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Acyl-homoserine-l-lactones (AHLs) are diffusible chemical signals

that are required for virulence of many Gram-negative bacteria.

AHLs are produced by AHL synthases from two substrates,

S-adenosyl-l-methionine and acyl-acyl carrier protein. The AHL

synthase EsaI, which is homologous to the AHL synthases from other

pathogenic bacterial species, has been crystallized in the primitive

tetragonal space group P43, with unit-cell parameters a = b = 66.40,

c = 47.33 AÊ . The structure was solved by multiple-wavelength

anomalous diffraction with a novel use of the rhenium anomalous

signal. The rhenium-containing structure has been re®ned to a

resolution of 2.5 AÊ and the perrhenate ion binding sites and liganding

residues have been identi®ed.
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1. Introduction

Acyl-homoserine-l-lactones (AHLs) act as

bacterial pheromones that allow the bacterium

to sense the cell density of its neighbors and to

decisively control gene expression when a

particular concentration or a `quorum' of cells

is reached (reviewed in De Kievit & Iglewski,

2000; Fuqua & Eberhard, 1999; Parsek &

Greenberg, 2000). Highly similar quorum-

sensing systems are employed by over 30

Gram-negative bacterial species and are

essential for a wide variety of phenotypes

including bio®lm formation and virulence-

factor production (Costerton et al., 1999;

Fuqua et al., 1994). Bio®lms that accompany

many chronic infections are colonies encased

in polysaccharide matrices that are resistant to

both antimicrobials and host immune cells

(Davies et al., 1998; De Kievit & Iglewski, 1999;

Parsek & Greenberg, 1999). The quorum-

sensing system is composed of an AHL signal

produced by the AHL synthase and a tran-

scriptional response regulator (reviewed in

Fuqua et al., 1994; Fuqua & Greenberg, 1998;

Parsek & Greenberg, 2000; Winans, 1988). In

most cases, inactive mutants of either type of

quorum-sensing regulator leads to the loss of

the controlled phenotype (Rumbaugh et al.,

1999), which suggests that inactivating the

quorum-sensing regulators will be an effective

way to inhibit bacterial quorum-sensing

communication and pathogenesis.

The sweetcorn pathogen Pantoea stewartii

ssp. stewartii synthesizes an extracellular poly-

saccharide matrix required for virulence in a

quorum-sensing controlled manner (Beck von

Bodman & Farrand, 1995; Beck von Bodman et

al., 1998). Crystallographic studies of the

P. stewartii AHL synthase (EsaI) were initiated

to obtain the ®rst high-resolution view of this

novel class of enzymes and to facilitate

structure-based antimicrobial design. Solution

of the EsaI structure from ammonium

perrhenate soaked crystals shows that use of

rhenium can be an effective approach for

MAD phasing. Characterization of the

perrhenate-binding sites provides insight into

the mechanism of incorporation for this

compound.

2. Materials and methods

2.1. Overexpression and purification

The gene encoding EsaI was subcloned into

pET14b by PCR from the parent plasmid

pSVB5-18, which is a pBluescriptSK+ deriva-

tive that carries the native esaI/esaR gene

cluster (Beck von Bodman & Farrand, 1995).

Primers used to amplify the EsaI coding

sequence for subcloning into the NcoI/XhoI-

digested pET14b vector, where the NcoI site

reconstitutes the ATG initiation codon, are 50-
CTCTCGGAATCATATGCTTGAACTG-30

and 50-CTCGTAGTAGAACCTCGAGTTAT-

CAGACC-30. Digestion of the PCR product

with NcoI and XhoI allowed ligation of the

EsaI coding sequence into the similarly

digested pET14b vector. The ®nal plasmid was

veri®ed by DNA sequencing.

