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ABSTRACT Acyl homoserine lactones (acyl-HSLs) are
important intercellular signaling molecules used by many
bacteria to monitor their population density in quorum-
sensing control of gene expression. These signals are synthe-
sized by members of the LuxI family of proteins. To under-
stand the mechanism of acyl-HSL synthesis we have purified
the Pseudomonas aeruginosa Rhll protein and analyzed the
kinetics of acyl-HSL synthesis by this enzyme. Purified RhlI
catalyzes the synthesis of acyl-HSLs from acyl-acyl carrier
proteins and S-adenosylmethionine. An analysis of the pat-
terns of product inhibition indicated that RhII catalyzes
signal synthesis by a sequential, ordered reaction mechanism
in which S-adenosylmethionine binds to RhlI as the initial step
in the enzymatic mechanism. Because pathogenic bacteria
such as P. aeruginosa use acyl-HSL signals to regulate viru-
lence genes, an understanding of the mechanism of signal
synthesis and identification of inhibitors of signal synthesis
has implications for development of quorum sensing-targeted
antivirulence molecules.

Many Gram-negative bacteria synthesize acyl-homoserine lac-
tone (acyl-HSL) signal molecules that serve in a cell-to-cell
communication system termed quorum sensing. Quorum sens-
ing enables population density control of gene expression (for
recent reviews of quorum sensing see refs. 1-4). Because
quorum sensing has been implicated as an important factor in
the expression of virulence genes in animal and plant patho-
gens (2, 5-7), understanding the mechanism of acyl-HSL
synthesis is of importance. Although all acyl-HSLs possess an
HSL ring, the length of the acyl side chain and the substitutions
on the side chain differ and are specificity determinants for
different quorum-sensing systems. In most systems, acyl-HSL
signal synthesis requires a member of the LuxI family of
proteins. LuxI family members occur in a number of different
bacterial genera; all LuxI proteins direct the synthesis of
specific acyl-HSLs and show sequence similarity (2-4, 8).
There are three reports of in vitro catalysis of acyl-HSL
synthesis by LuxI family members. The Vibrio fischeri LuxI
protein was purified as a maltose-binding protein fusion (9)
and the Agrobacterium tumefaciens Tral protein as a His-
tagged fusion (10). Both of these proteins functioned as
acyl-HSL synthases when provided with S-adenosylmethionine
(SAM) as the amino donor and an appropriate acyl-acyl
carrier protein (acyl-ACP) as an acyl donor. Subsequently, the
Pseudomonas aeruginosa RhlI protein was purified from re-
combinant Escherichia coli in the form of insoluble inclusion
bodies. In vivo, Rhll directs the synthesis of N-butyryl-HSL and
small amounts of N-hexanoyl-HSL (11). The purified protein
was reported to catalyze the synthesis of butyryl-HSL when
provided with butyryl-CoA, HSL, and NADPH (12). The
activity of the Rhll preparation was substantially lower than
the activity of the LuxI or Tral preparations (107°), thus
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raising concerns as to whether butyryl-CoA and HSL are
relevant substrates for acyl-HSL synthesis by RhlI.

It has been hypothesized that by analogy to fatty acid
biosynthesis, the first step in acyl-HSL synthesis involves
formation of a covalent acyl-enzyme intermediate (3, 10), and
that active-site cysteine residues or serine residues are acyl
acceptors for such a mechanism (2, 3, 10). Analyses of the
effects of site-specific mutations in LuxI and RhlI on acyl-HSL
synthesis in recombinant E. coli suggest that the proposed
mechanism for signal synthesis may be incorrect (8, 13). None
of the cysteine residues in LuxI or RhlIl are essential for
acyl-HSL synthesis, and in Rhll, a conserved serine residue
within the proposed active site is also not essential for enzyme
activity. Perhaps acyl-HSL synthesis proceeds via a mechanism
that does not involve an acyl-enzyme intermediate or perhaps
the acyl group acceptor has not been targeted in the site-
specific mutagenesis studies.

