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and Kinetic Isotope Effect of Proton Transfer Reactidns

Jinge Zhu, Reena Patel, and Dehua Pei*

Department of Chemistry and Ohio State Biochemistry Program, The Ohio Statertlty, 100 West 18th &nue,
Columbus, Ohio 43210

Receied May 3, 2004; Regsed Manuscript Receed June 8, 2004

ABSTRACT. S Ribosylhomocysteinase (LuxS) catalyzes the cleavage of the thioether bor& in
ribosylhomocysteine (SRH) to produce homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD), the
precursor of type Il bacterial quorum sensing molecule. The proposed mechanism involves a series of
proton-transfer reactions, which are catalyzed by aft Fen and two general acids/bases in the LuxS
active site, resulting in the migration of the ribose carbonyl group from its C1 to C3 position. Subsequent
p-elimination at C4 and C5 positions completes the catalytic cycle. In this work, the regiochemistry and
stereochemical course of the proton transfer reactions were determined by carrying out the reactions using
various specifically deuterium-labeled SRH as substrate and analyzing the reaction prodittisNAR
spectroscopy and mass spectrometry. Our data indicate a suprafacial transfer of the ribose C2 proton to
its C1 position and the C3 proton to the C2 position during catalysis, whereas the ribose C4 proton is
completely washed into solvent. The primary deuterium kinetic isotope effect suggests that the conversion
of 2-keto intermediate to 3-keto intermediate is partially rate limiting. However, mutation of Glu-57, the
putative second general acid/base in catalysis, to an aspartic acid renders tBeefimahation step rate
limiting.

Quorum sensing controls bacterial gene expression in HN._Co.H " HN_CO-H "
response to cell density and is mediated by the production ’\ N \2 '\ N \2
and detection of small signaling molecules called autoin- _st ¢ r\ﬁ s ¢ j(j
ducers (Als) (1). There are two types of Als. The type 1 Al ;O:(N N _Methyivansforases o) N
(Al-1) is species-specific; each bacterial species uses a unique o on T o
Al-1 structure (e.g., acylhomoserine lactone) or a unique SAm SAH
combination of Al-1s for intraspecies communication. The
newly discovered type 2 Al (Al-2) is shared by many bacteria HN._COH
and is believed to function as a universal signal in interspe- !
cies communications2( 3). Al-2 is biosynthesized from 1 o on
S-adenosylhomocysteine (SAH), which is itself a byproduct Pis oJ" LuxS OH
of manyS-adenosylmethionine-dependent methyltransferase
reactions (Figure 1). SAH is hydrolyzed by a nucleosidase
Pfs to adenine an&-ribosylhomocysteine (SRH). Subse-
quently, Sribosylhomocysteinase (LuxS) converts SRH to
homocysteine (Hcys) and 4,5-dihydroxy-2,3-pentanedione MG o BOH)” B
(DPD) (4—6). DPD spontaneously cyclizes to form a = —== Hoﬂp —%» Ho—bach,
furanone, which is then complexed with borate to produce a d “on H,0 HO...\.t(o
furanosylborate diester as Al-Z)(
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Ficure 1. Biosynthetic pathway of Al-2.
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Ficure 2: Proposed catalytic mechanism of LuxS. R&Hhomocysteine.

