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Abstract: Reported herein is that (4S)-4,5-dihydroxy-2,3-
pentanedione (DPD) can undergo a previously undocumented
non-enzymatic glycation reaction. Incubation of DPD with
viral DNA or the antibiotic gramicidin S resulted in significant
biochemical alterations. A protein-labeling method was con-
sequently developed that facilitated the identification of
unrecognized glycation targets of DPD in a prokaryotic
system. These results open new avenues toward tracking and
understanding the fate and function of the elusive quorum-
sensing signaling molecule.

Over the past decade, our group and others have inves-
tigated the bacterial biochemical properties of (45)-4,5-
dihydroxy-2,3-pentanedione (DPD).'! Our interest in this
molecule originally stemmed from its distinct densely oxy-
genated five-carbon-atom makeup, and reports touting its
ability to coordinate gene expression in both gram-negative
and gram-positive bacteria in a population-dependent
manner, termed as autoinducer-2 quorum sensing (AI-2
QS). Moreover, we have shown that DPD can exist in
a complex, multispecies equilibrium whereby its unique
architecture allows it to undergo cyclization and ring-opening
reactions in a similar fashion as do saccharides (Sche-
me 1A).?

Enormous resources have been invested in AI-2 QS trying
to connect QS pathogenic events, however, these research
efforts have only yielded sporadic reports of AI-2-QS-
regulated behaviors.’! Fundamental to AI-2 QS on one
hand is DPD’s biosynthetic manufacturer present in over 70
species of bacteria, yet, a consistent link between the DPD
signal, receptor, mechanism, and target output within this
plethora of bacterial species has been lacking.*! Additional
questions on DPD’s role in cross-species signaling have also
been dampened by the view that the luxS gene, which was
thought to be dedicated to AI-2 production, also assumes an
integral function in the activated methyl cycle.F! Taken
together, while DPD has been portrayed as being central to
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Scheme 1. A) DPD and its equilibrium species in aqueous solution.
B) Fructose undergoing the Heyns rearrangement with lysine.

bacterial interspecies quorum sensing, its importance in
bacterial pathophysiological control remains elusive.
Herein, an additional piece to this molecule’s yin and yang
chemical biology is presented. We describe an intrinsic
reactivity of DPD a reactivity that enables DNA- and
protein-glycation, a previously undocumented biochemical
role for this signaling molecule in the bacterial cell.

It has been established that the carbonyl moiety of
areducing sugar is capable of reacting non-enzymatically with
the side chains of lysine/arginine residues embedded within
a protein (Maillard reaction), and is initiated by the formation
of a transient Schiff base. This Schiff base intermediate can
then undergo an Amadori (in aldoses) or Heyns rearrange-
ment (in ketoses; Scheme 1B), which can ultimately lead to
the formation of advanced glycation end products (AGEs),
and subsequent alteration of the protein’s normal function.
As such, AGEs have been implicated in a number of
pathologies associated with aging, diabetes, and arthritis."”
Research findings demonstrating that nucleotide bases could
also participate in advanced glycosylation reactions have
offered additional insights into the pathophysiology of AGE-
related diseases. Prior studies have shown that DNA-modi-
fication by glucose 6-phosphate (G-6-P) leads to a significant
decrease in transfection efficiency and an increase in plasmid
mutations in vivo.® Incorporation of the stable adduct N*-1-
(carboxyethyl)-2'-deoxyguanosine (which can form on pro-
longed incubation of DNA with glucose or methylglyoxal)
within template DNA blocked polymerase activity and
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induced mutagenesis.”? The accumulation of DNA glycation
products over time may thus promote genetic instability and
facilitate disease progression.

