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ABSTRACT

A diversity of microbial metabolic processes and behavioural features are now known to be
regulated via intercellular signalling which involves special low-MW diffusible molecules. The
microbial producer cells respond to their own signals (“autoinducers”) if the latter accumulate up
to a threshold concentration, reflecting the cells” perception of the cell density (“quorum sensing™),
mass transfer properties of the medium (“diffusion sensing”) or a combination of these two, in-
cluding also spatial cell distribution (“efficiency sensing”). Thus, it appears possible to regulate
the microbial metabolism and behaviour by influencing not the whole consortium but just its
signalling. On the other hand, abiotic effects of the environment on signalling molecules, including
any chemical interactions, also represent direct interferences in the signalling processes. In this
report, the processes of iron(Ill) reduction in moderately acidic aqueous media by some chemical
analogues of microbial autoinducers are considered using >’Fe Moessbauer spectroscopic measu-
rements in frozen solutions. The results obtained indicate that some alkylresorcinols, chemical
analogues of bacterial autoregulatory substances, can be abiotically oxidised by soil iron(IIl) in
moderately acidic media. Such redox processes are very likely to exclude the biomolecules upon
their oxidative degradation from signalling pathways, which is equal to “message undelivery”, thus
directly affecting cell-cell communication.
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INTRODUCTION

The processes of microbial cell-cell communication and signalling are now at the peak of
research activities in microbiology-related fields, from bacteriology and medical microbiology to
plant-microbe interactions (see, e.g. recent reviews [1-6]). This unprecedented interest is quite
understandable, since a wide variety of microbial metabolic processes and behavioural features
have been found to be regulated via remote intercellular signalling which involves special low-MW
molecules. Such diffusible chemical signals, featured by relatively small extracellularly secreted
molecules of various chemical structures, are used by microbial cells as a means of communication
(“chemical language™) in order to coordinate the behaviour of the microbial consortium as a’social
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unit’. The producer cells respond to their own molecular signals (autoinducers; autoregulators) if
the latter accumulate up to a threshold concentration, reflecting the cells’ capability of sensing (i)
their’population density’ sufficient for concerted actions (“quorum sensing”) [6,7], or (ii) the’rate
of disappearance’ of effector molecules owing to mass transfer in the environment (i.e., “diffusion
sensing”), or (iif) a combination of (i) and (ii), including also spatial cell distribution, as a unifying
hypothesis (“efficiency sensing”) [8].

The importance of such studies consists, in particular, in the possibility of regulating microbial
metabolism and behaviour by influencing not the whole microbial consortium but just its signalling
pathways [9-11]. For example, the naturally occurring mechanisms of suppressing (quenching)
microbial quorum sensing (i.e., “quorum quenching”) have been found to play important roles in
microbe — microbe and pathogen — host interactions [11-14]. In biomedicine, such studies can
pave a way to formulating new generations of antimicrobial agents in a novel therapeutic approach,
where the target is the quorum-sensing circuitry of pathogens (which controls pathogenicity and
biofilm formation) but not their growth per se [11,15].

On the other hand, any possible abiotic effects of the environment (medium) both on the
microorganism-host plant system [16-18] and on extracellular signalling molecules, including che-
mical interactions, have also to be considered; in the latter case, they represent direct interferences
in the signalling processes [18]. For instance, the chemical reactivity of particular metal species
(or their possible catalytic effects) could result in complexation (chemical binding) or redox de-
gradation of biogenic organics involved in host-microbe interactions or microbial intercellular
communication (i.e., in the aforementioned remote exchange of molecular signals, autoinducers,
nutrients; quorum sensing (efficiency sensing) within microbial communities, etc.). Such processes
could occur, for example, in metal-polluted environments, especially in the case of relatively acidic
soils which are quite common [19].

Our earlier studies (see, e.g. [20, 21] and references therein) showed that iron(IIl) can be
gradually reduced in moderately acidic aqueous media under aerobic conditions by some auxin
phytohormones including indole-3-acetic acid (IAA). The latter, produced and excreted also by
many soil microorganisms, plays an important role in plant-microbe interactions and signalling
[22]. In this communication, the processes of abiotic iron(IIl) reduction in moderately acidic
aqueous solutions by some chemical analogues of microbial autoinducers are considered, as evi-
denced by *’Fe Moessbauer spectroscopic data. As iron(IIl) is ubiquitous in the environment, such
redox processes could occur, e.g. in acidic soils, resulting in oxidative degradation of the biomo-
lecules involved in cell-cell communication, thus directly affecting the latter.

