10
1 E1

50
49
48
47
46
0.0

0.5

1.0

1.5

2.0

Fragment concentration (mM)

Figure 60. The concentration-dependent effects of the hit fragments.
Shown are the fitted Tm values (half filled dots) of KstR with CC53409 (red), CC55016
(blue), AC30928 (purple) and CC58509 (green) at a series of fragment concentrations.
The final concentration of DMSO was fixed at 4% in all samples.

With significant evidence of the interaction between the protein and the fragments, X-ray
crystallography was performed to investigate the structural basis for the binding of these
compounds.

3.4.2. The structures of KstR in complex with the stabilising fragments
Crystallisation of KstR in complex with the hit fragments was first attempted with the two
stabilising hits. The original construct KstR was used for crystallisation due to its previous
successful crystallisation with KstR’s ligands (Section 3.3). A screen of crystallisation
condition for each stabilising fragment was performed with the commercial screens
Morpheus175, JCSG and PACT175-176. The concentrations of protein and fragment in the
mixture used for crystallisation were 5 mg/ml (220 M monomer) and 1 mM fragment
(from 50 mM stock in DMSO). After one month of incubation, there was no promising hit
found in the screens of both fragments. Vapour-diffusion drops either remained clear or
exhibited precipitation.
Since cross-seeding has been shown to be effective in growing crystals of the KstRpalmitoyl-CoA complex (Section 3.3.1), the method was applied to the KstR-fragment
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complexes. Microseeds produced from KstR-PEG crystals were inoculated to crystallisation
drops in RS5 A6 condition of KstR and a hit fragment (Table 15). To find the best condition
for growing seeded crystals, the concentration of PEG 3350 of the condition was varied from
6 to 12%. Within this range, 8% was found to be optimal for the crystal growth. Among the
39 hit fragments used for microseeding experiments, only two stabilising fragments produced
medium-sized crystals (0.1 mm long) that were distinct from the parent crystals. The
crystals with CC53409 were thick rods (Figure 61A), which were less prone to clustering
than KstR-PEG crystals (Figure 40A and B). The crystals with CC55016 (Figure 61B) were
of a plate shape and resemble crystals of KstR-palmitoyl-CoA (Figure 40C) more than KstRPEG. On the other hands, the crystals with the destabilising fragments were smaller (0.05
mm or less) and their morphologies were close to KstR-PEG crystals.

A

B

Figure 61. The crystals of KstR in complex with the stabilising hit fragments.
Shown are the crystals of KstR in complex with CC53409 (A) and CC55016 (B)
microseeded to RS5 A6 condition (Table 15) containing 8% PEG 3350.

The crystals of two stabilising fragments and five destabilising fragments, namely
BTB14322, AC29603, BTB06369, TL00268, MO00227 and CC58509) were used to collect
diffraction data at beam line MX2 of the Australian Synchrotron (Section 2.6.2). Initial data
processing, molecular replacement and refinement of the collected data showed that only the
structures of two stabilising hits contained co-crystallised fragments. The structures with the
other destabilising fragments either did not contain the fragment (but PEG in the ligand
pocket) or were of a low resolution (less than 3 Å), thus could not be resolved for a presence
of a compound molecule inside the pocket. Therefore the data processing and structure
determination for only the two stabilising fragments are described below.
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Data indexing and integration with the software XDS179 indicated a C121 space group for the
two datasets, which has been confirmed by analysis with the software POINTLESS180.
Noticeably, both the space group and unit cells of the datasets were almost identical to those
of the KstR-palmitoyl-CoA structure (i.e. differences were less than 1% in unit cell
dimensions and angle, see Table 25 and Table 16), indicating that the KstR-fragment
complexes were very similar to the palmitoyl-CoA complex. The data from the fragment
complexes were severely anisotropic (Figure 62), with diverging data strength and
consistency among three principal directions of the lattice. The data were cut at 2.1 Å, at
which resolution the data in the both of the weak directions were severely noisy.
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Figure 62. Anisotropic CC1/2 and <I/σ(I)> as indicators for the resolution cut-off of
KstR-fragment datasets.
CC1/2 (left) and <I/σ(I)> (right) at various resolution shells along three principal
directions d1 (blue), d2 (red) and d3 (green) of KstR- CC53409 (A) and KstR-CC55016
(B) datasets are shown. d1, d2 and d3 directions of KstR-CC53409 are 0.97h - 0.22l, k
axis, and -0.20h + 0.98l; KstR-CC55016 0.97h - 0.23l, k axis, and -0.18h + 0.98l. Dotted
line indicates the <I/σ(I)> value of 1.
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Data processing
Resolution range (Å)
Space group