EsaI was overexpressed in Escherichia coli

strain BL21(DE3) (Novagen; Studier et al.,

1990) grown in a fermenter in ampicillin-

containing minimal media with lactose induc-

tion [0.2%(w/v)] as described previously
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(Hoffman et al., 1995). The cell pellet was

stored at 193 K. The frozen cell paste (60 g)

was thawed on ice and resuspended in

200 ml of PBS (50 mM sodium/potassium

phosphate and 0.3 M NaCl pH 8.0) by

vigorous pipetting and shaking. Cells were

lysed by incubating in 0.75 mg mlÿ1 lyso-

zyme, 100 mM benzamidine and 10 mM

leupeptin on ice for 30 min, followed by

sonication for 10 min at 30 W on a 50% duty

cycle. Insoluble cellular debris was removed

by centrifugation at 15 000g. The super-

natant was adjusted to pH 8.0 with NaOH

and then incubated with mixing in a 1 ml bed

volume of washed Ni-NTA resin (Qiagen) at

277 K for 1 h. The EsaI-bound resin was

washed three times with greater than ten

bed volumes of 50 mM NaH2PO4 pH 8.0,

0.3 M NaCl, 10 mM imidazole and packed

into a column. The protein was eluted with

an imidazole gradient of 10±250 mM imida-

zole and fractions containing EsaI were

pooled and dialyzed at 100-fold dilution

three times into 20 mM HEPES pH 7.5,

0.3 M NaCl and 10 mM DTT. After dialysis

to remove the imidazole and salts, the EsaI

protein is approximately 95% pure by

Coomassie-stained SDS±PAGE and mass

spectrometry (data not shown). The puri®ed

protein was stored by ¯ash-freezing in liquid

N2 and thawed on ice prior to crystallization

trials.

2.2. Crystallization

The EsaI protein was concentrated to

approximately 6 mg mlÿ1 as assessed by UV

absorbance scan (extinction coef®cient at

280 nm = 33 200). Puri®ed EsaI and all

crystallization solutions were sterile-®ltered

to remove contaminants. Optimal crystal-

lization conditions are 0.1 M MES pH 6.1,

14% PEG 4000, 6% 2-propanol, 0.03%

�-mercaptoethanol, 10 mM EDTA, 0.5%

NaN3. The addition of melted agarose at

313 K to the drop at a ®nal concentration of

0.01% reduced the formation of a protein

skin on the drop surface (Robert et al.,

1992). Typical crystals grew by vapor diffu-

sion at 291 K in 3 d as house-shaped blocks

of 200 � 200 � 100 mm. The perrhenate-

soaked crystal was prepared by adding

ammonium perrhenate to the drop at a ®nal

concentration of approximately 27 mM,

followed by overnight soaking before

freezing.

2.3. Data collection and analysis

Multiple-wavelength anomalous diffrac-

tion data were collected on a single ammo-

nium perrhenate soaked EsaI crystal at

Brookhaven National Synchrotron Light

Source on beamline X12C. Cryocooling

required that the crystal be immersed in

paraf®n oil for several seconds prior to

mounting and freezing in the 113 K nitrogen

stream to reduce ice and damage to the

crystal from evaporation of the volatile

mother liquor. The MAD data were

collected with a crystal-to-image plate

distance of 100 mm and oscillations of 1.0�

for 45 s on the Brandeis-B4 detector. The

rhenium LIII absorption edge was measured

by a scan of the X-ray ¯uorescence over the

expected range of rhenium absorption,

approximately 1.14±1.19 AÊ . Data were

collected at four wavelengths using the

`Friedel ¯ip' method of MAD data collec-

tion (R. Sweet, personal communication).

This method collects data at each wave-

length for a 15� sweep followed directly by

the same sweep + 180� to obtain the best

coverage of Friedel pairs before moving on

to the next sweep in the oscillation range of

the 72� of reciprocal space required to

complete the data set. The Re absorption

edge was measured at the beginning of each

sweep.

Images were autoindexed and the data

processed and reduced with the programs

DENZO and SCALEPACK implemented

in HKL (Otwinowski & Minor, 1997). The

intensities were then converted to ampli-

tudes using the TRUNCATE program in the

CCP4 suite of crystallographic programs

(Collaborative Computational Project,

Number 4, 1994). Resolution shells that did

not meet the stringent criteria for data

quality of Rsym < 0.20 and I/� > 2 were not

included, which results in different

maximum resolutions for the different

wavelengths.