EXPERIMENTAL

The following alkylresorcinols, chemical analogues of bacterial autoregulatory substances, were
used: orcinol (also known as 5-methylresorcinol, or 1,3-dihydroxy-5-methylbenzene) monohydrate
(C;HgO,-H,O; obtained from “Fluka”); 4-n-hexylresorcinol (1,3-dihydroxy-4-n--hexylbenzene,
C,H;3s0,; “Fluka”), as well as homoserine lactone (o-amino-y-butyrolactone hydrobromide;
C,H,NO,-HBr; “Aldrich”). Stock solutions of the organics (1.5 ml in closed Eppendorf tubes) were
prepared as 0.06 M aqueous (for orcinol and homoserine lactone) or 25%(v/v) ethanol-water (for
4-n-hexylresorcinol) solutions. Stock iron(Ill) aqueous solution contained 0.1 M *’FeCl, (enriched
with *'Fe up to 90% to increase the intensity of resonant absorption of y-radiation). The absence
of iron(Il) in the *’FeCl, stock solution was confirmed by special tests. For Moessbauer measure-
ments, 0.50 ml of an organic reagent were mixed with 0.10 ml of the stock iron(Ill) solution (initial
pH was brought from ~1.5 to ~3 by adding 0.06 ml of 1 M KOH), so that the iron(IIl)-to-organics
molar ratio was 1:3. The resulting mixture was stored at room temperature for a required period
of time and then rapidly frozen in liquid nitrogen. Solid samples were prepared by drying the
sample solutions in air at ambient temperature. Moessbauer spectroscopic measurements were
performed at 7~80 K as described earlier [21]; all isomer shift values are reported relative to o-Fe
at room temperature.
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RESULTS AND DISCUSSION

Alkylresorcinols (i.e., alkyl-substituted m-dihydroxybenzenes) comprise a group of natural phe-
nolic substances that have a wide range of known biological functions [23]. In particular, alkyl-
resorcinols excreted by many microorganisms into the environment have been documented to
perform autoregulatory and adaptogenic functions under unfavourable conditions [24-26]. Their
important role in extracellular signalling poses a question concerning their fate in the environment
related to possible abiotic (e.g., chemical) effects of the latter. In this work, the aim was to test
the possibility of redox transformations involving iron(III) and the aforementioned alkylresorcinols
in aqueous media and upon drying, which can simulate acidic soil conditions with varying humi-
dity. Moessbauer spectroscopy was used as a very sensitive technique for the qualitative and
quantitative monitoring of chemical transformations of high-spin iron(II) and iron(IIl) species
[21,27]. Rapid freezing (necessary for measuring Moessbauer spectra of Fe-containing solutions)
allowed any ongoing chemical processes to be ceased at a certain point.

In Figure I (spectra a and b), the gradual accumulation of iron(II) in aqueous orcinol-iron(IIT)
mixtures is depicted. In Figure Ic, the predominance of iron(Il) in the dried solid remainder is
also clearly seen, representing over 3/4 of the total iron (Table I). The parameters of the ferrous
species formed in the solutions (isomer shift & ~1.4 mm-s™ and quadrupole splitting A ~3.2 mm-s™
at T = 80 K) most closely correspond to hexaaquo iron(Il) coordination [21].

Table I. Moessbauer parameters® for aqueous *’Fe™-containing solutions of orcinol (see also Figure I) and
homoserine lactone (pH~3; 0.015 M to 0.045 M Fe-to-organics ratios), rapidly frozen after specified periods
of time, and for their solid remainders obtained by drying in air at ambient temperature (measured at 7 = 80
K)

Organic reagent mixed Time®™ Fe 3,9 A@ Ir,® S0
with SFe™ oxidation mm-s™ mm-s! mm-s™ %
state

Orcinol 10 min +3 0.48(1) 0.74(1) 0.52(1) 93.3
(solution) +2 1.41(1) 3.22(1) 0.34(1) 6.7

55h +3 0.48(1) 0.72(1) 0.50(1) 74.1

+2 1.38(1) 3.23(1) 0.42(1) 25.9

Orcinol (dried solid) - +3 0.48(1) 0.63(2) 0.43(2) 24.5

+2 (form 1) 1.31(1) 1.86(3) 0.50(3) 33.3

+2 (form 2) 1.29(1) 2.65(1) 0.34(1) 422

Homoserine lactone 10 min +3 0.483(1) 0.785(1) 0.374(1) 100

(solution)

Homoserine lactone - +3 0.484(2) 0.766(4) 0.52(1) 97.6
(dried solid) +2 1.45(1) 2.75(1) 0.52(1) 2.4

@ Brrors (in the last digits) are given in parentheses. ® Period from mixing the reagents until rapid freezing of the solution.
Isomer shift (relative to o-Fe at ambient temperature). ' Quadrupole splitting. © Full line width at half maximum. ©Partial resonant
absorption areas of spectral components which represent relative contents of the corresponding Fe forms assuming a common
recoilless fraction for all forms (for S,, relative error is ca. £ 4% of the given values).

