UNI VERSI Té DEGLI STUDI

Depart ment of Biotechnol ogy
DoctoralSchool of Natural and Engineering Sciences

PhD Program in Biotechnology

XXXVII cycle

PhD THESIS

STRUCTURAL CHARACTERIZATION
OF THE HUMAN ENZYME FAD
SYNTHASE

S.S.D. BIOS08/A

Coordinator: Prof. Flavia Guzz&jfv&ﬁ// /

Supervisor: Prof. Stefano Capaldi / PhD studentGiulia Leo



SOMMARI O

FMN e FAD sono cofattori redox presenti I
flavoproteine. C importante comprendere |
sintesi nckeecari oat akdapredauteareinoztiimi : ri bof |
(RFEFAD sintetasi ( FADS) . FADS il seco
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( MPThb) presenta undattivit?’ pirofosfat:e
adenosinici, tra culi |l o stesso FAD. L a
nel |l é6uomo, esclusivamente mediante homol

strutture sperimental.

Questo progetto di ricerca, in collabor a:
del |l a Cal abri a, ha | o scopo di caratter.i
raggi X, dell 6i soforma 2 dell a FADS umaneée
fHlengt h, -ec oophecoa pd n a. Le condizioni di cr
definite con diversi precipitant. e gl i

Synchrotron Radiation Facility (ESRF, G
funze odall dtoeni mimalNe, |l a cui funzione ~— r

stata eseguita mediante calorimetria a

Il nol tre, una parte di guesto progetto di
Mi sfol ding and Amyl oi ds i n Bi omedi ci nec¢
riguardato | a caratterizzazione di var i e

fl avopr cati @aitre) aa sdsed i e CiotA rdeli tdir plge ndiis i a ¢ IMIA [
mal attia genetica rara appartenente agl.
determinata principal mente ddeersreqgruient el
varianti di ETF esornl. cet iftTgF. Lesigr7a/sas ,
ETE p. Argl04Lyisp. Ar gRTBR CWsp. Gl yE2T3F7 Va l at
ETE p. Gl y24Q Ahr. Gl yRT4P Arg, che mostrava un

alto come proteina solubile,  stata sot



a fluorescenza, e fluorimetria a scansi
struttura e attivit"™, gd ypempdmdtiamecon al

conformazionale del mutante  stata inda:
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ei n, a PAPS reductase domain-catalys

er mi nal ( MPThb) domai n di spl ays pyropho

cleoti des, I ncludingr EADL.f Tohi el uvecnizdy:
ctures of the protein have been obt
rimental structure is available to d:
research project, performed in coll
University of Cal abri a, I's part of
acterization olf entghdv hdEADIBRI, naand W el
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11 NTRODUCTI ON
1.1 FLAVI N COFACTORS

1.1.1 Riboflavin and its derivatives: St

FIl avins are a series of organic compound

skeleton, with a sulbOstwittuht iao nr iibni ttyhle rpeossii
Ri bofl avin ( RF) , al so -ddienfierinffeyidiMjiabsi t yi ) am
____________________________________________ i soall oxazine], i
5 ‘ heterocyclic C 0mg
: NH isoalloxazine ring ! . _
i (flavin) ; di scovered i n 187
. ----- :\- --------------------------- mi | k.
5 Doribitol | It s structure
RF :
determined by c he
N =R synthesis in 1930s
FOPrerty [ Kapr ey i n Zuri ch
| 0 o) /=N ':
P L*(;jr‘Nj4}\T,NHﬁ Richar d Kuhn i
: | - [ :
FAD i EHO\‘ “oH NN Hei del berg and i s
L AMP" W | inFigThe currently
""""""""""""""""" - used name, ri bof

FigIlJ:reChemicaI StrUCturerecogniZeS the pre
represented flavins. Fro;phe sugar al cohol
FIl avin mononucl eotide FN

(FAD), Li2@02%. [&81 al

t he mol ecul e and i

colour.
Usual ly, RF performs its biochemical fun
represEmnteedvd&Rti ves: FI avin mononucl eot i
characterized in 1930, and Flavin adeni:

condensation product| ®Fi gMN and AMP in 1¢

RF is sol ubHte0i mgwdt)eran(dl e hanol (45 mg/

has been found in allyl and benzyl al c«
compound is al most insoluble in ether, c
soluble, st abéeomésn wawl kal ine solutions.



FMN and FAD are much more soluble in wate

in free RF in p#&#] acid environment .