2.4. MAD phasing and structure

determination

Initial phases were obtained by analysis of

the anomalous signal produced from Re

atoms bound in the native EsaI crystal.

Heavy-atom positions for ®ve perrhenate

ions were identi®ed using the program

SOLVE, which produced initial phases and

electron-density maps (Terwilliger &

Berendzen, 1999). The solvent content of

the crystal was estimated to be approxi-

mately 37.5%, consistent with one molecule

per asymmetric unit (Brunger et al., 1998).

Density modi®cation with the program

RESOLVE (Terwilliger, 2000) improved the

maps suf®ciently to build much of the initial

model using O (Jones et al., 1991).

Maximum-likelihood re®nement proce-

dures, including energy minimization with a

bulk-solvent correction, simulated annealing

and individual B-factor re®nement, imple-

mented in CNS were used to improve phase

estimates and electron-density calculations

(Brunger et al., 1998). Before the ®nal

Figure 1
Crystallographic analysis of EsaI crystals. (a) Typical
native chunky plate crystals of EsaI with dimensions
0.4 � 0.4 � 0.2 mm. (b) Diffraction image from a
native EsaI crystal. The image was collected under
cryocooling conditions (93 K nitrogen stream) for
30 s with an oscillation of 1� . Re¯ections are visible to
the edge of the Quantum4 CCD area detector
(Advanced Photon Source beamline 14C), which is
1.8 AÊ resolution at a distance of 100 mm. (c) Plot of
¯uorescence scan showing the rhenium absorption
edge.
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re®nement round of this model, two addi-

tional perrhenate ions and water molecules

were incorporated based on the size and

environment of the largest peaks in Fo ÿ Fc

maps calculated after initial model re®ne-

ment. These putative perrhenates, 406 and

407, were not identi®ed from the rhenium

anomalous signal and their inclusion did not

substantially improve model re®nement.

3. Structural analysis

PROCHECK and ANALYSE (CNS)

programs were used to evaluate the stereo-

chemistry of the protein model (Brunger et

al., 1998; Laskowski, 1993). Perrhenate-

binding sites identi®ed by SOLVE were

examined by inspection of difference

Fourier maps and composite simulated-

annealing omit maps (2Fo ÿ Fc) using O.

The sites were further characterized by

electrostatic surface analysis using GRASP

(Nicholls et al., 1993) and the program

CONTACTS from the CCP4 suite of

programs (Collaborative Computational

Project, Number 4, 1994). Contacts within

the range of the sum of the two van der

Waals radii plus 0.5 AÊ are called van der

Waals contacts. Contacts within the

hydrogen-bond distance of 3.4 AÊ between

donor and acceptor atoms and those ionic

interactions within 4.5 AÊ are described as

electrostatic interactions.

4. Crystallization and X-ray
crystallographic analysis

The 229 amino-acid EsaI protein included

an N-terminal His6 tag, facilitating isolation

and puri®cation using nickel-agarose af®nity

chromatography. Small crystals of EsaI were

obtained by vapor diffusion using a sparse-

matrix approach (Jancarik & Kim, 1991)

implemented in the Hampton Scienti®c

crystal screen. Crystals were improved by

extensive optimization, including the use of

agarose gel in the protein drop and MES as

the buffer (Fig. 1a). Crystals form in the

tetragonal space group P43, with unit-cell

parameters 66.40� 66.40� 47.33 AÊ and one

molecule per asymmetric unit. The solvent

content of this crystal is calculated to be

between 36.3±38.7% and the Matthews

coef®cient is 2.006 AÊ 3 Daÿ1 (Brunger et al.,

1998). The native crystals can diffract to at

least 1.8 AÊ , as observed at the Advanced

Photon Source beamline 14C (Fig. 1b).

Extensive efforts to solve the EsaI struc-

ture focused on MIR and MAD methods.

