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Mycophenolic acid (MPA) is a fungal natural product and first-line

immunosuppressive drug for organ transplantations and autoimmune dis-

eases. In the compartmentalized biosynthesis of MPA, the acyl-coenzyme

A (CoA) hydrolase MpaH’ located in peroxisomes catalyzes the highly

specific hydrolysis of MPA-CoA to produce the final product MPA. The

strict substrate specificity of MpaH’ not only averts undesired hydrolysis of

various cellular acyl-CoAs, but also prevents MPA-CoA from further per-

oxisomal b-oxidation catabolism. To elucidate the structural basis for this

important property, in this study, we solve the crystal structures of the sub-

strate-free form of MpaH’ and the MpaH’S139A mutant in complex with

the product MPA. The MpaH’ structure reveals a canonical a/b-hydrolase
fold with an unusually large cap domain and a rare location of the acidic

residue D163 of catalytic triad after strand b6. MpaH’ also forms an atypi-

cal dimer with the unique C-terminal helices a13 and a14 arming the cap

domain of the other protomer and indirectly participating in the substrate

binding. With these characteristics, we propose that MpaH’ and its homo-

logs form a new subfamily of a/b hydrolase fold protein. The crystal struc-

ture of MpaH’S139A/MPA complex and the modeled structure of MpaH’/

MPA-CoA, together with the structure-guided mutagenesis analysis and

isothermal titration calorimetry (ITC) measurements, provide important

mechanistic insights into the high substrate specificity of MpaH’.

Introduction

Mycophenolic acid (MPA) was discovered in 1893

from the culture of a Penicillium brevicompactum

strain. This fungi-specific antibiotic was subsequently

re-isolated from many other species of Penicillium

[1,2]. Among the wide spectrum of its biological activi-

ties, the highly selective inhibitory activity of MPA

toward human inosine-50-monophosphate dehydroge-

nase has led this old compound to be developed into a

first-line immunosuppressive drug. Clinically, MPA

has been broadly used to suppress the immunologic

rejections during organ transplantations and also to

treat various autoimmune diseases [2,3]. Of note, the

annual sales of MPA-derived drugs are still over $ 1

billion after the patent cliff [4,5].

Recently, we elucidated the full biosynthetic path-

way of MPA in P. brevicompactum NRRL 864, which

featuring the compartmentalized cooperation between

biosynthetic and b-oxidation catabolic machineries and
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the organelle-associated catalytic mechanisms [6]. In

this pathway, the acyl-coenzyme A (CoA) hydrolase

MpaH’ that is subcellularly located in peroxisomes

plays a key role in determining the specific production

of MPA. In peroxisomes, MpaH’ efficiently and highly

selectively catalyzes the hydrolysis of MPA-CoA,

thereby preventing nonspecific hydrolysis of other

acyl-CoAs and the excessive chain-shortening degrada-

tion of MPA-CoA by the peroxisomal b-oxidation
process (Fig. 1). Thus, MpaH’ exerts a critical valve-

like function in the MPA biosynthetic pathway.

Sequence analysis indicates that MpaH’ belongs to

a/b hydrolase superfamily, which represents one of the

largest families of structurally related proteins [7]. The

family members catalyze a vast variety of reactions,

such as hydrolysis, redox, acyl-transfer, isomerization,

and lyase-type reactions, using a conserved protein

fold and catalytic core [8]. The canonical a/b hydrolase

fold comprises a mostly parallel eight-stranded b-sheet
in the core with a helices surrounded on both sides

(Fig. 2A). The substrate binding pocket usually con-

sists of several inserts forming a ’cap/lid’ domain on

top of the active site, with the ’lid’ mostly referred to

small mobile elements, which can undergo a

conformational transition, while the ’cap’ defined as a

large immobile module [9]. This ’cap/lid’ domain often

gives rise to the structural complexity and substrate

diversity within the superfamily [10,11]. Another

shared property of canonical a/b hydrolases is the cat-

alytic triad consisting of a nucleophile, an acidic resi-

due, and a histidine, with the nucleophile normally

located in a tight turn after b5, thus being called the

’nucleophile elbow’ [7].

