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A library consisting of characterized marine natural products as well as synthetic derivatives was
screened for compounds capable of inhibiting the production of hydrogen sulfide (H,S) by cystathionine
beta-synthase (CBS). Eight hits were validated and shown to inhibit CBS activity with ICso values ranging
from 83 to 187 uM. The majority of hits came from a series of synthetic polyandrocarpamine derivatives.
In addition, a modified fluorogenic probe for H,S detection with improved solubility in aqueous solutions
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Cystathionine beta-synthase (CBS) is a type II fold pyridoxal-5'-
phosphate (PLP) dependent enzyme that plays critical roles in sul-
fur metabolism. For example, CBS is responsible for regulating
homocysteine levels. Mutations in the gene that encodes for CBS
lead to homocystinuria, a genetic condition characterized by very
high plasma homocysteine levels (>50 tM compared to <10 uM
in the general population),’ lens dislocation, skeletal abnormalities
and vascular disease.! In addition to its clear role in homocystinu-
ria, CBS plays a key role in the production of hydrogen sulfide
(H,S), a recently recognized ‘gasotransmitter’ with biological
effects similar to, and often complementary to, those of nitric oxide
(NO).>~° H,S acts as a vasodilator, has anti-inflammatory properties
and has been shown to be cardioprotective.°"® While a possible
link between CBS-mediated homocysteine metabolism, H,S pro-
duction and cardiovascular health is intriguing, it has not been pos-
sible to obtain a detailed understanding of these potential
connections because of a lack of chemical tools for monitoring
and manipulating the activity of CBS.”

We have previously shown that an H,S-selective, fluorogenic
probe can be used to monitor CBS activity and provides a facile
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assay for CBS inhibitor screening.'® Despite some recent progress
in the field, there are only a few CBS inhibitors available,'%!3
and only two that have routinely been used for inhibition of CBS
activity in vivo (aminooxyacetic acid, AOAA and hydroxylamine,
HA)."'~'3 Neither AOAA nor HA is selective for CBS over the other
major H,S-producing, PLP-dependent enzyme cystathionine
gamma-lyase (CGL)!' and there has been some controversy over
their inhibitory potency against CBS.!? Consequently there is a sig-
nificant need for the development of potent, selective CBS
inhibitors.

Natural products isolated from marine invertebrates have been
an exceptional source of chemical diversity and pharmaceutical
lead compounds.'* With the aim of streamlining the initial screen-
ing process while maximizing the chemical diversity that can be
sampled, our collaborators in the Ireland lab created a protocol
for fractionating marine invertebrate extracts.'”!® They also
selected a series of chemically diverse, well-characterized natural
products and synthetic derivatives for use in screening. In the work
reported here, we screened this subset of the ‘Marine Invertebrate
Compound Library’ consisting of 160 characterized marine natural
products and 80 purified synthetic derivatives, termed ‘MICL-240’,
for compounds capable of inhibiting CBS activity. From this library,
we identified eight compounds with ICsy values below 200 pM
(range: 83-187 uM).

Aromatic azides are now well-established H,S-reactive func-
tional groups, and the reduction of an aryl azide to an aryl amine
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with concomitant increase in fluorescence has been exploited in
numerous H,S-selective fluorogenic probes.'”'® In previous work,
we and others have shown that 7-azido-4-methylcoumarin (AzMC)
undergoes a dramatic increase in fluorescence upon exposure to
H,S, with detection limits in the high nanomolar range
(Scheme 1).'%!° This probe has significant utility as an assay for
CBS and CGL activity, readily detecting the H,S produced by these
enzymes in a high-throughput format, facilitating enzyme inhibi-
tion screens.'® In the course of this work we noticed that, at higher
concentrations of probe or low concentrations of DMSO, the AzZMC
probe would sometimes precipitate out of aqueous solution. This
has not been a problem in our screening efforts, but could be an
issue in cases where minimizing or eliminating DMSO is necessary.
Therefore, we created a modified version of the probe with a
carboxylate group rather than a methyl group at the 4-position
(Scheme 1) for increased solubility in aqueous solutions. The new
probe, 7-azido-4-carbamoylmethylcoumarin (AzCC) was synthe-
sized as follows: 3-aminophenol was protected with ethyl chloro-
formate prior to a Pechmann condensation reaction to form the
coumarin. After deprotection, the azide was formed from the
amine as shown in Scheme 1.'° The AzCC probe has an identical
response to H,S as the parent AzMC (Fig. 1), with the advantage
of increased solubility in aqueous solution. In addition, with the
carboxylate functionality, this probe could easily be conjugated
to another moiety if desired.

