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Abstract

Diaminoquinazolines represent a privileged scaffold for antimalarial discovery, including use as
putative Plasmodium histone lysine methyltransferase inhibitors. Despite this, robust evidence for
their molecular targets is lacking. Here we report the design and development of a small-molecule
photo-crosslinkable probe to investigate the targets of our diaminoquinazoline series. We
demonstrate the effectiveness of our designed probe for photoaffinity labelling of Plasmodium
lysates and identify similarities between the target profiles of the probe and the representative
diaminoquinazoline BIX-01294. Initial pull-down proteomics experiments identified 104 proteins
from different classes, many of which are essential, highlighting the suitability of the developed
probe as a valuable tool for target identification in Plasmodium falciparum.
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Malaria remains one of the deadliest diseases in the developing world. In 2015 there were
212 million cases worldwide, claiming 429 000 lives, mostly from children under 5 years
old, with over 90% of deaths occurring in Sub-Saharan Africa.l Malaria is caused by a
protozoan parasite of the Plasmodium spp., of which Plasmodium falciparum is responsible
for the highest mortality, and is transmitted to humans by infected mosquitos. While the
recommended treatment for malaria relies on artemisinin-based combination therapies,
artemisinin resistance is now emerging,2-* and therefore there is an urgent need for new
treatments, especially drugs with novel mechanisms of action.
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Compounds bearing the heteroaromatic quinazoline core have long been shown to possess
anti-Plasmodium activity (Figure 1).5-8 Djaminoquinazolines specifically were found as one
of the 68 parent structures of active chemotypes obtained in a screen of almost two million
compounds, carried out by GlaxoSmithKline in the search of new starting points for
antimalarial drug discovery.® Furthermore, a number of groups have optimised
diaminoquinazolines1® and related scaffolds!! (Figure 1) for potent and /7 vivo anti-malarial
activity. Despite this, in many cases the precise targets of this class of compounds remain ill-
defined, a rare exception being a 2,4-unsubstituted diaminoquinazoline scaffold that was
previously reported to target Plasmodium dihydrofolate reductase (PDHFR).1213 We have
explored the diaminoquinazoline scaffold as a means to validate the Plasmodium histone
lysine methyltransferase (PHKMT) enzymes as future antimalarial epigenetic drug targets.
14-17 Given the ability of diaminoquinazoline analogues to inhibit a range of human HKMT
enzymes — G9a,18:19.20 G|_p,21 SETD822 and EZH223 — we previously sought to ‘repurpose’
this chemotype as a AHKMT inhibitor. Our compounds were found to exhibit rapid and
irreversible asexual cycle blood-stage-independent cytotoxic activity at nM concentrations.
Comparable potency against resistant strains (including artemisinin) and clinical isolates of
P, falciparum and P, vivax, and oral efficacy in /n vivo mouse models of 2 bergheiand P,
falciparum infection were also achieved.1#16 Furthermore, these compounds were effective
on other therapeutically-relevant parasite life-cycle stages, inhibiting the progression of
sexual gametocytes, essential for transmission of the disease,® and showing an
unprecedented ability to re-awaken the dormant liver-stage forms (hypnozoites) responsible
for relapsing malaria.24 Relating such phenotypic activity to target-based activity has
remained a challenge however, particularly in the absence of isolated enzymes for robust
biochemical/biophysical characterisation. Of the ten predicted PHKMTS, to date, our study
on PfSET7 represents the only successful report of recombinant expression of an active
PHKMT, suitable for biochemical characterisation.2® In the absence of the full complement
of purified PHKMTSs — required for robust biochemical characterisation of our lead
inhibitors — we have used indirect approaches to confirm on-target activity, including
monitoring histone methylation levels in treated cells!415 and SAR comparisons!®17 to
those observed for inhibitors of homologous targets. However, such approaches do not
unambiguously confirm the PHKMTSs to be the target of this compound class, nor do they
discount the potential role of unrelated off-targets in the phenotypic effects observed.

Chemical proteomics has emerged as a versatile tool for profiling the targets of a given
inhibitor.26-29 Photoaffinity labelling is a particularly powerful methodology3° which allows
for covalent linking of an inhibitor bearing an appropriate photoactive group to its molecular
targets, when exposed to UV irradiation. Downstream identification (ID) of the resulting
protein-inhibitor adducts provides direct experimental evidence for target and off-target
engagement. Given the promise of our putative PHKMT series, and the wider interest in
diaminoquinazolines as anti-malarial scaffolds, we sought to develop an appropriate
diaminoquinazoline photoaffinity probe for target 1D studies.

