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ABSTRACT. S-Ribosylhomocysteinase (LuxS) catalyzes the cleavage of the thioether linka&e in
ribosylhomocysteine (SRH) to produce homocysteine (Hcys) and 4,5-dihydroxy-2,3-pentanedione (DPD),
the precursor of type Il bacterial autoinducer (Al-2). The proposed catalytic mechanism involves two
consecutive ribose carbonyl migration steps via an intramolecular redox reaction and a suljsetjoent

nation step, all catalyzed by a divalent metal ion (e.g% e Co*") and two general acids/bases in the
active site. Absorption and EPR spectroscopic studies were performed with both wild-type and various
mutant forms of LuxS under a wide range of pH conditions. The studies reveal€gda £0.4 for the
metal-bound water. Thekj value of Cys-83 was determined to &€ by 13C—'H HSQC NMR experiments

with [3-13C]cysteine-labeled Zi-substitutedEscherichia coliLuxS. The active form of LuxS contains

a metal-bound water and a thiolate ion at Cys-83, consistent with the proposed roles of the metal ion
(Lewis acid) and Cys-83 (general acid/base) during catalysis. Finally, an invariant Arg-39 in the active
site was demonstrated to be at least partially responsible for stabilizing the thiolate anion of Cys-83.

SRibosylhomocysteinase (LuxS) is a key enzyme involved bacteria {, 2). Al-2 biosynthesis starts fror&-adenosyl-
in the biosynthesis of type Il autoinducer (Al-2yyhich is homocysteine (SAH), a byproduct of numerossdeno-
thought to act as a universal signal for interspecies com- sylmethionine (SAM)-dependent methyltransferase reactions.
munication among both Gram-positive and Gram-negative Hydrolysis of SAH by nucleosidase Pfs yields adenine and
Sribosylhomocysteine (SRH) (Figure 1). Subsequently, SRH

T This work was supported by grants from the National Institutes of '5_ cleaved by LuxS to pr(_)duce homocysteine (Hcys) and 4,5-
Health (A162901 to D.P. and GM-057378 to M.L.K.). dihydroxy-2,3-pentanedione (DPD3-5). DPD undergoes
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1 Abbreviations: Al, autoinducer; SAHs-adenosylhomocysteine; . . .
SAM, Sadenosylmethionine; SRHSibosylhomocysteine; Hcys, its active Al-2 (7). The active Al-2 form(s) detected by other

homocysteine; DPD, 4,5-dihydroxy-2,3-pentanedione; DTNB/-5,5 bacteria remains to be determined.

dithiobis(2-nitrobenzoic acid); BsLux®. subtilisLuxS; EcLuxS,E. iy ; _
coli LuxS; VhLuxS, V. harveyi LuxS; GA/GB, general acid/general The high-resolution X-ray crystal structures of LuxS from

base; EPR, electron paramagnetic resonance; HSQC, heteronucleafielicobacter pylorj Deinococcus radiodurangiaemophilus
single-quantum correlation. influenzae and Bacillus subtilisrevealed that LuxS exists
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of the aldehyde binds to the metal ion, displacing a bound
water/hydroxide molecule in the free enzyme. Abstraction
of a proton from the C2 position by a general base (likely
Cys-84 in BsLuxS) generatescés-enediolate intermediate

(2). Ligand exchange from the C1 to C2 OH group, presum-
ably assisted by a second base/acid (likely Glu-57) via a five-

OH OH DPD membered ring transition state, gives enedioat&epro-
SRH tonation at C1 by Cys-84 and entieto tautomerism gen-
erate a 2-keto intermediatd)( Repetition of the sequence
e OH described above results in the migration of the carbonyl group
HO OH

HOw ||CH3
Ho\l‘ HOIII mCH3
H20 HO™

H,O

to the C3 position to give a 3-keto intermedia®. (Sub-
sequeni3-elimination, probably catalyzed by Glu-57 (or a
third acid/base), releases Hcys and the enol form of DPD
(9). Enol 9 spontaneously tautomerizes to the keto form,

HQ.? S-H03H (V. 'Z‘Ia'fvey,) either on its way to or after leaving the active site.
Homl O Al-2 This mechanism is supported by substantial experimental

(S. typhimurium)

Ficure 1: Function of LuxS in the biosynthetic pathway of Al-2.

evidence, including the demonstrated intermediacy of ketones
4 and 7 (14), direct coordination of the 2-keto oxygen of
intermediate4 to the metal ion 11), and confirmation of

as a homodimer with two identical active sites at the dimer the proposed stereochemical course of the proton transfer
interface 8—12). Each active site contains a tetrahedrally reactions 15). However, some important issues remain to
coordinated divalent metal ion, which has been demonstratedbe resolved. First, the proposed mechanism begins with the

to be F&" in B. subtilis LuxS (BsLuxS) (3). The metal

displacement of a metal-bound,®/OH~ by the aldehyde

ion is coordinated with three conserved residues (His-54, carbonyl group of SRH. Since a hydroxide ion is expected
His-58, and Cys-126 in BsLuxS) and a hydroxide/water to bind to the metal ion much more tightly than a water

molecule. Substitution of Cb preserves full catalytic
activity, whereas the Zn-substituted form has 10% of the
activity of the native enzymel@). The proposed catalytic

molecule, we theorized that th&pof the M—H,0 species
should be sufficiently high that the #H,O species domi-
nates at physiological pH. Second, since the first chemical