We previously identified the putative catalytic triad

of MpaH’ to be S139-D163-H365 by multiple protein

sequence alignment. However, considering that MpaH’

exhibits low sequence identities to the structure-known

a/b hydrolase family members, it is difficult to accu-

rately locate the catalytic core and also to further

reveal the catalytic mechanism solely based on

sequence analysis. Thus, herein, we report the crystal

structures of the substrate-free form of MpaH’ and its

inactive mutant MpaH’S139A in complex with product

MPA. Together with structural modeling and mutage-

nesis analysis, we elucidated the catalytic mechanism

and the structural basis for the high substrate speci-

ficity of MpaH’. We also identified the unusual dimeric

formation and other unique features of MpaH’, which

Fig. 1. Part of the compartmentalized MPA biosynthesis mediated by the b-oxidation machinery and the acyl-CoA hydrolase MpaH’ in fungal

peroxisomes. The solid arrows indicate the major MPA biosynthetic steps. The dashed arrow denotes the shunt pathway when MpaH’ is

absent. MFDHMP: 5-O-methyl-4-farnesyl-3,5-dihydroxy-6-methylphthalide. MFDHMP-3C, MFDHMP-5C, and MFDHMP-10C represent the

reduction of 3, 5, and 10 carbon atoms from MFDHMP, respectively.
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make this protein and its homologs form a new sub-

family of a/b-hydrolase fold proteins.

Results and Discussion

Structure of substrate-free MpaH’

We first solved the crystal structure of substrate-free

MpaH’ at 1.99 �A resolution in space group P21. Due

to the unavailability of the structure of homologous

proteins (the most similar protein with a structure,

PDB ID code: 2Y6V, is only 13% identical to

MpaH’), the structure of MpaH’ was solved by the

selenomethionine single-wavelength anomalous disper-

sion (SAD) method, with four molecules in one asym-

metric unit forming two dimers (PDB ID code:

7DBI). Although our construct comprises the full-

length sequence of MpaH’ for crystallization, we were

only able to model residues 3–422 for chain A and

chain C, 4–420 for chain B, and 3–420 for chain D.

The remaining N- and C-terminal residues lacked

defined electron density, supposedly due to their flexi-

bility. The majority of modeled residues exhibited

excellent electron density and geometry. The best

modeled molecule chain B was used for the subse-

quent analysis.

Fig. 2. Structural analysis of MpaH’. (A)

Cartoon representation of an MpaH’

protomer with the secondary structural

elements indicated. The unique large cap

domain is colored red, and the core domain

is colored by secondary structures with a

helices in cyan, b-sheets in magenta, and

loops in salmon. (B) The dimeric state of

MpaH’. One protomer is colored as

presented in (A), while the other protomer

is colored gray in both cartoon and surface

representation. (C) Topology representation

of the MpaH’ structure. The cap domain is

highlighted in red, and the core domain is

colored by secondary structures with a-

helices in cyan and b-strands in magenta. a-

Helices are shown as barrels and b-strands

as arrows with secondary structures

numbered. The central b-sheet can be

numbered b0, and the N- and C-terminal b-

strands are correspondingly assigned as

b�1, b�2, b�3, b�4, b+1, b+2, and b+3
according to the architecture analysis and

indicated at the bottom of the arrows. The

catalytic triad S139-D163-H365 is shown as

green, white, and blue circles, respectively.

The oxyanion hole residues are marked as

red rectangles. (D) Stereoview of the

catalytic triad of MpaH’. Catalytic residues

are displayed as sticks. Hydrogen bonds are

displayed as yellow dotted lines with

distances indicated in angstrom.
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The overall structure of MpaH’ exhibits a typical a/
b-hydrolase fold, comprised of a core domain and a

cap domain (Fig. 2A,B). The core domain of MpaH’

mainly comprises a half-barrel consisting of eight b
strands in the order of b1-b2-b4-b3-b5-b6-b9-b10, with
strand b1 almost perpendicular to b10. The half-barrel

is flanked by a helices on both sides, with helices a1,
a2, a12, and a13 packing onto the defined convex face

of the half-barrel, and helices a3, a4, a10, and a11
packing onto the concave face. The cap domain is

inserted between strand b6 and helix a10 (residues

L168–R301), mainly consisting of five helices (a5-a9),
two antiparallel b strands (b7 and b8), and several

long loops (Fig. 2C). This domain, covering on top of

the core domain (active site), usually participates in

substrate binding and varies a lot in different a/b
hydrolases. It is noticed that half of the long helix a13
extends away from the core region and connects to the

last helix a14 via a long loop, which extends further to

arm the cap domain of the other protomer (Fig. 2B).

Residues F389–R401, which continue helix a13, make

this last helix in the core domain longer than those of

other known a/b hydrolases. These features make

MpaH’ quite different from other a/b hydrolases.