Fl avins are sensitive to irradiation, th
the ribityl chain, -procechwnwigi $aal fd@aazinn
solutions and-dil ment keyhlriosmoa( Y op& azi ne) i n
conditvionscofFaat orisn sporl oudou cee cwanipedre x es wi t
i ons?i( Mg *Cu?Fe?Co?N[i5]

The char actgereiesnt ifcl uyoerlelsocwence col our of o
38) makes easy to determine the presence
fluorescence coefficients of RF and FMN a
duet it presence whiadequyéenchnjoshlet ¥l uor esc
Anaqueous solution of RF presents absorb:
nm, with the maximum fl uorescence emi Ssi
i n a mixture can be@eedwirmansepaigued b¥nr

wi t h fluocesoancelhdetklial utoo eshbhenceaufbavi

contribute to cell ul airnvfalsu owree sicneangcien,g aolf
bi oenergetidg]in |iving cells
R. Kuhn first proved the pivotal role of

for both procaryotic and eukaryotic cell

FAD are involved in the metabolism of car
ket broai es and promote the mobilizati on
tryptophan into niacin and vi®admins B6 a
1.1.2 Biosynthesis, transport and metabol
Bacteri a, fungi and plants are able to p
an i mportant source of riboflav(a. §or an
C.pyogé&nepgogkenmsenocytogemes | actic acid
mycopl asmas, spirochetdad,atriacketnocti aeap:

synthesize it.



The biosynthesis of riboflavin has been
i ndustri al producers, Adskbdi paBepploluss hel
subfsit Ir[iedg] n

The synthesis of one riboflavin -molecul
phosphate and one molecule of guanosine
in the hydrolysis of the -dmachbBroopeger rmndi
conver t-aoi-Grroitboi t521, atrfilyply B HiNi di nedi one i n &

of deaminati on, side chain reduction and
o o o
N N’J\NH, H N’J\NH, HN u}s’LD
®®BOHL BoHC o ®oHe o H
1 2 3
OH OH OH OH OH OH
fungi
) )
HZWNH H'E\NH
HN r~|"’LNH2 HNT N o
CH, CH, H
H-G-OH H~G-OH
H-G-OH 4 H-C-OH 5
H-C—OH H-C-OH
CH,0P® CHO@

o o
H’:{“fw Hy | NH
e W wto o

GHa GH. H
H=C-OH H-C~OH
H-(::-OH 8 H-C-OH &
H-C-OH H—C-OH

&HoH CH,0H

"

¢=0 7
HO-C—H

CH,00)

[¢]
Hyl l,‘ N’LO

CH, CH,OH
H-?-OH ?=0
H—?-OH 9 H—?—OH 10
H—?-GH H—Q—OH
CH,OH CH,0P®
FigRresynthesis of riboflavin. (Bacher



Thi s | ast product didhy @2badtiwnpad s pih athe 3,
obtai ned f r-mmmo srpihbautlebiseedthiyd,it yl | umazi ne

product of the reaction.

The final step iIis the dismutation of the
andanbi-@Groi bi t 2l anilyply BHMI di nedi one, whi ch i
bi osynt hetdXx] paehwagps of this FpagtRway al

Bacteria and yeasts are able to produce
genome RIBENRBBI, RI B2, R B3h,d 7Rel nBcdo, d i Rl gB 5f o
the machinery that synthesize riboflavin
them are also able to absorb riboflavin
ri bofslpawiid i[cl.2clalrhrei efrisr st yeast pl asma me
riboflavin, Mchb5p, was $deme¢in eVieslsamr ontue i
i's homol ogoluisant omonmaoncnaar b o X ynl as8tt eu dti reasn shpaovret
i ndicated that this protein facilitates d
to mediate the transport process. Moreove
spediaes ococasusalpecoisin with five transmnm
medi ate the ri lbvodalavonedss alnsdwre ag83ofnaci | i
15]

Hi gher eukaryotes have | ogte telmedoaabciguitrye t

It as a nutrient. The absorption of ribof
whiclksareatial i n maintaining Rf homeost a
have been recently identified also in ra

These protei Y851 haned 2rn & TREI evans feRmbr a
domains and do not share[ ®&6ai | arity with

As il | ustFr gt. édf tteamk eheri bofl avin is absor
the | arge intestine (by action of RFTV3
RFTV2) where is associated to albumin or

the target cells, orncemythtedyfias FM& laaoc
brai n, ri bofl avibmr ap ein édtarrati es tdhu&T2kloo ad e

and enters neurons and astrocytes.



