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The synthesis, iron(III)-chelating properties, and antibacterial activity of several compounds
containing the 3-hydroxy-2-methyl-4(1H)-pyridinone (HMP) moiety are described. Using the
HMP derivatives iron(III) could be mobilized from iron(III)-binding proteins at physiological pH
with a rate order of transferrin > lactoferrin > ferritin. Addition of HMP-containing compounds
to a growth medium at a concentration of 20 mM/L resulted in a complete inhibition of the growth
of Escherichia coli and about 90% inhibition for Listeria inocua after 7 h of incubation at 37 °C.
After inhibition of bacteria growth by the HMP derivatives growth started again when ferric ions
were added to the medium, which implies that the antibacterial activity is due to a limitation of

iron available to the organisms.

Introduction

3-Hydroxy-2-methyl-4(1H)-pyridinone (HMP) deriva-
tives are of considerable interest because they may be used
as orally active iron(III) chelators in the treatment of iron
overload and acute iron poisoning.2® Other potential uses
of the chelators include iron(III) mobilization from mam-
malian iron(III)-binding proteins such as transferrin,
lactoferrin, and ferritin,’-® removal of other metal ions
such as Ga(IIl), In(III), and Al{III),!%!1 and bacterial
growth inhibition.1218

Recently, we reported the preparation and properties
of iron(III)-chelating systems in which iron(III) chelators
had been immobilized onto Sepharose gels.!''* Inorder to
get iron(III)-chelating systems with a higher chelator
density and stability, we decided to study the polymer-
ization of monomers with 3-hydroxy-2-methyl-4(1H)-
pyridinone groups as iron(III)-chelating ligands.!® Forthis
purpose, two HMP derivatives with a polymerizable group
were synthesized, and several related HMP compounds
were also prepared for comparison.

The HMP monomers are new compounds, so that the
complexing behavior for iron(III) of the two HMP mono-
mers and the related HMP compounds was investigated.
We were also interested in the ability of the HMP
derivatives to mobilize iron(III) at physiological pH from
transferrin, lactoferrin, and ferritin. These iron(III)-
binding proteins are the main proteins for iron seques-
tration, transport, delivery, and storage in the body, and
the mobilization of iron from the iron-binding proteins at
physiological pH is of great importance for many appli-
cations such as iron removal from food, treatment of iron
overload in vivo, preparation of pure iron-free proteins,
etc.1%18 Because theiron(IIl)-binding proteins have shown
an inhibitory effect on the growth of a wide variety of
microbiological species when not fully saturated with
iron,!"18 the synthetic compounds containing the HMP
moiety were also investigated for their effect on bacterial
growth.

This paper describes the synthesis of the two HMP
monomers and of the related HMP compounds. Their
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iron(III)-chelating properties and the mobilization of iron-
(III) from transferrin, lactoferrin, and ferritin in vitro are
also reported. In addition, results will be given of growth
studies with the bacteria Escherichia coli and Listeria
inocua.

Results and Discussion

Chemical Synthesis. Scheme I shows the procedures
for the preparation of HMP derivatives, starting from
3-hydroxy-2-methyl-4-pyrone (1). Two HMP derivatives
(3 and 5) were prepared to investigate the effect of blocking
of the OH group on the iron(III)-chelating properties and
on the antibacterial activity.

Iron(I1I) Chelation Examination. Inrelation to the
iron(III)-chelating properties of the HMP derivatives it
was observed that all the HMP derivatives formed
complexes with iron(IIl), except compounds 3 and 5. The
complexes were orange red at physiological pH, while the
color changed to deep red over the pH range from 11.0 to
2.0. The Job plots!® of the two HMP monomers (7 and
8) and a related HMP compound (9) with iron(III) were
measured at pH 7.2 (Figure 1). The complexes with a
maximal absorbance at 456 nm possess a chelator/iron-
(III) stoichiometry of approximately 3:1. The HMP
chelator iron(III) complexes (3:1) were titrated with HC1
or NaOH, and their pH titration curves revealed that the
complexes are stable over the pH range 5-11 (Figure 2).
Because pK,; and pK,; of HMP derivatives are about 3.6
and 10.0, respectively,!® the 3:1 chelator~iron(III) com-
plexes are easily identified as neutral complexes at
physiological pH.