3.4. Fragment-screening targeting KstR
KstR-CC53409

KstR-CC55016

42.28 - 2.10 (2.16 - 2.10)

42.08 - 2.10 (2.16 - 2.10)

C121

C121

160.08 38.78 127.64

159.77 38.95 126.98

90 115.51 90

90 115.55 90

288501 (22532)

280833 (23309)

42083 (3455)

41956 (3472)

6.9 (6.5)

6.7 (6.7)

100.0 (100.0)

100.0 (100.0)

Unit cell
Dimensions (Å)
Angles (°)
Total reflections
Unique reflections
Multiplicity
Completeness (%)
<I/σ(I)>

10.1 (1.1)

11.0 (1.6)

Rmerge

0.077 (1.504)

0.086 (1.129)

Rmeas

0.083 (1.636)

0.094 (1.224)

CC1/2

0.997 (0.807)

0.998 (0.931)

42.28 - 2.1 (2.175 - 2.1)

39.61 - 2.1 (2.175 - 2.1)

41968 (4154)

41761 (4126)

Refinement
Resolution range (Å)
Reflections used in
refinement
Reflections used for Rfree

2119 (206)

2046 (208)

Rwork

0.2176 (0.3793)

0.2236 (0.3497)

Rfree

0.2644 (0.4025)

0.2558 (0.4330)

5404

5441

Number of refined atoms
Macromolecule

5306

5328

Ligand

26

28

Protein residues

736

737

RMSD (bond lengths,Å)

0.006

0.003

RMSD (bond angles,)
Ramachandran favoured (%)

0.85

0.51

97.66

97.25

Ramachandran allowed (%)

1.65

2.61

Ramachandran outliers (%)

0.69

0.14

Rotamer outliers (%)

3.06

3.24

Clash score

2.88

3.24

Average B-factor (Å2)

68.97

61.91

Protein

68.94

61.96

Ligand

73.79

62.4

Solvent

65.29

55.04

Table 25. Crystallographic statistics for the datasets of KstR in complex with the
stabilising fragments.
Numbers in parentheses indicate the statistics in the highest resolution bin.

Molecular replacement was performed using a dimer of KstR-palmitoyl-CoA structure (with
the ligands removed) as the search dimer. As expected, the solution found by the software
module PHASER184 was highly similar to the parent structure. After the initial refinement,
positive residual electron density (in mFo-DFc map) of the fragments was clearly seen in the
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position of palmitoyl moiety (Figure 63). The density of CC53409 was strong and clear
enough to determine the compound’s orientation. In contrast, the density of CC55016 was
weaker and mostly from the two 6-membered rings of the compound. The orientation of the
fragment molecule, however, was unambiguous due to the constraints imposed by the sidechains of the residues lining the pocket (Figure 64B). Fragment molecules were refined to Bfactors comparable to those of the protein chain (Table 25) and partial occupancies of 0.7-0.9,
supporting their presence in the structures.

