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X-ray diffraction analysis

The title compound 4 has been prepared in four steps from ethylglycinate in 63% overall yield. This amino
analog of citric acid has been co-crystallized with the class A B-lactamase BS3 of Bacillus licheniformis and
the structure of the complex fully analyzed by X-ray diffraction. Tris-ethyl aminocitrate 3 and the free
tris-acid 4 have been tested against a member B-lactamase from all distinct subgroups. They are novel
inhibitors of class A B-lactamases, still modest but more potent than citrate and isocitrate.

© 2008 Elsevier Ltd. All rights reserved.

The production of B-lactamases represents the most widespread
and often the most efficient mechanism devised by bacteria to es-
cape the lethal action of p-lactam antibiotics.! Qur research focuses
on the synthesis and the biochemical evaluation of potential inhib-
itors of B-lactamases. Numerous B-lactamase inhibitors have been
reported in the literature.? However, most of these drugs are p-lac-
tam derivatives, and when exposed to such molecules, bacteria ac-
quire resistance. To disrupt this vicious circle, non B-lactam
inhibitors may be an alternative. The search of novel structures
considered as ‘hits’ in medicinal chemistry proceeds from different
strategies, such as the mechanism-based design and the screening
of various chemical libraries, but also from serendipity. Our pres-
ent work is precisely based on a fortuitous observation related to
protein crystallography, when using 100 mM sodium citrate buffer
in the crystallization protocols.

Citrate has been recently shown, by X-ray diffraction analysis,
to perfectly fit into the active site of the Bacillus licheniformis BS3
B-lactamase, and to behave as a modest inhibitor of this serine en-
zyme with a micromolar K; value.> We speculated that the replace-
ment of the hydroxyl function of citrate with an amine function
could enhance the affinity for the target enzyme. Moreover, the
amine function could be used to introduce different side chains
susceptible to modulate the interactions within the active site.

In this paper, we propose a simple method for preparing the
amino analog of citric acid, namely 2-aminopropane-1,2,3-tricar-
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boxylic acid, and we compare the structures of complexes formed
between citrate or aminocitrate and the BS3 B-lactamase. The
citrate regio-isomer, that is, isocitrate, has been also involved in
the structural and biochemical studies. Our aim was to pave the
route towards the discovery of novel anti-B-lactamase compounds
(Fig. 1).

The previous syntheses of 2-aminopropane-1,2,3-tricarboxylic
acid are based on two methods: (i) the hydrolysis of hydantoin
prepared from diethyl or diisobutylacetone-dicarboxylate*> and
(ii) the double alkylation of nitro-acetate anion with haloesters
followed by reduction and ester hydrolysis.®” Here we disclose
an alternative, more practical method.

Fully protected 2-amino-propane-1,2,3-tricarboxylic acid deriv-
ative 2 was prepared by bis-alkylation of the glycine imine precur-
sor 1 (Scheme 1), a methodology originally developed by
O’Donnell, and currently applied for the synthesis of particular
amino acids.®~° The majority of glycine mono-alkylation reactions
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Figure 1. Structures of compounds of interest and numbering of their functional
groups.
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Cl Table 1
Inhibition of p-lactamases by aminocitrate derivatives
Cl
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Scheme 1. Synthesis of aminocitrate. Reagents and conditions: (i) CH,Cl,, Et3N,
MgSQ0y,, 20 °C, 24 h; (ii) Method A: K,CO3, BuyNBr, CH3CN, 50 °C, 1-2 days; Method
B: NaH, DMF, 0-20 °C, two successive additions; Method C: LDA, THF, —78-20 °C;
(iii) 1 N HCl, CH3CN, 20 °C, then basic work-up; (iv) 6 N HCL

makes use of benzophenone-derived imines, while the bis-alkyla-
tions are more readily performed on m-chlorobenzaldehyde-de-
rived imines.!"'? Thus, we prepared the Schiff base 1 from m-
chlorobenzaldehyde and glycine ethyl ester hydrochloride. Crude
imine 1 was then reacted with two equivalents of ethyl bromoace-
tate and an excess of potassium carbonate, under phase transfer
conditions (Method A).!> The completion of bis-alkylation required
a very long reaction time, about 1-2 days of heating in acetonitrile
at 50 °C. Crude compound 2 was quantitatively recovered.

