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Pyridines to Glutathione Conjugationt

Dora B. Madhura,? Juiyu Liu,® Bernd Meibohm? and Richard E. Lee®

Spectinamides are promising new semisynthetic anti-tubercular agents that are modified with a pyridyl side chain, which

blocks native efflux from the tuberculosis cell. This study, describes the stability of an advanced panel of spectinamide

analogs, with varying substitutions to the pyridyl side chain, to Phase-Il conjugative metabolism by glucuronosyl

transferase, sulfotransferase and glutathione-S-transferase enzymes using both human and rat S9 enzyme fractions. All

solely 5-substituted pyridyl spectinamides exhibited complete stability towards Phase Il conjugative enzymes. However, 4-

chloro substituted pyridyl spectinamides were susceptible to glutathione conjugation with rates dependent on other

substitutions to the pyridine ring. Electron donating 5-substitutions increased the propensity for glutathione conjugation

and conversely the introduction of an electron withdrawing 5-fluoro group blocked all observed glutathione conjugation.
Based on these Phase |l metabolism studies, lead spectinamides 1329, 1445, 1599, 1661 and 1810 were found to have
favorable properties for potential lead compounds with no Phase Il liabilities.

Introduction

There is an urgent clinical need to develop new agents to treat
drug resistant strains of tuberculosis.” * Spectinamides are a
new class of semi-synthetic antibiotics derived from
spectinomycin (Fig 1.), which show impressive activity against
multidrug and extensively drug resistant tuberculosis strains.
Key to the success of this series is the chemical introduction of
a pyridyl side chain, that blocks efflux of the spectinamides
from M. tuberculosis by the efflux pump Rv1258c, while at the
same time introducing some new favorable interactions with
the mycobacterial ribosome. Substitutions to 4 and 5 positions
of the pyridine ring were found to be favorable producing
compounds with good MIC potency, impressive post-antibiotic
effects and excellent potency in acute and chronic models of
tuberculosis infection in mice.?

The propensity of any new antibiotic for drug metabolism is an
important determining factor for its therapeutic efficacy and
potential toxicity.4 The major enzymatic reactions of drug
metabolism are oxidation, reduction, hydrolysis (Phase-l), and
conjugation (Phase-ll).5 Our initial studies have shown that the
spectinamides undergo little Phase-I metabolism, likely due to

their hydrophilic character. In prioritizing which spectinamides
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Figure 1. Structure of the lead spectinamides explored in this
study

to advance towards preclinical development, a Phase-Il
metabolism study was initiated to investigate the stability of
lead spectinamides towards the three most frequent
conjugation reactions for drugs6 mediated by uridine
glucuronosyl transferases (UGTs), sulfotransferases (SULTSs)
and glutathione-S-transferases (GSTs), as there are several
sites for the

potential conjugative metabolism within

spectinamide core.
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Results and discussion

All compounds in this study were profiled for their
susceptibility to Phase Il metabolism using both rat and human
enzymes. All the spectinamide compounds exhibited high
stability towards glucuronide conjugation reactions, with
above 93% of the parent compound remaining intact following
incubation with rat and human liver S9 fractions and UDP
glucuronic acid for 2h (Supplementary data figure S1, table S1).
This includes 1810, which contains a phenolic group in the
pyridine ring, a motif that is often subject to glucuronidation in
other drugs. Next the propensity of the spectinamides for
sulfoconjugation was tested. Only 1329 and 1544 underwent
significant sulfoconjugation in rats with 89% of 1329 and 88%
of 1544 remaining intact after 2h incubation (Supplementary
data fig. S2, table S1). This activity was not observed with
human enzymes with >96% of both compounds remaining
intact after the same time period. Conversely, 1666 showed
minor sulfoconjugation with human enzymes with 91%
remaining, but no metabolism in rats. All other spectinamide
compounds exhibited high stability towards sulfoconjugation
reactions, with above 95% (rat) and 96% (human) remaining
intact at the end of the incubation period. However,
incubation of spectinamide compounds with liver S9 fractions
and glutathione revealed that compounds 1544, 1666 and
1878 underwent significant glutathione conjugation with rat
enzymes, with only 72, 13, 81% of parent compound remaining
intact after 2h incubation, respectively. For human enzymes,
only 1666 showed lower glutathione conjugation with 93.5%
remaining, while 1544 and 1878 exhibited good metabolic
stability with 98.7% remaining. All other compounds exhibited
good stability with above 96% of parent compound remaining
unchanged after 2h incubation in S9 fractions of both species
(Fig. 2; Table 1).