Iron(III) mobilization from lactoferrin by the HMP
derivatives was examined at physiological pH. Table I
gives the percentage of iron(III) mobilized from lactoferrin
after 24 h of dialysis at room temperature, which was
determined spectrophotometrically by measuring the
visible absorbance of the dialysate and by using the
extinction coefficient of the chelator-iron(III) complex.
It can be seen from Table I that a large amount of iron was
mobilized from lactoferrin by the unprotected HMP
derivatives. The protected compounds8and 5 were almost
ineffective, which indicates that the hydroxy group was
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Scheme I. Synthesis of Compounds Containing HMP
Ligands
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essential for the iron-chelating properties of the HMP-
containing compounds.

The compounds in Table I with an unprotected OH
group have different substituents on the ring N atom. It
might be possible that substituents at the ring-nitrogen
would influence the chelating properties of the chelators.
However, it has been reported that the bulk of the
N-substituent at the ring could be varied without appre-
ciably influencing the affinity for iron(III).20 Inourstudy,
a marked difference of iron mobilization ability among
the unprotected HMP chelators was not observed.

The HMP derivatives are also capable of mobilizing
iron from other iron(III) binding proteins. Results ofiron-
(III) mobilization from transferrin, lactoferrin, and ferritin
by compound 7 at physiological pH is shown in Figure 3
(the behavior of compounds 8 and 9 was similar). Sub-
stantial iron mobilization from transferrin, lactoferrin, and
ferritin took place, and the amount of iron mobilized from
the proteins by the HMP chelator increased progressively
with time. Iron(III) in transferrin was more rapidly
mobilized than from lactoferrin and ferritin, which is
consistent with previously reported results with other
chelators.222 It can also be seen from Figure 3 that iron-
(III) mobilization was much slower from ferritin, and this
observation is in agreement with results reported by Hider
et al. using ferritin and transferrin 23

Microbiological Evaluation. The effects of the HMP
derivatives on the growth of E. coli and L. inocua are
summarized in Table II, The growth of E. coli was
completely inhibited by all unprotected HMP derivatives
after 7 h of incubation, whereas all of the HMP derivatives
tested had a considerable antibacterial activity against L.
inocua. As has already been mentioned, compounds 3
and 5 had almost no iron-chelating properties (Table I).
However, these compounds did show antibacterial activity,
probably because of different reaction conditions. For
the bacterial growth study compounds 8 and 5§ were
sterilized during 15 min at 121 °C, which may have resulted
in partial removal of the protecting benzyl groups.
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Figure 1. (a) Job plots of the HMP chelators with iron(III) at
pH 7.2. (b) Theoretical Job plots for 1:1, 2:1, and 3:1 chelator-
iron(III) complexes.
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Figure 2. pH titration curves of the HMP chelator-iron(III)
complexes.

In order to investigate in more detail the effect of iron-
(III) on growth inhibition induced by the HMP derivatives,
bacteria were incubated using three different growth
conditions: (1) BHI medium alone, (2) BHI medium
supplemented with a HMP derivative, and (3) BHI
medium supplemented with the HMP derivative and extra
iron(III) calculated to saturate the HMP derivative.

As can be seen from Figure 4 and 5, addition of the
HMP derivative to the medium produced a pronounced
growth inhibition although the effect on L. inocua was
less than on E. coli. Addition of ferric ions in the amount
required to saturate the HMP derivative abolished the
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Table I. Iron Mobilization from Lactoferrin at Physiological pH
after 24 h

iron mobilized

2-methyl-4(1H)-pyridinone code (%)
3-(benzyloxy)-1-ethyl- 3 2
1-ethyl-3-hydroxy- 4 71
1-(8-aminoethyl)-3-(benzyloxy)- 5 4
1-(8-aminoethyl)-3-hydroxy- 6 60
1-(8-(acrylamido)ethyl)-3-hydroxy- 7 62
3-hydroxy-1-(8-(methacrylamido)ethyl)- 8 63
3-hydroxy-1-(8-propylamido)ethyl)- 9 61
blank control / 0.2
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Figure 3. Iron(III) mobilization from transferrin, lactoferrin,
and ferritin.

