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Chemical communication among bacteria, termed quorum sensing (QS), is a phenomenon
that has attracted considerable interest over the last three decades. In this process, the
exchange of small chemical signals enables bacterial populations to act together as an
ensemble rather than single organisms.[1] This allows bacteria to achieve functions
beneficial to an entire population and promotes coexistence with higher organisms. For
example, several bacterial species use QS to regulate biofilm formation, resulting in an
increased survival rate due to a higher tolerance to antibiotics.[1] Thus, interference of this
communication could lead to improved control of bacterial infections and contaminations in
health care settings. Importantly, this approach presents advantages over traditional
antimicrobials because of a presumed diminished selective pressure to develop resistance.[2]

Therefore, a sound understanding of this communication system at a molecular level could
be vital for new anti-microbial therapeutics.

Autoinducer-2 (AI-2) is an important class of QS signals that are produced by many bacteria
and are purported to be interspecies signals. Currently, only two AI-2 chemical signals have
been characterized, both of which are derived from 4,5-dihydroxy-2,3-pentanedione (DPD,
1), which is produced by the enzyme LuxS.[3] DPD, while at face value seemingly presents
itself as a simple, linear five carbon fragment, in aqueous solution DPD exists in a complex
equilibrium between both linear (A) and cyclic stereoisomers (B1 and B2, Figure 1a).
Indeed, the subsequent hydration of both cyclic forms (C1 and C2) of this highly
functionalized molecule is described in almost all reports, and in fact X-ray crystallography
has shown that C2 is the isomer recognized by the human pathogen Salmonella
typhimurium, the plant symbiont Sinorhizobium meliloti and recently in Yersinia pestis.[4]

Crystallographic analysis has also revealed that the active species in Vibrio harveyi is a
borate ester (D) in complex with LuxP in 2002.[5] Adding to DPD’s intricacy is that
phosphorylation of its primary alcohol by the kinase LsrK occurs in members of the
Enterobacteriaceae family (e.g. S. typhimurium and Escherichia coli) to form the species
that directly affect gene expression.[6] Thus, the dense oxygenation of DPD grants an
interconversion of several signals from a single precursor.
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Numerous syntheses of DPD have been described in the last decade following the structural
elucidation of AI-2.[7] Forthcoming from these syntheses have been analogues revealing
how drastic changes in biological activity occur even with minor scaffold alterations, i.e.
C1-alkyl analogues 1a-d (Figure 1b).[8] Notably, several of these studies have focused on
the ring dynamics of DPD and the corresponding requirements for signaling activity. For
example, CF3-DPD (2) has been reported to exist exclusively in the cyclic form.[9]

However, detailed structural analyses of the equilibrium and hydration states of the natural
molecule DPD (1) are lacking. Thus, only limited quantitative information has been
described for each species of DPD, a problem exacerbated by the fact that mass
spectrometry techniques are unable to distinguish between molecules of the same molecular
weight.[10] Accordingly, we sought to characterize the important but confounding
equilibrium and hydration states of DPD using a variety of NMR techniques. We examined
these interactions over a wide range of pH that we reasoned would provide insights into
DPD’s stability as well as unique isomers present at physiological pH. Finally, we prepared
and analyzed several key analogues enabling logical deduction of previously unrecognized
DPD species.

Previous NMR analysis has shown the ratio of the linear to both cyclic forms as 1:4 under
strongly acidic conditions.[7b] To provide insight into DPD’s equilibrium at physiological
pH, we buffered an aqueous solution of 1 to pH 7 (1 M NaD2PO4/Na2DPO4). Based on the
previously assigned 1H NMR spectrum under acidic conditions, we anticipated a
straightforward assignment of the signals, however, we observed major changes in both the
number and intensities of the methyl group signals (δ = 1.3–2.4 ppm) as well as the signals
of the DPD-core (C4–5/δ = 3.5–4.4 ppm), mainly resulting in overlapping peaks. These
findings became even more convoluted as we observed another signal change after 24 h,
which we ascribed to be the final stage of the equilibrium (Supporting Figure S1). Due to the
complexity of the spectra, we were neither able to clearly assign peaks to any species nor
integrate single peaks, but we did observe a decrease in intensity of the original peaks. As
such, it is evident that the equilibrium of DPD is pH-dependent and that there are previously
unaccounted species in equilibrium at physiological pH.