In addition to site-specific mutagenesis, Rhll and LuxI
function has been studied by analyzing random single amino
acid substitution mutants that retain little or no activity in
recombinant E. coli (8, 13). These studies have revealed a
conserved region containing a number of specific residues
required for both RhII and LuxI activity. This region corre-
sponds to residues 25-104 of the 193-aa LuxI polypeptide, and
it has been proposed to represent the active site for formation
of the amide bond between the acyl group and the amino
donor, SAM (8, 13). The fact that analogous mutations in RhlI
and LuxI inactivate both enzymes raises further doubt con-
cerning the proposal that the substrates for RhlI are HSL and
acyl-CoA rather than SAM and acyl-ACPs, which are the
substrates for LuxI and Tral.

To probe the mechanism of acyl-HSL synthesis, we purified
a native, soluble form of RhII from P. aeruginosa. Rhll was
chosen as a model because the activated acyl substrates
butyryl-ACP and butyryl-CoA are relatively easy to prepare.
We report that the enzyme shows greatest activity with bu-
tyryl-ACP and SAM as substrates. There is low activity when
butyryl-CoA is provided in place of butyryl-ACP, and even in
the presence of NADPH there is no detectable activity when
HSL or homoserine are provided in place of SAM. Inhibitor
studies suggested that RhlI produces butyryl-HSL by using a
sequential ordered reaction mechanism initiated by SAM
binding. This is inconsistent with previous proposals of acyl-
enzyme intermediate formation as the first step in acyl-HSL
synthesis.

MATERIALS AND METHODS

Plasmid Construction and Transformation. The RhlI ex-
pression vector, pRhlI-2, was constructed by ligation of an
899-bp ptac-rhll BamHI-HindIll fragment from pRhlI-1 (8)
with BamHI-HindIII-digested pBBRIMCSS5 (14). Standard
procedures were used for all molecular genetic manipulations
(15), and E. coli XL1-Blue was used as a cloning vehicle. P.

Abbreviations: ACP, acyl carrier protein; HSL, homoserine lactone;
SAM, S-adenosylmethionine; MTA, 5'-methylthioadenosine
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F1G. 1. Purification of RhlI from clarified cell extracts. (4) HiTrap Q
column chromatography. (B) HiTrap S column chromatography. (C)
Superdex 75 column chromatography. O, RhlI activity (nmol of butyryl-
HSL produced min~! in each fraction); @, protein levels. (D) SDS/PAGE
of RhlII activity peaks. Lane 1, molecular mass standards (prestained
low-range markers, Bio-Rad); lane 2, 30 g of cell extract; lane 3, 35 ug
of protein from pooled HiTrap Q fractions 3-8; lane 4, 30 ug of protein
from pooled HiTrap S fractions 5-8; lane 5, 1.4 pg of protein from pooled
Superdex 75 fractions 13-15. The numbers to the left indicate the
molecular mass of the standard. The arrow indicates RhlI.

aeruginosa PAO-JP1, a Lasl™ strain, was transformed with
pRhII-2 by electroporation as described below, and transfor-
mants were selected by plating on peptone-trypticase-soy
(PTS) agar (16) supplemented with gentamicin (25 pg/ml)
and tetracycline (50 ug/ml).

Table 1. Purification of RhlI
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Electroporation was performed as follows: P. aeruginosa was
grown for 5 h in 50 ml of PTS broth with tetracycline at 37°C
with shaking. The inoculum was 0.5 ml of an overnight culture.
Cells were harvested by centrifugation and suspended in 25 ml
of ice-cold 300 mM sucrose. After centrifugation at 4°C, the
cells were suspended in 1 ml of 300 mM sucrose. This cell
suspension was incubated with plasmid DNA (about 500 ng per
100 wl) on ice for 5 min and then subjected to electroporation
(100 pl at 2.5 'V, 25 uFd, 200 Q). Immediately after electro-
poration, 700 ul of PTS broth was added to the cell suspension.
After 1 h at 37°C, transformants were selected as described
above.

