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and di-anions of ellagic acid are
effective inhibitors of the serine b-lactamase CTX-
M-15†

Nathan Talbot,a Nicholas T. Powlesb and Michael I. Page *a

Ellagic acid, a d-lactone with ionisable phenolic residues, is an efficient time-dependent inhibitor of the

serine b-lactamase enzyme CTX-M-15. The pH-dependence of the rate of inhibition shows that both the

mono- and di-anionic species of ellagic acid are effective inhibitors, both with second order rate

constants of �1.5 � 104 M�1 s�1. The structurally similar d-lactone urolithin A, which lacks the

geometrically appropriate phenolic residue, shows only modest inhibitory activity against CTX-M-15. It is

proposed that this inhibition by ellagic acid anions involves acylation of the active site serine and that the

negative charge on the inhibitor is required for binding to the active site.
Introduction

Aer over 70 years of clinical use,1 b-lactam antibiotics (peni-
cillins, cephalosporins, and carbapenems) remain the major
class of antimicrobial agents,2 but the use of these life-saving
therapeutics is increasingly compromised by bacterial resis-
tance.3 The most important resistance mechanism is the
bacterial production of a group of enzymes, the b-lactamases,
which catalyse the hydrolysis of the b-lactam thus inactivating
the antibiotic. These enzymes are grouped into four classes A–
D; A, C, and D contain an active site serine residue which
catalyses hydrolysis of the b-lactam by nucleophilic attack on
the carbonyl carbon leading to the intermediate acylation of the
serine residue.4 There have been many reports of inactivating
serine b-lactamases (SBLs) by mechanism based inhibitors
involving modication of this acylation process.5

By contrast the class B enzymes are metallo-b-lactamases
(MBLs)6 which employ 1 or 2 Zn ions as part of their catalytic
machinery and are distinct mechanistically from the SBLs.7,8

Approved SBL inhibitors are usually paired with a b-lactam
antibiotic (BLICs),9 such as amoxicillin/clavulanate, ampicillin/
sulbactam, and piperacillin/tazobactam.10 These combinations
work well against class A b-lactamases, but are less effective
against class C and D enzymes.11 The inhibitors react with the
active site serine nucleophile forming an acyl–enzyme complex
that is subject to low turnover rates, resulting in inhibition of
the enzyme.12 More recently, there has been a development of
dinburgh, Joseph Black Building, David
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(ESI) available: pH-rate prole for
lothin, pH speciation plot of ellagic

hemistry 2019
non-b-lactam inhibitors such as avibactam and related bicyclic
ureas13 and the cyclic boronic vaborbactam.14

Ellagic acid (1) is a polyphenolic phytochemical15 present in
various fruits and vegetables16 and of biological and pharma-
ceutical interest due to its antioxidant properties.17 Polyphenols
play an essential role in plant physiology and also assist in the
prevention of infection from plant pathogens.18 Ellagic acid has
anti-inammatory effects19 and has also been investigated for
its antibacterial properties15,20. Ellagic acid (1) contains a d-
lactone, which could act as an acylating agent, as well as acidic
phenolic groups capable, by ionisation, of acting as the anionic
binding to the active site positively charged residue, thus it
Scheme 1
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possesses the two fundamental requirements of an inhibitor of
serine b-lactamases4 (Scheme 1). The reverse reaction to
regenerate the enzyme is not favourable because of the low
nucleophilicity of the phenol.
Results and discussion

The inhibition of SBLs by ellagic acid (1) was investigated using
the rate of the enzyme catalysed hydrolysis of the antibiotic
substrate cephalothin at 260 nm to measure the changing
concentration of the active SBL during its time dependent
inhibition. There are more than 100 CTX-M SBLs described and
they are the most rapidly spreading family of b-lactamases in
Europe and North America.21 The CTX-M-15 catalysed hydro-
lysis of cephalothin has a low Km and a broad pH-rate prole
making it suitable to determine the rate of inhibition by ellagic
acid and its pH dependence. Appropriate blanks containing the
same reaction conditions but with no ellagic acid present were
undertaken to ensure that enzyme activity was maintained
during the time scales of the inhibition studies. The rate of SBL
(10 nM) inactivation at pH 7.0 was exponential with time (Fig. 1)
to generate pseudo-rst-order rate constants ki

obs which in turn
showed a rst order dependence on the concentration of ellagic
acid. The corresponding second-order rate constant for inacti-
vation ki ¼ 1.16� 104 M�1 s�1 demonstrates that ellagic acid (1)
is a very effective inhibitor of the SBL.

