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Abstract

HDACS is involved in multiple regulatory processes, ranging from cellular stress to intracellular
transport. Inhibition of aberrant HDACS activity in several cancers and neurological diseases has
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been shown to be efficacious in both preclinical and clinical studies. While selective HDAC6-
targeting has been pursued as an alternative to pan-HDAC drugs, identifying truly selective
molecular templates has not been trivial. Herein, we report an SAR study yielding TO-317, which
potently binds the HDACS6 catalytic domain 2 (K; = 0.7 nM) and inhibits enzyme function (ICsg =
2 nM). TO-317 exhibits 158-fold selectivity for HDAC6 over other HDAC isozymes by binding
the catalytic Zn2* and, uniquely, making a never seen before, direct hydrogen bond with the Zn2*
coordinating residue, His614. This novel structural motif targeting the second sphere His614
interaction, observed in a 1.84 A-resolution crystal structure with arHDAC6 from zebrafish, can
provide new pharmacophores for identifying enthalpically driven, high affinity, HDACG6-selective

inhibitors
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Introduction

Histone Deacetylases (HDACS) are widely investigated as clinical targets due to their role as
epigenetic modulators.1-8 There are 18 known HDACs, with 11 having Zn?*-dependent
catalytic deacetylation activity, and the remaining 7, referred to as sirtuins (Class 111
HDACS), exhibiting NAD*-dependent deacetylation. The 11 Zn?*-dependent HDACs are
further differentiated into four distinct classes, based on phylogenetic analysis.”8 HDACs 1,
2, 3, and 8 are grouped into class I. HDACs 4, 5, 7, and 9 are grouped as class I1A. HDACs 6
and 10 belong to class 11B, while HDAC 11 individually occupies group IV.

HDACS is unique among other Zn2*-dependent HDACs. While some HDACs reside in the
nucleus and regulate gene transcription, HDACS is predominantly found in the cytoplasm
and directly engages with a host of cytosolic proteins and substrates, including a-tubulin and
B-tubulin, assembled microtubules, cortactin, and heat shock proteins.®-11 In addition, while
histones are the primary substrates for most Zn2*-dependent HDACs, this is not the case for
HDACS as a-tubulin is proposed to be the major substrate for HDAC6.12-14 Notably,
HDACS is structurally distinct from other HDACSs, with two unique and independent
catalytic domains (CDs) which have diverse roles, and different substrate preference and
activity.1518 Catalytic domain 2 (CD2) is established as the tubulin deacetylase!’ and a
critical target for drug design. HDACS also contains a Zn%*-finger ubiquitin binding domain
through which it binds to polyubiquitinated proteins and shuttles them to dynein motors
associated with microtubule cargo transport.16 From a therapeutic perspective, several
knockout studies in mice lacking the HDAC6 gene have shown no survival dependency and
that no lethality is associated with HDACS6 deletion.18.19
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Currently, the US FDA has approved several HDAC inhibitors for clinical treatment of
different hematological cancers including cutaneous T-cell lymphoma (CTCL), peripheral T-
cell lymphoma (PTCL), and multiple myeloma (MM). Vorinostat (SAHA), was the first
FDA-approved HDAC inhibitor in 2006 for CTCL patients whose disease had persisted or
worsened after two systemic therapies. As a result of severe side effects, all clinical HDAC
inhibitors are approved only for cases where the patient does not respond to first option
treatment, or at least two prior standard therapies (Romidepsin, approved in 2009 for CTCL
patients and in 2011 for PTCL patients, both only after at least one prior systemic therapy;
Panobinostat, approved in 2016 for multiple myeloma patients after two treatment
regimens), or in cases of relapse or recurring disease (Belinostat, approved in 2014 for
relapsed PTCL). These inhibitors all exhibit pan-HDAC inhibition which may contribute to
their side effects.

Since no lethal effects have been observed in HDAC6 knock-out mice, it was hypothesized
that selective inhibition may attenuate the toxicity of current clinical HDAC inhibitors while
retaining therapeutic efficacy. HDACS6 has been validated as an attractive therapeutic target
with modestly selective inhibitors such as Citarinostat and Ricolinostat currently at
different phases of clinical trials, as single agents or combination therapies for several
conditions, including refractory multiple myeloma, malignant melanoma, non-small cell
lung cancer, lymphoid malignancies, metastatic breast cancer, and diabetic neuropathic pain.
20 These inhibitors achieve selective HDACG inhibition by incorporating large bulky cap
groups to a lysine hydroxamate mimic, similar to the first non-selective/pan HDAC inhibitor,
SAHA (Fig. 1) This scaffold is well tolerated at the outer surface of the HDAC6 binding
pocket, unlike other HDAC homologs which are unable to favorably accommodate the cap
groups due to steric clashes with the outer surfaces of the binding pockets.2! The selectivity
afforded by these designs does not always translate to a safe therapeutic index and some
exhibit moderate to advanced toxicities at clinically efficacious doses.22-24

The lead compound described in this study, TO-317, exhibits low nanomolar affinity for
HDACS6 (K; = 0.7 nM), low nanomolar inhibition of HDACS6 function (ICsq = 2 nM), and
over 150-fold selectivity for HDACG across a panel of 11 Zn?*-dependent HDACs. The in
vitro selectivity of TO-317 for HDACES is translated /n cellulo by Western blot analyses of
both pan-HDAC and HDACG6-selective pharmacodynamic (PD) targets. Most interestingly,
the X-ray crystal structure determination of TO-317 bound to HDAC6 CD2 from Danio
rerio (zebrafish, a well-studied surrogate of human HDAC6 CD2, and henceforth designated
arHDACS) reveals a unique binding mode in which the inhibitor simultaneously coordinates
to the catalytic Zn2* ion and participates in a “second shell” interaction with Zn2* by
forming a direct hydrogen bond with metal-coordinating residue, H614. A direct enzyme-
inhibitor hydrogen bond with this residue has not been previously observed. Exploitation of
this structural finding may lead to a new generation of HDAC6-targeting ligands.