To obtain a more detailed picture of this shift in equilibrium, we titrated DPD with NaOD in
D2O (0.1 M) to follow the shifts in equilibrium stepwise. The most significant changes came
between pH 4–5, with several new signals appearing in the region of the methyl protons.
Importantly, the final 1H NMR spectrum at pH 7 of DPD under these unbuffered conditions
is exactly the same as the spectrum in aqueous phosphate solution after 24 h incubation. In
addition, we titrated DPD 1 to pH 10 to investigate the stability and the changes under basic
conditions. Interestingly, the new methyl peaks around 1.3 ppm are even more dominant
under basic conditions and the three major peaks under acidic conditions disappear
completely. We next acidified this solution to pH 1 and observed the same 1H NMR
spectrum as our starting solution (Supporting Figure S2). Thus, the changes are reversible,
which precludes polymerization or decomposition of DPD during the titration, and indicates
an unexpected stability of this highly oxygenated molecule over a broad pH range. We thus
highlight DPD’s chemical stability in complete contrast to other well documented QS
molecules such as acylhomoserine lactones (AHLs), and autoinducing peptides (AIPs),
which have inherent susceptibility to hydrolytic degradation.[11] QS signaling molecules
stability/instability has been probed previously[11a] and suggests alternate biochemical roles
for DPD and its equilibrium species.

Because of the overlapping signals in the 1H NMR spectra, we next turned to 13C NMR
spectroscopy with isotopically labeled DPD derivatives, 13CH3-DPD 4[7b] as well as the
1,2-bis-13C-labeled compound 5 (Figure 2). As anticipated, both labeled derivatives
presented the same pH dependent behavior as natural DPD as viewed by 1H NMR spectra
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(Figure 2a/Supporting Figure S3). However, the presence of the 13C isotope resulted in
altered splitting patterns of each methyl group in the 1H NMR spectra (1JCH = 127.9–129.1
Hz and 2JCH = 5.0–6.1 Hz). Nevertheless, the inclusion of these two isotopically labeled
compounds allowed us to focus on the two carbon atoms in 13C NMR, C1 and C2, that
undergo significant changes (vide supra) based on hydration or cyclization. Analysis of the
labeled compounds indeed revealed that the 13C NMR peaks are of better resolution than the
proton signals and we observed for the methyl carbons three major (20.0, 20.6 and 25.2
ppm) and four minor peaks at acidic pH. Basic titration resulted in a decrease in signal
intensity of the major peaks and the appearance of new peaks, clearly separated from the
original signals, at 23.1 ppm. However, these new peaks overlapped with each other
indicating similar structures of the new species. From the 13C NMR spectrum of the
monolabeled compound 4 we can surmise that 8–9 different DPD species are in equilibrium
at physiological pH (Supporting Figure S4). To quantify each labeled signal, we determined
the relaxation time for the 13C NMR nuclei, a technique rarely used in literature for small
molecules but made possible with the multiple 13C isotopes. Thus, the overlapping signals at
23.1 ppm were quantified to be 1.5–2 times more abundant at pH 7 than the three originally
identified major peaks (20.0, 20.5 and 25.2 ppm). Surprisingly, quantification revealed that
the ratio of the original peaks is constant over the whole pH range with an excess of 4.3–4.6
of both cyclic species to the linear species. This clearly shows that the abundance of the
original species is reduced with higher pH, but that the linear/cyclic equilibrium is not
influenced by the new species at physiological pH.

The additional 13C label incorporated within compound 5, at position C2 is important
because multiple ring closing equilibria are taking place at this position. In addition,
hydration and dehydration processes could be followed at this position, which again are
readily seen via 13C NMR spectroscopy (Figure 2b). Importantly, this compound allows
direct assignments of each methyl group to the corresponding quaternary signal of position
C2 using the C–C coupling constants. We have identified three major species present that
we have labeled as I, II, and III as seen in Figure 2b (Group II consists of both closed
species).