The active site of MpaH’

The active site of a canonical a/b hydrolase usually

contains a catalytic triad. Structural analysis (Fig. 2D)

and sequence alignment (Fig. 3) identified S139-D163-

H365 as the catalytic triad of MpaH’, corresponding

to the nucleophile, acidic amino acid, and histidine

residue. The nucleophile S139 is located at a tight turn

after strand b5, namely the nucleophile elbow consist-

ing of 137GHSFG141, which is commonly conserved in

a/b hydrolases with a consensus sequence of G-X-Nuc-

X-G [7,12]. The acidic residue D163 is located at the C

terminus of strand b6 although its counterpart in other

a/b hydrolases is typically located after strand b7
(Fig. S1) [9,10]. In common with othera/b hydrolases,

the catalytic H365 is located at the interface of the

core and the cap domain, specifically, in the loop

between b10 and a12 of MpaH’ (Fig. 2C). H365 is

hydrogen bonded to D163 with a distance of 2.7 �A

between D163 Od2 and H365 Nd1 atoms to correctly

position H365 for catalysis. With the responsibility for

activation of the nucleophile, the Ne2 atom of H365

forms a hydrogen bond with Oc atom of S139 with a

distance of 2.5 �A (Fig. 2D). The essential roles of the

catalytic triad residues were determined by mutating

each individual residue to alanine, and the effects of

mutations on substrate conversion ratio were evaluated

by high-performance liquid chromatography (HPLC)

analysis. At a catalyst concentration of 20 nM, substi-

tution of the nucleophilic S139 or histidine H365 to

alanine completely abolished the hydrolytic activity of

MpaH’, while the acidic residue mutant D163A lost

49.5% of the catalytic activity when compared with

the wild-type enzyme (Fig. S2).

The structure of mutant MpaH’S139A in complex

with MPA

Initially, we attempted to solve the structure of the

active site mutant S139A of MpaH’ (MpaH’S139A) in

complex with the native substrate MPA-CoA in order

to elucidate the structural basis for the substrate speci-

ficity of MpaH’. However, both co-crystallization and

substrate soaking using MPA-CoA turned to form the

product–enzyme complexes. To reason this unexpected

result, we conducted HPLC analysis of the reaction

mixture of MpaH’S139A and MPA-CoA under the crys-

tallization conditions, revealing that the residual activ-

ity of this mutant was responsible for hydrolyzing

MPA-CoA into MPA and CoASH at the high concen-

trations of enzyme and substrate (Fig. S3).

The crystal of MpaH’S139A/MPA complex grew in

the same crystal form (PDB ID code: 7DBL with a

resolution of 1.84 �A) as the substrate-free MpaH’.

Again, four protomers form two dimers in each crys-

tallographic symmetric unit, with parts of N- and C-

terminal residues lacking electron density (Fig. 4A).

Chain B was used for the subsequent analysis. Struc-

tural overlay of the MpaH’S139A/MPA complex and

the substrate-free MpaH’ revealed an RMSD value of

0.11 �A for the aligned Ca atoms, indicative of no large

Fig. 3. Sequence alignment of MpaH’ and its homologous proteins from other fungi. Pech, Penicillium chrysogenum (XP_002564597); Pero,

P. roqueforti (W6QL41); Aseu, Aspergillus eucalypticola (XP_025387189); Asaw, A. awamori (GCB20447); Assc, A. sclerotiicarbonarius (PYI08358);

Aswe, A. welwitschiae (XP_026629444); Asph, A. phoenicis (RDK42238); Asmi, A. minisclerotigenes (KAB8270075); Asst, A. steynii

(XP_024710389); Asud, A. udagawae (GAO83358); Botu, Botrytis tulipae (TGO14402); Spmu, Sphaceloma murrayae (PNS19944); Mamy,

Madurella mycetomatis (KXX74861); Vama, Valsa mali (KUI69808); Eswe, Escovopsis weberi (KOS19841); and Tama, Talaromyces marneffei

(XP_002152328). Red and yellow backgrounds indicate sequence identity and similarity, respectively. The catalytic triad residues are marked with red

triangles, and the residues constituting the oxyanion hole are indicated by blue triangles. The region of the cap domain is boxed in blue rectangles.

Protein sequence alignments were performed usingMUSCLE [31] integrated within MEGA 5.1 [32].
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conformational changes (Fig. 4B). A large cavity is

located at the interface between the core domain and

the cap domain of MpaH’. Expectedly, the product

MPA is well accommodated in this cavity defined by

clear electron density (Fig. S4). This binding pocket is

predominantly hydrophobic attributed to residues
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A139, L165, Q167, F327, and L328 from the core

domain and residues P171, A182, and I183 from the

cap domain (Fig. 4A).