A

B

Figure 63. The electron density of the fragment molecules inside KstR’s ligand pocket.
The 2mFo-DFc map (left, blue mesh, contoured at 1σ) and the mFo-DFc map (right,
green mesh, contoured at 2σ, calculated prior to the modelling of fragments) are shown
for the ligand molecules (orange stick representation) in KstR- CC53409 (A) and KstRCC55016 (B) structures. Protein chains are shown in grey cartoon representation.

As expected, both complexes of the fragments were highly similar to the KstR-palmitoylCoA structure (RMSD of 0.25-0.27 Å across C of two dimers in the ASU, Figure 64A).
There was also only one fragment molecule in a protein dimer. The fragments tightly fit the
pocket in the same position as the palmitoyl moiety (Figure 64B). Overlaying the structures
of the two fragments showed that the CC53409 fragment was located slightly close to the
pocket entrance while CC55016 was located deeper in the pocket. Furthermore, the binding
sites of CC53409’s thiophen and CC55016’s pyridine moieties overlap, indicating their
similar interactions with the protein side chains at this position. Indeed, these moieties share
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hydrophobic interactions with Leu68, Phe72, Trp164 and Leu168 (Figure 64C). The
difference between the interactions of the two fragments was mostly near the pocket entrance.
While the active nitrile group of CC55016 forms hydrogen bonds with the hydroxyl groups of
Thr111 and Thr115, CC53409 forms hydrophobic interactions with these residues (Figure
64C). Therefore, the binding modes indicate that the two fragments form slightly different
interactions with the same set of residues (at the same binding site).

A

B

C

Figure 64. The interactions of fragment molecules with KstR inside the ligand pocket.
A, the overlaid structures of KstR in complex with CC53409 (green), CC55016 (blue)
and palmitoyl-CoA (magenta). Protein chains are shown as C, ligand molecules as
sticks. The arrow indicates the distance between two DBDs. B, the position of CC53409
and CC55016 (green and blue stick representation, respectively) in the ligand pocket of
KstR (only the protein surface in KstR-CC53409 structure is shown in grey). C, the
interaction of each fragment (purple ball-and-stick representation) and protein residues in
the pocket. The residues forming hydrophobic interactions are shown as red arcs. Side
chains taking part in a hydrogen bond (green dash line with indicated length) are shown
in orange ball-and-stick representation.
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3.4.3. Discussion
DSF has been used as the detection method to identify fragment compounds interacting with
KstR. Within this subset, two compounds were found to be stabilising fragments, the binding
modes of which have been determined by X-ray crystallography and provide a promising
start for drug discovery targeting KstR. However, the binding modes for the rest of the set,
which are all destabilising fragments, could not yet be structurally characterised. It is possible
these fragments failed to be co-crystallised with KstR because they bind to an unfolded state
of the protein214, which might be more challenging to crystallise due to an increase in protein
flexibility. Furthermore, these compounds, if developed, will act by eliminating the
functional and folded form of the protein. Thus it is unlikely that they can be optimised to
become specific enough to act as therapeutic agents. Therefore, although the destabilising
compounds might represent new binding modes or even novel druggable sites that are beyond
the ligand binding pocket, they are not suitable to be pursued as lead compounds for drug
development.
Considering the size of the fragment, it appears that the fragment’s pocket was slightly larger
than the pocket of palmitoyl-CoA but smaller than the pocket of 3-oxo steroid ligands. An
inspection of the pocket-flanking residues shows that the change in the shape and size of the
pocket was caused by a displacement of Trp164 side chain, which has also been suggested to
be involved in the allosteric conformational change upon binding of steroid ligands. In
comparison with the relaxed conformation in the palmitoyl-CoA complex, the side chain
rotates upward by 40, arriving at a χ2 dihedral angle of 40-42. Although not a rare
rotamer, the probability of this conformation is just 19.4% (as determined by MolProbity191),
which is significantly lower than the 86.7% probability of the relaxed rotamer in the free
subunit and in palmitoyl-CoA structure. The change indicates that Trp164 has to move its
indole ring from its most favourable position to make more space for the fragments.
However, the movement was rather local since there was no significant conformational
change across the protein dimer. It is plausible that the weak binding of the fragments does
not provide enough energy to compensate for the entropy penalty caused by moving of the
Trp164 side chain to the tensed state as seen in the steroid-bound ligand.
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Figure 65. The displacement of Trp164 in the pocket of fragment-bound KstR.
Shown are the overlaid pockets of CC53409 (green), CC55016 (blue), palmitoyl-CoA
(magenta) and 3OCh-CoA (orange). Ligands molecules are shown in line, Trp164 side
chain in stick, protein chains in cartoon representation.