However, in the dried solid in the case of orcinol, the parameters of the two forms of iron(II)
species (see Table I) evidently represent different ferrous complexes with orcinol and/or its oxi-
dation product(s). Thus, these Moessbauer measurements provide unambiguous evidence that
iron(I1l) is gradually reduced by orcinol in moderately acidic (pH~3) aqueous solutions. Similar
results have been obtained by us both for orcinol (5-methylresorcinol) and for 4-n-hexylresorcinol
also at slightly lower pH~1.5 (data not shown; to be discussed in more detail elsewhere). These
findings showing substantial iron(IfI) reduction by alkylresorcinols are still more interesting, consi-
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dering the report of Pracht er al. [28] who found no reduction of iron(IIT) by resorcinol (i.e., an
unalkylated m-dihydroxy analogue, 1,3-dihydroxybenzene) in acidic aqueous solutions (whereas
both catechol and hydroquinone, its o- and p-dihydroxy isomers, respectively, substantially reduced
iron(III) within the first hour). Note for comparison that two other m-dihydroxy isomers, 2,4- and
2,6-dihydroxybenzoic acids (at 0.01 mM), in the presence of 0.2 mM iron(IlT) in 20 mM sodium
acetate buffer (at pH 4.5) were reported [29] to reduce ca. 1% and 4% of all iron(III) to iron(II)
in 30 min, whereas catechol and hydroquinone under those conditions gave ca. 12% and 10%
reduction, respectively.
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Figure 1. Moessbauer spectra of *’Fe(IIl)-containing aqueous solutions of orcinol (1,3-dihydroxy-5-methyl-
benzene) rapidly frozen (@) 10 min and (b) 5.5 h after mixing, as well as of (¢) solid remainder air-dried at
room temperature (measured at 7 = 80 K). Relative transmission of y-radiation is plotted against relative
velocity (v, in mm-s™) of the *’Co[Rh] 14.4-keV +y-radiation source versus the absorber (*’Fe-containing
sample), which corresponds to the energy scale according to the Doppler effect (i.e., with = 1 mm-s™ cor-
responding to = 48.1 neV [27]), calibrated using o-Fe at room temperature. Shaded areas (doublets) represent
contributions of iron(Il) to the whole spectrum area (defined by the outer solid-line envelope); in spectrum
(c), the more and less dark-shaded areas correspond to two different iron(II) species (forms 1 and 2, respec-
tively; see Table I).

Under our conditions (see the Experimental section), homoserine lactone (an unacylated ana-
logue of N-acylhomoserine lactones, a class of signalling molecules involved in quorum sensing
in a variety of bacteria [1-8,11-15]), which also induces non-species-specific effects on the growth
and development of different bacteria suggesting its regulatory functions (see [25] and references
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therein), did not show any noticeable reduction of iron(IIl) in solution. Nevertheless, some iron(1I)
was detected in its dried remainder (see Table I).

It is noteworthy that, in contrast to indole-3-acetic acid (auxin; see above) which had earlier
been reported to be able to totally reduce iron(III) in aqueous solutions [20,21] but, upon subsequent
drying in air, all iron(Il) had been found to get reoxidised back to iron(III) [30], in all cases of the
alkylresorcinols studied in this work, the resulting iron(IT) was evidently not reoxidised upon drying
in air. For instance, for orcinol, the relative content of iron(I) in the dried solid (over 75% of total
iron for both ferrous forms) was ca. 3 times higher than that in the solution 5.5 h after mixing
(seeTable I). This finding points to even stronger reducing power of the alkylresorcinol autoinducer
(and/or its primary oxidation products) as compared to auxin.

It should be noted that the parameters of iron(IIl) forms, which are rather nonspecific and close
for all the samples studied (see Table I), at this step do not allow the chemical nature of the ferric
species to be revealed (e.g., to distinguish between possible complexes or dihydroxy-bridged di-
meric moieties [21]), which would require additional studies.

To conclude, the results obtained unambiguously imply that alkylresorcinol autoinducers can
be abiotically oxidised by soil iron(IIT) in moderately acidic media. Note that metal ion complexa-
tion per se, although changing the properties of the resulting complex as compared to the free
ligand, still does not mean degradation of the latter. On the contrary, some of the signalling
molecules can relatively easily be oxidised by direct action of redox-active metal species (or via
their catalytic activity), similar to the aforementioned processes involving iron(Ill) and auxins
[20,21,30] or alkylresorcinols (this study). In such cases, the resulting product is completely another
substance with different properties. Thus, an oxidation process involving a particular molecular
signal is very likely to exclude the latter from any signalling pathways, which is equal to “message
undelivery”, directly affecting cell-cell communication.
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