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Abstract—Bacterial quorum sensing is mediated by autoinducers, small signaling molecules generated by bacteria. It has been
proposed that the LuxS enzyme converts S-ribosyl-L-homocysteine to 4,5-dihydroxy-2,3-pentanedione, the precursor of auto-
inducer 2 (AI-2). We report here a chemical synthesis of S-ribosyl-L-homocysteine and its analogue using Mitsunobu coupling.
Chemically synthesized ribosylhomocysteine has been confirmed as a substrate for LuxS in both an enzyme assay and a whole cell
quorum sensing assay. The chemical entities of products from the LuxS reaction were also established. Several ribosylhomocysteine

analogues have been tested as LuxS inhibitors.
© 2003 Elsevier Ltd. All rights reserved.

Bacteria communicate actively within their own species
and across species boundaries. The process by which
they sense cell density is termed quorum sensing, and is
found in a broad spectrum of bacterial species.'> This
signaling pathway plays pivotal roles in bacterial toxin
production, biofilm formation, sporulation, biolumi-
nescence, and bacterial virulence. Quorum sensing is
mediated by autoinducers (AI), small signaling mol-
ecules generated by bacteria. In general, Gram-negative
bacteria produce acyl-homoserine lactone as auto-
inducers, while Gram-positive species generate peptides
as signals.! 3 Recently, a new type of signaling molecule
composed of a furanosyl borate diester, autoinducer 2
(AI-2), has been discovered.* Its proposed metabolic
pathway is depicted in Scheme 1.4/

The first step in the pathway is the hydrolysis of S-ade-
nosyl-L-homocysteine (AdoHcy) to S-ribosyl-L-homo-
cysteine (SRH) and adenine by S-adenosyl-L-
homocysteine/5’-methylthioadenosine nucleosidase (EC
3.2.2.9).8719 The enzyme LuxS then cleaves S-ribos-
ylhomocysteine to form L-homocysteine and pre-
sumably 4,5-dihydroxy-2,3-pentanedione (DPD).>7!!
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LuxS is likely to be the enzyme ribosylhomocysteinase
(or S-ribosyl-L-homocysteine hydrolase, EC 3.2.1.148,
formerly EC 3.3.1.3) first described by Duerre and
co-workers in the 1960s.!> However, the chemical nat-
ure of the LuxS substrate has not been confirmed with
chemically synthesized S-ribosyl-L-homocysteine. In
previous reports, the substrate for LuxS was generated
from S-adenosyl-L-homocysteine either by enzymatic
cleavage using S-adenosylhomocysteine/5'-methylthioade-
nosine nucleosidase or by acid catalyzed hydrolysis;
neither has been purified nor spectroscopically
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characterized.>!'!:!3  Subsequently, 4,5-dihydroxy-2,3-
pentanedione is converted to Al-2, an unusual furanosyl
borate diester that has been shown by X-ray crystallo-
graphic analysis to bind to its receptor LuxP by Bassler
and Hughson’s groups in early 2002.

AI-2 has been found in many bacteria and is thought to
mediate inter-species communication, in contrast to
other autoinducers that are generally specific to a given
bacterial species. Sequence analysis indicates that the
AI-2 pathway is widespread in a broad range of bac-
teria, including Bacillus anthracis (anthrax) and Yersinia
pestis (plague).”!! Mekalanos and co-workers showed
that the quorum sensing pathway regulated the expres-
sion of an array of virulence genes in Vibrio cholerae, a
Gram-negative pathogen responsible for severe diarrheal
disease. The genes implicated in their study were
involved in bacterial colonization, motility, protease
production and biofilm formation.!* Thus, disruption of
the AI-2 quorum sensing pathway presents an attractive
strategy for developing novel antibiotics for infectious
diseases; and one approach is to inhibit the LuxS
enzyme. We report here a chemical synthesis of S-ribo-
syl-L-homocysteine and its analogue using Mitsunobu
coupling. Subsequently, we demonstrate that chemically
synthesized S-ribosylhomocysteine is a substrate for
LuxS by both enzyme assay and whole cell quorum
sensing assay. We also establish the chemical identities
of the LuxS reaction products. In addition, several
ribosylhomocysteine analogues have been tested as
LuxS inhibitors.