The observation also poses an issue for fragment-based drug discovery targeting KstR. Since
the pocket in the fragment-bound structures is still small and tight, a structure-based hit-tolead optimization process might be challenging. This is because an expansion of the fragment
further down the pocket would require an opening of the pocket in some manner (i.e. an upflip of Trp164 as seen with steroid-bound structure), which is more or less unpredictable. It is
therefore expected that fragment merging (i.e. of overlapping sites of CC53409 and
CC55016) or fragment expanding to the pocket entrance might be required to enhance the
compound’s affinity before the pocket can be further opened for a new binding space.
The strategy for expanding the pocket via the Trp164 side chain might be useful for
designing compounds inactivating KstR (i.e. inhibiting KstR’s binding with DNA). The
potential for discovery of compounds activating KstR (i.e. not affecting or enhancing KstRDNA binding) can also be explored. Since the conformational change of KstR upon binding
DNA does not associate with a particular hot spot (as KstR’s inactivation is via Trp164),
there is not yet a direction for designing compounds facilitating this pathway. However, the
conformational flexibility of KstR means that there is a possibility of finding an inverse
agonist compound that binds the protein and favours the DNA-bound state (see Section 1.5).
Therefore, the challenge in drug designing for KstR is also the source of potentials for drug
discovery targeting KstR.
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Chapter 4. Concluding remarks
Throughout the project, a wealth of information regarding the molecular features of KstR has
been obtained. However, accompanying the positive results are a number of unresolved
issues as well as incomplete aspects of the study, which are open to being tackled or extended
in follow-up studies. As a conclusion for the report, this section briefly highlights the findings
throughout the project and presents the author’s suggestions for future works on KstR.
In this study, both the originally annotated KstR and the full-length NKstR have been
purified and assayed for DNA binding activity. An SPR assay shows strong interactions with
DNA by both constructs (Kd values in a low nanomolar range), indicating that the tail was not
strictly required for DNA binding. However, the two-fold increase in the protein-DNA
affinity caused by the tail demonstrated its significant effect on DNA binding. An EMSA also
shows the formation of a supershift band of protein-DNA complex that is mediated by the Nterminal extension, confirming a role of this tail in the protein-DNA interaction. SECMALLS was used in an attempt to identify the molar mass of the supershift species but this
was impossible because of the formation of an aggregation-like species by both KstR
constructs. The crystal structure of the NKstR-BS26 complex suggests that the tail was
flexible and structurally disordered. Although its interaction with DNA was not observed, it
is possible that the interaction is hindered by crystal packing. In general, the tail of KstR
facilitates DNA binding as observed in a number of TFTRs, yet it is distinctive in its nonessentiality for protein-DNA interaction. Therefore, the physiological role of KstR’s Nterminal tail remains unclear. Furthur studies on the function of this tail might include an
examination for the requirement of the tail in vivo. On the other hand, its role in protein-DNA
interaction can be elucidated by identifying the amino acid residues responsible for the
positive effect of the tail. The arginine residues within this region are candidates for an
interaction with the DNA phosphate backbone or the minor groove, which has been
suggested to attract arginine side chains by producing strongly negative electrostatic
potentials208.
The study has identified and confirmed a number of KstR’s ligands using biochemical assays
and X-ray crystallography. The protein-ligand binding assay showed KstR’s preference for 3oxo steroid ligands (i.e. 3OCh, 3OCh-CoA and 4BNC-CoA) over an aliphatic ligand
(palmitoyl-CoA), which is in agreement with KstR’s regulation of the cholesterol degradation
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pathway. Since KstR specifically recognises the 3-oxo Δ4-steroid moiety, it is possible that
the regulator also responds to other intermediates of cholesterol side-chain degradation
(Figure 4), albeit with possibly diverse sensitivities. The results are evidence that KstR’s
regulation is a feed-forward system, in which the early metabolites of cholesterol’s
catabolism induce the expression of the pathway. The structural basis for the interaction of
steroid ligands with KstR has been revealed in the crystal structures of KstR-steroid
complexes. In agreement with the observed specificity of steroid ligands, the structures
exhibit an intensive protein-ligand interaction network, in which the pocket is moulded to fit
the hydrophobic steroid moiety and a hydrogen bond is formed specifically with the 3-oxo
group of the ligand.
On the other hand, the demonstrated interaction between palmitoyl-CoA and KstR, albeit
weaker than the steroid ligands, supports the previous observations that fatty acids weakly
induce KstR’s regulon. The crystal structure of the KstR-palmitoyl-CoA complex confirms
that the ligand binds at a similar position but in a smaller pocket with less specific
interactions. KstR in this structure shows an intermediate form that is in between of the
steroid-bound and the DNA-bound forms, indicating a possibly partial induction effect of
palmitoyl-CoA. Altogether, the results suggest that palmitoyl-CoA, and possibly other acyl
compounds, interact with KstR in a non-specific manner. Due to the limited time of the
