Spectroscopic Characterization of the Artificial Siderophore Pyridinochelin
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Siderophores play a very important role in the uptake process of iron by bacteria. Due to
the so-called active transport the uptake of siderophores by bacteria is very specific, which
makes the use of siderophores as effective shuttles for antibiotics in the treatment of infec-
tions and other diseases caused by bacteria highly attractive. In order to further investigate
the transport and incorporation of siderophores into the bacteria cells, distinct molecular
probes are needed. Especially artificial siderophores, that show a specific intrinsic fluores-
cence, are highly attractive for such monitoring purposes. A promising candidate of such
a fluorescent artificial siderophore is bis-2,3-dihydroxybenzoyl-2,6-dimethylamino-pyridine
(pyridinochelin, PY).

The fluorescence properties of PY were investigated in different solvents and in the pres-
ence of different metal ions. It was found that PY in its free form shows a complex fluores-
cence behavior. In methanol a clear dual fluorescence is observed. In aqueous solution inter-
molecular interactions with water molecules are determining the intrinsic fluorescence. Upon
complexation with metal ions (Me3* = Eu3*, Tb3*, AI**, Fe3*) the fluorescence characteristics
changed. The fluorescence quantum yield of PY decreased upon addition of Me3* — except
for AI**, which showed no fluorescence quenching. The fluorescence decay of PY loaded
with metal ions showed a nicely mono-exponential fluorescence decay, which was in contrast
to PY in the absence of metal ions. This drastic change in the fluorescence properties of PY
upon metal ion complexation makes PY highly attractive as a fluorescence probe for the

investigation of siderophore action and siderophore-mediated transport processes.
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Introduction

Siderophores are molecules designed for the
specific complexation of metal ions, especially
iron. They are produced by bacteria in order to
facilitate the transport of Fe** into the cell. The
binding constants for Fe3* are outstandingly high,
which enables bacteria to accept Fe** even under
severe environmental conditions. Ligand types of
siderophores frequently encountered are catechol-
ate or hydroxamate units (Budzikiewicz 2004;
Adolphs et al., 1996). A very important group of
siderophores are the pyoverdins, which exhibit an
intrinsic fluorescence due to the presence of a di-
hydroxyquinoline moiety (Bultreys et al., 2004;
Ruangyviriyachai et al. 2004; Barelmann et al., 1996;
Budzikiewicz, 1997). The siderophore-Fe3* com-
plexes are taken up by bacteria via membrane re-
ceptors, so-called iromps (iron induced outer
membrane proteins). The highly specific uptake of

siderophores by bacteria makes this class of com-
pounds attractive as a shuttle for the transport of
antibiotics into bacteria. The combination with an-
tibiotics would allow a highly specific targeting
with increased concentrations of antibiotics at the
site of action. Moreover, siderophores are also in-
teresting for other medical applications, e.g., in
case of an overdose of iron or alumina (Meyer and
Trowitzsch-Kienast, 2004; Santos, 2002; Rubini et
al., 2002). Since Fe3* (and hence its availability) is
an important growth factor, the in situ detection
of Fe3* at trace levels is very interesting for inves-
tigations of the stability and of the dynamics of
aquatic ecosystems. Therefore, the development of
sensitive and selective sensors for Fe3* is needed.
With respect to analytical techniques fluorescence
methods are among the most powerful because
they perfectly combine sensitivity and selectivity
with on-line and in situ capabilities. In the investi-
gations of siderophore action attempts have been
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made to use the intrinsic fluorescence of sidero-
phores, to label siderophores with fluorescent
dyes, and to use artificial siderophores with fluo-
rescence probes (Namiranian et al, 1997; del
Olmo et al, 2003; Bodenant and Fages, 1995;
Planche et al., 1999; Fages, 1997; Sohna and Fages,
1997). Fluorescence quenching, formation of exci-
mers, and lanthanide-based energy transfer has
been utilized as detection principle to monitor the
binding of various metal ions to artificial sidero-
phores.