Multiple isomorphous replacement (MIR)

methods with �20 different compounds

resulted in three derivatives of different

qualities that were all non-

isomorphous (gold, mercury and

rhenium). Multiple-wavelength

anomalous diffraction (MAD)

methods (Hendrickson & Ogata,

1997) with selenomethionine

incorporation failed because the

selenium signal was not strong

enough to locate Se atoms within

the unit cell. Crystallographic

structure determination by

MAD requires heavy atoms with

absorption edges within the

available limits of variable

synchrotron-radiation sources.

By trying 15 such `MAD-atom'

containing compounds in crystal

soaks (uranyl acetate, thimersol,

PCMB, lead citrate, sodium

orthovanadate, stannous chloride, methyl-

mercury, mercuric acetate, ammonium

cyanoaurate, bismuth chloride, iridium

chloride, lead chloride, barium chloride,

potassium osmate and ammonium per-

rhenate), a suitable derivative with high-

quality diffraction was only obtained with

ammonium perrhenate. Four wavelengths

for MAD data were collected to 2.45 AÊ on

synchrotron beamline X12C, NSLS, Brook-

haven National Laboratory on the basis of

X-ray ¯uorescence scans that identi®ed peak

and in¯ection energies (Fig. 1c). These data

sets were processed, scaled and analyzed

using DENZO and SCALEPACK (Table 1).

Initial phases were calculated using the

program SOLVE in three space groups (P4,

P41, P43) and with swapped anomalous data

to account for potential space-group ambi-

guities. Five rhenium sites were identi®ed in

Table 1
Data-collection and scattering-factor results.

Values in parentheses are for the highest resolution shell.

�1 �2 �3 �4

Wavelength (AÊ ) 1.14 1.1724 1.1719 1.19
Resolution range

(AÊ )
30±2.5

(2.6±2.5)
30±2.7

(2.8±2.7)
30±2.7

(2.8±2.7)
30±2.5

(2.6±2.5)
Completeness (%) 97.0 (98.1) 97.6 (98.7) 97.7 (98.9) 96.9 (99.5)
Rsym² (%) 4.2 (17.5) 4.8 (14.8) 5.7 (17.6) 3.3 (17.9)
hI/�i 20.9 (4.7) 11.5 (6.3) 17.7 (3.8) 26.6 (5.2)
Observed re¯ections 32922 28546 28071 36442
Unique re¯ections 7283 5764 5772 7313
f 0 initial ÿ9.88 ÿ14.3 ÿ13.7 ÿ12.9
f 00 initial 9.68 8.70 9.50 3.90
f 0 ®nal ÿ8.72 ÿ17.68 ÿ11.43 ÿ9.57
f 00 ®nal 6.43 9.33 11.49 2.76

² Rsym (on intensity) =
PP jI�h�i ÿ hI�h�ij/PP

I�h�i , where I(h)i is the

observed intensity and hI(h)i is the mean intensity of re¯ection h over all

measurements of I(h).

Table 2
MAD phasing and structure statistics.

Phasing and re®nement statistics �1

Figure of merit after phasing
(SOLVE)

0.33

Figure of merit after solvent
¯attening (RESOLVE)

0.57

Overall SOLVE Z score 19.0
Resolution range (AÊ ) 30±2.5 (2.59±2.50)
Rworking² (90% of data) 21.2 (25.4)
Rfree² (10% of data) 27.4 (29.6)
R.m.s. deviations from ideality

Bond lengths (AÊ ) 0.008
Bond angles (�) 1.98
Dihedrals (�) 23.8
Impropers (�) 0.84

No. of atoms
Protein 1515
Perrhenate 35
Water molecules 21

B average (AÊ 2) 52.5

² R =
P��jFoj ÿ jFcj

��/P jFoj; Rfree was calculated with an

excluded set of re¯ections.

Table 3
Perrhenate±protein contacts.