active sites are formed at the dimer interface. Each activein D,O, deuterium was incorporated into the C1, C2, and
site contains a divalent metal ion, which was originally C5 positions of DPD 11). The ketone intermediates have
reported as a Zi ion (8—10). We have recently showed been observed in real time BJC NMR spectroscopyl@).
that the native metal in LuxS is actually ar?Fen, although Further, the 2-keto intermediate was chemically synthesized
substitution by other divalent metals such as*Cbas and demonstrated to be a chemically and kinetically com-
minimal effect on LuxS activity 11). The metal ion is petent intermediate on the catalytic pathwa$)( However,
tetrahedrally coordinated by three conserved residues [His-although the deuterium exchange experiments have unam-
54, His-58, and Cys-126 iB. subtilisLuxS (BsLuxS)] and biguously established the involvement of proton transfers,
a water molecule. On the basis of the X-ray crystal structuresthe details of the transfer reactions (e.g., stereochemistry and
and the initial studies that have been conducted in this the fate of protons) have not been resolved. In this work,
laboratory, we have recently proposed a catalytic mechanismwe performed LuxS reactions with specifically deuterium-
for the LuxS-catalyzed reaction (Figure 2)1( 12). In an labeled SRH substrates and characterized the DPD deriva-
aqueous solution, SRH exists as the equilibrium between thetives by'H NMR spectroscopy and mass spectrometry. These
open-chain, free aldehyde form and the ribose (hemiacetal)experiments revealed both the regiochemistry and stereo-
form. It is conceivable that LuxS may bind the ribose form chemical course of the proton-transfer reactions. In addition,
and catalyze its ring opening. In the$& complexl, the kinetic isotope effect was examined by LuxS activity assay
aldehyde carbonyl binds to the metal ion, displacing a bound and mass spectrometry.
water/hydroxide in the free enzyme. Coordination to the
metal increases the acidity of the C2 proton, which is EXPERIMENTAL PROCEDURES
abstracted by a general base in the active site (likely Cys-84 ) . .
in BsLuxS). The enediolat® formed undergoes ligand ‘Materials.[1'-?H]Adenosine was purchased from Omicron
exchange, shifting the metal from C1 to the C2 OH group, Biochemicals, Inc. (South Bend, IN). L-4;Bithio-bis(2-
presumably assisted by a second base/acid (likely Glu-57)@minobutanoic acid) was purchased from Bachem (King of
and via a five-membered-ring transition state, to give Prussia, PA). 1,4-D|th|(u>1_-thre|t0| (DTT) solution was from
enediolate3. Reprotonation at C1 position by Cys-84 and New England Biolabs (Beverly, MA). i (99.9% enrich-
tautomerism back to the keto form generate a 2-keto ment) was from Car_nbrldge Isotope Laboratories (Andover,
intermediate4. Repetition of the above sequence shifts the MA). All other chemicals and reagents were purchased from
carbonyl group to the C3 position to give a 3-keto intermedi- Sigma-Aldrich.S-Adenosylhomocysteine hydrolase (SAHH),
ate7. Subsequerg-elimination, probably catalyzed by Glu- nucleosidase Pfs, and wild-type anq mutant _Co(ll)-su.b_sntuted
57 (or possibly a third acid/base), results in the release of LUXS were overexpressed Escherichia coliand purified
Hcys as a free thiol and the formation of DPD in its enol {0 near homogeneity as previously describedl (.2).
form 9. Enol9 spontaneously tautomerizes to the keto form,  Synthesis of [2°H]adenosine and [3%H]adenosine.
either on its way of or after leaving the active site. [2'-°H]adenosine and [FH]adenosine were chemically
Substantial experimental evidence has been obtained forsynthesized using the procedure of Fred3d)(with the
the above mechanism. When LuxS reaction was carried outfollowing modification. After reduction with NaBR the
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tritylated [2-’H]adenosine and [$H]adenosine were depro-

Zhu et al.

added to make a final concentration of 2 mM and the pH of

tected by following the method of MacCoss and Cameron the reaction mixture was adjusted to 4.5 by the addition of

(14).
Preparation of [1-2H], [2'-?H], [3'-2H], and [4'-°H]SAH.
L-4,4-Dithio-bis(2-aminobutanoic acid) was reduced with

2 M HCI. The resulting solution was incubated for another
20 h. The reaction mixture was extracted with ethyl acetate
(4 x 0.4 mL) and the organic layer was concentrate¢ 100

one equivalent of DTT at pH 12 for 3.5 h. The crude Hcys uL under reduced pressure. The crude product was purified

(10 mM) was added to [#H], [2'-?H] or [3'-°H]adenosine
(10 mM) in a buffer containing 50 mM NalRO,—Na,HPO,
(pH 7.0) and 50 mM NacCl, followed by the addition of
SAHH (final 5 uM). After overnight incubation at room

by reversed-phase HPLC on a C18 column (Vydac). The
column was eluted with a 30-min linear gradient of-10
100% acetonitrile in water (monitored at 240 nm). The
desired quinoxaline product eluted a40% acetonitrile.

