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Securing novel, safe, and effective medicines to treat Mycobacterium tuberculosis remains an elusive goal,
particularly influenced by the largely impervious Mtb envelope that limits exposure and thus efficacy of
inhibitors at their cellular and periplasmic targets. The impact of physicochemical properties on
pharmacokinetic parameters that govern oral absorption and exposure at sites of infection is considered
alongside how these properties influence penetration of the Mtb envelope, with the likely influence of
transporter proteins. The findings are discussed to benchmark current drugs and the emerging pipeline,
whilst considering tactics for future rational and targeted design strategies, based around emerging data on
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Tuberculosis and the need for new
drugs

Tuberculosis (TB), the disease caused by Mycobacterium
tuberculosis (Mth), is responsible for over a billion deaths over
the last 200 years, making Mtb the single most important
infectious agent in history." The latest figures from the World
Health Organisation indicate 1.5 million TB fatalities per year,
despite the availability of effective drugs.”> However, whilst the
standard combination therapies are effective against drug-
susceptible strains of TB, these medicines are over 40 years
old and the successful use of the existing front-line and
second-line agents has been compromised by the escalation
in drug-resistant cases of TB and additional complications
due to co-infection by human immunodeficiency virus (HIV).”
Therefore an urgent need to discover new TB drugs remains
and the ideal next generation of anti-tubercular agents should
have a shorter treatment regimen and novel mechanisms of
action to ensure the effective treatment of drug-resistant TB
strains and minimise interactions with co-medications. New
collaborative initiatives, partly funded through philanthropic
organisations,>® have bolstered research efforts, leading to
better understanding of the disease and identifying potential
new treatments undergoing clinical evaluation.>® The
annotation of the complete Mycobacterium tuberculosis
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Mtb transporters and their structures and functions.

genome sequence over 20 years ago identified and delivered
multiple targets for potential chemotherapeutic intervention,”
yet the outcome of many TB drug discovery programmes that
screened compound libraries against these targets was the
identification of potent in vitro inhibitors that failed to
translate into any corresponding killing of Mth,® a common
issue with target based drug discovery.”'® One reason for
these failures is the inability of molecules to cross the largely
impenetrable Mth cell envelope (Fig. 1), preventing many
potential chemotherapeutics from reaching their required
periplasmic or intracellular targets.""**

Scope of this perspective

The following sections provide commentary and comparisons
of oral drugs, antibiotics, and TB drugs through their
physicochemical properties, noting how these data relate to
the necessary permeability of the molecules to achieve both
oral exposure and antimicrobial efficacy. The likely influence
of transporters on these processes is discussed in the context
of differing theories on how molecules cross membranes,
ahead of a section reviewing current understanding of Mtb
carrier proteins.

Physicochemical properties and
membrane permeability

Optimising the physicochemical properties of experimental
molecules is a key aspect of modern drug discovery,” to
address the balance between activity, efficacy and minimise
off-target effects."* The principle of minimal lipophilicity"®
remains a pragmatic guideline; although reducing the
lipophilicity of molecules, whilst generally improving
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Fig. 1 Model structure of the Mycobacterium tuberculosis cell envelope, the mycobacterial outer membrane (MOM) formed of surface lipids and
mycolic acids presents an impenetrable waxy coat beyond the complex mycolyl-arabinogalactan-peptidoglycan (mAGP) layer and periplasm that
exists beyond the cytoplasmic membrane. Representative porin and transmembrane proteins are indicated in blue and orange, respectively. We
thank Professor Gurdyal Besra for sharing his artwork! to enable this modified figure.

solubility, metabolic profiles,'"® and off-target effects,"”'®

often results in poorer membrane permeability, a key process
in enabling oral exposure and accessing intracellular
targets.'°

Herein, models, based on physicochemical properties, that
are used to help estimate the likelihood of achieving oral
exposure with small molecules, are used to rationalise
observations apparent within the data. Analyses were
performed on Schultz's representative set of oral drug
molecules,” supplemented with additional TB drugs plus
potential medicines in the TB pipeline. This set was
annotated with GSK calculated data® plus classification of
antibiotics, nucleosides, carbohydrates, amino acids and
peptides in the set. Oral agents are invariably the main goal
for TB discovery programmes, given the characteristics of
existing treatments and necessary supply logistics for many
patients.