project, the inhibitory effect of palmitoyl-CoA on DNA binding has not been investigated.
The experiment is necessary to assess the biological relevance of KstR’s induction by fatty
acids and acyl-CoA.
An unresolved issue of the study is the role of the CoA moiety in the KstR-ligand interaction.
The CoA of the steroid ligands has been shown to enhance the ligand affinity for KstR.
However, the moiety was disordered in the crystal structures of KstR-steroid complexes.
Thus it is unclear whether the tail makes contact with the protein or not. Since 3OCh binds
and induces a conformational change in KstR similarly to the thioester ligands, the moiety is
not essential for interacting with the protein. The CoA tail, however, might facilitate ligand
binding by simply improving the ligand solubility. Alternatively, the negatively charged CoA
might produce a tethering effect by flexibly interacting with some positively charged residues
at the pocket entrance (i.e. Lys99, Arg102 and Arg106 of the KstR construct). Mutation of
these residues is a possible approach to further validate the role of the CoA tail in ligand
binding.
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The crystal structures of KstR in various complexes (free, ligand-bound and DNA-bound
forms) demonstrated a clear allosteric conformational change in KstR. The interdomain
motion of KstR involves a change in the contact angle between two subunits and a
rearrangement of the helical relative positions within one subunit. The steroid ligands induce
a dramatic movement of the dimer, which appears to be mediated by a flip of the Trp164 side
chain. On the other hand, the conformational change upon DNA-binding mostly corresponds
to the intrinsic flexibility at helix α4 and the accompanying DBD. The mechanism can be
validated by a combination of mutating Trp164 and evaluating the allosteric effect of steroid
ligands on the mutants.
The structures of KstR in complex with DNA suggest a potential role of the sequencedetermined DNA shape in the protein-DNA interaction. The bend of the DNA duplex, which
appears to be required for maintaining the protein-DNA contacts, has been shown to be
caused by high positive roll angles at the purine-pyrimidine base pair steps of the motif.
Previous studies of MD simulation of DNA have independently predicted the same pattern of
high roll angles at KstR’s binding site, indicating that the bend is intrinsic to the DNA
sequence. It is thus speculated that DNA shape facilitates protein-DNA interaction since the
DNA bend in the complex is expected to be energetically favourable. Comparison of all
KstR’s binding sites in Msm and Mtb corroborates this scenario; the base pairs specifically
contacted (at the nucleotide bases) by KstR are strictly conserved, while those taking part in
the high roll angles are type conserved. The observation opens a new topic for investigating
the role of DNA shape in KstR’s interaction with DNA. To confirm the consensus of KstR’s
binding site and to validate the requirement of the high-roll angle associated DNA bend, a
thorough investigation on the correlation between nucleotide sequence and protein-DNA
affinity is required. Crystallographic structures of free and KstR-bound DNA might be
informative for the study of intrinsic DNA conformations.
In the last part of the study, the start-up experiments of fragment-based drug discovery on
KstR have demonstrated that the ligand pocket of KstR is a druggable site. A fragment screen
using DSF as the detection method has identified 2 stabilising fragments and 37 destabilising
fragments. The crystal structures of KstR-fragment complexes demonstrated that the
fragments occupy the same binding site as the other KstR ligands. The protein conformation
in the structures is similar to the palmitoyl-CoA complex, although the Trp164 side chain is
slightly lifted by the fragments. Since the current experiment has not investigated the
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allosteric effect of the fragments on DNA binding, further characterisation of these and
follow-up compounds would require a secondary validation method (e.g. competitive SPR) to
evaluate the potency of the compounds. The results provide a starting point for future
structure-based drug design, which might result in a pocket expansion or an unpredictable
conformational change in KstR. Therefore, drug discovery with KstR is associated with the
potential to provoke new allosteric effects that diverge from the intrinsic mechanism of the
protein.
In conclusion, the outcomes of this study contribute to the scientific understanding of KstR in
both its function as a transcriptional regulator of Mtb’s metabolism and its molecular
characteristics as a member of the TFTRs. The full description of KstR’s function
complements our knowledge of Mtb’s cholesterol metabolism, which has been emerging as a
promising target for developing anti-TB drugs. On the other hand, the molecular mechanism
underlying the function of KstR represents a new piece in the full picture describing how
TFTRs act. The insights are required for a better understanding of this large group of
transcriptional regulators, which are abundant not only in mycobacteria but also in other
bacterial species. Lastly, our study is in line with the growing interest in drug targeting
transcriptional factors215. The preliminary results on drug discovery for KstR demonstrate
that although the ligand pocket is highly flexible when binding to the endogenous ligands, it
can be probed for new drug scaffolds. KstR and other transcriptional factors are therefore a
new class of drug targets with novel mechanisms that are desired as new tools for battling
infectious diseases.
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Appendix 1. The protein and DNA sequences in this study.

