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Abstract

Hydrazidase was an enzyme that remained unidehtifite a half century. However,

recently, it was purified, and its encoding genes vedoned.Microbacterium sp. strain

HM58-2 grows with acylhydrazides as its sole carbource; it produces hydrazidase and

degrades acylhydrazides to acetate and hydraZitiesbacterial hydrazidase belongs to the

amidase signature enzyme family and contains aciS8er-Lys catalytic motif. The

condensation of hydrazine and carbonic acid praslvegious hydrazides, some of which

are raw materials for synthesizing pharmaceutieals other useful chemicals. Although

natural hydrazide compounds have been identifieel,metabolic systems for hydrazides

are not fully understood. Here, we report the @alydtructure of hydrazidase from

Microbacterium sp. strain HM58-2. The active site was revealed ctmsist of a

Ser-cisSer-Lys catalytic triad, in which Serl79niera covalent bond with a carbonyl

carbon of the substrate. 4-Hydroxybenzoic acid &zidie bound to the S179A mutant,

showing an oxyanion hole composed of the three lim@auk amide groups. Furthermore,

H336 in the non-conserved region in the amidaseilfamay define the substrate

specificity, which was confirmed by mutation an@ysA wild-type apoenzyme structure



revealed an unidentified molecule covalently bouodS179, representing a tetrahedral

intermediate.



1. Introduction

Hydrazine and its derivatives are important compsufor various applications such as

pharmaceuticals, dyes, and herbicide synthesislafery derivatives of hydrazine are

described as fR:N-N(R3)C(=O)R, and are called (acyl)hydrazides. An antituberdslos

agent, isonicotinic acid hydrazide, known as ispidia(l) is a well-known hydrazide.

Isocarboxazid is used as an antidepressant (2)ottued hydrazides are used as agricultural

herbicides, pesticides, insecticides, fungicides, plant growth regulators (3). In industry,

hydrazides are applicable to cross-linking acr@imulsions, curing epoxy resins, and

scavenging formaldehyde through their powerful tigdg with ketone and epoxy groups

(4).

Natural compounds possessing a hydrazide moietg haen also identified (5). Agaritine

from the commercial mushroodgaricus bisporus and its relatives were the first natural

hydrazides to be discovered (6). A hydrazide degcpdenzyme, with hydrazide

hydrolyzing activity, was discovered Mycobacterium avium that could hydrolyze various

hydrazides, including isonicotinic acid hydrazittewas named hydrazidase (7). However,



the molecular identification of this enzyme had beén pursued.

Recently, we isolateMicrobacterium sp. strain HM58-2 from soil; this strain grows hwit

an acylhydrazide such as 4-hydroxybenzoic acid dnplethylidene hydrazide (HBPH) as

its sole carbon source, and we cloned the hydregidane responsible for the reaction (8).

Hydrazidase hydrolyzes HBPH to 4-hydroxy benzoid and acetophenone hydrazone

(Fig. 1A). The amino acid sequence of the hydraadshares an amidase signature with a

Ser-Ser-Lys motif. The amidase signature enzymadlyacontains a signature region of

approximately 130 amino acids that includes a cmabrcatalytic triad and Gly/Ser-rich

motif (GGSS[GS]G) (9). The enzymes in this famikhibit a variety of functions, such as

peptide amidase (PAM), glutamyl-tRNA amidotranséera subunit A (GatA),

indole-acetamide hydrolase (IAAH), eukaryotic anselgroup 1 (E1), eukaryotic amidase

group 2 (E2), and 6-aminohexanoate-cyclic-dimerrbigge (AH) (10). The amino acid

sequence of hydrazidase shares homology with tlkds€&atA and fatty acid amide

hydrolase (FAAH) (8), whose substrates are diffefeom hydrazidase. To elucidate the

substrate recognition mechanism of hydrazidasedetermined the crystal structures of

hydrazidase for the wild-type and the mutant comgadewith a hydrazide compound.



These structures revealed critical residues focHtalytic reaction and substrate binding in

hydrazidase.