Table II. Effect of HMP Derivatives on Growth of E. coli and
L. inocua®

growth inhibition (%)
HMP deriv added E. coli L.inocua

3 53 72
4 100 89
5 0 34
6 100 93
7 100 87
8 100 90
9 100 86

8 The experiments were carried out with HMP derivatives at a
concentration of 20 mM. Assay tubes were incubated at 37 °C for
7 h, and the visible numbers (CFU) per milliliter at 0 h were 2 X 105
for E. coli and 5 X 10° for L. inocua.

growth inhibition by the HMP derivative on both E. coli
and L. inocua. Although the growth was inhibited by the
presence of the HMP derivative, the addition of iron(III)
after 48 h (Figure 4) resulted in an increase of the growth.
This implies that the HMP derivative did not kill the
bacteria but only had an inhibitory effect on the growth.

The minimum inhibitory concentrations (MIC) of the
HMP derivatives for E. coli and L. inocua are shown in
TableIII, and it is obvious that the HMP derivatives were
more active against E. coli than against L. inocua. The
compounds bearing an unprotected hydroxy group were
found to be superior to the protected analogues in the
growth inhibition. The antibacterial activities of the
unprotected HMP ligands were generally equal to each
other in molar concentration as expected.

Effects of iron deprivation on bacterial growth have been
reviewed.2+2¢ Compounds containing HMP ligands with
a high affinity for iron(III) may be useful in inhibiting
growth of a variety of bacteria by limiting the amount of
available iron(III). As noted in Table II, when the
unprotected HMP derivatives were added to the BHI
medium at a final concentration of 20 mM/L, growth of
E.coliwas completely inhibited and the growth of L.inocua
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Figure 4. Growth of E. coli using various conditions. The
experiments were conducted at 37 °C with (1) medium alone, (2)
medium + compound 7 at 10 mM, and (3) medium + compound
7at 10 mM + Fe3* at 3.3 mM. (4) Fe3* was added in the medium
(2) containing HMP after 48 h of incubation.
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Figure 5. Growth of L. inocua using various conditions. The
experiments were conducted at 37 °C with (1) medium alone, (2)
medium + compound 7 at 40 mM, and (3) medium + compound
7 at 40 mM + Fe?* at 13.3 mM.

Table III. MIC of HMP Derivatives for E. coli and L. inocua

MIC (mmol/L)
HMP deriv E. coli L.inocua
3 50 50
4 5 25
5 50 50
6 5 25
7 5 25
8 5 25
9 5 25

was substantially reduced after 7 h incubation at 37 °C.
The activities of the HMP derivatives were comparable
to those of desferrioxamine and apolactoferrrin.27.28
Our results show that the growth of the Gram-positive
bacteria of L. inocua was less inhibited than that of the
Gram-negative E. coli by all unprotected HMP derivatives.
This difference between E. coli bacteriaand other bacteria
has also been reported for the growth inhibition by
apolactoferrin.2&-3° Besides, it seems impossible to com-
pletely inhibit the growth of L. inocua by the HMP
derivatives even when increasing the concentration of the
chelators to 40 mM (Figure 5). Theoretically, the addition
of 40 mmol of the HMP derivative per liter would lead to
chelation of 13.4 mmol of iron(III), while the iron con-
centration in the medium was about 0.037 mmol per liter
(determined by AAS). This means that the capacity of
the chelator present in the medium was about 360 times
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the iron(III) concentration. Compounds with HMP
ligands form very stable water-soluble iron(III) complexes
at a physiological pH with stability constants of the 3:1
ligand/iron(III) complexes in the region of 10%-10%" ag
reported.3!

