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ABSTRACT: 1,4-Dihydroxy-2-naphthoyl coenzyme A (DHNA-CoA)
synthase, or MenB, catalyzes a carbon—carbon bond formation reaction
in the biosynthesis of both vitamin K1 and K2. Bicarbonate is crucial to the
activity of a large subset of its orthologues but lacks a clearly defined
structural and mechanistic role. Here we determine the crystal structure of
the holoenzymes from Escherichia coli at 2.30 A and Synechocystis sp.
PCC6803 at 2.04 A, in which the bicarbonate cofactor is bound to the
enzyme active site at a position equivalent to that of the side chain
carboxylate of an aspartate residue conserved among bicarbonate-insensitive
DHNA-CoA synthases. Binding of the planar anion involves both
nonspecific electrostatic attraction and specific hydrogen bonding and
hydrophobic interactions. In the absence of bicarbonate, the anion binding
site is occupied by a chloride ion or nitrate, an inhibitor directly competing
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with bicarbonate. These results provide a solid structural basis for the bicarbonate dependence of the enzymatic activity of type I
DHNA-CoA synthases. The unique location of the bicarbonate ion in relation to the expected position of the substrate a-proton
in the enzyme’s active site suggests a critical catalytic role for the anionic cofactor as a catalytic base in enolate formation.

itamin K is lipid-soluble naphthoquinone known as
menaquinone (K2) in most Gram-positive and Gram-
negative facultative bacteria' and as phylloquinone (K1) in
cyanobacteria, algae, and plants.” It is composed of a 1,4-
dihydroxynaphthenoid core and a polyprenyl side chain with a
varied number of repeating units and serves as an electron
transporter either in the bacterial respiratory chain' or in
photosynthesis.> Its biosynthesis from chorismate has been
intensively studied in several strains of bacteria' and was
modified by the recent finding of a new intermediate.*”® In
humans, vitamin K is not synthesized but is acquired from
dietary sources or intestine microflora to serve as a coenzyme in
posttranslational y-carboxylation of glutamate residues.”
Because of the absence of vitamin biosynthesis in mammals,
bacterial enzymes in the menaquinone biosynthetic pathway
have become attractive targets for the development of new
antibacterial agents.®” "
1,4-Dihydroxy-2-naphthoyl-CoA (DHNA-CoA) synthase,
also named MenB (EC 4.1.3.36), is an essential enzyme in
vitamin K biosynthesis,"*"'° which is responsible for
conversion of o-succinylbenzoyl-CoA (OSB-CoA) to DHNA-
CoA via catalysis of a multiple-step intramolecular Claisen
condensation reaction (Figure 1). There are two types of
DHNA-CoA synthases with a distinctive bicarbonate depend-
ence of their catalytic activity. The first type (type I) of enzyme
is dependent on exogenous bicarbonate for catalytic activity, as
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found for the orthologues from Escherichia coli, Staphgllococcus
aureus, Bacillus subtilis, and Synechocystis sp. PCC6803.”%*' The
second type (type II) of enzyme, including those from
Mycobacterium tuberculosis and Mycobacterium smegmatis, is
intrinsically active but does not respond to externally added
bicarbonate.”® A defining feature of the type I DHNA-CoA
synthases is a conserved glycine equivalent to Gly-156 of E. coli
MenB (ecMenB), while a conserved aspartic acid residue
occupies this position in the type Il enzymes.*’

The catalytic role of the exogenous bicarbonate in type I
enzymes or the equivalent aspartic acid residue in type II
enzymes, however, is controversial. Considering that the
equivalent acidic groups occupy a position similar to that of
the conserved acidic residue responsible for abstraction of a
proton from the a-carbon of the coenzyme A thioester
substrates in enogrl—CoA hydratases (crotonases) and enoyl-
CoA isomerases,” >* we proposed that either the exogenous
bicarbonate or the conserved aspartate side chain serves as a
catalytic base to abstract the succinyl a-proton of the OSB-CoA
substrate in the initiation of the intramolecular Claisen
condensation.’® On the other hand, Tonge and co-workers
have proposed that the catalytic base is the carboxylate group

Received: April 15, 2012
Revised: ~ May 15, 2012
Published: May 18, 2012

dx.doi.org/10.1021/bi300486j | Biochemistry 2012, 51, 4580—4589


pubs.acs.org/biochemistry

Biochemistry

0. OH O O OH O o 0
) Q Qa0
» “SCoA ~ “SCoA SCoA
‘B
o]
OSB-CoA
OH © oOH O © o
SO R
H
OH 1 |
o o
DHNA-CoA

Figure 1. Proposed reaction mechanism of the intramolecular Claisen condensation catalyzed by DHNA-CoA synthase in vitamin K biosynthesis.
OSB-CoA, o-succinylbenzoyl coenzyme A; DHNA-CoA, 1,4-dihydroxy-2-naphthoyl coenzyme A.