Purification of Rhll. P. aeruginosa PAO-JP1 with pRhlII-2
was grown at 30°C in 10 liters of PTS broth containing
gentamicin to an optical density of 0.85 at 660 nm in a Biostat
B fermentor (B. Braun, St. Louis, MO). The cells were
harvested by centrifuging at 4°C for 10 min at 5,000 X g,
washed in 25 ml of cold buffer I [10% (vol/vol) glycerol/0.1
mM DTT/0.1 mM EDTA/0.1 mM PMSF in 20 mM potassium
phosphate buffer, pH 7.5], suspended in 70 ml of cold buffer
I, and lysed in a French Pressure cell (twice at 8,000 psi; 1 psi =
6.89 kPa). The resulting cell extract was centrifuged at
12,000 X g for 30 min at 4°C, and the soluble fraction was
clarified by centrifuging at 74,000 X g for 60 min. RhII was
purified by using HiTrap Q, HiTrap S, and Superdex 75
column chromatography (Amersham Pharmacia). The HiTrap
Q column (5 ml bed volume) was eluted with a 0—1 M gradient
of NaCl in buffer I. Fractions with RhlI activity were pooled,
and the buffer was exchanged with buffer IT (10% glycerol/0.1
mM DTT/0.1 mM EDTA/0.1 mM PMSF in 20 mM potassium
phosphate buffer, pH 7.2). Rhll was then further purified by
using HiTrap S column chromatography (5 ml column bed
volume) in a 0—1 M NaCl gradient in buffer II. The RhlI-
containing fractions from HiTrap S column chromatography
were pooled, and the buffer was exchanged with buffer III
(10% glycerol/0.1 mM DTT/0.1 mM EDTA/0.1 mM PMSF/
500 mM NaCl in 20 mM potassium phosphate buffer, pH 7.2).
Protein was concentrated, and the concentrate was fraction-
ated by Superdex 75 column chromatography in buffer III (75
ml bed volume). The Superdex 75-purified Rhll was stored in
buffer III with 20% (vol/vol) glycerol at —70°C. Protein
concentrations were determined by using the Bradford method
(Bio-Rad). SDS/PAGE was as described (17). Western im-
munoblotting with Rhll antiserum was by procedures de-
scribed elsewhere (8).

RhII Activity Assays. Unless otherwise specified, we mea-
sured RhlI activity by using the following rapid and sensitive
analysis: Rhll was added to the indicated acyl-ACP or acyl-
CoA and 25 nCi (1 Ci = 37 GBq) carboxy-'*C-labeled SAM
at the indicated SAM concentrations (Amersham Pharmacia)
in a buffer containing 2 mM DTT, 200 mM NaCl, and 20 mM
Tris (pH 7.8; final volume, 100 wl in siliconized 2-ml micro-
centrifuge tubes). After 10 min at 37°C, the reactions were
stopped by addition of 4 ul of 1 M hydrochloric acid. Reaction
mixtures were extracted twice with 100 ul of ethyl acetate, and
the amount of '*C label in the pooled ethyl acetate extracts was
determined by using scintillation counting. Acyl-HSLs readily
partition into ethyl acetate, whereas SAM remains in the
aqueous phase. Thus, the amount of label in the organic phase
is a measure of the amount of SAM converted to acyl-HSL.

Total Total Fold Specific activity,

Step activity™* protein, mg purification units/mg Recovery, %
Crude extract 18 840 1.0 0.022 —
HiTrap Q 11 315 1.6 0.035 60
HiTrap S 1.6 27 2.9 0.060 9
Superdex 75 7.4 3.6 95 2.07 40

*Activity given in umol of product formed per minute.
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Table 2. Substrate requirements for synthesis of acyl-HSLs
by Rhil

Acyl-HSL produced,
nmol'min~'mg~!