It is possible that the growth of L. inocua was not
completely inhibited if part of the iron chelated by the
HMP derivatives was still available for the bacteria or
that only a small amount of iron was sufficient for the
bacterial growth. There might be another explanation
for the difference between the behavior of the two bacteria
types when using the same HMP derivative. Itis believed
that certain Gram-positive bacteria can develop iron-
transporting systems with a high affinity for iron(III),26:32
which might compete with the HMP derivative for iron.
However, at present there is little biochemical information
regarding the nature of the iron-transporting system
utilized by Gram-positive bacteria.

The basis for the antibacterial activity of the compounds
containing HMP ligands appears to be sequestration of
iron required for bacteria growth and replication, as was
also found for apolactoferrin and desferrioxamine. The
ability of these HMP derivatives to mobilize iron(III) from
iron(III)-binding proteins and to inhibit the growth of
bacteria makes them potentially useful in applications
such as treatment of iron overload in blood, inhibition of
bacterial growth in food, and preparation of polymeric
iron(III) chelating agents.

Conclusions

Compounds containing the 3-hydroxy-2-methyl-4(1H)-
pyridinone (HMP) moiety were synthesized and evaluated
chemically and biologically. The HMP derivatives showed
a high affinity for iron(III) and were able to mobilize iron-
(III) from transferrin, lactoferrin, and ferritin at physi-
ological pH. The HMP-containing compounds had an
inhibitory effect on the growth of the bacteria of E. coli
and L. inocua, and the inhibitory effects were related to
their iron(III)-chelating properties.

Experimental Section

Materials. 3-Hydroxy-2-methyl-4-pyrone (1) was purchased
from Aldrich Chemical Co. Human serum transferrin, bovine
milk lactoferrin, and horse spleen ferritin were obtained from
Sigma Chemical Co. and used without further purification. All
other chemical reagents were used as received from Aldrich or
Merck. E. coli CA5 and L. inocua 6B bacteria cultures were
provided by NIZO (Netherlands Institute for Dairy Research,
Ede).

Melting points were taken in open capillary tubes by using a
Buchi apparatus and are uncorrected. Elemental analyses were
carried out by TNO, Zeist, The Netherlands. 'H-NMR spectra
were obtained with a Nicolet 200-MHz spectrophotometer. UV-
vis spectrawere recorded using a Uvikon 930 spectrophotometer.
Infrared spectra were obtained with a Bio-Rad FTS-60 FT-IR
spectrophotometer. Iron contents in proteins and in growth
mediawere determined by atomic absorption spectrophotometry
(AAS) with a Perkin-Elmer Zeeman 5000 atomic absorption
spectrophotometer. »

Synthesis of HMP Derivatives. 3-(Benzyloxy)-1-ethyl-2-
methyl-4(1H)-pyridinone (3), 1-ethyl-3-hydroxy-2-methyl-4(1H)-
pyridinone (4), 1-(8-aminoethyl)-3-(benzyloxy)-2-methyl-4(1H)-
pyridinone (5), and 1-(8-aminoethyl)-3-hydroxy-2-methyl-4(1H)-
pyridinone (6) (Scheme I) were prepared from 3-hydroxy-2-
methyl-4-pyrone (1) in our laboratory as described previously by
us and other workers.119:33

1-(8-(Acrylamido)ethyl)- (7), 1-(8-(methacrylamido)ethyl)- (8)
and 1-(8-(propylamido)ethyl)-3-hydroxy-2-methyl-4(1H)-pyri-
dinones (9) were synthesized by reacting 1-(8-aminoethyl)-3-
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hydroxy-2-methyl-4(1H)-pyridinone-2HC] with acryloyl, meth-
acryloyl, and propionyl chloride, respectively (Scheme I).