2. Materialsand Methods

2.1. Protein expression and purification

The hydrazidase gene was cloned into pET28a(+), tardrecombinant protein was

expressed irEscherichia coli BL21(DE3), as described previously (8). Thecoli strain

harboring hydrazidase was cultured in LB media Wifug/mL kanamycin at 37°C. The

protein was induced by isopropyl-thsgalactopyranoside, and then, the culture was

continued for 6 hr at 30°C. The supernatant fromdaéll lysate was loaded on a Ni-NTA

agarose column. The column was washed with buff@0AmM Tris-HCI, pH 7.5, 100 mM

NaCl, 20 mM imidazole, 10% glycerol], and then, tkeombinant protein was eluted with

buffer B [20 mM Tris-HCI, pH 7.5, 100 mM NacCl, 500M imidazole, 10% glycerol]. The

eluted protein was dialyzed with buffer C [20 mMisfHCI, pH 7.5] followed by

purification with a MonoQ column. The collected dian was further purified with a

HiLoad 16/60 column with buffer E [20 mM Tris-H@H 7.5, 10% glycerol]. Hydrazidase



was concentrated to 20 mg/mL with an Amicon Ultg& Zartridge for crystallization.

2.2. Crystallization and structure determination

Crystals were grown at 4°C by the hanging-drop vaiffusion method in a drop
consisting of 1.Qul of protein solution and 1.Ql of a crystallization reservoir solution
containing 0.1 M imidazole, 0.17 M LiSOand 2 M (NH).SO,. Under these conditions,
two crystal forms were obtained, that for wild-tyjpgdrazidase belongs to the space group
C222, with a=122.1 Ab =127.9 A,c = 158.8 A, andr = = y= 90°, and that for the
S197A mutant belongs to the space gré&2p with unit cell parametera = 73.0 A,b =
126.5 A,c = 123.2 A,a = 90°, 3= 105.7°, and/= 90°. Prior to data collection, the crystal
was transferred instantly into a cryoprotectanusoh [21%(w/v) xylitol in the reservoir
solution] and flash-cooled in a liquid-nitrogen geiseam at 95 K. Diffraction data were
collected on beamline AR BL-NW12A equipped with aa@tum 210 CCD detector or
BL-17A with a Quantum 270 detector (Area Detectgst®ms Corp., CA) at the Photon
Factory, High Energy Accelerator Research Orgamaaflsukuba, Japan. The diffraction

data were processed using the HKL2000 package (11).



The initial structure of wild-type hydrazidase wssdved by molecular replacement using

MoRDa (12) followed by automated model buildingAnp/wArp (13). The iterative model

refinement was carried out using Coot (14) and REEM (15). The initial structure of the

S179A mutant was solved by the molecular replacénmmethod using MORLEP (16) in

the CCP4 suite (17) with the wild-type structureaasearch model. Data collection and

refinement statistics are presented in Table 1.

To elucidate the structure of the hydrazidase-satestcomplex, crystals were soaked

instantly with 3 mM 4-hydroxybenzoic acid hydrazi(tf¢BH) (Sigma-Aldrich Co. LLC.

MO) in the cryoprotectant solution. All figures pfotein structures were generated using

PyMOL (v.1.4.1; Schrodinger). The atomic coordisat@nd structure factors for the

wild-type and the S197A mutant have been depositethe Protein Data Bank under

accession codes 5H6T and 5H6ES, respectively.

2.3. Mutant preparation and enzyme assay

The plasmid pET-hydrazidase was mutagenized foglesimmino acid substitutions of

C129A, C129S, and H336A of hydrazidase using a €8MR Mutagenesis Basal Kit



(TaKaRa Bio Inc.) according to the manufacturerstiuctions with each set of the

following primers: C129A: forward’86ACCTGGCCATCCGATGGAACTCCGTG-3and

reverse 5TCGGATGGCCAGGTCGGGGATTCCCGC-3 C129S: forward

9'-GACCTGTCCATCCGATGGAACTCCGTG-3 and reverse

5-TCGGATGGACAGGTCGGGGATTCCCGC!3 and H336A: forward 5

CGGATGGCCATCGTGGACATGTTCGGC:3 and reverse

5-CACGATGGCCATCCGCTCGCTGGCGAT!3Purified mutants were subjected to the

enzyme assay. Reaction mixtures contained 20 mBtH@l, pH 7.5, 0.2 mM HBH, and

5%(v/v) dimethyl sulfoxide in a total volume of 2p.. The enzyme was added, and the

