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Structural insight into the ISC domain of VibB from
Vibrio cholerae at atomic resolution: a snapshot just

before the enzymatic reaction

The N-terminal isochorismatase (ISC) domain of VibB (VibB-
ISC) catalyzes the vinyl ether hydrolysis of isochorismate to
2,3-dihydro-2,3-dihydroxybenzoate and pyruvate. Structures
of the ISC domain and its complex with isochorismate have
been determined at 1.35 and 1.10 A resolution, respectively.
Two catalytic waters which were absent from previously
reported homologous structures were observed adjacent to
isochorismate and the catalytic residues (Asp35 and Lys118)
in the VibB-ISC complex. Molecular-dynamics (MD) simula-
tions starting with the structure of the VibB-ISC complex
suggest that the catalytic waters contribute to the hydrolysis of
the vinyl ether by participating in two reactions. Firstly, they
may function as a general acid to protonate the Asp35
carboxylate prior to isochorismate protonation; secondly, one
of the catalytic waters may be activated by the ionizable side
chain of Asp35 to perform a nucleophilic attack on the
intermediate carbocation/oxocarbonium ion. The positions of
the waters are both significantly affected by the mutation of
Asp35 and Lys118. The structural, biochemical and MD
results reveal the residues that are involved in substrate
binding and provide clues towards defining a possible
mechanism.

1. Introduction

Siderophore-dependent iron acquisition is universally related
to virulence mechanisms of microbes that are pathogenic to
both animal and plants (Miethke & Marahiel, 2007; Neilands,
1995). In Vibrio cholerae, the catechol siderophore vibrio-
bactin is synthesized by nonribosomal peptide synthetases
(NRPSs; Fig. 1) in order to efficiently acquire iron from animal
hosts and the environment (Griffiths et al, 1984). In the
process of vibriobactin biosynthesis, VibABC is required to
produce 2,3-dihydroxybenzoate (2,3-DHB) from chorismate
(Wyckoff et al., 1997) and VibBDEFH is required to assemble
vibriobactin from 2,3-DHB, threonine and norspermidine
(Keating et al., 2000). Previous studies have shown that
mutations in any of the vibriobactin-biosynthetic genes can
inhibit vibriobactin biosynthesis, indicating that NRPSs might
serve as therapeutic targets for human infections caused by
V. cholerae (Wyckoff et al., 1997, 2001; Butterton et al., 2000).

The NRPS VibB encodes a 293-amino-acid protein with an
N-terminal isochorismatase (ISC) domain and a C-terminal
aryl carrier protein (ArCP) domain. The ISC domain of VibB
is believed to catalyze the hydrolysis of isochorismate to
2,3-dihydro-2,3-DHB and pyruvate (Fig. 1). Some proteins
that are homologous to the VibB ISC domain, such as the
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VibB were amplified by PCR using
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O1 biovar El Tor strain N16961. The
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Figure 1

Biosynthetic pathway of vibriobactin in V. cholerae; adapted from Wyckoff ez al. (1997) and Keating

et al. (2000).

EntB ICL domain (EntB-ICL) from Escherichia coli involved
in enterobactin biosynthesis and PhzD from Pseudomonas
aeruginosa involved in phenazine biosynthesis, also have iso-
chorismatase activity (Rusnak et al., 1990; Parsons et al., 2003).
The hydrolysis of a vinyl ether catalyzed by isochorismatases
is an uncommon reaction in biological systems (Rusnak et al.,
1990; Kresge et al., 1992). Based on the mechanism of the
hydrolysis of vinyl ethers that has been well characterized in
solution (Wibbenmeyer et al., 1988), a general catalytic system
for isochorismate has been proposed. To date, crystal struc-
tures of the VibB-ISC homologues PhzD (PDB entries 1nf8
and 1nf9; 1.6 and 1.5 A resolution, respectively) and EntB-
ICL (PDB entry 2fq1; 2.3 A resolution) have been determined
(Parsons et al, 2003; Drake et al., 2006). According to the
structure of the PhzD-substrate complex, Asp38 was identi-
fied as the general acid that protonates C3’ of isochorismate.
However, water molecules were not observed in the active site
in this structure. It remains unclear how Asp38 is protonated
and how the catalytic water molecules perform a nucleophilic
attack on the intermediate carbocation/oxocarbonium ion.
In order to elucidate the mechanism of isochorismate
hydrolysis catalyzed by VibB-ISC, we determined the crystal
structure of VibB-ISC and of its catalytic mutant (D35N)
in complex with isochorismate at 1.35 and 1.10 A resolution,
respectively. As expected, two catalytic waters which were
absent in the previous reported homologous structure (PDB
entry 1nf9) were observed adjacent to isochorismate and
the catalytic residues (Asp35 and Lys118) in our structures.
Combined with molecular-dynamics (MD) simulations, our
structures suggest a mechanism which is supported by the
results of site-directed mutagenesis and phenotype analysis.

K118H, K118N, K118A, H34N and
H34A. Mutations were carried out by
a two-step PCR strategy and were
confirmed by DNA sequencing.

