ARTICLE
Phosphorylation and Processing of the QuorumSensing Molecule Autoinducer-2 in Enteric Bacteria
Karina B. Xavier†,‡,§, Stephen T. Miller¶, Wenyun Lu储, Jeong Hwan Kim¶, Joshua Rabinowitz储, István Pelczer**,
Martin F. Semmelhack**, and Bonnie L. Bassler†,††,*
†

Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544-1014, ‡Instituto de Tecnologia Química e Biológica,
Universidade Nova de Lisboa, Apt. 127, P-2780-156 Oeiras, Portugal, §Instituto Gulbenkian de Ciência, Apt. 14, P-2781-901 Oeiras,
Portugal, ¶Department of Chemistry and Biochemistry, Swarthmore College, Swarthmore, Pennsylvania 19081, 储Department of Chemistry
and Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, New Jersey 08544-1014, **Department of Chemistry,
Princeton University, Princeton, New Jersey 08544-1014, ††Howard Hughes Medical Institute, 4000 Jones Bridge Road, Chevy Chase,
Maryland 20815-6789

A B S T R A C T Quorum sensing is a process of chemical communication that
bacteria use to assess cell population density and synchronize behavior on a
community-wide scale. Communication is mediated by signal molecules called
autoinducers. The LuxS autoinducer synthase produces 4,5-dihydroxy-2,3-pentanedione (DPD), the precursor to a set of interconverting molecules that are generically called autoinducer-2 (AI-2). In enteric bacteria, AI-2 production induces
the assembly of a transport apparatus (called the LuxS regulated (Lsr) transporter)
that internalizes endogenously produced AI-2 as well as AI-2 produced by other
bacterial species. AI-2 internalization is proposed to be a mechanism enteric bacteria employ to interfere with the signaling capabilities of neighboring species of
bacteria. We have previously shown that Salmonella enterica serovar Typhimurium
binds a speciﬁc cyclic derivative of DPD. Here we show that following internalization, the kinase LsrK phosphorylates carbon-5 of the open form of DPD. Phosphorylated DPD (P-DPD) binds speciﬁcally to the repressor of the lsr operon, LsrR, consistent with P-DPD being the inducer of the lsr operon. Subsequently, LsrG
catalyzes the cleavage of P-DPD producing 2-phosphoglycolic acid. This series of
chemical events is proposed to enable enteric bacteria to respond to the presence
of competitor bacteria by sequestering and destroying AI-2, thereby eliminating
the competitors’ intercellular communication capabilities.
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acteria communicate with chemical signal molecules called autoinducers. This process, called
quorum sensing, enables bacteria to count the
members in the vicinal community and, in response to
changes in population density, alter gene expression in
unison (1). Production and detection of most autoinducers are restricted to organisms within a species. By contrast, the autoinducer generically called autoinducer-2
(AI-2), which is a family of interconverting molecules all
derived from a common precursor, is produced and detected by a wide variety of bacteria. Thus, AI-2 has been
termed a “universal” bacterial signal. Many bacteria
control a variety of niche-speciﬁc behaviors in response
to AI-2 (2–4); however, the mechanisms of AI-2 detection and signal transduction have only been determined
in two Vibrio species and the enteric bacteria Escherichia coli and Salmonella enterica serovar Typhimurium (5–9).
In all AI-2-producing bacteria, the precursor for the
AI-2 signal is 4,5-dihydroxy-2,3-pentanedione (DPD), the
product of the reaction catalyzed by the LuxS enzyme
((10, 11) and Figure 1, panel a). DPD is a highly reactive molecule that rearranges and undergoes additional
spontaneous reactions in solution. Distinct but related
molecules are derived from DPD, and different bacterial
species recognize various forms of DPD as AI-2 signals.
To date, we have identiﬁed two different DPD-derived
signals by trapping the active AI-2 signals in their respective AI-2 receptors (the LuxP protein from Vibrio harveyi, and the LsrB protein from the enteric bacterium
S. typhimurium), crystallizing the complexes, and solving their structures (5, 7). In V. harveyi, the AI-2 signal is
www.acschemicalbiology.org
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formed by cyclization, hydration, and addition of borate
to DPD. In enteric bacteria, the LsrB protein recognizes
an AI-2 moiety that lacks boron and is a different stereoisomer than the signal recognized by V. harveyi
(Figure 1, panel a). Importantly, these two molecules interconvert rapidly in solution (7). Because the AI-2s interconvert, bacteria that detect distinct DPD derivatives
can nonetheless communicate with one another (12).
In S. typhimurium and E. coli, AI-2 controls the expression of a transporter (called LuxS regulated (Lsr)) responsible for internalizing, phosphorylating, and processing
of the AI-2 signal (8, 9, 13). The Lsr transporter is encoded by the genes in the lsr operon, and their expression is activated by AI-2. In the absence of AI-2, LsrR represses the lsr operon (Figure 1, panel b). Following AI-2
release, low-level internalization occurs, and intracellular AI-2 is phosphorylated by the cytoplasmic LsrK kinase. Our genetic studies have shown that phosphorylation of the AI-2 signal leads to derepression of lsr
expression, assembly of the Lsr transporter, and rapid
AI-2 internalization. We suspect that a phosphorylated
form of AI-2 binds and antagonizes LsrR, raising the possibility that this phosphorylated form of AI-2 is the intracellular signal responsible for lsr activation. The lsrF
and lsrG genes, which are encoded in the lsr operon,
are involved in the further processing of the internalized
signal because expression of the lsr operon increases
signiﬁcantly in lsrFG double mutants (13). We have hypothesized that in the lsrFG mutant, increased lsr expression is a result of cytoplasmic accumulation of
phosphorylated AI-2. Moreover, complementation tests
revealed that overexpression of either lsrF or lsrG individually brings the expression of the lsr operon down to
wild-type levels, suggesting that each of these genes is
involved in processing of the internalized molecule. The
LsrF protein has homology to sugar-phosphate aldolases, and LsrG does not have homology to proteins of
known function.
Here we use thin layer chromatography (TLC), mass
spectrometry (MS), and NMR with puriﬁed proteins and
synthetically prepared DPD to identify the phosphorylated form of AI-2 and characterize the processing of the
AI-2 signal in enteric bacteria. Our analysis of the LsrK
reaction shows that LsrK phosphorylates the ring-open
form of DPD at the C5 position, and that phosphorylated
DPD (P-DPD) binds directly to the repressor LsrR. LsrG
www.acschemicalbiology.org
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Figure 1. The AI-2 family of signaling molecules and Lsr-mediated transport and processing of AI-2. a) DPD is the product of the LuxS enzyme and the precursor to all
AI-2 signaling molecules. In solution, DPD cyclizes spontaneously to form two
epimeric furanoses, (2R,4S)- and (2S,4S)-2,4-dihydroxy-2-methyldihydrofuran-3-one
(R- and S-DHMF, respectively). Hydration of R- and S-DHMF gives rise to R- and
S-THMF, respectively. Two active AI-2 molecules were identiﬁed by trapping them in
their respective binding proteins. This analysis revealed that the V. harveyi receptor, LuxP, detects a borated form of S-THMF (S-THMF-borate) and the S. typhimurium receptor, LsrB, detects R-THMF. b) In S. typhimurium and E. coli, AI-2 is produced by the reaction catalyzed by LuxS and is released into the extracellular environment. AI-2 is bound by the periplasmic protein LsrB and internalized by the Lsr
ATP-binding cassette-type transporter, and intracellular AI-2 is phosphorylated by
LsrK. A phosphorylated form of AI-2 (P-AI-2) induces lsr transcription and is proposed to act by binding to LsrR, the repressor of the lsr operon, thereby inactivating
it. Induction of lsr expression causes rapid Lsr-dependent AI-2 internalization. The
LsrF and LsrG proteins are also encoded by the lsr operon and are required for the
further processing of intracellular P-AI-2. The S. typhimurium lsr operon contains an
additional gene downstream of lsrG, called lsrE, which is not present in the E. coli
operon. The lsrE gene is homologous to genes encoding sugar epimerases. Dotted
lines represent hypothetical interactions.