reaction proceeded at 30°C for 60 min before bstogped by adding 200L of ice-cold

acetonitrile. The reaction product, 4-hydroxybenzacid, was measured using a

high-performance liquid chromatography (HPLC) sysequipped with an ODS-4 column

(4.6 by 250 mm) by monitoring the absorption at 882 The mobile-phase solvent system

contained 50 mM Tris-HCI (pH 7.5) and acetonit(@e4(v/v)).

3. Results and Discussion



3.1. Overall structure of hydrazidase

Crystals of the wild-type and the S179A mutant pdrazidase were obtained in different

space groups, which belong@222; andP2;, respectively, in an identical reservoir [0.1 M

imidazole, pH 8.3, 0.17 M LiS2 M (NH,).SOy]. These crystal structures were refined at

a 1.6 A- and 1.8 A-resolution, respectively. Bolte wild-type and mutant hydrazidase

were composed of a homodimer structure (Fig. 1@) @me dimer and two dimers in an

asymmetric unit o222 andP2; crystals, respectively. In th@222;, structure, the electron

density for the His x 6 tag sequence at the N-teuswas clearly observed in one subunit

of the dimer, which contributed to a crystal contadoRDa software used for the

molecular replacement method selected the cooefinaf the PDB code 3HOL for

glutamyl-tRNA amidotransferase subunit A (GatA) (&% a search model. 3D structure

comparison using the Dali server (19) also revealédp hit of GatA (PDB code: 2GI3)

(Z-score = 48.8, rmsd = 2.1 A) followed by aryl Eayidase (PDB code: 4YJ6) (Z-score =

48.7, rmsd = 2.9 A) (20) and a series of GatA pnsténcluding 3HOL. Then, rat fatty acid

amino hydrolase (FAAH) (PDB code: 1MT5) (21) ar@ranulibacter bethesdensis

allophanate hydrolase (PDB code: 4GYS) (22) wese hsted. Superposing the structures

10



of the hydrazidase and the amidases listed by @idederver revealed that most of their

overall structures fit well except for two regioasound the entranees of the substrate

binding pocket (Fig. 2A, B, C). Amino acid sequetignment of these amidases showed

that those two regions (N203-E215 and E311-D348)lecated at the C-terminus of the

amidase signature and are not conserved (Fig. Bi®.amino-acid differences may cause

structural varieties and hence alter the substigeificity of these enzymes. The average

b-factors of the whole hydrazidase chains A andwid(type) were 14.1 and 15.5,

respectively, whereas those of region G206-N21Jevagher (32.9 and 30.8 for chains A

and B, respectively). These results agree withflédrable property of the entrance that

enables it to open/close upon binding the substrate

3.2. Substrate binding

The amidase signature enzyme family contains thingghly conserved residues

characterized by the Ser-cisSer-Lys catalytic triHHte amino acid sequence alignment (8)

as well as the crystal structure of the wild-typeiazidase identified S179-cisS155-K80 as

the catalytic triad. To elucidate the substratedinig mode, we solved the crystal structure

11



of the S179A mutant complexed with 4-hydroxybenza hydrazide (HBH) (Fig. 1B).

As shown in Figures 3A and 3B, HBH bound to thelgaéic site with the carbonyl oxygen

formed three hydrogen bonds with the backbone agndeps of L176, G177, and S179A.

This coordination of the carbonyl oxygen bindingresented the oxyanion hole formed by

these three amide groups, which is important tbilsta the tetrahedral transition states in

the reaction.

