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ABSTRACT. N-Acyl-L-homoserine lactone (AHL) mediated quorum-sensing regulates virulence factor
production in a variety of Gram-negative bacteria. Proteins capable of degrading these autoinducers have
been called “quorum-quenching” enzymes, can block many quorum-sensing dependent phenotypes, and
represent potentially useful reagents for clinical, agricultural, and industrial applications. The most
characterized quorum-quenching enzymes to date are the AHL lactonases, which are metalloproteins that
belong to the metallo-beta-lactamase superfamily. Here, we report the cloning, heterologous expression,
purification, metal content, substrate specificity, and three-dimensional structure of AiiB, an AHL lactonase
from Agrobacterium tumefacienduch like a homologous AHL lactonase froBacillus thuringiensis

AiiB appears to be a metal-dependent AHL lactonase with broad specificity. A phosphate dianion is
bound to the dinuclear zinc site and the active-site structure suggests specific mechanistic roles for an
active site tyrosine and aspartate. To our knowledge, this is the second representative structure of an
AHL lactonase and the first of an AHL lactonase from a microorganism that also produces AHL
autoinducers. This work should help elucidate the hydrolytic ring-opening mechanism of this family of
enzymes and also facilitate the design of more effective quorum-quenching catalysts.

Various Gram-negative bacteria rely on production and significant interest for clinical, agricultural, and industrial
detection ofN-acyl4-homoserine lactone (AHL)autoin- applications 2). Some of the most effective “quorum-
ducers for regulating cell-density dependent behavigr (  quenching” agents reported to date are enzymes capable of
Methods to disrupt quorum-sensing in these bacteria are ofcatalyzing hydrolytic lactone ring opening, @). With the
exception of a recently reported phosphotriesterase homo-
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Ficure 1. Sequence alignment of lactonases. Residues that coordinate to the zinc ions are highlighted in yellow. Other residues that are
completely conserved are labeled in green. A sequence insert found in AiiB but not AiiA is highlighted in blue. The positions of two
residues in the AiiB active site, Y216 and N114, are highlighted in orange and red, respectively. Beneath the alignments, * indicates

identical residues, : indicates conservative substitutions, and . indicates semiconservative substitutions.

One bacterium known to produce both AHL signals and
AHL lactonases is the plant pathogAgrobacterium tume-
faciens which relies onN-(3-oxo-octanoyl)--homoserine
lactone (3-oxo-C8%)-HSL) mediated quorum-sensing to
regulate conjugal Ti plasmid transfer during plant infections
(11). A. tumefaciensalso carries three paralogues with
significant sequence homology to AiiA: AiiB, AttM, and
AiiC (12, 13). The amino acid sequences of AiiA, AiiB,
AttM, and AiiC (aligned using a online clustalW server
(http://www.ch.embnet.org/index.html)) are shown in Figure
1. AiiB and AiiC were named for their sequence similarity
to AiiA (13). AttM (12) was originally found in a gene region
important forA. tumefacienattachment to plant celld.4).
Crude lysates of heterologously expressed AiiB and AttM
have demonstrated their ability to hydrolyze AHLE3).
AiiC, however, lacks a tyrosine residue that is conserved in
all other AHL lactonases (Figure 1) and is unable to
hydrolyze various AHLs 13).

The AttM coding sequence is found within a gene cluster
on the At plasmid ofA. tumefaciensand this enzyme has

also been shown to be capable of degrading unsubstituted®0Labs (Beverly,

y-butyrolactone 13, 15, 16). In wild type A. tumefaciens

In contrast, AiiB is found on the Ti plasmid oA.
tumefacienq13), the same plasmid that harbarsl, the
biosynthetic gene for 3-oxo-C&f-HSL, and traR, its
cognate transcription factor, as well as most of the genes
required for plant tumorigenesid¢ ). There has been little
information reported about the regulation of AiiB expression,
and the characterization of its specificity has been limited
to only a few lactones using crude cell lysaté8)( Here,
we report the cloning, heterologous expression, purification,
characterization, substrate specificity, and three-dimensional
structure of AiiB. This report presents the second representa-
tive structure of a quorum-quenching AHL lactonase and
the first that is derived from an organism that also uses AHL-
dependent quorum-sensing pathways.

MATERIALS AND METHODS

Unless otherwise noted, all chemicals were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO) and all
restriction enzymes were acquired from New England
MA). DO (99.9%) was purchased from
Cambridge Isotope Laboratories (Andover, MA). Metal

expression of AttM appears to be growth-phase dependent,analySiS of purified proteins was completed using inductively

and is coordinated with a decrease in AHL concentration
upon entering the stationary phag@)( This system has been
cited as one of the first known examples of an AHL
autoregulatory circuit, with the expression of AttM allowing
A. tumefacienso exit from the Ti plasmid conjugal transfer
process12). However, downstream genes in tiéM cluster
appear to only process metabolitesyebutyrolactone and
not the ring-opened metabolites of 3-oxo-CB-HSL (16),
suggesting that regardless of AttM’s physiological function

coupled plasma mass spectrometry as described previously

Cloning and ExpressionThe coding sequence for the
AHL lactonase AiiB was amplified fromA. tumefaciens
genomic DNA using specific end primers. The forward
primer, 3-GGTGGTTGCTCTTCCAACATGGGAAATAA-
GCTGTTCGTTCTC-3 contains aSap site (underlined).
The reverse primer, 55GTGGTCTGCAGTCATTATTCAT-
AGAATCCGTCCGTGGATTTG-3 contains &st (under-

in attenuating quorum-sensing, the operon does not appeatined). The temperature program for the PCR was 5 min at

to have evolved specifically to decompose and recycle AHLs

17).