Discovery of TO-317, A Potent and Highly Selective HDACG6 Inhibitor:

Herein, we describe a rational, iterative approach to identifying potent and selective HDAC6
inhibitors with drug-like properties and acceptable PK profiles. Identification of novel
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inhibitors lacking the high molecular weight cap groups, which contribute to reduced ligand
efficiency (LE) and increased molecular weight while not affording selectivity, was
considered critical.2> Examining the binding pocket of HDACS revealed a hydrophobic
tunnel which opens to an outer cleft region flanked by two outer regions (L1 and L2, Fig.
S1B) and an uneven surface topology consisting of polar residues.28:27 This outer surface
region is more expansive in HDACB (the rough dimensions of the tunnel entrance are 5.6 A
x 10.8 A; PDB 5WGlI, Fig. S1C) compared to other homologs: the rough dimensions of the
tunnel entrance in HDAC3 are 5.6 A x 5.5 A (PDB 4A69) and in HDAC8 are 4.9 A x 6.4 A
(PDB: 1T64) (Fig. S1C). As a result, HDACG6 appears to tolerate inhibitors bearing sterically
bulky cap groups, and affords selectivity, as was found for Ricolinostat and Citarinostat.28
However, bulky cap groups are predominantly solvent exposed with minimal residue
interactions, thereby reducing their contributions to HDAC6 binding. From internal hit-to-
lead HDACi development and lead optimization,2%39 compound 1 (Fig 1B, Table 1) was
identified, which exhibited low micromolar activity against HDAC6 /n vitro. Compound 1,
while limited by poor HDACS selectivity, poor cellular potency, and an undesirable
pharmacokinetic profile, afforded a suitable starting point for optimization due to the
presence of a free sulfonamide -NH. Virtual docking of A-alkylated derivatives was
hypothesized to afford improved binding compounds with better HDACG6-selectivity. Initial
docking studies with 1 suggested that F583 and F643 in drHDAC6 CD2 (PDB 5WGl,
corresponding to residues F620 and F680 in Homo sapiens (human) HDACG6, henceforth
designated AHDAC6, PDB 5EDU), which line the hydrophobic HDAC6 binding tunnel,
form an offset aromatic w-r stacking interaction with the benzyl linker of compound 1(Fig.
S1A). Maintaining this hydrophobic interaction required retention of the benzyl linker
group. Linking groups in HDACSG inhibitors usually direct the cap groups toward the L1
crevice, found in the exposed surface of the enzyme, to facilitate interactions with nearby
residues.26:28:31 Wjith the exception of a small subset of compounds, all reported HDAC6
inhibitors engage only at the L1 region, and in some rare cases, can alternate the positioning
of the cap groups between the L1 and L2 crevices.?8:31 (Fig. S1B) The pentafluorobenzene
(PFB) ring of 1 was shown to be directed into the L2 region of HDACS6 and is nested on the
outer surface with the ring partially exposed to water (Fig. S1A). The PFB ring is predicted
to make a mt—m aromatic interaction with F643. The sulfonamide -NH does not participate in
binding to the protein, despite the predicted interaction with S531, a residue which has
previously been proposed to afford selectivity.32 A-Alkylation was therefore not expected to
have any disruptive consequences for HDAC6 binding. Water-mediated hydrogen bonding of
the sulfonyl oxygen with L712 and the Zn?*-binding ligand, H614, completed the
interactions observed with 1 and gftHDAC. Structural insights into the binding pockets and
the outer surface crevices of HDAC6 (drHDAC6 CD2, PDB: 5WGI) identified several
aromatic residues lining the L1 outer surfaces (F642, F643, F583, H463, H573, H614, and
Y745) and HDACS binding pocket. A-alkylation of 1 with a benzyl substituent was
proposed to improve binding by these hydrophobic residues via a windmill-type
conformation (Fig. S2). Compound 2 was synthesized (Table 1, Fig. S2) and assessed for its
inhibitory activity against 4 representative HDAC homologs. HDACi 2 exhibited an
improved selectivity window as compared to 1 and both Citarinostat and Ricolinostat. Next,
scaffold optimization was attempted by differential substitution of the benzene ring of 2.
Compounds 4 (-CF3) and 5 (-N(CHs),) provided insights into the electronic effects on
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activity and selectivity, while 6 (-CH3) and 7 (-'Bu) elucidated the role of incorporating bulk
at the para-position. To investigate electron deficient rings, compound 8, containing a
pyridine ring, was synthesized, and was suggested to be the most promising HDAC6
selective inhibitor (>71 fold).

Tetrafluorobenzene (TFB) was previously identified as a bio-isostere of PFB, improving
phase Il metabolic stability, and contributing to improved selectivity for HDAC6.2>33 PFB
was replaced on 8, 2, and 3 with a TFB to yield 9, 10, and 11, respectively (Table 2). The
location of the fluorine substituent was varied to both the ortho- (13) and meta- (12)
positions. Potency was marginally improved (2-fold) in both cases, although selectivity was
lost. Subsequently, modifications to the pyridine analog were explored. The 2-picolyl
substituted inhibitor (14) is 2-fold more potent against HDACS, with only minimal
improvement in selectivity when compared to 9. The 3-picolyl analog, TO-317 (15), showed
significant improvements in both potency and selectivity.

In addition to the inhibitory activity in an EMSA assay, binding was measured by an
orthogonal fluorescence polarization (FP) assay (Fig. S3), which confirmed an interaction
with 4 nM potency between TO-317 and drHDAC6 CD2. This interaction was substantially
tighter when compared to other compounds in the SAR (>20-fold stronger compared to the
nearest analog, 11). Based on the promising activity and binding data, the broader HDAC
selectivity of TO-317 against a panel of all 11 Zn?*-based HDACs was investigated (Fig. 2).
TO-317 was determined to be selective for HDACG across all 11 HDAC homologs, showing
relatively modest affinity for HDACs 3, 8, and 10 as compared to HDACSG. To further
characterize HDACSG selectivity, TO-317 was evaluated against the other HDAC homologs
at a top treatment concentration of 10 uM. The results, shown in Table 3, support the
hypothesis that TO-317 is a highly selective HDACSG inhibitor. Further investigation of the
selectivity of TO-317 and its utility as a lead candidate was pursued in a series of structural
and cellular biology experiments outlined below.