The Lipinski rule of 5 (Ro5, based on calculated partition
coefficient, clog P > 5, molecular weight <500 and hydrogen
bond donors <5/acceptors <10) was initially devised to
estimate solubility and permeation to increase chances of
oral exposure,** yet became the commonly used standard in

44 | RSC Med. Chem., 2021,12, 43-56

drug discovery. A stated caveat of the Ro5 recognised that
transported compounds, notably are not necessarily within
the proposed confines of the 90th centile thresholds, which
themselves are often misinterpreted® and misconstrued.>"**
An additional model, originating from Wellcome,* based on
lipophilicity (as log of distribution coefficient, log D, 4) versus
size (calculated molar refraction, CMR) is used to predict
permeability and oral exposure, based on combinations of
these parameters.”® This model was designed to help
understand the behaviour of more hydrophilic molecules that
are either small enough to be absorbed by paracellular
absorption or would have limited passive diffusion across
membranes, with refinements to give predictions based on a

linear discriminant function analysis, with further
enhancements using  chromatographic lipophilicity
measurements.’® In addition to these models, there is

growing empirical evidence to support the preferred
physicochemical nature of compounds with high MW (the
most likely measure beyond Ro5 (ref. 19 and 21), for which
the AbbVie multi-parametric scoring function (AB-MPS)*’
gives particularly important insight regarding a preferred log
D, 4 of 3 (a value of 5 on the chromatographic scale) and

This journal is © The Royal Society of Chemistry 2021
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minimising aromatic ring count (#Ar) and rotatable bonds
(#RB). The empirically derived equation is AB-MPS = (|3 - log
Dy 4| + #RB + f#{Ar) and when AB-MPS < 15, an improved
chance achieving of oral exposure was evident.>” The bilinear
relationship to log D, , that the AB-MPS implies is consistent
with observations of permeation trends noted with
chromatographic methods®® and historic data.*® Finally, the
property forecast index"” (PFI = Chrom log D , + #Ar) is used as
a benchmark quality measure, whereby PFI < 6 is a desirable
target to maximise the chance of achieving good solubility
and minimise developability risks®® and a clogP version of
this metric was shown to be useful in predicting permeation
of tuberculosis lesions.*® Together, these metrics can be used
to benchmark quality and illustrate risk and likelihood of
achieving reasonable pharmacokinetic exposure; there is no
guarantee of success, but the chances of failure are reduced
with compounds possessing better tuned physical
properties.'*"?

Transporters/solute carriers and oral drugs

The existence of solute carriers that act as facilitators of
passage in eukaryotic cells is
documented, yet conflicting schools of thought as to whether
this is a minor*"*> or sole mechanism®® generates much
debate.’* The positioning of most antimicrobial drugs on the
fringes or outside of the traditional boundaries for oral drugs
is suggestive of a role for carrier proteins in enabling both
antimicrobial effects and oral exposure. The physicochemical
make-ups of antimicrobial compounds®® - and their frequent
origins from natural products - is indicative of them being

transmembrane well
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transported (vide infra), which bears comparison to the
hypothesis that oral drug molecules have similarities to
exogenous natural products,®® shown to be the most
important transporter substrates.”’ A similar notion to
human solute carriers evolving to facilitate the beneficial
uptake of exogenous natural products®” would be to
rationalise the evolution of natural antimicrobial agents with
beneficial effects due to transport to the site of action. An
explanation for the paucity of hits in antimicrobial screens is
that corporate collections have been designed with a
predominance of structures that are unlikely to achieve
effective concentrations within microbes.'**