mechanism involves two consecutive carbonyl migration step involves abstraction of a proton from C2 by Cys-84,

reactions followed by g-elimination reaction (Figure 2)

the K, value of Cys-84 should be less than 7. This in turn

(11—15). Since free SRH exists predominantly in its hemi- raises the question of what stabilizes the thiolate ion in the
acetal form, it was proposed that binding to the LuxS active enzyme active site. In this work, we determined tig yalue
site would open the ribose ring so that the carbonyl oxygen of the metal-bound water to be10 by monitoring the
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RS 5 o . H,0 H]/OH H Hj——/OH Hjﬁ/OH H
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Ficure 2: Proposed catalytic mechanism of the LuxS reaction. RSH is Hcys.
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absorption spectra of Co-substituted LuxS as a function
of pH. A pK, of <6 was also determined for Cys-83
(equivalent to Cys-84 in BsLuxS) @scherichia coliLuxS
(EcLuxS) by**C—*H heteronuclear single-quantum correla-
tion (HSQC) NMR spectroscopy of [BC]Cys-labeled

Biochemistry, Vol. 45, No. 40, 2006.2197

values. When the LuxS activity of certain mutants was too
low for k.ot andKy values to be determined separately, data
were fitted against the LineweaveBurk equation IV =
Km/(KeadE]o) x 1/[S]+ 1/(kea{ E]0) tO estimate../Ky values.

For some mutants, the reaction product DPD was converted

EcLuxS. The function of several other active-site residues into its quinoxaline derivative and isolated as described
has also been examined by site-directed mutagenesis and bypreviously (3—15). Briefly, 1 mM SRH, 5 mg/mL Ce-

monitoring the absorption and EPR spectra of the mutantsLuxS variant, and 1 mM 1,2-phenylenediamine were mixed
as a function of pH. Arg-39 was found to be at least partially in a pH 7 buffer and incubated for 24 h. An additional 1

responsible for the low K, of Cys-83.

MATERIALS AND METHODS

Materials. Wild-type and mutant Co- and Zr*-
substituted LuxS variants fromB. subtilis E. coli, and V.
harveyi were overexpressed . coli and purified to near
homogeneity as described previousiyl,(13—16). Oligo-

nucleotides were purchased from Integrated DNA Technolo-

gies (Coralville, 1A) and Invitrogen (Carlsbad, CA)Cys-
teine (3%3C, 99%) and RO (99.9%) were purchased from

equiv of 1,2-phenylenediamine was then added, and the
resulting solution was incubated at pH 8 for an additional
24 h followed by ethyl acetate extraction.

UV—Vis SpectroscopyCo—LuxS variants were dialyzed
against a Cl-free buffer [75 mM HEPES (pH 7.8)] at4C
overnight with three changes of the buffer. After brief
centrifugation to remove any precipitate if necessary, the
protein solution was diluted into buffers with various pH
values to produce a final concentration of-@&D uM. The
following buffers were used: 50 mM MES for pH 6.5, 50
mM Bis-Tris for pH 6.5-7.0, 50 mM HEPES for pH

Cambridge Isotope Laboratories (Andover, MA). The 2-ke- 5 0-8.0, 50 mM CHES for pH 8.59.5, and 50 mM CAPS
tone intermediate) was synthesized as previously described ¢ pH 10.0-12.0. The buffers were adjusted to the ap-

(14). All other chemicals and reagents were purchased from

Sigma-Aldrich (St. Louis, MO).

propriate pH values with NaOH or acetic acid. Absorption
spectra (806-:300 nm) were recorded on a Perkin-EInies

LuxS MutantsThe gene encoding EcLuxS was subcloned Uv—vis spectrophotometer at room temperature. Molar

from the plasmid pET22b-EcLuxS8HT (16) using primers
5-GGAAGGCCATATGCCGTTGTTAGATAGCTTC-3and
5'-GGGAATTCATAGTTTACTGACTAGATGTGCA-

absorptivity &qp9 at a specific wavelength was plotted against
pH and fitted against the HenderseHasselbalch equation
€obs= €a T (epa — €a) x 107PH/(10°PH + 10 PKa) (18) using

GTTCC-3. The PCR product was digested with restric- KaleidaGraph 3.6 to give theKp values for each LuxS

tion endonucleasebldd and EcoRl and cloned into the

variant, whereya anden are the molar absorptivities of the

PET22b(t) vector (Novagen, Madison, WI) to generate the fully protonated and deprotonated forms, respectively.

non-His-tagged EcLuxS construct, pET22b-EcluxS. Site-

EPR Spectroscop¥rozen glass EPR spectra were mea-

directed mUtageneSiS was carried out on plasmidS pETZZb-Sured on a Bruker model EMX Spectrometer Operating at

BsluxS-HT for BsLuxS 13), pET22b-VhluxS-HT forV.
harveyiLuxS (VhLuxS) (4), and pET22b-EcluxS (non-His-