For protein purification, 21 of
bacteria was incubated in lactose broth
at 310 K to an absorbance (Agg) of 0.8.
Following overnight induction with
0.12 mM isopropyl pB-p-1-thiogalacto-
pyranoside at 288 K, the cells were
harvested at 4200 rev min "' for 15 min at 277 K. The resulting
bacteria were suspended in 25 mM Tris—-HCI buffer pH 8.0
containing 200 mM NaCl and lysed by sonication. After
ultracentrifugation at 14 000 rev min~' for 45 min at 277 K,
the supernatant was loaded onto an Ni** Chelating Sepharose
Fast Flow column (GE Healthcare) for affinity chromato-
graphy of the C-terminal Hiss-tagged VibB-ISC and eluted
with 25 mM Tris—HCI buffer pH 8.0 containing 100 mM NaCl
and 250 mM imidazole. The sample buffer was then loaded
onto an ion-exchange column (Source 15Q, GE Healthcare)
and eluted with a linear gradient of 0-1 M NaCl in 25 mM
Tris—HCI buffer pH 8.0. Finally, the protein sample was puri-
fied by size-exclusion chromatography (Superdex 200, GE
Healthcare) with 10 mM Tris—-HCI buffer pH 8.0 containing
100 mM NaCl and 0.3 mM dithiothreitol.

2.2. Crystallization of VibB-ISC in the presence and absence
of isochorismate

For crystallization, both VibB-ISC and the D35N mutant
were concentrated to 10 mg ml™" in 10 mM Tris-HCI pH 8.0,
100 mM NaCl, 0.3 mM dithiothreitol. Crystals of wild-type
VibB-ISC were initially obtained by sitting-drop vapour
diffusion at 293 K. After optimization, diffraction-quality rod-
like crystals were grown in hanging drops by mixing equal
volumes of protein solution and reservoir solution [50 mM
CaCl,, 0.1 M bis-Tris pH 6.5, 28% (w/v) polyethylene glycol
monomethyl ether 550, 1%(w/v) n-octyl-B-p-glucoside] at
293 K. To obtain crystals with isochorismate, concentrated
D35N mutant was mixed with 40 mM MgCl,, 2.4 mM chor-
ismate and 0.02 mg ml~" EntC (isochorismate synthase from
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Ligand-bound VibB-ISC Wild-type VibB-ISC

Beamline SSRF BSRF

Space group P3,21 P3,21

Unit-cell parameters (A) a=b=5558,¢c=119.79 a=b =5566, c=11875
Wavelength (A) 0.9792 0.9792

Resolution (A) 50.00-1.10 (1.12-1.10) ~ 50-1.35 (1.40-1.35)
Measured reflections 1336261 (18088) 506929 (42551)

Unique reflections 87374 (4111) 47657 (4676)

(Ilo(1)) 40.03 (2.19) 45.81 (3.48)
Completeness (%) 99.7 (95.0) 99.9 (100)
Multiplicity 15.3 (4.4) 10.6 (9.1)
Rierget (%) . 6.9 (52.8) 5.4 (48.6)
Wilson B factor (A?) 10.37 13.78
Solvent content (%) 42.8 42.4
Ryork (%) 12.72 13.42
Riree (%) 14.44 16.62
No. of atoms

Protein (non-H/H) 1698/1747 1678/1708

Ligand (non-H/H) 26/22 41/58

Ion — 1

Solvent 265 280
R.m.s.d. from ideal geometry

Bond lengths (A) 0.009 0.010

Bond angles (°) 1.412 1.317
Average B factors (AZ)

Protein 15.3 18.2

Ligand 214 337

Ion — 15.4

Solvent 27.9 33.0
Anisotropy (%)

Mean 55.2 38.5

Standard deviation 13.7 13.0
Ramachandran plot (%)

Favoured 92.7 92.7

Allowed 7.3 7.3

T Ruerse = om0 ILi(hkl) — (I(hkD)| /Y0 3 Ii(hkl), where (I(hkl)) is the mean
intensity of multiply recorded reflections.

E. coli O157) for 5 min at room temperature and 20 min on ice
prior to crystallization. Double conical crystals were obtained
under the same conditions as those used for wild-type VibB-
ISC but in the absence of n-octyl-B-p-glucoside in the reser-
voir solution.
Reservoir solution supplemented with 15-20% glycerol was
used as a cryoprotectant in all cases and all data sets were
collected at 100 K in a nitrogen stream.

2.3. Data collection, processing and structure determination

Crystals were cryoprotected by supplementing the mother
liquor with 15-20%(v/v) glycerol and flash-cooled in liquid
nitrogen. X-ray diffraction data were collected at 100 K on
beamline 3W1A at BSRF, Beijing, People’s Republic of China
equipped with a MAR CCD 165 detector or on beamline
BL17U at SSRF, Shanghai, People’s Republic of China
equipped with a MAR Mosaic CCD 225 detector.