95 °C followed by 30 cycles of 30 s at 9%, 30 s at 55C,
and 75 s at 72C. The resulting product was gel purified
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(Qiaquick, Qiagen). Both the PCR product and the expressiontobacco etch virus (TEV) protease to remove the MBP tag,
vector pTYB11 (New England BioLabs, Beverly, MA) were and the resulting untagged lactonase was purified as de-
digested using restriction enzymeé&ag and Pst. The scribed previously using a DEAE-Sepharose fast flow
resulting DNA fragments were purified, ligated together column to remove the MBP fragment and TEV protease,
using T4 DNA ligase, and transformed into Déd5 Es- and an amylose-agarose affinity column to remove trace
cherichia coli to produce an initial expression vector amounts of uncleaved MBP-AIIBLB). The final protein was
pTYB11-aiiB. The AiiB coding sequence (determined at the concentrated using an Amicon Ultra-15 (10 kba MWCO)
DNA Facility, University of Texas) was found to contain centrifugal filter device. Prior to use, trace metal ions in the
two nucleotide differences, T290C and G352A, from the filter were removed by soaking the filter cartridge in Tris-
reported sequencd3d), but these are silent mutations and HCI (20 mM) buffer containing NaCl (5 mM) ana-

S0 were not corrected before protein expression tests. Thephenanthroline (3 mM) at pH 7.0 for a few hours. This soak
AiiB coding sequence was later subcloned betweemNithe was followed by two rinses with the same buffer, each
andXhd restriction sites in the expression vector pET-27b, followed by centrifugation for 20 min at 3090 After an

but this construct only yielded poor protein expression (data additional overnight soak in the same buffer, the filter
not shown). To construct a third expression vector, the cartridges were extensively washed with metal-depleted water
temperature program described above and specific endto remove any trace phenanthroline before they were used

primers were used to again amplify the AiiB coding
sequence, using a forward primer;-GCGCGGAAG-
GATTTCAATGGGAAATAAGCTGTTCGTTC-3, which
contains anXmn site (underlined), and a reverse primer,
which contains éBanH| site (underlined), 5GCGGATC-
CTTATTCATAGAATCCGTCCGTG-3. The product was
cloned between thXmr and BanHl sites of the pMAL-
c2x-t-aiiA expression vector described earlig8), after the

to concentrate AiiB. To determine the final metal content in
AiiB, the concentrated protein and the eluate from the final
concentration step were both analyzed by inductively coupled
plasma mass spectrometry (ICP-MS; Department of Geologi-
cal Sciences, The University of Texas at Austin). The trace
metal ion concentrations of the eluate were subtracted from
the metal ion concentrations in the AiiB sample, and the
resulting sum was divided by the monomeric protein

starting vector had been digested and gel purified to removeconcentration to give the molar equivalents of metal ions

its aiiA insert, resulting in the final expression vector pMAL-
c2x-t-aiiB. In order to express AiiB with homogeneous metal
content, an overnight culture of BL21(DEB) coli harboring
the pMAL-c2x-taiiB expression plasmid was used to
inoculate 2x 1 L flasks of M9 minimal media containing
ampicillin (100ug/mL). The cultures were incubated with
shaking at 37°C until they reached an optical density
(ODsgoonm of 0.6—0.7. To incorporate zinc, IPTG (0.5 mM)
and ZnSQ (0.2 mM) were added along with fresh M9 media
at the time of induction. To incorporate cobalt, IPTG (0.3
mM) and CoC} (0.05 mM) were used instead. Protein

bound to the purified protein.

Determining Steady-State Rate Constants for AHL Hy-
drolysis.To determine the substrate specificity of AiiB, five
lactones were purchased (Sigma-Aldrichj-butyryl-pL-
homoserine lactone (CRQ-HSL), N-(5-ketocaproyl)eL-
homoserine lactone (3-0xo-C&9-HSL), N-t-butyloxycar-
bonyl-oL-homoserinelactone (BoR§-HSL),N-carbobenzyloxy-
L-homoserine lactone (CBZ&)-HSL), andy-butyrolactone
(GBL). Four additional lactone$y-hexanoyle-homoserine
lactone (C6-§)-HSL) (18), N-octanoylt-homoserine lactone
(C8-(9-HSL), N-(3-oxo-octanoyl)--homoserine lactone (3-

production and cell harvesting were carried out as describedoxo-C8-§)-HSL), and N-decanoyl--homoserine lactone

previously @).

Protein Purification and Metal Content Analysis.order
to maximize the yield of soluble AiiB protein derived from
the pMAL-c2x-iiB expression plasmid, cell pellets from

(C10-(9-HSL) were synthesized as described below. The
substrates’ structures are shown below for easy reference.
The steady-state rate constants for lactone hydrolysis as
catalyzed by purified 2Zn-AiiB and 2Co-AiiB proteins were

induced cultures (2 L) were used immediately after harvest- determined using a continuous spectrophotometric phenol

ing. Ice-cold buffer (20 mM Tris-HCI, 100 mM NacCl, pH

red-based assay to detect proton release as described previ-

7.4) was used to resuspend pelleted cells, which wereously (18).

subsequently lysed by sonication using a Fisher Scientific
model 500 sonic dismembrator. The cell debris was removed

as described previouslL®). The resulting supernatant was
loaded onto a DEAE-Sepharose FF column (2.5 xm20

cm) equilibrated with the same buffer as above, and excess
proteins were washed from the column using additional

buffer (200 mL). To elute bound proteins, the NaCl

concentration was subsequently increased to 250 mM using /\/\)J\
a linear gradient. Fractions were analyzed by coomassie-

stained SDSPAGE, and those containing the maltose
binding protein-AiiB fusion protein (MBP-AiiB) were found

to generally elute at a conductivity near 19 mS/cm (ap- 3oxo-Ce-(RS-HsL

proximately 190 mM NaCl). The fractions containing MBP-
AiiB were pooled and further purified using an amylose-
agarose column (2.5 cm 10 cm) as described previously
(4).

