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We report here the extensive work carried out on éssential lysosomanzymes
acid ceramidas@AC, EC 3.5.1.23jrom zebrafish(Danio rerio), Caenorhabditielegansand
acid ceramidaséike protein (Nacylethanolamine hydrolyzing acid amida®¢AAA), EC
3.5.1.4) from mouse (Mus musculuy and Micromonas commoda (strain RCZ29)
(Picoplanktonic green algarhese enzymekelong to the Nerminal nucleophile hydrake
superfamily which is functionally identified as amidases. Based on the presence- of N
terminal residue Cyswhichacts asa nucleophile, the superfamily classified intet&fminal
cysteine nucleophile (NtCn) hydrolas&eing members of Nthydrolase gperfamily ACs
andNAAAs share a common (UBBU) Ntn structur al
Both enzymesre heterodimerandform homodimerassemblie®f heterodimemassemblies
AC catalyzes the degptation ofceramideby hydrolyzing the amidéond in ceramidento
sphingosine and free fatty acilAAA catalyzes thelegiledation of N-Acylethanolamine
(NAE) by hydrolyzing the amide bond MAE into ethanolamine and free fatty acAlC and
NAAA are glycoprotein and undergo pdsanslational proesing to mature as aactive

form.

The detailed work presented in the thesis underpins the biochemical and structural
characterization along with computational analysis@fand NAAA.

The thesis is organized infiwve chapters:

Chapter 1: Introduction

The general introduction and provideseview of the literatur@nd present status of
the workon AC and NAAA. This chapter also discusshe comparative account of AC and
NAAA with respect to functiorand structure. It covers the biochemically and stuually
characterized A@GndNAAA from various sources. Their probable role in human physiology

has also been emphasized.

Chapter 2: Characterization of acid ceramidase (AC)
Chapter 2 presents the cloning, expression, purification, biochemical and biophysical
characterization oAC. Zebrafish asahldndC. elegansAsahl geneasc | oned i n pPI C

A and heterologously expresseddithia pastorisAC was purified through affily and Size

Vijay Rajput Pagel



Ph.D. Thesis Abstract

exclusion chromatography. Glycosylation analysis done bya very reliableprediction
algorithm. The confirmation of glycosylation wasbased on glycoprotein stainingnd
deglycosylation of AC. Demonstrated insights into the autocatalyticepsowy of AC.
Zebrafish AC was found to be active towards the -QBD-Ceramide, another unique
feature of enzyme reverse activity was also obserVhd. optimum pHtemperature, time
andDTT concentration of zebrafish Akas beemetermined. Kinetic parartegs of zebrafish
AC catalyzed reaction were also determined. -8itected mutagenesis oberceived
mutatiors of SMA-PME has been designed explore the important residues involved in
stability and activity and autocatalytic processing of zebrafish AGptBsical technigque
circular dichroism was used for the structural transitions studfegebrafish AC by

monitored by subjecting the enzyme to thermal denaturation.

Chapter 3: Characterization of acid ceramidasdike protein (NAAA)

Chapter 3 presents the cloning, expression, purification, biochemical and biophysical
characterization oNAAA . Mouseand M. commodaNAAA genewasc | oned -/ pP1l C.
and heterologously expressedRithia pastoris The expression was confirmed by western
blot. AC was purified through affinity, Size exclusion chromatography@ocanavalinA-
sepharose chromatography. Glycosylation analyasdone by prediction and confirmation
based on glycoprotein stainirand deglycosylation of NAAA. Western blotting ag also
used to insights into the autocatalytic processing of NAAA. Mouse NAAA was found to be
active towards the PEA, another unique feature of enzyme ceramidase hydrolase activity was
also observed. The optimum ptémperature, timandDTT concentratiorof mouseNAAA
determined. Kinetic parameters of mouse NAAA catalyzed reaction were also determined.
Biophysical techniques like fluorescence, differential scanning fluorimetry and circular
dichroism were used for the studi@hrough the enzyme thermal raguration studies, the
structural transition of zebrafish AC wsisidied.

Chapter 4: In silico study of acid ceramidase(AC) and acid ceramidaselike protein
(NAAA)

In this chapter, theomology models of AC and NAAA generated and zebrafish AC
dockedwith substrates ceramid&he prediction study was most damaging nsSNPs done by
analysis deleterious and destabilizing nsSNRsilico mutagenesis were also generated to
explore important ofhe structural effect of FarbendSMA-PME mutation on functio. MD
simulations studies of WT and disease mutamaidels were executed to understand the

Vijay Rajput Page2
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molecular mechanism dfarber and SMAPME disease. Based on the observations made
from the above studie$ mutations(182V, R226P, G235R, G235D, R254G, R333knd
P362R) were identified as highly deleterious from 30 disease causing nsSNPs. The four
substrate binding pocket loops mappedttumstructure of AC and NAAA. AC and NAAA
separated based ahe difference in length of loopl by phylogenetic analysis of the

seaiences.