HDACS6 selectivity mediated by unique catalytic domain interactions:

Computational modelling was employed to investigate the conformation of TO-317 that
afforded HDACS selectivity. For comparison, Citarinostat and TO-317 were docked with
aHHDACG (PDB 5WGl, Fig. 3 and Fig. S4-A, respectively). Docking Citarinostat showed
the cap group to be largely solvent-exposed and directed away from the L1 and L2 outer
surface. The crystal structure of Ricolinostat with the CD2 of ditHDAC6 (PDB 5WGL ) was
obtained and an overlay of our docking image of Citarinostat was performed (Fig. S4-A).
Both inhibitors adopt identical conformations with the tricyclic pyrimidine cap groups
extending away from the L1 crevice without making any apparent interaction with nearby
residues, validating the docking results. The authors indicated that water-mediated hydrogen
bonding is possible with S531 and D460 residues of the L1 crevice.?8 In contrast, TO-317
was found to adopt a ligand-enzyme fit that showed scaffold engagement with both L1 & L2
outer crevices (PDB 5WGI, Fig. 3). Furthermore, TO-317 was predicted to adopt a
conformation that engaged several residues through aromatic -7t interactions and hydrogen
bonding. The benzyl linker retained the r-r interaction with F643 and F583 observed with
compound 1. The pyridyl ring was predicted to occupy the L2 crevice and engage in a rt-t
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stacking interaction with F642 and H-bonding with the protonated Zn?*-bound, H614. These
in silico HDACG6 enzyme engagements are absent in comparative HDACS studies (PDB
1T64, Fig. S4-B, Table S1).

To validate these docking predictions, the X-ray crystal structure of the HDAC6-TO-317
complex was solved at 1.84 A resolution (Fig. 4). There are 2 monomers in the asymmetric
unit in this orthorhombic crystal form, and the structures of each are essentially identical
(root-mean-square deviation = 0.07 A for 296 Ca. atoms). Similarly, the inhibitor binding
mode is essentially identical in both monomers, with the hydroxamate moiety coordinating
to the catalytic Zn2* ion in a monodentate fashion as first observed for the binding of N-
hydroxy-4-(2-[(2-hydroxyethyl)(phenyl)amino]-2-oxoethyl)benzamide (HPOB).15:34 The
hydroxamate N-O~ group coordinates to Zn2* with an average separation of 2.4 A and is
hydrogen bonded with Y745. The hydroxamate C=0 hydrogen bonds with the Zn2*-bound
water molecule, which further engages H573 and H574 in hydrogen bonding.

Outside the active site cleft, the benzyl group of the phenylhydroxamate moiety packs
between F583 and F643 and engages in favorable offset rt-m interactions. Desolvation of
this region may contribute an entropic advantage to the binding of inhibitors with aromatic
linker groups.3® The capping group is bifurcated via the dialkyl sulfonamide nitrogen, with
each substituent directed to different pockets in the enzymes binding pocket outer surface.
Bifurcated capping groups enable the capture of additional affinity and selectivity
interactions in the HDACS active site.32 Notably, the pyridine ring binds in the L1 pocket
and accepts a hydrogen bond from Zn2* ligand H614. While water-mediated enzyme-
inhibitor hydrogen bonds with H614 have been observed,28 a direct enzyme-inhibitor
hydrogen bond with this residue has not been previously observed. As such, the inhibitor
pyridine group serves as a “second shell” or indirect ligand to the catalytic Zn%* ion,36:37
and chelation of the Zn%* ion by direct and indirect interactions through the hydroxamate
group and the pyridine ring, respectively, presumably makes a substantial contribution

to .affinity. The sulfonamide group does not participate in any hydrogen bond interactions
and is oriented such that the TFB ring is directed towards solution. The closest residue to the
TFB ring is S531, which at its closest point is 3.4 A away.

The molecular residency of TO-317 at the HDACG active site was investigated by kinetic
experiments and mass spectrometry analysis. In a jump dilution experiment, TO-317
exhibited a Ki of 0.7 nM and a residence time of 142 min in a two-step reversible inhibition
model (Fig. S5A). This occupancy at the catalytic pocket could rationalize the 1Csq values
exhibited by TO-317 in enzyme pre-incubation studies (No pre-incubation 1Csq = 4 nM, 3-
hr pre-incubation ICsg = 2 nM; ICgq’s an average of duplicate studies, Fig. S5B) as intact
mass spectrometry analysis confirmed that no covalent modification of the enzyme was
observed on treatment with TO-317 (Fig. S5C). These experiments suggest a reversible, yet
thermodynamically driven interaction between TO-317 and HDAC6 whose stability is
presumably driven by the observed dual Zn2*-coordination at the active tunnel.

J Med Chem. Author manuscript; available in PMC 2022 March 11.
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TO-317 exhibits in cellulo HDACS6 target engagement and mediates mechanistic cell
proliferation in leukemic cancers:

The cellular potency of TO-317 was evaluated in a selection of indications where HDAC6
activity has been implicated and treated with HDACS6 inhibitors as single agents. Although
HDACS has been validated as a clinical target in hematological cancers such as MM,
HDACS6 knockout/deletion studies with sSiRNA or CRISPR/CAS9 show discrepancies in
dependency. TO-317 was assessed across five disease indications (12 cancer cell lines)
previously validated by several research groups for their dependency on HDACS6 in growth
and survival.1:38-44 Assessment in acute myeloid leukemia (AML) cell lines was prioritized
owing to growing evidence of HDACS playing a critical role in survival and resistance to
various treatment regimens.142 As can be seen in Fig. 5., TO-317 was active in several
cancer cell lines but showed minimal activity in ‘normal” MRC9 lung fibroblasts. TO-317
was shown to have anti-proliferative activity in all six leukemic cancer cells tested, having
an average ICsq of <2.0 uM. Sub-uM anti-proliferative activity was observed in both MM
cell lines where HDACS inhibitors have been deployed clinically.2:38:40.45

Acetylation levels of a-tubulin are used as a clinical biomarker for HDACS6 inhibition.#6.47
Inhibition of other HDACs leads to an increase in histone H3K9 and H3K27 acetylation.
48,49 Comparative acetylation of both substrates provides a robust biomarker of HDAC6
inhibition. Treatment of MV4-11 cells with TO-317 induced a significant increase in Ac-a-
tubulin levels, even at 0.25 pM, with only minimal accumulation of Ac-histones (Fig. 6A).
From comparative Western blots in TO-317 and Citarinostat treated MV4-11 cells (0.25
-1.0 uM), it was determined that TO-317 is marginally more potent for HDAC6 (Fig. 6A)
with strong increases in Ac-a-tubulin at concentrations of 0.25 uM. Citarinostat appears
more selective than TO-317 in a cellular environment, with accumulation of Ac-Histone
H3K27 between 0.75 -1.00 pM in both AML and MM cells. Similar results were observed
in multiple myeloma cell lines (MM.1S cell lines, Fig. 6B) where TO-317 was more potent
for HDACG over the range of concentrations assayed. These results recapitulate the
selectivity and potency of TO-317 for HDACG6 in cellulo. However, at higher concentrations
the effects and cytotoxicity observed may be partially due to nuclear HDAC inhibition.