The MBP-AIB fusion proteins, prepared with either

o

?O /\/\/\)J\ 0

N

GBL
o) C8-(S)-HSL Ho 4
/\)J\N

C4-(RS)-HSL H o 3-0x0-C8-(S)-HSL H

c&(sa -HSL H o C10-(S)-HSL Q

o
PN
Qﬂo N
H
CBZ-(S)-HSL (0]

Synthesis of AHL SubstrateBhe substrate C85-HSL
was synthesized using a procedure similar to that given by
Chhabra et al. 19). Briefly, (S)-a-amino+-butyrolactone
hydrobromide (5 mmol) was dissolved in ice-cold dimeth-

~ I L} ML

H
BOC-(RS)-HSL o)

ZnSQ, or CoCh supplements, were subsequently treated with ylformamide (10 mL) with stirring. Triethylamine (11.5
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mmole) was added. Subsequently, octanoyl chloride (7 2.22 (m, 2H), 2.8 (m, 1H), 4.27 (m, 1H), 4.44 (t, 1H), 4.53
mmol) was added dropwise, and the mixture was stirred at (m, 1H), 6.07 (broad s, 1H}3C NMR (75 MHz, CDC}) 6
room temperature for 45 min. The solvent was removed by 14.08, 22.63, 25.41, 29.28, 29.23, 29.29, 29.39, 30.63, 31.83,
reduced-pressure rotary evaporation with mild heating 36.17, 49.22, 66.10, 173.77, 175.59; EI-HRMS Nkt =
(=40 °C), and the resulting residue was dissolved in 2553574, MH s = 256.1915; {)L]ZD“nﬁethanm: —23. 5.
methylene chloride (40 mL). The organic layer was sequen- Cr ot L .
. . . ystallization, Data Collection, and Processinghe
tially washed with _sod|um s_ulfate (1M, pH 6’>8.40 mL) crystallization of AiiB protein was carried out in hanging
and saturated sodlum chloride €140 mL) and dried using drops by using standard screening kits (Hampton, San
?(;g¥drg\lj; QZ%Q?E%SS@& Eglr\r/negtur\:\éja?/vain;gr\;ﬁce’r byDiego), at room temperature. Crystals were obtained from a
Ay P ' pounc solution containing 35% glycerol and 0.26 M ammonium
purified by _column chromatography.on silica in ethyl acetate. dihydrogen phosphate at an approximate pH of 3.5, which
Each fraction was analyzed by thin-layer chromatography is the No. 3 condition in Hampton Crystal Screen Cryb The
(TLC), and fractions containing the desired compound were ' ;

o The Campou s S GO net A, I 850 sl ol ve prsence o v,
= 0.6 in ethyl acetate; mp= 119-125°C; 'H NMR (300 ~ J!YCerol. ' g that gy

MHz, CDCk) 6 0.84 (t, 3H), 1.25 (m, 8H), 1.61 (m, 2H) cryoprotectant, all crystals were grown and harvested in the
215 '(m, 2H), 2_2'2 (m, ,1H), 28 m, 1|’_|), 4.,26.(m, 1I—i), 4_44 presence of glycerol. The hanging drops were formed by

(t, 1H), 4.58 (m, 1H), 6.21 (broad s, 1H¥C NMR (75 MHz, mixing prot_ein solution (10 mg/mL) with well solution at a
CDCly) & 14.30, 22.83, 25.69, 29.21, 29.40, 30.76, 31.89, VOlume ratio of 1:1.
36.41, 49.43, 66.38, 174.13, 175.96; EI-HRMS Mk = A single-wavelength anomalous dispersion (SAD) data set
227.3037, MH s = 228.1602; §]2°C,, .. ,= —24.7. was collected on beamline 23-IDD at GM/CA-CAT, Ad-

’ vance Photon Source (APS), Argonne National Laboratory.
The wavelength used was 1.28 A on the absorption edge of
zinc. The SAD data set of 2.0 A resolution was collected
for 360 degrees with 0.5 degree oscillation per frame. Later
a native data set was collected on beamline 9-1 at Stanford
Synchrotron Radiation Laboratory (SSRL). The wavelength
used was 0.99 A to achieve the highest resolution possible.

added (10 mmol) and refluxed undegg)for 3 h. Solvent A_s a result, a data _set_with 1.75 A resolution was collected
was removed by rotary evaporation with mild heating ywth 1 degree oscillation per frame. Both data sets were
(<40 °C), and the resulting residue was dissolved in ethyl integrated and scaled by using the HKL2000 softwar_e suite
acetate (100 mL) and decolorized with approximately 10 g (21)- Both data sets were indexed as space gf2(pwith

of activated carbon. The compound was further purified by 6 COPi€S in an asymmetric unit.

column chromatography on silica gel in hexanes (20%)/ethyl  Phasing, Model Building, Refinement, and Validatiohe
acetate (80%). Each fraction was analyzed by TLC, and positions of the zinc ions were located from an anomalous
fractions containing the desired compound were combined. difference Patterson synthesis calculated with the program
Solvent was removed by rotary evaporation at°®0 The SOLVE (22) using the SAD data set. During the Patterson
compound was obtained in a 33% yiel& = 0.4 in ethyl calculation, data points beyond the resolution of 2.5 A were
acetate; mp= 54—60 °C; 'H NMR (300 MHz, CDC}) ¢ left out due to the lack of anomalous signal at high resolution
0.84 (t, 3H), 1.23 (m, 4H), 1.5 (m, 2 H), 2.2 (m, 1H), 2.4 in the SAD data set. Preliminary phase angles were then
(m, 2H), 2.6 (m, 1H), 3.5 (s, 2H), 4.2 (m, 1H), 4.4 (m, 1H), calculated, and solvent flattening was carried out with the
4.6 (m, 1H), 7.7 (broad s, 1H}?C NMR (75 MHz, CDC}) program RESOLVE 23, 24). The autobuilt initial model