Glutathione conjugation usually requires the substrate to have
an electrophilic site that with the nucleophile
glutathione under the assistance of GST enzyme catalysis.
These reactions usually convert the original drug to a form that

reacts

is not able to bind to its target receptor, thus attenuating the
biological response to the drug, yielding metabolites that are
rapidly excreted. In the present study, using rat microsomes,
all solely 5-substituted pyridiyl (1445, 1599, 1810) along with
4-chloro 5-fluoro pyridyl substituted (1661) spectinamides
exhibited complete stability towards Phase Il conjugative
enzymes. Other 4-Chloro substituted spectinamides (1544,
1666 and 1878) formed glutathione conjugates. The speed of
metabolic conversion varied amongst this subseries with 1666
showing a half-life of glutathione conjugation shorter than that
of reference drug acetaminophen.

Reactivity of substituted 4-Chloro Pyridines to Phase II
glutathione conjugation

The high solubility, lack of metabolism by other Phase | or Il
enzymes and varying rates of metabolism make this an
excellent series to study how different substitution to 4-chloro
pyridines dictates their propensity for glutathione conjugation,
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Fig 2: Percent parent compound remaining after Glutathione
conjugation reaction in rat liver S9 fraction (n=3). *indicates
statistically  significant  differences from the initial
concentration

Table 1: Metabolic half-life (t,,) of Spectinamide compounds in
rat and human liver S9 fraction (mean (%CV) of 3 replicates)

Glutathione Conjugation

Rat Human
Compound % parent % parent
remaining t% (h) remaining t% (h)
after 2 h after 2 h
1329 99.8 (3.1) >50 96.7 (2.7) 38.0
1445 96.6 (1.7) 32.6 98.7 (2.9) >50
1544 71.9(2.1) 3.35 98.7 (4.4) >50
1599 99.4 (2.0) >50 99.9(0.42) >50
1661 98.6 (2.1) >50 98.6(2.8) >50
1666 12.9(1.9) 0.66 93.5(1.6) 23.0
1810 98.6 (2.0) >50 99.9(1.3) >50
1878 81.1(2.1) 6.70 98.8(1.7) >50
ACT 43.0(1.4) 1.48 74.5 (3.9) 4.40

for which there are few reports in the medicinal chemistry
literature. The inherent chemical reactivity of 4-chloro
pyridines to nucleophilic aromatic substitution is well known
chemically. Biochemically, they are typically stable to co-
incubation with thiols under ambient conditions but under
enzyme catalysis can be selectively activated to irreversibly
inactivate enzymes such as dimethylarginine
dimethylaminohydrolase (DDAH).7' & The enzyme mediated
mechanism for the glutathione inactivation of 4-chloropyridyl
spectinamides can be envisioned as shown in Figure 3, similar
to the proposed DDAH mechanism which has been explored in
detail. In this study, the modulating effect of chemical
substitution at the 5-position was explored in regards to
hepatic glutathione mediated conjugation. The order of
stability 1661>1878>1544>1666 correlates to the calculated
pKa values of pyridyl nitrogen (1661, 2.0; 1878, 3.1; 1544, 3.6,
1666, 3.9), which supports the mechanism outlined in Figure 3,
where enzyme mediated protonation of the pyridyl ring is
likely the key initiating step of this degradatory process. This
order, in which electronic donation groups are favored to
enhance degradation is also consistent with the ability of the
groups to stabilize an intermediate cationic state rather than

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Proposed mechanism of Glutathione S-transferase mediated Glutathione Conjugation

anionic intermediate state produced by direct nucleophilic
aromatic substitution reaction. Indeed, the electron
withdrawing 5-F atom in 1661 is seen to block all
glutathione conjugation. Interestingly, this SAR contrasts
with the study of Inoue et. al on the stability of 3-
substituted 2-chloropyridine derivatives in rat liver
microsomes fortified with glutathione, in which substrate
degradation increased with the introduction stronger
electron withdrawing groups in the 3-position.9 Therefore
the stability of 1661 is interesting from a mechanistic
standpoint and may warrant further exploration to see if
this effect is specific to the fluorine substitution or if other
electron drawing groups also stabilize this 4-
chlorospectinamide to glutathione conjugation.

Conclusions

We have already demonstrated that the spectinamides are
stable to Phase-I metabolism. Herein based on these Phase
Il metabolism studies, lead spectinamides 1329, 1445,
1599, 1661 and 1810 were found to have favorable
properties for potential lead compounds with no Phase Il
liabilities. = Compounds 1544, 1666 and 1878 formed
glutathione conjugates. Formation of conjugated products
likely removes their anti-tubercular activity and also
increases the risk for adverse pharmacological events, thus

This journal is © The Royal Society of Chemistry 20xx

1544, 1666 and 1878 have been deprioritized for lead
advancement.