Given the structural similarity between DPD and mono-
saccharides, it seemed plausible to consider that DPD could
undergo similar chemically centric processes. As a first step
toward probing this unexplored reactivity of DPD, we
incubated DPD (10 mm) with a model nucleotide base, 9-
methylguanine (9-MG, 1 mm, Scheme 2 A), in PBS pH 7.4 at
reflux temperature for 16 hours, and monitored the reaction
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Scheme 2. Structures of A) 9-methylguanine and B) Gramicidin S.
C) Formation of a DPD-lysine covalent adduct which contains an o3
diketone functionality.

by LC/MS. Mass spectral analysis of the crude reaction
mixture showed a mixture of 9-MG-DPD adducts (see
Figure S1 in the Supporting Information), although no
attempt was made at their isolation and identification.
Having established that DPD modifies the model nucleotide
in vitro, we next investigated the biochemical effect of
glycation by evaluation of DNA transfection into E. coli.
Earlier reports have documented the loss of transfection
potential of glycated single-stranded DNA (ssDNA), thus
resulting from its reaction with G-6-P.*! Taking a similar
approach, we isolated ssDNA from bacteriophage M13 and
incubated it with DPD (0.5 and 5 mm) at 37°C. At different
incubation times, reaction mixtures (100 ng ssDNA + DPD)
were transfected into TGl competent cells, followed by
quantitation of plaque-forming units after an overnight
growth. As evident in Figure S2A (see the Supporting
Information), exposure of the single-stranded viral genome
with Smm DPD led to a dramatic decrease in plaque
formation (up to three orders of magnitude in a span of
4 days), that is first order with respect to incubation time
(Figure S2B). Control incubations of either ssDNA or DPD
alone were performed to account for potential degradation
effects, but were not found to significantly alter transfection
during the course of the reaction (Figure S2A). We note that
the initial experiment with 9-MG was undertaken using
accelerated conditions for a facile assessment of the purine
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amino-group reactivity.®™ Incubations with ssDNA were,
however, performed under long-term conditions at physio-
logical pH/temperature, to emulate the long-lived DNA
molecules in vivo, molecules which could undergo gradual
and time-dependent glycation reactions.*"

To further explicate on the glycating ability of DPD, we
utilized the antibiotic gramicidin S (GS; Scheme 2B) as
a model system of protein glycosylation, as previously
described.'”! GS is a cyclic decapeptide containing two
proximal ornithine residues which can promote glycation.
As expected, multiple adducts were observed by LC/MS upon
incubation of DPD (5 mm) with GS (50 um) at 37°C (see
Figure S3 in the Supporting Information). This DPD-induced
modification invariably resulted in a substantial decrease in
GS potency (up to eightfold increase in MIC against a selected
panel of bacteria; see Table S1 in the Supporting Informa-
tion), and suggests a previously unrecognized mechanism of
DPD-mediated antibiotic resistance.

The observation that the signaling molecule can remark-
ably alter the biochemical properties of the model DNA and
peptide in vitro provides a whole new exciting perspective on
DPD fate and function. Yet, our quest to decipher the
physiological implications of DPD glycation was hampered
by the dearth of methods which that can distinctly identify Al-
2 molecular targets/receptors. In hindsight, we worked under
the assumption that a nucleophilic attack on the C2 a-
hydroxyketone of DPD by a primary amine would afford
a Schiff-base intermediate, which could then undergo a series
of tautomerizations/rearrangements, thus yielding multiple
isomers, including the Heyns product 2 (Scheme 2C; see
Figure S4 in the Supporting Information). As a means to test
this hypothesis, we incubated N,-acetyl-L-lysine methyl ester
(1 mm) with DPD (10 mm) at 70°C (pH 8.0) for 48 hours and
monitored the reaction by LC/MS analysis. As expected,
a DPD-lysine covalent monoadduct (m/z 317.1696) was
observed and it fits the structure of product 2, albeit in very
low yield (Scheme2C; see Figure S5 in the Supporting
Information). This diminutive yield is most likely a result of
the reversibility of the transient DPD-lysine-Schiff base
formation, and reduced nucleophilicity of the simple lysine
analogue (pK,=10.4) at pHS8."! Indeed, Maillard-type
reactions involving lysines are typically thought to be
significantly suppressed under physiological conditions.'? In
contrast, lysine residues found within a protein’s microenvir-
onment can possess depressed pK, values (ca. 6.0), which can
translate to the increased reactivity through general acid/base
proton transfer.[''""]

Using this chemical rationale, we envisaged that a DPD-
Heyns product could be evoked in a rapid manner within the
correct protein microenvironment. An additional sobering
thought that would also need our attention was that the
Heyns rearrangement products are subject to forming amino
aldoses, which are known to be unstable, thus making this
reaction extremely difficult to monitor."! Despite these
undeniable challenges, we envisioned that a successful
Heyns rearrangement would at some point present an o.,f3-
diketone handle which could be trapped with a phenylenedi-
amine tag by an irreversible quinoxaline ring formation
(Figure 1 A).”> To this end, we synthesized two chemical
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Figure 1. A) Labeled protein by quinoxaline ring formation. B) Phenyl-
enediamine-TAMRA (3) and Phenylenediamine-biotin (4) tags.