0 13.78, 22.28, 25.04, 29.47, 31.02, 35.98, 43.62, 48.97, from RESOLVE was used to start density-matching model
66.03, 166.49, 174.98, 206.31; EI-HRMS Mkk = 241.2872,  puilding in the program COOT26). The model refinement
MH*ops = 242.1393; §]3 meihana= —20.3. was carried out with the program REFMACS6] in the

The substrate C108-HSL was synthesized in a manner CCP4 suite 27). Because there are 6 copies of the molecule
similar to C8-©)-HSL. Briefly, (9-a-amino+-butyrolactone in each asymmetric unit, the model building can be laborious.
hydrobromide (5 mmol) was dissolved in ice-cold dimeth- At the beginning of the model building, we only manually
ylformamide (50 mL) with stirring. Triethylamine (12 built one copy in an asymmetric unit. The other five copies
mmole) was added, followed by the dropwise addition of were then found and generated with the molecular-replace-
decanoyl chloride (7 mmol). The solution was stirred at room ment program PHASER?2). After the refinement in
temperature for 1.25 h. Solvent was removed by rotary REFMACS, the above process was repeated until the whole
evaporation with mild heating<(55 °C). The resulting protein backbone was completely built. Once the protein
residue was dissolved in methylene chloride (100 mL), backbone was completed, the structural model of all six
washed sequentially with sodium sulfate (1 M, pH 6x2 copies was used as a single unit until the final completion
50 mL) and saturated sodium chloride €150 mL), and of the model building. In each round of refinement in
dried using anhydrous magnesium sulfate. To afford further REFMACS5, the most recent structure model was taken
purification, the compound was recrystallized from a 50:50 through rigid body refinement, isotropic restrained refine-
(v/v) petroleum ether:ethyl acetate mixtud&: = 0.6 in ethyl ment, and anisotropic restrained refinement (for the native
acetate; mp= 127-130°C; 'H NMR (300 MHz, CDC}) ¢ data set). The model building and refinement were repeated
0.85 (t, 3H), 1.24 (m, 12H), 1.62 (m, 2H), 2.10 (m, 1H), till the lowest possibldRiedReryst Values were reached. The

The substrate 3-oxo-C8-HSL was synthesized using a
procedure similar to that of Schineller and Eberha2@).(
Meldrum’s acid (10 mmol) was added to anhydrous pyridine
(10 mL) in a dry flask under by with stirring. Hexanoyl
chloride (20 mmol) was added dropwise to the mixture on
ice. The solution was allowed to react at room temperature
for 1 h. (§-o-Amino-y-butyrolactone hydrobromide was
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kDa 1 2 3 4 5 6 7 Table 1: Steady-State Rate Constants for Lactone Hydrolysis by

203 — Dizinc AiiB
120 == o substrate Ku (MM) k(5™ kealKn (M~1s7Y)
a0 ——
— - C4-RY-HSL 15+1 58+03 3.9+ 05x 10
C6-(9-HSL 1.6+£02 248:09 1.6+03x 10
i = —~— 3-0x0-C6-R9-HSL  4.6+05 11.0+£0.4 2.4+ 0.3x 10°
C8-(9-HSL 1.0£0.1 10302 1.0+0.1x 10°
3-0x0-C8--HSL 25403 3.7+0.1  1.5+0.2x 1C°
34 [t - - C10-S-HSL 0.11+ 0.05 0.28+0.08 2.5+ 0.8x 10°
- BOC-(RS-HSL 77+03 82401 1.07+0.08x 10
CBZ-(9-HSL 0.77£0.07 19.5£0.6 2.5+ 0.5x 10*

y-butyrolactone 340+ 30 1.8+ 0.1 5.3+ 0.9

20 e S (GBL)
Bl |

Ficure 2: Purification of AHL lactonase AiiB. 12% SDSPAGE Table 2: Steady-State Rate Constants for Lactone Hydrolysis by
denaturing protein gel showing proteins from (1) MW markers, Dicobalt AiiB

(2) crude soluble extract, (3) eluate from DEAE anion-exchange 1 I
column, (4) eluate from agarose affinity column, (5) after cleavage substrate Ku (MM)  keat(ST)  KealKu (M77S7)
by TEV protease, (6) after DEAE chromatography, and (7) after C6-(S-HSL 59404 123+3 214+0.2x10¢¢
amylose affinity chromatography. 3-0x0-C6-R9-HSL ~ 7.3+£09  34+2 5+1x 10
3-0x0-C8-§)-HSL 7.0+ 0.8 37+ 2 5.3+ 0.9x 1C°
CBZ-(9-HSL 1.6+0.1 55+ 2 3.4+ 03x 10*

program AREAIMOL @9) in the CCP4 software suite was
used to calculate the surface area of the protein model. ) )

The ligand coordinates file and topology file were gener- Other metal ions were c_mly foun_d In trace amounts. Pre-
atedwiththe DUNDEE server(http://davapcl.bioch.dundee.ac.uk/treatmem Of. the Am|cqn fllter. partrldge \.N'th a metal chelator
programs/prodrg/), and the program MONOSKETCHER in was essentlal_to obta!n purified protein tha_t was homoge-
the CCP4 software suite. Structural graphic programs POV- neously substituted with one type of metal ion.

