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Abstract—We report the synthesis and biochemical evaluation of new competitive inhibitors of the cytosolic (NADH-dependent)
glycerophosphate dehydrogenase. The best tested compound, phosphono-propionohydroxamic acid, with a K; of 6 M, might be

of interest as an anti-obesity drug.
© 2006 Elsevier Ltd. All rights reserved.

Cytosolic glycerophosphate dehydrogenase (GPDH; EC
1.1.1.8) has an established role in forming the glycerol
backbone of triglycerides by catalyzing the biosynthesis
of glycerol-3-phosphate within the glycolysis pathway.!
Thus, GPDH contained in adipocytes is a key enzyme
for the metabolic conversion of glucose to triglycerides.
It is strongly involved in storage of fat originating from
absorbed carbohydrates, eventually leading in some
cases to obesity. Considerable efforts are being made
to control the biosynthesis of triglycerides and reduce
the incidence of this disease in developed countries. Sev-
eral reports indicate that the level of GPDH activity cor-
relates well with the cellular transformation into adipose
cells,? and even with an inhibition of lipogenesis.? Sub-
stances shown to reduce the cellular activity of GPDH
can act either by direct inhibition of the enzyme or by
lowering its expression within the cell. Some natural
products like vitamin C and (—)-catechin (lipolytic con-
stituents of green-tea®), or pycnogenol,* a mixture of
vegetal flavonoids extracted from various sources are ac-
tive through this second mechanism. Human growth
hormone has the same effect on cultivated rat adipocyte
precursor cells.> Polyphenols extracted from Salacia
reticulata, a plant known for its anti-obesity action,
directly inhibit GPDH.® Alkenylresorcinols extracted
from wheat or rye bran also are efficient inhibitors
(ICsp 4-6.5 puM) of the enzyme.” Several patents describe
and protect the utilization of GPDH inhibitors present
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in food additives as anti-obesity agents.® Simple sub-
stances like inorganic phosphonate,’ alkylammonium
chloride,'® sodium octanoate,!! cinnamic acid deriva-
tives!? or inorganic anions'? are also weak or moderate
inhibitors of GPDH. The enzyme was also shown to be
inactivated by non-specific inhibitors like N-alkylmalei-
mide'* and p-chloromercurybenzoate.'> On the other
hand, several anti-parasitic drugs (e.g., cymelarsan, sur-
amin, LGI, active against Leishmania or Trypanosoma)
have been shown to selectively inhibit the parasite
GPDH, with remarkable ICsy values in the micromolar
range, versus 100-1000 uM against the rabbit enzyme.'®
Phosphoglycolohydroxamate (PGH) was synthesized 30
years ago!”!® and tested against a variety of DHAP uti-
lizing enzymes.!® It is a kind of universal inhibitor, how-
ever with only little selectivity. This compound inhibits
rabbit-muscle PGH with a K; of 10 uM.!8

Thus, a survey of literature shows a need for specific
synthetic inhibitors of mammalian GPDH.

We previously reported the synthesis and evaluation of
several potential inhibitors of fructose-bisphosphate
aldolases (FBA) and of triose phosphate isomerase
(TIM) (1-3, Fig. 1).20:21

We reasoned that these compounds could also be inhib-
itors of other enzymes acting on DHAP, and we here re-
port the results of the inhibition tests of this series on the
cytoplasmic glycerophosphate dehydrogenase (GPDH)
from rabbit muscle. We consider this commercial en-
zyme as a good model of human GPDH, with which it
shares 92% sequence identity.
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Figure 1. Potential synthetic inhibitors of enzymes utilizing DHAP as
a substrate.

To complete the family of these potential inhibitors, we
also prepared compounds 4 and 5. In our mind, all these
products were supposed to act as structural analogues of
the substrate DHAP. In compounds 1 and 2, the hydro-
lysable hydroxamic acid function of PGH was replaced
by more stable hydrazide and amidoxime. Since phos-
phate groups can readily be cleaved by phosphatases un-
der physiological conditions, the phosphate group of
PGH was tentatively replaced in 3 by a methylene
phosphonate.

The phosphoester oxygen of DHAP might be acceptor
of a hydrogen bond with a residue of the active site of
the enzyme. This interaction cannot exist with 3. We
prepared compound 4 with the hope to restore this hyp-
othetic hydrogen bond. Also, phosphonates and phos-
phates have significantly different pKa (Table 1), and
consequently their ionisation states can be different at
a given pH (for example at pH 7, DHAP should be a
di-anion and 3 a mono-anion). To have a phosphonate
with a pKa of a phosphate, we synthesized compound 5.

