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Abstract

MenB, the 1,4-dihydroxy-2-naphthoyl-CoA synthase from the bacterial menaquinone biosynthesis

pathway, catalyzes an intramolecular Claisen condensation (Dieckmann reaction) in which the

electrophile is an unactivated carboxylic acid. Mechanistic studies on this crotonase family

member have been hindered by partial active site disorder in existing MenB X-ray structures. In

the current work the 2.0 Å structure of O-succinylbenzoyl-aminoCoA (OSB-NCoA) bound to the

MenB from Escherichia coli provides important insight into the catalytic mechanism by revealing

the position of all active site residues. This has been accomplished by the use of a stable analogue

of the O-succinylbenzoyl-CoA (OSB-CoA) substrate in which the CoA thiol has been replaced by

an amine. The resulting OSB-NCoA is stable and the X-ray structure of this molecule bound to

MenB reveals the structure of the enzyme-substrate complex poised for carbon-carbon bond

formation. The structural data support a mechanism in which two conserved active site Tyr

residues, Y97 and Y258, participate directly in the intramolecular transfer of the substrate α-

proton to the benzylic carboxylate of the substrate, leading to protonation of the electrophile and

formation of the required carbanion. Y97 and Y258 are also ideally positioned to function as the

second oxyanion hole required for stabilization of the tetrahedral intermediate formed during

carbon-carbon bond formation. In contrast, D163, which is structurally homologous to the acid-

base catalyst E144 in crotonase, is not directly involved in carbanion formation and may instead

play a structural role by stabilizing the loop that carries Y97. When similar studies were

performed on the MenB from Mycobacterium tuberculosis, a twisted hexamer was unexpectedly

observed, demonstrating the flexibility of the interfacial loops that are involved in the generation

of the novel tertiary and quaternary structures found in the crotonase superfamily. This work
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reinforces the utility of using a stable substrate analogue as a mechanistic probe in which only one

atom has been altered leading to a decrease in α-proton acidity.

Menaquinone (vitamin K2; Figure 1) is a polyisoprenylated naphthoquinone that functions

as a redox active cofactor in the electron transport chain of most Gram positive and some

Gram negative bacteria (1–2). Although humans utilize menaquinone and the related

naphthoquinone vitamin K1 (phylloquinone; Figure 1) for the γ-carboxylation of glutamate

residues (3–4), mammalian cells are unable to undertake the de novo synthesis of

menaquinone, and thus bacterial enzymes in the menaquinone biosynthesis pathway are

potential targets for antibacterial drug discovery (5–8).

The biosynthesis of menaquinone from chorismate was originally elucidated in Escherichia

coli, Bacillus subtilis and Mycobacterium phlei (9–10) and recently refined by Jiang et al.

(11–12) (Figure 1). A key step in this pathway is the reaction catalyzed by the 1,4-

dihydroxynaphthoyl-CoA synthase (MenB) in which the second naphthoquinone aromatic

ring is formed through an intramolecular Claisen (or Dieckmann) condensation involving

the succinyl side chain of O-succinylbenzoate (OSB) (8, 13–14). In Claisen condensations,

such as that catalyzed by the β-ketoacyl-ACP synthases, normally both nucleophile and

electrophile are activated through the formation of thioesters (15–16). However, the MenB

reaction is an unusual one since only the nucleophile is activated (8).

MenB is a member of the crotonase superfamily in which a common theme is the

stabilization of a CoA thioester oxyanion intermediate by an oxyanion hole (16–20). This

structural feature is conserved in MenB where it plays a critical role by acidifying the OSB-

CoA α-protons and promoting carbanion formation (8). However the identity of the base

that abstracts the α-proton has still not been fully resolved. The mechanism originally

proposed by our group involved an intramolecular proton transfer from C2 to the OSB

carboxylate resulting in carbanion formation and also leading to protonation of the acid, thus

making it a better electrophile (8). In contrast, more recently it has been suggested that an

active site Asp or a bicarbonate cofactor functions as the base (21). In addition, by analogy

with enzymes such as the β-ketoacyl-ACP synthases (16), a second oxyanion hole must be

present in the active site to stabilize the tetrahedral oxyanion intermediate formed by carbon-

carbon bond formation. However the identity of this second oxyanion hole, which is not

normally a feature of crotonase superfamily members, is an open question.

Our ability to fully elucidate the mechanism of MenB and address the questions raised

above has been hindered by the lack of structural data in which the MenB active site is

intact. Currently structures exist of the MenB enzymes from Mycobacterium tuberculosis

(mtMenB, 1Q51, 1RJN; (8, 22)), Staphylococcus aureus (saMenB, 2UZF; (23)), Salmonella

typhimurium (stMenB 3H02; (24)) and Geobacillus kaustophilus (gkMenB, 2IEX; (25)).

However in each case a portion of the MenB active site is disordered. This region displays

variability in sequence even within the MenB family and also little conservation in structure

throughout the crotonase superfamily, which has hindered our attempts to use sequence

homology to predict the function of amino acids in this part of the active site. Although

several of these enzymes were crystallized in the presence of acyl-CoA ligands, including

the product of the reaction, only in the case of acetoacetyl-CoA can the acyl group be
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visualized. We hypothesized that a stable analogue of the substrate that retained all enzyme-

substrate interactions would make an ideal structural probe and consequently we used a

chemoenzymatic approach to synthesize OSB-aminoCoA (OSB-NCoA) in which the

thioester sulfur is replaced by a nitrogen. The resulting decrease in α-proton acidity resulting

from conversion of the CoA thioester into an amide reduces the stability of the carbanion

sufficiently so that the Claisen condensation reaction is prevented. Subsequent structural

studies revealed that the OSB-NCoA successfully traps the previously disordered active site

region in a well-defined conformation, providing valuable information on substrate

recognition and the catalytic mechanism of this intriguing reaction.