SCRIPT B0) and PYMOL (http://www.pymol.org) were q IDletgrnlining Steaq?]/—Stat(_a RatebCpn§tants for AHL H{;
used to generate all structural figures. rolysis. Lactones with varying substitutions were assaye

to determine their AiiB-catalyzed steady-state hydrolysis rates
RESULTS (Table 1). Typically, at least five different concentrations
(from 0.1 to 5 x Ky) of each substrate were used to

Cloning and ExpressiorThe coding sequence for AiiB  determine initial linear hydrolysis rates, which were then fit
was initially amplified fromA. tumefaciengenomic DNA  to the Michaelis-Menten equation using KaleidaGraph
and cloned into several different expression vectors. Initial software (Synergy Software). The values for hydrolysis of
sequencing revealed two silent mutations that were not C10-(@S)-HSL should be considered an estimate because this
corrected for in these studies. Only low yields of soluble substrate was not soluble enough to reach a concentration
active AiiB were obtained using either the pTYB11l or of 5 x Ky (concentrations=0.2 mM precipitate). Thé.a/
PET27b expression vectors. Previously, a pMAL-c2x-based K, values for N-substituted homoserine lactones are of
expression vector was used successfully for expressing amodest magnitude (20to 10 M~* s with a general
similar AHL lactonase, AiiA, and was used here for the preference shown for AHLs with acyl chains longer than
heterologous expression of soluble MBP-AIiB fusion protein four carbons. Commercially available racemic substrates have
(18). To incorporate zinc or cobalt into AiiB during expres- higherKy values than pureSj-enantiomers of similar length.
sion, M9 minimal media, rather than TB media, was used Substrates with 3-oxo-substitutions were somewhat disfa-
to increase the homogeneity of the metal content. Becausevored as substrates, reacting approximately 3- to 6-fold
excess metal salts were found to decrease protein yield,slower than substrates without this substitution (assuming
optimal concentrations of ZnS@0.2 mM) and CoGI(0.05  that (R)-enantiomers do not interact with the enzyme).
mM) supplements were determined experimentally. Surprisingly, homoserine lactones with the artificialt

Protein Purification and Metal Content AnalysiShe protecting groups BOC and CBZ were substrates kit
untagged AiiB protein was purified t895% purity as judged Ky values that rivaled naturally occurring AHLs. However,
by coomassie-stained SBPAGE, by using several chro- hydrolysis of the simplest lactone testedputyrolactone,
matographic steps (Figure 2). This untagged AiiB protein is was catalyzed several orders of magnitude slower than most
predicted to contain 4 extra N-terminal amino acids, GRIS, AHLs. Previously, substitution of cobalt for zinc was shown
that remain after cleavage of the MBP-AIiB fusion protein to hyperactivate a homologous AHL lactonase frd@n
by TEV protease. This was confirmed experimentally by thuringiensis AiiA (4). However, dicobalt substitution in
N-terminal protein sequencing (at the Protein Facility, AiiB only resulted in very minor increases 8.5-fold) of
University of Texas), whichgave asequence of GRISMGNKLFV. k..{Kw values for several different lactone substrates (Table
The vyields of purified protein for 2Zn-AiiB and 2Co-AiiB  2). In summary, AiiB appers to function as a broad-specificity
were 13 mg and 6 mg pe2 L of expression culture, AHL lactonase.
respectively. Using ICP-MS, the metal content of each Crystallization, Data Collection, and Processingrystals
purified protein was determined. The 2Zn-AiiB preparation appeared overnight at room temperature’@p The average
contained 2.07 equiv of zincs0.01 equiv of cobalt, and  size of the crystals is 0.3 mm x 0.2 mm x 0.1 mm with a
0.11 equiv of iron. The 2Co-AiiB preparation contained 1.5 rectangular shape. Despite the fact that the crystals are very
equiv of cobalt,<0.01 equiv of zinc, and 0.05 equiv of iron.  thin in one of the three dimensions, they diffract to high
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lower) to that of 2Zn-AiiA @, 18). AiiB prefers substrates
with longer acyl chains, showing a 40-fold decreas&i

Table 3: Statistics of Structure Determination:

data set SAD native Kw values between C6 and C4 acyl chains, and an additional
resolution, A 24.72.0 18.:-1.75 70-fold decrease for the unsubstituted GBL, which is a very
wavelength, A 1.28 0.99 :
SAce group Po1 P21 poor substrate. Th_e endogenoqs AHL A).f tumefamens_
cell dimensions 3-0x0-C8-0)-HSL, is actually slightly disfavored and is
ab,c A 79.5,157.9,80.6  79.2,158.0,80.4  hydrolyzed with akea/Ky of 1.5+ 0.2 x 10 M~t s7L. In
a, B, y, deg 90.0,104.4,90.0 ~ 90.0,104.5,90.0  fact, substrates bearing 3-oxo-substituents are disfavored by
bogﬂljgf:gggzgzns ‘ﬁgg; Ei%%‘;%i 3 to 6-fold (assuming thatR)-enantiomers do not interact
completeness, %, overall 94.5 (92.5) 96.6 (79.1) with the enzyme8)). In sum, AiiB does not appear to have
(highest resolution bin) been evolved to specifically hydrolyze the endogenous AHL
average redundancies 34 2.9 of A. tumefaciensbut instead is a broad-spectrum lactonase
linearRmerge %, overall 7.1 (46.5) 6.2(60.6) like those characterized from Gram-positBacillusspecies
(highest resolution bin) . . - .
o (Teuor) 13.1 (2.0) 16.6 (1.0) (which do not use AHL signaling). In addition, the endog-
Rired/ Reryst 23.8/17.6 21.5/16.4 enous 3-0x0-C8-(S)-HSL is not excluded as a substrate,
rmsd bond, A 0.02 0.01 suggesting that AiiB does not function by degrading foreign,
rmsd angle, deg 19 15 but not endogenous, AHLs. Not much has been reported

2
averages, A 3 30 about the expression and regulation of AiiB in wild type

) . o _ tumefaciensbut unlike its paralogue AttM, AiiB does not
resolutions with synchrotron radiation. A SAD data set with appear to be upregulated in response to starvation signals or
a 2.0 A resolution and a native data set with 1.8 A resolution plant exudatesl@, 15, 16, 31). Notably, the broad specificity
were collected (Table 3). Both data sets were indexed aspf AjiB is consistent with the previously proposed role of
space grou|P21; they were integrated and scaled producing AHL lactonases in degrading AHLs of competing bacteria,
good statistics. thereby reducing competition for colonization of plant tissue