ReO4 site van der Waals Electrostatic

1, Occ² = 0.26,
B² = 44,
peak height³ = 5.99

Pro117, Ile118, Ser119,
Gln120, Arg193

Pro117 O, Ser119 N,
Ser119 O
, Gln120 N,
Arg193 NH1

2, Occ² = 0.54,
B² = 49,
peak height³ = 9.37

His84, Cys85, Lys161,
Ala163, Phe164

Cys85 O, Lys161 N�,
Phe164 N, Phe164 O

3, Occ² = 0.49,
B² = 53,
peak height³ = 8.43

Re407, Phe101, Ile141,
Val142, Ser143, Met146

Ser143 N, Ser143 O
,
Phe101 O, Phe101 N,
Ile141 O

4, Occ² = 0.37,
B² = 57,
peak height³ = 5.77

Phe101, Val103, Lys105,
Ser119, Ile149

Ser119 O
, Lys105 N�,
Re401

5, Occ² = 0.27,
B² = 60,
peak height³ = 4.09

Glu114, His115, Tyr116,
Pro117, Arg193, Thr194

Glu114 O, His115 O,
Tyr116 N, Arg193 O,
Thr194 N

6, Occ§ = 0.15,
B§ = 64,
peak height³ = 3.48

Gly51, Arg53, Phe69,
Ser71, Thr70, Gly95,
Thr96, Trp129, Tyr135

Gly51 O, Ser71 O
,
Thr96 O
1, Tyr135 OH

7, Occ§ = 0.15,
B§ = 63,
peak height³ = 3.28

Met77, Phe82, Ile141,
Val142, Leu165, Ile171

Ile141 O, Ser143 N,
Val142 O, Re403

² Occupancy and B factor determined by SOLVE. ³ Peak height determined after re®nement with CNS from a 2Fo ÿ Fc

map. § Occupancy and B factor determined after re®nement with CNS.
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the P43 space group with swapped anom-

alous data giving a Z score of 19. Signi®cant

re®nement of the scattering factors f 0 and f 00,
compared with the values expected from

Sasaki tables (in SHARP; de La Fortelle &

Bricogne, 1997) for the Re atom (Table 1),

may indicate the difference in chemical

environment of the rhenium in the per-

rhenate ion (ReO4) and the protein. The

maximum-likelihood density-modi®cation

program RESOLVE (Terwilliger, 2000)

improved the modest quality phases, ®gure

of merit 0.33, from SOLVE and produced a

clearly interpretable electron-density map

with a ®gure of merit of 0.57 (Table 2). The

chain was traced and the model containing

the perrhenates was partially re®ned using

CNS (Brunger et al., 1998) (Table 2). A

section of the map shows the shape of the

electron density and interacting residues of

four of the perrhenate ions (Fig. 2a).

The perrhenate MAD signal allowed

identi®cation of the positions of the bound

perrhenate and subsequent initial phase

estimates permitted the EsaI structure to be

determined to 2.5 AÊ resolution. There are

no reports of protein structures containing

bound perrhenate, although it was expected

that the ion would occupy slightly electro-

positive sites in the protein. The contacting

residues within van der Waals contact

distance and those residues that have either

hydrogen bonding or electrostatic inter-

actions are shown in Table 3. The occu-

pancies of the ions are relatively low and the

ions have relatively high B factors. There-

fore, it is likely that the ions do not occupy

all of the sites simultaneously, which also

explains the high average B factor of the

overall model. The ReO4 ions interact

mainly with EsaI amide, amine, guanidi-

nium, hydroxyl and carbonyl groups (Fig. 2

and Table 3). The ions bind in surface clefts

that are slightly electropositive relative to

the majority of the protein's surface, as seen

in an electrostatic surface representation of

EsaI showing ®ve of the perrhenate sites

(Fig. 2b). In contrast to the front view, the

reverse side of the protein is smoother and is

more negatively charged and has no

perrhenate-binding sites.

5. Conclusions

A novel enzyme that is important for

regulation of bacterial pathogenesis in

P. stewartii ssp. stewartii has been crystal-

lized and diffraction data to 1.8 AÊ have been

collected. The MAD signal from a rhenium-

soaked crystal was used to solve the

structure, after other methods including

selenomethionine MAD and MIR had

failed. The perrhenate ions bind in a

hydrophilic and slightly electropositive cleft

in the protein near the enzyme active site.

Interestingly, the majority of the electro-

static interactions between the protein and

the perrhenate ions are with basic nitrogen

species and serine hydroxyl O atoms.
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