temperature, the reaction mixture was purified by reversed- Quinoxaline10 (from [1-°H]SRH): *H NMR (400 MHz,
phase HPLC on a semipreparative C18 column (Vydac). The CDCl;): 6 8.06~ 8.01 (m, 2H, aromatic), 7.78 7.72 (m,

column was eluted with a 30-min linear gradient of-10
100% acetonitrile in water (monitored at 260 nm). SAH
eluted at~7 min. [1-?H]SAH: 'H NMR (400 MHz, D,O):
0 8.27 (s, 1H, aromatic), 8.18 (s, 1H, aromatic), 5.98 (d,
0.08H, C1-H, J = 5.2 Hz), 4.76 (d, 1H, C2H,J=5.4
Hz), 4.32 (dd, 1H, C3-H, J = 4.4, 5.2 Hz), 4.23 (m, 1H,
C4—H), 3.71 (dd, 1HoH, J = 5.4, 7.2 Hz), 2.96 (dd, 1H,
C5—-H,J=5.0, 14.2 Hz), 2.88 (dd, 1H, C5H, J = 6.7,
14.2 Hz), 2.58 (dd, 2HyH, J = 7.5, 7.6 Hz), 2.09~ 1.92
(m, 2H,8H). ESI-MS: G4H10DOsNgSH" (M + H]*) calcd
386.1328, found 385.14 (7.5%), 386.15 (100%)2[FSAH:
H NMR (250 MHz, D;0): 6 8.44 (s, 1H, aromatic), 8.36
(s, 1H, aromatic), 6.06 (d, 1H, CiH, J = 4.8 Hz), 4.78
(d, 1H, C2—H, J= 4.8 Hz), 4.26 (dd, 1H, C4H, J= 4.6,
5.3 Hz), 3.85 (dd, 1HgH, J = 5.4, 7.4 Hz), 3.00 (dd, 1H,
C5—-H,J=5.0, 14.1 Hz), 2.91 (dd, 1H, C5H, J = 5.4,
14.1 Hz), 2.65 (dd, 2HyH, J = 7.4, 7.5 Hz), 2.18~ 1.96
(m, 2H,8H). HRESI-MS: G4H1sDOsNgSNa' (M + NaJ*)
calcd 408.1170, found 408.1168!f#H]SAH was prepared
from adenosine as described above except thatCaliffer
(50 mM NaHPO;—NaHPO,, pD 7.0, 50 mM NaCl) was
used in all steps1). Prior to use, SAHH was exchanged
into the D,O buffer in an Amicon concentrator (Millipore).
IH NMR (250 MHz, D:O): ¢ 8.43 (s, 1H, aromatic), 8.36
(s, 1H, aromatic), 6.06 (d, 1H, CiH, J = 5.0 Hz), 4.80
(dd, 1H, C2—-H,J=5.2,5.3 Hz), 4.36 (d, 1H, C3H,J =
5.1 Hz), 3.82 (dd, 1HpH, J = 5.2, 7.5 Hz), 3.00 (d, 1H,
C5—H,J= 14.3 Hz), 2.92 (d, 1H, C5H, J = 14.1 Hz),
2.63 (dd, 2H,yH, J = 7.2, 8.0 Hz), 2.15~ 1.93 (m, 2H,
ﬁH) HRESI-MS: Q4H19DO5N5SN§ ([M + Na]+) calcd
408.1170, found 408.1168.'[2H]SAH was still contami-