on the benzene ring of the OSB-CoA substrate in either the
bicarbonate-insensitive MenB from M. tuberculosis®® or the
bicarbonate-sensitive MenB from E. coli*® In this latter
proposal, the substrate carboxylate abstracts the pro-S a-proton
from the thioester substrate, in contrast to the experimental
finding that the pro-R a-proton of the OSB-CoA substrate is
abstracted.”" In addition, this proposal offers no explanation for
the detected dependence of ecMenB activity on bicarbonate.

The proposed role of the exogenous bicarbonate as a
catalytic base in type I DHNA-CoA synthases is based on the
finding of a bound bicarbonate ion in the crystal structure of
MenB from Salmonella ty 3phlmurlum [stMenB, Protein Data
Bank (PDB) entry 3H02],”* which was surprisingly crystallized
without externally added bicarbonate. The source of the
bicarbonate ion was presumably atmospheric carbon dioxide,
which was solvated in crystallization buffer. However, under
similar crystallization conditions, ecMenB is 96.8% identical in
sequence to stMenB and blnds a chloride ion instead of
bicarbonate at the same posmon 9 In addition, no bicarbonate
is found in the available crystal structures of other predicted
type I DHNA-CoA synthases from St. aureus (saMenB, PDB
entry 2UZF)* and Geobacillus kaustophilus (gkMenB, PDB
entry 2IEX).>* The absence of bicarbonate in the crystal
structure of these type I enzymes raises doubt about the
interpretation of electron density in the determination of the
stMenB structure.

To improve our understanding of the bicarbonate depend-
ence of the catalytic activity of the type I DHNA-CoA
synthases, we determined the crystal structures of ecMenB and
the orthologue from Synechocystis sp. PCC6803 (scMenB) both
in the presence and in the absence of externally added
bicarbonate. In addition, we also determined the crystal
structure of ecMenB in complex with nitrate, an inhibitor
directly competing with bicarbonate.’® Results from these
structural studies provide unequivocal evidence that bicarbon-
ate binds to the active site and plays a critical role in the
catalytic mechanism of the type I enzymes.

B MATERIALS AND METHODS

Chemicals. The following reagents were purchased from
Sigma: NaHCO;, NaNOs, isopropyl -p-thiogalactopyranoside
(IPTG), polyethylene glycol (PEG, average MW of ~3350),
(£)-2-methyl-2,4-pentanediol (MPD), buffers, and other salts.
The MenB substrate OSB-CoA was prepared in situ from
(1R,6R)-2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate
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(SHCHC) using the enzymes MenC and MenE.*>*! SHCHC
was chemoenzymatically synthesized using EntC,>*® MenD,**
and MenH**® from chorismate, which was isolated from an
engineered bacterial strain as described previously.”’

Protein Preparation and Activity Assay. Recombinant
enzyme MenB from E. coli (ecMenB) and Synechocystis sp.
PCC6803 (scMenB) containing only the native amino acid
sequences but without any tags were expressed and purified as
described previously.”>*" Purified ecMenB was stored in 25
mM Tris buffer (pH 8.0) containing 10% glycerol, and scMenB
was stored in 20 mM glycine buffer (pH 9.75) with 1% glycerol.
Each protein was >95% pure as determined by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. The DHNA-CoA
synthase activity of the enzymes was assayed with a previously
reported method in 200 mM phosphate buffer (pH 7.0) in the
presence of 20 mM HCO;~.>°

Crystallization, Data Collection, and Structure Deter-
mination. Crystallization trials were performed at 22 °C using
the hanging drop vapor diffusion method and the INDEX
Screening Kit (Hampton Research). The crystallization
conditions were optimized by the secondary and additive
screenings to alter the crystal shape and improve the diffraction
quality. Typically, 1 uL of the protein solution was mixed in a
1:1 ratio with the reservoir solution to a final volume of 2 uL
and equilibrated against 500 uL of the reservoir solution in a
sealed 24-well plate. Rodlike crystals of apo-ecMenB, >0.3 mm
in the longest dimension, were obtained by mixing the protein
solution containing 10 mg/mL purified ecMenB, 25 mM Tris
buffer (pH 8.0), and 10% glycerol with the reservoir solution
containing 300 mM NaCl, 100 mM Tris buffer (pH 7.5), and
20% PEG 3350. Similar crystals of ecMenB in complex with
bicarbonate or nitrate were obtained by mixing 10 mg/mL
purified ecMenB, 10 mM NaHCO; or NaNO;, 25 mM Tris
buffer (pH 8.0), and 10% glycerol with the reservoir solution
containing 2% Tacsimate (pH 7.0, Hampton Research), 100
mM Tris buffer (pH 7.5), and 20% PEG 3350. Meanwhile,
monoclinic crystals of scMenB (up to 0.1 mm X 0.3 mm X 0.2
mm) were obtained within S days after a protein solution
containing 10 mg/mL scMenB with or without 10 mM
NaHCO; had been mixed with a reservoir solution consisting
of 0.15 M ammonium acetate, 0.02 M L-proline, 0.1 M Bis-Tris
buffer (pH 6.1), and 45% MPD. The harvested crystals were
soaked in a cryoprotectant solution containing 80% reservoir
solution and 20% glycerol (for ecMenB crystals) or 20%
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Table 1. Data Collection and Refinement Statistics”