subsequently cleaves P-DPD, producing 2-phosphoglycolic acid (PG). Degradation of P-DPD terminates induction of the lsr operon and, in turn, closes the AI-2
signaling cycle.
RESULTS AND DISCUSSION
LsrK Is a Kinase That Phosphorylates DPD. Previous
studies established that LsrK is a kinase that phosphorylates synthetically prepared DPD with the simultaneous conversion of ATP to ADP (13). Our results
(Figure 2, panel a) demonstrate this point; incubation
of [␥-32P]ATP with LsrK and DPD results in the disappearVOL.2 NO.2 • 128–136 • 2007
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Figure 2. Analysis of the LsrK reaction. TLC plate with [␥- P]ATP, Pi, and the
phosphorylated products (X and Y) marked. a) Lanes from left to right contained aliquots from reactions with [␥-32P]ATP only; [␥-32P]ATP and LsrK; and
[␥-32P]ATP, LsrK, and DPD. Aliquots were applied to the TLC plate after 90
min incubation. b) LsrK was incubated with [␥-32P]ATP and DPD, and at the
speciﬁed times, aliquots were removed from the reaction and applied to the
TLC plate. c) The left-most TLC plate shows DPD and [␥-32P]ATP following 0
and 10 min incubation with LsrK. The middle TLC plate shows the results following continued incubation. The right-most TLC plate shows the results
following removal of the LsrK protein by ﬁltration and then continued incubation. ON denotes overnight.