Chapter 5: Summary and conclusios

This chapter highlights the key findings frahe present work and conclusions drawn

from the data are discussed in this chapter.

Vijay Rajput Page3
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1.1Enzyme and their importance for life

Metabolism isa fundamental process life in which organic compounds are synthedize
(anabolism) and leekdown (catabolism) by stepwise reaction ugimghelp of the enzymes.
Many organisms break down carbohydrates, lipghsl proteins to obtain energy and
precursor for biosynthesis, wailautotrophs satisfy their needs completely with inorganic
materials. The catalysts of metabolism are enzymes and nearly all enzymes are proteins but
someare nonprotein in nature (catalytic RNAThe discovery othe first enzyme amylase
(Payen, A. & Persoz, 1838&)jggered the development of fermentation technologé20"
century. Enzymeureaseisolated and crystallized proves that enzyme nature is protein
(Sumner, 1926)During the 1960sa series of experimestconducted by Anfinseon
ribonucleaseshed light thatthe primary structureof the proteindetermins the final

confamation ofthe protein.

The function ofthe enzyme generally depends tive structure ofthe enzyme. Proteins
are macromolecules made up from standard 20 amino acids residues which are linked
together bya peptide bond. Protein diversity arises from different compositiand
arrangement of the 20 amino acids. The protein diversity informatistorl in the genetic
material in the form of nucleotides. The primary structuréhefenzyme is linear sequences
of amino acid. The regul ar fpheerlii esbeemndldbgc ondar
formation depends othe pattern of hydrogerbonds betweerthe amino groupand the
carbonyl group of amino acid residues. The secondary structure furtherafaddorm a
threedimension structure called a tertiary structure which is functionally active. Sometimes
enzymesare made up of more than one polypeptalein, which assembles the form of

quaternary structure

Enzymes are highly specific and enharice rate of reactiorby the formation of the
transition statgPauling, 1946) Enzymesn fine quantitiesare adequate enough to convert
the bulk amountof substrates to products. Some enzymes require the presences of cofactors
for activity. Such cofactors can be metal ions, organic molecules (coenz¥ndsgnzymes
are synthesized by livingells andremain inside the cells. On the other haexipenzymes

leave the cells and function outside. Every enzymehgsecificoptimum pHandoptimum
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temperature. Any shift from optimum pH and temperature results in a decrease in enzyme

activity becase it denatures the enzyme molecule.

Enzymes beingarge molecules consist of many hundreds of amino acids but the
functional regions of an egme @enerallythe active sit¢ consiss about ten to twelve amino
acids(Gutteridge and Thornton, 2005)he amino acidkistidine, cysteinendaspartate are
more frequently involved in catalytic activities, whereas aliphatic amino acids such as
alanine, leucineand glycine are hardly ever involve(Holliday, Mitchell and Thornton,
2009) Theactive site residues can identify by chemical labeljAgtories, 1997)and site
directed mutagenesiMorrison and Weiss, 2001)n silico prediction of function of an
enzyme from its sequena@nd structurgis possible withthe help of structural genomics
(Burley et al, 1999; Shapiro and Harris, 2000)he canparative study of sequences and
structures ofthe enzyme are helpful to extractthe evolutionary relationship between
organisms(Gabaldon and Koonin, 2013%ometims function prediction from sequences
fails due tothe fact that evemroteinswith high sequence similarithave been seeto

performquite different functiongKarp, 1998)
1.2 Ceramidase

Ceramidase (EC 3.5.1.23, acylsphingosideacylase, glycosphingolipicceramide
deacylase) are amidohydrolase enzyme that cataljeeteavage of ceramide into free fatty
acids and sphingosi&PH). Ceramids arefatty acid derivatives that are amitieked to a
sphingosine moietylThey can differ in the lengths of their acyl chains and even in degree of
unsaturationCeramidaseare classified into three groups, acid (ASAH1), neutral (ASAH2,
ASAH2B and ASAH2C) and alkaline ACER1, ACER2and ACER3) according to their
optimum pH(Gangoitiet al, 2010)