We then considered alternative protocols versus the original
O’Donnell’s method. Using sodium hydride as base in dimethyl-
formamide solution, we performed the deprotonation at 0°C
and the alkylation at 20 °C; the best results were collected by
addition of the reagents in two successive fractions of one equiv-
alent (Method B).' Lastly, we used lithium diisopropylamide
(LDA, 2 equiv) for imine 1 deprotonation at low temperature
(=78 °C) in tetrahydrofurane solution.!” After 1h, two equiva-
lents of ethyl bromoacetate were added and the mixture was
warmed to room temperature (Method C). This protocol fur-
nished similar results to Method B. However, the Method C
was preferred because it allowed working on larger quantities,
always with good and reproducible yields, most probably due
to the fact that the reactive medium remains homogeneous.
Crude 2 was directly submitted to a smooth acidic hydrolysis
followed by a basic work-up to furnish the free amine 3 which
was purified by column chromatography on silica gel with 50%
yield. This yield corresponds to pure product isolated after three
steps of reaction from glycine ester.'® The amine 3 is character-
ized in '"H NMR by two doublets corresponding to the symmet-
rical methylenic protons (4H) around 2.66-2.88 ppm (J =16 Hz,
AB pattern).

Tris-ester 3 could be fully deprotected by treatment with 6 N
HCI at reflux; the amino analog of citric acid was isolated as the
hydrochloride salt 4 with 90% yield.!” The sequence of reaction
we propose now constitutes the best route towards this non natu-
ral amino acid (four steps from ethylglycinate with only one chro-
matographic purification; overall yield = 63%).

The biochemical activity of tris-ester 3 and tris-acid 4 has been
evaluated at pH 7.2 against representative p-lactamases of class A
(TEM-1,'8 BS3,> NMCA!®), class C (P99%°), class D (Oxa-10?!), and
class B (BclI?23); all are serine enzymes, except the last one which
is a zinc enzyme working with two Zn(Il) in the active site.??® The
enzymes (1-100 nM) were incubated with the tested compounds
during 30 min at 37 °C. Then a chromogenic substrate (nitrocefine)
was added and the hydrolysis rate of this substrate was followed
by spectrophotometry at 482 nm.?> Results of Table 1 (residual
activity) are expressed as percentages of B-lactamases initial activ-
ity. Aminocitrate derivatives 3 and 4 are modest inhibitors of class
A and class C B-lactamases; they are inactive against class D B-lac-
tamase and slightly active as inhibitors of zinc B-lactamase.

Results expressed as percentages of initial activities.
2 Compounds were tested at pH 7.2 in 50 mM phosphate buffer and at a con-
centration of 100 puM, otherwise mentioned.

> 0.2 mM.

€ 2mM.
Table 2
K; values® (uM)
Compound BS3 TEM-1
Citrate 490 730
Isocitrate 2200 1500
4 250 150

4 Compounds were tested at pH 5 in 25 mM acetate buffer.

The K; values have been measured in the cases of BS3 and TEM-
1 enzymes for aminocitrate 4, citrate and isocitrate. As shown in
Table 2, the amino analog is the more active compound.

This result stimulates our interest in comparative crystallo-
graphic studies of BS3-4 and BS3-isocitrate complexes with the
known BS3-citrate complex.>?* The novel complexes were ob-
tained by a similar method.?®

Among the residues with a demonstrated role in the catalytic
process of B-lactam hydrolysis by class A B-lactamases, Ser70 and
Ser130 are directly involved in the catalytic mechanism. Thr235
and Arg244 interact with the substrate carboxylate and are thus in-
volved in the positioning of the B-lactam antibiotic in the active
site. Class A B-lactamases are also characterized by the presence
of an oxyanion hole defined by the amide groups of Ser70 and
Ala237, which draws the p-lactam carbonyl oxyanion in the course
of hydrolysis of the p-lactam ring.?® Citrate was firstly observed in
the active site of BS3 enzyme as a co-crystallization product.
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Figure 2. Inhibition of the class A B-lactamase of B. licheniformis BS3 by citrate.
Orange molecular surface shows the active site cleft with a molecule of citrate (in
yellow sticks). Residues of the active site interacting with the citrate molecule are
shown in green stick. Oxygen atoms are red and nitrogen atoms are blue. Citrate
carboxylates are numbered according to the Figure 1. Blue surface indicates the
oxyanion hole. Colors are identical for Figures 3 and 4.
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Figure 3. Inhibition of the class A p-lactamase of B. licheniformis BS3 by
aminocitrate.
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Figure 4. Inhibition of the class A B-lactamase of B. licheniformis BS3 by isocitrate.