The signal at 211 ppm corresponds to a linear species of DPD containing a carbonyl group
and can be assigned to the methyl group of species I at 25.2 ppm with 1JCC = 42 Hz (Figure
2b). In addition, we could assign both cyclic forms of DPD at 20.0 and 20.5 ppm to the
quaternary carbon signals at 104.0 and 104.5 ppm with a higher coupling constant (1JCC =
47–48 Hz/group II). The tendency of higher coupling constants for the more rigid cyclic
forms compared with the linear form is in accordance with literature values.[12] Yet, the
newly observed peaks of group III have an even higher coupling constant of 1JCC= 51 Hz.
These large values provide a glimpse that other cyclic forms exist; however, these NMR
spectra did not serve to fully dissect their exact structure.

We observe only one major signal at 211 ppm corresponding to the C2 carbonyl group of
the linear species and we do not observe any shift during the titration. Consequently, we can
exclude any hydration/dehydration processes occurring at C3 and this position is readily
hydrated in aqueous solution upon deprotection. These findings are in agreement with NMR
studies that describe a high tendency of monohydration of α-diketones in aqueous solutions
of up to 70 %;[13] however, we believe that the electron withdrawing effects of the adjacent
alcohol also serve to increase the ratio of monohydration of the diketone in DPD. These
observations allow us to assign the signals of species I to (4S)-3,3,4,5-tetrahydroxypentan-2-
one [(4S)-THP/structure E], Figure 1a. The corresponding species C1 and C2 are in
equilibrium with E and this can be observed in NOESY and ROESY spectra (Supporting
Figure S5). However, we are not able to fully exclude the linear diketone A and both
unhydrated cyclic forms B1 and B2 (Figure 1a), but here we postulate that they are of minor
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importance in aqueous solutions. This is also in agreement with the calculated equilibrium
constant of the hydration of this molecule, which favors hydration, as well as the
equilibrium suggested in another study.[7b, 14]

Our NMR structural analysis of DPD has opened up an entirely new series of equilibrium
structures previously not thought to be important. However, we wished to further probe the
chemical basis of these equilibrating chemical partners. Therefore, we synthesized two
derivatives as model systems for the cyclic and the linear species of DPD (Figure 3). As our
model for the cyclized form we examined the CF3 analogue of DPD (2); interestingly, this
derivative is the most active agonist described to date and is only present in the hydrated
form at the C3 position.[9] In our analysis of 2, we observed the equilibrium of CF3-DPD 2
to be highly pH dependent (Figure 3a/Supporting Figure S6). Thus, the 1H NMR signal
changes for C4 and C5 are very similar to the cyclic isomers of natural DPD again showing
complete hydration, while the spectra of 2 and DPD parallel each other and reemphasize that
the equilibrium of the hydrated species E with C1 and C2 are important.

We synthesized the methylated primary alcohol (3) as our linear model compound, which is
unable to engage in any ring closing events. The titration of 5-MeO-DPD in the range of pH
1–7 indicates the presence of a single major species over the entire pH range as observed
by 1H NMR (Supporting Figure S7), Only one new minor species of less than 5 % was
observed and the 13C NMR clearly shows the presence of only one carbonyl moiety (Figure
3b). This linear structure thus houses a singular ketone, further strengthening our analysis
that the linear form of DPD is species E in aqueous solution (Figure 1a). However,
seemingly contradictory the diketone A has always been implicated as the major linear
species of DPD in solution, largely because addition of 1,2-phenylenediamine grants the
corresponding quinoxaline.[3b, 7a, 7b] To test this, we treated 5-MeO-DPD 3 with an aqueous
solution of 1,2-phenylenediamine and found complete conversion (Supporting Figure S7).
To reconcile this finding we now submit that the reaction likely occurs via rapid dehydration
of position C3 after the conversion of the C2 carbonyl to the corresponding imine, thus
obviating the requirement of the α-diketone (Figure 3c).