The bicyclic moiety of MPA accepts one hydrogen

bond from the backbone oxygen of Q265 in the cap

domain. The O6 atom is hydrogen bonded to Ne2 atom

Fig. 4. Analysis of the MpaH’S139A/MPA complex structure and the MpaH’/MPA-CoA complex model. (A) The overall structure of

MpaH’S139A/MPA complex as a homodimer. The two cap domains are colored red in both protomers, while the core domains are colored

cyan and green. The two molecules of product MPA are presented as yellow sticks. The enlarged view of the substrate binding pocket is

shown in the right panel. The catalytic residues and oxyanion residues are shown as sticks. The hydrophobic binding pocket formed by

residues A139, L165, Q167, F327, L328, P171, A182, and I183 is shown as surface. (B) Superimposition of the MpaH’S139A/MPA complex

and the substrate-free MpaH’ structure, which are colored marine and salmon, respectively. MPA is shown in yellow stick. The right panel

is a close-up of the active sites in the two aligned structures. Hydrogen bonds are represented as red dotted lines with distances indicated

in angstrom. The pseudoatoms of the imidazole ring of residue H365 in both structures are shown as red spheres. (C) Overall structure of

the MpaH’/MPA-CoA complex model with MpaH’ in electrostatic representation and MPA-CoA depicted as yellow ball and stick. (D) A

close-up of MPA-CoA binding pocket. MpaH’ is displayed as cyan and red cartoons for the core domain and cap domain, respectively. The

catalytic and oxyanion hole residues are shown as cyan sticks. Residues interacting with the phosphoadenosine group of CoA moiety are

shown as green sticks with hydrogen bonds indicated as red dot lines. Residues L62, I206, A182, F327, and L366 that hydrophobically

interact with the CoA moiety are represented as 40% transparent surface.
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of H365 with a distance of 2.8 �A. It is worth noting that

the imidazole ring of H365 is positioned toward the

hydroxyl group of MPA to form a strong hydrogen

bond, with a shift of 0.5 �A compared with the substrate-

free MpaH’ structure (Fig. 4A,B). Another two hydro-

gen bonds are formed between the carboxycarbonyl

oxygen of MPA and the backbone nitrogen of V60 and

F140; these two residues are defined as oxyanion hole

residues of MpaH’ (Figs 3 and 4A). The oxyanion hole

is another notable feature of the a/b hydrolase machin-

ery, functioning to polarize the carbonyl group in sub-

strate to stabilize the catalytic intermediate (Fig. S5A).

In most cases, it is formed by the main chain nitrogen

atoms of two residues, one located at strand b4 and the

other adjacent to the nucleophile. The oxyanion hole

residues vary a lot among the aligned enzymes (Fig. 3).

However, their roles would not be affected since the

hydrogen bonds are donated by the main chain nitrogen

atoms.

In previous reports, mutation of the serine nucle-

ophile to alanine completely abolished the catalytic

activity [13–15]. However, the MpaH’S139A mutant was

found to retain a weak thioesterase activity in this study

(Fig. S3). For canonical esterase catalysis, mechanisti-

cally, the catalytic histidine first deprotonates the nucle-

ophile; then, the nucleophilic attack on the ester

carbonyl carbon and restoration of the carbon–oxygen
double bond yield the acyl-enzyme intermediate; finally,

a water molecule binds to the intermediate and is further

deprotonated by histidine to hydrolytically release the

product and reset the resting enzyme state [8]

(Fig. S5A). Interestingly, it was also suggested that

water can directly attack the substrate without forming

an acyl-enzyme intermediate [16]. This alternative mech-

anism may reason the weak activity of MpaH’S139A

(Fig. S5B). Additionally, MPA-CoA can slowly sponta-

neously hydrolyze in aqueous solution (Fig. S6). Fur-

thermore, the natural Ala/His/Asp triad without a

nucleophile was previously identified in some a/b-hydro-
lase fold proteins, with histidine-mediating substrate

deprotonation in the first crucial step [11,17]. Taken

together, with the conformation stabilized by the pocket

residues and carbonyl group polarized by the oxyanion

hole, MPA-CoA could be alternatively hydrolyzed with-

out a nucleophile, as H365 may directly deprotonate

water to attack the thioester bond in the substrate

(Fig. S5B). Supporting this, a water molecule was found

in the active site of the MpaH’S139A/MPA complex

structure, which may serve as a nucleophile (Fig. S4).

Modeling of MpaH’ in complex with MPA-CoA

Despite our greatest efforts, MpaH’S139A and the sub-

strate failed to co-crystalize. Thus, we used AUTODOCK

VINA 1.1.2 to dock MPA-CoA into the structure of

MpaH’ in order to gain an insight into the binding mode

of the CoA moiety, using the coordinate of product as

reference. The modeling of the MpaH’/MPA-CoA com-

plex revealed a quite open substrate binding pocket, and

the CoA moiety is almost completely accessible to sol-

vent (Fig. 4C). Residues L62, I206, A182, F327, and

L366 contribute side chains to form an additional

hydrophobic cavity that neighbors the MPA cavity to

enclose the hydrophobic portion of CoA, mainly the

Fig. 5. Unusual dimerization of MpaH’. (A) Overall structure of MpaH’ dimer from the top view. The core domains in the two molecules of