Experimental Procedures

Chemicals were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics,

Alfa Aesar) and used without further purification. All solvents were purchased from Fisher

Scientific. 1H-NMR spectral data were recorded on a Varian Gemini-2300 or Varian

Inova-400 NMR spectrometer. Mass spectral data were obtained using an Agilent 1100 LS-

MS electrospray ionization single quadrupole mass spectrometer. HPLC analysis was

performed using a Shimadzu LC-10AVP chromatography system with an XTerra MS C18

reverse-phase column (4.6×100 mm, 3.5 μm) and by running a linear gradient of 0–100%

solvent B (acetonitrile) in solvent A (5% acetic acid/H2O) over 20 min at a flow rate of 1ml/

min.

Ligand synthesis

OSB-aminoCoA (OSB-NCoA; Figure 2) was synthesized chemoenzymatically according to

the route shown in Scheme 1 (Figure S1). This method is based on the strategy employed for

the synthesis of acyl-CoA analogues initially described by Drueckhammer (26–27) and

employed by us for the synthesis of crotonyl-oxyCoA (28) in which the OSB-

aminopantetheine is initially synthesized chemically and then converted to the final product

using enzymes from the CoA biosynthetic pathway. OSB-CoA methyl ester and OCPB-CoA

(Figure 2) were synthesized from the respective acids and CoA. A detailed description of the

synthetic methods together with compound characterization is given in the supplementary

information.

Preparation of wild-type and mutant MenB enzymes

The MenB enzyme from Mycobacterium tuberculosis (mtMenB) was expressed and purified

as described previously (8). In order to obtain the corresponding enzyme from Escherichia

coli (ecMenB), the E. coli menb gene b2262 (858 bp) was cloned into the pET-15b plasmid

(Novagen) and placed in frame with an N-terminal His-tag sequence. Protein expression was

performed using BL21 (DE3) E. coli cells essentially as described for mtMenB. A 1 l culture

of cells was induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at an OD600 of

0.8 and harvested by centrifugation after shaking for 12 h at 25°C. The cell pellet was then

resuspended in 30 ml of His binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris HCl,

pH 7.9) and lysed by 3 passages through a French Press cell (1000 psi). Cell debris was

removed by centrifugation at 33,000 rpm for 60 min at 4 °C. ecMenB was purified using

His-tag affinity chromatography. The supernatant was loaded onto a His-bind column (1.5
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cm × 15 cm) containing 4 ml of His-bind resin (Novagen) that had been charged with 9 ml

of charge buffer (Ni2+). The column was washed with 60 ml of His-binding buffer and 30

ml of wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris HCl, pH 7.9). Subsequently,

the protein was eluted using a gradient of 20 ml elution buffer (60–500 mM imidazole, 0.5

M NaCl, 20 mM Tris HCl, pH 7.9). Fractions containing ecMenB were collected and the

imidazole removed using a Sephadex G-25 chromatography column (1.5 cm × 55 cm) with a

buffer containing 20 mM NaH2PO4, 0.1 M NaCl at pH 7.0 as eluent. The protein was found

not to be stable with the His-tag, and therefore it was removed by treating the protein with

biotinylated thrombin overnight at RT. After the biotinylated thrombin was captured with

streptavidin agarose, the protein was concentrated using a Centricon-30 (Amicon)

concentrator and stored at −80 °C. The concentration of ecMenB was determined by

measuring the absorption at 280 nm and using an extinction coefficient of 36,040 M−1cm−1

calculated from the primary sequence. The purified protein was >95% pure on SDS-PAGE

which gave an apparent MW of ~30 kDa.

Quikchange mutagenesis was used to prepare the D185E, D185G and S190A mutants of

mtMenB and the Y97F and G156D mutants of ecMenB. These mutant proteins were

expressed, purified and stored as described for the wild-type enzymes. The primers used to

generate the mutants are given in the supporting information.

Crystallization, data collection and structure determination

apo-ecMenB and OSB-NCoA:ecMenB—Apo-ecMenB was crystallized using the

sitting drop vapor diffusion technique. 0.5 μl of 350 μM protein solution was mixed with 0.5

μl of reservoir solution (200 mM sodium malonate at pH 7.0 and 20% PEG 3350, Hampton

Research) and equilibrated against 75 μl of reservoir solution. Plates of 0.3 mm length in the

longest dimension appeared in one day. The crystals were cryo-protected using a solution

that contained 200 mM sodium malonate at pH 7.0, 21% PEG 3350, 25% glycerol and 20

mM NaH2PO4 at pH 7 and cryo-cooled in liquid nitrogen.

ecMenB in complex with OSB-NCoA was crystallized similarly using a sitting drop

comprising 0.5 μl of 350 μM protein solution containing 1.7 mM of OSB-NCoA and 0.5 μl

of reservoir solution (100 mM Bis-tris at pH 6.5, 200 mM NaCl and 25% PEG 3350,

Hampton Research). Small bipyramids appeared in one day, and a long rod (0.6 mm in the

long dimension) with a hollow core appeared in two days. The bipyramids did not improve

and were not used for the diffraction experiment. A portion of the long rod was cryo-

protected in a solution containing 100 mM Bis-Tris at pH 6.5, 200 mM NaCl, 26% PEG

3350, 25% glycerol, 20 mM NaH2PO4 at pH 7 and 200 μM OSB-NCoA, and cryo-cooled in

liquid nitrogen.

Data were collected at beamline X29 at the National Synchrotron Light Source (NSLS) in

Brookhaven National Laboratory, indexed, integrated and scaled using HKL2000 (29). The

binary structure was solved by MolRep (30) using the structure of MenB from Salmonella

typhimurium (stMenB) as a search model (PDB code 3H02). Clear densities for OSB-NCoA

and the missing residues 89–103 in the search model were revealed and built into the model.