Phasing, Model Building, Refinement, and Validation. during the initial stages of infectior8®).
After calculating the anomalous patterson map in SOLVE,  crystallization of 2Zn-AiiB allowed a more detailed
12 peaks representing zinc ions were found in each asym-gtryctural analysis of this catalyst. The monomer structure
metric unit, corresponding to six molecules in each asym- of AiiB shows ano/Ba fold similar to the zinc metallo-
metric unit of the primitive monoclinic space group2(l). B-lactamase superfamily (Figure 333. The first 170
After calculating the initial phase angles and carrying out resjdues of the protein form one domain of the monomer,
solvent flattening in RESOLVE, an initial (incomplete) \yhjle residues from 171 to 276 form the other. Similarities

protein model was obtained. After model building with - petween monomer domains in other superfamily members

was then used for refinement with the native data setto 1.75(33) and the same can be proposed for AiiB. Although the

A resolution. sequence identity betvlg/\een domains is only 16%, they can
be overlaid wih a 4 A rmsd over 72 residues using a
DISCUSSION secondary structure matching algorithr84) (data not
Reagents that disrupt bacterial quorum-sensing haveshown). AiiB is found to contain a dinuclear zinc binding
significant potential for controlling virulence factor produc- site that is located in a loop-rich region on top of the two
tion and biofilm formation in both clinical and industrial ~ central3 sheets. The axis of Znl1 and Zn2 is aligned with
settings R). Only a few types of quorum-quenching catalysts the interface of the two domains, and each contributes
have been reported, and these have not been extensivelyesidues that serve as zinc ligands. Therefore, in addition to
characterized. To date, only one AHL lactonase, AiiA from its role in lactone hydrolysis, the dinuclear metal center of
B. thuringiensishas been structurally characterized by X-ray AiiB may also provide significant stability to the overall
crystallography &, 9). A search for homologous proteins in  protein structure. This is consistent with the observed
the A. tumefaciengenome revealed three paralogues, AiiB, importance of the metal center for protein folding in at least
AttM, and AiiC, which have significant amino acid sequence two other superfamily memberd,(35).
identity with AiiA (27%, 30%, and 19%, respectively) and The overall monomeric structure of AiiB is very similar
less than 29% sequence identity with each oti&).(Here to the other structurally characterized AHL lactonase, AiiA
we report the cloning, heterologous expression, purification, from B. thuringiensigFigure 4) 8, 9). Secondary structure
characterization, substrate specificity, and three-dimensionalmatching 84) gives a 1.7 A rmsd over 232 residues.
structure of AiiB, an AHL lactonase from. tumefaciens However, the first half of the AiiB monomer, which is
Because AiiB is derived from an organism that produces somewhat larger than the second, contains a sequence insert
3-0x0-C8-HSL as a quorum-sensing moleculé&){ it is of that is not present in the AiiA homologue. This sequence
significant interest to see whether the AHL lactonases from insert corresponds to nine extra residues, which are indicated
A. tumefacienshow any specificity for, or against, this in the sequence alignment (Figure 1) and comprise a loop
endogenous AHL. Here we use homogeneous purified AiiB region that links two extendggtstrands and curves over the
to characterize steady-state hydrolysis rates of an unsubstismaller second half of the monomer. This loop provides
tuted lactoney-butyrolactone (GBL), and of AHLs with acyl ~ additional interactions between the two halves of the
chains from 4 to 10 carbons long (Table 1). The overall monomer that may help to maintain the overgf/o fold.
activity of 2Zn-AiiB is comparable (approximately 10-fold This long loop is one of the most distinguishing structural




AiiB from A. tumefaciens Biochemistry, Vol. 46, No. 42, 204795

a.

Ficure 3: Overall structure of the AiiB monomer. Residues170 are shown in blue, residues 7476 in red. Zinc ions (Znl and Zn2)

are shown as cyan spheres. A glycerol and a phosphate molecule are shown in ball and stick form and are colored according to atom types.
(a) The monomer is in an orientation that places Zn2 behind Znl. The surface feature of the protein is transparent so that the secondary
structures are visible. Six zinc-binding residues are shown in ball and stick form and colored according to atom types. (b) The monomer
is shown in an orientation that places Zn2 above Znl.

crystallographic dimer are related by a 2-fold symmetry axis,
which is a characteristic of true (nonartifactual) dimers. The
computer program AREAIMOL in the CCP4 suite was used
to calculate the solvent accessible surface areas (ASA) for
both the monomer and the crystallographic dimer of AiiB.
The difference of ASA between two monomers and the dimer
(AASA) is 2055 &, which represents a buried surface area
of 1028 A for each monomer. AAASA range of 368
4746 R is considered to be a reasonable area for formation
of a functional dimer 36), suggesting that the crystal-
lographic AiiB dimer may represent a functional solution-
phase dimer. The crystallographic AiiB dimer is formed in
such a way that neither of the active sites has been blocked,
and that contributions from both monomers could possibly
Ficure 4. Comparison of overall structures of AiiB and AiiA. The ~ Pplay a role in forming an extended substrate binding pocket.
protein backbones are shown as wires, zinc ions as spheres. AiiBStudies to determine the importance of this loop-to-loop
is shown in red and AiiA in green. (a) A side view of the overlaid nteraction to AiiB oligomerization, the oligomeric state in
328%%@3 is shown. (b) A top view of the same comparison is ¢ tion (at neutral pH), and its possible contributions to the
' enzyme’s activity and specificity are currently underway. In

differences between AiiB and AiiA and is stabilized in an (e metallog-lactamase superfamily, there are known ex-
extended conformation through interactions made with the @Mples of monomers3g), dimers @7), and tetramers3g).
same residues in a separate monomer, forming a symmetricaﬁowever the proteifrprotein interactions used to mediate

crystallographic dimer (see below) (Figures 4 and 5). Other oligimerization are absent in AiiA, are not like those seen
differences between AiiB and AiiA tend to occur in the N AiiB, are quite different between each known example,