2H, aromatic), 5.11 (d, 1H, C2H, J = 3.4 Hz), 4.01 (d,
1H, C1-H, J = 3.3 Hz), 3.84 (dd, 0.15H, CiH, J = 5.5,
11.5 Hz), 2.81 (s, 3H, C§. ESI-MS: GiH1;DO;N,H
(IM + H]") calcd 206.1016, found 205.11 (5.8%), 206.12
(44%). Quinoxalinell (from [2-°H]SRH): H NMR (400
MHz, CDCk): 6 8.08-8.05 (m, 2H, aromatic), 7.787.75
(m, 2H, aromatic), 5.12 (dd, 1H, GH, J = 3.6, 5.4 Hz),
4.04 (dd, 0.6H, CtH, J = 3.4, 11.7 Hz), 3.84 (dd, 1H,
Cl1-H,J=5.5, 11.7 Hz), 2.86 (s, 3H, Gl HRESI-MS:
CuH1:DO:N,Nat (M + Nalt) caled 228.0853, found
228.0848 (5%). Quinoxaling2 (from [3-°H]SRH): 'H NMR
(400 MHz, CDC}): ¢ 8.06-8.02 (m, 2H, aromatic), 7.76
7.72 (m, 2H, aromatic), 5.12 (b, 0.1H, €8), 4.03 (d, 1H,
C1—-H, J = 11.6 Hz), 3.84 (d, 1H, C1H, J = 11.6 Hz),
2.81 (s, 3H, CH). HRESI-MS: GiH1:DO.N;Na* (M +
Na]*) calcd 228.0853, found 227.0778 (10%), 228.0834
(100%). Quinoxalinel3 (from [4-°H]SRH): *H NMR (250
MHz, CDCk): 6 8.07—8.01 (m, 2H, aromatic), 7.787.71
(m, 2H, aromatic), 5.12 (dd, 1H, GH, J = 3.5, 5.4 Hz),
4.04 (dd, 1H, C+H, J= 3.5, 11.5 Hz), 3.84 (dd, 1H, C1
H, J = 5.6, 11.5 Hz), 2.81 (s, 3H, G} HRESI-MS:
CuH120:NoNat (M + NaJt) calcd 227.0791, found 227.0789.
Stereochemistry of LuxS Productd—16. The purified
guinoxaline derivatives from above (compourids 11, and
13) were each dissolved in anhydrous £Hy and mixed
with six equivalents of pyridine. Two equivalents of phos-
gene (20% solution in toluene) were added and the reaction
was allowed to proceed in an ice-water bath and under argon
for 1 h. The reaction mixture was extracted with 5% HCI
and water, and the organic layer was evaporated to give
carbonate diesters4—16, respectively. Derivativd4: *H

nated with some unknown species after HPLC; its spectral NMR (250 MHz, CDC}): ¢ 8.08-8.03 (m, 2H, aromatic),

data were not obtained.
Preparation of [12H], [2-2H], [3-2H], and [4-°H]SRH
Pfs (5uM) was added to the properly labeled SAH from

7.78-7.72 (m, 2H, aromatic), 6.01 (dd, 1H, €#, J = 6.6,
8.2 Hz), 5.54 (dd, 1H, CiH, J = 6.6, 8.5 Hz), 4.76 (dd,
1H, C1-H, J = 8.3, 8.4 Hz), 2.84 (s, 3H, C§ii HRESI-

above (10 mM) and the reaction was incubated overnight. MS: Cj2H1gOsN:HT (M + H]*) calcd 231.0764, found
The resulting SRH was used directly in LuxS reactions 231.0774. Derivatived5: 'H NMR (250 MHz, CDC}): 6
without further treatment. The concentration of SRH was 8.08-8.03 (m, 2H, aromatic), 7.807.71 (m, 2H, aromatic),

determined by mixing SRH and Co(ll)-LuxS, allowing the

6.06 (d, 1H, C2-H, J = 8.1 Hz), 5.60 (dd, 0.15H, GiH,

reaction to go to completion, and assaying the amount of J = 6.5, 8.5 Hz), 4.82 (d, 1H, CiH, J = 8.1 Hz), 2.87 (s,

Hcys formed using 5,&dithio-bis-(2-nitrobenzoic acid)
(DTNB) (16).

Characterization of LuxS Produci€—13. Properly deu-
terated SRH (1.0 mM), Co(ll)-LuxS d8. subtilis(1.0 mg/

3H, CHg). Derivative16: 'H NMR (400 MHz, CDC}): o
8.08-8.04 (m, 2H, aromatic), 7.807.73 (m, 2H, aromatic),
6.05 (dd, 1H, C2H, J = 6.6, 8.1 Hz), 5.59 (dd, 1H, C1
H, J= 6.6, 8.5 Hz), 4.81 (dd, 0.6H, GH, J = 8.3, 8.4

mL), and 1,2-phenylenediamine (1.0 mM) were mixed in a Hz), 2.90 (s, 3H, Ch).

buffer containing 50 mM NaklPQ,—Na,HPO, (pH 7.0) and
50 mM NacCl (total reaction volume 1 mL) and incubated