There i1s noi eofildeznice forage in the body

filtered into glomerul ar filtrate and e
ri boflavin is reabsorbed through the uri.
Food contains riboflavin primary in form
to riboflavin before their absorption, b

epi t h[e2DL u m

/

iy ‘ -
o Sy \ \ FAD  FMN Riboflavin
- & T

MICROFLORA DIETARY
FLAVOPROTEINS

RFVT3

ENTEROCYTES (SMALL INTESTINE) Absorption

BLOOD STREAM Circulation

RENAL CELLS
Glomerular Filtration, Resorption

and its catabolities

URINE Excretion —
BRAIN (and other districts)
utilization
Fig8&reeransport and metabolism of riboflavi
epitheekarébi ons primary in the urine. Carr
involved during all the process. |t is possi
al so participate in the transport of

The rapid chkinnvteag sfilomviof &Rctive cofactors
through two enzymatic reactions: first, t
ATP to riboflavin forms FMN, and then FMI

I n prokaryotes, these reactions are cat a
bi functi onal activity of RF kinase and F
characterized in detalid2zsfor different ba
I n archaea, FMN and FAD are synthesized
(speci fically Ri bK), whi ch f or ms FMN f



monofunctional FAD synthase, wi2i7d h aden
Eukaryotes produce FMN and FAD through
enzymes: RF kinase (RFK, EC 2.7.1.26) an
Their genes wer e hfairroamy cied e rcteirfeive d i iar @ ac
and FAD1. Over t he year s, protocol s f o
characterization of RFK and FADS from ye
devel oped. Il n contrast to Fmnilfoynathii @mali
enzymes, Fadlp be¢toungsadge ftehmi IRPAPENd s h
sequence similarity to thE. baa®0er i(asleeenz
paragraph 1. 2).

1.1.3 Role of riboflavin and its product:
Ri boflavin is an essentially dietary reqg
especially from milk and its derivates,
vegetabl es. The recommended dietary allo
f or menmga/nddayl .flor women, with some variat
and on riboflavin uptake deficiency. Sinc
FAD in the cells is wvery quick, its rol
cofactors in mamwpni ¢Ehawaapr catseidneshydr ogena
oxi dases and are invol v[ieedi,.i B0many met abol
I n rats, -defrcbeht awiiret has been | inked
met abol i sm; for exampl e, a reduction of
associated to a | owewidxiveedt iovfe epnheorsgpyh op |
Further mor e-defai criiebnotf | dhivetn i n rats and n
abnor mal foefa3d2]devel opment

I n humans a condition of ri bofl avin def

popul ations with diets |l acking in milk at
ri boflavin is more common in pfa3lnant wol
Evidence of ri boflavin deficiency in hum
errors in fatty acid metabolism and conse
defects in amino acid catabolism involyv
Ri boflavin deficiency also results in 1|o



eyesight defect s, anaemi a, defects in t

neurodegeneration and peripheral neur opal
A role is emerging for riboflavin and it s
cervical dysplasia and in the regulation

conditions can be restored supplementing
ri bwifida3 733

1.2 FAD SYNTHESI S I N PROKARYOTES AND EUK/

1.2.1 Biochemical and biophysical proper |

FIl avin cofactors are key players in both
mi crobes are heterotrophic for ribofl avi
I n both cases, riboflavin is converted i/
I n most prokaryotes, the biosynthesis of

di striemctt i oined cautprbot eanh asmerdg|FEAD sy nt hase

Bacteri al FAD synthase is thus a bifunct
( MW) of ~38KDa, enddeae Cbwnyntetbeact er i u
ammoni agqElseber i,choirai r®el @aicm | | u[s228ubtil i s

The first reacti-pmospleprg¢gbasi ehsof nRFhienbt
product FMN (kinase activity, EC 2.7.1.2
adenyl ation of FMN into FAD (adenylyltra
ATPsemal es are required [@M8ling the synth:

(IRF phosphorylation: RF + ATP Y F
(2PPMN adenylation: FMN + ATP Y FATL

Il n 1998, Mack M. et al., demonstrated th
t he produdgt€noef Bftrhecembent oBEADQS fiog essenti a
the metabolism of flavins and a [t3mt]al der

Al ternative strategies are adopted by di
homeostasis of flavin cofactors, althougt
residues dgmB$3®]conserved

Efi mov et al. overexpresse@€oagydepacti tred
ammoni g@&ARS) and studied its catalytic |

¢



in presence of divalent cati on?, Iwi thhast he
been also shown that the phosphoryl ati on
irreversible process, while FMNAT domai n
the enzyme an additional FAQ 4y rophosphot
More recentl vy, h aG& ARfrne sdeinstcso vtew oe ds e phaarta
sites, mediating the synthesis of FAD in

T RFK domain binds RF and ATP and produc
and reducing environments. A substrat
excess of riboflavin, has been observe
FAD production.