X-band (9.3 GHz). A microwave power of 0.2 mW was
used for all experiments, and spectra were collected at 8 K

tagged) for EcLuxS using the QuikChange mutagenesisysing an Oxford Instruments liquid helium flow cryostat.
kit (Stratagene, La Jolla, CA). The following mutagenesis Final enzyme concentrations 63 mg/mL were used with

primers were used: BsLuxS-S6A-GATATGCCTTCA-
GTAGAAGCTTTTGAGCTTGATCATAATG-3; BSLuxS-
H11Q, B-GAAAGTTTTGAGCTTGATCAAAATGCGGT-
TGTTGCTC-3; BsLuxS-R39M, 5GATAATAAATTTGA-
TATTATGTTTTGCCAGCCAAATAAAC-3'; BsLuxS-Y89F,
5'-TGCCAAACAGGCTATTTTCTTGTTGTGAGCGGA-
3'; EcLuxS-C41A, 5GTTCGATCTGCGCTTCGCCGTG-
CCGAACAAAGAAG-3'; and EcLuxS-C83D, '5sGATAT-
CTCGCCAATGGGCGACCGCACCGGTTTTTATATG:3
The identity of all DNA constructs was confirmed by DNA

20% (w/v) PEG8000 as a cryoprotectant. The enzyme
solutions used in the EPR studies were kept either at pH 8
in 80 mM HEPES buffer or at pH 11 in 500 mM CAPS
buffer. Addition of the cryoprotectant did not degrade the
protein.

Preparation of [3°C]Cys-Labeled Z#-Substituted EcLUxS
(Non-His-Tagged)E. coli BL21(DE3) cells carrying the
appropriate plasmid DNAs were grown in minimal medium
supplemented with 75 mg/L ampicillin, 0.258&glucose, 2
wg/mL thiamin, 1ug/mL b-biotin, 0.1% (NH).SOs, and a

sequencing. Other LuxS mutants used in this work were metal salt mixture [0.5 mM MgS§0.54M CaCh, 0.1uM

reported previouslyl(l, 13, 14).

LuxS Actiity Assay.The LuxS reaction was performed
in a buffer containing 50 mM HEPES (pH 7.0), 150 mM
NacCl, 150uM 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB)
(17), and varying concentrations of SRH-Q00 uM) or
2-ketone4 (0—130 uM). The reaction (total volume of
1 mL) was initiated by the addition of Cb-substituted
VhLuxS (Co—VhLuxS, final concentration of 0.5M) and
monitored continuously at 412 nma € 14 150 Mt cm™)
in a Perkin-Elmer.25 UV—vis spectrophotometer at room

MnCl,, 0.5uM H3BOs3, 10 nM CuSQ, and 1 nM (NH)e-
Mo070,4] at 37°C to an Oy 0f 0.9. The cells were induced

by the addition of 20@M isopropyl3-p-thiogalactoside and
continued to grow at 30C for an additional 4 h. At the
time of induction, 10uM ZnCl,, 30—40 mg/L [343C]Cys,

0.41 mg/L Leu, and Ala, lle, and Val (1.66 mg/L each) were
added to the growth medium to produce'f&]Cys-labeled
Zn?*-substituted LuxS. Supplementation of Ala, lle, Leu, and
Val helped suppress the scrambling of thé'B]Cys label
(19). Cells were harvested by centrifugation and resuspended

temperature. The initial rates calculated from the early in the lysis buffer (25 mL/L of culture) containing 25 mM
regions of the progress curves (usually 30 s) were fitted Tris (pH 7.6), 20 mM NaCl, 1% Triton X-100, 0.5% pro-

against the MichaelisMenten equatiolV = Kea{E]o[S1/(Km
+ [S]) using KaleidaGraph 3.5 to obtain thig, and Ky

tamine sulfate, 4@g/mL trypsin inhibitor, and 15@Gg/mL
chicken egg white lysozyme. The cells were lysed by
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Table 1: Catalytic Properties of €d.uxS Variants toward SRH and 2-Ketode

SRH 2-ketonet
keaf Km relative keafKm relative
Keat (579 Kv (uM) (Mts activity (%) Keat (S74) Kw (uM) (M~is7) activity (%)

WTP 0.40+ 0.01 39+ 1 1.0x 10¢ 100 0.404+ 0.02 38+ 1 1.0x 10¢ 100
WT (Ec) 0.40+ 0.02 16+ 2 2.5x 10 100 NDA NDd ND¢ NDd
S6A° 0.031+ 0.001 45+ 2 6.9x 107 6.9 0.102+ 0.002 96+ 7 1.1x 10° 11
H11@ NDd ND¢ 10 0.1 0.008£ 0.001 394+ 2 2.0x 1% 2.0
R39MF ND¢d NDd 8 0.08 0.008+ 0.001 2242 3.5x 17 3.5
C41A (Ec) 0.38+ 0.04 16+ 3 2.4x 10 96 NDA NDd ND¢ NDd
C83D ND¢ ND¢ 4 0.04 0.005+ 0.001 50+ 4 1.1x 107 1.1
C83% NDd ND¢ 14 0.14 0.024+ 0.001 58+ 3 4.1x 10 4.1
R39M/C83D ND' NDd 3 0.03 0.005+ 0.001 17+ 1 2.7x 107 2.7
R39M/C83S ND NDd 2 0.02 0.004+ 0.001 63+ 4 6.6x 10 0.66

aUnless otherwise indicated, activities reported were for-€bLuxS. P Data from ref14. ¢ Data from refl11. ¢ Not determined.

being stirred for 20 min at 4C, followed by brief sonica-

convenient for kinetic characterization. On the other hand,

tion and centrifugation. The supernatant was loaded on aCo—BsLuxS had well-defined absorption spectra in the