The data were integrated and scaled using the HKL-2000
program suite (Otwinowski & Minor, 1997). The calculated
Matthews coefficient (Vy,; Matthews, 1968) of 2.14 A’Da!
for wild-type VibB-ISC indicated the presence of one

monomer per asymmetric unit, corresponding to a solvent
content of 42.4%. The 1.35 A resolution structure of wild-type
VibB-ISC was solved by molecular replacement using Phaser
from the CCP4 suite of programs (McCoy et al., 2007, Winn et
al.,2011) with the ICL domain (residues 4-205) of EntB (PDB
entry 2fql) as the search model. The resulting density map
exhibited clear features such as helices, strands and even some
side chains. The initial model of the wild-type protein was built
by ARP/wARP (Lamzin & Wilson, 1993) and further refined
using phenix.refine (Adams et al., 2002) with additional rounds
of manual rebuilding using the Coot molecular-graphics
program (Emsley & Cowtan, 2004). In the final steps of
refinement, H atoms were added to the ligand structure using
phenix.reduce (Word et al., 1999) and refined as a riding
model. Water molecules were added by phenix.refine for peaks
higher than 3.00 in the mF, — DF_, map. The resulting water
molecules were finally checked for hydrogen bonding in Coot
and modified if necessary. An additional refinement step,
including a final individual ADP refinement (Grosse-
Kunstleve & Adams, 2002) using isotropic waters and H atoms
while the other atoms were refined as anisotropic was carried
out with PHENIX. The final R values were Ry = 13.4% and
Riree = 16.6% based on a subset of 4.2% of the reflections. The
high-resolution ligand structure (1.10 A) was subsequently
solved using the refined wild-type PDB model as a reference
in Phaser. An isochorismate was added to the model by Coot
based on the mF, — DF, density map of the ligand structure.
The same refinement was carried out as for the wild-type
structure. The final R factors were Ryon = 12.7% and
Riree = 14.4% based on a subset of 2.3% of the reflections.

X-ray diffraction data-collection and refinement statistics
are presented in Table 1. The final model was checked and
validated using PROCHECK (Laskowski et al, 1993),
OMEAN (Benkert et al., 2008) and ProQ (Cristobal et al.,
2001), which indicated a good-quality model (Table 1 and
Supplementary Table S3"). All residues were within allowed
regions of the Ramachandran plot (Ramachandran &
Sasisekharan, 1968). The mean temperature factors for
protein and solvent were calculated using BAVERAGE from
the CCP4 program suite (Winn et al., 2011). Anisotropic
refinement analysis was performed with PARVATI (Merritt,
1999).

The atomic coordinates and structure factors of wild-type
VibB-ISC and isochorismate-bound VibB-ISC have been
deposited in the Protein Data Bank with accession codes 3tb4
and 3tg2, respectively.

2.4. Enzyme assays

Measurement of the activity of VibB-ISC was performed
in two steps. Firstly, EntC was used to convert chorismate to
isochorismate. The conversion was performed in a total
volume of 100 pl containing 20 mM chorismate, 100 mM PBS
buffer pH 7.0, 10 mM MgCl, and 0.85 pg purified EntC at

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: DW5016). Services for accessing this material are described at the
back of the journal.
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room temperature for 2 h. Next, the VibB-ISC activity was
analyzed in a coupled assay with VibA (2,3-dihydro-2,3-
DHBA dehydrogenase from V. cholerae O1 biovar El Tor
strain N16961) by observing the increase in absorbance at
340 nm owing to NAD™ reduction in an Uvikon spectro-
photometer. The assay was performed in a total volume of
50 pl containing 5 pl reaction solution from the first step,
100 mM PBS buffer pH 7.0, 0.8 mM NAD™, 0.06 pg purified
VibB-ISC and 3.8 pg purified VibA at room temperature.

2.5. Phenotype analysis of vibB-ISC mutants using AentB-ICL
strain

The entB-ICL gene was deleted from the E. coli BL21
(DE3) genome using the Red recombinase system described
by Datsenko & Wanner (2000). Briefly, K1 and K2 oligo-
nucleotides (Supplementary Table S1) were used for PCR
amplification of the kanamycin-resistance gene from pKD4
flanked by sequences designed for specific disruption of the
entB-ICL gene. The PCR product was transformed by

Figure 2
Overall structure of wild-type VibB-ISC. (a, b) Cartoon representation of wild-type VibB-ISC in
two different views. a-Helices and g-strands are shown in cyan and purple, respectively. N-Octyl-g-
D-glucoside is shown in yellow. (¢) Stereoview of a ribbon representation showing C* superposition
of VibB-ISC with PhzD and EntB-ICL. PhzD and EntB-ICL are shown in yellow and cyan,
respectively; VibB-ISC is shown in purple. All structural representations were generated using
PyMOL (http://www.pymol.org).

electroporation into E. coli BL21 (DE3) (pKD46) expressing
Red recombinase and recombinant clones were isolated on a
kanamycin-resistant LB plate. The entB:kan genotype was
ensured by PCR using K3 and K4 as primers (Supplementary
Table S1).

The plasmid for the expression of the entB-ICL gene was
constructed (Supplementary Table S1). This gene was ampli-
fied by PCR using genomic DNA isolated from E. coli
O157:H7. The PCR product was cloned into the Ndel and
Xhol sites of pET-21b (Novagen) and transformed into E. coli
strain BL21 (DE3). Plasmids for the expression of the vibB-
ISC, vibB-ISC-K118N, vibB-ISC-K118H, vibB-ISC-KI118A
and vibB-ISC-D35N genes were all constructed similarly
(Supplementary Table S1). The details have been provided
above.