helical or loop-rich regions, and not in tifesheet regions, a_md ther'efpre, appear to he}ve evolved independently several
which are almost structurally identical between these ho- times within this superfamily.
mologues. The dinuclear zinc site is adjacent to a cavity in the middle
In contrast to the monomeric AHL lactonase Aii)( of the protein, which presumably comprises the active site
evidence for a crystallographic dimer was observed for AiiB. cavity of AiiB (Figure 3b). The homologous protein AiiA
Most of the observed proteirprotein interactions are due has a large branched cavit@)( In comparison, the AiiB
to a symmetrical loop-to-loop interaction between residues active site cavity is not as large and is not branched, which
Phe26 and Leu38 of each monomer, and an end-on helixprovides additional constraints to be considered when
interaction between the N-terminal ends (residues Asp233 proposing a substrate-binding model. Extending from the
lle235) of the lastr-helix found in each monomer (Figure active site cavity along the Zn2-to-Zn1 axis is a long groove
5). The loop-to-loop interaction roughly corresponds to the on the surface of the protein formed at the interface between
sequence insert found in AiiB (Phe2¥al34), thatis missing  the two halves of the monomer (Figure 3b). The extended
in monomeric AiiA (Figure 1). Two monomers in the groove may provide a binding site for varying lendtracyl
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Ficure 5: The crystallographic dimer of AiiB. Residues corresponding to the “extra loop” noted in the sequence alignments of AiiA and

AiiB (Figure 1) are shown in blue, and the rest of the dimer is colored according to secondary structure. Zinc ions in the active sites are

shown as cyan spheres.

Ficure 6: Identification of a phosphate bound between two zinc

instead of the shorter hydroxide bridge observed in ABA (
9). The resulting distance between Zn1 and Zn2 is 4.3 A in
our structural model. According to the previous structures
of AiiA (8, 9) and previous reviews of other dinuclear zinc
enzymes 42, 43), Zn1—Zn2 distances are usually in the
range of 3.5-4.4 A. Although the long ZntZn2 distance
in AiiB is probably the result of substituting the phosphate
for the smaller hydroxide bridge, it may also illustrate the
ability of this flexible dizinc site to accommodate differently
coordinated reaction intermediatdgl). Coordination bridges
of variable length have also been seen with the unrelated
dinuclear aminopeptidase frorAeromonas proteolytica
which is able to expand the length of a bridge from 1 (a
hydroxide) to 3 (a phosphonic acid) depending on the bound
ligand @5, 46).

The primary coordination ligands of the dinuclear zinc site
show similarities to the AiiA homologue, but there are some
notable differences. Znl is five coordinate with a slightly

ions. Two zinc ions are shown as silver spheres. The modeled distorted trigonal bipyrimidal coordination geometr/y.

phosphate ion is shown in ball-and-stick form with oxygen atoms
in red and the phosphorus in magenta. The electron density (2
— F. map) is show as a green mesh at a contour level of.4LBe
long distance (4.3 A) between the two zinc ions is labeled in
angstroms.

chains of the AHL substrates. Although structural and
functional studies will be required to verify this proposed
substrate-binding groove, the related metglactamases
are known to have similar shallow surface grooves with
significant plasticity, which enable these catalysts to bind
structurally diverse substrate29{. However, flexible substrate-
binding flaps like those seen in some metglitactamases
(40, 41) are not readily identifiable in the currently known
AHL lactonase structures.

The active-site cavity contains water and a glycerol
molecule from the crystallization buffer (Figure 3b). Notably,

Three histidines (H111, H113, and H191) contribute as
primary ligands along with one oxygen from the bound
phosphate, and one oxygen atom of D213, which also bridges
the dinuclear site. This is very similar to the Zn1 geometry
observed in the structure of AiiA3( 9). In contrast, Zn2
also has five ligands, but has a coordination geometry closer
to a distorted square pyrimad?) rather than the distorted
trigonal bipyrimidal geometry observed in the AiiA structure.
The primary ligands of Zn2 are monodentate interactions
with H116, H259, and one of the oxygens from the bridging
phosphate. In addition, both oxygens of D213 are ligands to
Zn2 and bind in a bidentate fashion, with one of these
oxygens also bridging between the two zinc ions. Notably,
D115, a completely conserved residue that serves as a Zn2
ligand in the AiiA homologue§, 9), is not a zinc ligand in
AiiB (Figure 7). The closest oxygen atom of D115 is 3.4 A

a strong electron density peak was observed between the tw@Way from Zn2, which is too far to serve as an effective
zinc ions. This peak is too strong to be modeled as a bridgingZn?2 ligand. This may be a result of protonation of D115 at
water or a hydroxide molecule, as was observed in the AiiA the low pH (3.5) of the crystallization conditions. A similar

homologue &, 9). Therefore, considering the abundance of
phosphate in the crystallization condition (0.26 M), the

detachment from Zn2 of a structurally homologous proto-
nated Asp residue found in a related metdghactamase

density was modeled as phosphate ion and it refines well Was also observed when crystallized under acidic conditions
(Figure 6). The phosphate forms bidentate coordination bonds(49)-

with the dinuclear zinc site, with separate oxygens coordinat-
ing to each zinc ion, resulting in a three-centered bridge

One of the two noncoordinating phosphate oxygens is
within hydrogen-bonding distances of the side chains of



AiiB from A. tumefaciens Biochemistry, Vol. 46, No. 42, 204797

Y Ni14

H1I16

D115

FIGURe 7: Stereoview of the AiiB active site. All active site residues and the phosphate (Pi) are shown in ball-and-stick form. The zinc ions
(Znl1 and Zn2) are shown as silver spheres. The carbon atoms are colored in a pale yellow, nitrogen atoms in blue, oxygen atoms in red,
and the phosphorus atom in magenta. Coordination bonds to the zinc ions are shown as silver sticks. The key hydrogen bonds formed
between the phosphate and potential catalytic residues are shown as dashed lines (see Figure 9a for distance measurements).

residues N114 and D115, which are also in H-bonding N114

distance with each other. Therefore, this phosphate oxygen (F107)

is most likely protonated, a reasonable proposal considering

the K, values of phosphate and the pH of the crystallization H113

conditions. It is possible that N114 plays some role in the H106)

catalytic mechanism of AiiB. However, N114 is not con- p—

served either in the AHL lactonases or in the metgio- H116
lactamase superfamily, suggesting that it probably does not H111 (H1 09/

play a major role in catalysis. For example, the homologue (H104) g:: ;g
AliA places a phenylalanine in the equivalent position (Figure ( )
1).