This time dependence is indicative of a covalent reaction
between ellagic acid and the enzyme. A UV scan of a 1 : 1
mixture of CTX-M-15 or TEM-1 SBL enzymes (70 mM) and ellagic
acid (70 mM) showed a decrease in absorbance from 2.7 to 0.8 at
275 nm compatible with a reaction taking place between the
enzyme and the ellagic acid.

Ellagic acid has four ionisable phenolic groups and which of
the ions was responsible for enzyme inactivation was estab-
lished by measuring the pH dependence of the rate of inacti-
vation. The four pKa's of ellagic acid in water at 25 �C are 6.45,
7.45, 9.61 and 11.50 and a speciation plot (ESI†) showed how the
fraction of each ionic form varies with pH, so, for example, at
pH 7.0 the fractions of EH4, EH3

� and EH2
2� are 0.16, 0.62 and

0.22, respectively. The pH-dependence of the rate of hydrolysis
Fig. 1 Percentage active CTX-M-15 (10 nM) remaining after incuba-
tion with ellagic acid (1 mM) in pH 7.0 HEPES buffer (0.10 M) at 30 �C
and I ¼ 1.0 M (KCl).

30638 | RSC Adv., 2019, 9, 30637–30640
of the substrate cephalothin by the SBL CTX-M-15 shows
a typical broad bell-shaped prole corresponding to pKa

1 and
pKa

2 ¼ 4.75 and 8.95, respectively. Consequently, there is more
than 93% active enzyme between pH 6 to 8 and therefore the
changes in the second order rate constants ki for the inactiva-
tion of CTX-M-15 by ellagic acid at various pH levels (Fig. 2)
reect the activity of the ionic species of the inhibitor. It shows
that the unionised species is inactive but both the mono- and
di-anions are active. The values of the second-order rate
constants for the two anionic species can be estimated from eqn
(1), where ki

tot is the observed second-order rate constant for
inhibition, a and b are the fractions of the mono-anion and di-
anion of ellagic acid present at different pHs, respectively, and
kEH3

�
i and kEH2

2�
i are the calculated second-order rate constants

for inhibition by the mono-anion and di-anion of ellagic acid,
respectively.

ktot
i ¼ a� k

EH3
�

i þ b� kEH2
2�

i (1)

The estimated second-order rate constant for inactivation of
CTX-M-15 by the mono-anion kEH3

�
i ¼ 1.31� 104 M�1 s�1 and by

the di-anion kEH2
2�

i ¼ 1.42 � 104 M�1 s�1. The requirement for
a negative charge on the inhibitor is compatible with that for
substrates of SBLs4 and reects its interaction with a positively
charged residue (Lys-234) on the enzyme (Scheme 1). Of course,
future work on the potential viability of using ellagic acid as an
active ingredient for combatting antibiotic resistance would
require pharmacological and toxicological studies.

Another indication of the importance of the acidic phenol in
ellagic acid providing the anionic binding site is that the
structurally similar d-lactone urolithin A (2) (pKa 7.5), but which
lacks the geometrically appropriate phenolic residue, shows
only modest inhibitory activity against CTX-M-15. Complete
inactivation does not occur with 10 mM urolithin A and CTX-M-
15 (10 nM) at pH 7.0 and 30 �C with a ki < 50M�1 s�1.