Phenotype analysis of vibB-ISC mutants was performed on
an LB plate with or without 2,2-bipyridyl. A total of 500 pl of
bacteria was incubated at 310 K in lactose broth for 5 h. Cells
were harvested at 3000 rev min™~" for 2 min at 277 K and then
washed twice with 500 pl sterile water. The resulting bacteria
were suspended in 5 ml sterile water.
1 pl of bacteria was spotted onto a LB
plate by pipette and cultured at 310 K
for 48 h.

2.6. MD simulation

The simulations were based on the
1.10 A resolution crystal structure of the
D35N mutant of VibB-ISC in complex
with isochorismate. Initial models were
constructed for MD simulation of the
wild-type VibB-ISC complex structure
and its K118A, K118H and K118N
mutants. The KI118A mutant was
generated by replacing the side chain of
Lys with an H atom in the wild-type
structure. Other mutants were obtained
by replacing the original side chain with
a corresponding side chain in a similar
orientation. All water molecules were
deleted from the initial models except
for WAT1 and WAT?2, which are located
in the active site of the protein (Fig. 4b).

The initial protein structures were
hydrogenized and solvated with rigid
SPC waters (Berendsen et al., 1981) in a
periodically replicated cubic box using
the Protein Preparation Wizard and
System Builder utilities in Maestro
(Schrodinger LLC, New York, USA),
respectively. The net charge of the
system was neutralized using sodium or
chloride ions. The random placement of
Na* and CI” ions in the bulk solvent
was carried out using the System Builder
utility of Maestro (Schrédinger LLC).

1332 Liuetal. - ISC domain of VibB
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MD simulations of wild-type VibB-ISC and its mutants field (Bowers et al, 2006). Long-range electrostatic inter-
were performed using Desmond v.2.2 and the OPLS2001 force actions were calculated using the Smooth Particle Mesh Ewald

Figure 3

Structures of the active site. (a) Stereoview of the isochorismate-bound structure in the active
site. An F, — F. OMIT map contoured at 4.50 shows electron density for isochorismate.
Amino-acid residues forming hydrogen bonds (red dashed lines) to the substrate are indicated.
(b, c¢) Putative catalytic water (WAT1" or WAT1) and catalytic side chains in the active site
from crystal structures. An F, — F, OMIT map contoured at 4.50 shows electron density for
the putative catalytic water. Amino-acid residues and another water molecule (WAT2' or
WAT?2) forming hydrogen bonds (red dashed lines) to the catalytic water are indicated. (b)
represents the complex structure with isochorismate (ISC); the blue dashed line indicates a
distance of 3.74 A between the catalytic water and isochorismate C2'. (c) represents the wild-
type structure with n-octyl-g-n-glucoside (BOG).

method with a cutoff of 9.0 A (Darden et al.,
1993) and all bonds were constrained using
the SHAKE algorithm (Ryckaert et al.,
1977). All models first underwent relaxation
including energy minimization and a 1 ns
MD simulation. Another 1 ns MD simula-
tion was then performed for each system at
300 K in the NPT ensemble, saving all MD
trajectories at a time step of 4.8ps.
A Nosé-Hoover thermostat (Nosé, 1984;
Hoover, 1985) was applied to maintain
constant temperature. The trajectories
generated from the NVT runs were used in
further data analysis.

3. Results
3.1. Overall structure of VibB-1SC

The final model shows that each asym-
metric unit contains one monomer. All
atoms of the model are well defined except
for two disordered amino-acid residues at
the N-terminus and eight at the C-terminus.
The monomer of VibB-ISC reveals a glob-
ular and o/ mixed scaffold which contains a
six-stranded parallel S-sheet (3-2-1-4-5-6)
sandwiched by three a-helices (2-3-4) on
one side and two «-helices (1 and 5) on the
other (Figs. 2a and 2b). The other portion of
the protein is mainly comprised of unstruc-
tured loops, in which residues GIn77-Leu97
participate in formation of the active-site
pocket. Two cis-peptide bonds (Glu49-
Pro50 and Val146-Tyr147) are present in the
structure. The Vall46-Tyrl47 cis-peptide
bond is important in the construction of the
catalytic site.

The scaffold of VibB-ISC is highly
conserved across all known isochorismatase
structures. A structural alignment was
carried out using the DALI program (Holm
& Sander, 1993). Similarity searches against
the PDB show that the PhzD structure is
most similar to that of VibB-ISC (Z-score
33.9), followed by EntB (Z-score 33.6),
PSPPH_2384 (Z-score 26.7) and CHSase
(Z-score 25.9). C* superposition of VibB-
ISC with PhzD and EntB-ICL yielded root-
mean-square deviations (r.m.s.d.s) of 0.667
and 0.622 A, respectively (Fig. 2c). This
suggests that the scaffold of these proteins is
necessary for creating the geometry of the
ligand-binding site. At the same time, VibB-
ISC also exists as a stable dimer in solution

Acta Cryst. (2012). D68, 1329-1338
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like its homologue. Crystal-packing analysis shows that each
polypeptide chain in the asymmetric unit forms a conserved
dimer with a symmetry-related adjacent molecule.