Taking advantage of the structure-activity relationship (SAR) studies previously carried out
by our group (Figure 2A), which have led to the establishment of the key features needed for
improved parasite activity and selectivity over human cell lines,1®17 we designed and
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synthesized probe 1 (Figure 2B). The diazirine subunit was selected as a photo-crosslinking
group due to its small size, which should have a minimal impact on target-binding, coupled
with its established effectiveness in photoaffinity-labelling methodologies.31:32 A terminal
alkyne was added to the diazepane ring to allow, after incubation with the desired proteome,
visualization, enrichment and identification of probe-labelled proteins through “click’
chemistry. Probe 1 was tested against £ falciparum 3D7 strains and showed comparable
antimalarial activity (1Csq = 42 + 20 nM) to that of the parent compound BIX-01294 (I1Csq =
50 + 12 nM). Combined with our extensive SAR,1>17 this result provides confidence that
probe 1 is relevant to study the targets of BI1X-01294.

The synthesis of probe 1 was carried out according to routes previously developed for this
chemical series (see Supporting Information for synthetic details). To confirm that our
designed probe was able to undergo effective photoaffinity labelling, we incubated the probe
with lysate from saponin-treated pellets derived from 30-40 hour post invasion, blood stage
Plasmodium falciparum (3D7 strain) cultures. Labelling used a protocol developed from
previously reported methods,32-3 as depicted in Figure 3. Treatment of the lysate with
probe 1 (0-100 pM), followed by UV irradiation and copper catalysed click chemistry with a
fluorescent reporter tag (TAMRA-azide, AzT- Figure S2A) led to dose-dependent labelling
of multiple bands in the lysate, visualised by in-gel fluorescence scanning as shown in
Figure 4A.

While this result demonstrates the effectiveness of our probe to label a variety of proteins
within the lysate, the workflow employed was not able to distinguish between specific
versus non-specific targets, given the irreversible nature of photo-crosslinking. To confirm
which of the bands identified relate to specific targets, we used a representative competitor
compound - BIX-01294 (P3D7 ICgg = 50 nM * 12 nM) - at increasing concentrations
(0-400 uM) in the labelling experiments. Due to the reversible nature of BI1X-01294 binding
compared with the irreversible nature of photo-crosslinking, high equivalents of the
competitor were required. For specific BIX-01294 targets, a reduction in labelling would be
expected. As depicted in Figure 4B there is a general attenuation in fluorescence with
increasing concentrations of BIX-01294. In general terms, this suggests that probe 1 and
B1X-01294 have similar proteome target profiles, as anticipated from the SAR, and suggests
probe 1 to be a good tool for the identification of the targets of this compound series.

In order to identify the targets engaged by probe 1, the workflow was altered so that the
labelled proteins could be enriched prior to their identification by LC-MS/MS. To that end,
the AzT tag was replaced with an azide-TAMRA-biotin3%36 (AzTB, Figure S2B). This
versatile reagent contains a TAMRA fluorophore for protein visualization, but also a biotin
subunit to allow for purification of the probe targets by neutravidin ‘pull-down’. The lysate
was incubated with either probe 1 (50 uM) or dimethyl sulfoxide (DMSQO) as a control. For
these experiments, no competitive inhibitor was used. Photo-crosslinking and conjugation to
AzTB, was then followed by incubation with neutravidin beads and stringent washing. The
captured proteins were subjected to on-bead trypsin digestion and the obtained peptides
were analysed by nano LC-MS/MS on a high resolution Orbitrap mass spectrometer.3” Both
probe and control samples were carried out in duplicate, and hits identified in less than two
independent runs were not considered for further analysis.38
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Following this criterion, 205 proteins were identified, of which 104 were found to be
significantly enriched by probe 1 compared to the DMSO control samples (Figure 5A, Table
S1). Figure 5B shows the heatmap of all the proteins identified with regard to the relative
abundance of the detected peptides, color-coded from blue to red, calculated using label-free
quantification (LFQ) and showing a good correlation between duplicates. For instance,
proteins in groups a and b are not significantly different in the probe samples when
compared to the controls regardless of their intensity, while section ¢ shows higher intensity
for the detected peptides when probe 1 was used. This was confirmed when the 104
significantly enriched proteins were analysed in terms of their relative abundance in probe
and control samples separately (Figure 5C).