Name

kstR gene

Sequence
5’GTGGCGGTACTTGCCGAGTCCGAGCTCGGATCGGAGGCACAGCGGGAGCGCC
GCAAGCGCATCTTGGACGCCACCATGGCTATCGCGTCCAAAGGCGGCTATGA
GGCGGTGCAGATGCGCGCCGTCGCCGACCGCGCCGACGTCGCGGTTGGCACG
CTGTACCGGTACTTCCCGTCGAAGGTGCATCTGCTGGTGTCGGCGCTGGGTC
GGGAATTCAGCCGCATCGACGCGAAAACCGACCGCTCCGCGGTCGCCGGGGC
CACCCCCTTCCAGCGGCTGAACTTTATGGTCGGCAAGCTCAACCGCGCGATG
CAACGCAATCCGCTACTCACCGAGGCCATGACACGTGCCTACGTGTTCGCCG
ACGCCTCGGCGGCCAGCGAGGTCGACCAGGTCGAAAAGCTCATCGACAGTAT
GTTCGCGCGTGCAATGGCCAACGGCGAACCAACCGAGGACCAGTACCACATA
GCGCGGGTGATCTCGGACGTGTGGTTGTCGAACCTGCTCGCGTGGCTTACCC
GACGAGCCTCGGCTACCGACGTCAGCAAGCGGCTGGACCTGGCCGTGCGGCT
GCTGATCGGCGATCAAGACAGCGCCTAG-3’