Q-Sepharose Fast-Flow column (2.5 &n13 cm; Amersham
Pharmacia Biotech AB) pre-equilibrated in 25 mM Tris
(pH 7.6) and 20 mM NaCl. The column was washed
with 200 mL of the equilibrating buffer and eluted with a
NaCl gradient (from 20 to 500 mM) in the buffer described
above. Fractions containing a significant amount of LuxS
protein (as analyzed by 12% SB8AGE) were pooled,
concentrated in an Amicon ultrafiltration cell or ultracen-
trifugal filter device (Millipore), quickly frozen in a 2-pro-
panol/dry ice bath, and stored &80 °C. Protein concen-
trations were determined by the Bradford methad) (sing

visible region while ZrR-EcLuxS was best behaved for the
determination of the Cys-83ka by HSQC NMR spectros-
copy (vide infra). The mutants employed in this work include
S6A, H11Q, R39M, C41A, E57Q, C84A, C84D, C84S
(C83A, C83D, and C83S in VhLuxS and EcLuxS), and Y89F
(Table 1). The catalytic activity of these mutants was
examined by two different assays. The release of homocys-
teine was first monitored by the DTNB assdy). For less
active mutants, their catalytic activities were confirmed by
carrying out the LuxS reaction in the presence of 1,2-
phenylenediaminel3—15). This procedure converted the

bovine serum albumin as a standard and corrected by a factoreleased DPD into a quinoxaline derivative, which was

of 0.5 (16). Protein yields were typically 86100 mg/L of
culture.

BBC—1H HSQC Spectroscopy3-'3C]Cys-labeled Z#'-
substituted EcLuxS (non-His-tagged) was diluted in 200 mM

analyzed by HPLC. Although not quantitative, the latter assay
is highly sensitive. With the exception of the C84A mutant,

all mutants still possess various levels of catalytic activity
toward SRH (0.0296% of that of the wild type) and the

sodium phosphate buffers at various pH values to give a final 2-ketone intermediatel) (0.66—11% of that of the wild type)

concentration of~1 mM. D,O (60—100uL) was added to
the sample to yield a 2015% D,O fraction in a total volume
of 500-600 uL. Final pH values were confirmed with

(Table 1). Two double mutants, C83D/R39M and C83S/
R39M, were also generated, and their activities were com-
pared to those of the corresponding single mutants. Interest-

accurate pH paper (EMD) on the authentic solutions and with ingly, introduction of the R39M mutation into the wild-type

a pH meter on blank buffers without protetiC—'H HSQC
spectra were collected on a Bruker DMX 600 MHz instru-
ment over the pH range of 6:®.5 at 37°C under identical
settings for each sample. TR& chemical shift was fitted
against the HendersermHasselbalch equatiofips = da +
(Ona — 0a) x 107PH/(10°PH + 10 PKa) (18) using Kaleida-
Graph 3.6 to obtain g, values, wher&q,s represents the
experimentally observed chemical shift values and and

O are the chemical shift values for the fully protonated and
deprotonated forms, respectively.

RESULTS
Catalytic Actvity of LuxS Mutants.On the basis of

enzyme dramatically reduced the catalytic activity (1250-
fold toward SRH). This mutation also further reduced the
activity of the C83S mutant (7-fold). However, the C83D/
R39M mutant had activity similar to that of the C83D
enzyme, indicating that mutation of Arg-39 had no further
effect on the C83D mutant. This is consistent with a role of
Arg-39 in stabilizing the thiolate ion of Cys-83 (and the
alkoxide ion of Ser-83). The presence of significant catalytic
activity suggests that there are no drastic global structural
changes in these mutants. C84A is the only mutant that had
no detectable catalytic activity; however, its X-ray crystal
structure showed little difference from that of the wild-type
enzyme {1).

sequence alignment and X-ray crystal structures, a series of UV—Vis Spectroscopy.The absorption spectrum of

conserved active-site residues were targeted for mutagenesi&0—BsLuxS was perturbed by many molecules and/or ions,
in an attempt to assess their roles in substrate binding andVhich presumably bound to the active site of LuxS.
catalysis. Mutants were constructed in BsLuxS, VhLuxS, and Therefore, the LuxS proteins were exhaustively dialyzed

EcLuxS and produced in both Zit and Cé"-substituted

against a chloride-free buffer to remove any small anions

forms for various applications. VhLuxS and EcLuxS are 77% (€-9., CI') that could interfere with their spectra. The buffer
identical in sequence, while the sequence of BsLuxS is 38% materials used in this study were carefully chosen because

identical with both of them. All three proteins exist as
homodimers of 37.5 kDa. VhLuxS had the largkst and
Km values among the three enzyme$4)( making it

they do not affect the absorption spectra of LuxS.