3.2. Isochorismate-complex structure

The D35N structure is essentially identical to the wild-type
structure. The F,s — Feac map clearly shows the existence of
isochorismate in the active site located close to the C-terminus
of VibB-ISC (Fig. 3a). Interactions between isochorismate
and VibB-ISC are mainly mediated by waters or by direct

CONSENEUE wa s a0 s 5 615 § 2508 5 § 55010 5 ¥ 5708 § 4 Bid 3 3506 5 § 5508 5 5 2513 ¢ & S 3 550,608 5iPe § 53168 3 5554

+ Majority

VibB_ICL
PhzD
EntB_ICL

CHSase

CONSeNSUS ..cccccracacsocnnsacenossccossacasscacssePosecesecKiiiSFiiiiloieacnians

+ Majority

SRS ETRE SR S FAIE S 4 BEURE S Yeis s

LPTNKVDWRIDA-SRAVLLIHDMOEYFVHYFDSQAEP-IPSLIKHIQQLKAHAKQAGIPVVYTAQ 75
LPANLARWSLEP-RRAVLLVHDMQORY FLRPLPESLR---AGLVANAARLRRWCVEQGVQIAYTAQ 78
IPQNKVDWAFEP-QRAALLIHDMQDYFVSFWGENCPM-MEQVIANIAALRDYCKQHNIPVYYTAQ 79
PSPPH_2384 MFNGWLFRRELICHMEHDYCLPCPTSLSGIAEVNPMSKPLVRWPINP-LRTAVIVVDMOKVFCEPTGALYVKSTADIVQPIQKLLOAARAAQVMVIYLRH 99
———-MTETSGTFNDIEARLAAVLEEAFEAG--TSIYNERGFKRRIGYGNRPAVIHIDLANAWTQPGHPFSCPGMETITPNVORINEAARAKGVPVEYTTN 94

hydrogen bonds (Fig. 3a). Such interactions have also been
found in the active sites of PhzD (Parsons et al., 2003). Some
residues, including Ile3, Phe40, Leu89, Trp93, Tyr121, Vall46,
Tyr147, Ile150 and Phel76, form a hydrophobic pocket around
the substrate. All of these hydrophobic residues are conserved
according to the multiple sequence alignment shown in
Fig. 4(a). The cis-peptide bond between Vall46 and Tyrl47 is
functionally important for the correct positioning of Tyr147
and Gly151, which participate in the formation of hydrogen
bonds to isochorismate. The cis-peptide bond has also been
found in the structures of VibB-ISC homologues (Parsons et
al., 2003; Drake et al., 2006),
indicating that a cis conformation
of the protein backbone is
necessary to create the geometry
of the active site.

The substrate binding in the
active site was shown to be the
(+)-28,3S isomer of isochorismate
(Fig. 3a), suggesting that only one
enantiomer is metabolized by the
enzyme. This is consistent with
characterization of the isolated
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Figure 4

Catalytic residues in the active site. (a) Multiple sequence alignment of VibB-ISC from V. cholerae, PhzD
(isochorismatase; PDB entry 1nf9) from P. aeruginosa, EntB-ICL (isochorismatase; PDB entry 2fq1) from
E. coli, PSSPPH_2384 (cysteine hydrolase; PDB entry 3irv; New York SGX Research Center for Structural
Genomics, unpublished work) from P. syringae pv. phaseolicola 1448 A and CHSase (N-carbamoylsarcosine
amidohydrolase; PDB entry 1nba; Romaio et al., 1992) from Arthrobacter sp. The alignment was carried out
using MegAlign (http://www.dnastar.com/t-sub-products-lasergene-megalign.aspx). ‘Majority’ shows the
histogram of consensus strength. The residues conserved in all five sequences are highlighted in red. (b)
Stereoview of active-site residues from the two superimposed VibB-ISC structures. Wild-type and complex
structures are shown in cyan and yellow, respectively. The water molecules in the active site are represented
as spheres. WAT1’ and WAT1 represent the putative catalytic water in the wild-type and complex
structures, respectively. WAT2' and WAT?2 represent an additional water molecule that forms hydrogen
bonds to the catalytic water in the wild-type and complex structures, repectively. The hydrogen bonds
between WAT1 and residues in the complex structure are shown as red dashed lines.

isochorismate and EntB enzyme
assays (Young et al., 1969; Rusnak
et al., 1990). The side chain of
D35N approaches the C3' of
isochorismate from the re face of
C2'. The side chain of D35N has
204 the same orientation as D38A
207 in the PhzD complex structure,
222 indicating  that the stereo-
245 chemistry for vinyl ether hydro-
lysis of isochorismate should
be substantially similar. C3’ of
isochorismate is 3.43 A away
from D35N. It is consistent with a
mechanism in which the proton is
transferred directly from the side
chain of Asp35 to the C3’ of
isochorismate.