Substrates added RhlI
Butyryl-ACP and SAM 650 (530)
Butyryl-ACP, SAM, and NADPH 720
Butyryl-CoA, HSL, and NADPH <0.02
Butyryl-CoA and SAM 80 (40)
Butyrate and SAM <0.02
Butyryl-SAM (80)
Hexanoyl-ACP and SAM 260
Hexanoyl-CoA and SAM <0.02
Octanoyl-ACP and SAM 30
Decanoyl-ACP and SAM <0.02
Butyryl-ACP and S-adenosylhomocysteine (<0.5)
Butyryl-ACP and S-adenosylcysteine (<0.5)
Butyryl-ACP and HSL (<0.5)
Butyryl-ACP and homocysteine 1)
Butyryl-ACP and homoserine (<0.5)
Butyryl-ACP and methionine (<0.5)

Each reaction mixture contained 72 ng of purified RhlI plus the
indicated amino donor at 60 uM and the indicated acyl donor at 40
uM. For butyryl-SAM, the concentration was 200 uM. Where indi-
cated, 500 uM NADPH was included in the reaction mixture. As
described in Materials and Methods, the specific activity of RhlI was
determined by measuring the production of 14C-labeled acyl-HSL. The
values in parenthesis are obtained by using bioassays to measure
acyl-HSLs.

The amount of acyl-HSL synthesized was calculated from the
amount of label in the solvent phase and the partition coef-
ficient of the reaction product. This assay was validated by
comparison to results obtained with the bioassays described
below.

Standard reaction mixtures contained 61 uM SAM and 40
uM butyryl-ACP, and reactions with purified RhlI contained
72 ng of protein. The rate of butyryl-HSL synthesis by clarified
cell extracts or purified RhllI was linear over time for at least
20 min and was directly proportional to the amount of protein
added.

RhII activity was also assessed by measuring acyl-HSLs in
ethyl acetate extracts from reaction mixtures as described
above with bioassays. The production of butyryl or hexanoyl-
HSL was measured with the P. aeruginosa Rhl bioassay (8) and
octanoyl-HSL was measured with the Ralstonia solanacearum
bioassay (18). Standard curves were generated with synthetic
acyl-HSLs.

Table 3. Kinetics of acyl-HSL synthesis by Rhll

Vmax (mol of

Substrate K (pM) products'min~!mol~! RhII)
SAM 14 16
butyryl-ACP 6 16
butyryl-CoA 230 2
hexanoyl-ACP 8 10
octanoyl-ACP 43 2
butyryl-SAM 38 2

Kinetic constants were calculated with the appropriate FORTRAN
programs (35). SAM was tested over a range of 4-95 uM at a
butyryl-ACP concentration of 60 uM with 72 ng of Rhll. For the fatty
acyl substrates, the SAM concentration was 95 uM. Butyryl-ACP was
tested over a range of 4—60 uM with 72 ng of RhlI, hexanoyl-ACP over
arange of 8.6-690 uM with 144 ng of Rhll, octanoyl-ACP over a range
of 4.4-264 uM with 1.4 ug of RhlI, and butyryl-CoA over a concen-
tration range of 28—780 uM with 3.6 ug of Rhll. Butyryl-SAM was
tested over a concentration range of 10 uM-1 mM with 72 ng of RhlI.
For SAM and butyryl-ACP, true K, values are given; for the other
substrates, apparent K, values are indicated.
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FiG. 2. Substrate initial velocity patterns with SAM and butyryl-
ACP. A double reciprocal plot with butyryl-ACP as the varied
substrate at SAM concentrations of 61, 27, 10, and 4 uM.

We used HPLC to identify reaction products. Ethyl acetate
extracts were dried under a stream of nitrogen and then
dissolved in 250 ul of 20% methanol in water. C;g-reverse-
phase HPLC in a 20-100% methanol gradient was as described
(19, 20).

Chemicals. With the exception of acyl-ACPs, all chemicals
were purchased from commercial sources. Butyryl-ACP was
synthesized chemically (21). Longer chain acyl-ACPs were
synthesized from fatty acids and holo-ACP by using purified
Vibrio harveyi acyl-ACP synthetase (22). Holo-ACP was puri-
fied from an E. coli strain that overproduces the protein by
methods described elsewhere (23). Butyryl-SAM was synthe-
sized from the N-hydrosuccinimide of butyric acid and SAM
by the procedure for synthesis of hexanoyl-SAM from the
N-hydrosuccinimide of hexanoic acid and SAM described
previously (9). The butyryl-SAM had the expected mass as
determined by using electrospray mass spectrometry.