The 4-hydroxy oxygen of HBH formed a hydrogen bawith a water molecule, which

connected to H336 by another hydrogen bond. Thslibg was used to determine the

substrate specificity of the hydrazidase becaus86HPositions in a structurally

non-conserved region among the proteins describédei previous section (Fig. 2D). The

same binding mode using the water molecule and H&86also observed in the wild-type

(see below). Another hydrogen bond was formed batwaecarbonyl oxygen of C129 and

the amide group of HBH (Fig. 3B). Hydrazidase hygres HBH more effectively than

4-hydroxybenzamide (HBA) (8). The only differencetween these two compounds is the

additional amide group in HBH next to the amideaagen in HBA. Without this amide

group, the hydrogen bond is lost between C129 aBA,Hvhich is expected to result in

12



weak binding to HBA. The potential roles of the B83&nd C129 residues in substrate

binding were investigated by analyzing the enzymigvities of the C129A, C129S, and

H336A mutants. The catalytic activity of the H336Aitant was markedly reduced to 1%

(Fig. 3E). Therefore, H336 is considered to be mpartant residue in determining

substrate specificity. The activities of C129A &@ti29S also decreased to 10% and 30%,

respectively, relative to that of the wild-type FBE). These mutations may induce some

conformational change at the respective positioesabse HBH binds to C129 via a

backbone carbonyl oxygen.

When the structures of the wild-type and S179A miLkeere superposed, the side chains of

the residues in the substrate binding site of ksdthctures fit very well (Fig. 3D). The

distance between the OG atom of S179 in the wipe-tgnd the carbonyl carbon of HBH in

the mutant structure was 1.7 A (Fig. 3B). Therefdre combination with the three

hydrogen bonds for the oxyanion hole, the boundtiposof HBH is considered to reflect

the catalytic site of hydrazidase.

HBPH, which is an effective substrate for hydrage&laalso has an imide group at the same

position as the amide of HBH. When we manually sppsed HBPH with HBH using the

13



4-hydroxybenzene ring, the acetophenone portiondpywbbically interacted mainly with

the residues L128 and 1le130 (Supplementary Fig.Th)s could lead to more a stable

binding of HBPH than in the case of HBH.

3.3. The catalytic site of the wild-type hydrazieas

At the catalytic site of the wild-type hydrazidaseclear electron density was observed.

The shape of the density indicates that a cyclimpmund bound covalently to the S179

residue. Attempts to fit various compounds origagiafrom the protein solution, reservoir

solution, and cryoprotectant to the density did wlentify any molecule. We, therefore,

attempted to fit a dummy molecule. Based on thepeahaf the electron density,

1,4-dimethyl cyclohexane was initially chosen to fite Then, based on the distances

between the atoms of the molecule and surroundisglues, some atoms were replaced

with oxygen atoms to make hydrogen bonds, resuitingd,5-dihydroxy 1,3-dioxan. It is

also possible that some of them could be nitrogems This dummy molecule was fit to

the density (Fig. 4), and the resulting model iatkd that the molecule forms hydrogen

bonds with the backbone amide group of G177, aorstboxygen of C129, and the

14



carbonyl oxygen and amide group of S155 and H33&doy of a water molecule (Fig. 3C).

The distance between the OG atom of S179 and th®ratom of the dummy molecule

was 1.5 A, which is consistent with the covalemdiig of the molecule to S179 and

represents a tetrahedral conformation generatatubleophilic attack of the side chain of

S179 to the substrate carbonyl carbon, as seeheirpitoteins in the amidase signature

enzyme family (9). The hydrazidase used in thiglsthydrolyses an artificial synthetic

substrate HBPH, and no natural substrate for tagrea has been identified. This unknown

compound may be a candidate, but further studeésied.
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Figurelegends

Figure 1. Enzymatic reaction and overall structfrbydrazidase fronviicrobacterium sp.

strain HM58-2. A. Hydrazidase hydrolyzes HBPH tohytlroxy benzoic acid and

acetophenone hydrazone. B. The structure of 4-kxythbenzoic acid hydrazide (HBH). C.
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The wild-type hydrazidase€C22 form) is shown in a cartoon model. The portionoced!

in pale pink corresponds to the N-terminal His x @ag region. The spheres colored in

magenta indicate the catalytic residue S179.