Mapping the properties of oral drugs, antibiotics and
tuberculosis drugs

The physicochemical profiles of the sets of compounds using
log D, 4/CMR and Ro5 models are represented in Fig. 2 and 3,
well-documented that anti-infective
molecules possess physicochemical properties that are
distinct from oral drugs,'®?***° and these figures illustrate
that most antibacterial agents and the TB drugs in particular
(Fig. 2, Table 1) are outside or on the fringes of distributions

respectively. It is

produced by these models. Indeed, box plot analyses
(reproduced in ESIY) illustrate significant (p < 0.05)
differences in the lipophilicity and molecular weight
distributions of these classes. It is noteworthy that although
the majority of antibiotics in the analysis are “Lipinski
compliant”, most are identified as likely candidates for
transporters by their positioning in the logD;, vs. CMR

analysis due to their hydrophilic character and natural
product origins.*!

cChrom log D7.4

2 4 6 8 10 12 14
cmr

Key
+ Oral drugs
O TB drugs
%  TBPipeline
+ Antibacterials
+ Carbohydrates
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A Nucleosides
A\ 4 Peptides
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Fig. 2 Property distributions, using calculated Chrom log D, 4 vs. CMR, of the Shultz set of representative oral drugs,? updated from ref. 19 with

the classification of antibacterials and TB drugs.
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Fig. 3 Distribution of the scrutinised molecules using Lipinski MW < 500 and clog P < 5 guidelines, coloured as Fig. 2.

The lines of Chrom logD;, = 2.5 and CMR of 8 used in
Fig. 2 are approximations of the original model bounds used
to target passive permeation;>> compounds in the lower right
quadrant are unlikely to be absorbed by “passive
permeation”. The black diagonal line (Fig. 2) is an
empirically-derived linear discriminant function line giving
the best spatial separation of oral outcome predictions, the
dotted lines are boundaries that indicate lesser confidence in
predictive discrimination."

Physiochemical properties of Mtb drugs

Many studies have described the physicochemical
characteristics of anti-tubercular molecules, in efforts to map
out the “chemical space” in which they reside and rationalise
the therapeutic responses of various heterogeneous bacterial
sub-populations located within diverse micro-environments,*?
utilising different sources and pathways in their central
carbon metabolism.** In this context, differential expression
of solute carriers is likely, such as those facilitating the
import of cholesterol, of importance in mycobacterial
persistence,** which has quite distinct properties to those of
carbohydrate carbon sources. These scenarios all contribute
to the complexity of necessary treatment regimes.
Additionally, the accumulation of drugs within the envelope,
cellular and periplasmic space of Mth will be governed by
differing physical environments. It is thus logical to
anticipate continued need for combination treatments of
drugs with differing properties to address these
physicochemical challenges.

46 | RSC Med. Chem., 2021,12, 43-56

The relatively poor state of the TB drug pipeline in 2005
was largely substantiated using properties in Ro5
calculations,”® whilst the physicochemical profile of GSK
open source hit sets used the log D; ,/CMR metric to illustrate
their quality as starting points for further optimisation.*®*”
Given the failure of many drug discovery efforts to translate
hit molecules into TB killing a better understanding of the
molecular characteristics and compartmentalisation of
effective clinically used TB drugs would help.***® The
physicochemical properties of the front-line TB drugs are
summarised in Table 1 where the diverse range of molecular
size, lipophilicity and number of Lipinski violations is
evident in the structures shown in Table 2. Importantly,
whilst navigating the idiosyncrasies required to effectively kill
Mth, molecules must also have characteristics amenable to
oral administration and the maintenance of effective
concentrations  within  their = pharmacokinetic =~ and
pharmacodynamic profiles. It is thus perhaps not unexpected
that for effective TB treatment high drug doses are often
required, which can compromise narrow safety windows and
increases the risk of adverse side effects.>**° The use of
bedaquiline, which is only approved to treat multi-drug
resistant TB, is a case in point where the advantages of
successful TB treatment outweighs the ‘black box’ warning of
cardiovascular and hepatic toxicity risks and usage limited to
drug resistant cases; it is notable that all three of the most
recently licenced TB medicines are in higher risk space as
defined by PFI estimates, unlike more established drugs. The
analysis of this set using the GSK log D, ,/CMR model reveals
that TB drugs are localised at the fringes when compared to
the distribution of marketed oral drugs (Fig. 2) and it is