apo-ecMenB ecMenB—HCO;~ ecMenB—NO;~ scMenB—HCO3_b
PDB entry 4ELX 4ELS 4ELW 4EML
Data Collection
space group P2,2,2, P2,2,2 P2,2,2, C2

unit cell dimensions

a b, c(A) 76.5, 133.9, 153.9 76.4, 133.9, 153.3 765, 133.9, 153.4 244.6, 140.1, 73.5

a, fy (deg) 90, 90, 90 90, 90, 90 90, 90, 90 90, 95.6, 90
redundancy 74 (6.1) 6.8 (6.7) 5.7 (5.5) 4.0 (4.0)
completeness (%) 99.4 (89.1) 99.6 (99.1) 99.8 (100.0) 98.1 (94.0)
no. of reflections (unique) 81295 (80858) 69950 (69785) 51971 (49133) 155103 (152169)
I/o; 16.5 (3.0) 9.02 (2.3) 123 (2.1) 14.1 (6.1)
Roperge 0.108 (0.513) 0.199 (0.795) 0.135 (0.754) 0.077 (0.245)

Refinement

resolution range (A) 37.3-2.19 42.8—-2.30 42.9-2.55 48.6—2.04
no. of atoms 12633 12408 12289 12897

protein 11950 11981 12038 12139

water 644 382 199 655

ligands/ions 39 45 52 103
average B factor (A?) 36.9 38.8 50.1 36.7

protein 36.7 38.7 50.2 36.3

water 41.3 41.8 44.7 44.2

ligand not available 38.0 S51.4 28.7
Ryort/Riree 0.1679/0.2275 0.1825/0.2219 0.1792/0.2257 0.1729/0.2023
deviation from ideal values

bond lengths (A) 0.007 0.007 0.008 0.007

bond angles (deg) 1.03 1.04 1.06 0.986

Ramachandran statistics® 98.1%, 1.9%, 0%

97.9%, 2.1%, 0%

97.8%, 2.2%, 0% 97.2%, 2.8%, 0%

“Values for the highest-resolution shell are given in parentheses. ®Data for scMenB crystals grown in the presence of S mM NaHCO; are given. Data
for crystals grown in the absence of NaHCO; are similar to those of this crystal. “Ramachandran statistics indicate the fraction of residues in the most
favored, allowed, and disallowed regions of the Ramachandran diagram, respectively.

ethylene glycol (for scMenB crystals) and stored in liquid
nitrogen.

X-ray diffraction data were collected at beamline BL17U at
the Shanghai Synchrotron Radiation Facility (SSRF) for the
crystals of ecMenB and scMenB grown in the presence of
NaHCO;. Diffraction images were indexed, integrated, and
scaled using HKL2000.>* The diffraction data for scMenB
crystals grown in the absence of NaHCOj; were collected at 100
K using a Rigaku RAXIS IV*" imaging plate system with a
MicroMax-007 copper rotating anode generator, processed
using iMOSFLM,” and scaled using SCALA in the CCP4
suite.*

All the structures were determined by molecular replacement
with Phaser*' using another wild-type ecMenB structure (PDB
entry 3T89) as the search model. The obtained structural
models were extended by several rounds of manual model
fitting and rebuilding with Coot** and refined using PHENIX*
or REFMACS.* Noncrystallographic symmetry restraints
between monomers were applied for the first round of
refinement. Restraints for the ligand HCO;~, NO;™, or other
small molecules from the buffer were imposed and optimized
using eLBOW™ during the structure refinement. MolProbity™*®
and PROCHECK" were used to assess the overall quality of
structural models.