the dimer are colored green and cyan, respectively, and both cap domains are colored red. One protomer is presented as cartoon, while the

other as surface. The product MPA is presented as yellow stick. (B) A close-up of the interactions between the extended C-terminal part

from one protomer and the substrate binding cavity of the other. The extended C-terminal part is highlighted as green cartoon. The

substrate binding cavity is shown in gray surface. Hydrogen bonds between C-terminal residue K418 and the substrate binding pocket

residues G174 and N184 are indicated as yellow dotted lines.
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cysteine and pantothenate moieties, while the backbone

oxygen atom from A325 and the backbone amide nitro-

gen atom from H365 form two weak hydrogen bonds to

harbor the diphosphate group (Fig. 4D). The phospho-

adenosine group located at the entrance of the active site

is mainly positioned by polar residues with strong hydro-

gen bonds formed by residues Q208, G364, Q370, and

E371 (Fig. 4D). Based on the complex structure, we rea-

son that the substrate may easily slide down the tunnel

to the active site with a large open cavity and the MPA

moiety likely plays an essential role in accurate substrate

binding and orientation by extensively interacting with

the MPA binding pocket. The cavity specialized to

accommodate MPA appears to be improper to accept

other acyl-CoA esters to a right position for efficient

hydrolysis. Supporting this, in our previous report, the

kcat values of MpaH’ for MPA-CoA were two orders of

magnitude higher than the corresponding values for ten

other CoA esters [6]. Moreover, as we predicted, MpaH’

significantly hydrolyzed mycophenolate mofetil (MMF,

i.e., 2-morpholinoethyl ester of MPA) [18], a clinically

used MPA derivative, into MPA and 2-morpholi-

noethanol by acting as an esterase (Fig. S7A). Compara-

tively, by monitoring the consumption of substrates, the

apparent reaction velocity (Vapp) at 200 lM of MPA-

CoA and MMF was determined to be 92.60 � 4.26 lM/
min and 10.16 � 1.07 lM/min, respectively. The rate

constants (k) of MPA-CoA and MMF were deduced to

be 0.46 � 0.02 min�1 and 0.05 � 0.01 min�1, respec-

tively. It is evident that MpaH’ hydrolyzes its natural

substrate MPA-CoA much faster than MMF

(Fig. S7B).

To further evaluate the contributions of the MPA and

CoA moieties of MPA-CoA to MpaH’ substrate bind-

ing, we determined the dissociation constants (KD) of

MPA and CoASH using isothermal titration calorimetry

(ITC). Of note, the binding affinity of MPA-CoA to

MpaH’ could not be determined by this method because

the hydrolysis of MPA-CoA would occur during titra-

tions. As shown in Fig. S8, MPA binds to MpaH’ with a

KD of 103 � 10.5 lM (DH = �7.94 � 0.479 kcal�mol�1,

TDS = �2.50 kcal�mol�1), while no appreciable binding

was observed when 4 mM CoASH was titrated into a

solution containing 20 lM MpaH’. These results well

support the conclusion that the MPA portion of MPA-

CoA plays a central role in productive substrate binding

by acting as an anchor head.

Unusual dimerization of MpaH’

PISA analysis identified a large interface between the

two protomers of MpaH’, with the accessible surface

area (ASA) buried in the interface amounting to

4003 �A2, corresponding to approximately one-fifth of

the total ASA (20 161 �A2), indicating a stable dimeric

state of MpaH’ (Fig. 2B). Some 765 �A2 of the ASA

(3.8% of the total ASA) is buried between the two

dimers attributing to the close crystal packing. The

dimerization of MpaH’ involves extensive hydrogen

bonds, salt bridges, and hydrophobic interactions,

mainly contributed by the residues from the long loop

between b1 and b2, the loops prior to a3, a5, and a9,
the loops after a9 and a11, and the extended helices

a13 and a14.
The function of the extended C-terminal part,

including part of helix a13, the last helix a14, and a

long loop connecting a13 and a14, is unclear as it nei-

ther constitutes the core domain nor interacts with the

substrate (Fig. 5A). Of note, this feature is uncommon

among a/b hydrolases. Thus, we constructed a trun-

cated version MpaH’D401-433 with the protrudent C-ter-

minal part removed. The gel filtration experiment still

indicated a dimeric form of MpaH’D401-433, suggesting

a nonessential role of this extended part in dimeriza-

tion (Fig. S9). However, this part indeed makes signifi-

cant contacts with the cap domain, including extensive

hydrophobic interactions and hydrogen bonds (Fig. 5).

For example, residue K418 in the C-terminal loop

forms two hydrogen bonds with G174 and N184 from

the loop after strand b6 and helix a5, which con-

tributes to the substrate binding pocket (Fig. 5B).