This journal is © The Royal Society of Chemistry 2021
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Table 1 Physiochemical properties and descriptors for front-line and impactful TB drugs. Background colouration reflects positioning of drug with
respect to i) Lipinski parameters (MW, molecular weight, in Daltons <500; clogP, calculated log partition coefficient <5; HBD hydrogen bond donors
<5 and HBA acceptors <10); ii) GSK log D; ,~CMR positioning (see Fig. 4) and iii) property forecast index values PFl <6

TB Drug Class MW clog” HBD HBA Ligﬁ:ki MR lcfg}g‘f;}, cPFI
Cycloserine ~ SHM
Pyrazinamide SHM
Isoniazid SHM
p-Amino
salicylic acid SHM
Ethionamide =~ SHM
Ethambutol SHM
Ciprofloxacin Fluoroquinolone
Ofloxacin Fluoroquinolone
Linezolid Oxazolidinone
Pretomanid  Nitroimidazole
Delamanid Nitroimidazole
Bedaquiline  Arylquinoline
Kanamycin Aminoglycoside
Streptomycin  Aminoglycoside
Rifamycin Rifamycin
Rifampicin Rifamycin

More recently licenced molecules in italics.

“ Calculated using daylight software; ® using GSK internal calculator.

Key

Borderline outcomes

possible to include distinct sub-classifications of these front-
line TB drugs in terms of their physicochemical compositions
and how these relate to their human pharmacokinetics.
Firstly, the three more recently licenced molecules
bedaquiline, delamanid and pretomanid possess logD; 4/
CMR combinations more akin to most oral medicines and
dissimilar to antibiotics and other TB drugs. The natural
product-derived rifampin and rifamycin are macrocycles with
just two aromatic rings, few rotatable bonds and Chrom
log D, 4, values close to five (on chromatographic scale) that
give low AbbVie MPS scores (7.7 and 5.4 respectively)
commensurate with achieving oral exposure for such high
molecular weight compounds, where other antibiotics are
found.”” The small hydrophilic molecules (SHMs) in the set:
cycloserine, pyrazinamide, isoniazid, p-amino salicylic acid
and ethionamide possess properties likely to facilitate oral
exposure via paracellular absorption form the digestive tract,
formerly a common paradigm for drug discovery,'® but
relatively neglected in current screening-driven drug
discovery. The transport mechanisms of the aminoglycosides

This journal is © The Royal Society of Chemistry 2021

Passive permeation unlikely

and also
are well-

and kanamycin,*®
52,53

such as streptomycin
oxazolidinones®® and  fluoroquinolones
documented and these molecules all possess log D, ,~CMR
profiles that are not suggestive of passive permeability. These
pertinent properties of the various classifications are colour
coded in Table 1 and shaded on an overlay of Fig. 2 as Fig. 4.

Physicochemical properties of molecules in the TB drug
discovery pipeline

The physicochemical characteristics of the most advanced
molecules in the TB pipeline (Table 3)° are listed in Table 4
and analyses of these show some interesting trends and
observations (Fig. 5). The shift of average properties
apparent in Fig. 2, suggests that most exemplars are more
similar, in terms of their logD,,/CMR profile positioning,
to oral drugs than to existing TB drugs. A notable exception
is the Leucyl-tRNA synthetase inhibitor GSK-656,"" the
product of structure based design that is likely to be
absorbed by the paracellular mechanism, given its small