Structural Analysis and Sequence Alignment. All
structural analysis was performed with Coot,** and all graphic
presentations of structures were generated using PyMol 1.3.**
The substrate analogue o-succinylbenzoyl-aminoCoA (OSB-
NCoA) was taken from a reported structure (PDB entry 3T88)
and was manually docked into the ecMenB and scMenB
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holoenzymes in this study, also using PyMol 1.3. The surface
electrostatic potential was calculated using the online servers
PDB2PQR and APBS.*”*° Multiple-sequence alignment was
conducted using ClustalW 2.0.>"

B RESULTS AND DISCUSSION

Structures of ecMenB and Its Complexes with
Bicarbonate and Nitrate. All the ecMenB crystals belong
to space group P2,2,2, with essentially identical cell
dimensions. The initial phases were calculated by molecular
replacement using a reported ecMenB structure® (PDB entry
3T89) as the search model, and the structures of apo-ecMenB,
the ecMenB—HCO;~ complex, and the ecMenB—NO;~
complex were refined at 2.19, 2.30, and 2.55 A, respectively.
The structural models have good overall stereochemistry with
all residues in the most favorable or allowed regions of the
Ramachandran diagram. The data collection and refinement
statistics for these structures are listed in Table 1.

All the ecMenB crystals contain one hexamer in a typical
crotonase fold in an asymmetric unit (Figure 2A). As found in
all available crystallographic structures of MenB proteins from
various sources, each subunit of ecMenB is composed of an N-
terminal spiral core domain and a C-terminal domain consisting
of three helices (residues 225—272, including H10—H12, as
shown in Figure 2B) that cross the trimer—trimer interface and
form part of active site in the opposing subunit. Residues 87—
106 are disordered without discernible electron density in any
subunit. Except for one subunit (chain E) in the apo-ecMenB
structure, the other subunits in the crystal structures with or
without anionic ligands are essentially identical with a root-
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Figure 2. Crystal structures of ecMenB in complex with chloride or bicarbonate. (A) Hexameric structure of the ecMenB—HCO;~ complex viewed
along the 3-fold axis of the two trimers. The protein is colored by subunit, and the bicarbonate ions are shown as spheres. (B) Superposition of two
different monomeric subunits (chains A and E) in the apo-ecMenB structure. Three apparent structural differences are indicated by blue block
arrows. The a-helices (H) and f-pleated sheets are labeled sequentially from the amino terminus to the carboxy terminus. Secondary structures with
A or E in the labels belong to chain A or chain E, respectively. (C) Stereoview of the electron density of bicarbonate in the ecMenB—HCO;~
complex. The anion is represented as sticks with a yellow carbon atom with the surrounding residues shown as sticks. Its 2F, — F, electron density is
contoured at 1.5¢ (dark blue mesh). Dashed lines indicate potential hydrogen bonding interactions. (D) Stereoview of the electron density of
chloride (green) in apo-ecMenB at the anion binding site. The same surrounding amino acid residues are represented as sticks. The 2F, — F_ electron

density is contoured at 1.5¢ (dark blue mesh).

mean-square deviation (rmsd) of <0.20 A. As shown in Figure
2B, subunit E of the apo-ecMenB structure differs from the
other subunits in a 27-residue loop (residues 150—176)
connecting S8 and H6, of which a 12-residue fragment,
including HS, takes a different spatial arrangement shown by
structural superposition. In addition, the orientation of the last
C-terminal helix H12 (residues 261—272) is also significantly
different from those in the other subunits. Moreover, another
difference between chain E of apo-ecMenB and the other
subunits appears to occur at a three-residue fragment (residues
15—17), which is assigned by PyMol as a short f-pleated sheet
in most subunits but as part of the long loop connecting H1
and S2 in chain E (Figure 2B). The structural differences found
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in the apo-ecMenB chain E suggest high flexibility of the MenB
structure.

Structure of scMenB. All the scMenB crystals are
monoclinic and belong to space group C2 with an asymmetric
unit containing six monomers, which form two eclipsed trimers.
The initial phases were calculated by molecular replacement
again using the reported ecMenB structure (PDB entry 3T89)
as the search model. The structure of scMenB crystals grown in
the presence of NaHCO; was refined at 2.04 A. All the residues
are in the most favorable or allowed regions of the
Ramachandran diagram. The data collection and refinement
statistics for these structures are listed in Table 1.

The scMenB molecule is also composed of two domains in a
typical crotonase fold, of which the C-terminal helices cross the
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trimer—trimer interface of the hexameric ensemble as found in
all other MenB crystal structures. Subunits in these structures
can be superimposed with an rmsd of <0.20 A, and each
subunit contains one disordered fragment, residues 78—96,
which corresponds to the disordered regions found in all other
MenB structures without a bound substrate analogue. The
scMenB hexamer can be superimposed with the ecMenB
hexamers with an rmsd of 0.42 A over all Ca atoms.