Residues in ecMenB inconsistent with the stMenB structure were fixed. Restraints for OSB-

NCoA were generated by eLBOW (31) using the appropriate SMILES string (32) (see

Li et al. Page 4

Biochemistry. Author manuscript; available in PMC 2014 August 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Supporting Information), and coordinates were refined in Phenix (33). Manual model

building was performed in Coot (34). The density adjacent to G156 and the succinyl group

of OSB-NCoA could not be simply accounted for by water. Modeling of a chloride ion

present in the crystallization buffer eliminated the majority of the difference density. Several

cycles of refinement followed by manual model building reduced both the working and free

R factors significantly to below 20%. Densities for part of a PEG 3350 molecule (essentially

three units of ethylene glycol) and glycerol from the cryo solution were found on the surface

and were included in the structure. Protein geometry and all-atom contacts including added

hydrogens were analyzed by MolProbity (35). Some Asn, Gln and His residues were

subsequently flipped following this analysis. Although MolProbity suggested clashes

between the OSB C2 and the oxygen attached to C7 in some monomers, the density map

suggests that these atoms are indeed brought into close proximity. Statistics from diffraction

data processing, model refinement and validation are summarized in Table 1.

mtMenB—A solution of 280 μM mtMenB was incubated with 3.7 mM OSB-NCoA for 1 h

on ice. One μl of this protein solution was then mixed with 1 μl of reservoir solution

containing 100 mM HEPES pH 8.0, 300 mM NaCl and 19% PEG 6000 and set up for

hanging drop, vapor diffusion crystallization against 500 μl of reservoir solution at RT. The

crystal grew into an irregular rod, 0.2 mm in the long dimension, and was cryo-cooled in

liquid nitrogen on day 6 after stepwise transfer into a cryo solution containing 100 mM

HEPES pH 8.0, 20 mM NaH2PO4 pH 7.0, 1 mM OSB-NCoA, 100 mM NaCl, 20% PEG

6000, and 22% glycerol. In a separate setup, 280 μM mtMenB was incubated with 1 mM

OSB-NCoA for 40 min at RT after which 1 μl of this solution was mixed with 1 μl of

reservoir solution containing 100 mM Tris pH 8.0, 200 mM Li2SO4 and 19% PEG 3350 and

set up for hanging drop, vapor diffusion crystallization against 500 μl of reservoir solution at

RT. Crystals of various shapes were obtained and cryo-cooled in liquid nitrogen on day 14

after soaking in a cryo solution containing 100 mM Tris pH 8.0, 200 mM Li2SO4, 23% PEG

3350, 22% glycerol, 20 mM NaH2PO4 pH 7.0 and 1 mM OSB-NCoA.

Diffraction data were collected at beamline X29 at the NSLS, indexed, integrated and scaled

using HKL2000. Structure solutions were found by MolRep or Phaser (36) molecular

replacement using the mtMenB structure 1Q51 as the search model (8). The same hexagonal

crystal form was observed from both crystallization conditions, but an additional

rhombohedral crystal form was obtained from the second condition. The rhombohedral

structure was solved with two monomers in the asymmetric unit, but the second monomer

was found by molecular replacement only after removing the C-terminal domain from the

1Q51 search model.

Enzyme kinetics—Steady-state kinetic parameters for ecMenB and mtMenB were

determined in 20 mM Na2HPO4, 150 mM NaCl, 1 mM MgCl2, pH 7.0 buffer at 25 °C using

a coupled assay (8). The formation of DHNA-CoA at 392 nm was monitored using a

CARY-300 spectrophotometer, and reactions were initiated by addition of MenB to

solutions containing OSB, ATP (120 μM), CoA (120 μM) and ecMenE (4 μM). The final

assay volume was 500 μl. Kinetic parameters were calculated by fitting the initial velocity
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data to the Michaelis-Menten equation and using an extinction coefficient of 4, 000

M−1cm−1 for DHNA-CoA at 392 nm.

Results and Discussion

Active site disorder

MenB catalyzes an intramolecular Claisen condensation reaction in which the electrophile is

an unactivated carboxylic acid. Apart from the oxyanion hole that stabilizes the carbanion

(enolate) and which is a common feature of crotonase superfamily enzymes, insight into

other aspects of the mechanism including α-proton abstraction, carbon-carbon bond

formation and stabilization of the resulting tetrahedral oxyanion requires specific

information on how the acyl portion of the substrate interacts with active site residues.

Based on previous structures of mtMenB in complex with acetoacetyl-CoA and DHNA-

CoA, L134, I136 and L137 have been suggested to make hydrophobic contacts with the

aromatic ring of OSB while D185, A192, S190 and Y287 are potential proton donors and

acceptors involved in the MenB reaction (8, 22). However the exact role that each residue

plays in the reaction is difficult to determine given the active site disorder, which is

normally observed in MenB X-ray structures and which, for mtMenB, includes residues

108–125 (the A-loop). Although the acyl group for acetoacetyl-CoA can be observed, this is

a poor mimic of the natural substrate. In addition, the acyl group of the product, DHNA-

CoA, cannot be observed most likely due to disorder. Nevertheless, we noticed that in the

saMenB structure with acetoacetyl-CoA, only 8 residues (residues 79–86) were missing

from the A-loop (23) presumably due to its shorter sequence in this nonconserved region.

We therefore speculated that an acyl-CoA ligand that better mimicked the native substrate

combined with a MenB enzyme with a shorter loop might increase the chance of revealing

an intact active site together with details of the enzyme-substrate interactions.

The OSB-NCoA substrate analogue

We speculated that replacing the thioester in OSB-CoA with an amide would reduce α-

proton acidity sufficiently to prevent formation of the carbanion required for carbon-carbon

bond formation. This approach has previously been utilized in structural studies of

succinyltransferase (37), while an acyl-CoA amide analogue has also been used to probe the

mechanism of substrate recognition and catalysis by the crotonase superfamily member

dihydroxyphenylglyoxylate synthase (DpgC) (38–40). In addition the amide analogue will

be more stable to hydrolysis than the thioester counterpart, and so we prepared OSB-NCoA

using the chemoenzymatic route described here. As anticipated, no reaction could be

detected when OSB-NCoA was incubated with ecMenB or mtMenB even at high (100 μM)

enzyme concentrations. We thus used OSB-NCoA as a ligand for co-crystallization with the

two enzymes.