With the aim of identifying novel CBS inhibitors, we screened
the MICL-240 library looking for compounds that significantly
decreased enzyme activity. As shown in Figure 2, several hits were
identified in this initial screen using 2 pg of each compound. Com-
pounds capable of reducing the activity of CBS by more than 50%
were re-screened at 4 pug and background corrected. The hits that
showed a concentration-dependent inhibition of enzyme activity
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Scheme 1. The 7-azidocoumarin analogs can be readily synthesized from the 7-
aminocoumarin starting materials. H,S-mediated reduction regenerates the fluo-
rescent 7-aminocoumarin. When R=H, the probe is 7-azido-4-methylcoumarin
(AzMC). When R=COOH, the probe is 7-azido-4-carbamoylmethylcoumarin (AzCC).
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Figure 1. Hydrogen sulfide reduces both AzMC (10 pM, solid circles) and AzCC

(10 uM, open circles) to the corresponding 7-aminocoumarins with a concomitant
linear increase in fluorescence.

were subjected to a series of secondary screens. The validated hits,
with ICsq values, are shown in Figure 3.

For each compound, a dose-response curve was measured to
obtain the apparent ICsq values for inhibition of the activity of
full-length, wild-type CBS in the presence of 300 uM of the endog-
enous activator, S-adenosylmethionine. In addition, a series of con-
trol experiments was run to ensure that the hits did not interfere
directly or indirectly with the assay. Specifically, the lead com-
pounds shown in Figure 3 did not react with either the azidocoum-
arin probe or hydrogen sulfide to an appreciable extent (see
Supporting information). Interestingly, the majority of the hits
(hits A6, A9, B7 and C11 from the MNP2 sub-library) are synthetic
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Figure 2. Heat map showing the results from the initial library screen. Lighter
boxes represent strong inhibition of CBS activity and darker boxes represent weak

or no inhibition.
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Figure 3. Top validated hits from the MICL-240 marine natural product library with
ICsg values for inhibition of CBS activity.
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Figure 4. An analysis of structurally related compounds from MICL-240 lacking inhibitory activity against CBS provides insight into the SAR of the hit compounds.

compounds derived from polyandrocarpamines A and B, 2-amino-
imidazolone compounds isolated from the ascidian Polyandrocarpa
sp.?® The MICL-240 library contained 17 compounds from this
structural class in MNP plate 2, wells A2-B8. While several of these
compounds inhibited CBS activity in our initial screen (Fig. 2), only
5 showed activity in both of the secondary screens (Fig. S1). An
investigation of the structures of the validated hits compared to
compounds that did not inhibit CBS activity in the initial screen
provides some information about the structure-activity relation-
ship of these compounds. As shown in Figure 4, compounds con-
taining only the thiohydantoin or aromatic moiety are poor
inhibitors of CBS activity (compounds MNP2 A2, A7 and A10). In
addition, compounds MNP2-A8, MNP2-B6 and MNP2-B8, where
both hydroxyl groups are etherified and the thiohydantoin either
is methylated both at the 3 position and on the sulfur atom or
replaced by a hydantoin moiety do not show up as hits. Thiohydan-
toin methylation alone (compound MNP2-B7) does not prevent
enzyme inhibition while replacement of the thiohydantoin moiety
with a hydantoin moiety does (MNP2-B6, MNP2-B3).

CBS plays a key role in biological sulfur metabolism and its
importance in numerous physiological and pathological pathways
is not yet fully appreciated. One of the key challenges in under-
standing the biological roles of this enzyme is a lack of potent,
selective inhibitors that can be used to probe its activity in vivo.
In this work, we have identified a handful of novel scaffolds for
inhibiting CBS. The majority of the hits from our screen of the
MICL-240 library were synthetic compounds derived from the
polyandrocarpamines A and B, marine natural products isolated
from the ascidian Polyandrocarpa sp. These scaffolds may serve as
useful starting points for the development of potent and selective
CBS-targeted tools necessary for advancing the field.
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