RESULTS

Purification of RhlI. A series of preliminary studies revealed
that when overexpressed in E. coli or in P. aeruginosa PAO-
JP1, RhlI was in the form of insoluble inclusion bodies (data
not shown). This is consistent with a previous report of Rhll
overexpression in E. coli (12). When we used P. aeruginosa
PAO-JP1 (pRhlI-2) grown at 30°C the majority of Rhll was
soluble as judged by immunoblotting with antiserum against
RhlI. When cultures were incubated at 37°C, most of the Rhll
was insoluble. We chose to use strain PAO-JP1 because it
carries an insertion mutation in /asl, the other P. aeruginosa
gene known to direct the synthesis of acyl-HSLs (24), and we
purified RhlI from cells grown at 30°C.

A three-step purification procedure was used to obtain
soluble, active RhII from clarified P. aeruginosa (pRhlI-2)
extracts (=3.6 mg of RhlI from a 10-liter culture). RhII was
monitored throughout the purification by activity assays (Fig.
1, Table 1) and by immunoblotting (data not shown). Fractions
containing enzyme activity correlated with fractions contain-
ing immunoreactive protein.

The apparent M, of Rhll was ~26,000 (Fig. 1). This is greater
than the M, predicted from the sequence of rhll, ~22,000.
Similar observations have been reported for other LuxI family
members (10, 25). In Superdex 75 size exclusion column
chromatography (Fig. 1), RhlI behaved as a protein with a M,
of 25,000. This indicates RhII is probably monomeric. Of
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F1c. 3. HPLC analysis of acyl-HSLs synthesized by purified RhiI.
Reaction mixtures contained saturating levels of SAM and 40 uM of
both butyryl-ACP and hexanoyl-ACP. Synthetic butyryl-HSL was
eluted in peak 7 and synthetic hexanoyl-HSL in peaks 21 and 22.

interest, the last step in the purification resulted in a 4- to 5-fold
increase in the total RhII activity (Table 1), presumably
because of the removal of an inhibitor of the reaction.

Substrates and Conditions for Acyl-HSL Synthesis by Pu-
rified Rhll. A previous report suggested that in the presence
of NADPH, HSL and butyryl-CoA served as substrates for the
synthesis of butyryl-HSL by RhlII (12). When supplied with
these substrates under our standard reaction conditions (Table
2) or under conditions identical to those described in the
previous report (12), the amount of butyryl-HSL detected was
not above the background level in the absence of added RhlI.
Butyryl-CoA served as an acyl donor when SAM was a
substrate, but activity was only ~10% of the activity observed
when butyryl-ACP was provided as a substrate together with
SAM. The acyl-HSL from reactions containing either butyryl-
ACP or butyryl-CoA and SAM coeluted with authentic bu-
tyryl-HSL in HPLC. Hexanoyl- and octanoyl-HSL were pro-
duced when hexanoyl- or octanoyl-ACP were provided as
substrates, but the rates of synthesis were lower than the rate
of butyryl-HSL synthesis from butyryl-ACP (Table 2). There
was no detectable activity when sodium butyrate was provided
in place of butyryl-ACP. This indicates that the thioester bond
of the acyl donor is required for activity.

The reaction required SAM. Activity was not detected when
this amino donor was replaced by other molecules including
S-adenosylhomocysteine, S-adenosylcysteine, or homoserine
(Table 2). This analysis supports the view that Rhll and other
members of the LuxI family of proteins catalyze the synthesis
of acyl-HSLs from acyl-ACPs and SAM. Interestingly, butyryl-
SAM served as a substrate for butyryl-HSL synthesis, although
the activity was low relative to the activity with SAM and
butyryl-ACP (Table 2). This suggests that butyryl-SAM could
be an intermediate in the synthesis of butyryl-HSL from SAM
and butyryl-ACP.

RhII catalyzed synthesis of butyryl-HSL from butyryl-ACP
and SAM over a pH range of 6-11 with optimum activity at pH
7.8-8.0. The enzyme was active at temperatures up to ~60°C
and activity at 50°C was about twice that at 37°C.