Therefore, we assume that the extended C-terminal

part may indirectly participate in the substrate binding

of the adjacent molecule by stabilizing the cap domain

and coordinating the substrate binding pocket resi-

dues. Supporting this, the MPA-CoA hydrolytic activ-

ity of MpaH’D401-433 decreased to 75.6% of the wild-

type enzyme (Fig. S10).

The unique features of MpaH’ and its homologs

A BLAST search revealed a large array of MpaH’

homologs from different fungal species, with the pro-

tein sequence identity higher than 60%. These proteins

were previously annotated as a/b hydrolase, peroxiso-

mal membrane protein Lpx1, toxin biosynthesis pro-

tein-like protein, or proteins with undefined functions.

Multiple protein sequence alignment (Fig. 3) indicates

that these homologous proteins likely adopt structures

similar to MpaH’, especially a similar architecture of

the core domain. The major differences exist in the

cap domain, especially in the region of helix a8, which
forms a bulge in MpaH’ and protruded from the main

body with unknown function. Variations of the cap

domains are supposed to correlate with the substrate

specificity [12,19]. The catalytic triad is strictly
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conserved in the homologs with the same location of

the acidic residue at the C terminus of strand b6.
Submitting MpaH’ structure to Dali server retrieved

a number of structural homologs including peroxiso-

mal membrane protein Lpx1, methylesterase, and

lipase. The best homolog turned out to be Lpx1 from

Saccharomyces cerevisiae (PDB ID code: 2Y6V) with a

root-mean-square deviation (RMSD) of 3.3 �A for the

aligned Ca atoms [20]. Superimposition of the struc-

tures of MpaH’ and Lpx1 revealed a similar overall

fold of the core domain and some obvious differences

in the cap domain. Besides, the last helix a13 in

MpaH’ core domain extends much longer than that in

Lpx1 (Fig. S11A). Moreover, a deviation of the hydro-

xyl side chain of the nucleophile S145 in Lpx1 can be

observed when compared with S139 in MpaH’, which

makes it out of the hydrogen bond range of the cat-

alytic His323 (Fig. S11B).

The ESTHER database is a widely used database

dedicated to proteins of the a/b hydrolase fold, which

now contains >30 000 manually curated proteins [21].

A BLAST search within the ESTHER database using

the MpaH’ sequence classified it to block X, and this

a/b hydrolase specifically falls into a poorly character-

ized family, the 6_AlphaBeta_hydrolase family, with

most family members functionally unassigned.

A recent report divided a/b hydrolases into 12 dif-

ferent architectures from the perspective of structural

modules [9]. The topological structure of MpaH’ indi-

cates that it should be classified as the single cap

family with the cap domain inserted into the defined

b-strands of b+1 and b+2 (the b-strand preceding nucle-

ophile elbow can be defined as the central b-sheet, b0;
the b-strands in the direction of the N and C termini

are assigned negative and positive numbers accord-

ingly; Figs 2C and S1). However, the cap domain of

MpaH’ is extraordinarily large in size with a length of

134 amino acids, which is almost double the size of

the statistical single cap (75 � 18 amino acids). Partic-

ularly, MpaH’ functions as an unusual dimer as

described above, which is a unique feature of MpaH’

and its homologous structure Lpx1. Another remark-

able feature is the unusual location of the acidic resi-

due of catalytic triad in MpaH’ and the well-aligned

homologous proteins (Figs 2C and 3). With these

unique features, we annotated MpaH’ and its homo-

logs as a new subfamily of the single cap a/b hydrolase

family.

Conclusion

In this study, we determined the crystal structures of

the important hydrolase MpaH’ in the

compartmentalized biosynthesis of MPA, including its

substrate-free form and its mutant MpaH’S139A in

complex with the product MPA. MpaH’ functions as

an unusual dimer with the protruding C-terminal part

indirectly participating in the substrate binding, which

is supposed to be a novel folding of a/b hydrolases.

On the basis of further structural and sequence analy-

sis, we propose MpaH’ and its homologs forming a

new subfamily of a/b hydrolases. We also provide

important mechanistic insights into the high substrate

specificity of MpaH’ by analysis of the structure of

MpaH’S139A/MPA complex and the modeled structure

of MpaH’/MPA-CoA, together with mutagenesis anal-

ysis and ITC measurements. In summary, our results

broaden the understanding of a/b hydrolase superfam-

ily, and as the first structure reported in MPA gene

cluster, this will provide theoretical and experimental

basis for the future design and construction of artificial

biosynthetic pathways using the key catalytic elements

in MPA biosynthesis.