Active Site. The active site of DHNA-CoA synthase has
been identified in the crystal structures of its complexes with
acetoacetyl-CoA,>”*® the product,”® or more recently a
substrate analogue.®® It is located in a deep cleft composed of
residues from the N-terminal domain of one subunit and the C-
terminal helical domain of the opposing subunit across the
trimer—trimer interface. It is composed of a coenzyme A
binding site conserved in all the crotonase fold enzymes and a
binding site for the acyl portion of the OSB-CoA substrate
containing a number of conserved amino acid residues unique
to the MenB enzyrnes.zg"?’0 The ecMenB and scMenB structures
contain most of the conserved active site residues interacting
with the acyl portion of the substrate with the same position
and orientation as in other reported MenB structures. In
ecMenB structures, these residues form an oxyanion hole
consisting of Gly-86 and Gly-133 for stabilization of the enolate
intermediate, a hydrophobic patch consisting of Leu-106, Val-
108, and Leu-109 for recognition and interaction with the
nonpolar aromatic ring of the substrate, and other catalytically
essential motifs consisting of Ser-161, Asp-163, and Tyr-258
from a different subunit. In scMenB structures, the correspond-
ing amino acid residues are Gly-77, Gly-123, Leu-96, Val-98,
Leu-99, Ser-151, Asp-153, and Tyr-248, respectively. Notice-
ably, no amino acid residue equivalent to the catalytically
essential Asp-185 of mtMenB> is found in the active site of the
structure of either ecMenB or scMenB. A glycine residue, Gly-
156 in ecMenB or Gly-146 in scMenB, occupies the position of
the acidic residue in the mycobacterial enzyme in a structural
comparison.

scMenB is the first three-dimensional structure of DHNA-
CoA synthase in the phylloquinone biosynthetic pathway. It
contains 275 amino acid residues and exhibits a high degree of
homology with ecMenB (66% identical residues). The
conservation of the overall structural fold and all the important
active site residues in the cyanobacterial enzyme indicates that
scMenB is not different in catalytic mechanism from the
orthologues in the bacterial menaquinone biosynthetic path-
way, consistent with the earlier finding that it possesses the
same catalytic activity and bicarbonate dependence as
ecMenB.”!

Bicarbonate Binding Site. A bicarbonate anion is present
in each subunit of ecMenB and scMenB crystals grown in the
presence of S mM NaHCO,; (Figure 2C). Other small
molecules or ions such as water, chloride, glycerol, or MPD
from the crystallization buffer do not fit the observed electron
density at this position. The simple anion is located on top of
Gly-156 of ecMenB and Gly-146 of scMenB as part of the active
site and is opposite two glycine residues (Gly-86 and Gly-133
in ecMenB) whose backbone amides form an oxyanion hole for
activation of the substrate and stabilization of the enolate
oxyanion intermediate in the MenB-catalyzed intramolecular
Claisen condensation. Structural comparison shows that this
anion takes the same position and orientation as those in the
active sites of scMenB and the S. typhimurium MenB (stMenB,
PDB entry 3H02) and is found to occupy a position equivalent
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to that of the side chain carboxylate of the essential Asp-18S of
mtMenB (Figure 3).

B BCT stMenB
BCT scMenB
M NO3 ecMenB
BCT ecMenB

mtMenB ASP-185

Figure 3. Superposition of the bicarbonate cofactors or nitrate in type
I DHNA-CoA synthases and the side chain carboxylate of Asp-18S in
the type II mtMenB. The bicarbonate (BCT) ions are from the
ecMenB—HCO;~ complex, stMenB (PDB entry 3HO02), and the
scMenB—HCO;™~ complex; the nitrate ion is from the ecMenB—NO;~
complex, and the aspartate side chain with cyan carbon atoms is from
mtMenB in complex with acetoacetyl-CoA (PDB entry 1Q51). The
crystal structures are superimposed with PyMol, and only the anions
and the side chain of Asp-185 are shown. The number indicates the
distance between the two ends of the black dashed line in angstroms.