Acid ceramidase (AC; N-acylsphingosinaleacylase, EC 3.5.1.23)e autoproteolytic
heterodimec glycoproteirs which localizesin lysosomesAC activity wasfirst identified in
rat brain(GATT, 1963) butwaspurified and characterized from human ur{Bernardoet
al., 1995) The firstantibody produced against AC using urih€ wasfurther used for the
studyof sphingolipidmetabolism in skin fibroblagChen, Moser and Moser, 198BC is a
key enzyme in sphingolipid metabsih and degradeseramide into sphingosine and free
fatty acid (GATT, 1963; Zeidan and Hannun, 200Deficiency or imbalance of enzyme
cause defecs in levels of sphingolipid metabolite which interferes in w@hingolipid

mediatedsignal tansduction, responsible falisease (Park and Schuchman, 200&ince
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AC is overexpressed in cancersisitapotential target of treatment gancer diseas@eidan
et al, 2008) AC is functionally similar ® other ceramidasdut structurally more similar to
NAAA (Figure 1.1) AC has different characteristic features compare to other ceramidase

such as optimum pHubstrates preferences, primatsuctureandcellular location.
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Figure 1.1: Phylogenetic analysis of ceramidaseThe red brancles indicate acid
ceramidasg blue brancksindicateacid ceramidaskke proteirs, green branobs indicate
neutral ceramidasge magenta orangand violet brancles indicate alkaline ceramidase
(ACER1, ACER2andACER3). The tree was prepared in MEGA 6 and plotted using iTOL.

Acid ceramidasdike protein (N-acylethantaminehydrolyzing acid amidaseEC
3.5.14) genewasfirst cloned from human placenta having homol¢8$-35% amino acid
identity) to AC but showedno ceramidase activityHong et al, 1999) The term acid
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ceramidasdike protein (ASAHL) was coined by Hong et al. because of the sequences
similarity with AC. Later,a similar proteirwas purified from rat lungand itwasfound that
similar genes wer@resent in humamnd mousehaving sequence similarity with ASAHL
(Tsuboiet al, 2005) The naaa cloned from human megakaryoblastic (CMK) cell99.&80
identity to thepreviously cloned acid ceramidaliiee protein from human placentasuboi et

al., changedthe proteinnameto N-Acylethanolaminénydrolyzing acid amidase(NAAA)
because of itdunctional similarity withfatty acid amide hydrolasécAAH; EC 3.5.1.9%
Bioactive NAE is hydrolyzed to fatty acids and ethanolamine by the catalysiSA#H

(Ueda et al, 2000) NAEs are fatty acid derivatives that are acyl chains bound to
ethanolamine by an amide bond. Variation is observed in acyl chain length and the
occurrence of double bonds. FAAH is a member of the amidase signature superfamily
constituting of a SeBerlLys triad at the catalytic sit@Bracey, 2002)NAAA catalyzs the
hydrolysis of manyNAE into ethanolamine and free fatty acid h#smore activity against
N-palmitoylethanolaminéPEA). NAAA catalyzeghe hydrolysis of PEA into ethanolamine

and palmitic acid. The NAAA isa potential target of treatmembr inflammatory disorders

due to the antinflammatory nature of its substrate, PERAAA is functionally similar to

FAAA but gructurally more similar to AC.

1.3Ntn (N-terminal nucleophile)

AC and NAAA sequences revealed high homology with the bile salt hydrolase (BSH)
and penicillin V acylase (PVA), suggesting that AC and NAAA is a member of the
chologlycin hydrolase family (CGH) (PFAM PF02275). The CGH is a part of the
superfamily Ntermind nucleophile (Ntn) hydrolase(Rossochaet al, 2005; Tsuboi,
Takezaki and Ueda, 200R)tn hydrolases functionally belong to hydrolase class of enzymes
but mast of them se amidaseg¢Branniganet al, 1995) Ntn hydrolase sugrfamily shows
insignificant homology in primary structure showshigh similarityin therUb b U s and wi ¢
structure(Ntn-hydrolase fold), as well as theleavage oftheamide bondandautoproteolytic
processing(Oinonen and Rouvinen, 2000 Ntn-hydrolase fold, two central ampia r a4 | e | b
sheetsares andwi ched b e t-hebcesnon kithey sid¢Rigure £.2).All Ntn
hydrolase have conserved active site topolaggsimilar reaction mechanisnipugglebyet
al., 1995) Ntn hydrolae is active afer autocatalytic processing whidreaes newN-
terminal residue$¢Cys/Thr/Se), which is responsible fahe hydrolysisof anamidebondin
NtCn-hydrolase and Nin-hydrolase and NBn-hydrolase(Figure 1.3)(Ekici, Paetzeland
Dalbey, 2008)he silfhydryl (-SH) groupof Cysandhydroxyl (OH) groupof Ser and Thr

Vijay Rajput Page8



Ph.D. Thesis Chapter |

act asanucleophilen Ntn hydrolaseThe zymogen of AGndNAAA areautoproteolytially
processed n t- andBsubunitandthis subuniforms an active heterodimeN-terminal Cys

residueo f -subunit act as nucleophiéendform a catalytic trid with ArgandAsp residues.

i) A
C44:Glutamine PRPP amidotransferase C44:Glucosam£\§ 66I-_ri>hosphate synthase C44:Asparagine synthetase C44:Glutamate synthase