The absorption spectra of wild-type €BsLuxS were
essentially identical at pH 6-51L0. Three absorption bands,
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Ficure 3: Overlaid UV-vis spectra of wild-type and mutant E8sLuxS under various pH conditions (pH 6:52): (A) wild-type LuxS,
(B) C84D LuxS, (C) C84A LuxS, (D) C84S LuxS, (E) R39M LuxS, and (F) R39M/C84D LuxS. Insets are plots of molar absorptivity at
the indicated wavelengths vs pH. The curves were fitted to the data as described in Materials and Methods.

derived from the*A — “T ligand field transition, were  above. S6A, H11Q, E57Q, and Y89F LuxS all exhibited
observed in the visible region of the spectrum at 640, 585, sigmoidal titration curves withk, values of~10 (data not
and 530 nm, with extinction coefficients consistent with a shown). However, mutation of other residues, e.g., Cys-84
tetrahedral active-site geometry & 300 M* cm™?) as and Arg-39, generated distinctive spectral features and a
observed in X-ray crystal structures (Figure 3RJL). At different pH effect.
pH >10, however, the spectra exhibited pH-dependent The absorption spectra of C84D LuxS displayed an overall
changes (Figure 3A). First, a shoulder peak appeared at 675hape similar to those of the wild-type enzyme and a simple
nm as the pH increased and became a well-defined peak apH titration curve with a g, value of 10.4 (Figure 3B). Once
pH 11-12. Second, the peaks at 640 nm red shifted to 650 again, the spectra at low and high pH represent LuxS
nm, while two peaks at 530 and 585 nm blue shifted to 510 with metal-bound HO and OH, respectively. However, the
and 560 nm, respectively. The slight perturbation of the UV—vis spectra of C84A LuxS were dramatically different
spectra was due to protein denaturation at extreme pH valuesfrom those of wild-type LuxS (Figure 3C). First, the three
it became less stable at pH11 and easily precipitated at d—d transition bands appeared at 555, 630, and 660 nm, and
pH <7. Very similar spectral changes were observed for the peak at 660 nm became the strongest absorption band.
wild-type Co-EcLuxS (data not shown). The presence of Second, the spectra did not undergo significant pH-dependent
two isobestic points at 580 and 645 nm indicates a single changes over the entire pH range ef12. Similar absorption
ionization event with direct interconversion between two spectra were observed for C84S LuxS at pHLD as well,
species as a function of pH. A plot of the absorbance at 680which lacked pH-dependent changes and exhibited strong
nm against pH generated a titration curve with an apparentabsorption at 665 nm with a shoulder peak at 630 nm (Figure
pK, value of 10.4 for BsLuxS (Figure 3A, inset) and 10.2 3D). As the pH was increased from 10 to 12, however, the
for EcLuxS (data not shown). We tentatively assigned these strong absorption at 66600 nm started to decrease and
pKa values to the metal-bound,8 ligand. Thus, at pH< 10, the spectra became very much like those of wild-type LuxS
the spectra represent LuxS withp® bound to the metal, at high pH (Figure 3A,D). Interestingly, the R39M mutant
whereas at pH 12, the spectra represent the enzyme withexhibited two ionization events withkp values of 8.6 and
metal-bound OH in the active site. 6.4 and essentially no change beyond pH 10 (Figure 3E).
As revealed by the X-ray crystal structures of LuxS Finally, the absorption spectra of three LuxS double mutants,
(8—11), there are several other potentially ionizable residues R39M/C84D, R39M/C84S, and R39M/C84A, were titrated
in the active site, including Ser-6, His-11, Arg-39, Glu-57, under the same conditions over the pH range oflZY.
Cys-84, and Tyr-89. To ascertain that th€,walue of~10 R39M/C84D exhibited pH-dependent spectral changes with
in wild-type LuxS is due to the metal-bound®l instead of a K, of 9.9 for the metal-bound water, similar to that
other functional groups in the active site and to evaluate the observed in the C84D single mutant (Figure 3F), while the
possible effect of nearby amino acid residues on tkg p spectra of R39M/C84S and R39M/C84A remained essen-
value, the experiments were repeated with LuxS variants tially unchanged over the entire pH range (data not shown).
containing specific mutations of the residues mentioned Together, the UV-vis absorption studies suggest that the
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Ficure 4: Overlaid UV-vis spectra of Ce-BsLuxS under various pH conditions (pH 7, 8, 9, 10, 11, or 12) and in the presence of 2 M

NaCl: (A) wild-type LuxS, (B) C84D LuxS, and (C) C84A LuxS.

pK, of metal-bound water is-10 in wild-type LuxS and the
metal-bound water remains in its aqua form at physiological
pH, but the value is affected by the nature of certain active-
site residues, i.e., amino acids at positions 84 and 39.

Binding of Chloride to Ce-LuxS We found that the ClI
ion could displace the metal-bound®OH" in wild-type
LuxS to produce a characteristic €€l spectrum with three
absorption bands at 655, 610, and 565 nm of almost equal
intensity (Figure 4A). This provides a simple method for
comparing the relative affinity of the metal ion for,®/
OH~ in wild-type and mutant LuxS. Thus, UWis spectra
were recorded over the pH range of 2 in the presence
of 2 M NaCl. At pH <10, wild-type LuxS existed predomi-
nantly in the Ce-ClI form; as the pH increased to 11, the
Co—OH form dominated (Figure 4A). The pH-titration
behavior of C84D LuxS was very similar to that of wild-
type LuxS, except that the C&Cl to Co—OH transition
occurred at a slightly lower pH (pH9) (Figure 4B). The
C84A mutant behaved differently. At pH9, the enzyme
existed almost exclusively in the E®H form. Even at pH
7.0, the protein was not completely converted into the
Co—Cl form (compare with the spectrum at pH 7.0 and with
4 M NacCl) (Figure 4C). The C84S mutant behaved like the
C84A protein (data not shown). In a control experiment,
addition d 1 M (NH,4).S0O, in place of NaCl did not cause
a change in any of the spectra (data not shown), indicating

2
@
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8
=
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Ficure 5: EPR spectra of C84D BsLuxS at pH 8 (blue) and 11
(red) and C84A LuxS at pH 8 (black).

variable-temperature, variable-field MCD clearly indicate a
high-spin S = 3/, Co(ll) ground state consistent with the
pseudotetrahedral coordination geometry (S. Knottenbelt and
M. L. Kirk, unpublished results).