In order to assess the importance of the significantly enriched proteins, we analysed the
identified genes for essentiality, using the PhenoPlasm database (http:/phenoplasm.org/).39
Out of the 104 enriched proteins there is only phenotypic information regarding disruption
of four of them in £ falciparum (Figure 5A, purple datasets, Table S1). It is worth
mentioning that three of those genes were found to be essential for parasite survival (filled
circles in Figure 5A): PMPrx is a peroxiredoxin with a widespread distribution throughout
Pfalciparum genome, which localizes to the nucleus where it protects the parasite’s DNA
from oxidative damage;*® NAPL is one of the two existing nucleosome assembly proteins in
P, falciparum, and is responsible for histone shuttling in the cytoplasm, playing therefore an
essential role in chromatin structure organization;*! PHHSP110c is a cytoplasmic heat shock
protein very important for parasite survival during febrile episodes, by avoiding the
aggregation of Asn-rich proteins, widely present in the parasite genome, and prone to
aggregate especially at elevated temperatures.*2

Although the genes identified in our proteomic studies are from P, falciparum, the
PhenoPlasm database provides information of all the studies available for a given gene ID
across the Plasmodium spp.3° Given that a much more thorough functional profiling of 2
berghei has been carried out compared to £, falciparum (2700 genes versus to 398,
respectively), we analysed the enriched proteins for phentypic information in Pberger. Thus,
out of the 104 significantly enriched proteins for probe 1, phenotypic information for 49
additional genes was found in Pberghei (Figure 5A, green data sets, Table S1), and 35 of
them were found to be essential (filled vsempty circles). Gene ontology (GO) analysis of
these and the Pfalciparum essential genes using the Protein ANalysis THrough Evolutionary
Relationships (PANTHER) classification system, 43-45 showed that the identified proteins
belong to different functional classes and display a variety of molecular functions (Figure
S4). A closer look to the most significant and strongly shifted essential hits (filled circles in
Figure 5A with significance and LFQ difference higher than 2.20 and 3.50, respectively)
revealed a high abundance of protein synthesis-related proteins, including ribosomal proteins
and elongation factors. These may arise from specific or non-specific pull-down of the
ribosome, which is a common background protein in such studies due to its high abundance,
especially in schizonts. Interestingly, a number of signficant and strongly shifted hits were
identified that are involved in transcriptional regulation, such as the pre-binding protein
(PREBP) or endoplasmin putative protein (GRP94) (see hits indicated in Figure 5A).
PREBP is a transcription factor involved in activation of gene expression at all stages of the
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intraerythrocytic life cycle of the parasite,*® while GRP94 has been reported to be a non-
histone target of the PHKMTs.#’ The absence of PHKMTs from the target list generated
using probe 1 is notable, and we speculate that the Plasmodium lysates used in this study
may be inappropriate for identification of putative PHKMT targets of this series. The
conditions used to generate lysate, limited stability, or low abundance of PHKMTSs in the
sample may all contribute, and studies are ongoing to investigate these potential limitations.
Alternatively, the PHKMTSs may prove not to be a major target of this diaminoquinazoline
series.

In summary, we have reported the design and development of small-molecule photo-
crosslinkable probe 1 to investigate the targets of our diaminoquinazoline series by
photoaffinity labelling. Thus far our data identifies design rules to generate effective
photoaffinity probes based on this scaffold and provides an initial proteomic dataset for
target ID. A large number of the identified prospective targets represent essential proteins in
P, falciparum or P. bergei and further work is needed to interrogate and validate the
prospective targets that have emerged. This report lays the groundwork for such an
endeavour, which is ongoing in our laboratories. The absence of the PIHKMTSs from this
target list may be due to limitations in the method and a number of additional techniques and
approaches (such as target-based “pull down”) are being used to investigate this aspect
further. Alternatively, the series may have alternative targets, further justifying the need for
unbiased target ID studies in order to elucidate the primary targets that underpin their
exciting antimalarial activities.