When the ecMenB crystal was grown in the absence of the
externally added NaHCO;, no bicarbonate was found in the
structure. Instead, a chloride ion was readily identified at the
equivalent position, consistent with the finding of a previous
study (Figure 2D).*° However, the structure of the scMenB
crystal grown in the absence of externally added NaHCOj; was
found to be identical to that of the crystals grown in the
presence of 5 mM NaHCO; and to bind a bicarbonate ion at
the same position. This unexpected result effectively validated
the finding of a bicarbonate ion in the structure of the stMenB
crystal grown in the absence of externally added NaHCO;. This
is consistent with the high affinity of scMenB for bicarbonate in
an activity characterization.”' Despite the similar bicarbonate
affinities of ecMenB and scMenB, the absence of bicarbonate
ion in the structure of the ecMenB crystals grown under similar
conditions may be due to inclusion of >150 mM NaCl in
buffers used in the current and previous studies,®® which was
not present in the crystallization buffers for scMenB or stMenB.
Nonetheless, the ready replacement of the chloride ion with
bicarbonate in the presence of 5 mM NaHCO; strongly
suggests that bicarbonate is a cognate ligand and binds to the
anion binding site of MenB with a much higher affinity than
chloride.

When the ecMenB crystal was grown in the presence of 5
mM NaNO;, nitrate ion was readily found in the anion binding
site of the resulting structure in a position identical to that of
the MenB-bound bicarbonate (Figure 3). This finding is highly
consistent with the previous kinetic results demonstrating that
nitrate inhibits the DHNA-CoA synthase activity of ecMenB
through competitive inhibition against the bicarbonate bind-
ing.*® The binding of nitrate and bicarbonate to the same anion
binding site strongly suggests that bicarbonate binds to the
active site and exerts its critical role in the catalytic mechanism
of the enzyme.

Factors Contributing to Bicarbonate Binding. In the
ecMenB—HCO;~ complex, the bicarbonate anion is within
hydrogen bonding distance of the side chain amide of a

dx.doi.org/10.1021/bi300486j | Biochemistry 2012, 51, 4580—4589
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(B) in the ecMenB—HCO;~ complex. The black square in panel A denotes a region corresponding to the enzyme active site. Electrostatic potentials
of less than —5 kT, neutral, and greater than S kT are colored red, white, and blue, respectively. The bound bicarbonate (BCT) is shown as sticks
with a yellow carbon atom, and its surrounding amino acid residues are shown as blue sticks in panel B.
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Figure S. Stereoview of the substrate analogue OSB-NCoA from an enzyme complex (PDB entry 3T88) superimposed into the active site of the
ecMenB—HCO;~ complex. The substrate analogue is represented as sticks with H, C, N, P, and O atoms colored white, green, blue, brown, and red,
respectively. The conserved active site residues in ecMenB are shown as sticks with gray carbons. The hydrogen bonds in the oxyanion hole and the
shortest distance between bicarbonate and the pro-R a-proton of the substrate analogue are indicated by dashed lines with distances in angstroms.

glutamine (GIn-154) and the backbone amides of Thr-155 and
Gly-156 (Figure 2C). The planar anion is tightly packed against
the hydrophobic indole ring of the Trp-184 side chain, leaving
an unliganded oxygen atom of the exogenous bicarbonate
pointing toward the empty active site cavity. The side chain of a
valine (Val-136) makes hydrophobic interactions with Trp-184
and may also contribute significantly to binding of the anionic
cofactor. In the scMenB—HCO;™ complex, the coordination
environment of the bicarbonate anion is almost the same and
the corresponding amino acid residues involved in the binding
are GIn-144, Thr-145, Trp-174, and Val-126. These bicar-
bonate-binding residues are conserved among all other type I
MenB orthologues, which contain a conserved glycine residue
corresponding to Gly-156 of ecMenB.*® The roles of these
residues in bicarbonate binding revealed by the protein
structures are strongly supported by the previous kinetic
results that the bicarbonate binding affinity is decreased by >20-
fold with a concomitant decrease in the DHNA-CoA synthase
activity by mutation of GIn-154 or Trp-184 to alanine or
phenylalanine, respectively, in ecMenB.>

Besides the specific interactions, the surface electrostatic
potential of the protein was also explored for its potential role
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in the binding of the small anions. As shown in Figure 4A, a
large proportion of the hexameric surface of ecMenB exhibits
negative electrostatic potential, whereas small isolated regions
corresponding to the enzyme active sites near the subunit
interface present positive surface electrostatic potential. This
unique distribution of electrostatic potential may facilitate
capture of the negatively charged OSB-CoA substrate by the
enzyme from the bulk solution. Within the active site cavity, the
anion binding pocket is covered by a surface with highly
positive electrostatic potential (Figure 4B), which is believed to
be involved in the capture of the bicarbonate cofactor through
nonspecific electrostatic attraction. However, the contribution
of this nonspecific electrostatic interaction to the binding of
bicarbonate, relative to the specific hydrophobic and hydrogen
bonding interactions, is difficult to measure. Nonetheless, the
fact that this nonspecific electrostatic attractive force is able to
fix a chloride ion without the help of any specific hydrogen
bonding interactions in apo-ecMenB (Figure 2D) is a clear
indication that it also plays a critical role in bicarbonate binding.
The positive electrostatic surface of the bicarbonate binding site
is partly due to Lys-158, which is opposite Gly-156 in the same
helix (HS in Figure 2B) and conserved among all type I MenB

dx.doi.org/10.1021/bi300486j | Biochemistry 2012, 51, 4580—4589
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orthologues. It is thus a general feature of all type I MenB
proteins, which has genetically evolved as an integral part of the
mechanism for binding of the catalytically essential bicarbonate
cofactor.