In order to combine the specific properties of
siderophores with those of pharmaceutical com-
pounds, the design of novel, artificial siderophores
is of great importance and in a biomimetic ap-
proach the well-characterized enterobactin was
used as a model (Albrecht-Gary et al., 1996; Meyer
and Trowitzsch-Kienast, 1997, 2004; Meyer et al.,
2001). Enterobactin binds Fe>* with an extremely
high binding constant [e.g., log 5; = 49 (Meyer and
Trowitzsch-Kienast, 2004)] and has been used as
model compound for the design of novel sidero-
phore-based compounds before (Meyer and Trow-
itzsch-Kienast, 2004; Ecker et al., 1988; Tor et al.,
1992). Based on computational results bis-2,3-di-
hydroxybenzoyl-2,6-dimethylamino-pyridine [pyr-
idinochelin (PY), see Fig. 1] was synthesized and
tested in feed experiments with different bacteria.
It could be shown that the activity of PY was com-
parable to that of the natural siderophore enterob-
actin (Meyer et al., 2001).

For investigations of siderophore action in bio-
logical systems the application of fluorescent side-
rophores as in situ probes is very attractive. PY
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shows an intrinsic fluorescence. Based on the
structure of PY the presence of intra- and inter-
molecular H-bonds has to be considered. It is well-
known that the formation of H-bonds can have
strong effects on the geometric, electronic, and vi-
brational properties of a compound. Changes in
the formation of H-bonds in its ground and elec-
tronically excited state can drastically alter the flu-
orescence properties of a molecule. Hence, in or-
der to use PY as fluorescence probe for the
investigation of siderophore action, the basic fluo-
rescence properties of PY with special attention to
the presence of excited state intramolecular pro-
ton transfer reactions (ESIPT) have to be evalu-
ated. In the aqueous environment also the partici-
pation of solvent-assisted intermolecular proton
transfer reactions has to be taken into account.

Experimental

The synthesis of bis-2,3-dihydroxybenzoyl-2,6-
dimethylamino-pyridine (PY) was described pre-
viously (Meyer et al., 2001). The spectroscopic ex-
periments were carried out in methanol (HPLC
grade; Roth, Karlsruhe, Germany) and in deion-
ized water. The pH value was adjusted using
freshly prepared buffer solutions. A stock solution
in the corresponding solvent was prepared and the
final concentration was adjusted to 4 - 107> M by
dilution with pure solvent.

The measurements were performed in quartz
cuvettes (Hellma, Miilheim, Germany) with 1 cm
optical pathlength. In the absorption spectroscopy
experiments a Cary 500 spectrometer (Varian,

Fig. 1. Structures of enterobactin and pyr-
idinochelin (PY).
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Darmstadt, Germany) was used. The stationary
fluorescence spectra were recorded on a Fluoro-
max 3P spectrofluorometer (Yobin Yvon, Miin-
chen, Germany). If not otherwise stated, the exci-
tation wavelength in the steady-state experiments
was set to Aex = 320 nm. The fluorescence quantum
yield of PY was determined in methanol using an-
thracene as a reference [@r = 0.36 (Berlmann,
1971)]. For the quantum yield determination the
optical density of the solutions of PY and of an-
thracene was adjusted to 0.1 at 1., = 320 nm. The
phosphorescence spectra and the phosphores-
cence decay time were determined with a Fluoro-
max 3P spectrofluorometer in the phosphores-
cence mode. The delay between excitation flash
and measurement was set to 0.8 us and the data
acquisition time was set to 10 us.