RSC Med. Chem., 2021,12, 43-56 | 47
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Fig. 4 Reproduction of Fig. 2 with coloured regions highlighting likely absorption classifications.

size and hydrophilicity. This shift in properties could be the
result of the general appreciation of optimal properties in
the medicinal chemistry community - or could be reflective
of their origins in high throughput screening sets. It may
be also be influenced by medicinal chemistry practices in
the several oxazolidinone analogues that are variations on
the linezolid structure.> It is interesting to consider that
screening of company collections can identify compounds
with demonstrable MICs against TB, such as the GSK open
source hit set*” (Fig. 6) with properties akin to most drugs.
However, such collections have few examples of small,
hydrophilic molecules and likely few that mimic natural
product features.*® In this open source set, the compounds
were chosen based on validated antimycobacterial activity,
but the targets were unknown; therefore, it is not clear how
effectively activity versus these unknown targets translates
into antimycobacterial activity. The imidazopyridine
telacebec was optimised from a hit in a phenotypic high
content screen and maintained MICs and oral exposure
despite high lipophilicity.® This could be viewed in the
context of TBI-166,"” an analogue of the repurposed natural
product clofazimine,”® used to treat leprosy, so may possess
the potential to be transported in spite of the apparently
unattractive structure in terms of high lipophilicity and high
aromatic ring count. These latter compounds are the
extremes of what, from a property perspective, is a pipeline
with many compounds with lower risk potential as
indicated by the PFI estimates. The set of compounds
inhibiting decaprenylphosphoryl-B-p-ribose oxidase (DprE1)

48 | RSC Med. Chem., 2021, 12, 43-56

are notable for their physical make-up within the purported
sweet spot for oral drugs.”” DprE1 is an essential enzyme
for Mth,*°®* as it is the only source of arabinose for the
construction of cell wall arabinan structures, against which
various screening efforts furnished tractable hits,>®* with
four compounds under clinical evaluation (Table 3).°* Of
particular note is the extracytoplasmic localization of
DprE1,*> which makes the target more accessible and thus
vulnerable. Indeed, the maintenance of potent MICs with a
broad range of physical characteristics within one DprE1
series was recognised, suggesting that properties alone do
not control access to the target and other recognition
features may facilitate penetration of the envelope.®® This
latter series was identified through screening of the open
source GSK set against a strain of M. bovis BCG
overexpressing DprE1,%” illustrating the value of this novel
combined approach to target identification and screening.

Mtb transporters as a strategy

The unique lipid-rich composition of the mycobacterial
envelope is a major factor that contributes to the insensitivity
of Mtb to many antibiotics and it is intrinsically less
permeable to chemotherapeutic agents and nutrients
compared to other bacterial species.®®®® Whilst anti-
tubercular agents must cross the envelope to reach their
intracellular enzyme targets, the precise processes which
enable this access remains elusive and the diversity of
physicochemical profiles in the preceding sections is

This journal is © The Royal Society of Chemistry 2021
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Table 2 Structures and classifications of front-line and other significant tuberculosis drugs in Table 1

Small hydrophilic molecules

Cycloserine Pyrazinamide Isoniazid p-Amino salicylic acid Ethionamide Ethambutol

H o o o} 0 o} S OH

/ N NH H
O\j X7 ONH XY ONT 2 OH = NH N

“, NH > [ /j)L 2 N| H N | z \/\ ”
N Z HoN OH X
HO

Fluoroquinolones Oxazolidinone
Ciprofloxacin Ofloxacin Linezolid

e, T v
. | N N\) - | F TN\‘\\“’\/N\Q\N\/:/\O

F
o o
o (0]
Arylquinoline Nitroimidazoles
Bedaquiline Pretomanid Delamanid

" “r SRS
F F
0 . F /@N o
. (0]
A\ 7 N N
N*—(\ \ (]
4 N

Aminoglycosides
Kanamycin Streptomycin
OH OH
HoN,, 0,, A OH
o

HO™~ NH,
Rifamycins
Rifamycin Rifampicin

This journal is © The Royal Society of Chemistry 2021 RSC Med. Chem., 2021,12, 43-56 | 49