Experimental

Phase-Il conjugation reactions

All conjugation reactions were performed in triplicate. For
glucuronide conjugation, 2 mg/mL of rat or human liver S9
(BD Biosciences, Woburn, MA) was prepared in 0.1 M
potassium phosphate buffer (pH 7.4), mixed with 50 ug of
alamethicin (Sigma, St. Louis, MO) and placed on ice for 15
min to stimulate the UGT enzymes for maximal activity. To
250 pL of the above mixture, 50 pL of spectinamide test
compound solution (100 uM in incubation), 50 pL of MgCl,
(1 mM in incubation), and 100 pL of 0.1 M potassium
phosphate buffer were added and preincubated for 5
minutes at 37° C at 150 rpm. To initiate the reaction, 50 pL
of uridine diphosphoglucuronic acid (UDPGA, 5 mM in
incubation; Sigma, St. Louis, MO) was added to give a 500
pL final volume. 7-Hydroxycoumarin (7-HC) was used as the
positive control. Negative control reactions were
performed without UDPGA. For sulfoconjugation, 2 mg/mL
of rat or human liver S9 was prepared in 0.1 M potassium
phosphate buffer (pH 7.4) and placed on ice. To 250 pL of
the above mixture, 50 pL of spectinamide test compounds
solution (100 uM in incubation), 50 pL of MgCl, (1 mM in
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incubation), and 100 pL of 0.1 M potassium phosphate
buffer were added and preincubated for 5 minutes at 37° C
at 150 rpm. To initiate the reaction, 50 pL of PAPS (Sigma,
St. Louis, MO; 0.2 mM in incubation) was added to give a
500 pL final volume. 7-Hydroxycoumarin was used as the
positive control. Negative control reactions were
performed without PAPS. For glutathione conjugation, 10
mg/mL of rat or human liver S9 was prepared in 0.1 M
potassium phosphate buffer (pH 7.4) and placed on ice. To
250 pL of the above mixture, 50 pL of spectinamide test
compounds solution (100 uM in incubation), 50 uL of MgCl,
(1 mM in incubation), and 100 pL of 0.1 M potassium
phosphate buffer and preincubate the mixture for 5
minutes at 37° C at 150 rpm. To initiate the reaction, 50 pL
of glutathione (Sigma Aldrich, St. Louis, MO; 0.2 mM in
incubation) was added to give a 500 pL final volume.
Acetaminophen (ACT) was used as the positive control.
Negative control reactions were performed without
glutathione.

For all preparations, 50 pL samples were withdrawn at 0O,
15, 30, 45, 60, 75, 90 and 120 minutes of incubation. The
reactions were stopped by the addition of 200 pL of ice-
cold methanol containing an internal standard. After sitting
on ice for 30 min, stopped reactions were centrifuged to
pellet precipitated protein, and the supernatant was
collected for LC-MS/MS analysis. Disappearance of the
parent compound was monitored during the incubation
period. The percentage of parent compound remaining
intact after incubation was estimated with respect to the
amount of the compound at time zero.

LC-MS/MS assay

The collected supernatants were analyzed for drug
concentrations by an LC-MS/MS assay. Chromatographic
separation of the supernatant was carried out on a Luna 3
um hydrophobic interaction liquid chromatography (HILIC)
100 x 4.6 mm column (Phenomenex, Torrance, CA) using a
gradient mobile phase of methanol and 10 mM ammonium
formate, pH ~2.75, at a flow rate of 0.4 ml min™. Detection
was performed with a SCIEX 4500 or 5500 triple-quadruple
mass spectrometer (AB Sciex, Framingham, MA) with
electrospray ionization in multiple reaction monitoring
mode, using the compound specific mass transfer. A
calibration curve ranging from 1.95 to 5,000 pg I was
constructed for each test compound and validated. The
peak area ratios of analyte to the internal standard were
linear over the concentration range tested for all
compounds, with all correlation coefficients (weighted
least-square linear regression analyses) >0.996. Accuracy
(deviation of the analyzed quality-control samples from
nominal values) was within +3% over the entire range of
the calibration curve, and the precision (coefficient of
variation of repeated measurements of the quality-control
samples) was <2% for all compounds.

Data analysis

4| J. Name., 2012, 00, 1-3

Disappearance of the parent compound was monitored
during the incubation period. The percentage of parent
compound remaining intact after 120 min incubation was
estimated with respect to the amount of the compound at
time zero.

Statistical analysis

All values are expressed as their mean t* coefficient of
variation (%CV). Statistical differences of the means were
assumed to be significant when P < 0.05 by one-way
ANOVA followed by Tukey’s test.
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