ance of ATP, the appearance of two radiolabeled products (denoted X and Y), and the production of radiolabeled inorganic phosphate (Pi). One of the new species
(X) remains at the origin of the TLC plate, while the other
(Y) migrates. The controls (ﬁrst and second lanes) show
that, in the absence of the DPD substrate, incubation of
LsrK with [␥-32P]ATP results in some low-level ATP hydrolysis. The two phosphorylated products are, however,
formed only in the presence of all the components of
the reaction (third lane).
Our ﬁnding that the reaction catalyzed by LsrK with
DPD as the substrate yields two phosphorylated species
was unexpected. Time-course analysis (Figure 2, panel b)
of the reaction shows that only the immobile species X
is the product of the LsrK-catalyzed reaction with DPD.
Speciﬁcally, a brief 10 min incubation of LsrK, DPD, and
ATP is sufﬁcient for full consumption of ATP and formation of the phosphorylated, immobile product X. Small
amounts of the second product Y are detected only after
signiﬁcantly longer incubation (60 min). Because product
Y appeared to be formed only following production of X,
we wondered whether Y was derived from X by an LsrKindependent (i.e., spontaneous) mechanism. To test this
idea, we ran the LsrK reaction
for 10 min to produce X and
only trace amounts of Y
+ LsrR
+ BSA
(Figure 2, panel c, left). We immediately subjected half of the
Pi
reaction mixture to ﬁltration to
Y
remove the LsrK enzyme. Subsequently, we monitored the
mixtures containing and lacking LsrK for the products X and
Y. Production of Y occurred at
X
an identical rate irrespective of
1 2 3 4 5 6
Lane
the presence or absence of the
LsrK enzyme (Figure 2, panel c,
130
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middle and right). This result shows that product Y is
made from product X via a mechanism that does not involve the LsrK enzyme. On the basis of this series of experiments, we suggest that X, the immediate product
of LsrK reaction with DPD is P-DPD. This hypothesis is
veriﬁed by several methods below.
The LsrR Repressor Binds P-DPD. Genetic analysis
has shown that LsrR represses the lsr operon, and following LsrK action on internalized DPD, LsrR repression
of the lsr operon is relieved (9, 13, and Figure 1,
panel b). LsrK phosphorylates DPD (Figure 2), consistent with P-DPD being the moiety required for inactivation of LsrR. We hypothesized that LsrR binding to P-DPD
could be the event that inactivates LsrR as a repressor,
leading to induction of lsr operon expression. To test
this possibility, we puriﬁed the LsrR protein and incubated it for 10 min with the products of reaction of LsrK
with DPD and [␥-32P]ATP (Figure 3, lane 1). We ﬁltered
the sample and subjected the ﬁltrate to TLC analysis.
We also washed the LsrR protein fraction extensively
and spotted the washed protein onto the TLC plate. Both
phosphorylated products X and Y can be detected in
the protein-free ﬁltrate (Figure 3, lane 2). However, only
product X is detected in the fraction containing the
washed LsrR protein (Figure 3, lane 3). As a control, we
carried out the same series of experiments with bovine
serum albumin (BSA) substituted for the LsrR protein
(Figure 3, lanes 4–6). Both products X and Y are found
in the ﬁltrate following incubation with BSA (Figure 3,
lane 5); however, neither product remains in the protein fraction (Figure 3, lane 6). These results demonstrate that the product X formed from reaction of LsrK
with DPD is speciﬁcally bound by LsrR. This result
Figure 3. LsrR binds the phosphorylated product of the LsrK
reaction. LsrK was incubated with synthetically prepared
DPD and [␥-32P]ATP for 120 min to allow the formation of
products X and Y. Subsequently, this reaction mixture was
incubated with LsrR protein (lanes 1–3) or with BSA (lanes
4 – 6) for 10 min at 37 °C. Aliquots from the LsrR and BSA
incubations were spotted onto the TLC plate (lanes 1 and 4,
respectively). The reaction mixtures were ﬁltered to remove protein, and the protein-free fractions were applied
to lanes 2 and 5. The protein-containing fractions were
washed three times, and spotted in lanes 3 and 6. Filtration
and washing steps were performed at 4 °C. Note that Pi and
the product Y migrate slightly differently depending on the
presence or the absence of proteins (LsrR or BSA), and this
is indicated by the arrows.
www.acschemicalbiology.org
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Reactions were incubated for 15 min at 37 °C. Subsequently, the reaction mixtures were analyzed
(Figure 4, upperby LC-MS/MS. The following compounds were detected: DPD (selected reaction monitoring (SRM)
left trace). As exm/z 131 ¡ 101 at 10 eV); ATP (SRM m/z 506 ¡ 408 at 21 eV); ADP (SRM m/z 426 ¡ 134 at 24 eV);
pected, there is
b
DPD-P (SRM m/z 211 ¡ 79 at 20 eV); PG (SRM m/z 155 ¡ 79 at 20 eV). Below the limit of detecno signal in the
tion. cNot determined.
31