Finally, the chemically more reactive b-lactone, but lipo-
philic, orlistat (3) which is one of the most effective inhibitors of
Fig. 2 The dependence of the second order rate constant ki for the
inactivation of CTX-M-15 (10 nM) by ellagic acid (100 nM) on pH at
30 �C and I ¼ 1.0 M (KCl). + ¼ observed ki

tot, o ¼ calculated contri-
butions of ki for mono-anion and : ¼ that from ki for di-anion of
ellagic acid. The continuous line is the sum of the contributions of the
two anions.
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lipase,22 was tested as a SBL inhibitor. Orlistat (10 mM) is only
a weak inhibitor of the SBL CTX-M-15 in a 10% solution of
acetonitrile at pH 7.0 and 30 �C with a ki ¼ 65 M�1 s�1. Orlistat
(3) is ca. 200-fold less effective as an inhibitor of CTX-M-15 than
the chemically less reactive ellagic acid (1)23 highlighting the
importance of intermolecular binding interactions between the
inhibitor and the enzyme.

The class B b-lactamases are zinc-ion dependent and
although ellagic acid can act as a chelating agent for metal ions,
it showed no inhibitory activity against NDM-1 MBL up to
a concentration of 10 mM.
Conclusion

Both the mono- and di-anions of ellagic acid are effective
inhibitors of the SBL CTX-M-15 presumably by acylation of the
active site serine with the phenolate anions providing binding
to the active site Lys-234. The structurally similar d-lactone
urolithin A but which lacks the geometrically appropriate
phenolic residue, shows only modest inhibitory activity against
CTX-M-15.
Experimental

The methods for detection of any inhibition of the b-lactamases
were based on measuring the activity of the enzyme in catalys-
ing the hydrolysis of cephalothin. Stock solutions of ellagic acid
in MeOH and in acetonitrile (ACN) for orlistat and urolithin A
were prepared. A 1 mM ellagic acid (3.02 mg) in 1.0 cm3 MeOH
required sonicating for 20 minutes. The inhibition experiments
for ellagic acid were conducted in buffers for the respective pH
with 10% v/v MeOH to aid solubility of (1). For example, at pH
8.5, 20 cm3 pH 8.5 TAPS buffer (0.1 M) with 10% MeOH with
ionic strengthmaintained to 1Mwith KCl. For orlistat (4.96mg)
was dissolved in 1 cm3 ACN to give a 10 mM stock solution. For
urolithin A, (2.28 mg) was dissolved in 1 cm3 ACN to give
a 10 mM stock solution. For both of these inhibitors, the inhi-
bition experiments were conducted in pH 7.0 HEPES buffer (0.1
M) with 10% ACN (18 cm3, pH 7.0 HEPES buffer and 2 cm3 ACN)
maintained to 1 M ionic strength with KCl.

Appropriate controls containing the same concentrations of
solvent (10% MeOH/ACN) were used to ensure there was no
effect on the activity of the enzyme. The hydrolysis of the anti-
biotic cephalothin was used tomeasure the concentration of the
enzyme through inhibition/hydrolysis rates of the enzyme.

The enzyme was thawed slowly in melting ice and was added
to the stock solution of the potential inhibitors. Samples were
taken at intermittent timed intervals aer incubation with
This journal is © The Royal Society of Chemistry 2019
various b-lactamases and pipetted into a 1 cm3 cuvette at 30 �C
and cephalothin solution was added and the absorbance
change at 260 nm recorded with time. The rates of hydrolysis of
the cephalothin were determined from the initial slopes of
absorbance against time. These initial slopes gave the
percentage of active enzyme remaining and decayed exponen-
tially with time indicative of a rst-order kinetic process (Fig. 1).

The stability of the enzyme over the time periods used for the
inhibition studies was determined from observing the initial
slopes of the change in absorbance in the hydrolysis of cepha-
lothin. This ensured that any change in the rate of hydrolysis
reects inhibition of the enzyme and not any other loss of
activity of the enzyme.

The following buffers were used depending upon the pH
required: pH 4–5: acetic acid, pH 5.5–6.5: 2-(N-morpholino)
ethanesulfonic acid, pH 7.0–8.0: HEPES, pH 8.5–9.0 TAPS.
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