Structure of the ecMenB:OSB-NCoA complex

While apo-ecMenB crystallizes in the same space group (P212121) as apo-stMenB (3H02),

co-crystallization of ecMenB with OSB-NCoA resulted in a different crystal form with

space group P21212. Both structures were refined to a similar resolution of 2 Å with R

factors below 0.2 (Table 1). The asymmetric unit contains a hexamer in both cases with the
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same tertiary and quaternary structure observed for other MenB enzymes. The crotonase

fold and hexameric assembly are shown in Figure 3a. The three C-terminal helices (H14–

H16, the C-loop) fold across the trimer-trimer interface and contribute to part of the active

site in the opposing trimer, a characteristic of all known MenB hexamers (8, 22–23) (Figure

3a, 3b).

Conformation of the A-loop

In the structure of OSB-NCoA bound to ecMenB, the ligand can be observed in all six active

sites of the hexamer. Significantly, there is no active site disorder and thus the entire active

site of MenB is revealed for the first time (Figure 3c). The A-loop, comprising Q88 to L106

in ecMenB, is locked in the same conformation for all six monomers, forming an additional

α coil followed by a loop leading to a β turn and a short β hairpin (the A-loop, Figure 3d).

This extensive β-like secondary structure is apparently only trapped by substrate binding

since secondary structure prediction in the absence of ligand only infers a disordered loop or

α-helical structure (41). The A-loop not only covers the active site, but also packs against

the C-terminal helices from two neighboring monomers (yellow and cyan monomers, figure

3d), contributing to the integrity of the MenB hexameric assembly. This includes the C-

terminus of a monomer from the opposing trimer which, together with the A-loop, forms

part of the active site (C-loop, yellow monomer, figure 3d). In contrast, the A-loop remains

disordered for apo-ecMenB as observed in other known MenB structures, and part of the C-

loop is also less ordered or displays higher B factors. Placing the hexamer for the enzyme-

ligand complex in the lattice of the apo structure generates clashes between the A-loop and

an adjacent apo hexamer, indicating incompatibility of this A-loop conformation in the apo

crystal form. Apparently the crystal form is altered for the binary complex due to the change

in A-loop location upon binding of OSB-NCoA.

Binding mode of the substrate

OSB-NCoA adopts the same conformation in each of the 6 active sites. The CoA portion of

the ligand is bound in the U-shaped conformation that is seen in the structures of other

crotonase family members (8, 38, 42–48). In addition, the OSB portion is bound in such a

way that the C7 carboxylate and C4 carbonyl are clearly out of the plane of the benzene

ring, which is also the case when OSB is bound in OSB synthase from Amycolatopsis sp.

(1SJB; (49)) and OSB-CoA synthase from Thermobifida fusca (2QVH; (50)). In the MenB

reaction carbon-carbon bond formation occurs between the OSB C2 and C7 atoms which are

within 3.5 Å of each other in the OSB-NCoA structure. In contrast, the distance between the

C2 and C7 atoms is > 5.3 Å in the OSB and OSB-CoA synthases where C-C bond formation

does not occur (1FHV, 1SJB and 2QVH (49, 51)). The OSB-NCoA benzoate is surrounded

by Y97, F48, L106, V108, L109, Q112, A163 and F162 from the same monomer, Y258 and

T254 from the opposing monomer, and an array of eight ordered water molecules. The side

chains of L106, V108, L109 and T254 provide favorable hydrophobic interactions with the

benzene ring, while the hydroxyl groups from Y97, Y258, and an ordered water molecule

provide hydrogen bonding interactions to the carboxylate (Figure 3e). Two additional water

molecules extend the hydrogen bonding network to the backbone carbonyl of F48. Other

ordered water molecules in the binding pocket mediate a second hydrogen bonding network

that involves the backbone carbonyl groups of F162 and G133, and the side chains of T254,
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D163 and Q112. In addition, S161, an ordered water and a chloride ion are located adjacent

to the OSB succinyl moiety. The chloride ion is modeled instead of a water molecule

because the electron density is larger than that expected for water. In addition, the negatively

charged chloride also interacts favorably with the side chain of Q154 and the backbone NH

group of T155. The water molecule is adjacent to the OSB C2 and makes polar interactions

with the chloride ion, the oxygen atom of the C4 carbonyl on OSB and the side chain of

S161. Finally, the OSB-NCoA amide carbonyl oxygen is hydrogen bonded in the oxyanion

hole formed by the backbone NH groups of G86 and G133 (Figure 3e), a feature that is

characteristic of the crotonase superfamily. These interactions orient the OSB moiety into

the conformation required for carbon-carbon bond formation, and also prevent the OSB

carboxylate from attacking the OSB C-4 carbonyl, which is the first step in the uncatalyzed

decomposition of OSB-CoA to spirodilactone.