P spectrum of
this sample (Figure 4, upper-right trace). The gradually
strongly supports the idea that product X, which again
increasing baseline in this trace is a shoulder due to the
we claim is P-DPD, is the critical one in lsr regulation.
large phosphate peak of the buffer. Addition of LsrK enLsrK Phosphorylates the Open Form of DPD at the
zyme and ATP to DPD causes new 1H multiplets to apC5 Position. MS analysis reveals that incubation of
DPD and ATP with puriﬁed LsrK protein results in forma- pear, which are denoted by the three connected vertical lines (Figure 4, middle-left trace). A single 31P
tion of a product of m/z 211 in negative ion mode
resonance arises at 4.21 ppm (middle-right trace) and
(Table 1, reaction 4). This product was identiﬁed by
is consistent with the formation of P-DPD. Importantly,
MS/MS scanning for phosphorylated species, that is,
this resonance appears as a triplet in the 31P-NMR spec⫺
parent ions that release fragments of m/z 79 (PO3 ) or
97 (H2PO4⫺) in MS/MS. The production of these daugh- trum when proton coupling is allowed (Figure 4, insert
above the middle right trace), which is in accord with the
ter ions from m/z 211 strongly suggests that the parent
three-bond phosphorous coupling to a pair of CH2 promolecule contains one phosphate group (sulfate is antons and the ﬂexible open-chain structure. This pattern
other possibility based on mass, but no sulfate was
is consistent only with phosphorylation of the openpresent in the reaction mixture). This product is consischain form of DPD at the C5 position and must occur
tent with addition of a phosphate group to DPD
from coupling of phosphorous with the two protons of
(MW(P-DPD) ⫽ 212). Formation of this phosphorylated
the C5-CH2 moiety. If one of the cyclic forms (Figure 1,
product was not observed in reaction mixtures lacking
panel a) was phosphorylated, this three-bond coupling
the enzyme or any one of the substrates (Table 1, reacto a pair of CH2 protons could not be observed. For extions 1–3). Furthermore, in reaction mixtures containing ample, phosphorylation at the C4 position of either the
all three components (LsrK, DPD, ATP), DPD and ATP
open or the cyclic forms would produce only a doublet in
were substantially reduced and ADP was formed
the 31P-NMR spectrum from phosphorous–proton cou(Table 1, reaction 4), as determined by MS/MS analypling of the proton on the C4-CH group and can theresis using selected reaction monitoring scans speciﬁc for fore be eliminated as a possibility.
the analytes of interest (14). Based on the MS data, we
Using 1H NMR, we demonstrated that the 1H multisuggest that the product of LsrK action on DPD is a
plets that appear following incubation of LsrK with DPD
monophosphorylated derivative of DPD (P-DPD).
and ATP are consistent with DPD phosphorylated at the
Validation for the formation of P-DPD and identiﬁcaC5 site. Speciﬁcally, we monitored the changes occurtion of the site of phosphorylation on DPD came from
ring in the 1H-multiplet pattern after 31P selective irradiaNMR studies. As we reported previously, in solution,
tion was applied at 4.21 ppm. (This is the frequency corresponding to the phosphorous resonance detected
DPD rearranges and exists as an equilibrium mixture
TABLE 1. Products of the LsrK and LsrG catalyzed reactions
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Figure 4. H and P NMR analysis of DPD and its derivatives. Most relevant segments of the 1H spectra (left column) and the 31P spectra (right column) are shown. The
upper traces show DPD alone and that it has no associated
phosphorus. The center traces result from incubating DPD
with ATP and LsrK. The bottom traces show the status of
the sample when LsrG is also added to the mixture. Addition of LsrK causes a new pattern in the 1H spectra for the
CH(OH)—CH2—O-moiety of DPD. Vertical bars denote the
positions of these protons at 4.07 ppm, 3.99 ppm, and
3.85 ppm, respectively. The resonance at 4.21 in the phosphorous spectra (middle-right trace) was assigned to the
phosphate group of DPD (marked as P-DPD). The insert
shows the phosphate spectrum of this group when protoncoupling is allowed. Addition of LsrG (bottom traces) results in a new doublet at 4.16 ppm in the proton spectra,
which we assigned to the CH2 protons from PG (highlighted as (CH2)-PG)), and a singlet in the phosphorous
spectra at 3.08 ppm, which we assigned to the phosphate
group of the same product (highlighted as PG). Selective
31
P irradiation positions are indicated (A and B sites, respectively). The spectra of the samples taken following
LsrG reaction reveal that some P-DPD remains (resonance
at 4.21, bottom-right trace). Thus, not all the P-DPD is converted to PG, which is consistent with the TLC and MS results. The LsrG phosphorous spectrum also shows that an
additional minor product at 5.13 ppm is formed. We do
not know the identity of this minor compound.