VAL146

%

3.3. Waters in the active site

Water molecules are necessary
for the activity of all hydrolases.
The positioning of water mole-
cules in the enzyme active site is
very important for clarifying the
catalytic mechanism. However, in
the D38A PhzD structure (PDB
entry 1nf8) no water molecules
were observed adjacent to the
catalytic residues. It remains
unclear how water molecules play
a role in the enzymatic hydrolysis
of isochorismate. In our structure,
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a water molecule (WATI; Fig. 3c¢) was observed between
isochorismate and several residues of the active site which was
suitable for direct nucleophilic attack on the C2" atom of the
substrate. The putative catalytic water (WATT1; Fig. 4b) in the
complex structure is 2.97 A away from D35N, suggesting that
the proton transfers directly from the water to the Asp35
carboxyl group before the protonation of isochorismate. The
amino group of Lys118 in the complex structure is within
2.82 A of the putative catalytic water (WAT1; Fig. 4b). The
Lys118 stays in a position that allows it to function as a general
base to activate the water molecule. Another water molecule
(WAT2 or WAT?2') observed in both structures forms a
hydrogen-bonding interaction with the putative catalytic
water (WAT1 or WATT'), indicating that it might be indis-
pensable for the stabilization of the catalytic water. However,
the dynamic analysis shows that this water molecule (WAT?2 or
WAT?2') might also shift into a suitable position to function as
a general acid for protonation of Asp35.

| I |

Wild type D35N  K118A KI118N KI1I18H H34N  H34A

—_— = =
[T ST -
1 1 1 1

=]
S~
1 1

Isochorismate activity (mmol I min™")
1=}
(e}
1

o o O
38
1

Figure 5

Effect of active-site residue mutants on the isochorismatase activity of
VibB-ISC. Activity is defined as micromoles of NAD reduced per minute
per millitre in the VibA coupled assay after subtracting NAD reduced
activity in the absence of VibB. Error bars indicate standard deviations.
All enzyme-activity figures were drawn using OriginPro 8.

+2,2-Bipyridyl

Figure 6
Phenotype characterization of vibB-ISC mutants. Serial dilutions of E. coli cultures were spotted onto LB plates with or without 2,2-bipyridyl.

3.4. Exploring the active-site residues by site-directed
mutagenesis

Structural analysis indicates that only Asp35, Lys118 and
His34 might participate in the process of vinyl ether hydrolysis
(Fig. 4b). These three residues are conserved in the sequence
alignment (Fig. 4a). To assess their functional role, we
designed six single point mutants: D35N, K118H, K118N,
K118A, H34N and H34A. As shown in Fig. 5, D35N resulted
in an almost complete loss of enzyme activity. This is consis-
tent with the widely accepted mechanism that Asp35 directly
participates in the protonation of isochorismate C3'.
Replacement of Lys118 by His and Asn also resulted in a
complete loss of enzymatic activity. Unexpectedly, the K118A
mutant still had ~30% activity. This shows that Lys118 is
important for catalysis, but may not be absolutely required.
Both H34N and H34A exhibited partial activity, suggesting
that His34 plays an important but not essential role in cata-
lysis.

3.5. Phenotype analysis of vibB-ISC mutants using the
AentB-ICL strain

As reported by Liu et al. (1990), Rusnak et al. (1990) and
Drake et al. (2006), EntB-ICL has the same function as
VibB-ISC. For this reason, E. coli strain BL21 (DE3) with an
entB-ICL deletion was used to analyze the phenotype of
vibB-ISC mutants. As shown in Fig. 6, the viability of the
AentB-ICL strain is greatly reduced upon the addition of
2,2-bipyridyl compared with the wild type, but can be rescued
by expression of EntB-ICL or VibB-ICL. However, expres-
sion of VibB-ISC-K118H, VibB-ISC-K118N or VibB-ISC-
D35N does not improve the viability of the AentB-ICL strain
on an LB plate with 2.2-bipyridyl. The VibB-ISC-K118A
strain grows better than the other VibB-ISC mutants, but not
as well as the EntB-ICL and VibB-ISC strains. These results
are consistent with our biochemical data.

No 2,2-Bipyridyl

1. AentB-ICL + pET-21b/vibB-ISC
2. AentB-ICL + pET-21b/entB-ICL

3. AentB-ICL + pET-21b/vibB-ISC-K118N
4. AentB-ICL + pET-21b/vibB-ISC-K118H
5. AentB-ICL + pET-21b/vibB-ISC-K1184
6. AentB-ICL + pET-21b/vibB-ISC-D35N

7. Wild type
8. AentB-ICL
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Table 2

Summary of the MD simulation results.

(a) Hydrogen bonds between the catalytic waters and Asp35 in the MD
simulation.

WAT1 WAT2

Occurrence Dﬂistance Occurrence Duistance
Asp35 OD---H WAT (%) (A) (%) (A)
WT 82.3 2.204 (0.460) 77.0 1.856 (0.267)
K118H 98.1 1.745 (0.243) 24.9 2.646 (0.653)
K118N 100.0 1.690 (0.127) 1.90 5.480 (1.268)
K118A 522 2.557 (0.699) 99.0 1.737 (0.283)

(b) Distance between WAT1 (O) and isochorismate (C2') in the MD
simulation.