Immunofluorescence was employed as a secondary biorthogonal assay to validate the /n
cellulo HDACES selectivity of TO-317. HeLa cells were incubated with two different
concentrations of TO-317 or Citarinostat at 0.1 pM and 2 uM. Treatment with TO-317 led
to significant accumulation of Ac-a-tubulin (red stain) at 2 M. These effects were slightly
less prominent with Citarinostat at the same concentration (Fig. 7 & Fig. S7). The levels of
Ac-histone (green stain) do not change significantly upon treatment with either 0.1 uM or 2
UM concentration of TO-317 (Fig. 7). A DAPI (4’ ,6-diamidino-2-phenylindole) nuclear
stain (blue, Fig. S6) confirmed cell viability during the 6 h incubation period assessed. An
overlay of both acetylated tubulin and histone stains also showed preferential Ac-a-tubulin
accumulation over Ac-H3K27 histones at all concentrations of TO-317 (Fig. S6). In
conjunction with initial Western blots, immunofluorescence further recapitulated the /n
cellulo HDACSG target engagement exhibited by TO-317.
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To characterize the mechanism of inhibition and cell death by TO-317, fluorescence
activated cell sorting (FACS) flow cytometry was employed to sort the populations of treated
leukemic cells at different stages of the cell cycle via their differential staining with annexin
and PI fluorophore. Cells in the sub-population UL (upper level, red stain) are necrotic cells
and an increase in cell population in this quadrant is indicative of a toxic inhibitor lacking a
defined mechanism. TO-317 does not show statistically different changes to necrosis as this
sub-population is consistent across the range of inhibitor concentration tested and
comparable to the DMSO control (Fig. 8). The LL sub-population (lower level, green stain)
shows viable cells where the fluorophore cannot access the cytosol (green stain) and is
representative of intact and healthy cancer cells. The healthy cell count dramatically declines
from 88% with no inhibitor present to 35% at 2 uM inhibitor concentration. The loss in
healthy cells is compensated in the LR and UR quadrants (blue stains) showing cell
populations undergoing early and late apoptosis, respectively. These quadrants show an
increase in respective populations as the concentration of TO-317 is increased. Early and
late apoptotic cell populations increased from a combined 11% at 0.25 pM to 65% at 2 UM,
and to 73% at 4 uM (Fig. S8-A). A similar trend was observed for Citarinostat (Fig 8, Panel
B; Fig S8-B), albeit with reduced potency as was seen with TO-317. This systematic
disruption and arrest of cell cycle is the signature of a mechanistic-based inhibitors, and
strongly supports the hypothesis that TO-317 achieves cell death in leukemia cells through
programmed cell death.

The role of reactive oxygen species (ROS) in the progression and survival of leukemic cells
has been very contentious.>® NADPH oxidases (NOX) are elevated in several AML
mutations including FLT3-ITD AML and Ras.?! These mutations are known to be
associated with poor prognosis and a high resistance and relapse rates whose mechanism
depends on over-secretion of ROS. Several models of AML also show increased ROS
generation-induced redox dysregulation and oxidative stress that is strongly linked to
promotion of cellular proliferation, survival, and immune evasion.>2 However, several
studies also indicate that the persistence of elevated ROS levels may significantly strengthen
oxidative DNA damage leading to single and double strand breaks and lipid peroxidation,
which further leads to cellular damage. Since HDAC inhibitors are known to generate ROS
and induce cell cycle arrest in cancer cells,33-55 TO-317 treated MV4-11 cells were
investigated. As expected, TO-317-treated cells showed increased ROS generation when
compared to the DMSO control over a 4 h period (Fig. 9). This is consistent with previously
reported HDAC inhibitors and may implicate ROS accumulation as a possible mechanism
for the induction of apoptosis observed with TO-317.

TO-317 in vitro & in vivo stability profiles:

Pharmacokinetic profiles of TO-317 were assessed in both /n vitroand in vivo experiments.
Plasma and whole blood stability assays were used to determine the stability of TO-317 in
biological fluids. Several studies have shown reduction of hydroxamic acids in whole blood,
but not in plasma.>®:57 After 1 h incubation in mouse plasma, 68% of TO-317 remained with
a calculated ty, of 110 min (Table. 4). In pooled human whole blood samples, ~69% of
TO-317 was present after 1 h with a calculated t1/, of 108 min, indicating collectively, that
TO-317 does not suffer from the previously reported high clearance rates and metabolic
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degradation of A-hydroxamic acids in biological fluids.>8:5° TO-317 was advanced for
preclinical pharmacokinetic study employing a dose of 50 mg/kg via intraperitoneal (/.p.)
injection in male MALB/c mouse. Consistent with previous plasma and whole blood studies,
TO-317 displayed modest stability /n vivo (t1, = 1.7 h) as compared to known HDAC
inhibitors, reaching a Cppax 0f 95.1 ng/mL in 1 h (Fig. 10). However, given the dose, 50
mg/kg, significantly higher plasma concentrations were anticipated, indicating either a
metabolic instability /n7 vivo, or poor solubility / permeability, which limits systemic
bioavailability and further progression as a therapeutic agent.

Kinetic solubility experiments (Fig. S9) showed TO-317 to exhibit solubility in PBS, pH 7.4
with a saturation concentration of 161.50 + 33.20 uM (n = 3), ruling out solubility as a likely
cause for its poor /n vivo exposure. PAMPA studies (Table S2) revealed poor permeability
profiles which may be responsible for the limited availability observed /in vivo with TO-317,
with an average permeability score of -logP, = 6.71. Membrane permeable molecules
generally exhibit permeability scores with -logP, < 6.0. It is interesting that TO-317 can
elicit PD in proliferating cells such as AML and MM but is unable to passively diffuse in the
1.p. dosed preclinical experiments.

Future studies will therefore be directed towards improving the permeability properties of
TO-317 in vivo, while retaining HDAC6 potency, selectivity, and biological activity.