Synthesis of S-Ribosyl-L-homocysteine

Only one chemical synthesis of S-ribosyl-L-homo-
cysteine has been reported from the Guillerm’s labora-
tory.!> Their key step was the formation of the S-C
bond by nucleophilic substitution of C5-ribosyltosylate
with the disodium salt of L-homocysteine in 22% yield.
The low yield may be attributed to several factors, for
example the L-homocysteine thiol group is prone to
oxidation and the intermediate containing the free
amino acid moiety is difficult to purify. To circumvent
these problems, we prepared S-ribosyl-L-homocysteine
following the synthetic route shown in Scheme 2. Mit-
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sunobu coupling between the air stable disulfide of
(L,L)-homocystine and the free 5-hydroxyl group of the
ribose effected the S-C bond formation.'¢'8

Following standard procedures, the amino and carboxyl
groups in (L,L)-homocystine (Sigma) were protected in
two steps as fert-butyl carbamate (Boc) and methyl
ester, respectively, in two steps without isolating the
intermediate. The protected homocystine was obtained
with an overall yield of 83%. Mitsunobu coupling of the
fully protected homocystine and commercial 2,3-O-iso-
propylidene-B-p-ribofuranoside in the presence of tri-
ethylphosphine (3:1:6 molar ratio) was carried out in
anhydrous pyridine at room temperature under Argon
for 3 days. Fully protected ribosylhomocysteine was
isolated after flash chromatography in 50-70% yields
based on ribose. Standard deprotection procedures
resulted in S-ribosyl-L-homocysteine in 90% overall
yield. Our compound produced spectroscopic data that
was identical to the reported values.!> The ratio of a-
form and B-form was 1 to 2, determined from NMR
integration of the anomeric proton peaks (a-form at
519ppm, J=39Hz; and p-form at 5.03ppm,
J=1.2Hz). Employing the same strategy, a ribosylhomo-
cysteine analogue, S-ribosylthiobutyric acid (compound
2 in Scheme 2), was obtained in good yield from
dithiodipropionic acid (Aldrich).

Enzyme and Whole Cell Activity Assays

Chemically synthesized S-ribosyl-L-homocysteine was
tested as a LuxS substrate in both enzyme-based and
whole cell assays. In the enzyme assay, S-ribosyl-L-
homocysteine was incubated with recombinant Bacillus
subtilis LuxS in 100mM Tris—HCI, pH 8.0 at 37°C. The
LuxS expression strains were provided by Drs. Mark
Hilgers and Martha Ludwig at the University of Michi-
gan; the recombinant B. subtilis LuxS containing a C-
terminal histidine tag was expressed and purified as
previously described.!® The wL-homocysteine product
was quantified by reacting a 250-pL aliquot of the assay
solution with 750 uL of 133 uM 5,5'-dithiobis-2-nitro-
benzoic acid (DTNB, Ellman’s reagent) in 8 M guanidin-
ium chloride, 100 mM potassium phosphate and 1 mM
EDTA, at pH 7.2 and 37°C for 15 min, and monitoring
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the absorbance changes at 412 nm.?° With 2.3 uM LuxS,
I mM S-ribosyl-L-homocysteine was completely con-
verted into products in 35min. Additionally, homo-
cysteine was confirmed as a reaction product. As shown
in Scheme 3, homocysteine reacts with 4-hydroxy-
mercuribenzoic acid specifically and rapidly (reaction
completes during sample mixing). The resulting mer-
captide was then separated on an Apollo C-18 reverse-
phase HPLC column (4.5mm x 250 mm), eluted iso-
cratically with a mixture of methanol (40%) and water
(60%) containing 0.1% trifluoroacetic acid at 1mL/
min, and monitored at 245nm. As shown in Figure 1
(top trace), the mercaptide formed between authentic
homocysteine and 4-hydroxymercuribezoic acid co-
eluted with the mercaptide generated from the LuxS
reaction. Furthermore, 4,5-dihydroxy-2,3-pentanedione
had been proposed as the other LuxS product. It was
reported that this diketone reacted with 1,2-phenylene-
diamine to form a quinoxaline, as depicted in Scheme 4.%!
Indeed, when the LuxS product was incubated with 1,2-
phenylenediamine, an increase of absorption around
330nm was observed (see Fig. 2). This result was in
agreement with the proposed quinoxaline formation.
HPLC analysis also supported the formation of the
quinoxaline shown in Scheme 4 (data not shown). After
our manuscript was submitted, Pei and co-workers
reported a detailed structure analysis of the quinoxaline
adduct using the same method shown in Scheme 4.2 In
sum, our results confirm that LuxS cleaves S-ribosylhomo-
cysteine to form L-homocysteine and 4,5-dihydroxy-
2,3-pentanedione.
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Figure 1. HPLC traces of 4-hydroxymercuribenzoic acid (200 pM,
bottom trace), mixture of 4-hydroxymercuribenzoic acid and the LuxS
reaction products (middle trace), and mixture of 4-hydro-
xymercuribenzoic acid (200 uM), the LuxS reaction products and
authentic homocysteine (700 uM, top trace). The LuxS reaction pro-
ducts were generated by incubating 1.6 mM of S-ribosylhomocysteine
and 20 uM of LuxS in 100mM Hepes at pH 8 and 37°C for 2h; and
were diluted 16-fold when mixed with 4-hydroxymercuribenzoic acid
in 100mM Hepes at pH 8.