Intramolecular proton transfer

Compared with the structure of OSB determined by energy minimization (52), the bound

OSB in the MenB active site adopts a reactive conformation in which the C7 carboxylate is

positioned significantly closer toward C2 (Figure 3f). In the unbound structure the oxygen

atom on the C7 carboxylate is more than 3.3 Å away from C2 whereas in the bound OSB

this distance is between 2.7 and 2.9 Å. Although this is considered an unfavorably close

approach of the two atoms by MolProbity, the density map supports the observed interaction

which, for the natural substrate, will facilitate the transfer of the pro-2S proton from C2 to

C7. This proton transfer is likely facilitated by two nearby Tyr residues, Y97 and Y258

(Figure 3e), which are expected to have pKa values intermediate between the α-proton and

the OSB-carboxylate. Instead of direct transfer from C2 to C7, it is possible that Y97 acts as

a proton shuttle given its syn position with respect to the carboxylate (53) and its orientation

with respect to the C2-Hs bond. In addition, the hydrogen bonding pattern in which Y97 and

Y258 donate two in-plane hydrogen bonds to one oxygen atom of the C7 carboxyl group

and an ordered water donates one out-of-plane hydrogen bond to the second oxygen

suggests that the C7 carboxylate is deprotonated (54). Therefore the C7 carboxylate remains

capable of accepting a proton in this binding environment. Thus, intramolecular proton

transfer from C2 to C7 not only leads to carbanion formation but also protonates the

carboxylate thus making it a better electrophile. In this regard, we note that the involvement

of a substrate carboxylate as an acid/base catalyst has also been suggested for 3(S)-

methylglutaconyl-CoA hydratase, another member of the crotonase superfamily (55).

The tetrahedral oxyanion hole

By analogy to the Claisen condensation reactions catalyzed by the β-ketoacyl-ACP

synthases in fatty acid biosynthesis, a second oxyanion hole is required to stabilize the

tetrahedral oxyanion that results from carbanion attack on the protonated OSB carboxyl

group (15–16). The two Tyr residues, Y97 and Y258, are ideally positioned to fulfill this

function. Sequence alignment demonstrates that these residues are conserved in the MenB

family despite significant variability in the A-loop that carries Y97 (Figure 4). The two Tyr

residues are also conserved in BadI, a crotonase superfamily member that catalyzes a retro-

Dieckmann condensation presumably via an analogous tetrahedral oxyanion intermediate

(56). The alignment with Y97 is not straightforward without the present structure given that
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additional Tyr residues are present in the A-loop of other MenB enzymes and also because

of the active site disorder that characterizes other MenB structures. Once Y97 is aligned

properly, the conservation of G96 is also revealed. G96 is adjacent to Leu-106 in space,

another conserved residue making direct hydrophobic contacts with the aromatic ring of

OSB. Replacement of Y97 with a phenylalanine in ecMenB leads to an inactive enzyme

(Table 2) that preserves the overall structure of the enzyme (Figure S5), and previously we

demonstrated that the homologue of the second Tyr in mtMenB was essential (Y287) (8).

These observations strongly suggest that the two Tyr residues play a critical role in the

MenB reaction. A similar strategy is employed by hydroxycinnamoyl-CoA hydratase–lyase

(HCHL), another crotonase superfamily member that uses two Tyr residues as a molecular

“pincer” to recognize the substrate, initiate deprotonation and exert strain on the substrate.

The two Tyr residues in HCHL are located on analogous loops to those found in MenB

(Figure 4), one of which is also only observed when the analogous A-loop in HCHL

becomes ordered (48).

Structure of the mtMenB:OSB-NCoA complex

We also attempted to co-crystallize OSB-NCoA with mtMenB which has an A-loop that is 9

residues longer than in ecMenB. The resulting structure is in space group P6122 and

contains three MenB monomers in the asymmetric unit (Table 1). The same hexameric

assembly observed in existing MenB structures can be generated by a symmetry operation,

and the RMSD by aligning the Cα atoms in the three monomers with the equivalent

monomers in the hexamer of mtMenB (1Q51) is 0.376 Å. However, in contrast to ecMenB,

the A-loop is still disordered in all three monomers. Density for OSB-NCoA can be

observed but is weak in chain C possibly due to disorder or low occupancy. In chain B, the

density for the CoA portion is improved and there is more residual density for the acyl

portion, but the conformation for OSB cannot be determined unambiguously. There is little

evidence for the presence of OSB-NCoA in chain A. Instead, the CoA binding site is

occupied by the N-terminus of a monomer from a neighboring MenB hexamer in the crystal

lattice that prevents the ligand from binding, and hence full occupancy cannot be achieved

as in the ecMenB structure. Although the longer A-loop might be responsible for the

disorder in the mtMenB structure, it is also plausible that the A-loop only adopts a

productive conformation when all six active sites are occupied with the substrate. Such a

mechanism might exist to ensure that the MenB hexamer utilizes all its active sites

efficiently in catalysis.

Novel mtMenB hexameric assembly

In order to improve the occupancy of OSB-NCoA in mtMenB we attempted to identify a

different crystal form in which the N-terminal tail from one monomer did not block the CoA

binding site in an adjacent hexamer. We subsequently found a rhombohedral crystal with

high diffraction quality, which belongs to space group R3 and contains two monomers in the

asymmetric unit. The RMSDs between each monomer and that in 1Q51 are 0.627 Å and

0.364 Å over 211 and 197 Cα atoms, respectively. However, upon symmetry operation the

asymmetric unit generates a “staggered” hexamer in striking contrast to the eclipsed

configuration in all other known MenB structures (Figure 3a). In this new crystal form, the

two trimers in the hexamer are rotated 60° with respect to each other along their three-fold
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axis (Figure 5a). Consistent with this change in quaternary structure, there is local disruption

to the tertiary structure. While the A-loop is disordered, there is also significant disorder in

the C-terminal region. In chain A, the C-loop corresponding to residues 273–314 is

disordered, and the six preceding residues fold in a different direction resulting in a shift of

16 Å for the Cα of L272 compared to its position in 1Q51, suggesting a large-scale

dislocation of the C-loop. In addition, the B loop, which is comprised of residues 183–199

and also forms part of the active site, displays a different conformation in chain A so that

D187 travels 9 Å from the protein surface into the oxyanion hole (Figure 6b). The flexibility

of these loops is further reflected in chain B where the B-loop, the C-loop and the preceding

helix (residues 255–314) give little electron density. As a result, the normal active site seen

in other known structures is severely disrupted, and OSB-NCoA is not found in the

structure.