Discussion

The push for selective HDACS inhibitors has been on the rise due to the promising clinical
efficacy and lower toxicity profile exhibited in trial. For example, Citarinostat (ACY-241, in
combination with lenadomide) is currently in clinical trials for smoldering multiple
myeloma; Ricolinostat (ACY-1215) is enrolled in multiple clinical trials for a variety of
conditions such as breast cancer, multiple myeloma, diabetic neuropathic pain amongst
others,20:39.43.60 Recent clinical candidates have selectivity windows that are 5-6-fold for
HDACS6 as compared to off-target HDACs. While it has been previously reported that
HDACS6 has conformational predilections that discriminate between different structural
motifs and imposes requirements for inhibitors to achieve maximum ligand-enzyme fit and
interactions,26:31 the clinical HDACS inhibitors have instead opted for bulky cap groups to
confer selectivity. In this study, by X-ray crystallography, we have shown that TO-317,
employing a bifurcated approach, using a pyridyl cap group in concert with the traditional
N-hydroxamic acid occupies the L1 outer crevice and makes a strong direct H-bonding with
the Zn?*-ligand, H614. To the best of our knowledge, there has been no previous report of a
direct H-bonding interaction with a Zn?*-ligand at the HDACS active site. TO-317 is shown
to adopt an induced fit model which may facilitate this direct residue interaction and thereby
stabilize the enzyme-inhibitor complex. This unique structural motif, which engages the
second shell interactions with the catalytic Zn?* metal can provide novel pharmacophores
for identifying tighter binding HDACG-selective inhibitors.

The selectivity of TO-317 was demonstrated /n vitro through several orthogonal cell biology
experiments. We showed in a dose-dependent manner the preferential increase in acetylated
a-tubulin on incubation with concentrations as low as 50 nM of TO-317. Furthermore,
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~0.75 UM was required to observe distinct acetylation of H3 histone, validating the /n vitro
preferential HDACSG selectivity of TO-317. TO-317 was found to be biologically active in
several cancer cell lines, while not eliciting any meaningful cell-killing activity in normal
cells, indicating an appreciable therapeutic window, which was attributed to the observed
HDACS selectivity. TO-317 mediates programmed cancer cell apoptosis, which may be
associated with ROS generation along the mechanistic pathway. Preliminary stability assays
in various biological fluids highlighted potential bioavailability issues /7 vivo with this
inhibitor. Future studies will attempt to improve the poor bioavailability exhibited by
TO-317.

Collectively, we have demonstrated a novel approach to selective HDACS inhibition,
achieving low nM potency against HDACSG. Structural studies have revealed a unique
binding mode in which TO-317 simultaneously coordinates to Zn2* and the H614 residue in
the catalytic tunnel, affording >150-fold selectivity for HDAC6. Optimized PK properties
might yield a preclinical candidate HDACSG inhibitor from this compound. Finally, the
TO-317 model presents a structural model that can be incorporated for the selective
targeting of HDACSG.

Experimental Section

Chemistry:

All chemicals and reagents were purchased from any of the following suppliers — Combi-
Blocks, Sigma-Aldrich, Enamine, Alfa-Aesar, and Oakwood Chemicals. Solvents such as
DCM were obtained in anhydrous forms from our in-house Mbraun solvent dispensary
system. Other solvents such as acetonitrile and DMF were used in their dry forms from 100
mL Sigma-Aldrich bottles. Reactions were carried out in oven-dried glassware, and reaction
progress monitored using a TLC silica gel 60 F254 and a 254 nM UV lamp. Purification of
intermediates were carried out using a Biotage automated flash chromatography instrument,
in pre-packed SNAP KP-SIL cartridges supplied by Biotage in sizes of 12G, 25G, 50G, and
100G packings. Characterization for intermediates include 1H, 19F, and 13C NMR obtained
using a 400 MHz Bruker NMR spectrometer, low-res mass spectrometry obtained using a
Waters LC-MS Micromass ZQ using ESI positive and negative ionization modes.
Purifications of final compounds were carried out using a Waters prep-HPLC system
equipped with Waters 2545 quaternary gradient pump system, XSelect 300G CSH Phenyl-
Hexyl C18 column, 2489 dual absorbance UV detector, and ran using mabile phases
acetonitrile and water spiked with 0.1% TFA. Characterization for final compounds include
1H, 19F, and 13C NMR and are obtained like the intermediates, high-res mass spectrometry
collected using a quadrupole time of flight LC/MS system at the Advanced Instrumentation
for Molecular Structure (AIMS) facility at the University of Toronto, purity check for all
final compounds satisfy a =95% purity requirement and traces were collected using a HP
1100 series analytical HPLC using gradient 5% - 100% Acetonitrile in water for 40 mins /
60 mins. The retention times (TR) and purity as calculated from peak area of compound /
total area of all peaks in spectra X 100% were reported as automatically calculated by the
analytical HPLC instrument.
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Details for protein crystallographic methods are provided in detail in the online
supplementary information.

All intermediates and final product characterizations and their yields are reported in the
online supplementary information.

Synthesis of Product A’ (Tetrafluorobenzenesulfonyl Chloride):

Tetrafluorobenzene (1.0 g, 6.6 mmol) was carefully added into chlorosulfonic acid (3.88 g,
33.3 mmol) and the mixture was refluxed for 3 hrs. Reaction vessel was cooled to 0 °C, and
the solution was slowly pipetted into ice-cold water. This aqueous solution was extracted
with 20 mL EtOAc twice. Combined EtOAc fractions were washed with brine and dried
over MgSOy. Clear solution was concentrated under vacuum and purified using flash
chromatography, isocratic condition 10% EtOAc in Hexane. Pure product was collected as a
clear oil, 95% yield. 1TH NMR (400 MHz, Acetonitrile-c5) & 7.92 — 7.66 (m, 1H).,1°F NMR
(376 MHz, Acetonitrile-a3) & —133.82 (dtd, /= 20.7, 12.0, 5.9 Hz), -135.65 — -136.10 (m),
-142.87 (tdd, J=19.2, 12.0, 7.8 Hz), -151.06 — -151.57 (m). 13C NMR (101 MHz,
Acetonitrile-d5) 6 147.8 (ddd, /= 10.7, 3.8, 1.8 Hz), 147.3 (ddd, J=15.8, 12.3, 3.1 Hz),
146.7 (dt, /=12.7, 3.3 Hz), 145.3 (ddd, /= 10.8, 3.9, 1.8 Hz), 144.6 (ddd, /= 15.9, 12.3, 3.1
Hz), 144.1 (dt, J=12.7, 3.3 Hz), 143.1 (ddd, /= 16.0, 13.0, 3.2 Hz), 140.5 (ddd, /= 16.1,
12.9, 3.2 Hz), 127.4 (ddd, J= 11.6, 6.8, 4.4 Hz), 116.6, 111.8 (dd, J= 23.4, 3.5 Hz). MS
ESI- Found 229.04 corresponding to M-1 for the acid showing rapid compound hydrolysis
under MS conditions. Also found 459.0 (M+M+1 peak)
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Synthesis of Product A (Secondary Sulfonamides):

