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Bisubstrate analog inhibitors in which a nicotinamide mimic is attached to a series of structurally diver-
sified guanidines (arginine mimics) were synthesized and evaluated for inhibition of cholera toxin. The
mechanism-based bisubstrate inhibitors were up to 1400-fold more potent than the natural substrate
NAD" and 400-fold more potent than the artificial substrate diethylamino (benzylidine-amino)guanidine
(DEABAG) in an assay toward an intrinsically active mutant of wild-type cholera toxin.
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Cholera is a devastating diarrheal disease that is caused by
infection of the bacterium Vibrio cholerae. It is responsible for thou-
sands of deaths each year.! People are usually infected by drinking
contaminated water and they often suffer from profuse watery
diarrhea.>™* The massive intestinal fluid loss is primarily due to
the release of the heterohexameric cholera toxin (CT). CT is com-
posed of a catalytically active A subunit and five identical B sub-
units responsible for receptor binding.> CT binds to the exterior
of the human epithelial cell by its B subunits and gets internalized
into the cell.® It is first transported retrograde from the plasma
membrane to the trans-Golgi®’ and then to the endoplasmic retic-
ulum (ER).58° In the ER, the A subunit separates from the B sub-
units and the A1 chain is reduced,'®!! freed from the carrier
holotoxin, and gets translocated to the cytosol,'>!*> where the ac-
tive A1 domain gains access to its substrate, including the o sub-
unit of the stimulatory G protein (Gs,). A1 modifies G, through
an NAD-dependent ADP-ribosylation reaction.!® ADP-ribosylation
of Arg201 of G, locks the G protein in its GTP-bound state and per-
sistently stimulates adenylyl cyclase. The consequent dramatic
production of cAMP activates the Cl~ ion channels.”!> The imbal-
ance of ions causes an efflux of cellular water to the gut, which
eventually produces host dehydration and diarrhea.

Oral rehydration therapy is the most important treatment for
cholera;'® however, its applications are limited by its reliance on
large amounts of clean water in areas where outbreaks occur. On
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the other hand, substantial efforts have been made to develop vac-
cines, but they are only effective for a short period of time;!” there
has been no known marketed drug that directly targets cholera
toxin. Several promising strategies have been revealed for the de-
sign of therapeutic agents for CT. These include blocking the en-
zyme active site in the A subunit,'®!® disrupting the assembly of
the AB5 holotoxin,?® intercepting the receptor binding of the B pen-
tamer,?!~24 and inhibiting adenylate cyclase.?

Since very few studies have focused on the inhibition of the
enzymatically active cholera toxin A subunit (CTA), our goal was
to design inhibitors to block the CT active site that resides in Al.
There have been disagreements regarding the reaction mechanism
of ADP-ribosylation by CTA.25-28 However, the latest study on ki-
netic isotope effects suggested that the reaction followed a disso-
ciative concerted mechanism (i.e., Sn2).?® Lacking the crystal
structure of substrate-bound CT when we initiated our work, we
designed a series of bisubstrate analogs as potential inhibitors,
which incorporate key moieties from both the ADP-ribose donor
(NAD") and the ADP-ribose acceptor (Arg201 of Gs,). Our design
of bisubstrate analogs is shown below (Fig. 1). In this work, we se-
lected benzamide as the analog for the nicotinamide moiety of
NAD", which is subsequently linked to a substituted guanidine,
mimicking Arg201 of Gs,. The substitutions on the guanidine moi-
ety allow one to test diverse molecular moieties to improve inhib-
itor potency. Our design is based on the assumption that both
NAD" and guanidine have a well defined binding site and that link-
ing them together could be an effective strategy to enhance inhib-
itor affinity.

The guanidine library was synthesized on the solid phase using
Rink amide MBHA resin and the synthesis is summarized in
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Figure 1. Design of bisubstrate analog targeting CTA. This analog prototype inclu-
des three features: (1) benzamide would mimic the nicotinamide portion of the
substrate NAD"; (2) incorporation of substituted arginine (R1 and R2), mimicking
Arg201 moiety of G, as ADP-ribosyl receptor; (3) insertion of the methylene group
as a spacer (in parentheses).

Scheme 1, taking advantage of the solid phase synthetic method
developed in our laboratory that employed an arylsulfonylthiou-
rea-assisted guanidine synthesis.?? In a typical synthesis shown
in reaction sequence 1, 3-(N-Fmoc-aminomethyl) benzoic acid
was coupled to the solid support under standard PyBOP/DIPEA
conditions in DMA. After the removal of Fmoc, resin-supported 1
was suspended in methylene chloride and reacted with pentafluor-
ophenyl chlorothioformate. The resin-bound thiocarbamate 2
reacted with 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfon-
amide (Pbf-NH;) in DMSO with the presence of potassium tert-
butoxide and formed thiourea 3. Subsequent reaction with an
amine nucleophile and EDC in DMF gave the target molecule.
Following reaction sequence 2, target compounds can also be pre-
pared by the reaction of resin-bound 1 under either EDC or
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Mukaiyama reagent conditions with the corresponding thiourea
precursors that are prepared in solution phase. Guanidine com-
pounds without an alkyl linker were synthesized using the same
method, with the only difference being the use of 3-(N-Fmoc-ami-
no) benzoic acid instead. The product was cleaved off the solid sup-
port by a cocktail mixture (TFA/TIS/H,0 v/v 94:3:3), and purified
using reversed-phase HPLC in the presence of 0.1% TFA. The struc-
tural interpretation of the desired compounds was carried out by
'H NMR and mass spectrometry.