While the preceding studies were focused on the equilibrium of the natural DPD signal, we
also sought to understand the equilibria of DPD analogues and their capability of modulating
QS (1a-d). In total, these compounds exhibit variable biological activity in V. harveyi and S.
typhimurium reporter assays. In V. harveyi, all act only as synergistic activators of QS in the
presence of DPD.[8] However, in S. typhimurium the biological activity varies based on the
simple addition of methylene groups: ethyl-DPD (1a) is a weak agonist, whereas propyl-
DPD (1b), butyl-DPD (1c), and hexyl-DPD (1d) are potent antagonists.[8a, 8b]

In stark contrast to DPD, which exhibits a ratio of both cyclic forms to the single linear form
of 4.3:1, the ratios of cyclic to linear isomers of the alkyl-DPD analogues were about 1:1 at
pH 1.5 (Figure 4). Only the ethyl derivative 1a has a ratio slightly above 1, whereas it is less
than 1 for the three analogues with the longer alkyl chain (propyl, butyl and hexyl, 1b-d).
This drastic change in equilibrium is surprising given the only weakly electron-donating
capability of the additional methylene groups. However, even these minor changes appear
sufficient to alter the electrophilicity of the C2 carbonyl.

We adjusted the pH of these solutions to 7 and also observed the appearance of new peaks in
a manner similar to that observed with DPD (Supporting Figure S8). Because of the
complexity of the spectra, we were unable to rigorously characterize the equilibria of 1a-d at
pH 7. However, as we observed constant values of 4.3:1 for the ratio of the equilibrium of
species C1 and C2 with species E within DPD (1), we posit that the corresponding ratios of
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the C1-alkyl derivatives 1a-d at pH 1.5 (Figure 4) are also similar over the whole
investigated pH range.

According to our NMR observations for DPD, we postulate that the lower presence of cyclic
forms may explain the lack of signaling activity of these analogues in V. harveyi, as a boron
complexed cyclic isomer of DPD must bind to the receptor protein LuxP to initiate the QS
cascade inside the cell.[5a] In S. typhimurium, on the other hand, activity does not depend on
the cyclic DPD signal or such species to bind its receptor, and the linear forms of these
analogues may enter the cell, where they can then activate or antagonize gene expression.[8b]

In summary, detailed NMR analysis has provided us with better understanding of the
structural diversity that DPD possesses at physiological pH. Our results allow us to conclude
that the linear species of DPD is present as the monohydrate E [(4S)-THP], which is in
equilibrium with both hydrated forms C1 and C2 at pH 7. The species previously postulated
to be major components of the DPD equilibrium described species A, B1 and B2 were not
observed and are at best only minor species. Furthermore, the presence of the multitude of
closed DPD isomers at physiological pH, coupled with the ability for DPD to complex
anions as observed with [B(OH)4]−, highlights the complexity of AI-2 based signaling in
that any of these isomers could potentially mediate bacterial communication. This study
suggests that the lexicon of AI-2 communication may be significantly larger than
appreciated.
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Figure 1.
a) The equilibrium of autoinducer-2 (AI-2/1) as typically described in the literature (black
color) and the equilibrium identified in this study (red color). The diketone species A is in
equilibrium with B1 and B2 which are hydrated to grant C1 and C2. The borate species D
was discovered as the active species in V. harveyi. Species E is proven as the major linear
structure in this study. b) DPD analogues described in the current study.
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Figure 2.
a) 1H NMR spectra illustrating the pH dependency of 13C labeled DPD 4. b) Relevant 13C
NMR spectra for the base titration of bis-13C labeled DPD 5 (Full spectrum in/Supporting
Figure S3). The different DPD species are assigned into 3 groups I, II, III, while 13C
isotopes are indicated with an asterisk (*).
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Figure 3.
a) 1H NMR of model compound 2 in comparison with 13C-DPD (4) at pH 1 and pH 7.
b) 13C NMR of model compound 3 at pH 1 and pH 7. c) The proposed mechanism for the
reaction of the monoketone species with 1,2-phenylenediamine.
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Figure 4.
1H NMR quantification of the cyclic/linear ratio of DPD (1) and the C1-alkyl DPD
analogues (1a-d) at around pH 1.5. Shown are the values for both cyclic species C1 and C2
over species E.
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