In an oved-dried round bottom flask charged with a magnetic stirring bar was added 1 molar
equivalence of the corresponding sulfonyl chloride and 1.1 molar equivalent of the
corresponding amine in 0.1M DCM solution and the mixture is stirred at RT under inert
conditions for 1 hr or until TLC confirms complete consumption of starting materials. An
insoluble precipitate is usually formed corresponding to the protonated quaternary
sulfonamide product which is neutralized on addition of 2 molar equivalence of the
triethylamine base usually leading to dissolution of the precipitate and a clear solution. This
clear solution is further stirred for an additional 10 minutes. Reaction solvents are removed
under vacuum and residue obtained is dissolved in 2:1 mixture of EtOAc : H,O. The organic
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layer is washed with brine and dried over MgSQ;,. The organic solution is evaporated and
purified by flash chromatography using conditions as determined by TLC.

Synthesis of Product B (Tertiary Sulfonamide, Ester Derivatives):

To the corresponding secondary sulfonamides (1 eq.) was added under inert conditions 1.1
molar equivalent of tert-butyl 4-(bromomethyl) benzoate and K,CO3 (2 eg.) in 0.25M
acetonitrile solution. Mixture was stirred for 6 hours at room temperature, then the
acetonitrile solvent is removed, and the solid residue obtained is dissolved in EtOAc and
washed with H,0. Organic layer is further washed with brine and dried over MgSQy. The
clear solution obtained is concentrated and purified using flash chromatography at the
appropriate conditions as determined by TLC.

Synthesis of Product C: (Tertiary Sulfonamides, Acid Derivatives):

The corresponding ester is dissolved in 1:4 TFA : DCM (0.1M solution) and stirred for 3 hrs
or until TLC indicates complete deprotection of the ester. Acidic solution is then neutralized
with sodium bicarbonate to a pH of ~8 before extracting 3x using appropriate amounts of
DCM. The combined organic phase is washed once with brine and dried over MgSOy. Clear
organic solution is evaporated under vacuum to give the required acid which is carried
forward to the next step without any further purification.

Synthesis of Compound D: O-(Tetrahydro-2H-pyran-2-yl) Protected Hyrodoxamate Esters:

In an oven-dried round bottom flask was added the corresponding acid dissolved in 0.2M
DCM containing few drops of DMF. This solution is cooled to 0 °C, and 5 molar equivalent
oxalic chloride is added resulting in wild evolution of CO, gas. On complete effervescence,
the solution is warmed to room temperature and then allowed to stir for 1 hr. After stirring
for 1 hr, the solvents areremoved by evaporation and the residue usually obtained is dried
under vacuum for 1 hr. The dried chloride residue is further taken up in 0.5M DCM and 1.5
molar equivalent of O-(Tetrahydro-2H-pyran-2-yl)hydroxylamine resulting in a cloudy
mixture which is stirred for 15 minutes before the addition of 2 molar equivalent
triethylamine which results in a clear solution. This mixture is further stirred for 1 hr or as
judged to be completion of reaction by TLC. The DCM solvent is then removed under
vacuum, dissolved in H,O and extracted with EtOAc. The organic layer is washed with brine
then dried over MgSQO,4 before being purified using flash chromatography based on
conditions as determined by TLC.

Synthesis of Final Compounds: Corresponding Hydroxamic Acids:

The precursor hydroxamate ester is dissolved in 0.1M solution of 4M HCI in Dioxane and
the acidic solution was stirred for 3 hrs. or until TLC indicates complete consumption of the
starting material. The acid solution is removed under vacuum and the crude hydroxamic acid
is taken up in 2 — 5 mL mixture of H,O: Acetonitrile in proportions that is suitable for
dissolution. A 200 mL aliquot is subjected to an analytical HPLC trial run (5% - 100%
acetonitrile in H,0) to determine appropriate conditions for preparatory HPLC purification
runs. About 2 — 5 mL of reaction mixture is then subjected to a preparatory HPLC run, 5% -
95% acetonitrile or gradient conditions as determined from analytical HPLC trial run.
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Fractions from prep-HPLC are further checked by analytical HPLC for purity check, and
then analyzed by LCMS for identity check before pure fractions are pooled together and
lyophilized overnight to give the pure dry hydroxamic acids.

Cytotoxicity assays: Hela cells were grown in Dulbecco’s Modified Eagles Medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) (Sigma-Aldrich). MV4-11
and AML3 were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% FBS. MOLM-13, MRC-9, MM.1S, MM.1R, Jukat, BV-173 and
RPMI 8226 cells were maintained in RPMI-1640 and supplemented with 10% FBS. U87G
cells were maintained in Eagle’s Minimum Essential Medium (EMEM) and supplemented
with 10% FBS.AR230 cells were maintained in RPMI-1640 and supplemented with 10%
FBS, 2 mM L-Glutamine and 1 uM Imatinib. Normal Human Fibroblasts (NHF) were
purchased from Cell System and grown in Cell System growth medium, supplemented with
Culture Boost. HUVEC cells were purchased from ATCC and cultured in Vascular Cell
Basal medium supplemented with Endothelial Cell Grow Kit-VEGF. Appropriate number of
cells were plated per well in 96-well flat-bottom sterile culture plates with low-evaporation
lids (Costar #3997) for these cell lines. After 24 h, inhibitors and a vehicle control (0.5%
DMSO) were added. Wells were treated with Cell Titer-Blue® (Promega #G808A) (20 pL/
well) after 72 h and fluorescence was recorded at 560/590 nm using a Cytation S63
spectrophotometer. ICsq values were determined using non-linear regression analysis with
GraphPad Prism 6.0 (GraphPad Software Inc.).