1-(8-(Acrylamido)ethyl)-3-hydroxy- 2-methyl-4(lH) pyri-
dinone (7). To a flask with a magnetic stirrer and a dropping
funnel were added 1-(8-aminoethyl)-3-hydroxy-2-methyl-4(1H)-
pyridinone-2HCI (0.1 mol), triethylamine (0.36 mol), and water
(100mL). Asolution of acryloyl chloride {0.12mol) inacetonitrile
(10 mL) was added dropwise to the mixture in 2 h (ice bath), and
then the mixture was stirred for 4 h at room temperature. The
reaction mixture was evaporated in vacuum, and the resulting
solid was washed with chloroform and recrystallized from
methanol (10.0 g, 45% yield), mp 176-8 °C. Anal. Calcd for
CuH1N:Os: C, 59.45; H, 6,35; N, 12.60. Found: C, 59.00; H,
6.35; N, 12.45. 'H NMR (DMSO-dg) &: 8.30 (1 H, t), 7.40 (1 H,
d), 6.10 (3 H, m), 5.6 (1 H, q), 3.0-5.5 (1 H, 5), 4.00 (2 H, t), 3.4
(2H, q),230 3H,s).

3-Hydroxy-1-(8-(methacrylamido)ethyl)-2-methyl-4(1 H)-
pyridinone (8) was synthesized by the same procedure as used
for the preparation of compound 7 (44% yield), mp 127-9 °C.
Anal. Calcd for CyoH36N2Os: C, 61.00; H, 6.83; N, 11.86. Found:
C, 61.33; H, 6.79; N, 11.95. 'H NMR (DMSO-dg) é: 8.10 (1 H,
t), 7.40 (1 H, d), 6.10 (1 H, d), 5.6 (1 H, s), 5.3 (1 H, s), 3.0-5.5
(1H,s),400(2H,t),34(2H,q),230(38H,s), 1.8 (8H,s).

1-(8-(Propylamido)ethyl)-3-hydroxy-2-méthyl-4(1H)-py-
ridinone (9) was prepared using propionyl chloride in a way
similar to that used in the preparation of compound 7 (35%
yield), mp 149-51 °C. Anal. Caled for Cy;H;sN:0s: C, 58.91; H,
7.19; N, 12.49. Found: C, 58.01; H, 7.30; N, 12.32. 'H NMR
(DMSO-dg) 6: 8.00 (1 H, t), 7.40 (1 H, d), 6.10 (1 H, d), 3.0-5.5
(1H,s),4.00(2H,t),3.30 (2 H, q),2.30 8H, 5),2.0 (2 H, q), 1.00
@3 H t).

Iron(III) Chelation Studies of the HMP Derivatives. All
solutions were freshly prepared, and pH adjustments were carried
out using 10 M HCl and 5 M NaOH. pH titration curves of
chelator-iron(III) complexes were carried out with mixtures of
a chelator solution (25 mL, 2 mM) and ferric chloride solution
(25mL, 0.5 mM). The mixtures were titrated with HClor NaOH
solution, and the absorbances at 456 nm in the mixture at different
pH values were measured. Job plots of the chelators with iron-
(IIT) were obtained at pH 7.2 using 4 X PBS (phosphate buffered
saline). A 0-5-mL portion of a chelator solution (4 mM) and 5-0
mL of iron(III) chloride solution (2 mM) were mixed at different
molar ratios to a final volume of 5 mL. Then, 5 mL of 4 X PBS
(pH 7.2) wasadded, and the absorbances at 456 nm in the solutions
were measured. Theoretical Job plots were calculated based on
1:1, 2:1, and 3:1 chelator-iron(III) complexes.

Iron Mobilization from Lactoferrin. A 100% iron(III)-
saturated lactoferrin solution was prepared by adding an
appropriate amount of a freshly prepared aqueous solution of
FeClg:6H,0 into a lactoferrin solution in 0.1 M sodium bicar-
bonate, and the lactoferrin solution was incubated overnight at
room temperature. Theiron(III) concentration of the lactoferrin
solution was 0.78 mM. For iron(IIl) mobilization' from the
lactoferrin solution at physiological pH, 1.0 mL of the lactoferrin
solution was dialyzed against 4 mL of one of the HMP derivatives
solutions (2 mM in 4 X PBS) at room temperature for 24 h. The
absorbance of the resulting iron(III) chelator complexes at 456
nm in the dialyzate was measured, and the amount of iron(III)
mobilized was calculated from the corresponding calibration
curves of the chelator-iron(IIl) complexes. In the cases of
compounds 3 and B, the same amount of compound 6 was added
to the dialyzate after the dialysis for measuring the visible
absorbances of the dialyzates. For comparison, the procedure
was also carried out using a blank control.