following incubation of DPD with LsrK (P-DPD; A site,
Figure 4)). The proton spectrum (Figure 5, panel a, bottom trace) shows that two nonequivalent —CH2—
CH(OH) protons appear each with ddd multiplet structure. By contrast, the CH2—CH(OH) proton resonates at
4.07 ppm with a simpler dd multiple structure. Upon selective 31P decoupling (A site, see Figure 4), only the
multiplets for the CH2 protons simplify to a dd structure
(Figure 5, panel a, middle trace). The exclusive change in
the CH2 multiplet structure due to 31P coupling from
P-DPD is highlighted in the difference spectrum
(Figure 5, panel a, top trace). We note that no changes
in resonances are observed in the CH proton region
(4.07 ppm, Figure 5, panel a, top trace) showing that
31
P decoupling does not affect the proton from the CH
group. The measured coupling constants are as follows:
␦ ⫽ 4.07 ppm, dd, 3JH,H ⫽ 6.8 Hz, 3JH,H ⫽ 3.6 Hz; ␦ ⫽
3.99 ppm, ddd, 2JH,H ⫽ 11.3 Hz, 3JH,H ⫽ 3.6 Hz, 3JH,P ⫽
6.7 Hz; and ␦ ⫽ 3.85 ppm, ddd, 2JH,H ⫽ 11.3 Hz, 3JH,H ⫽
6.8 Hz, 3JH,P ⫽ 6.7 Hz. Further evidence for the assign132
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ment of P-DPD is provided in Supporting Information.
The NMR results and the molecular weight data from MS
are fully consistent with assignment of phosphorylation
of DPD at C5 (P—O—CH2—HCOH—CO—CO—CH3) and
establish that the ﬁnal product of LsrK reaction is C5
phosphorylated DPD (Figure 6).
Analysis of the Products of the LsrG Reaction. Our
previous genetic analyses suggested that LsrG is involved in processing the product of the LsrK reaction
(13), which here we identify as P-DPD (Figure 6). Database analysis shows that LsrG has homology to several
proteins in different bacteria; however, in every case,
their functions are unknown. To test whether it plays a
role in P-DPD metabolism, we puriﬁed the LsrG protein
and incubated it with DPD and [␥-32P]ATP both in the
presence and in the absence of LsrK protein. No change
in reactants occurred in the absence of LsrK as judged
by TLC analysis (data not shown). However, incubation
of LsrG with DPD, [␥-32P]ATP, and LsrK (Figure 7, panel a)
results in the immediate formation of the Y product (following the nomenclature introduced above for the TLC