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0md00265h

Open Access Article. Published on 07 December 2020. Downloaded on 3/4/2026 11:46:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Lo

[

Review

View Article Online

RSC Medicinal Chemistry

Table 3 Structures of molecules currently under clinical evaluation against tuberculosis
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commensurate with multiple mechanisms. In principle, Mtb  perturbations in the membrane lipids, either through

is able to assimilate antibiotics via several routes that may
include direct diffusion of hydrophobic molecules across the
mycobacterial lipid membranes or via porins and/or carrier
proteins.”® Evidence for the passive diffusion of TB drugs via
the “hydrophobic  pathway” is supported through
observations that more lipophilic derivatives of a single TB
drug class were more active against Mth*® and that

50 | RSC Med. Chem., 2021, 12, 43-56

changes in temperature or alterations in mycolic acid
content, could lead to increased uptake.®®®’ However, it is
difficult to reconcile the uptake of the small and hydrophilic
drug molecules with passive diffusion and more lipophilic
compounds would be expected to remain in this hydrophobic
structure. Therefore, the notion of drug molecules crossing
the mycobacterial envelope by carrier proteins is a rational

This journal is © The Royal Society of Chemistry 2021
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conclusion and, accordingly, hijacking endogenous transport
systems to facilitate the uptake of drugs represents a logical
and attractive approach. Determining which endogenous and
natural substrates are imported by Mtb transporters and
mapping the structural recognition elements and
physiochemical properties of these molecules should facilitate
the identification of new anti-tubercular lead compounds.
Whilst considering the role of carrier proteins facilitating the
influx of compounds, the presence of efflux mechanisms is also
pertinent, if beyond the scope of this review. Their mechanisms
and specificities are also not yet fully understood,””* but
physicochemical properties are likely to be amongst key
recognition features. Mth also possesses export carrier proteins
such as mycobacterial membrane protein large 3 (MmpL3),**
the target of SQ109 (ref. 73) and other molecules,”*””® involved
in the export of essential molecules to the periplasm,** with
studies unravelling its likely substrates utilized in cell wall
biogenesis.”” Understanding the nuances and interplay of
these various transport mechanisms could pave the way for
targeted combination therapies and new drugs less prone to
drug-drug interactions through their interference with host
transporters and metabolising enzymes.”®

In order for molecules/drugs to gain access to the Mth
cytoplasm there are two barriers in place to cross. First
molecules must cross the waxy outer mycomembrane and
then cross the inner membrane."" Recently, the role of
porins, which form channels in the outer mycomembrane,
have been found to have be important in controlling the
influx of nutrients, including glycerol, haem, and antibiotics.”®
Mtb is predicted to contain at least 37 ATP-binding cassette

View Article Online
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(ABC) transporters and 30 major facilitator permeases® that
are thought to be located in the inner membrane and have a
putative role in uptake of range of diverse molecules that
include phosphates, nitrites/nitrates, ions, vitamins and
sugars, although the complete substrate repertoire of these
importers is not known.’® The functional role of the
transporters is emerging, and a number of different studies
have found that mutant strains of Mtb that lack various
importer impact on the survival of this pathogen during
infection. There have been several comprehensive reviews
covering the identification of Mtb transporters and the
assignment of putative substrates.®’ ®* Herein the focus is on
the recent advances in biochemical and structural
characterisation of Mtb transporters that are beginning to shed
light on their function and may enable drug design, both as
transport inhibitors or as substrates of the more promiscuous
carriers to enable passage to their targets.