LuxS Actiity Assay.LuxS reaction (total volume= 200

uL) was performed in a buffer containing 50 mM HEPES

at room temperature for 20 h. Under these conditions, the (pH 7.0), 150 mM NacCl, and 150M DTNB. The concen-
conversion of SRH to DPD and homocysteine was essentiallytration of deuterated SRH varied from 0 to a2# for B.
complete. At this point, additional 1,2-phenylenediamine was subtilis LuxS and up to 18@M for V. harveyi LuxS. The
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Ficure 3: Enzymatic synthesis of deuterium-labeled substratéH]SRH.

reaction was initiated by the addition of Co(ll)-LuxS (final in DPD, whereas the C4 proton would be lost to solvent
concentration 0.4M) and monitored continuously at 412  uponp-elimination of the 3-keto intermediate (Figure 2). To
nm in a Perkin-Elmert25 UV—vis spectrophotometer at test the validity of this hypothesis, we carried out the LuxS
room temperature. The initial rates obtained from the early reaction with SRH specifically deuterated at-@&Lpositions

regions of the progress curves3 min for B. subtilisLuxS and analyzed the reaction products'byNMR spectroscopy
and ~30 s for V. hareyi LuxS) were fitted into the  and mass spectrometry. Unless stated otherwise, all of the
Michaelis-Menten equation using KaleidaGraph 3.6. experiments in this work employed the Co(ll)-substituted
Deuterium Kinetic Isotope EffecApproximately equimo- BsLuxS, which has essentially the same catalytic properties
lar concentrations of unlabeled SRH and?H}; [2-2H] or as the native LuxS (P& form) but is much more stable than

[3-2H]SRH (~1.5 mM each) were mixed in a buffer the latter (1). Due to difficulty in directly isolating DPD,
containing 50 mM NakPO,—NaHPQ, (pH 7.0) and 50 mM the reaction product formed was converted into the corre-
NaCl (total reaction volume= 0.6 mL). The reaction was sponding quinoxaline derivative by treatment with 1,2-
initiated by the addition oB. subtilisCo(ll)-LuxS (1 mg/ phenylenediamine in situ and isolated by HPLIO)( The
mL), allowed to reach<10% completion €20 min), and quinoxaline derivative derived from [24]SRH (Compound
quenched with the addition of 3 volumes of methanol. After 11) showed three double-doublets in the3.8—5.1 region
evaporation of the methanol under reduced pressure, 1,2-of its 'H NMR spectrum, corresponding to the three C1 and
phenylenediamine (final 1.5 mM) was added to the solution C2 protons (Figures 4a and 5a). The resonancé 4i0,

and the pH was adjusted to 4.5. The reaction mixture was which had previously been assigned to one of the C1 protons
incubated overnight at room temperature and extracted with(11), only has an intensity of 0.6 H. Mass-spectrometric
ethyl acetate (4 0.4 mL). The organic layer was collected analysis revealed the presence of a deuterated product at
and analyzed by LC-T electrospray ionization mass spec-m/z 228.0848 (calculated molecular mass fqiH:DO,N,-
trometry. For the reaction involving [2H]SRH, a~1:1 Na" = 228.0853). In addition, the signals for the other C1
mixture of [34%C]SRH (12) and [42H]SRH was employed  proton ¢ 3.8) and the C2 protond(5.1) are noticeably
and analyzed in the same fashion. The reactions Uging broadened. These results indicate that compduirid a 6:4
harveyi Co(ll)-LuxS E57D (1.5 mg/mL, for 45 min) were  mixture of two species; the major species has a proton at

carried out as described above. the C1 position, whereas the minor species has a deuterium.
Thus, 40% of the deuterium at the C2 position of SRH was
RESULTS AND DISCUSSION transferred to C1 as a result of the LuxS reaction, providing