The disorder of the A-loop is a common observation among crotonase superfamily members

(enoyl-CoA hydratase (ECH) (46, 57–58), methylmalonyl CoA decarboxylase (MMCD)

(45), Δ3- Δ2-enoyl-CoA isomerase (ECI) (59), and hydroxycinnamoyl-CoA hydratase-lyase

(HCHL) (48)), while in MenB the flexibility of the B-loop and C-loop has also been

observed (8, 22). These loops together form the interface between the two trimers in the

hexamer that buries more than 3450 Å, or 24% of the total surface area, and which is likely

the reason for the stability of the mtMenB structure (22). However, the novel hexameric

structure reported here demonstrates that the flexibility of these loops can actually lead to a

trimer-trimer rotation which establishes new contacts between two A-loops and between the

B-loop and A-loop from the two trimers (Figure 5b). While the functional relevance of this

rotation is unclear at present, the observation is consistent with the versatility of these loops

in the controlling function within the superfamily (60). These loops comprise the active site

(Figure 5c), and share little similarity amongst superfamily members. The C-loop is known

to be involved in domain swapping that results in variation of the hexameric assembly (8,

45, 61). However, variation of the hexameric assembly within the same enzyme is less well

known. Two forms of hexamers have been observed for the yeast peroxisomal Δ3- Δ2-enoyl-

CoA isomerase (Eci1p) where it was speculated that the hexamer might dissociate into

trimers and associate with a different partner for entry into peroxisomes (59). While lower

oligomeric states have been reported for saMenB (23), there is little evidence for the

presence of trimeric mtMenB. In solution mtMenB is found exclusively as a hexamer (22),

and in the present rhombohedral crystal form the mtMenB monomers clearly form discrete

hexameric units. However, only 10% of the total surface area is buried upon trimer-trimer

association in contrast to the 24% that is buried in the normal MenB hexamer. Thus the

staggered hexamer is likely less stable than the hexameric structure usually adopted by

MenB.

Active sites of mtMenB and ecMenB

Although the A-loop and acyl portion of the ligand are not observed in mtMenB,

conservation of active site residues identified from the ecMenB structure, including those

involved in OSB binding and the two oxyanion holes (Figure 4), indicates that mtMenB is

capable of using the same catalytic mechanism as ecMenB. The non-conserved regions,

including the 9 extra residues in the A-loop of mtMenB, are expected to be outside the
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active site while catalysis takes place. One exception, though, is D185 of mtMenB which is

located next to the OSB succinyl group. This residue is replaced by G156 in ecMenB, and a

water/chloride ion replaces the D185 side chain (Figure 3e). Throughout the MenB family,

this residue is either an Asp or a Gly (Figure 4). Although G156 or the water molecule does

not appear to play a major role during α-deprotonation or stabilization of the two oxyanion

intermediates based on our ecMenB structure, a glutamate or water in a similar position has

been proposed to perform acid/base catalysis in a number of crotonase superfamily members

including ECH (62), dienoyl-CoA isomerase (63), ECI, (64), HCHL, (48) and DpgC (39).

The bicarbonate dependence in the MenB activities of E. coli, S. aureus and B. subtilis and

the presence of bicarbonate in the crystal structure of stMenB also has led to a proposal that

D185 is used for α-deprotonation in mtMenB and that a bicarbonate cofactor performs the

same function when the Asp is replaced by a Gly as in ecMenB, saMenB and bsMenB (21).

Our structural analysis of ecMenB, however, does not support this role for bicarbonate, and

bicarbonate is also not observed in the structures of saMenB and gkMenB (23, 25).

Nevertheless, both the ordered water molecule in ecMenB and D185 in mtMenB are

positioned so that they could aid in the recognition of the OSB C4 carbonyl and assist in the

final tautomerization step that leads to DHNA-CoA. D185 in mtMenB clearly plays a

critical role in the reaction since kcat for the D185E and D185N mtMenB mutants is reduced

200 and 2000-fold, respectively (Table 2). In addition, neither the D185G mtMenB mutant

nor the G156D ecMenB mutant have detectable activity, indicating that the roles of these

residues in the two enzymes cannot be simply reversed. Detailed comparison of the two

active sites reveals that this result can be attributed to the disruption of the respective

hydrogen bonding network optimized for each enzyme when the mutation is introduced

(Figures S6 and S7).

Substrate analogues as mechanistic probes

The importance of the OSB carboxylate in α-proton abstraction is substantiated by the

observation that the methyl ester analogue of OSB-CoA is inactive (Table 2). If the

carbanion can be generated without intramolecular proton transfer to the OSB carboxylate,

the OSB-CoA methyl ester is expected to be a good substrate for MenB since methanol and

water have similar leaving group abilities. In addition, the Kd for the OSB-CoA methyl ester

(11.5 ± 1.2 μM; data not shown) is similar to the Km value for OSB-CoA (22.4 ± 2.1 μM),

suggesting that the loss of activity for the methyl ester is not simply due to an inability to

bind to MenB. In contrast, OCPB-CoA which lacks the C4 carbonyl is still able to undergo

ring closure, albeit with lower efficiency than OSB-CoA, indicating that MenB retains the

ability to abstract the substrate α-proton when the OSB carboxylate is not modified (Table

2). These results support our original mechanism for mtMenB in which the OSB carboxylate

abstracts the C2 α-proton.

The roles of D163 and S161

ECH contains two active site glutamates, E144 and E164 (62). While E164 is the structural

homologue of D185/G156, a second Asp is present in the ecMenB (D163) that is conserved

amongst MenB enzymes (D192 in mtMenB) and that is in a similar location in the active

site as E144 in ECH. While we have previously shown that the D192N mtMenB mutant was
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inactive (8), our structural data indicates that D192/D163 points away from the substrate and

is involved in a conserved hydrogen bond network so that it cannot directly participate in

acid/base catalysis. A similar example is found for MMCD, where E113 is hydrogen-bonded

to an arginine and points away from the substrate, preventing it from direct involvement in

catalysis (45). Here D192 is hydrogen-bonded to Q140 at the C-terminal end of the A-loop

and is apparently important in maintaining the shape of the substrate binding pocket.