The time-resolved emission spectra (TRES)
were measured using a box car-based method. The
fluorescence decays were also measured at differ-
ent emission wavelengths by time-correlated sin-
gle photon counting (TCSPC). In the measure-
ment of the TRES an in-lab built setup was used.
For the detection an iCCD camera (Picostar F; La-
Vision, Gottingen, Germany) combined with a
polychromator was employed. The gate time of
the iCCD was set to 130 ps and the time delay was
varied in steps of 10 ps. In the TCSPC experiments
the fluorescence decay was measured using a
FLS920 lifetime spectrometer (Edinburgh Instru-
ments, Livingston, UK) equipped with a multi-
channel plate (Europhoton, Berlin, Germany). A
Nd-YAG laser and Ti:sapphire laser system were
used as excitation source. In the TRES experi-
ments the fourth harmonic (266 nm) of the Nd-
YAG-laser (5021 DNS/DPS; B.M. Industrie, Evry,
France) with an excitation pulse width of 30 ps
was employed. The frequency tripled output (1. =
267 nm) of a Ti:sapphire laser operated at 800 nm
was used in the TCSPC experiments. The repeti-
tion rate of the Ti:sapphire laser was reduced to 4
MHz using a pulse selector (APE, Berlin, Ger-
many).

Results and Discussion
Basic spectroscopic characterization in methanol

In Fig. 2 the normalized absorption (A), fluores-
cence (F), fluorescence excitation (FX) and phos-
phorescence (P) spectra of PY in methanol are
shown. The absorption maximum is located at
Aabs = 317 nm and the fluorescence maximum is
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Fig. 2. Absorption (A), fluorescence (F), fluorescence
excitation (FX), and phosphorescence (P) spectra of PY
in methanol [e3;5 = 5400 M~ ! cm~! (Meyer et al., 2001),
Aex = 320 nm]. The absorption and fluorescence spectra

were measured at room temperature, while the phospho-
rescence spectrum was recorded at 77 K.

found at A.,, = 382 nm. The shape of the fluores-
cence spectrum is asymmetric with a steep flank at
the short wavelength side. The large shift between
absorption and emission maximum (~ 5400 cm™!)
strongly suggests a change in the molecular geom-
etry or an alteration of the charge distribution in
the molecule, e.g., induced by a proton transfer in
the excited state (excited state intra- or intermo-
lecular proton transfer, ESIPT). This is further
supported by the fact that the absorption (A) and
fluorescence excitation (FX) spectrum are shifted
relative to each other by about 10 nm in their max-
ima. This strongly suggests that the electronic
ground state of PY is different from its electronic
excited state, otherwise absorption and fluores-
cence excitation would perfectly overlap. The ob-
served spectral shift between the absorption and
emission spectra support this conclusion. In
steady-state fluorescence experiments an overall
fluorescence quantum efficiency @ of 0.08 = 0.03
was observed. Since PY is expected to show an
ESIPT reaction the term efficiency rather than
yield is used in order to stress that the observed
fluorescence possibly arises from different excited
state (= different forms of PY).

In Fig. 2 the phosphorescence spectrum of PY
in MeOH at 77 K is depicted as well. In compari-
son to the fluorescence spectrum the maximum of
the phosphorescence emission is shifted by about
75 nm relative to the fluorescence maximum to
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Fig. 3. Fluorescence decays of PY in methanol at A.,, =

350 nm and 475 nm, respectively (IRF, instrument re-
sponse function at 1., = 266 nm).
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450 nm. The phosphorescence decay time was de-
termined to be (10 £ 2) us.

In time-resolved measurements it was found,
that the fluorescence decay of PY was dependent
on the emission wavelength 1., and did not follow
a single-exponential decay law. In the wavelength
range between 360 nm < 4., < 500 nm the experi-
mental data were best fitted by a double-exponen-
tial decay behaviour. Only at the very edges of the
emission spectrum of PY (e.g., at A, = 350 nm)
an almost mono-exponential decay was found. In
Fig. 3 the fluorescence decays of PY in methanol
at Ay = 350 nm and 475 nm are shown. At A, =
475 nm a very fast decay component with a decay
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Table I. Fluorescence decay times (and corresponding
relative. amplitudes) of PY in different solvents (Aex =
266 nm).