Chemo-Enzymatic Synthesis of Deuterium-Labeled SRH diréct proof for the proposed proton transfer mechanism
This was accomplished by taking advantage of the fact that (Figures 2 and 5a). The 0.6 H at product C1 position is due
the reaction catalyzed by SAHH is reversible and the to proton exchange with solvent: which had prewousl_y been
equilibrium lies far in the direction of SAH synthesi7. observed when the LuxS reaction was carried out D
Thus, [1-2H]SAH was prepared by overnight incubation of (11). When [32H]SRH was used as substrate, theNMR
[1'-?H]adenosine, Hcys, and SAHH at pH 7. Subsequent of the product (compound?) showed .two broadened
treatment with Pfs converted 'H]SAH to [1-2H]SRH doublets ab 4.0 andd 3.8, whereas the signal at5.1 (C2
(Figure 3). [22H]SRH and [32H]SRH were similarly ~ Proton) had an intensity of only-0.1 H (Figure 4b). The
synthesized from the corresponding deuterated adenosines1ass spectrum of compouri® showed two peaks awz
which were chemically synthesized using a procedure 227.0778 (10% intensity) amd/z 228.0834 (100% intensity).
previously described by Frey and co-worket$)( [4-2H]- This indicates that the deuterium at C3 position ofig- N
SRH was prepared by incubating unlabeled adenosine, Hcys SRH was nearly quantitatively transferred to the C2 position
and SAHH in a RO buffer followed by treatment with Pfs ~ 0f DPD product (Figure 5b). The broadened peaks are due
(15). to coupling between the C1 protons and the C2 deuterium.

Regiochemistry of Proton TransfeAccording to the To determine the fate of the C4 proton, the reaction was
proposed LuxS mechanism, an active site base (Cys-84 insimilarly carried out with [4H]SRH. The'H NMR spectrum
BsLuxS) abstracts the proton at ribose C2 position and laterof the resulting quinoxaline derivativé§) was identical to
adds it back to the C1 position (Figure 2). Similarly, the that derived from the unlabeled SRH#1], with each of the
ribose C3 proton is migrated to the C2 position in DPD (to three C1 and C2 protons producing a double-doublet (Figures
avoid confusion, the DPD carbon chain is so numbered that4c and 5c). Its mass spectrum showed a peakz227.0789
its carbon C1 is derived from the ribose C1 atom). On the and the natural isotope peaks, but no evidence for a
other hand, the C1 proton should remain at the same positiondeuterated species (calculatet 228.0853). This indicates
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FiGure 4: H NMR spectra (400 MHz, CDG) of quinoxaline FiIGURE 5: Structures and/or me_chanlsm offorma_tlon of quinoxaline
derivatives obtained from various deuterated SRH: (A) frorfHR- derivatives10—13 and the cyclized carbonate diestév-16.

SRH (compound.), (B) from [3“H]SRH (compound.2), (C) from * anzyme and converted into the product. Second, the enzyme-
[14(;)2.H]SRH (compound.3), and (D) from [12HISRH (compound catalyzed reverse reaction, from 2-keto intermedéaback

to SRH, may not be completely stereospecific (Figure 2);
that the C4 deuterium was completely lost to solvent upon removal of the C1 deuterium instead of the proton would
p-elimination of the 3-keto intermediate (Figure 5c). For result in loss of the C1 label. We have previously demon-
comparison, the reaction with PH]SRH was also per-  strated that in the presence of LuxS, SRH and the 2-keto
formed. The C2 proton showed a doubleta.1, whereas  intermediate are rapidly interconvertet?).
the C1 proton produced a multiplet &t4.0 (Figure 4d). Stereochemical Course of Proton Transf@uinoxaline
Surprisingly, a small but detectable peak appeareil &8 derivatives10 and11, derived from [12H]SRH and [22H]-
(~0.12 H), which was also evident from its mass spectrum SRH, respectively, gave differet NMR spectra (compare
as a peak am/z 205.11 (not shown). Mass spectrometric Figures 4a and 4d), although both contain a deuterium at
analysis of [1-°H]SAH revealed that part of the proton signal C1 position. Forl1, the proton at) 4.0 is partially replaced
in the quinoxaline product1Q) came from incomplete by deuterium, whereas deuterium substituted the proton at
deuteration of the substrate (93%). Control experiments hadd 3.8 in quinoxalinel0. This suggests that the proton-transfer
previously shown that no H/D exchange occurs during the reactions are stereospecific (at least in the forward direction).
conversion of DPD into the quinoxaline derivativekly The proposed mechanism predicts that the same general acid/
These results indicate that there was a small amoud¥q) base (Cys-84) catalyzes the proton-transfer reactions leading
of proton exchange at the C1 position during the LuxS to the formation of 2-keto and 3-keto intermediates and that
reaction. We tentatively attribute this to proton exchange at proton abstraction and addition all occur at the same face of
the 2-keto intermediate stage, which could take place via the enediolate intermediate (Figure 2). To test this hypothesis,
either or both of the following mechanisms. First, the 2-keto the quinoxaline derivative&0, 11, and 13 were converted
intermediate, which is at least partially released from the into cyclic carbonate diesterks, 16, and 14, respectively
enzyme active sitel@), can undergo nonenzymatic proton (Figure 5). Cyclization reduces the conformational flexibility
exchange at the C1 position before being rebound by the of the molecule, thus facilitating conformational analysis by
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C1-H (pro-) (suprafacial proton tra_nsfer). It provid_es further eviden(_:e for
(1 f_’l) the involvement of a single monoprotic base (Cys-84) in the
early proton-transfer steps (up to the formation of the 3-keto