Materials and Methods

Lysate Labelling and In-Gel Fluorescence

For dose-dependent studies, saponin-treated pellets derived from Plasmodium falciparum
cultures, 30-40 hours post invasion, were used to produce a lysate in PBS (100 pL, 3 mg
mL-1, Supporting Information), which was then incubated with probe 1 (1-100 uM) at 0 °C
for 1 hour. For competition experiments, lysates were first treated with the desired
concentration of BIX 01294 (100-400 pM) at 0 °C for 30 min before adding probe 1 (10
UM), and incubated for an additional 1 h at the same temperature. For those samples to
which no probe was added, DMSO was used as a vehicle. Stock solutions of the probe and
B1X-01294 were prepared so that the same amount of DMSO was added in all samples,
keeping it always below 2%. The lysates were then irradiated (365 nm, 0 °C, 20 min) and
conjugated to AzT by treatment with 6 puL of a pre-mixed solution containing 1 pL of 10
mM AzT in DMSO (0.1 mM final concentration), 2 uL of 50 mM CuSO, in water (1 mM
final concentration), 2 UL of 50 mM tris(2-carboxyethyl)phosphine (TCEP) in water (1 mM
final concentration) and 1 puL of 10 mM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA) in DMSO (0.1 mM final concentration). After 1 h shaking at room temperature, 1
uL of 500 mM ethylenediaminetetraacetic acid (EDTA) in water (5 mM final concentration)
was added and the lysates vortexed. To precipitate the proteins, methanol (200 pL),
chloroform (50 pL), and water (100 pL) were added, and the mixture vortexed and
centrifuged (16,000 g, 10 min). The solvent was removed, and the pellets were washed with
methanol (2 x 200 pL) and stored at -80 °C until analysis. The protein pellets were dissolved
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in 25 pL of 2% sodium dodecyl sulfate (SDS) and 10 mM dithiothreitol (DTT) in phosphate
buffered saline (PBS), and the solution was diluted with PBS (75 uL) and added to 25 pL of
4x loading buffer (LDS) and 10 mM DTT. Samples were boiled at 95 °C for 10 min and 30
ug were loaded into each gel lane and resolved using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Images were acquired using an Amersham Typhoon FLA
7000 fluorescence scanner. Fluorescent images are shown in grey-scale.

Lysate Labelling and Pull Down for Proteomics

Plasmodium falciparum lysates (200 pL, 3 mg mL"1) were incubated with probe 1 (50 uM)
or DMSO for control experiments at 0 °C for 1 h, irradiated (365 nm, 0 °C, 20 min) and
conjugated to the trifunctional capture reagent AzTB as described above. After 1 h shaking
at room temperature, 2 uL of 500 mM EDTA in water (5 mM final concentration) was added
and the lysates vortexed. Proteins were precipitated by adding methanol (400 pL),
chloroform (100 pL) and water (200 uL). The mixture was vortexed and centrifuged (16,000
g, 10 min). The solvent was removed, and the pellets washed with methanol (2 x 400 pL).
Pellets were stored at -80 °C overnight and then dissolved in 50 pL of 2% SDS and 10 mM
DTT in PBS, and the solution was diluted with PBS (450 pL). Neutravidin agarose beads
(50 pL) were added to the samples after being washed with 0.2% SDS in PBS (3 x 200 pL),
and the samples were then shaken at room temperature for 90 min. The beads were pelleted
(2000 g, 2 min) and the supernatant removed. The beads were washed sequentially in 1%
SDS in PBS (3 x 400 pL), 4M Urea in PBS (2 x 400 pL), 50 mM ammonium bicarbonate (4
x 400 pL). For each wash step the beads were gently vortexed for 1 min followed by
pelleting in a microcentrifuge (2000 g, 2 min). The beads were re-suspended with 50 mM
ammonium bicarbonate (200 pL) and 10 pL of 100 mM DTT were added (5 mM final
concentration). The samples were incubated at 55 °C for 30 min with shaking. After
centrifugation (2000 g, 2 min) and removal of the supernatant, the beads were washed with
50 mM ammonium bicarbonate (200 pL, 2000 g, 2 min) and then re-suspended with 200 pL
of 50 mM ammonium bicarbonate. 15 UL of 100 mM iodoacetamide (7.5 mM final
concentration) were added, and the samples were incubated at room temperature for 30 min
in the dark. After centrifugation (2000 g, 2 min) and removal of the supernatant, the beads
were washed with 50 mM ammonium bicarbonate (200 uL, 2000 g, 2 min), re-suspended
with 100 pL of 50 mM ammonium bicarbonate, and 5 pL of trypsin in 50 mM ammonium
bicarbonate (20 pg trypsin in 100 uL of 50 mM ammonium bicarbonate) were added. The
samples were incubated at 37 °C overnight with shaking. The beads were pelleted by
centrifugation (2000 g, 2 min) and the supernatant collected. Beads were washed with 100
pL of 50 mM ammonium bicarbonate for 10 min, pelleted (2000 g, 2 min), and the
supernatant collected. Next, beads were washed with 100 pL of 1.5% trifluoroacetic acid
(TFA) for 10 min, precipitated (2000 g, 2 min), and the supernatant collected.