The second noncoordinating oxygen of the phosphate is
within hydrogen-bonding distance of the phenol oxygen of
Y216. This residue, while not conserved across the metallo-
pB-lactamase superfamily, is absolutely conserved within the
AHL lactonase family of enzymes. Mutations at this position H191
have been shown to be detrimental to activily 49), and (H169)
the Y216 phenol has been postulated to either stabilize a
tetrahedral intermediate8) or act as a general acid to
protonate the lactone’s leaving group oxygé&n9). In the
AiiB structure, the phenol of Y216 appears to stabilize the \
tetrahedral phosphate ligand that is bound to the dinuclear Y21;\
zinc site (Figure 7). Thé. tumefacienparalogue AiiC does (Y194)

not have this conserved tyrosine (Figure 1), and also lacks i o .
FiGure 8: Structural comparison between the active sites of AiiA

AHL lactonase activity 13). and AiiB. All active site residues are shown as sticks, and zinc
In comparison to the active site of the homologous jgns as spheres. Residues from AiiB are colored according to atom
lactonase AiiA, the AiiB metal-binding site is quite similar types: with carbon atoms in pale yellow, nitrogen atoms in blue,
(Figure 8), with the notable differences being a longer-Zn  oxygen atoms in red, and zinc ions in silver. All residues from
Zn distance, the substitution of phosphate for the bridging AiiA are shown in green, and two zinc ions from AiiA are in cyan.
hydroxide, substitution of N114 for Phe107, and the detached Fei?cli%ueessufrzoAan“A are labeled in parentheses under their equivalent
D115 which no longer serves as a Zn2 ligand (vide infra). It
is interesting to note that the position of Zn2 is conserved Although further experimentation will be required, the
despite significant changes in coordination, and that the phosphate-bound AiiB structure provides some possible
longer Zn—Zn distance is achieved by a repositioning of Znl insight into the catalytic mechanism of AHL lactonases. The
with the conserved histidine (and D213) residues “tracking” smaller active site cavity and the putative substrate binding
along with this movement. ZnZn repositioning in related  groove suggest a likely substrate orientation that places the
metallof-lactamase enzymes has also been observed, buicyl chain along the seam between domains, with the
repositioning of Zn2 rather than Zn1l is usually seéB)( lactone’s carbonyl over Zn1, and the leaving group oxygen
This difference may be a consequence of the extra bridgeover Zn2. This proposed orientation is opposite to that
formed by D213 between the zinc atoms in AHL lactonases proposed by Kim et al., which reverses the lactone orientation
that is absent in metall3-lactamase. relative to each zinc9). However our proposal is consistent

Zn1
F “"{an

D213
(D191)

. H259
(H235)
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Ficure 9: (a) Proposed hydrogen-bonding patterns in the 2Zn-
AiiB complex with the HPQ@~ dianion. Distances between
heteroatoms are shown in angstroms. (b) Proposed tetrahedral
adduct formed during AHL hydrolysis based on the inter-
actions observed for binding the tetrahedral HPOdianion

and the proposed substrate orientation described in the text, en
route to formation of a metal-bound intermediate as proposed in
ref (4).

with substrate placement observed in the rest of the metallo-
pB-lactamase superfamily, which places the substrate’s car-
bonyl oxygen over Znl and leaving group heteroatom over
Zn2 (40, 50). The ability of the conserved Y216 to stabilize

a tetrahedral species (HEFO) bound to the dinuclear metal
site immediately suggests that it may stabilize a tetrahedral
adduct formed during the first step of lactone hydrolysis
(Figure 9). Semiquantitative analysis of a tyrosine mutant
in AiiA only shows a 3-fold reduction in activity9), but

the full effect of this mutation could be masked by a
subsequent slower step. Therefore, a more detailed kinetic
analysis of this mutation is required for meaningful inter-
pretation. Alternatively, the role of Y216 as a general acid
to protonate the leaving group has been suggesief)(
although the high K. expected for a tyrosine phenatd.

10) would seem to disfavor this mechanism. A more likely
proposal for a proton shuttle may be D115, which is
hydrogen bonded to the bridging hydroxide in AiiA (pre-
sumably the catalytic nucleophile) but is protonated and
repositioned to hydrogen bond with Zn2-bound HPO
oxygen atom in the AiiB structure. Surprisingly, this
repositioning appears to occur without significant alteration
of the Zn2 location. This makes D115 a good candidate for
a proton shuttle because its different protonation forms
relocate to positions relevant to catalyzing lactone hydrolysis
without causing significant perturbations in the rest of the
active site. Although not uniformly accepted, a similar role
has been proposed for the structurally homologous aspartate
residue in some metall8-lactamases and in the unrelated
dinuclear isoaspartyl dipeptidasé0( 51, 52).

In summary, dinuclear zinc AiiB appears to act as a broad
specificity AHL lactonase and this detailed structural analysis
provides the first glimpse of a quorum-quenching protein
derived from an organism that also uses AHLs as signaling
molecules. This information should greatly facilitate mecha-
nistic studies of related quorum-quenching catalysts and
should also accelerate the development of effective reagents
for preventing quorum-sensing regulated processes in a
variety of Gram-negative bacteria.
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