1GPH 1CT9 1EAO

\\,,C

24V =3
C89:Acid Ceramidase

T2:Isoaspartyl dipeptidase T2:Taspase-1
1JN9 2

A8I

T3: Gamma-glutamyltransferase T5: Ornithine acetyltransferase

Figure 1.2: Members of the Ntn hydrolase superfamily The conserved core Nfold is
highlighted in the structure of proteins.
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B

__- Acid Ceramidases
_H Penicillin G Acylases
_ Penicillin V Acylases
Ml_ Bile Salt Hydrolases

Figure 1.3: Modes of autoprocessing in Ntn hydrolase A: Ntn hydrolase fold. B:
Autoprocessing in Ntn hydrolas&he signal peptideU- and b-subunit of ACand PGA
showedin dark blue redandlight blue color, respectivel\Spacer peptide of PGAndPVA
showedin green color. Minitial methionineof BSH.

Based on the Nerminal nucleophile residue, Nhrydrolase enzymes (Clan PB) are
classified into NtCrhydrolase (subcla®®B(C)) andNtSnhydrolase (subclan PB(Sgnd
NtTn-hydrolase (subclan PB)) in MEROPS database (Rawlings et al., 2014). One set of
closely related Ntn hydrolases of interest here is AC and NAAA which belongs to the
Cholylglycine hydrolase family or NtGhydrolases (subclan PB).

1.3.1 CysteineNtn (NtCn) Hydrolases (subclan PB and Cholylglycine Hydrolase family

This clan PB(C) includes six structurally and functionally characterized families of
selfprocessing enzymes, family C59, C44, C45, C69, C89 and C95. These family members
are related to each other through structuoahblogy, not sequence homology (Panigrahi et
al., 2014). Family C89 comprises of the enzymes AC and NAAA. Other enzymes such as
Cholylglycine hydrolase (BSH and PVA), Glutamine phosphoribosylpyrophosphate
amidotransferase (GPATase), Glucosanimetose6-phosphate aminotransferase (GFAT),
Asparagine synthetase (AS), Glutamate synthase (GS), Dipeptidase DA, lysosomal 66.3 kDa
protein and AcylCoA:isopenicillin Nacyltransferase (IPAT) also belong to Nifiydrolase

family.
1.3.2 Serine NtrHydrolase family

This clan PB(S) includes family S45 (cephalosporin acylase, AHL acylase and
penicillin G acylase (PGA)). These enzymes are targeted to the periplasmic space by the

signal peptide. They are synthesized as inactive premature precursor polypeptide (signal
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peg i dehailUn, s p aachan), which is subsdgaently processed into mature active
het erodi mer -anodehsbhsgRigura Iy3 andf1.6)U

1.3.3 ThreonineNtn (NtTn) Hydrolase family

This clan PB (T) includes four family T1, T2, T3 and. Tkhese enzymes differ with
respect to their subunit composition and substrate specificity but the catalytic site and overall
structural Ntafold remain similar. Enzymes such as Glycosylasparaginase (GA), Ornithine

acetyltransferase (OA) and subunits aditpasome belong to Ntmydrolase family.
1.4 Distribution (evolution) of AC and NAAA

Distribution of AC and NAAA are found in bacteria, protozoa, animals and viruses but
are absent in archaea and fungi (Rawlings et al.,, 2014). In bacterial and virabgsmol
protein predicted to be AC and NAAA do not have consrvrd active site residues. In plants
this protein is absent but Micromonas sp. Has NAAA protein predicated to be AC and NAAA
do not have conserved active site residues. In plants this protein g hbsklicromonas sp.
has NAAA protein. The reason behind the lack of both protein in plants may be due to the
lack of lysosomes in most plants. The function of AC and NAAA in plants may be carried out
by other ceramidase and FAAH, respectively. The hogmle amino acid sequences of AC
and NAAA could not be detected in Drosophila but neutral ceramidase was present; however,
they were found to have activity in neutral pH as well as in acidic pH (Yoshimura et al.,
2002). NAAA has high homology (335% aminocacid identity) to AC with respect to amino
acid sequence; h o we v e r-subunittamiao asid segudnees and bpth i s
AC & NAAA have conserved active site residues (Figure 1.4 and 1.5). Similarities are also
observed in their structure,llzdar location, postranslation modification and autoproteolytic
cleavage. AC and NAAA have.

1.5 The molecular biology of AC and NAAA

AC is encoded by the ASAH1 (Blcylsphingosine amidohydrolase) gene. Skin fibroblast
and pituitary tissue cDNA was used partially amplify the fragments and form the full
length, human AC (hAC) (Koch et al., 1996). The cDNA encoding murine AC has also been
cloned (Li et al., 1998). The locus of ASAH1 gene is on chromosome 8 (8p2)l\8as
confirmed by in situ hybridizatioand FISH analyses (Hong et al., 1999).
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