Finally, previous studies also demonstrated that S190 in mtMenB was important but not

essential for catalysis (Table 2). The structures of mtMenB and ecMenB reveal that the side

chain of S190 (S161 in ecMenB) can interact with Y287, D185, the sulfur atom of the

thioester moiety and the oxygen atom of the C4 carbonyl group. Its location in the active site

suggests that this residue is involved in the tautomerization step.

Mechanism of the MenB-catalyzed reaction

The mechanism of the MenB-catalyzed reaction based on these new observations can be

described as follows (Figure 6). Two active site Tyr residues from the A-loop and C-loop

play a central role in orientating the OSB C7 carboxylate group so that it can abstract the

pro-2S proton in either ecMenB or mtMenB. The resulting enolate oxyanion is stabilized in

the oxyanion hole formed by two backbone amides, and the C7 tetrahedral intermediate

generated by C-C formation is stabilized by the second oxyanion hole formed by the two

Tyr residues. The intramolecular proton transfer leads to protonation of the C7 carboxylate,

which increases the electrophilicity of this group while the surrounding hydrogen bond

network assists in elimination of water from the tetrahedral oxyanion. The two active site

Asp residues in mtMenB or the Asp and water in ecMenB together with the active site serine

are involved in correctly positioning the substrate for the reaction and are also likely

involved in substrate tautomerization.

Although the X-ray structure of ecMenB in complex with OSB-NCoA strongly suggests that

the substrate pro-2S proton is transferred to C7, Igbavboa et al (65) previously reported that

MenB catalyzed the exchange of the pro-2R OSB-CoA proton with solvent more rapidly

than the pro-2S proton. Although we cannot rationalize this discrepancy, it is possible that

other enzymes could be present in the cell extract used for the labeling experiments that

might catalyze the exchange of the pro-2R proton with solvent, while the instability of OSB-

CoA, which decomposes readily to spirodilactone in solution, could also complicate

measurements of stereospecificity. In addition, it is also plausible that the interaction

between the OSB carboxylate and the pro-2S proton reduces the propensity of this proton to

exchange with solvent. Interestingly, however, the pro-2S stereochemistry agrees with that

determined for BadI, which catalyzes a retro-Dieckmann, ring-opening reaction, that is

essentially the reverse of the MenB reaction (66). BadI is also a member of the crotonase

superfamily and sequence analysis reveals that many active site residues including Y97 and

Y258 are conserved between the two enzymes. If MenB and BadI share a common

mechanism, then the pro-2S proton in the BadI product could be derived from the Tyr

residues or from the carboxylic acid of the substrate which is generated following ring

opening.
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Conclusion

We have successfully trapped the ecMenB active site in a catalytically relevant

conformation using OSB-NCoA, a stable substrate analogue. This structure reveals the

positions of all the catalytic residues for the first time, and shows the substrate poised for

proton abstraction and carbon-carbon bond formation. Coupled with site-directed

mutagenesis and studies with additional substrate analogues, the mechanistic studies reveal

how this crotonase superfamily member has adapted to catalyze an intramolecular Claisen

condensation reaction. Common or similar strategies are likely employed by other members

that catalyze Claisen-like reactions, including BadI, 6-oxocamphor hydrolase and Anabaena

β-diketone hydrolase. The serendipitous finding of a novel MenB hexameric assembly also

highlights the tight connection between evolution, catalysis and oligomerization within the

crotonase scaffold.
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Figure 1.
The menaquinone biosynthesis pathway and the structure of phylloquinone
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Figure 2.
OSB-CoA analogues
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Figure 3. The X-ray structure of the OSB-NCoA:ecMenB complex
(a) Hexameric assembly of ecMenB in complex with OSB-NCoA viewed along the

threefold axis of trimers. The protein is colored by chain and OSB-NCoA is shown in

spheres. The C-loop comprising H14–H16 from the back trimer folds across the trimer-

trimer interface and covers the active site of the front trimer. (b) Assignment of secondary

structures in the ecMenB structure in complex with OSB-NCoA. The diagram was generated

by PDBsum (67). The locations of the A, B and C-loops are indicated by boxes. (c)

Simulated annealing fo-fc omit maps showing density of OSB-NCoA, the bound anion, and

the ordered active site loop region between Q88 and L106 (A-loop). The green map is

generated by omitting Q88-L106 from chain C in the model, and the blue map generated by

omitting OSB-NCoA and the chloride ion from chain C. The mesh level is contoured at 4.5

σ. (d) The three monomers in grey, yellow and cyan from figure 3a are displayed. The A-

loop from the grey monomer covers the active site and makes contacts with the C-terminal

helices from two neighboring monomers. OSB-NCoA is shown in sticks. (e) The stereo

figure showing the interactions between the OSB group and active site residues. The two

hydrogen atoms have been added to the C2 carbon (white). Waters are shown as red spheres

and the chloride ion as green sphere. The surface of the oxyanion hole is colored blue. The
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blue loop from mtMenB (PDB 1Q51) is superimposed and the side chain of D185 is

displayed. (f) Overlay of energy-minimized unbound OSB (yellow) and OSB bound to

ecMenB (green), showing the reactive conformation in which the distance between the C7

carboxylate oxygen and C2 carbon has decreased. The figures were made using PyMol (68).
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Figure 4. Sequence alignment of MenB enzymes and other crotonase superfamily members
MenB sequences were selected from a wide range of organisms including γ-proteobacteria,

δ-proteobacteria, firmicutes, actinobacteria, bacteroidetes, cyanobacteria, plants and archaea.