a
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c

Difference

With A site irradiation

With B site
irradiation

Without A site irradiation

Without
B site
irradiation

4.11

4.03

3.95
ppm

3.87

4.2

4.1
ppm

4.2

4.1
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Figure 5. NMR identiﬁcation of P-DPD and PG. a) Decoupling difference results following selective irradiation of
the 31P signal at 4.21 ppm (A site in Figure 4). Proton
spectra of the products of the LsrK reaction without (bottom trace) or with (center trace) selective irradiation and
the difference in the two spectra (upper trace). b) Results
following spiking of the ﬁnal reaction mixture containing
DPD, ATP, LsrK, and LsrG with commercially obtained PG
in two consecutive steps (middle and top traces, respectively). Spiking leads to a gradual increase in the doublet
at 4.16 ppm. c) Decoupling results from selective irradiation of the 31P resonance at 3.08 ppm (B site in Figure 4).
The collapsing doublet (upper trace) proves the coupling
between the new proton resonance at 4.16 ppm and the
phosphorous resonance at 3.08 ppm, which appear after
addition of the LsrG protein to the reaction mixture.
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MW 156 (consistent with m/z
Figure 6. LsrK and LsrG processing of AI-2. In the presence of ATP, the LsrK kinase phosphorylates
DPD at carbon-5 with the concomitant production of ADP. P-DPD is cleaved by LsrG to PG and an uni155 in negative
dentiﬁed compound presumably containing three carbon atoms.
ion mode) is reported in the Ecocyc database (www.ecocyc.org/): PG
products, Figure 2). This result is strikingly different
(Figure 6). To test whether PG is the product of reaction
from what we observe following reaction with LsrK enof LsrG with P-DPD, we compared the characteristics of
zyme only (see Figure 2, panel b). In both experiments,
the majority of the ATP is hydrolyzed after 10 min. In the authentic PG with the product present in our reaction
mixtures using LC/tandem MS and NMR. The commerincubation containing LsrK but no LsrG (Figure 2,
cially obtained PG showed MS/MS fragmentation idenpanel b), X is the predominant product, and only trace
amounts of the Y product are formed even after 60 min. tical to the LsrG product. In addition, the chromatographic retention time (14.6 min using the hydrophilic
By contrast, in the incubation containing both LsrK and
LsrG(Figure 7, panel a), Y is the major product at 10 min. interaction chromatography method (14)) of the LsrG
product exactly matched that of PG.
This led us to predict that LsrG catalyzes the converThe identiﬁcation of PG as one product of the LsrG resion of product X (e.g., P-DPD) to product Y. Consistent
with this hypothesis, when we perform the LsrK and LsrG action with P-DPD was conﬁrmed by NMR. Addition of
reactions sequentially, we observe nearly complete con- LsrG to the reaction mixture containing DPD,
a
b
LsrK, and ATP resulted in the appearance of
version of product X into product Y (Figure 7, panel b).
+ LsrK + LsrG
Therefore, although product X (P-DPD) can spontaneously a simple doublet resonance (3JH,P ⫽ 5.5 Hz)
convert into product Y, this conversion is catalyzed by
in the proton NMR spectrum at 4.16 ppm
LsrG.
(denoted (CH2)-PG in Figure 4, left bottom
Pi
Y
Pi
Mass spectral analysis shows that inclusion of the
trace) and a new resonance at 3.08 ppm in
LsrG enzyme in reactions containing LsrK, DPD, and
the 31P-spectrum (Figure 4, B site). Spiking
Y
ATP results in consumption of DPD and ATP and formaof an LsrG reaction mixture with pure syntion of ADP and P-DPD (Table 1, reaction 6). However,
thetic PG standard resulted in a perfect overmuch less P-DPD is detected when LsrG is present than lap of the doublet at 4.16 ppm and an inATP
in incubations containing only the LsrK enzyme (comcrease in its intensity (Figure 5, panel b).
X
X
pare reactions 6 and 4). Presumably this is due to LsrG
Moreover, this resonance collapses to a sin0 10 20 30 60
30 60
31
acting on the product (P-DPD) formed by LsrK, which
glet when P selective irradiation was apTime (min)
Time (min)
would be consistent with the results obtained by TLC.
plied at 3.08 ppm (Figure 5, panel c), conFigure 7. Analysis of LsrG reaction
To assay for possible products derived from P-DPD
ﬁrming that the resonance highlighted as
with P-DPD. TLC analysis with
through the reaction catalyzed by LsrG, we again used
site B (Figure 4) corresponds to the phos[␥-32P]ATP, Pi, and the phosphoryMS to scan for phosphorylated species, that is, parent
phorous group of PG. Our results are consis- lated products X (P-DPD) and Y
ions releasing MW 79 (PO3⫺) or 97 (H2PO4⫺) fragments. tent with LsrG catalyzing the cleavage of
marked. a) LsrK and LsrG were siP-DPD to PG and another three-carbon com- multaneously incubated with
We observed formation of a compound of m/z 155
32
pound, which we are currently attempting to [␥- P]ATP and DPD. At the indionly in reaction mixtures containing all the compocated times, aliquots of the reacidentify. LsrR does not bind the product of
nents (DPD, ATP, and both LsrK and LsrG, 15 min incution mixture were applied to the
the LsrG reaction (Figure 3, Y). Therefore, we TLC plate. b) LsrK was incubated
bation time, Table 1, reaction 6). Again, consistent
suggest that degradation of P-DPD by LsrG is with [␥-32P]ATP and DPD for 30
with the TLC studies showing the spontaneous convermin to allow the formation of
the ﬁrst step in terminating induction of the
sion of P-DPD to the LsrG product (Figure 2), we found
P-DPD (denoted X, left lane). LsrG
that the m/z 155 product could also be detected by MS lsr operon.
was added, and the reaction
Concluding Remarks. LsrB, the receptor
in reaction mixtures that lacked LsrG but were incucontinued for an additional 30 min
for the AI-2 signal in enteric bacteria binds
bated for very long times (4 h at 37 °C) with LsrK (data
followed by spotting onto the TLC
to (2R,4S)-2-methyl-2,3,3,4-tetrahydroxynot shown).
plate (right lane).
OH O