Kinetics of Acyl-HSL Synthesis by Rhll. K, and Vi, for
SAM and for several different acyl group donors were deter-
mined (Table 3). The Viax for butyryl-HSL synthesis from
butyryl-ACP and SAM was 16 mol-min~!-mol~! of RhII. This
is >10-fold greater than the rates of acyl-HSL synthesis by
either of the previously purified autoinducer synthase fusion
proteins. The Ky, for butyryl-CoA was ~40-fold greater than
the K, for butyryl-ACP. This suggests that the natural sub-
strate for RhlI is butyryl-ACP. A substrate initial velocity plot
(Fig. 2) showed a pattern of nearly parallel lines, an expected
result for a ping-pong reaction mechanism. This is consistent
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with suggestions that a covalent acyl-enzyme intermediate is
formed during the synthesis of butyryl-HSL (3, 10). However,
a more detailed analysis is required to draw conclusions about
the reaction mechanism (see below).

The kinetics of hexanoyl-HSL synthesis from hexanoyl-ACP
and SAM were not remarkably different from the kinetics
observed with butyryl-ACP and SAM. Thus, the kinetics
analysis does not provide an explanation as to why the ratio of
butyryl-HSL to hexanoyl-HSL produced by P. aeruginosa is
~15:1 (11). Perhaps cellular levels of hexanoyl-ACP are
limited relative to butyryl-ACP levels. To test this hypothesis,
we determined the ratio of butyryl- to hexanoyl-HSL produced
by RhlI in vitro in the presence of saturating levels of both
butyryl-ACP and hexanoyl-ACP. The ratio of butyryl-HSL to
hexanoyl-HSL was 20:1 (Fig. 3). Thus, RhlI has the ability to
discriminate between butyryl- and hexanoyl-ACP. Our data
fail to support the hypothesis that differences in the amounts
of butyryl- and hexanoyl-HSLs produced in vivo are due to the
differences in the cellular hexanoyl- and butyryl-ACP pools.

Analysis of the Mechanism of Butyryl-HSL Synthesis. The
initial velocity kinetics (Fig. 2) suggest a ping-pong reaction
mechanism, but this sort of analysis cannot be considered
conclusive. Therefore, we studied the kinetics of inhibition by
reaction products and substrate analogs. First, we tested a
number of different molecules for their ability to inhibit
synthesis of butyryl-HSL (Table 4). Of the compounds tested,
only the end products 5’-methylthioadenosine (MTA) and
more weakly, holo-ACP, as well as the SAM analogs, S-
adenosylhomocysteine, S-adenosylcysteine and sinefungin in-
hibited RhlII activity. The possible reaction intermediate,
butyryl-SAM also inhibited the reaction. One of the products,
butyryl-HSL, did not inhibit the reaction.

We determined the types of inhibition by measuring butyryl-
HSL synthesis from butyryl-ACP and SAM and varying the
inhibitor concentration and the concentration of one of the
two substrates, at a fixed concentration of the other substrate
(26). MTA was a competitive inhibitor of SAM at saturating
and nonsaturating butyryl-ACP concentrations (Fig. 4). MTA
was a noncompetitive inhibitor of butyryl-ACP at nonsaturat-
ing concentrations of SAM, but did not inhibit when SAM was
saturating (data not shown). ACP was a noncompetitive
inhibitor of SAM and butyryl-ACP under all conditions tested

Table 4. Influence of reaction products, substrate analogs, and
other compounds on RhlI activity

Inhibitors* Inhibition, %
Holo-ACP (50 uM) 2
Holo-ACP (500 uM) 55
MTA (50 uM) 67
MTA (500 uM) 91
L-S-adenosylhomocysteine (50 uM) 62
L-S-adenosylhomocysteine (500 wM) 91
D-S-adenosylhomocysteine (50 wM) 43
D-S-adenosylhomocysteine (500 uwM) 88
L-S-adenosylcysteine (50 uM) 77
L-S-adenosylcysteine (500 uM) 97
Sinefungin (100 uM) 58
Butyryl-SAM (50 uM) 24
Butyryl-SAM (500 uM) 65

Reactions were performed under standard conditions except the
substrate concentrations were 10 uM SAM and 9 uM butyryl-ACP.
Percent inhibition was calculated based on activity without added
inhibitors.