WT K118H K118N K118A

Distance (ISC C2'--- 3.661 (0.285) 4.988 (0.545) 4.415 (0.261) 3.366 (0.207)
O WATI1) (A)

WT

K118H
——KI118N

K118A|

|
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Figure 7

Time evolution of distances during MD runs. (a, b) Distances between the
catalytic waters WAT1 (a) and WAT?2 (b) and residue 118; (¢) distances
between the catalytic water WAT1 and the C2" atom of isochorismate.

3.6. MD analysis of the water molecules adjacent to the
active site

Our studies on VibB-ISC have suggested that the water
molecules adjacent to the active site might play an vital role
in vinyl ether hydrolysis catalyzed by isochorismatase. These
studies are mainly based on the crystal structure of the cata-
lytically inactive D35N mutant of VibB-ISC in complex with
isochorismate. To ascertain the catalytic roles of the water
molecules and their interaction with Lys118, we calculated the
MD trajectories of the wild-type VibB-ISC complex structure
and a series of mutants targeting Lys118, including K118A,
K118H and K118N.

The time evolution of the C*-atom r.m.s.d. of the instanta-
neous structures indicates that all systems reached equilibrium
with respect to the rm.s.d.s during the trajectory analysis
(Supplementary Fig. S1). We also observed the local r.m.s.d.
for residue 35, residue 118, isochorismate and the two adjacent
water molecules, which may play vital roles in the catalysis.
The average r.m.s.d. data also confirmed the stability of the
final models and the reliability of the results of MD trajectory
analysis (Supplementary Table S2).

Our studies indicated that the catalytic water (WAT1) might
function as a general acid that protonates the Asp35
carboxylate prior to the protonation of isochorismate. As
shown in Table 2(a), WAT2 forms hydrogen bonds to OD1 or
OD2 of Asp35 in wild-type VibB-ISC and the K118A and
K118H mutants which are not present in the crystal structure.
As listed in Table 2(a), the hydrogen-bond occurrence invol-
ving WAT1 is >80% for wild-type VibB-ISC and the K118H
and K118N mutants and ~50% for the K118A mutant, indi-
cating that the hydrogen bond between WAT1 and Asp35 is
weakened in the K118A mutant with respect to the others.
This is consistent with the time-evolution result that the
distance in the K118 A mutant is not as stable as in the others
(Fig. 7a). The hydrogen-bond occurrence involving WAT?2 is
>75% for wild-type VibB-ISC and the K118A mutant but
<25% for the K118H and K118N mutants, indicating that the
hydrogen bonds between WAT2 and Asp35 are much weaker
for the K118H and K118N mutants. This is also consistent with
the time-evolution result of the corresponding distances
(Fig. 7b).

Our crystal structure reveals that the catalytic water
(WAT1) may perform a nucleophilic attack on the inter-
mediate carbocation/oxocarbonium ion. In the resulting MD
models, WAT?2 is too distant from the isochorismate C2’ to
perform a nucleophilic attack. Therefore, we focused on the
distance between WAT1 and isochorismate C2'. The time
evolution of the distance for all MD runs is depicted in
Fig. 7(c). The average distance is <3.7 A for wild-type VibB-
ISC and the K118A mutant, whereas it is >4.4 A for the
K118H and K118N mutants (Table 2b).

4. Discussion

The most significant feature observed in the complex structure
of VibB-ISC is the binding of water molecules in the active
site. WAT1 is positioned in an appropriate location for
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nucleophilic attack on the C2’' atom of the substrate. The
overall structure is highly similar to the PhzD-isochorismate
complex structure from P. aeruginosa, with a C* r.m.s.d. of
0.667 A. The geometry and location of the active-site residues
are also very similar in VibB-ISC and PhzD. Structural and
sequence-alignment results suggest that the isochorismatases
might have similar mechanisms in catalyzing vinyl ether
hydrolysis (Fig. 2c and Fig. 4a). Based on the PhzD complex
structure, a general process for the catalysis of vinyl ether
hydrolysis by VibB-ISC was proposed. However, the catalytic
functions of some specific amino-acid residues and waters
remained an open question. In our study, the high-resolution
structures and related experimental results provide important
clues to the catalytic roles of the catalytic waters, Asp35,
Lys118 and His34 in the active site (Fig. 4b).

As inferred from the crystal structures, Asp35 might act as
a direct proton donor to isochorismate C3’ because of its
intermediate position and orientation. Proton donation is
considered to be the rate-determining step in vinyl ether
hydrolysis, apparently without exception (Chiang et al., 1989;
Burt et al., 1987). Electrostatic stabilization of the inter-
mediate carbocation/oxocarbonium ion by the resulting Asp35
carboxylate is expected to contribute to transition-state
stabilization. The side chain of D35N is hydrogen bonded to
the catalytic water (WAT1; Fig. 4b) with a distance of ~3.0 A,

Other solvent water

\'/H """" H \H\ WOH
N—H \‘_‘:6 o
A h
Lys118 ‘ o
Asp35
NG
T (elele} —_— =
t H
K Other solvent water HO\C/O