Structural determination of Mtb
transporters
Haem and iron transport

Iron is an essential element for the growth and survival of
Mth during infection.®>®® Whilst the host attempts to limit
access to this metal, Mtb has developed effective strategies to
prevent metal depletion and ensure that it can scavenge this
nutrient. To do this, Mtb can assimilate iron complexed in
siderophores (mycobactins)®’ and through uptake of iron
complexed to haem and haemoglobin.®® Two recent studies
have determined the biochemical and structural basis of iron

Table 4 Physicochemical properties and descriptors for TB drugs in advanced development

TB Drug Class MW clogP* HBD HBA Lipinski fails CMR IChg;r;}, CPFI
GSK-656 Boronate
Delpazolid Oxazolidinone
Sutezolid Oxazolidinone
TBI-223 Oxazolidinone
Contezolid Oxazolidinone
OPC-167832 DprEl
TBA-7371 DprEl
BTZ043 DprE1l
Macozinone DprE1l
SPR720 Benzimidazourea
SQ109 Adamantyl
Telacebec Imidazopyridine
TBI-166 Clofazimine

“ Calculated using daylight software; ® using GSK internal calculator; ‘estimated from ACD clog D7.4.

Key — as Table 1
Borderline outcomes

This journal is © The Royal Society of Chemistry 2021
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uptake.*>®® IrtAB (Rv1348-Rv1349) is an unusual ABC-
transporter that was predicted to be an exporter, however instead
IrtAB imports mycobactins across the inner-membrane.** The
structure of IrtAB (PDB 6TEJ) has been solved by X-ray
crystallography in an inward-facing conformation at 2.7 A and
reveals insight into its mechanism of action.®’* In contrast the
Mth Dpp transporter (Rv3666¢-Rv3663c) is responsible for the
uptake of iron complexed to heme.”® The structure of the DppA
substrate binding domain (Rv3666c) has been solved to 1.3 A
(PDB 63Ed and 6E4D) and the heme binding pocket has been
revealed through a combination of X-ray and modelling
approaches. Both the IrtAB and Dpp transporters have been
found to be important for infection in mice.”"**

Amino acids

Nitrogen metabolism is critical for the survival of Mtb during
infection within the host and the assimilation of multiple
amino acids, including glutamate, glutamine, aspartate,
alanine, glycine, and valine, within the macrophages provide
this important nitrogen source.”** However, despite the
importance of nitrogen assimilation by this pathogen, the
transporters linked to individual amino acid recognition are
unresolved and to date only one crystal structure of an amino
acid transporter has been determined.”” GInH (Rv0411c) is
the solute binding domain of an ABC-transporter and appears
to have dual functionality in which is acts as an ABC-
transporter and a signal sensor. GInH?® recognises aspartate,
glutamate and asparagine with a preference for aspartate and
high-resolution crystal structures of GInH have been solved in
complex with each amino acid aspartate (PDB 6H1U),
glutamate (PDB 6H2T) and asparagine (PDB 6H20).°> The
GInH co-complex structures have enabled key structural

View Article Online
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recognition elements to be determined, which map to the
observed binding affinity preferences for these amino acids.”

Vitamin B,,

Mtb is able to uptake exogenous vitamin Bj,, which is
subsequently utilised as an important cofactor in a number of
core biosynthetic pathways.”® The Mth ABC-transporter
(Rv1819c) responsible for the uptake of vitamin B, is
implicated to have a role in maintaining chronic infection of
Mtb in mice.”® Excitingly, the structure of Rv1819¢ (PDB 6TQE
and 6TQF) has recently been solved by single-particle cryo-
electron microscopy to a resolution of 3.5 A.°” Similar to IrtAB
the structure of Rv1819c has a typical ABC-transporter exporter
fold, despite having import activity. Intriguingly the Rv1819c
structure reveals a very large water-filled internal cavity that has
a volume that could accommodate a number of cobalamin
molecules.”” Close inspection finds that this central cavity is
lined with polar and negatively charged residues, which may
facilitate the transport of diverse hydrophilic molecules,
including cobalamin and the antimicrobial peptide bleomycin
across the inner membrane of Mth.