*Compounds that did not inhibit the reaction: Butyryl-HSL (1 mM),
CoA (575 uM), NADH (750 uM), methionine (200 M), homocys-
teine (200 uM), HSL (200 uM), pantothenate (420 uM), homoserine
(200 uM), butyryic acid (1 mM), cerulenin (224 uM), ATP (1 mM),
ADP (1 mM), 4-hydroxybutyrate (1 mM), butyryl-CoA (500 uM),
apo-ACP (155 uM). The concentrations shown in parenthesis rep-
resent the highest concentration of each compound tested.
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F1G. 4. Analysis of inhibition kinetics. Double-reciprocal plots of product and dead-end inhibitors vs. the substrates butyryl-ACP and SAM.
(A) Inhibition pattern with the product inhibitor MTA vs. varied concentrations of the substrate SAM with butyryl-ACP held at a nonsaturating
concentration. (B) Inhibition pattern with the product inhibitor MTA vs. butyryl-ACP with SAM held at a nonsaturating concentration. (C)
Inhibition pattern with the product inhibitor ACP vs. the substrate SAM with butyryl-ACP held at a nonsaturating concentration. (D) Inhibition
pattern with the product inhibitor ACP vs. the substrate butyryl-ACP with SAM held at a nonsaturating concentration. (£) The inhibition pattern
with differing amounts of the dead-end inhibitor S-adenosylhomocysteine vs. varied concentrations of the substrate SAM with butyryl-ACP held

at nonsaturating levels.

(Fig. 4). We also examined the SAM analog, S-adenosylhomo-
cysteine. S-adenosylhomocysteine was a competitive inhibitor of
SAM at both saturating (data not shown) and nonsaturating
levels of butyryl-ACP. However, it was a noncompetitive inhibitor
of butyryl-ACP at both saturating and nonsaturating levels of
SAM (Fig. 4).

The data are consistent with a bi ter (two substrate, three
product) sequential ordered enzymatic reaction mechanism. The
pattern of MTA inhibition of SAM indicates that these two
molecules bind the same form of the enzyme, that SAM is the first
substrate that binds the enzyme, and that MTA is the last product
released. The MTA inhibition of butyryl-ACP is consistent with
butyryl-ACP as the second substrate that binds the enzyme with
an irreversible step (release of butyryl-HSL) between butyryl-
ACP binding and MTA release. The ACP and S-adenosylhomo-
cysteine inhibition data are consistent with a bi ter sequential
ordered mechanism.

The data are inconsistent with a ping-pong mechanism, which
would be observed if, as previously suggested, a covalent acyl-
enzyme intermediate were formed in the first step of the reaction
(3, 10). With a ping-pong mechanism involving formation of a
covalent acyl-enzyme intermediate, MTA would be a noncom-
petitive inhibitor of SAM because SAM would bind the acylated
form of the enzyme, whereas MTA would bind free enzyme. If
SAM binding were the first step in a ping-pong mechanism, the
released MTA would be a noncompetitive inhibitor of SAM, not
a competitive inhibitor.

DISCUSSION

We used a strategy in which RhlII was mildly overexpressed in its
native environment, P. aeruginosa, to obtain sufficient quantities

of this enzyme for detailed kinetic analysis. A las] mutant strain
was used to eliminate the complication of a second acyl-HSL
synthase. This strategy, coupled with direct radiochemical acyl-
HSL synthase assays, allowed monitoring of the purification
procedure. The purified enzyme catalyzed the synthesis of acyl-
HSLs at a rate >10-fold greater than the rates obtained with
purified LuxI and Tral fusion proteins (9, 10). The substrates for
butyryl-HSL synthesis by Rhll in vivo are likely to be butyryl-ACP
and SAM (Table 2). With these substrates, purified Rhll synthe-
sized butyryl-HSL at a rate 107 times greater than that obtained
with acyl-CoA and HSL as substrates (12). Therefore, we believe
that previous conclusions that RhlI differs from the other LuxI
homologs in substrate specificity (12) are unfounded. Rather, our
evidence indicates that Rhll is a suitable model for studies of
acyl-HSL synthesis by members of the LuxI family of enzymes, all
of which catalyze the synthesis of acyl-HSLs from acyl-ACPs and
SAM. The development of a convenient radioactive assay for
RhII activity has facilitated our work and should be useful in
future studies of acyl-HSL synthesis.