OH
O P O
OH H

OH O
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OH
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O P O
OH + Unknown
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tetrahydrofuran (R-THMF), a cyclic derivative of DPD
that forms spontaneously in solution (Figure 1, panel A
and ref 7). Presumably, the LsrB-R-THMF complex interacts with the other components of the Lsr transporter to
import this particular DPD derivative. Once in the cytoplasm, the molecule is phosphorylated by the LsrK kinase. LsrK phosphorylates the carbon atom in the
5-postition of the open form of DPD (Figure 6), showing
that R-THMF must ring-open during the course of transport across the membrane, upon entering the cytoplasm, or upon binding by LsrK. We do not suspect
that any other enzymes are involved in ring opening because we have shown previously that open and closed
derivatives of DPD rapidly and spontaneously interconvert in solution (7, 16). A similar phenomenon occurs in
ribose transport and phosphorylation. Ribose exists in
different conformations in solution. In E. coli, the ribosebinding protein binds the ␤-D-pyranoribose form in the
periplasm (17), while the ribokinase responsible for
phosphorylation of ribose in the cytoplasm recognizes
the ␣-D-ribofuranose form as substrate (18). We have
also shown that the product of the LsrK reaction (P-DPD)
is speciﬁcally bound by the repressor of the lsr operon,
LsrR, supporting our genetic evidence that a phosphorylated form of the AI-2 signal is the inducer of the lsr
operon as proposed (Figure 1, panel b).
To begin to deﬁne the subsequent events in AI-2 processing, we puriﬁed LsrG and showed that it cleaves
P-DPD producing PG. Importantly, our results demonstrate that formation of PG from P-DPD can occur spontaneously, albeit at a very slow rate. Our previous genetic studies indicated that LsrG and LsrF are both
involved in processing P-DPD (Figure 1, panel b). However, those initial studies did not provide information
about which enzyme acted ﬁrst on the product of the
LsrK reaction. The present results show that, in fact, LsrG
is the ﬁrst enzyme to act. Additionally, our ﬁnding that
the reaction catalyzed by LsrG can occur spontaneously
explains our previous genetic analysis in which lsrFG
double mutants could be partially complemented with
either LsrF or LsrG (13). Indeed, our present ﬁndings suggest that the substrate for LsrF is likely present in lsrG
mutant strains. We are characterizing the LsrF enzymatic
activity to verify this hypothesis.
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Currently, we do not understand the mechanism of
the LsrG reaction. Considering that LsrG catalyzes the
cleavage of P-DPD to PG, the most obvious second product would be hydroxyacetone, which could be obtained
by a series of enolization, hydration, and retro-aldol reactions. Surprisingly however, we did not observe peaks
that would correspond to hydroxyacetone in our NMR
spectra. We also did not detect increases in existing
NMR resonances when we spiked the LsrG reaction mixtures with authentic hydroxyacetone. Thus, the second
product of LsrG reaction remains to be identiﬁed.
While we do not know the subsequent fate of the PG
that is produced as a consequence of Lsr activity, it is
known that, in bacteria, PG is produced during DNA repair and it is degraded to glycolate by a 2-phosphoglycolate phosphatase (19). In E. coli, the gene specifying the phosphatase (gph) is a member of the dam
operon, the components of which function in surveillance of DNA ﬁdelity. Interestingly, another gene in the
E. coli dam operon is rpe, which is located upstream of
gph. The rpe gene is homologous to lsrE, a gene encoded in several bacterial lsr operons, including those
of S. typhimurium, Yersinia pestis, and Pasteurella multocida (20). The lsrE gene is not present in the E. coli lsr
operon presumably because it is instead located in the
dam operon.
We have previously demonstrated that enteric bacteria can use the Lsr transport system to interfere with AI2-controlled behaviors of other species of bacteria in the
vicinity. A molecular understanding of this and other
natural strategies used by bacteria to interfere with one
another’s communication abilities can be viewed as
models for the design of synthetic strategies aimed at
manipulating bacterial behaviors. Such strategies show
promise as new therapies for controlling quorumsensing-regulated functions, such as virulence, and as
biotechnological applications for enhancing industrialscale production of beneﬁcial bacterial products, such
as recombinant proteins. Here we have studied the functions of the LsrK and LsrG proteins and showed that
these two proteins are involved in the initial modiﬁcation of the AI-2 signal molecule, and therefore, LsrK and
LsrG play essential roles in the AI-2 interference
mechanism.
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ARTICLE
MATERIALS AND METHODS
Overexpression and Puriﬁcation of LsrK, LsrR, and LsrG. S. typhimurium LsrK with a C-terminal hexa-histidine tag was puriﬁed
from E. coli strain BL21 containing the plasmid pMET1144 (13).
The culture was grown at 37 °C to an OD600 of 0.3, transferred to
22 °C, and grown to an OD600 of 0.9. Expression was subsequently induced with 0.1 mM IPTG for 9 h. Cells were harvested
and resuspended in 25 mM potassium phosphate, pH 7.1,
50 mM NaCl, 10 mM ␤-mercaptoethanol, 1 mM MgCl2,
2.5 g mL⫺1 DNase, and protease inhibitors (1 mM Pefablock,
2.5 g mL⫺1 aprotinin, 2.5 g mL⫺1 leupeptin). The cells were
lysed with a Microﬂuidics M-110 Y microﬂuidizer and subjected
to centrifugation to clear whole cells and cell debris. Supernatants were subjected to Ni–nitiloacetic acid chromatography
with 50 mM potassium phosphate, pH 7.1, 10 mM imidazole,
20 mM ␤-mercaptoethanol, 50 mM NaCl, 1 mM MgCl2 as the
equilibration buffer. The same buffer containing 0.25 M imidazole was used to elute protein from the column. The protein was
transferred to 25 mM potassium phosphate, pH 7.1, 1 mM DTT,
1 mM MgCl2 via size-exclusion chromatography with G25 resin.
The protein was concentrated to ⬃2 mg mL⫺1, and 10% glycerol
was added for stabilization purposes.
The lsrR gene from S. typhimurium and lsrG gene from E.
coli were cloned into pGEX4T1 for expression as glutathione-Stransferase (GST) fusion proteins in E. coli strain BL21. The plasmids pMET1051 and pSTM1011 were used to express the GSTtagged LsrR and LsrG proteins, respectively, and were constructed with lsrR and lsrG DNA obtained by polymerase chain
reaction ampliﬁcation using the primers St36 (GCGGAATTCAGCCATAATACGTTGGTATCTG) and St37 (GCGCTCGAGTTCAATAATTTGAATTATTTTCCC) followed by digestion with EcoRI and XhoI for
lsrR and primers EG5 (GAAGGATCCATGCACGTCACACT) and EG3
(GAACCCGGGTCACGGCATCAAA) followed by digestion with
BamHI and SmaI for lsrG.
N-terminal GST-tagged LsrR and LsrG were puriﬁed from
E. coli strain BL21 containing the plasmids pMET1051 and
pSM1011, respectively. Cultures were treated as above, but
the resuspension buffer was 25 mM Tris, pH 8.0, 150 mM NaCl,
5 mM DTT, 2.5 g mL⫺1 DNase, and protease inhibitors (1 mM
Pefablock, 2.5 g mL⫺1 aprotinin, 2.5 g mL⫺1 leupeptin). Cells
were lysed and centrifuged as previously described, and supernatants were puriﬁed by glutathione agarose chromatography
with 25 mM Tris, pH 8.0, 150 mM NaCl, 1mM DTT as the equilibration buffer. The protein was eluted in 50 mM Tris, pH 8.0,
10 mM glutathione, 150 mM NaCl, and 1 mM DTT (or 5 mM in
the case of LsrG) and concentrated to ⬃1 mg mL⫺1. Puriﬁed LsrG
was transferred to 25 mM potassium phosphate, pH 7.1, 1 mM
DTT, 1 mM MgCl2 via size-exclusion chromatography with G25
resin.
Chemical Methods. DPD protected with a cyclohexylidene
group was chemically synthesized as reported previously (16).
This compound was dissolved in water at concentrations of 10 –
25 mM. To remove the protecting group, the pH was lowered to
below 2 for 4 h at RT followed by neutralization. For TLC and NMR
analyses, 10 L mL⫺1 of 1 M H2SO4 was used for deprotection
and 1 M potassium phosphate buffer, pH 7.0, for neutralization.
For MS analysis, 20 L mL⫺1 of 1 M HCl was used for deprotection and 0.1 M NH4OH for neutralization. PG, tri(monocyclohexylammonium) salt, was purchased from Akaal Organics.
TLC. LsrK, LsrG, or both (10 g mL⫺1) were incubated with
0.8 mM DPD, 20 mM phosphate buffer, pH 7.0, 60 M ATP,
0.2 Ci of [␥-32P]ATP, in 25 mM N-2-hydroxyethylpiperazine-N=2-ethanesulfonic acid (HEPES) buffer, pH 7.5, with 0.240 mM
MgCl2 at 37 °C for various times, after which, 2 L aliquots were
applied to cellulose polyetherimide TLC plates (Scientiﬁc Absorbents). Plates were developed in 0.8 M LiCl, air-dried, and visualized by autoradiography. Proteins were removed by ﬁltration at