FACs Apoptosis Detection Assay: MV4-11 cells were cultured, dosed, and washed
twice with cold 1X PBS. Using FITC Annexin VV Apoptosis Detection Kit | (BD
Pharmingen), cell pellets were resuspended in 1X binding buffer at a density of 1 x 106
cells/ml. 5 uL FITC Annexin V and 5 puL Propidium lodide (PI) were added to 250 pL of
solution (2.5 x 10° cells). Cells were vortexed and incubated in the dark for 15 min,
followed by addition of 250 pL of 1X binding buffer. Cells were analyzed by flow cytometry
within 1 hour using Cytoflex S (Beckman Coulter).

Western blotting: MV4-11 and MM.1S cells were incubated with compounds for 6
hours, before lysing with radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris pH
7.4, 150 mM NacCl, 0.5% deoxycholate, 1% Triton X-100, and 0.1% sodium dodecyl sulfate
(SDS)). Total protein was measured using a BCA assay (ThermoFisher), in which clarified
protein was resolved on a 4 — 20% polyacrylamide SDS gel and transferred to a
nitrocellulose membrane (Bio-Rad). The membranes were blocked with a 5% solution of
skimmed milk powder in PBST, followed by an overnight incubation at 4 °C in primary
antibody (1:1000 dilution). Blots were probed with antibodies against acetylated alpha-
tubulin mouse monoclonal (EMD Millipore), acetylated histone H3 (Ac-Lys18, Sigma) and
HSC70 (Santa Cruz). Horseradish peroxidase (HRP)-conjugated goat anti-mouse 19gG
secondary antibody (Cell Signaling) or HRP-linked anti-rabbit 1gG secondary antibody (Cell
Signaling) were applied to the membrane (1:5000 dilution) and bands were visualized using
clarity western ECL substrate luminal/enhancer solution and peroxide solution 1:1 ratio for
HRP-conjugated secondary antibody (Bio-Rad) and analyzed using Image lab software (Bio-
Rad).
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Detection of ROS Generation: MV4-11 cells were treated with the relevant compounds
and analyzed for production of ROS using DCFDA (Abcam 113851 DCFDA Cellular ROS
detection Assay Kit). Briefly, cells were collected and washed with 1x PBS once and
incubated with DCFDA (33 uM) at 37 °C for 30 min in the dark. The cells were then washed
and resuspended in 1X supplemental buffer, seeded in a clear bottom black 96-well plate
(Fisher Scientific), dosed with compound and fluorescence at Ex/Em=485/535 was
measured using a Cytation S63 spectrophotometer.

Immunofluorescence Assay: Hela cells were plated to sub-confluency on a clear
bottom black 96-well plate (Fisher Scientific) and treated with compound after 24 h.
Samples were washed with 1x PBS, fixed with 4% formaldehyde (Millipore Sigma),
permeabilized with 1% Triton X-100 (Millipore Sigma), and blocked in 5% bovine serum
albumin (BSA) (BioShop) for 1 hour at room temperature. The cells were incubated in an
antibody cocktail made up of acetylated alpha-tubulin mouse monoclonal (1:100 dilution,
MD Millipore) and acetylated histone H3 (1:50 dilution, Ac-Lys18, Sigma). Cells were
counterstained for nucleic acids using 4”,6-diamidino-2-phenylindole (DAPI)
(ThermoFisher Scientific). Images were acquired using a Cytation S63 spectrophotometer.

Further protocols have been provided in supplementary methods

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CAS9 CRISPR associated protein 9

CD catalytic domain

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CTCL Cutaneous T-Cell Lymphoma

DAPI 4’ 6-diamidino-2-phenylindole

drHDAC6 aanio rerio Histone Deacetylase 6
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EMSA Electrophoretic Mobility Shift Assay
FP Fluorescence Polarization
HDAC Histone Deactylase
HDAC6 Histone Deacetylase 6
LE Ligand Efficiency
LL Lower Left
LR Lower Right
MM Multiple Myeloma
PFB Pentafluoro Benzene
PI Propidium lodide
PTCL Peripheral T-Cell Lymphoma
TFB Tetrafluoro Benzene
UL Upper Left
UR Upper Right
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Selectivity = 20.9

n
TO-317*
HDACS IC5p = 2.1 nM
Selectivity = 158

Currently known HDACS inhibitors. The structural features involve a hydroxamic acid
which is required for Zn2* binding, and a linker that connects the hydroxamic acid to a cap
group. &) Currently known inhibitors achieved HDACG selectivity by replacing the benzene
substituent on SAHA with a bulkier, usually hydrophobic cap group. b) Previous studies
showed compound 1 is a nM inhibitor against HDACG6 exhibiting limited selectivity c)
Current studies show TO-317 adopts a rotatable cap group with two aromatic substituents
that occupy the HDACS6 surface facilitating specific residue interactions.

*1Cgq values were determined using an activity-based electrophoretic mobility shift assay
(EMSA) by Nanosyn Inc., USA.
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Overlaid Inhibition curves for TO-317 against a panel of 11 Zn?*-based HDAC homologs.
TO-317 shows in vitro HDACG selectivity across all Zn2*-dependent HDAC homologs and
becomes a viable candidate for further biological investigation of the HDAC6 enzyme.
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-1t stacking
Salt bridge

Figure 3:
Docking conformation of TO-317 with dtHDAC6 CD2 (PDB 5WGl) reveals occupancy of

both L1 and L2 crevices which facilitates a plethora of interactions. Deck A shows the
pocket view of these interactions, while deck B shows how TO-317 adopts a windmill
conformation that allows both aromatic ring cap groups to engage with the L1 and L2
crevices of the HDACS6 outer surface.
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Figure 4.
Stereo-view of a Polder omit map (contoured at 4.0c) showing the binding of TO-317 in the

active site of HDACG6 (PDB code: 7JOM). The catalytic Zn?* ion is shown as a grey sphere,
the Zn2* bound water molecule is shown as a red sphere; metal coordination and hydrogen
bond interactions are shown as solid and dashed black lines, respectively.
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Figure5:
Cellular potency of TO-317 and Citarinostat (positive control) in 12 cell lines (1 heathy cell,

MRC-9 included). TO-317 shows anti-proliferative potency across different cancer cells
with minimal activity in healthy cells. ICsq values are indicated above each graph and
reported in pM. 1Cgq values with their 95% confidence intervals are reported in Table S3.
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Figure6:
TO-317 shows superior HDACG selectivity and potency in MV4-11 and MM.1S cells. (A)

MV4-11 cells treated with increasing doses (0.25 uM - 1 uM) of Citarinostat and TO-317
show accumulation of Ac-a-tubulin for TO-317 at 0.25 uM but not for Citarinostat. (B)
Similar dose-dependent responses were observed for both inhibitors in MM.1S cells.
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Figure 7:

Quantification of Ac-a-tubulin and Ac-histone levels in immunofluorescence assay. DMSO
was used as a negative control in each cohort, and Citarinostat was the positive control.
Result indicates that TO-317 induces a clear dose-dependent increase in acetylated a.-
tubulin with minimal cellular accumulation of acetylated histones under the same dosing
concentrations. Data reported above are an average of duplicate experiments.