Carbohydrates

The sugars that are available to Mtb during infection are not
well defined. Mth is predicted to have 4 putative ABC-
transporters for the uptake of carbohydrates and one
transporter belonging to the major-facilitator superfamily.®*
To date, functional studies of the Mtb carbohydrate importers
have focused on the substrate binding domains of the ABC-
transporters and three structures have been resolved. The
structure of UspC, the substrate binding protein that belongs
to USpABC transporter, has been determined to 1.5 A (PDB

g Macozinone Telacebec ]
. V lelnophenazme Color by
> - Status
8 o
7 BTZ043 Delamanid @ B DITUQ.
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6 ) ’+ ‘ [5Q109 . Shape by
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Fig. 5 Comparative distribution of Tb drugs and compounds reported in clinic development.®
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Fig. 6 cChrom logD; 4 vs. CMR plot of the GSK set of 177 open source set of compounds with TB MICS versus the GSK training set of marketed

drugs with human oral bioavailability greater or less than 30%.%”

5K2X and 5K2Y) in an open conformation.”® Biochemical

studies indicate that UspC specifically recognises amino
sugars, suggesting a possible role of this importer in the
recycling of peptidoglycan fragments from the Mth cell
wall.?® The structure of UgpB, belonging to the UgpABCE
transporter, has been solved in both an open ligand-free
conformation (PDB 4MFI, 1.5 A)® and a closed
conformation in complex with its glycerophosphocholine
substrate (PDB 6R1B 2.3 A).’*° Interestingly, a combination
of biochemical and structural studies elucidated that Mtb
UgpB recognises a diverse range of glycerophosphodiester
substrates, indicating a role in the recycling of
phospholipid metabolites, with the glycerol moiety being
the main recognition element with minimal contacts with
the phosphodiester head group at the entrance to the
binding cavity.'*

Conclusions

Given the extraordinarily complex and impenetrable Mtb cell
envelope, which is major factor in the failure of TB drug
discovery efforts, an exciting opportunity exists for the
exploitation of Mth transporters to deliver effective anti-
tubercular agents. Increased biochemical, functional, and
physiological studies have started to provide significant
insights into the role of Mtb transporters and molecular
mechanisms/key substrate recognition features are being
established. This is key to allow the design of novel
inhibitors that can inhibit or hijack the mechanisms.

This journal is © The Royal Society of Chemistry 2021

Progress is being made towards new and Dbetter
molecules to treat TB, evidenced by enhanced molecular
quality, to meet the challenges presented by drug resistant
tuberculosis cases, yet challenges remain in the shortening
of therapy and treating the various stages of infection.
Understating how to reach molecular targets effectively
through the somewhat impenetrable Mtb cell envelope
should help decrease instances of potent activity against an
Mtb target not translating into an MIC. A better
understanding of the properties and characteristics required
to get across the cell envelope is likely to be linked to
better characterisation of the expression, structure and
function of transporters. An understanding of the necessary
requirements for transporters may help in the development
of new molecules which can be designed to be inherently
recognised by these transport systems, either as substrates
or inhibitors and derivatisation with recognised motifs
could facilitate transport or lead to pathogen specific
agents conjugated to bactericidal molecules. To employ
transporters it is possible that a renewed interest in natural
products’® and structures rich in natural product like
motifs;*® will pay dividends, especially if the hypothesis
that carriers evolved to transport necessary molecules has
substance.”” In that case, screening representative natural
product sets'® and designing molecules with tailored
physical properties and features akin to known substrates
is a logical proposition; a further inference would be the
possibility that TB “drug space” is rather more limited than
has been suggested.” Such knowledge, coupled with
modern computer assisted design, should enable more
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focussed screening and influence best practice in
optimisation procedures, especially when coupled to
physical properties indicative of lower developability risks.
Together such practices present a more rational approach
to the quest for new medicines and better prioritisation of
resources; the ultimate quality of drugs may be a
destination, but better starting points and waymarks on the
journey'* will be pointers to success.
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