Catalytic Role of the Bicarbonate lon. To reassess the
potential role of the bicarbonate ion in MenB catalysis, the
stable analogue o-succinylbenzoyl-aminoCoA (OSB-NCoA) of
the o-succinylbenzoyl-CoA (OSB-CoA) substrate was manually
docked into the active site of the ecMenB—HCO;~ complex
through superposition with the recently determined crystal
structure of the E. coli MenB in complex with OSB-NCoA
(PDB entry 3T88).>° Except for an ordered loop containing
residues 87—106 in the ecMenB complex structure, these two
structures extensively overlap and contain most of the identified
active site residues in exactly the same position and orientation.
After the structures had been superimposed, the polypeptide
chain of the MenB—OSB-NCoA complex was removed to leave
the substrate analogue in the active site of the eeMenB—HCO;~
complex. As shown in Figure 5, the bicarbonate ion is close to
the a-carbon of the substrate analogue in the model, taking a
position suitable for abstraction of the pro-R a-proton with an
estimated distance of 3.7 A. This analysis suggests that the
bicarbonate ion could serve as the essential catalytic base in the
MenB-catalyzed reaction, as proposed previously.*’

The proposed role of the bound bicarbonate cofactor as a
catalytic base is consistent with the experimental finding that
bicarbonate is essential to the activities of MenB orthologues
(type 1 enzymes) with a conserved glycine residue correspond-
ing to Gly-156 of ecMenB.**" It also offers a unified catalytic
mechanism for all MenB enzymes in which an equivalent acidic
group, either the bound bicarbonate in type I MenB enzymes
or the side chain carboxylate of a conserved aspartate with a
spatial position equivalent to that of Asp-185 of mtMenB in the
bicarbonate-independent MenB orthologues (type II enzymes),
serves as the essential base for the generation of the enolate
intermediate for intramolecular Claisen condensation in the
synthesis of DHNA-CoA. This proposal that a conserved acidic
group acts as a catalytic base is supported by the presence of an
equivalent functional group in other members of the crotonase
superfamily. Structurally, the conserved MenB base is
equivalent to Glu-164 of enoyl-CoA hydratase (crotonase or
ECH),**** Glu-165 of rat mitochondrial enoyl-CoA isomerase
(MCI),**** Glu-196 of the rate dienoyl-CoA isomerase
(DCI),>® and Glu-143 of hydroxycinnamoyl-CoA hydratase-
lyase (HCHL),*® which all serve as the catalytic base
responsible for the abstraction of a proton from the a-carbon
of the coenzyme A thioester. Sequence analysis also shows that
an acidic functional group corresponding to Asp-185 of
mtMenB is conserved among most members of the crotonase
superfamily (Figure 6).

The proposed role of the bound bicarbonate cofactor in type
I MenB enzymes and the conserved aspartate in type II MenB
enzymes is also supported by the experimental finding that the
pro-R a-proton of the OSB-CoA substrate is abstracted.®" This
pro-R stereochemistry is also found in the a-proton abstraction
of crotonase®’ and rat liver A3 A3-2,4-dienoyl-CoA isomerase
(DCI).>** Moreover, analysis of the topological arrangement
of the catalytic base and the bound substrate analogues in
crystal structures of other crotonase fold proteins, such as rat
mitochondrial 3-enoyl-CoA isomerase®® and the dioxygenase
DpgC,°*®" also supports pro-R specific a-proton abstraction.
Thus, despite the finding of pro-2S stereochemistry for the
reverse Dickmann condensation catalyzed by another crotonase
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S7 S8 H5 H6
- - B -
ecMenB 145 TAADN--AIFGQTEPKVGSFDGGWGASYMARIVG 176
stMenB 145 IAAEN--AIFGOT@PKVGSFDGGWGASYMARIVG 176
scMenB 135 IAADN--AIFGQTBPKVGSFDGGFGSSYLARIVG 16¢
mtMenB 173 LASREY-ARFKQTDADVGSFDGGYGSAYLARQVG 205
msMenB 168 LASREH-ARFKQTDADVGSFDGGFGSAYLARQTG 200
ratECH 124 YAGEK--AQFGQPEILLGTIFGAGGTQRLTRAVG 155
HCHL 132 ICADE--ATFGLSEINWGIPPGNLVSKAMADTVG 163
ratDCI 133 YCTQD--AFFQVKEVDVGLAADVGTLQRLPKVIG 164
ratMCI 124 IMADNSKYTIGLNESLLGIVAPFWLKDNYVNTIG 157
Figure 6. Conservation of a general base among MenBs and other