The EPR spectrum of the C84A mutant at pH 8 was
markedly different from that of the C84D mutant at the same
pH, and the data indicated greater active-site heterogeneity
with at least three components contributing to the overall
spectrum. The dominant contribution to the spectrum was
considerably more rhombic than that of the C84D mutant.
Spectral simulation of this component yieldgd-g; values
of 6.20, 3.20, and 2.0, respectively, and no resolvable Co
hyperfine splitting on any component of the g-tensor.
Exchange into BO resulted in no appreciable changes to

that the observed spectral changes were not due to simplehe spectrum, indicating that the splitting observed at 6

alterations of the ionic strength of the solutions. In addition,
it was observed that LuxS activity was inhibited by Git
high concentrations, but not by gO at the same concentra-
tions (up to 1 M). These results are consistent with the
hypothesis that wild-type and C84D LuxS exist in the
Co—H,0 form at pH <10 whereas the C84A and C84S
variants are in the CeOH form at physiological pH (in the
absence of Clion).

EPR Spectroscop¥PR spectroscopy is a sensitive probe

was not due to coupling to an exchangeable proton (i.e.,
OH/H,0). When the pH is increased to 11, the pseudoaxial
C84D mutant spectrum closely resembled that of the C84A
mutant at pH 8. Notably, this was manifest by the appearance
of an active-site inhomogeneity with one spectral component
possessing a rhombic g-tensor witly,eof 6.2, ag, of 3.20,
and agz of 2.0, in remarkable agreement with the dominant
species observed in the C84A spectrum collected at pH 8.
The rhombic EPR spectra observed for the C84D and

of ground- and excited-state electronic structure and thereforeC84A LuxS mutants are consistent with a distorted tetrahe-

may be used in conjunction with UWis spectroscopy to

dral Co(ll) active site Z2) and are similar to EPR spectra

probe pH and mutation-induced changes at the active siteobserved for AAP, the aminopeptidase froheromonas

of LuxS. The EPR spectrum of the C84D mutant at pH 8
displayed a characteristic quartet resonance with an only
slight deviation from axial symmetry, with@ of 4.8, ag;

of 4.2, and ag; of ~2.12 (Figure 5). Hyperfine coupling to
the | = 7/, 5°Co nucleus was only resolved @3 (As*° =

158 MHz). Spectral simulation of the major contributor to

proteolytica (23). As suggested for AAP, wherg—gs =
6.82, 2.95, and 1.96, respectively (compare C84A at pH 8;
01—0s = 6.20, 3.20, and 2.00, respectively), the dominant
transitions occur primarily within thens = +%/, Kramer's
doublet of theSe = %> Co(ll) rhombic spin system. The
spectra observed for C84D at pH 8 and C84A at pH 11 are

the spectrum showed the presence of a slight degree ofmarkedly less rhombic but still consistent with an axially

active-site inhomogeneity, which is presumably responsible
for the low-field shoulder ong; and the sharpg = 2
resonance. EPR magnetic circular dichroism (MCD) and

distortedSot = 3/ Co(ll) site.
13C—1H HSQC Spectroscop¥lo test the role of Cys-83
(EcLuxS) as a general baséC—H HSQC experiments were
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carried out at varying pH values with [3€]Cys-labeled
EcLuxS. EcLuxS was chosen for its greater stability and
produced good-quality®*C—'H HSQC spectra, which were
recorded at 37°C over several hours. To simplify the
13C—'H HSQC spectra in the cysteing;€H region ¢ =
25—-32 for 3C and ¢ ~ 3.2 for H) (24, 25), a surface

Biochemistry, Vol. 45, No. 40, 20062201

the**C chemical shift value against pH produced a sigmoidall
curve, and data fitting revealed a single ionization event with
a K, of 7.0 (Figure 6C). The other doublet @t30.2/3.10

and 30.2/3.70), however, remained unchanged throughout
the pH range that was tested (69.5) (Figure 6A,C). To
assign the cysteine signals, a C41A/C83D double mutant was
generated and analyzed under the same conditions. The
double mutant exhibited a doublet@B80.4/3.30 at pH 8.0,
which migrated tod 29.5/3.30 and 29.5/3.40 as the pH
decreased to 6.0 (Figure 6B), indicating that tig pf 7.0
belonged to Cys-125 and the unchanged doublet signals at
0 30.2/3.10 and 30.2/3.70 arose from Cys-83.K, pf 7.0

for Cys-125 provides a possible explanation for the instability
of LuxS at acidic pH. Presumably, at pHd7, Cys-125
becomes protonated and therefore a less effective ligand for
the metal ion, leading to protein denaturation. The lack of a
pH-dependent change in Cys-83 signals over the pH range
of 6.0—9.5 led us to conclude that th&pvalue of Cys-83

is <6. This interpretation is consistent with the results from
our UV absorption studies and the fact that t#& chemical
shift for Cys-83 ¢ 30.2) is very similar to that of Cys-125
thiolate ¢ 30.6).