www.acschemicalbiology.org

4 °C with centrifuge ﬁlters, MWCO 5 kDa (UFV5BCC00, Millipore). Binding of P-DPD to LsrR was determined by mixing 10 L
of the LsrK reaction with 100 L of LsrR (1 mg mL⫺1), and 140 L
of 25 mM HEPES buffer, pH 7.5, with 0.240 mM MgCl2. Following 10 min incubation at 37 °C, 20 L of this mixture was applied to the TLC plate. The remainder of the sample was ﬁltered
as above. Subsequently, 20 L of the protein-free fraction was
applied to the TLC plate, and the protein-containing fraction was
washed three times with 500 L of 25 mM HEPES buffer, pH 7.5,
with 0.240 mM MgCl2. Following washing, the protein-containing fraction was resuspended in 100 L of 25 mM HEPES
buffer, pH 7.5, with 0.240 mM MgCl2, and a 10 L aliquot was
applied to the TLC plate. The identical experiment was performed with BSA (Sigma).
NMR Analysis. 1H NMR spectra were recorded on a Varian
INOVA-600 instrument (Varian, Inc.) at 599.3 MHz at 4 °C in a
D2O/H2O mixture using a PentaProbe (Varian, Inc.). For water
suppression, excitation sculpting was applied (21). Chemical
shifts were referenced to the water peak position (4.997 ppm
at 4 °C). 31P experiments were performed on a Varian INOVA500 instrument at 202.3 MHz at 4 °C using broadband proton
decoupling. Chemical shifts were referenced indirectly (through
the lock signal) to 85% H3PO4/H2O. LsrK and LsrG reactions
were performed in 700 L volumes containing combinations of
the following components: 10 g mL⫺1 protein, 6 mM DPD,
3 mM ATP, 12 mM MgCl2, 60 mM potassium phosphate buffer,
pH 7.0 (with 60% D2O, Sigma). Reaction mixtures were incubated at 37 °C for 15 min. Reactions were terminated by placing on ice and were stored at 4 °C prior to NMR analysis.
MS. LsrK and LsrG reactions were performed in 100 L reaction volumes containing combinations of the following components: 10 g mL⫺1 of the indicated protein(s), 2.7 mM DPD
(when indicated), and 1 mM ATP (when indicated) in 25 mM
HEPES buffer, pH 7.5, with 4 mM MgCl2. Note that DPD was prepared without H2SO4 and phosphate buffer because the presence of sulfate and phosphate in the reaction mixtures substantially complicates MS/MS detection of phosphorylated
compounds. Reaction mixtures were incubated at 37 °C for
15 min. Reactions were terminated by placing onto ice (4 °C),
and 90% methanol (in water) was added immediately thereafter to precipitate proteins and extract small molecules. The
samples were allowed to stand for 10 min on ice, and precipitated proteins were removed by 5 min centrifugation at 4 °C (Eppendorf microcentrifuge, maximum speed) to yield a proteindepleted, small-molecule-enriched methanol extract appropriate for direct MS/MS analysis. MS analyses were performed
on a Quantum Ultra triple-quadrupole mass spectrometer with
electrospray ionization source (Thermo Electron Corp.). Compounds were detected in negative ionization mode with a spray
voltage of 3000 V. Nitrogen was used as sheath gas at 30 psi
and auxiliary gas at 10 psi, and argon was used as the collision
gas at 1.5 mTorr, with the capillary temperature 325 °C.
For compounds where puriﬁed standards were available,
MS/MS parameters (also commonly referred to as SRM parameters) could be determined by the instrument’s automated fragmentation optimization routine, as described previously (22).
By this method, DPD was determined to have a SRM of m/z
131 ¡ 101 at 10 eV, ADP a SRM of m/z 426 ¡ 134 at 24 eV,
and ATP a SRM of 506 ¡ 408 at 21 eV. Semiquantitative data
shown in Table 1 were collected using these SRMs after sample
injection using a LC-10A HPLC system (Shimadzu) with no chromatography column present (full quantitative analysis would
have required use of chromatography, internal standards, or
both to rule out minor ion suppression artifacts and was not conducted in a systematic fashion; however, preliminary experiments involving chromatographic separation conﬁrmed all of
the major trends shown in Table 1).
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To search for possible reaction products for which standards were not available, a combination of parent scanning
and product scanning in MS/MS mode was used. The most informative approach, given our anticipation based on the 32Plabeling studies of phosphorylated reaction products, proved
to be scanning for parent ions that yielded a product of m/z 79
(PO3⫺) or m/z 97 (H2PO4⫺) upon MS/MS fragmentation (a variety of collision energies, from 10 to 60 eV, were tested to generate the fragments). This approach led to the identiﬁcation of a
prominent parent ion at m/z 211 in reaction 4 (Table 1) and m/z
155 in reaction 6 (Table 1), with no other major phosphorylated compounds detected (other than ADP and ATP). Subsequent product scans identiﬁed their optimal SRMs to be m/z
211 ¡ 79 at 20 eV and m/z 155 ¡ 79 at 20 eV, respectively.
These SRMs were used to generate the data provided in Table 1.
To conﬁrm that the compound with a parent mass of 155
was PG, we performed LC-MS/MS analysis involving hydrophilic interaction chromatography using an aminopropyl column at basic pH as described fully (14). We found a perfect retention time match between the commercial standard of PG and
the product of reaction 6.
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