Solvent 71 [ps] (%) 7, [ps] (%)
Methanol 80 £ 20 (3) 1200 + 100 (97)
(Aem = 350 nm)

Methanol 60 * 20 (63) 1120 (37)
(Aem = 475 nm)

H,O 80 £ 20 (2) 1500 (98)

(Aem = 375 nm, pH 9)

time 7 < 100 ps was determining the fluorescence
decay, but a contribution from a second fluores-
cent component with a longer decay time can
clearly be seen. On the other hand, at A.,=
350 nm an almost single-exponential fluorescence
decay with a decay time of about 7=1.2 ns was
found. As a general tendency it was observed, that
the relative contributions of fast and slow decay
components were depending on the emission
wavelength. At emission wavelengths > 460 nm
the fluorescence decay was dominated by a very
fast decay component with a decay time between
50 ps and 100 ps, while at emission wavelengths
< 400 nm the major fluorescence decay time was
found to be around 1.2 ns (see Table I). Fluores-
cence excitation spectra with A., = 375 nm and
475 nm were also recorded. For both detection
wavelengths basically the same fluorescence exci-
tation spectra were obtained, which indicates that
the different fluorescence emissions originate
from the same ground state species.

/ \ At=1515 ps

Fig. 4. (A) Time-resolved emission spec-
trum of PY in methanol (4., = 266 nm).

(B) Qualitative representation of fluo-
rescence spectra of PY at different times
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In order to further elucidate the fluorescence of
PY, time-resolved fluorescence emission spectra
(TRES) were measured. Clearly, a dual fluores-
cence was observed (see Fig. 4). Immediately after
excitation a fluorescence component with an emis-
sion maximum A.,, located around 475 nm was ob-
served and within 200 ps after excitation, a second
fluorescence component, which has its maximum
around A, = 375 nm, appeared. A comparison of
the decays of the two contributions showed that
the fluorescence at 475 nm has vanished com-
pletely after ~ 700 ps, while the fluorescence at
375 nm decayed much slower. The TRES results
agree perfectly with decay times of 100 ps and
1.2 ns obtained from time-correlated single photon
counting (TCSPC) experiments. In the TCSPC ex-
periments the observed fluorescence decays are
bi-exponential, because the fluorescence spectra
of both components are broad and overlap with
each other.

PY in water

We further investigated the absorption and fluo-
rescence of PY in water. In Fig. 5 the absorption
spectra of PY in water at pH 1, 7, and 12 are
shown. In the absorption spectra for the pH range
1 <pH <12 no isosbestic point was observed,
which indicates that more than one equilibrium
due to protonation and deprotonation reactions
might be present. In a factor analysis a number of
at least three components was necessary to fit all
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absorption spectra in the pH range between 1 and
12 satisfactorily. In the inset of Fig. 5 the pH de-
pendencies of the three (operationally defined)
species are shown. From the curves two pK, values
were estimated (pK,; = 3.5 and pK,, = 7.2). Con-
sidering the chemical structure of PY, it is attract-
ive to assign pK,; to the conjugated base of the
pyridine N-group and pK,, to the hydroxy groups
of the 1,2-dihydroxybenzene units. It is clear that
the second pK, value is an mean overall value of
all hydroxy groups that is not further resolved by
our crude approach.

The fluorescence of PY in water was broad and
the location of the fluorescence maximum did not
change with pH value. The maximum of emission
was located at A., ~ 430 nm. However, the fluo-
rescence intensity was strongly dependent on pH
value. While the fluorescence at pH 1 was weak,
it increased with increasing pH and showed the
strongest fluorescence at pH > 10. The increase of
the fluorescence intensity with increasing pH
value was not linear. In the range between 4 and 6
only a minor change in fluorescence intensity was
observed. It is interesting to note that this pH
range corresponds to the pH range in absorption
for which the operationally defined intermediate
form was assigned (see Fig. 5).