T FMNAT domain binds FMN and ATP and syn
strongly influencegdably reducing condi

FADS fStomptococc(SsphhphbeubBhamdaleB& ADS) s

have al so been characterized. These enzy]
activitiesC&@mRABSri batd Work under reduci ng
i mportant differe®SpADS BtbnAI®DS 1 e natt i wiht
by ri boBdlavin

| hi steri a monao chyutnoagne meast hogen auxotrophic

are involved in the transformation of RF

i sof orms of the enzyme:

T LAADS presents t he canoni cal bi func
prokaryotic FBRYBSDSSimhéeé aRFKodomain fu
presence of reducing and oxidizing ¢c

riboflavin, while the FMNAT domain r ec
T LRADS (35 KDa) hHaeg ma nahodtoenai @ t hat |
consensus motif and is able to synthes
FMNAT and FADpp activity under oxidi zi
physiological funcnd onfaléarhi s i sofor.
By eliminating the biosynthesis of flavirt
which are involved in a wide ramnmge hofs ph

vi etwhe differencesFAD styhnat dmpmosaetsad y ovti it t



eukaryotic coumtidmumant o,namalbacteei al FAL
candidate for the devel opmpert raom anhi bi
activity with Fieglugded side effects (
Given that the main differences between g
situated -twernrmiimalt hreredNi on of the FMNAT dor
as a crucial target to identisitpdaetsi mave
been performed agai @G&EADS ISephnE MBI AGandompeai D
i nhibition has been found with different
and gos4gwypol

Prokaryotes
RFK/FMNAT
RFK FMNAT
i ATP  ADP ATP PP
2 L - S M
PPi  ATP
g—on - FADpp

YE

RFK FMNAT

Fig&rescheme illustrating the reactions cata
two eukaryotic FAD producing enzymes (RFK al
(PDB: 2X0K) and the monofunctional RFK fro

Candida gl abr atMor(emB:et3 RAWK), 2021 [ 44]



1. 2axZA2ayXstructure of prokaryotic FAD synt

The structures offTfhEADosyggahmaB$t i MB B:
lTga&ndorynnebacteri (Oak®dEmo PiDBge RXDK) havi
obt aby-edy diffraction and serve as model

Fig&reibbon diagram ofi nTmpADS .orLlme f(t
[ 48]) . Right: TmFADS in complex with
2005 N#4&fjminal domai ntesmbhalwvndomacwy

I n 2005, Wang et al ., sToRARS (tédrec axdedtmy
TM3g@ne) in complex with the substrate r
As represkingédde ipmotdhuet of this gene i s &
structural domains connected by a single

T Nter mi nal domai n di spl ays t he cl assi

nucl eboitniddeng proteins ((H/ T)XxGH motif
adenylyltransferase activittyor mimal st
domain with many nuclseaodthiadylittr ains fiem\a

the FMN adenylyltransferase, the seco
T Cterminal domain exhibit haebmonldoignyg wi t
proteiassitwanhded beomtrirpdr aalnldelh-el i ces


http://www.rcsb.org/pdb/explore.do?structureId=1T6Z

andt &€ minal. This part of the protein
surfadbaofr eilt @and participates in both

Only slight diff e&&mxI,s satrreu cptruefséeeg.ti6d pno rttl
C&ADS is an oligomer formed by tthaei li nter

configuration, which allows the direct t
be involved in flavin cofactor homeost asi
Thet €r mi nal domain i s revpanlisimedbd hea mfiossm t h e

in which the nucleotide binds after t he
rel eased. FMN bt edmi 1t dale dFMNEATNn Nwher e t he
ATP mol ecule is transferredditfo FMN, to pr