The preparation of compounds 1-3,2%?! together with
an improved synthesis of PGH?? was reported previous-
ly. Compounds 4?4, and 5% were prepared according to
Scheme 1.

All the tested compounds gave purely competitive inhi-
bitions in a test using DHAP and NADH as substrates
of GPDH.?® The results are reported in Table 2. We
consider products with K; > 0.5 mM as ineffective inhib-
itors (1 and 5), and in these cases, the K; values were not
determined accurately. Compounds 2 and 4 showed
intermediate performances, with K; around 100 and
40 uM, respectively. Phosphonopropionohydroxamate
(3) is the most interesting product of this series, with a

Table 1. Typical pKa values of various phosphates and
phosphonates®

Compound pKa
DHAP 1.8/6.45
CH;—(CH,);-PO(OH), 2.6/8.2

*NH;-CH,-PO(OH),

1.85-2.35/5.35-5.9
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Scheme 1. Syntheses of (racemic) 3-hydroxy-3-phosphono-propio-
nohydroxamic acid 4 and 3-amino-3-phosphono-propionohydroxamic
acid 5. Reagents: (a) KOH (1 M equiv); (b) SOCl1,; (c) P(OEt)s; (d)
Pyr-borane/HCI; () TMSBr; (f) NH,OH/H,O; (g) cyclohexylamine;
(h) MsCl; (i) NEt;; (j) BaNH,; (k) Hy/Pd.

Table 2. Inhibition® of DHAP utilizing enzymes by compounds 1-5

Compound Class I FBA Class I FBA TIM GPDH*
PGH® 1 0.01 3 10
1 370 0.34 111 >500
2 >1000 23 45 100
3 >500 145 160 6
4 180 418 >1000 40
5 90004 30004 >500  >500
* Ki, (uM).

® K, values determined in this work; in accordance with those reported
in Refs. 17 and 18.

¢ Ky (DHAP) = 125 mM.

d Calculated from ICs, values.

K; of 6 uM. This is one rare example of a phosphonate
being at least as active as the corresponding phosphate
(PGH). The good inhibition of GPDH by 3 is a strong
indication of the absence of hydrogen bond between a
residue of the active site of GPDH and the phosphoester
oxygen of its substrate. The hydroxyl and ammonium
groups introduced in 4 and 5, respectively, do not have
the expected beneficial effect. On the contrary, inhibition
of GPDH follows the order 3>4>5 and correlates
with the bulkiness of the substituent alpha to phospho-
rus (H in 3, OH in 4, NH;* in 5). Compounds 4 and 5
were also disappointing inhibitors of PGA and TIM.

The K; and K\/K; values (6 uM and 21, respectively, for
3) are consistent with this inhibitor acting as a substrate
analogue (of DHAP) rather than as a transition-state or
a high-energy intermediate analogue. An overall sum-
mary of the properties of compounds 1-5 on GPDH
and other glycolytic enzymes is presented in Table 2.
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In conclusion, we have devised the synthesis and evalu-
ation of new competitive inhibitors of mammalian cyto-
solic glycerophosphate dehydrogenase. These products
(or their prodrug derivatives) may have applications as
anti-obesity drugs. One of these compounds, phospho-
nopropionohydroxamate 3, is of special interest for the
following reasons:

— Being a phosphonate, it is insensitive to hydrolysis
by phosphatases.

— It does not interfere with other enzymes of the gly-
colysis, namely FBP-aldolase and triosephosphate
isomerase, for which it is an only very poor
inhibitor.

Compounds 3 and 4 could also be of interest for further
studies of the catalytic mechanism of GPDH based on
structural analyses (the crystal structure of the human
enzyme was reported recently.)?’

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2006.
10.030.
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2.38 (1H, ddd; 16, 11, 7 Hz); 2.51 (1H, ddd; 16, 7, 3 Hz);
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Enzymatic assays: NADH (0.2 mM), dihydroxyacetone
phosphate and the inhibitor were dissolved in a 50-mM

217.

Tris—HCI buffer, pH 7.4 (final volume: 1 mL), at 25 °C.
The reaction was started by addition of the enzyme
(GPDH from rabbit muscle, Sigma) and the UV absor-
bance at 340 nm was monitored on a spectrophotometer
as a function of time.
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