After confirming S-ribosylhomocysteine as a substrate
for LuxS, we also tested several S-ribosylhomocysteine
analogues as LuxS substrates. S-ribosylthiobutyric acid
(compound 2 in Scheme 2) did not show any activity as
a LuxS substrate, despite prolonged incubation at high
enzyme concentration. In addition, three other ribose
analogues, compounds 3-5 in Scheme 2, also showed no
activity when assayed as LuxS inhibitors. Compounds
3-5 were gifts from Drs. Michael K. Riscoe and Rolf
Winter (Portland Veterans Affairs Medical Center,
Portland, OR, USA). The syntheses of these compounds
were previously reported.®?3?* These results demon-
strate that the amino group in ribosylhomocysteine is
important for substrate binding and catalysis, useful
information for inhibitor design.

Chemically synthesized S-ribosylhomocysteine was fur-
ther verified as a substrate for LuxS in a whole cell
quorum sensing assay. S-Ribosylhomocysteine and S-
ribosylthiobutyric acid were incubated in identical reac-
tion mixtures containing purified LuxS enzyme accord-
ing to the method of Schauder et al.> Following the
incubation, LuxS protein was removed by filtration and
the products of the in vitro reactions were tested for Al-
2 activity in the Vibrio harveyi quorum sensing bioas-
say.>>2¢ After 1h of incubation with LuxS, ribosylho-
mocysteine was converted into homocysteine and 4,5-
dihydroxy-2,3-pentanedione. The latter (1 uM final
concentration) was capable of stimulating 500-fold light
production in the V. harveyi AI-2 reporter strain V.
harveyi BB170.2>2° No increase in light production
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Figure 2. Spectra of 1,2-phenylenediamine (4 mM, bottom trace), and
the mixture of 1,2-phenylenediamine and the LuxS reaction products
(top trace). The LuxS reaction products were prepared as described in
the Figure 1 legend, and were diluted 16-fold when mixed with 1,2-
phenylenediamine (4 mM, final concentration) in 100mM potassium
phosphate at pH 7.2 and 37°C. The spectral changes completed in
60 min, and the final spectrum is shown (top trace).
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occurred when the identical reaction products were
added to a V. harveyi strain lacking the AI-2 detection
apparatus (V. harveyi BB886).2%2¢ Incubation of S-
ribosylthiobutyric acid with purified LuxS enzyme did
not result in a product capable of stimulating biolumi-
nescence in V. harveyi BB170 (4-fold stimulation).
Finally, co-incubation of S-ribosylthiobutyric acid with
synthetic ribosylhomocysteine (10:1, molar ratio) did
not decrease the production of AI-2 activity, indicating
that S-ribosylthiobutyric acid does not act as an inhi-
bitor of LuxS.

Discussion and Conclusion

We report here a chemical synthesis of S-ribosyl-L-
homocysteine and its analogue using Mitsunobu coup-
ling. Using the chemically synthesized compound, our
results confirm that S-ribosyl-L-homocysteine is indeed
a substrate for LuxS and leads to homocysteine and 4,5-
dihydroxy-2,3-pentanedione  formation.  Inhibitory
studies of four ribose analogues suggest that the amino
acid moiety in ribosylhomocysteine is crucial for bind-
ing and activity. Our synthetic route is applicable to
other ribosylhomocysteine analogues. The accessibility
to ribosylhomocysteine and its analogues will allow us
to investigate the enzyme mechanism of LuxS and
devise LuxS inhibitors as potential antimicrobial agents.
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