intermediate).

A oy C1-H (pro-R)
(1H) (1H)

W Deuterium Kinetic Isotope EffecThe primary kinetic

! I 1 L ! ! isotope effect was first examined by comparing the overall
6.08 5.98 5.61 551 486 477 reaction rates using unlabeled as well as the various

B deuterated SRH as substrates. No significant kinetic isotope
Co-H C1H (pro-5) effect was observed for [EH], [2-2H], or [4-°H]SRH with
(1H) C1-H (pro-R) (1 H) eitherB. subtilisor V. harveyi LuxS (Table 1). However, a

small kinetic isotope effeck(/kp = 1.3—1.4) was observed
M\/\J\w for [3-?H]SRH (Table 1). This indicates that abstraction of
\ ) 1 J . . the C3 proton or addition of this proton back to the C2 carbon
6.08 5.08 5.61 551 486 477 is partially rate limiting on the catalytic pathway, whereas
the other proton-transfer steps are quite rapid. NMR studies

C C2.H C1-H (pro-R) C1-H (pro-S) with 13C-Iabelg:d SRH h_ave previously shO\_/vn that cqnversion
(1H) (1 H) (0.6 H) of the 2-keto intermediatel] to the 3-keto intermediatér)
is at least partially rate limitingl@). However, quantitative
interpretation of the overall kinetic isotope effect is com-
plicated, due to release of the keto intermediates from the
‘ , ‘ ‘ active site during catalysid ®). The magnitude of the kinetic
6.08 5.98

(0.12 H)

561 551 4.86 4.77 isotope effect can be suppressed by committing more enzyme
to the rate-limiting step.

chemical shift (ppm) o obtai bl fKinetic | .
FicURE 6: H NMR spectra (400 MHz, CDG) of cyclic carbonate 0 obtain a mpre retiable measurg N Ineth Isotope e. ?Ct’
diesters14—16. the LuxS reaction was performed in a solution containing