C) Labeling of proteome from wild-type S. typhimuirum. FL=fluores-
cence.

tags for further studies: phenylenediamine-TAMRA (3) and
phenylenediamine-biotin (4; Figures 1B; see Figure S6 in the
Supporting Information). The advantage is that the probes
could be trapped, as either a protein-DPD-TAMRA or
protein-DPD-biotin conjugate, and could be analyzed by in-
gel fluorescence or subjected to affinity purification, respec-
tively, thus providing invaluable information regarding which
proteins rapidly undergo DPD glycation.

Previously, glycation involving common saccharides was
only considered to be relevant for eukaryotic organisms as it
is chemically challenging (taking weeks to occur). However,
Ivanov and co-workers provided evidence that AGE forma-
tion also occurs in prokaryotes despite its short life span.'™! As
a first demonstration of the utility of the probes to examine
DPD-linked protein glycation, we set out to label the whole
lysate derived from the wild-type Salmonella enterica serovar
Typhimurium (8. typhimurium) strain 14028, as DPD’s role in
the AI-2 QS of S. typhimurium has been well documen-
ted."*4l This strain was grown on a stationary phase (ODj, =
3.6) and the whole cell lysate was incubated with DPD (4 mM)
at pH 7.0 at 25°C for 1 hour. After protein precipitation, the
protein pellets were re-solubilized and then incubated with
phenylenediamine-TAMRA (3; 100 um) at 25°C for 1 hour.
As shown in Figure 1C, a comparison of the fluorescence
image with the Coomassie brilliant blue (CBB) reveals that
the proteins in this milieu are rapidly glycated. Importantly,
when the lysate was incubated without DPD, no labeling was
observed, thus indicating that the phenylenediamine tag is
selective for DPD-glycated proteins (see Figure S7 in the
Supporting Information).

Encouraged by these results, we sought to identify which
proteins are glycated by DPD. As such, we used a combination
strategy utilizing phenylenediamine-biotin (4) and mass
spectrometry-based proteomic-profiling techniques.'® Here,
the whole-cell lysate (S. typhimurium strain 14028) was used
either with or without denaturing prior to DPD labeling
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(denatured or native experiment, respectively). We antici-
pated that a comparison of these two samples would enable us
to determine which proteins are modified by DPD, and thus
possess the specific structural interactions necessary to form
the Heyns-protein adduct. Labeled proteins were enriched
using streptavidin beads, trypsinized, and analyzed by tandem
ESI-MS/MS (see the Supporting Information for protocols).
To exclude statistically irrelevant hits, positive hits were
defined based on the criteria as follows: 1) a minimum of two
unique peptides per protein in all three replicates, 2) p value
<0.05, and 3) greater than twofold more spectral intensity
detected in the native sample than in the denatured sample.!"”’

In the native sample, 63 proteins met the criteria for
positive hits (see Table S2 and Figure S8 in the Supporting
Information). Interestingly, several are known to regulate Al-
2 QS and the Isr repressor protein LsrR is one such example.
According to previous biochemical studies!'“*! and crystallo-
graphic data of LstR derived from Escherichia coli* it is the
phosphorylated form of DPD (phospho-DPD) which binds to
this protein, thus provoking destabilization and derepression
of the Isr operon. However, it has been proposed that intact
linear DPD can also bind to LsrR, thus resulting in altered
biofilm architecture through a distinct signaling pathway in E.
coli® In addition, it is noteworthy that the periplasmic
protein LsrB, which recognizes and internalizes the AI-2
signal 'l was not detected as a positive hit. However, it is the
cyclic form of DPD that LsrB recognizes, and thus accounts
for the lack of reactivity in this labeling.