The target compound library was examined in an enzymatic as-
say toward inhibiting CTY30S (Table 1), an intrinsically active CT
mutant, which has displayed similar activity as wild-type CT.>°
An artificial substrate diethylamino(benzylidine-amino)guanidine
(DEABAG) was used as an alternative ADP-ribose acceptor.?’ The
reaction progress was monitored by analytical HPLC because all
important components in the assay are chromogenic. Calibrated
by the UV absorbance of the internal standard theophylline (Fig.
2), the inhibitory activity of our compounds can be evaluated by
the progress of ADP-ribosylation as compared to the control. The
library compounds were screened at 1.0 mM concentration in
200 mM PBS buffer at 37 °C and pH 7, and the screening results
are described in Table 1. Kinetic studies were conducted for those
compounds that demonstrated a percentage inhibition of over 90%.
The K, values of NAD* and DEABAG were determined to be 14.0
and 4.0 mM, respectively, which are in good agreement with previ-
ous reports;>!'~34 while the IC5, values of compound 5a, 5j, 51, 5m,
and 5q varied in a range between 40 and 270 uM (Table 1), with
5q>° being the most potent. Its estimated K; is ~10 uM and this re-
sult is better than the best CT inhibitors reported previously.'®

On the basis of these results, bisubstrate analog 5q is 1400-fold
more potent than natural substrate NAD" and 400-fold more po-
tent than DEABAG toward CT. Data analyses indicate that hydro-
phobic functionalities are preferred as R group. However, when
we introduced some other hydrophobic groups, such as biphenyl
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Scheme 1. Solid phase synthesis of CT inhibitors. For analogs without alkyl linker, 3-(N-Fmoc-amino) benzoic acid was used in step b instead. Both sequence 1 and sequence
2 are applicable. Reagents: (a) 20% piperidine/DMA; (b) PyBOP, DIPEA, DMA; (c) EDC or Mukaiyama reagent, DMF; (d) 94:3:3 TFA:H,0:TIS; (e) pentafluorophenyl chlorot-

hioformate, DIPEA, CH,Cl,; (f) PbfNH,, potassium tert-butoxide, DMSO.
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Table 1

Summary of screening results of all bisubstrate analogs® and ICs, and estimated K; for selected compounds

Structure Compound R1 R2 n® % Inhibition® ICso (LM) Est. K¢ (uM)
R 5a° Pr Pr 1 94 115£18 305
| 5b Et Et 1 24 - -
N-R; 5¢ By H 1 39 >2000 >500
HN—
= NH %
NH, 5d H 0 22 - -
Br
5e° Ph 1 57 - -
5f _§@/© 1 68 - -
5g \g‘\/\N H 1 76 - -
5h \O\l \"/o H 1 34 - -
o)
Se N
5i & D H 1 57 - -
o)
5§ ‘3\/\© H 1 93 272116 71+4
o )
5k H 1 97 - -
51° # H 1 96 4946 1342
N
5m Bn H 1 93 192+7 5042
5n ipr ipr 0 15 350 90
50 ‘Bu H 0 77 - -
5p Ph H 0 12 >2000 >500
5q° /\©\ H 1 98 3112 8+3
Br
5r Bn H 0 10 - -
H 0 58 - -

> jove

a
b n represents the number of methylene group as a spacer (also see Fig. 1).
C
d
e

' 1Cs of this compound was not studied due to insufficient amount of materials.

and 1-naphthyl into our analog, no affinity gain was obtained (data
not shown). We did observe that analogs with a one-carbon alkyl
linker inserted between benzamide and guanidine are consistently
more potent in their inhibitory activities than those who share the
same R yet without any spacer. It is worth mentioning that dy-
namic light scattering studies (DLS) have been carried out for some
of the inhibitors with high potency to check for potential com-
pound aggregation caused non-specific inhibition.>® The DLS re-
sults indicated that the polydispersity of CT control was around
10.5% and the intensity of the CT peak represented 83% of all solu-
tion species. The DLS results for the assay mixture of 5q, CT (at
70 nM), and all the other components showed a polydispersity of
12% and a percent intensity of 92% for CT. To verify the solubility

All the synthetic compounds were evaluated as opposed to a random non-inhibitor, galactose, which serves as negative control.

The screening was performed at 1 mM in PBS buffer; only selected compounds were studied for ICso measurement.
The K; values are estimated from the equation: K; = ICso/(1+[S]/Km).3® The ICsq are those at 40 mM NAD*. K., = 14 mM was used in the calculation.
These compounds have already been examined in dynamic light scattering (DLS) studies.

of 5q, its 2-bromo and 3-bromo isomers were also prepared. DLS
measurements of solutions of CT with these isomers showed low
polydispersity and high percentage intensity too (data not shown).
This suggested that these mixtures are free of inhibitor aggrega-
tion, ruling out the possibility of non-specific inhibition in kinetic
assays with compound 5q.3® As a comparison, DLS of assay mix-
tures with compound 5a showed an additional peak and the inten-
sity of the CT peak dropped dramatically to 12.5% of all species. The
new particle was calculated to be 2.2 um in diameter, indicative of
the existence of compound induced aggregation.

In summary, we have designed, synthesized, and evaluated a
series of bisubstrate analog inhibitors toward CT. Our results dem-
onstrated that the best compound 5q is 1400-fold more potent
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Figure 2. A typical chromatogram for an HPLC-based assay of CT. The one in blue is
a control run; the one in red is a run with 0.33 mM of 5q. Each peak has been
labeled. The two peaks overlapped in the product area have both been verified by
mass spectrometry and 'H NMR to be the reaction product.>” As a result, they were
both monitored.

than natural substrate NAD*. With the recently published crystal
structure of a quaternary CTA1-NAD": ARF6-GTP complex, it could
shed new light on designing optimized bisubstrate analog inhibi-
tors with improved potency.
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