Stage-tip purification of peptides

For LC-MS/MS analysis the supernatants containing the peptides were combined and stage-
tipped.*8 P200 pipette tips were fitted with 3 layers of SDB-XC extraction disks (Empore®)
cut out using an in-house constructed tool. The pipettes were inserted into the hole of a
microcentifuge tube lid. The tips were activated by addition of methanol (150 pL) and the
tips centrifuged (2000 g, 2 min). The tip was washed with LC-MS/MS grade water (150 pL).
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The peptide solution was loaded into the tip and the tip centrifuged again. The water wash
was repeated. The peptides were eluted into a clean microcentrifuge tube by addition of 79%
acetonitrile in water (60 uL). The peptides were dried in a Savant SPD1010 SpeedVac®
Concentrator (Thermo Scientific) and stored at -80°C until LC-MS/MS analysis. Peptides
were reconstituted in 25 uL of 2% acetonitrile in water with 0.5% trifluoroacetic acid for
LC-MS/MS analysis (see Supporting Information).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Chemical structure of key diaminoquinazolines (and related analogues) with potent anti-
malarial activity.
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Figure 2.
(A) SAR of diaminoquinazolines for parasite-killing activity.1>17 The quinazoline core, N-H

at position 4, and basic nitrogen at position 2 are all essential for activity. A large number of
substituents can be tolerated on the piperidyl ring at position 4, a number of rings with or
without substituents can be introduced at position 2, and there is also tolerance of some
substituents at position 7. (B) Chemical structure of diaminoquinazoline probe 1, bearing a
photo-crosslinkable diazirine (red) and an alkyne handle (blue). The ICgq of the probe was
measured using a 3-day SYBR Green | assay.
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Figure 3.

W?)rk-flow for labelling of Plasmodium falciparum lysate with probe 1. Lysate is incubated
with the probe, irradiated with UV and then the capture reagent (AzT or AzTB) is added and
conjugated to the bound probe by copper-catalysed click chemistry. After protein
precipitation, proteins are analysed by either A) gel electrophoresis and visualisation of the
fluorophore by in-gel fluorescence; or B) pull-down with neutravidin beads, reduction,
alkylation, on-bead digestion and LC-MS/MS analysis for protein identification.

ACS Infect Dis. Author manuscript; available in PMC 2020 May 13.



S)dLIISNUBIA| J0YINY SI9pUNS DN 8don3 g

s)dLIISNUBIAL JOUyINY SI9pUNS DN 8doin3

Lubin et al.

A B
Probe1(uM) 1 25 5 10 25 50 100 O  Probe 1 (uM)

kDa

Figure 4.
(A) Dose-dependent labelling of Plasmodium falciparum lysate by

of probe 1 at 10 pM by increasing concentrations of BIX-01294 in

catalysed click-chemistry with AzT. Fluorescence is shown in grey
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10 10 10 10 10

probe 1. (B) Competition
Plasmodium falciparum
lysates. Plasmodium falciparum lysate was incubated with BI1X-01294, before the probe was
added and the samples subjected to photo-crosslinking with UV (365 nm) and copper-

scale. All lanes contained

30 ug of total protein and equal loading was confirmed by coomassie brilliant blue staining

(image in blue). Numbers in the left side indicate the molecular we
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(A) Volcano plot from analysis with Perseus 1.5.6.0 using t-test significance testing of
duplicate results with FDR = 0.001 (False Discovery Rate) and SO = 2. 104 proteins were
enriched in the samples containing probe 1 (right-hand side: blue, purple and green)
compared to the 6 significantly relevant proteins obtained in the DMSO controls (left-hand
side: pink). (B) Heatmap for all proteins found in the two probe and the two control samples,
in terms of their relative abundance log2(LFQ intensity) from Euclidian hierarchical row
clustering with Perseus 1.5.6.0. High intensity is shown in red and low intensity in blue. As

ACS Infect Dis. Author manuscript; available in PMC 2020 May 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lubin et al.

Page 16

an example, group a) shows proteins heavily enriched in both probe 1 and DMSO control
samples; group b) shows proteins enriched in neither sample; and group c) shows proteins
heavily enriched in the samples with probe 1 compared to the control. (C) Box plots of the
104 proteins significantly enriched for probe 1. The plots show the spread of intensities of
the identified proteins around the median, for the control samples (left) and the probe
samples (right), with 80% of the data contained within the marked box. Intensities for probe
1 are significant compared to the background from the control.
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