-0 WAT1 or WAT2

H H-=7="" g/ o
\./ ks
N—H o 0

Asp35
Isochorismate

coo

Pyruvate 2,3-Dehydro-2,3-DHBA

Asp35

Figure 8

Representation of the proposed mechanism of isochorismate vinyl ether hydrolysis catalyzed by VibB-ISC.
The water molecules participating in hydrolysis are shown in red; the catalytic residues are shown in purple.

suggesting its crucial role in the stabilization of this water
molecule. This is supported by the observation that no waters
are adjacent to the active-site residues in the PhzD-isochor-
ismate structure with a D35A mutation. In the simulation of
wild-type VibB-ISC, hydrogen bonds were stably formed with
an occurrence of >75% between WAT?2 and residue 35 (Fig. 7b
and Table 2a) which were not present in the D35N simulation
results (Fig. 7d), indicating that the charge state of residue 35
has an indispensable effect on the proper position of WAT2.
Taken together, we propose two possible effects that account
for the interaction between Asp35 and the catalytic waters
(Fig. 8). (i) The catalytic water (WAT1 or WAT2) may act as
a general acid that protonates the Asp35 carboxylate prior to
isochorismate protonation and (ii) the ionizable side chain
of Asp35 may function as a general base which activates the
water molecule (WAT1) to perform a nucleophilic attack on
the intermediate carbocation/oxocarbonium ion. As shown in
Fig. 5, the D35N mutation resulted in an almost complete loss
of enzyme activity, suggesting that Asp35 is vital for vinyl
ether hydrolysis. The result is also consistent with the plasmid
complement results depicted in Fig. 6.

In both structures, Lys118 and Asp35 (or Asn35) are posi-
tioned on opposite sides of the catalytic water (WATT1; Fig. 4b)
within hydrogen-bonding distance, forming an ‘electrostatic
sandwich’ (Fig. 8), which may make it easier for the proton to
transfer from the catalytic water
to the Asp35 carboxylate. It was
not expected that the K118H and
K118N mutants would lose enzy-
matic activity completely while
the K118A mutant still retained
~30% activity. This interesting
observation can be explained by
our molecular-dynamics study. In
the resulting MD models, the
hydrogen-bond occurrence
involving WAT1 is >80% for
wild-type VibB-ISC and the
K118H and K118N mutants, and
~50% for the KI118A mutant
(Table 2a), which suggests that
the side chain of residue 118 plays
a crucial role in the stabilization
of WAT1. As listed in Table 2(a),
600 WAT?2 forms hydrogen bonds to

o OD1 or OD2 of Asp35 in wild-

type VibB-ISC and the K118A
Yo and K118H mutants which are
6%\% not present in the K118N mutant
HO
HO\C/O
Asp35
Isochorismate hemiacetal

Lys118
Asp35

Isochorismate cation

simulation results, indicating that
residue 118 may also have an
important effect on the correct
positioning of WAT2. In the
resulting MD models, WAT2 is
too far from the isochorismate
C2' to perform a nucleophilic
attack on the intermediate
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carbocation/oxocarbonium ion. The time evolution of the
distance between WAT1 and isochorismate C2’ is depicted in
Fig. 7(c). The average distance is <3.7 A for wild-type VibB-
ISC and the K118A mutant, but is >4.4 A for the K118H and
K118N mutants (Table 2b). Our enzyme-assay results are
consistent with the observation that the K118N and K118H
mutants possess almost no measurable enzyme activity
compared with wild-type VibB-ISC and the K118A mutant.
The time evolution of the distances between WAT1 and
residue 118 indicates that the catalytic water (WAT1) in the
K118A mutant is not as stable as in wild-type VibB-ISC (Fig.
7a). This is also consistent with the enzyme-assay results
showing that the K118 A mutation resulted in an enzyme with
~30% of the wild-type activity. These results are supported by
the complementation of the AentB-ICL strain with plasmids
for expression of the vibB-ISC, vibB-ISC-K118N, vibB-ISC-
K118H and vibB-ISC-K118A genes, as shown in Fig. 6.

His34 may exert two roles in vinyl ether hydrolysis cata-
lyzed by VibB-ISC as predicted from the crystal structures.
Firstly, the hydrogen bond between His34 and Lys118 may
assist in the proper orientation of Lys118. Secondly, His34 may
form a hydrogen bond to Vall46 to stabilize the Vall146-Tyr147
cis-peptide bond, which is highly conserved in the isochor-
ismatase family (Fig. 4a). However, both H34A and H34N
exhibit partial activity, suggesting that His34 performs an
important but not vital role in catalysis. Therefore, it seems
unlikely that His34 participates in the protonation of
isochorismate.

In summary, the catalytic waters may be involved in two
reactions that contribute to vinyl ether hydrolysis (Fig. 8).
Firstly, they may function as a general acid to protonate the
Asp35 carboxylate prior to isochorismate protonation, which
might be easier to perform via the ‘electrostatic sandwich’
mechanism described above. Secondly, the catalytic water
(WAT1) may be activated by the ionizable Asp35 side chain
to perform a nucleophilic attack on the intermediate carbo-
cation/oxocarbonium ion. The positions of the two catalytic
waters are both significantly affected by mutation of Asp35
and Lys118.
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