Table 3

As shown in Figure 2, an oxygen atom of the carboxylate 1 of
the citrate molecule interacts with the two catalytic serines
(2.5A to Ser70 Oy and 2.4 A to Ser130 Oy). One oxygen atom of
the carboxylate 3 is at 2.8 A from Thr235 Oy and at 3.2 A from
Ser130 Oy, whereas the other oxygen atom interacts with Arg244
and Thr235. The hydroxyl group points out of the catalytic cleft
and the carboxylate 4 salt bridges with Arg244. The carboxylate
3 occupies a position identical to the carboxylate group of a B-lac-
tam antibiotic (for example in the acyl-enzyme complex between
BS3 and cefoxitin).

Although aminocitrate (Fig. 3) only differs from citrate by the
substitution of the hydroxyl group with an amine group, its posi-
tion and orientation in the active site and the interactions with
the catalytic cleft residues are different from those of the citrate,
except carboxylate 3 that makes similar interactions. The amine
group of the aminocitrate directly interacts with Ser70 Oy and
Ser130 Oy (3.2 A and 2.3 A, respectively) and an oxygen atom of
the carboxylate 4 lies in the oxyanion hole.

In the case of isocitrate (Fig. 4), carboxylate 1 interacts with
Ser70 Oy and Ser130 Oy, whereas an oxygen atom of the carboxyl-
ate 4 is in the oxyanion hole.?”

Table 3 summarizes the direct interactions between amino acid
residues and the inhibitors functional groups.

Clearly, citrate, isocitrate and aminocitrate adopt different con-
formations in the active site of BS3. However, the main difference
concerns the functional group which interacts with the two cata-
lytic serine residues (Ser70 and Ser130): a carboxylate for citrate
and isocitrate and the amine group in the case of amino-citrate.
This could probably explain the enhanced biochemical activity of
4 compared to (iso)citrate. Modification of the amine group of 4,
as initially proposed, seems now less appropriate than substitu-
tions at the level of the carboxylic functions for further develop-
ments. As a matter of fact, the tris-ethyl ester 3 was found to be
slightly more active than 4 in the competitive inhibition tests ver-
sus B-lactamases (Table 1).

The interest of using X-ray data for the design of structure-
based small-molecule enzyme inhibitors remains an open ques-
tion, the technique featuring as much advantages as drawbacks.?®
Considering citrate to identify new ‘hits’, the situation is quite
ambiguous since the complexes formed with class A and class C
B-lactamases showed different structures.?®

In conclusion, we have set up a practical synthesis of 2-amino-
1,2,3-tricarboxylic acid (amino analog of citric acid) and shown
that this non natural aminoacid 4 behaves as a modest inhibitor
of several B-lactamases. Beside its potential, but debatable, use as

Summary of direct interactions between amino acid residues and functional groups 1-4 (see Fig. 1)

Group-atoms BS3-citrate®

BS3-aminocitrate® BS3-isocitrate®

Carboxylate 1-01 Ser130 Oy (2.4)

Ser70 Oy (2.5)
Carboxylate 1-02 —

Hydroxyl 2/amine 2 —

- Ser130 Oy (2.1)
Ser70 Oy (2.6)

- Thr235 Oy (2.8)

Ser130 Oy (2.3) =
Ser70 Oy (3.2)

Carboxylate 3-01

Carboxylate 3-02

Carboxylate 4-01

Carboxylate 4-02

Ser130 Oy (3.2)
Thr235 Oy (2.8)

Arg244 NH1 (3.1)
Thr235 Oy (3.1)

Arg244 NH1 (2.8)

Thr235 Oy (2.3)
Arg244 NH1 (3.2)

Ala237 NH (2.9)
Ser70 (2.9)

Thr235 Oy (3.1)

Thr235 Oy (2.8)

Ala237 NH (2.8)
Ser70 (3.0)

2 Distances between atoms in A are indicated into parentheses.
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novel ‘hit’ towards anti-B-lactamases, aminocitrate 4 has been al-
ready recognized as a valuable compound for cation complexation.
Applications in the field of heavy metal sequestering agents have
been disclosed®® that should benefit of our convenient
synthesis.
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