We also measured TRES of PY in water. In con-
trast to methanol the TRES of PY in water
showed no such clear spectrally separated dual flu-
orescence. The measured decay kinetics were

W 0.10-

0.05 -+

0.00

Fig. 5. UV spectra of PY in H,O at dif-
ferent pH values. Inset: Fractional con-
tribution of assumed three species (e

1
350

1
300

250
A [nm]

fully protonated, o intermediate, and
* fully deprotonated form of PY) to
the overall absorption.

400
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multi-exponential and independent of the detec-
tion wavelength.

Complexation of PY with Me?* in methanol

The influence of different metal ions Me** on
the intrinsic fluorescence of PY was determined.
In steady-state fluorescence as well as in TRES
measurements the influence of Tb3*, Eu®*, A+,
and Fe3* on the PY fluorescence was further in-
vestigated. For Tb3*, Eu?* and Fe3* a strong
quenching of the fluorescence intensity was ob-
served.

Upon addition of Me3* the TRES of PY were
considerably altered. In methanol the dual fluores-
cence was reduced with increasing Me3* concen-
tration. Finally, at a ratio of 1:1 between Me>* and
PY only one fluorescence component remained.
The remaining fluorescence at the 1:1 ratio was
very weak. Compared to the uncomplexed form of
PY, the maximum of the fluorescence was slightly
shifted relative to the short-wavelength compo-
nent of the uncomplexed form and the observed
fluorescence decay was found to be mono-expo-
nential. For the 1:1 complexes between Eu®* or
Fe3* and PY a fluorescence decay time of ~ 1 ns
was determined, which corresponds quite well to
the short-wavelength component of the uncom-
plexed PY. Because of the very low fluorescence
intensity of the 1:1 Me3*-PY complexes the fit
quality is poor and it is attractive to assume that
the observed residual fluorescence is connected to
a very small portion of uncomplexed PY still
present in solution rather than to connect it to the
Me3*-PY complex.

In contrast, in the presence of AI** the fluores-
cence of PY was not quenched, however the over-
all fluorescence maximum was slightly shifted to-
wards longer wavelengths. In addition, also the
decay kinetics changed. At a ratio of 1:1 between
PY and AI** a pure mono-exponential decay be-
haviour was observed. The fluorescence decay
time for the 1:1 complex of AI** and PY was de-
termined to be 4.1 ns and was independent of the
detection wavelength used which is in contrast to
the free PY or its complexes with other metal
ions investigated.

From the results of the time-resolved measure-
ments it can be concluded that a static fluores-
cence quenching is operating upon complexation
of PY by Me3*. The decrease of the steady-state
fluorescence intensity was evaluated according to

M. U. Kumke et al. - Pyridinochelin

the Stern-Volmer formalism for the emission
wavelength range between 350nm <A, <
375nm and 400 nm A., <425 nm, respectively.
For both wavelength ranges the same Kgy was ob-
tained. A value of Kgy = (1.7 £ 0.1) - 10° Mm~! was
calculated. Only in case of 1:1 complex Kgy can
be used to directly derive a conditional binding
constant. However, from spectrophotometric titra-
tion measurements according to Job’s method, a
complex stoichiometry of =~ 2:3 was determined
(Hill and MacCarthy, 1986; Ledyard and Butler,
1997). This means, that the Kgy can not be re-
ferred to as the real binding constant. In compari-
son to other compounds, such as pyochelin, the
binding strength seems to be in the same order of
magnitude. For pyochelin in a 2:1 complex with
Fe3* in ethanol a binding constant of 2-10° M~!
has been determined (Namiranian et al., 1997).

PY shows a complex photophysical behavior de-
pending on the solvent. It is attractive to attribute
the observed characteristics to intramolecular and
solvent-assisted proton transfer reactions in the
excited state. The excited state(s) (A*, B*) can be
described by a double-well potential (Fig. 6). The
form A* represents the excited state before and
the form B* accounts for the excited state of the
molecule after the proton transfer reaction.