Materials and methods

Gene cloning

The DNA sequence-encoding MpaH’ was amplified by

standard PCR method using P. brevicompactum NRRL 864

cDNA as template. The PCR fragment was inserted into

the expression vector pETM11 (EMBL) using NcoI and

XhoI restriction sites, and the mutants were constructed

using the QuikChange site-directed mutagenesis method

(Stratagene). All the recombinant proteins were expressed

to contain an N-terminal His6 tag and a tobacco etch virus

(TEV) protease cleavage site.

Protein expression and purification

The sequence-verified constructs were transformed into

Escherichia coli BL21 (DE3) for recombinant overexpres-

sion. The bacteria were cultured in Luria–Bertani (LB)

medium at 37 °C until the value of OD600 reached about

0.6, and then, 0.2 mM IPTG was added to induce protein

expression, with further culturing at 16 °C overnight. Cells

were harvested and disrupted by sonication in lysis buffer

containing 50 mM Tris/HCl, 300 mM NaCl, pH 8.0. The

lysates were clarified by centrifugation (15 000 g, 60 min)

at 4 °C, and the supernatant was applied to a nickel-chelat-

ing Sepharose affinity chromatography column (GE

Healthcare, Marlborough, MA, USA). The N-terminal His6
tag was removed by TEV protease, and further purification

was performed by size-exclusion chromatography using a

HiLoad 16/60 Superdex 200 Column (GE Healthcare) in a

buffer containing 50 mM Tris/HCl, 300 mM NaCl, pH 7.5.

The purified proteins were concentrated to about 5–10 mg/mL
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as determined by absorbance at 280 nm and stored in ali-

quots at �80 °C after flash freezing in liquid nitrogen. The

Se-Met-derived MpaH’ (Se-Met-MpaH’) was produced

using the metabolic inhibition method as described previ-

ously [22]. The purification method for Se-Met-derived

MpaH’ and the four mutants (MpaH’D163A, MpaH’H365A

and MpaH’S139A, and MpaH’D401-433) was the same as that

for the wild-type MpaH’. For oligomeric state analysis, the

purified proteins were subjected to a Superdex 200 Increase

(HiLoad 10/300) column. The results indicated that all the

mutants were still in dimeric forms as the wild-type enzyme

(Fig. S9).

Crystallization and structural determination

The crystallization experiments were performed with sitting

drop vapor diffusion method at 20 °C. The drops con-

tained equal volume of protein sample and reservoir solu-

tion. After optimization, the best crystals of MpaH’ and

Se-Met-MpaH’ were obtained in reservoir solution contain-

ing 8% PEG8000 (w/v) and 200 mM calcium acetate in

100 mM imidazole, pH 7.5. The best crystals of

MpaH’S139A were grown in reservoir solution containing

8% PEG8000 (w/v) and 200 mM calcium acetate in 100 mM

imidazole, pH 7.0. Crystals of MpaH’S139A/MPA complexes

were obtained by soaking MpaH’S139A crystals in solution

containing 8% PEG8000 (w/v), 200 mM calcium acetate,

and 2 mM MPA-CoA in 100 mM imidazole, pH 7.0, for

about 15 min. The crystallization solution added with 15%

glycerol served as the cryoprotectant for all the crystals.

Suitable crystals were quickly soaked in the cryoprotectant

solution and frozen directly in liquid nitrogen.

The diffraction data were collected on the BL19U1

beamlines at Shanghai Synchrotron Radiation Facility

(SSRF) [23]. The data were processed by XDS [24]. The

structure of MpaH’ was solved by the SAD method using

Se-Met-derived crystals. Phasing and initial model building

were accomplished with Crank 2.0 in CCP4i2 software

package [25,26]. The structure was refined with Refmac 5

[27,28]; alternatively, model building on Coot was per-

formed [29]. Structures of MpaH’S139A/MPA complexes

were solved by molecular replacement with the wild-type

MpaH’ structure as the search model using experimental

Phaser [30]. All the crystallographic data are summarized

in Table S1.

Sequence alignment

Protein sequence alignments were performed using MUS-

CLE [31] integrated within MEGA 5.1 [32]. Superimposi-

tion of secondary structures of MpaH’ (PDB ID code:

7DBI) and rendering was performed on ESPript server [33].

The protein interface of the potential oligomers was ana-

lyzed using PISA program [34]. The protein–ligand interac-

tions were analyzed with LigPlus [35]. The structural

superimpositions were performed using Align. All of the

structural images were generated using PyMOL (Schr€odin-

ger).

Hydrolytic assays of MpaH’

The hydrolytic activities of the wild-type MpaH’, the point

mutants MpaH’D163A, MpaH’H365A, and MpaH’S139A, and

the truncated version MpaH’D401-433 were determined by

following the previously established protocol with some

modifications. Briefly, the typical assay containing 20 nM

enzyme and 0.2 mM substrate MPA-CoA in 80 lL reaction

buffer (50 mM Tris, 300 mM NaCl, pH 7.5) was performed

at 30 °C for 20 min and quenched with 20 lL methanol.