Other positive hits in the above-mentioned proteome
labeling included the phosphoenolpyruvate phosphotransfer-
ase PT1PY and phosphoenolpyruvate synthase regulatory
protein PsrP. These comprise the phosphoenolpyruvate
phosphotransferase system (PTS), which is required for initial
internalization of AI-2 signals into the cytosol, followed by Isr
operon activation.”” In addition, the NAD(P)H-dependent
glycerol-3-phosphate dehydrogenase GpsA was detected.
This protein reduces dihydroxyacetone phosphate, which
inhibits the regulatory activity of LsrR.[*

To gain a greater appreciation of DPD-protein labeling
efficiency, LsrR from S. typhimurium LT2 was cloned and
overexpressed to afford a whole-cell lysate, and to this, BSA
was added as a control protein, as its use as a glycation model
is well documented.” The obtained protein solution was
labeled and visualized with DPD and 3 as described
previously (Figures 2, see Figure S7 in the Supporting Infor-
mation). As expected, labeling of LsrR was dependent on
concentration, temperature, and incubation time (Figure-
s 2A,B). Labeling efficiency was reduced when LsrR was
denatured prior to incubation with DPD (Lanes 2 and 3 in
Figure 2 C). Quite remarkably, the unnatural (4R)-DPD (ent-
DPD) exhibited significantly reduced labeling efficiency
(Lanes 2 and 4 in Figure 2C). In contrast, labeling of BSA
was marginal compared to that of LsrR, suggesting that the
former does not structurally recognize DPD, and thus under-
lining the selectivity of our labeling probe. To rule out
additional spurious artifacts, the specificity of the phenyl-
enediamine probe was examined using fructose and glucose
instead of DPD, and it did not give fluorescently labeled LsrR
(see Figure S9 in the Supporting Information). Collectively,
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Figure 2. DPD labeling of LsrR under various conditions: A) concen-
tration of DPD and incubation temperature. B) Incubation time.
C) Denatured LsrR and ent-DPD.

our labeling method allows selective detection of proteins
which could recognize and react with DPD. These results also
illustrate that the protein must possess a unique tertiary
structure microenvironment for Heyns-DPD protein marking
to transpire. In particular, the observed stereoselectivity is in
contrast with protein glycation by natural sugars, where
reactivity is not dictated by stereochemistry.*!

The significance of these proteomics findings to bacterial
physiology must be viewed with caution. In our labeling
experiments, we used millimolar concentrations of DPD,
concentrations which may raise questions for its physiological
relevance. Quantitative detection of QS molecules in real
time is a rather challenging task as they are produced at
different concentrations throughout the bacterial life cycle.
Al-2 has been reported to accumulate at a maximal intra-
cellular level of 2 mm in E. coli.*® However, we speculate that
it could exist at a higher concentration given the transient
and, as our current data imply, highly reactive nature of DPD.
Although our results offer the tantalizing possibility that
DPD acts as a post-translational modifier for regulation of
AI-2 QS, the fortuity that this biochemical processing is non-
QS-2-related could not be discounted and remains to be
demonstrated. What is clear is that DPD has the hallmarks of
a glycating agent and we have disclosed evidence character-
izing this previously unrecognized reactivity. Using ssDNA
and gramicidin S as model systems, we have shown that DPD
can react with both to produce conspicuous biochemical
alterations. We subsequently developed a labeling method
that enabled the explicit identification of proteins which can
recognize and react with DPD, and as a first application,
successfully labeled a prokaryotic proteome. A fascinating
aspect is the rapid and stereospecific nature of DPD-induced
glycation, requiring bacterial proteins to possess a requisite
tertiary structure microenvironment for the DPD-Heyns
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reaction to ensue. Future studies from our group will focus
upon unraveling the chemical makeup of these Heyns
products as well as the structural requirements and down-
stream effects of DPD glycation. More importantly, we are
endeavoring to expand the utility of our labeling probes in
eukaryotic systems, as this will provide further insights into
the physiological implications of the quorum-sensing signal-
ing molecule beyond quorum sensing.
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