In solvents with weak H-donating or -accepting
properties like methanol an intramolecular reac-
tion is dominant. After PY is photoexcited the

A* B*

Excited state(s)

Emission Emission

Aem ~ 450 nm Aem ~ 380 NmM
m
=]
@
=
«Q
<

Ground state v

Fig. 6. PY relaxes to a state (A*) after photoexcitation.
A* can show direct emission (., ~ 450 nm). In a very
fast reaction in the electronically excited state and in
competition with the direct fluorescence from A*, B*
can be formed. In case of MeOH as a solvent, a possible
excited state reaction could be the breaking of an intra-
molecular H-bond of PY. Subsequently, B* itself can
show fluorescence (Acy, ~ 380 nm).
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electron distributions and the acidity of groups
like -OH or -CONHR is altered. In particular the
effect of photoexcitation on the electronic proper-
ties of the -CONHR-group seems to be important
for the observed fluorescence characteristics. The
electron accepting character of the -CONHR-
groups of PY is reduced in the excited state and
therefore, the acidity of the groups is decreased as
well. This causes a break of the intramolecular H-
bond between the amide and pyridine moiety of
the molecule (see Fig. 6). Subsequently, the charge
distribution in the molecule is changed and also
the stabilization of the excited molecule by the sol-
vent is altered, which leads to the observed blue
shift of the emission (see Fig. 4).

On the other hand, in strong protic solvents like
water a solvent-assisted proton transfer reaction is
dominating the fluorescence of PY and now the
phenolic groups of PY come into play. No intra-
molecular H-bond can be formed in aqueous solu-
tions. The intramolecular H-bond between the am-
ide and the pyridine moieties is blocked by water
molecules. The observed trends in the absorption
and fluorescence spectra at different pH values re-
semble the well-known pH behavior of benzoic
hydroxy compounds. At low pH values the -OH-
groups are protonated and the fluorescence is
weak, while at pH >4 a deprotonation of the
-OH-groups leads to an increase of the fluores-
cence. Here, the observed spectral shift and the
complex fluorescence decay can be attributed to
solvent-assisted proton transfer reactions.

Except for AI**, the metal ions investigated
quenched the fluorescence of pyridinochelin upon
complexation. AI** did not quench the fluores-
cence but did change the fluorescence decay kinet-
ics. Since AI** shows no heavy atom effect the flu-
orescence intensity stays unquenched. In the
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ple stranded diferric helices. Pure Appl. Chem. 68,
1243-1247.

Barelmann I., Meyer J.-M., Taraz K., and Budzikiewicz
H. (1996), Cepaciachelin, a new catecholate sidero-
phore from Burholderia (Pseudomonas) cepacia. Z.
Naturforsch. 51¢, 627-630.
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complexation process Al** competes successfully
with H* for the binding sites, especially of the
-OH-group and the amide group and eliminates
upon binding the formation of inter- or intramo-
lecular H-bonds with those groups. In addition the
conformation of PY is fixed by Me>* and twists
around bonds, which could occur upon photoexci-
tation and which would also affect the fluores-
cence characteristics, are no longer possible. This
is reflected in the observed alteration of the fluo-
rescence decay and spectra — especially in the case
of AI’*. In the presence of Al** the fluorescence
decay is mono-exponential which indicates that
only one fluorescing species is present. This fur-
ther supports the proposed two forms of PY that
are formed in the excited state (see Fig. 6).

In our study the photophysics of PY was ana-
lyzed and it could be shown that the fluorescence
properties are determined by ionic and non-ionic
species that are formed upon photoexcitation. The
extent to which each species contributes to the ob-
served fluorescence is dependent on solvent condi-
tions (e.g., pH value) and the presence of metal
ions. Consequently, the intrinsic fluorescence of
PY can be used as a molecular probe for identifi-
cation purposes, e.g., to monitor the transport of
iron by microorganisms.
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