DISCUSSION

pKa and Function of Metal-Bound 4. Although Fé* is
the native metal ion in LuxS, CeLuxS has catalytic
properties virtually identical to those of F&uxS and is
much more stablel@). In addition, the paramagnetic &o
exhibits characteristic spectra that are highly sensitive to
coordination geometry and the nature of ligands, making it
an excellent spectroscopic probe for the enzyme active-site
environment 26). Our UV—vis studies of wild-type LuxS
revealed a single ionization event with K of 10.4 (Fig-
ure 3A). We assigned thiskp to the metal-bound water
by the process of elimination, because mutation of none of
the ionizable active-site residues [including Ser-6, His-11,
Arg-39, Glu-57, Cys-84 (to Asp), and Tyr-89] resulted in
loss of this ionization event. It should be noted that other
ionization events might have occurred in the protein over
the pH range of 712, but they did not cause detectable
spectral changes of the €oion.

A pK,of ~10 is very high for a water molecule bound to
a tetrahedral Co ion. As a comparison, the metal-bound
water in E133A peptide deformylase, which has the same
first-coordination sphere ligands as LuxS, has<g gf 6.0
(27). The substantially higherky value in LuxS indicates
that the outer-shell ligands in LuxS must influence the acidity
of the metal-bound water. We hypothesize that the stabiliza-
tion energy to maintain the @ molecule, or alternatively,

cysteine (Cys-41) was mutated to alanine, leaving only the the destabilization of the OHion in the active site, largely
two essential cysteines in the enzyme (Cys-83 and Cys-125) benefits from the electrostatic repulsion from the active-site
Cys-41 is remote from the active site, and the C41A mutant general acids/bases, i.e., Glu-57 and Cys-84. The negative

has essentially wild-type catalytic activity (Table 1). The
protein was produced in the Znsubstituted form, which
has~10% of the catalytic activity of the Beand C&* forms

charges on these residues should disfavor the formation of
a third negative charge in the vicinity, thus destabilizing the
meta-OH~ form and increasing theky of metal-bound

(13). The latter metals would cause paramagnetic line width H,O. The C84D mutation introduces a permanent negative

broadening as well as perturb the chemical shift values.
At pH 9.5, C41A EcLuxS exhibited two sets of cysteine
signals, a doublet at 30.2 (3C)/3.10 {H) and¢6 30.2/3.70
and an unresolved doublet at30.6/3.25 (Figure 6A). As
the pH decreased, the doublet @t30.6/3.25 gradually
migrated to the) 29.5/3.30 and 29.5/3.40 region. A plot of

charge into the active site Kg ~ 4 for aspartate), which
mimics the electronic environment of the wild-type enzyme
at physiological pH (Ka < 6 for Cys-84). Indeed, the
absorption spectra and the pH-dependent changes of C84D
LuxS were similar to those of the wild-type enzyme. In C84A
LuxS, elimination of the negative charge at position 84
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removes the electrostatic repulsion that would otherwise cysteine must bec6 or >9.5. We assign the cystein&pto
destabilize the metal-bound OHthus lowering the K, of <6 for several reasons. First, wild-type LuxS has spectral
metal-bound HO to <7. Therefore, the spectra of C84A properties similar to those of the C84D mutant, which has a
LuxS correspond to the LuxS form with Otbound to the negative charge at position 84 and residual catalytic activity.
metal, and the appearance of two closely associated peakSecond, native LuxS (Pe form) undergoes rapid inactiva-

at 600-700 nm in C84A does resemble the spectra of wild- tion under physiological conditions due to oxidation of Cys-
type LuxS under basic pH conditions. For the same reason,84 into cysteic acid13). A thiolate is more susceptible to
C84S LuxS has a more normd{pvalue for its metal-bound  oxidation. Finally, the pH profile of wild-type LuxS shows
water (<7) and exists in the metal-bound OHorm at a single ionization event (ionization of €#1,0) over the
physiological pH. The observed spectral change of C84S pH range of 7.6-12 (Figure 3A). As vividly demonstrated
LuxS at pH=11 (Figure 3D) can be articulated as follows. by the difference between wild-type LuxS and the C84A
Serine typically has aiy of ~16, but the same residue(s) mutant, a change in the charge state at position 84 should
that is responsible for reducing thi&pof Cys-84 from~8.5 result in dramatic changes in the absorption spectra. The
to <6 should also lower theKy of Ser-84. Therefore, the  ahsence of such spectral change indicates that iaeop
spectral change at pH11 can be attributed to the ionization  Cys-84 is either<7.0 or>12. A pK, of >12 for a cysteine

of Ser-84 to its alkoxide form. The observed effect of Cl g highly unlikely. Thus, a K, of <6 makes Cys-84 an ideal

ions on LuxS spectra can also be rationalized by the GA/GB in the LuxS reaction; at the beginning of the catalytic
hypothesis given above. Wild-type and C84D LuxS existin cycle, Cys-84 is expected to be in the thiolate form, ready
the metal—lzgo form at pH<10, and therefore, t.h.ey are easily tg abstract the C2 proton from SRH (Figure 2). The
converted into the metalCl form by the addition of 2 M jonjzation state of Cys-125, which is one of the metal ligands,
NaCl. C84A and C84S LuxS variants are more resistant to warrants some comments. ItsKpof 7.0 is somewhat
spectral perturbation by Clions because their metal-bound surprising, as we had expected it to be predominantly in the