Iron Mobilization from Transferrin, Lactoferrin, and
Ferritin. For comparing the iron mobilization from different
iron-binding proteins, some of the HMP derivatives were
examined for their ability to mobilize iron from transferrin,
lactoferrin, and ferritin. A 100% iron(III)-saturated human
transferrin or bovine lactoférrin solution was prepared by
incubation of transferrin or lactoferrin solution (0.13 mM) in
PBS (pH 7.4) containing NaHCO; (10 mM) with an appropriate
amount of a freshly prepared solution of iron(III) citrate in PBS
(pH 7.4) overnight at room temperature. A 0.10-mL sample of
horse spleen ferritin solution (Sigma) was diluted with PBS (pH
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7.4) to 50 mL. The iron concentration of the prepared ferritin
solution was 1.02 mM as measured by AAS.

A 10-mL portion of the transferrin or lactoferrin solution
enclosed in a Visking dialysis bag was dialyzed against 20 mL of
an HMP derivative solution (2mM in PBS) at room temperature.
A 1.0-mL portion of the ferritin solution was dialyzed against 4
mL of the HMP derivative solution (2 mM in PBS) at room
temperature. The absorbance of the resulting iron(III)-chelator
complexes at 456 nm in the dialyzate was measured. The amount
of iron mobilized was calculated from corresponding calibration
curves of the chelator-iron(IIl) complexes. For comparison, the
procedure was carried out using a blank control.

Determination of Bacterial Growth. The HMP derivatives
were tested in vitro for their antibacterial activity against Gram-
negative bacteria (E. coli) and Gram-positive bacteria (L. inocua)
by the method of Bishop et al.?® with a slight modification. The
data were expressed as the percentage of growth inhibition (GI)
calculated using the formula given by Bishop et al.?

growth inhibition (%) =
ACFU 0-7 h control - ACFU 0-7 h experimental
ACFU 0-7 h control
where
ACFU 0-7 h control =

CFU at 7 h - CFU at 0 h for the control assay

ACFU 0-7 h experimental =
CFU at 7Th - CFU at 0 h for the experimental assay

CFU = colony-forming units per milliliter

Maintenance of Bacteria Cultures. The E. coli and L.
inocua cultures were maintained using a reported method® except
that brain heart infusion (BHI, Difco) agar was used.

Growth Inhibition Assay. For assay, stock cultures (BHI
slants) were streaked for growth on BHI plates and incubated
at 37 °C for 24 h. A single loopful of bacteria was transferred
to 10 mL of BHI medium and incubated at 37 °C for 1.0 h. A
1.0-mL sample of the culture was transferred to 200 mL of BHI
medium and incubated for 2 h at 37 °C in a water bath with
shaking. A 1.0-mL portion of the culture was transferred to the
experimental tubes containing BHI medium. The final volume
in all assay tubes was 10.0 mL. Plate counts (CFU) were
determined on the cultures using the standard plate counting
technique as previously described.3

Minimum Inhibitory Concentrations (MIC). Minimum
inhibitory concentrations (MIC) for E. coli were determined on
BHI agar after 18 h of incubation at 37 °C, according to the
standard agar dilution technique, using 2-fold dilution and with
visual inspection of bacterial growth.3 Plates were seeded with
a multipoint inoculator at a density of 104-10% colony-forming
units (CFU) per spot. MIC of 90% inhibition for L. inocua was
measured after 6 h of incubation at 37 °C with a standard tube
dilution method.® The tubes wereseeded ata density of 104-105
colony-forming units (CFU) per milliliter.
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