The alignment was performed using ClustalW and the figure generated using Jalview (69–

70). Alignment of HCHL in the A-loop region was edited according to the alignment of the

crystal structures. The enolate oxyanion hole is shown in magenta, the tetrahedral oxyanion

hole in purple, OSB-binding residues in green, D185 of mtMenB in blue, G156 of ecMenB

in orange, known or possible catalytic residues in other crotonase superfamily members are

shown in red (48, 55, 62).
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Figure 5. The altered mtMenB hexameric assembly and flexible loop regions
(a) The “staggered” MenB hexameric assembly in contrast to the eclipsed assembly (3(a))

normally observed in MenB enzymes. (b) New contacts at the trimer-trimer interface and the

change in conformation of the B-loop that leads to occlusion of the oxyanion hole. The cyan

and yellow monomers from figure 5a are displayed. The ends of the disordered A-loop are

labeled. Residues 106–110 in the cyan monomer although ordered are not shown for clarity.

The structure of mtMenB in complex with acetoacetyl-CoA shown in grey is superimposed

with the ends of the disordered A-loop shown in red. The A-loop from yellow monomer

comes into close proximity to the A- and B-loop from the cyan monomer. D187 from the B-

loop binds in the oxyanion hole, preventing binding of the acyl-CoA ligand. The C-loop

does not cover the same binding site as in figure 3d, 3e or 5c. (c) The three loops highlighted

using the ecMenB structure correspond to the flexible regions found in MenB and the highly

variable regions in the crotonase superfamily. The hexamer is viewed from the side and one

set of A-, B- and C-loops is displayed in red, deep blue and yellow. The figures were made

using PyMol (68).
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Figure 6. The MenB mechanism
The OSB carboxylate is positioned to abstract the pro-2S proton, assisted by Y258 and Y97.

Proton transfer results in a carbanion/enolate that is stabilized by the classic crotonase

oxyanion hole formed by the backbone NH groups of G86 and G133. Subsequent attack of

the carbanion on the protonated OSB carboxylic acid leads to a tetrahedral intermediate that

is stabilized by hydrogen bonds to Y258 and Y97, which we propose form the second

oxyanion hole required for Claisen condensations. This creates a stereo center at the α-

carbon and it is not clear at present whether the stereochemistry here is the same as that

observed in BadI (66). Elimination of water yields a β-ketothioester which formally is the

keto tautomer of the DHNA-CoA product. Subsequent tautomerization to the enol results in

a thermodynamically favorable aromatization of the ring. In the Figure we show Y258

acting as the general acid, however adjacent water molecules and other nearby residues are

also potential candidates especially if ring formation (step 3) leads to a rearrangement of the

active site. A network of hydrogen bonds that interact with the OSB-NCoA keto group is a

candidate for assisting in the keto-enol tautomerism and include S161, ordered water

molecule(s) and D163. In mycobacterial MenB enzymes the side chain of D185 (mtMenB

numbering) is close to S161 and could also be involved in tautomerization.
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Scheme 1.
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Table 1

Data collection and refinement statistics

ecMenB:OSB-NCoA apo-ecMenB mtMenB:OSB-NCoA apo-mtMenB

PDB ID 3T88 3T89 3T8A 3T8B

Data Collection

 Space group P21212 P212121 P6122 R3

 Unit cell dimensions a, b, c (Å) 140.49, 141.79, 89.12 76.51, 134.00, 153.36 87.13, 87.13, 414.84 132.23, 132.23, 71.14

 α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 120.00 90.00, 90.00, 120.00

 Redundancy 6.9 (6.0) 6.8 (6.5) 15.2 (9.5) 5.7 (5.6)

 Completeness (%) 99.8 (99.1) 98.2 (95.8) 99.6 (95.2) 100.0 (100.0)

 No. unique reflections 120517 113570 45905 55893

 I/σI 18.5 (2.4) 17.1 (2.6) 26.1 (3.4) 21.2 (2.2)

 Rmerge 0.163 (0.674) 0.101 (0.537) 0.113 (0.542) 0.083 (0.681)

Refinement

 Resolution range (Å) 44.8-2.00 42.9-1.95 46.6-2.25 37.0-1.65

 No. atoms 14295 12315 6066 3703

  Protein 13004 11770 5883 3417

  Water 811 449 107 280

  Ligands/ions 480 96 76 6

 Average B factors 22.4 27.1 37.9 21.9

  Protein 21.9 27.0 37.7 21.2

  Waters 26.6 29.3 34.3 31.2

  Ligands/ions 28.4 31.6 62.2 21.7

 Rwork/Rfree 0.155/0.195 0.186/0.219 0.194/0.237 0.141/0.187

 RMSD from ideal values in

  bond length (Å) 0.008 0.005 0.007 0.004

  bond angle (°) 1.2 0.84 0.95 0.83

Values for the highest resolution shell are given in parentheses.
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Table 2

Kinetic Parameters for ecMenB and mtMenB

Enzyme kcat · 102 (s−1) Km · 106 (M) kcat/Km · 10−4 (s−1 · M−1)

mtMenB

 wild-type 46.2 ± 1.5 22.4 ± 2.1 2.1 ± 0.2

 D185E 0.23 ± 0.02 4.8 ± 0.3 0.048 ± 0.005

 D185N 0.022 ± 0.002 3.1± 1.1 0.007 ± 0.003

 S190A 0.17 ± 0.02 40.2 ± 4.5 0.004 ± 0.001

 Y287Fa, D185Gb,c, D192Na No activity

 OCPB-CoA 0.025 ± 0.003 106 ± 31 0.00024± 0.00007

 OSB-CoA methyl esterb No activity

ecMenB

 wild-type 6.2 ± 0.2 25.9 ± 3.3 0.24 ± 0.03

 Y97F No activity

 G156Db,c No activity

a
Up to 5 μM enzyme (8).

b
Up to 3 μM enzyme.

c
Jiang et al. (21) reported similar results.
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