an approximately 1:1 ratio of SRH and deuterated SRH, with
NMR spectroscopy. ThiH NMR spectrum of the unlabeled the unlabeled SRH serving as an internal standard. The
quinoxaline diesterld) has three double doublets@&®6.0, reaction time was controlled so thatl0% of the SRH was
5.5 and 4.8, which were assigned to the C2, C1Rrand converted to DPD. After the reaction was quenched, the
C1 proSprotons, respectively (Figure 6a). Thkcoupling reaction products were derivatized with 1,2-phenylenedi-
constant between C2 and C1 @@rotons, which are incis ~ amine and subjected to mass spectrometric analysis. The
configuration with respect to the five-membered ring, is 8.2 KIE value was calculated from the ratio of unlabeled and
Hz, whereas the coupling constant between C2 and CRpro- labeled products. For the reaction with SRH/HISRH,
protons (trans) is 6.6 Hz. THd value between the two C1  two molecular ion peaks atVz 205 ([M + H]*) and 206
protons is 8.4 Hz. The quinoxaline diest®s, which is (IM + DJ*) were observed, with an intensity ratio of 1.35:
derived from [12H]SRH, has a reduced signal @5.6 and 1. After taking into account the 12% deuterium loss due to
a coupling constant of 8.1 Hz between the signalé &tl incomplete deuteration and solvent exchange (see above),
and 4.8 (Figure 6b). The largd value is consistent with a  the products from SRH and PH]SRH yielded a KIE of
cis configuration for the two vicinal protons (Figure 5d). The 1.1:1, in good agreement with the result from direct LuxS
diesterl6 derived from [22H]SRH has a weaker signal (0.6  activity assay (Table 1). The reaction with SRH#f2ISRH
H) at 0 4.8 andJ values of 8.3 and 8.4 Hz. The coupling or SRH/[3?H]SRH resulted in two products withwz 227
constant between the6.1 and 5.6 protons is 6.6 Hz (Figure ([M + Na]") and 228 ((M+ D — H + Na]*) and ka/ko
6c), indicating a trans configuration between the C2 proton ratios of 1.1:1 and 1.7:1, respectively (after correction for
and the unexchanged C1 proton (Figure 5a). Since theloss of deuterium to solvent), again in good agreement with
absolute stereochemistry at the C2 position of DPD has the values obtained from direct assays (Table 1). To examine
previously been established as having &nonfiguration the kinetic isotope effect of the finglelimination reaction,
through X-ray crystallography7f, compoundl5 must have  a mixture of [313C]SRH (12) and [4?H]SRH was used since
an S configuration at its C1 position (Figure 5d). Likewise, both SRH and [4#H]SRH would give the same product. The
the C1 in compound6 must have aiR configuration (Figure reaction resulted in two products with'z 227 ([M + Na]")
5a). Therefore, our results are consistent with the mechanisticand 228 ([M+ 13C + Na]*) and aku/kp ratio of 1:1.1. Next,
proposal that the proton abstraction and addition all take a catalytically impaired LuxS mutant, in which the second
place at the same face of the enediolate intermediatesgeneral acid/base critical for thg-elimination reaction

Table 1: LuxS Activity toward SRH and Deuterated SRH

Co-LuxS (Bs) Co-Lux S (Vh)
substrate Keat (73 Knm (M) KealKm (M~1s78) kn/ko Keat (571 Kw (uM) KealKm (M~1s79) kn/ko
SRH 0.029+ 0.001 2205 1.3x 10* 0.40+0.01 39+ 1 1.0x 10*
[1-°H]SR H 0.0304 0.002 2.1+0.2 1.4x 104 1.0 0.42+0.01 40+ 2 1.0x 10¢ 1.0
[2-H]SR H 0.029+ 0.002 2.3+0.2 1.3x 104 1.0 0.36+ 0.04 38+ 6 0.9x 10* 11
[3-°H]SR H 0.023+ 0.001 2.2+0.1 1.0x 10 1.3 0.28+ 0.03 39+ 4 0.7x 10 1.4

[4-°H]SR H 0.0294+ 0.002 2.0£05 1.4x 10* 1.0 0.39+ 0.01 39+ 2 1.0x 10 1.0
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(Glu-57) is replaced by aspartic acid, was employed in the
above experiments. When SRHAHISRH were used as
substrates, &./kp ratio of 1.1:1 was obtained, whereas the
ratio was 4.6:1 when [3*C]SRH/[4?H]SRH were substrates.
Taken together, the above results demonstrate that for wild-
type LuxS, the proton transfer steps are generally very rapid
events; they become only partially rate-limiting during the
conversion of 2-keto intermediateto 3-keto intermediate

7. Therefore, other steps such as metigland exchange and/

or protein conformational change(s) must be rate limiting in
WT LuxS. However, mutation of the catalytic bases can slow
the proton-transfer steps and render them rate limiting. This
significant kinetic isotope effect observed for E57D LuxS-
catalyzed cleavage of [#H]SRH suggests that Glu-57 is the
general base that abstracts the C4 proton during the
p-elimination reaction. It has previously been reported that
mutation of Glu-57 to alanine resulted in substantially
increased accumulation of intermediaté€l12).

CONCLUSION

We have elucidated both the regiochemistry and the
stereochemistry of the proton transfer steps in the LuxS-

10.

11.

catalyzed reaction. These results suggest that two monoprotic 12

acids/bases, Cys-84 and Glu-57, are most likely responsible
for catalyzing all of the proton transfer reactions. KIE studies
indicate that the proton transfer steps are generally quite
rapid, with the exception of conversion of the 2-keto
intermediate to 3-keto intermediate, where proton transfer
is partially rate limiting. All of these results are consistent
with the previously proposed LuxS mechanisii, (12).
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