nkstR gene

5’ATGAGCAGCGCAAATACCAATACCAGCAGCGCACCGGATGCACCGCCTCGTG
CAGTTATGAAAGTTGCAGTTCTGGCAGAAAGCGAACTGGGTAGCGAAGCACA
GCGTGAACGTCGTAAACGTATTCTGGATGCAACAATGGCAATTGCAAGCAAA
GGTGGTTATGAAGCAGTTCAGATGCGTGCAGTTGCCGATCGTGCAGATGTTG
CAGTTGGCACCCTGTATCGTTATTTTCCGAGCAAAGTTCATCTGCTGGTTAG
CGCACTGGGTCGTGAATTTAGCCGTATTGATGCAAAAACCGATCGTAGCGCA
GTTGCGGGTGCAACCCCGTTTCAGCGTCTGAATTTTATGGTTGGTAAACTGA
ATCGTGCCATGCAGCGTAATCCGCTGCTGACCGAAGCAATGACCCGTGCATA
TGTGTTTGCAGATGCAAGCGCAGCAAGCGAAGTTGATCAGGTTGAAAAACTG
ATCGATAGCATGTTTGCCCGTGCAATGGCAAATGGTGAACCGACCGAAGATC
AGTATCATATTGCACGTGTTATTTCAGATGTGTGGCTGAGCAATCTGCTGGC
ATGGCTGACCCGTCGTGCAAGCGCCACCGATGTTAGCAAACGTCTGGATCTG
GCAGTTCGTCTGCTGATTGGTGATCAGGATAGCGCATAA-3’

KstR construct

VAVLAESELGSEAQRERRKRILDATMAIASKGGYEAVQMRAVADRADVAVGT
LYRYFPSKVHLLVSALGREFSRIDAKTDRSAVAGATPFQRLNFMVGKLNRAM
QRNPLLTEAMTRAYVFADASAASEVDQVEKLIDSMFARAMANGEPTEDQYHI
ARVISDVWLSNLLAWLTRRASATDVSKRLDLAVRLLIGDQDSA

NKstR construct

MSSANTNTSSAPDAPPRAVMKVAVLAESELGSEAQRERRKRILDATMAIASK
GGYEAVQMRAVADRADVAVGTLYRYFPSKVHLLVSALGREFSRIDAKTDRSA
VAGATPFQRLNFMVGKLNRAMQRNPLLTEAMTRAYVFADASAASEVDQVEKL
IDSMFARAMANGEPTEDQYHIARVISDVWLSNLLAWLTRRASATDVSKRLDL
AVRLLIGDQDSA

T7 promoter

5’-TAATACGACTCACTATAGGG-3’

T7 terminator

5’-GCTAGTTATTGCTCAGCGG-3’

BS40 duplex

Forward:
5’- CGTTCTTGCCCACTAGAACGTGTTCTAATAGTGCTAACGA-3’
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Name

Sequence
Reverse:
5’-TCGTTAGCACTATTAGAACACGTTCTAGTGGGCAAGAACG-3’

BS28 duplex

Forward: 5’-TGCCCACTAGAACGTGTTCTAATAGTGC-3’
Reverse: 5’-GCACTATTAGAACACGTTCTAGTGGGCA-3’

BS26 duplex

Forward: 5’-GCCCACTAGAACGTGTTCTAATAGTG-3’
Reverse: 5’-CACTATTAGAACACGTTCTAGTGGGC-3’

BS18 duplex

Forward: 5’-ACTAGAACGTGTTCTAAT-3’
Reverse: 5’-ATTAGAACACGTTCTAGT-3’
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