Figure 2. Comparisons of the structures of hydassdand other amidases. A-C. The

structure of the wild-type hydrazidase is superdolsg Chimera (23) with those of the

amidases indicated by PDB codes. The colored regioepresent structurally

non-overlapped regions and correspond to regioaadlL2 in the sequence alignment in

panel D. The green and cyan colors indicate hydese and the indicated amidases,

respectively. The spheres colored in magenta aloweepresent HBPH and the residue

H336, respectively. D. Sequence alignment of hydese and amidases. Sequence

alignment by ClustalW was performed for Hydr (hymdase, this study), 2GI3 (GatA),

4GYS (allophanate hydrolase), 4YJ6 (aryl acylamajlaand 1MT5 (FAAH). The black

triangles indicate the residues of the catalyiigdtr The green and blue triangles indicate

the residues C129 and H336, respectively, whictnéal hydrogen bonds with the substrate.

The blue line indicates the conserved amidase sigmaegion, and the orange lines

22



indicate two regions, which constitute the entramicéhe substrate binding pockets.

Figure 3. The catalytic site of hydrazidase. A. HFeo-omit map (1.6 level) of HBH

calculated by CNS (24) bound in the catalytic sagein panel B. B. The binding mode of

HBH to the catalytic site of the S179A mutant i©wh with a stick model. The black

dotted lines represent the distances between temsathat are less than 2.8 A. The

distance between OG of S156 and NE of K80 (a gmyed line) is 3.3 A. The cyan

colored S179 is from the wild-type when the S1794 ahe wild-type structures were

superposed. The pink dotted line indicates theadcst of 1.7 A. C, A dummy molecule

bound to the catalytic site of the wild-type. THadk dotted lines represent the distances

between two atoms that are less than 3.0 A, angitliedotted line indicates a distance of

1.5 A. D, Superposition of the wild-type and S19tAictures. HBPH colored in yellow is

also superposed manually based on the positionBdi.HE. Catalytic activities of mutant

hydrazidases. Catalytic activities of three mutai@d&29A, C129S, and H336A, were

compared to that of the wild-type as 100%. The @daces for the assay and measurements

are described in the Materials and Methods section.

23



Figure 4. An Fo-Fc omit map of an unknown compoand S179. The map was calculated

by omitting the residue S179 using CNS and contbate®y. A dummy molecule colored

in cyan is placed in the electron density.
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Tablel
Data collection and refinement statistics

Data collection

Wild type
Beamline PF-AR BL-NW12A
Wavelength (A) 1.0000
Temperature (K) 95
Detector Quantum 210
Space group C222

Unit cell parameters (A, ©) a = 122.2,b = 128.1,c =
159.3,a=8=y=90

No. mol in ASU 2
50-1.6 (1.63-1.6)
163385 (8126)

Resolution range (A)
No. of unique reflections

Redundancy 6.1 (5.9
Completeness (%) 99.9 (100)
/ol 47.2 (8.9)
Rmerge 0.054 (0.232)
Refinement

Resolution range (A) 34.0-1.6 (1.64 —1.6)
99.7 (98.2)

155116 (11835)

Completeness (%)
No. of reflections

Rwork/Rfree
No. of non-H atoms

Protein 7055

Water 670

Ligand (HBHY n.a.
R.m.s. deviation

Bond (A) 0.008
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14.3 17.9

Protein

Water 23.5 26.1
Ligand (HBHY n.a. 25.1

Ramachandran plot

Favoured (%) 97.2 97.1
Allowed (%) 2.7 2.9
dsiallowed (%) 0.1 0

*Rmerge: ZrZi li(hkl) - <l(hkl)>|/ZnZili(hkl), wherel;(hkl) is the intensity of an observation
and <4(hkl)> is the mean value for the unique reflection; swations are over all reflections.

n.a. denotes not applicable.
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Highlights

*» The crystal structure of hydrazidase complexatl wisubstrate is determined.

« A catalytic triad of Ser-cisSer-Lys in hydrazidas revealed.

* His336 in a hon-conserved region is a determif@gubstrate specificity.