The organic extracts were used for HPLC analysis after

centrifugation (15 000 g, 10 min) at 4 °C.

The mutant MpaH’S139A was previously reported to

completely lose catalytic activity. However, in the crystal-

lization experiment, the addition of MPA-CoA substrate

into the MpaH’S139A solution produced the hydrolytic pro-

duct MPA. The activity assay of enzyme under crystalliza-

tion condition was performed as follows: 75 lM
MpaH’S139A was mixed with 1 mM MPA-CoA in 20 lL
reaction buffer (4% PEG8000 (w/v) and 100 mM calcium

acetate, 50 mM imidazole, 25 mM Tris, 150 mM NaCl, pH

7.5) at 20 °C for 30 min. The assay was also conducted

under low concentrations in parallel: 15 nM enzyme and

1 mM MPA-CoA in 100 lL reaction buffer containing

50 mM Tris, 300 mM NaCl, pH 7.5, were incubated at

20 °C for 30 min. The organic extracts were subject to

HPLC analysis after centrifugation (15 000 g, 10 min) at

4 °C.

For MPA-CoA stability test, 0.2 mM MPA-CoA in reac-

tion buffer (50 mM Tris, 300 mM NaCl, pH 7.5) was placed

at 25 °C for 1 and 24 h, and then subjected to HPLC anal-

ysis. For the hydrolytic activity of MpaH’ against MMF,

the assay was performed under the conditions as follows:

4 lM MpaH’ was mixed with 1.6 mM MMF in 50 lL reac-

tion buffer at 25 °C for 20 min, and the reaction was

quenched with equal volume of methanol. The organic

extract was subject to HPLC analysis after centrifugation

(15 000 g, 10 min) at 4 °C.

The substrate consumption assays were performed at

30 °C, which containing 20 nM purified MpaH’ and 0.2 mM

substrate (MPA-CoA or MMF) in 80 lL reaction buffer

(50 mM Tris, 300 mM NaCl, pH 7.5). The reactions were

quenched at 1, 2, 3, 5, 10, 15, 20, and 25 min by the addi-

tion of 20 lL methanol. The organic extracts were used for

HPLC analysis after high-speed centrifugation (15 000 g,

10 min) at 4 °C.
The preparation of the substrate MPA-CoA is the same

as we reported before [6]. Briefly, 160 mg MPA was added

to 3 mL acetonitrile and followed by the addition of

120 mg carbonyldiimidazole with stirring. The mixture was

stirred for 30 min at room temperature under N2 and
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followed by dropwise addition of CoA solution (320 mg in

1 mL H2O) at pH 8.0 with saturated NaHCO3 solution.

The mixture was further stirred for 6 h at room tempera-

ture, and concentrated and purified by preparative HPLC.

Molecular docking of MPA-CoA to MpaH’

To investigate the MpaH’/MPA-CoA complex, molecular

docking of the substrate to chain B was performed using

AutoDock Vina 1.1.2 and MGLTools 1.5.6 [36,37]. The

simulation box was fixed around the location of MPA in

the MpaH’S139A/MPA complex structure, with box size

30 �A in all three dimensions, and exhaustiveness and

num_modes setting to 32 and 50, respectively. Collected

conformations were clustered according to the RMSD

against the conformation with the lowest binding energy

[38]. The 50 generated conformations were further evalu-

ated based on docking energy and the position of the MPA

moiety of MPA-CoA. The selected model was used for

structural analysis.

Isothermal titration calorimetry

ITC measurements were carried out using a MicroCal

PEAQ-ITC (Malvern Panalytical) at 25 °C. For MPA titra-

tions, 40 or 20 lM MpaH’ was exchanged to an ITC buffer

containing 50 mM HEPES, pH 7.5, 300 mM NaCl, 10%

DMSO using PD-10 desalting columns (GE Healthcare).

MPA was first dissolved in DMSO and then diluted into

the ITC buffer to a final concentration of 4 mM. For

CoASH titrations, 20 lM MpaH’ was exchanged to ITC

buffer without DMSO (50 mM HEPES, pH 7.5, 300 mM

NaCl), and CoASH was dissolved in the same buffer. All

the samples were centrifuged at 12 000 g for 10 min prior

to experiments. For titrations, after an initial delay of 60 s,

the first injection of 0.4 lL was made and followed by 12

further injections of 3.0 lL with a spacing time of 150 s to

allow for equilibration. The cell was stirred at 750 rpm,

and the reference power is 10 lcal�s�1. For the blank titra-

tions, substrates were injected into the corresponding ITC

buffer. All experiments were performed for at least two

times. Data were processed using MicroCal PEAQ-ITC

analysis software and fitted into a one-site model.
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