J Med Chem. Author manuscript; available in PMC 2022 March 11.

wiz %



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Olaoye et al.

>

10 107

PEA
10°

PEA

100 100 100 10 100 0 10 1o? 100 108

0 10 10

OMSO - Al Events » 025 uM - A Events » 050 uM A1 Events B - OMSO MVa-11 Al Everts e, __ Citainostat0.26 UMMVA-11 | Al Events ey CHanostat § UM MVA-11 AN Events
T Ao T = St Ao 2 T Ao o e ot Ao = Tohe oososs T B % ® AR
® ® ® ® ®
g ® S ® % ® ®
Early Apogosis @.70 % ® %) EaryApogosis(0.94 %] ® Eary Apoq ® 3 3
LeLLLL el (Y e ‘
PEY P2 g B g
W A¢ 10 10 108 100 107 010 10 10% 108 100 107 0 T0l 1 0 108 10t 0t 107 B S T T T [ S S T T R T S i i i
FTCA FTCA FTCA T FCA
1.00 UM Al Events s 2000 Al Events . 400 M A Events » vy __ Cllarnostat 20 UMMVA-11 Al Evants ny __ Clarinostat 40 M MVA-11 - A Events
Tate Apopio 2 Tate Apor 2 6 ADGPEIRTO 2% = B T B
® ® (Y ® ®
® ® 2 ® [ ®
® Ean 3 E: £3 ) 3
- < <" < <=
fe g2 gy gy gz
@ @ ® ® Y

]

100 16 10 100 108 100 107
FTCA

10010 10 100 108 100 107
FTCA

0

10010 10 100 100 100 107
FITCA

00 10 10t 1 1 0
FITCA

000 100 10t gt 1 10
FITCA

0

00100 10 100 168 1P 107
FTCA

Figure 8:

MV4-11 treated with TO-317 (Panel A) and Citarinostat (Panel B) leads to dose-dependent
programmed cell death. Death by necrosis (Q1) is minimal and consistent at all doses. Dose-
dependent cell death by TO-317 is consistent with a mechanistic approach of cell cycle

arrest leading to apoptosis and corroborates the previously observed superior anti-
proliferative activity of TO-317 over Citarinostat, the positive control. Data reported above
are an average of duplicate experiments, and quantification of each cell population with the
associated standard deviation is reported graphically in Fig. S8-A & Fig. S8-B.
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Figure9:
ROS generation in MV4-11 following incubation with 10 yM TO-317 for up to 4 h.

TO-317 shows markedly increased levels of ROS after 2 h incubation which continues to
increase up to the 4 h incubation time tested. Data reported is an average of duplicate
studies.
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Figure 10:

TO-317 is stable /n vivowith a ty/, (avg) = 1.7 h. Male BALB/c mice were dosed TO-317
intraperitoneally (50 mg/mL solution 5% DMSO, 30% PEG400, 1% Tween80 & 64%
saline) and peaks were detected and quantified from collected blood samples at different
time concentrations using a triple-quad LC-MS/MS.
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Table 1:

. Activity of 1 and derivatives against 4 HDAC homologs. 1Csq values were determined by EMSA using full-
c length hHDACS6 and a 6-carboxy fluorescein-aminohexyl amidite (FAM) labeled acetylated peptide substrate
3 of HDACS catalytic domain 2. ICgq values are an average of duplicate experiments and are reported in pM,
= and the 95% confidence interval is italicized and reported in brackets close to the 1Csq values. Sigmoidal
g curves of inhibitor concentration (12 concentrations, 5.6 x 1078 uM — 1 uM) vs % inhibition was fitted using
a XLDB software (a four-parameter sigmoidal dose-response model). Full protocol is described in detail in the
g- supplementary procedure. Full ICsq curves are shown in supplementary data.
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Table 2:

Focused SAR highlights the substitution of the PFB ring with TFB analogs showing improvements in
selectivity for HDAC6. We have also shown that TFB analogs have superior metabolic profiles compared to
their PFB isotypes. Substituent location on the cap group aromatic ring plays a significant role in targeted
HDACS binding. The pyridine motifs displayed the most potent and discriminative activity against HDACS.
ICsq values were determined as described in Table 1 caption and supplementary procedures. 1Csq values are an
average of duplicate experiments and are reported in uM, and their 95% confidence interval is italicized and
reported in brackets under each 1Cgq value. Full 1ICsq curves are shown in supplementary data.

15 (T0-317)
HDAC3 (M)
HDACS (uM)

HDACS (uM)

HDAC11 (uM)

Selectivity
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Table 3:

1C5q values for TO-317 against all HDAC isoforms determined with a top concentration of 10 pM. TO-317

maintains strong /n vitro inhibitory preference for HDAC6 indicating a promising selectivity profile that is
worthy of further biological characterization. ICsg values are an average of duplicate experiments, and their

95% confidence interval is italicized and in brackets under each 1Csq value.

ID HDAC1 | HDAC2 | HDAC3 | HDAC4 | HDAC5 | HDAC6 | HDAC7 | HDAC8 | HDAC9 | HDAC10 | HDAC11

TO-317
ICso
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Table 4:

TO-317 showed extended lifetimes in both mouse plasma and pooled human blood stability assays. Assay
values reported was an average of triplicate studies.

Remaining Percentage TO-317 Concentration

Assay Omin | 15min | 30min | 60min | Ty (min)
Mouse Plasma* 100% | 88.1% | 79.8.0% | 68.0% 110
Human Whole Blood* | 100% | 88.0% 80.8% 68.9% 108
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