OH" is more difficult to displace with the Clion. thiolate form at physiological pH, especially considering that
Although complicated somewhat by active-site heteroge- 5 non-metal-coordinated thiolate group (Cys-83) is in its
neity, the EPR data are also consistent with the interpretationvicinity_ However, a [K. of ~7 does provide a simple

given above. On the basis of the pH titrations monitored by gypianation for the observed instability of LuxS and peptide

UV—vis spectroscopy, the C84D mutant is believed 10 getormylase, which has an identical mettjand environ-
possess an aqua ligand (€d.0) at pH 8. It possesses @ 1 ant at pH<7 (27).

nearly axial EPR spectrum that we interpret as a spectro- . ¢ . . . . .
scopic signature of a bound aqua ligand at the active-site - unction of Arg-39.Arg-39 is an invariant active-site

Cc?". Similar EPR spectra were observed for C84A LuxS residue 8—11). However, it is rather distant from the metal
under all pH conditions and the C84D mutant at pH 11. ion and unlikely to directly affect thelfa, of the metal-bound

Although the origin of pH- and mutation-induced active- H,0, yet the R39M mutation decreased the cat.alytic activity
site heterogeneity is not understood at present, we take theP?Y 1250-fold. We propose that Arg-39 exerts its effects by
similarity of spectral features here to indicate hydroxide decreasing theif, value of Cys-84 (in BsLuxS) through

coordination at the active-site &o electrostatic interaction between the positively charged

In summary, our spectroscopic data support the assignmenfirgini”e sjde chain and the thiolate ion. On Fhe basis of this
of the [Ka of 10.4 to the metal-bound #® in wild-type and hypothesis, the R39M mutation would abolish the electro-
C84D LuxS. Thus, at physiological pH, the LuxS metal Stafic interaction required to stabilize the thiolate ion and
center exists in the metal-bound® form. The relatively ~ therefore return thek, of Cys-84 to its normal value. A
weak interaction between B (relative to OH) and the  Protonated Cys-84 (at neutral pH) would in turn remove the
metal ion makes it possible for the carbonyl oxygen of electrostatic repulsion between the thiolate ion and a metal-
SRH to displace the bound water during catalysis. Indeed, bound OH, resulting in a lower K, for the metal-bound
Co—LuxS undergoes dramatic spectral changes during thewater. This is indeed the case for R39M LuxS, whose
catalytic cycle {3). Direct coordination to the metal ion by — absorption spectra do not exhibit ionization at pHo0.
the C2 carbonyl oxygen of ketone intermediatehas Instead, it undergoes two ionization events Wit(hpalues
previously been observed in cocrystal structural studigls (  0f ~6.4 and 8.6 (Figure 3E). We tentatively assign th& p
Taken together, these data argue strongly for a Lewis acidvalues to Cys-84 and the metal-bound water, although we
function of the metal ion, as we had originally proposed do not know which [, is associated with Cys-84. As

(Figure 2). expected, introduction of the R39M mutation into the C84D
Function of Actie-Site CysteinePrevious site-directed  or C84A mutant has a much weaker effect on their properties.
mutagenesis, kinetic analysis, and real-tiff€ NMR For example, the R39M/C83D double mutant has essentially

spectroscopic studies suggest that Cys-83 (in VhLuxS andthe same catalytic activity toward SRH and ketdnas the
EcLuxS, or Cys-84 in BsLuxS) functions as a GA/GB to C83D mutant (Table 1). R39M/C84D BsLuxS shows a single
catalyze the proton transfers at positions-CB (13, 14). ionization event, although thekgvalue (9.9) is slightly lower
The X-ray crystal structures of LuxS bound with two than that of the wild-type enzyme (10.4). Presumably, due
analogues of the enediolate intermediates revealed that thdo its lower K, Asp-84 can exist in the ionized state
sulfur atom of Cys-84 is 344.1 A from the C+C3 regardless of the ionization status of Arg-39. Likewise, C84A
positions of the ribose and properly oriented to serve as aand R39M/C84A mutants had similar absorption spectra and
GA/GB during catalysisX2). In this work, pH titration by pH dependence (or independence). R39M mutation further
13C—H HSQC NMR experiments showed no spectral change reduced the activity of C83S LuxS by7-fold (Table 1).
between pH 6.0 and 9.5, indicating that thK,pof this This can be rationalized in a way that Arg-39 is needed to
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FIGURE 7: lonization state of BsLuxS active-site residues: (A) wild-
type LuxS and (B) C84A LuxS.

stabilize the alkoxide side chain of Ser-83 as discussed 14.

previously.

Implication for the LuxS Catalytic Mechanisr®n the
basis of the results from this and earlier work, we propose
that the ionization state of active-site residues in the active
form of LuxS is as shown in Figure 7A. Arg-39 is positively
charged, and it reduces th&pof Cys-84 to <6 through

electrostatic interactions. The negative charges on Cys-84
thiolate and Glu-57 carboxylate destabilize a metal-bound ;.

hydroxide form through electrostatic repulsion. As a result,

the fourth ligand of the catalytic metal ion is a water molecule 18.

at physiological pH, which can be displaced by the carbonyl
oxygen of SRH during catalysis. Mutation of Cys-84 to an

alanine eliminates the electrostatic repulsion, and a hydroxide 19.

ion is bound to the metal ion (Figure 7B). The results provide
additional support for the proposed catalytic mechanism of
LuxS (Figure 2).
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