crotonase fold enzymes. The bases in the type I MenBs are
bicarbonate ions bound at a position above the underlined conserved
glycine residue as found in crystal structures: Gly-156 of ecMenB (GI
16130197), Gly-156 of stMenB (GI 16761233), and Gly-146 of
scMenB (GI 16330127). The bases in type II mtMenB (GI 15607688)
and msMenB (GI 118472778) are Asp-185 and Asp-180, respectively.
A conserved glutamate residue has been experimentally shown to be
the catalytic base responsible for the abstraction of a proton from the
a-carbon of the thioester substrates in other crotonase fold enzymes,
including Glu-164 of rate crotonase (ratECH, GI 3212678), Glu-165
of rat mitochondrial enoyl-CoA isomerase (ratMCI, GI 56967286),
Glu-196 of the rate dienoyl-CoA isomerase (ratDCI, GI 4699607), and
Glu-143 of hydroxycinnamoyl-CoA hydratase-lyase (HCHL, GI
189096078). The sequences were aligned with ClustalW, and the
residues corresponding to the conserved base are highlighted in red for
type I MenBs, blue for type II MenBs, and green for other crotonase
superfamily members. The secondary structures above the sequences
are from ecMenB illustrated in Figure 2B, which are represented as
arrows for fB-pleated sheets and rectangles for a-helices.

fold enzyme Badl,”> which is consistent with the alternate
catalytic mechanism for MenB,”** the proposed role of the
conserved acidic group in MenB enzymes unifies the catalytic
mechanism of many members of the crotonase superfamily in
that a conserved catalytic base and a conserved pro-R
stereochemistry are involved in the a-proton abstraction.

Except for the conserved acidic group corresponding to the
bicarbonate cofactor in type I MenB enzymes and Asp-185 of
mtMenB in type II enzymes, there is another catalytically
essential acidic aspartic acid residue corresponding to Asp-163
of ecMenB® or Asp-192 of mtMenB,” which is strictly
conserved among all MenB enzymes.”® These two conserved
acidic groups are reminiscent of the two active site glutamic
acids in crotonase, Glu-144 and Glu-164 that are crucial to
enzyme activity. In crotonase catalysis, Glu-144 is connected to
the catalytic base Glu-164 by an active site water molecule
through hydrogen bonding and acts in concert with the latter to
effect syn addition of a water molecule to a 2-enoyl-CoA
substrate or syn elimination of a water molecule from a 3-
hydroxyalkanoyl-CoA substrate in either an Elcb or a
concerted mechanism.%*® Currently, it is not known whether
the second conserved aspartate in MenB would resemble Glu-
144 of crotonase to interact with the catalytic base in the
catalytic mechanism. Although it is suggested to particigate in
catalysis after ligand-induced conformational change,* this
second conserved base is separated from the catalytic base by
>5.1 A and is not posed suitably for catalysis in the known
crystal structures of mtMenB or the holo form of ecMenB,
scMenB, or stMenB. Further investigation is needed to probe
the role of this second conserved acidic group in the MenB
catalytic mechanism.

Summary. In this study, we determined the crystal
structures of the MenB orthologues from E. coli (ecMenB)
and Synechocystis sp. PCC6803 (scMenB) in the presence and
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absence of externally added bicarbonate. In the meantime, we
have also determined the crystal structure of ecMenB in
complex with nitrate, an inhibitor directly competing with
bicarbonate.”® These crystal structures unequivocally demon-
strate that bicarbonate is bound to the active site at a position
corresponding to Gly-156 of ecMenB, which is strictly
conserved among all type I MenB enzymes. In addition, the
crystallographic results also show that the type I MenB
enzymes are indeed able to trap bicarbonate in their active
sites in open air even without externally added bicarbonate in
the buffer, thus validating the previous finding of a bicarbonate
ion in the active site of the enzyme from S. typhimurium
(stMenB). This finding of bicarbonate at the MenB active site
provides a solid structural basis for the dependence of DHNA-
CoA synthase activity of type I enzymes on the simple anion.
The location of the bicarbonate ion in relation to a modeled
substrate analogue at the enzyme active sites strongly supports
the idea that the anionic cofactor serves as the catalytic base in
abstraction of a proton from the a-carbon of the coenzyme A
thioester substrate.
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