Butyryl-CoA was a poor substitute for butyryl-ACP as the acyl
donor for Rhll, and the enzyme showed no detectable activity
with sodium butyrate (Table 2). This suggests that the reaction
requires a thioesterified acyl group and that the enzyme prefer-
entially recognizes butyryl-ACP. The enzyme is most active when
provided with butyryl- or hexanoyl-ACP (Table 2), but it shows
a strong preference for butyryl-ACP in the presence of both acyl
donors (Fig. 3). This indicates that the acyl group preference
observed in vivo (11) is defined by the substrate specificity of the
enzyme rather than by the supply of acyl substrates available in
the cytoplasm.

The best amino donor for Rhll-catalyzed acyl-HSL synthesis
was SAM (Table 2). As discussed above, this is consistent with
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SAM
E E-SAM
MTA M
butyryl-ACP
E-MTA v
1v)
butyryl-HSL ﬁ
SAM_  butyryl-ACP
E-butyryl-SAM E
(II) (In)
ACP

Fic. 5. The proposed enzymatic reaction mechanism for autoin-
ducer synthesis by Rhll. Bound substrates and products are in paren-
theses. This is a bi ter sequential ordered reaction in which the
substrates bind in a defined order and the products are released in a
defined order.

previous studies of LuxI and Tral, which indicated SAM was the
amino donor. The K, for SAM was 14 uM (Table 3). Because
SAM levels in bacteria are thought to be above 300 uM (27),
SAM should not limit RhlI activity in vivo.

The availability of sufficient quantities of active, pure Rhll, and
the substrates for RhlI activity, together with a convenient and
quantitative activity assay allowed our kinetic analysis of end-
product and dead-end inhibitors of RhlI activity (Table 4 and Fig.
4). The most effective inhibitors were the reaction product MTA
and the SAM analogs. The reaction product holo-ACP was a
weak inhibitor, and we did not observe inhibition of RhIl by
butyryl-HSL. The lack of end-product inhibition by butyryl-HSL
might be explained if there is an acyl-SAM intermediate that
irreversibly cyclizes to form MTA and butyryl-HSL. The fact that
butyryl-SAM serves as both a substrate and an inhibitor of Rhll
is consistent with the idea that there is an enzyme-acyl-SAM
intermediate. We propose a bi ter sequential ordered mechanism
for Rhll-catalyzed butyryl-HSL synthesis (Fig. 5). There is more
to be learned from studies of butyryl-SAM interactions with the
enzyme.

Because pathogenic bacteria such as P. aeruginosa involve
acyl-HSL signals in the regulation of virulence genes (7, 24,
28-30) there has been a growing interest in blocking this system
with inhibitors. Although some effort has been made to develop
acyl-HSL signal analogs that block signal reception (31-34), our
lack of understanding of the mechanism of signal synthesis has
limited efforts to target this step in quorum sensing. We have
proposed that the initial step in synthesis of butyryl-HSL by RhlI
is SAM binding, and we showed that several SAM analogs were
inhibitors of RhlIl activity (Table 4). Furthermore, acyl-HSL
synthases are unlike most other SAM-utilizing enzymes in that
the SAM is an amino donor rather than a methyl donor, and not
surprisingly, we cannot identify motifs in the acyl-HSL synthases
that characterize other enzymes with SAM-binding sites. Thus,
screening efforts could reveal SAM analogs that inhibit autoin-
ducer synthases specifically. We know less about acyl group
transfer from acyl-ACP to Rhll, but the evidence against forma-
tion of a covalent acyl-enzyme intermediate suggests that acyl
group transfer also may be a target for development of specific
acyl-HSL synthase inhibitors.
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