Figa@reibbon representation of the:CaFADS pr
CaFA®Ber mi nal FMNAT domain is higlkerimgheaéd in
RFK domain i Ri gtlalrek hoerxaanngeer.i ¢ geaembmgnomerCakF

is represented in a different colour. (

1.2.3 Biochemical and biophysical proper |

I n eukaryotes, the conversion of RF to t

by two ubiquitous and separated enzymes



evidence®&atchat bjny carsd celamewichida dfe ¢ . 7
[ 551 ]

ThEeEmnglene enco®REK f(ATPyepdbtos phot nabdlf er as
2.7.1.26), ad eZpde.n5d eknD a emetyarle whi ch medi a
phosphate group from one ATP moFewotl e to
have been Sdahlinzddacadhammolthy mes spapohe g e
corresponding soluble proteins have been
novel ATbP mchidn Rff ol d. Furthermore, eukary
Sstructure si mitlea miftniueslseowd rt chk atrhyeotG ¢ bi f ur
[ 523 ]

Fadls an essentciearlevgeasmeielder i ng t hat t he
Fadlsult in a | ethal p h e FAAtDy sey.n t Thhaes eg e mae
k Da solubl e protein, produced i n t wo i
|l ocalization, cytosol and mitochondri a. E
protein is alsanablie por hgdmdbyrsed .o s5pshjor

Yeast i s considered a good model t o des
eukaryotes, but FADSs have been puri fie
organdwsans ,Msurfospo,r awlto s sRA®MB ot 8i aAanwi t h
high turnover number, reflecting the ne
organissins

FIl avin cofactors play a vital role in p
photoreception, electron transport i n mi
so on. The biosynthesis of FMN and FAD i
monof uanlct RBK and FMNAT | ocated i n cytos

compar tfmga]t sHa s been dAi rsacboi vdeor pesdi FsAt Chtahta | 1 a
synt AtRiskeF JARarbd2, are sequence homol ogs t ¢
they lack ribofbadin kinase activity
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Figédrescheme of the reactions catalysed by e
into FMN) and FMNAT (adenyl ation[ 68] FMN int

Furt hefrAddSr evas puri fied from cytosol and

where it is presentytosdzymerfeot ms sph psg imc
di mers with a molecul ar weight of ~100kD:¢
The rat | iver enzyme also differs from o

and ATP from FAD and py®2dphosphate is o0obs

Contrary to ye,ashkaatngdr ihaaslmalmMMNRATK domai n an
do not share sequence similarity, since
bel onging to the nucleot-48)y] yWwhitransté&na
FMNAT cont @hmsphbad@iNpsundg a5 ( PAPS) rec
|l i ke family of Umnedmrdledemsupacfamil ge( al
ATP sul furyl ase, phosphoadenyl yl sul ph
mononucl eotide ( NMN[)6.3@deanyliyglhetrr aarukfagryad
encoding for FMNAT c¢ onwhaoisnes faunn catdidoi nt ihoansa |

MPp



recent | y[ ABd & nsthiafriiendq sequence <iormialcamirt y
bi nding proteinseed6MogA and MoeA)

As described for the prokaryotic bi func

reaction is al%io adnedp etnldenpr wpmosvgd react i
prokaryotic FMNAT and eukaryotic FADS 1is
bi mechani s m, with ATP that binds before

befor p2d&08DB]

1. 2:-RAyXstructure of eukaryotic FAD Synth

Two-rdy structures of -enuk aFylodns ¢ & A®OSav ai l
fo€Candi da (ElFavkNrAdt) a Saarcd har omyce(sFA®Adnevi si

enzymes, respectivel y. These structures,
domai n, paved the way for wunderstanding
protein: di fferences in the substrate bi

t hat euwkarmnyotbacteri al F MN AfTo lad ep rt ovtoe iamsc i
di verged in two dif fheirleen tdipsrpoltaeyiinn gs utpheer fsa

activity.

In 2009, Huerta et al ., described the f
studying the enzym€aonti dhq@eBEABYanTltey e :
obtained the strudtourme amfd time dprfdtegiemti rc
The structure ofS.FADeS(d\dposnwateh es o/levaessd i n 2
complex with the reaction product, FAD. I
present in the crysfa8)] ogérlaphic asymmetr |
Cék MNAT atipd Fepreskinge@hanetéerong struct.
The two proteinsdamai msa,dewitti btt avioc swbe al |
Co MNAT tthee mN nal domain is a medrfhinededRos
b-sheet, wherpeartdiet eoknddy iasnttike mi nat hdomaen
madelhefl i ces connect&d8] by flexible | oops
Fatpbi s made oftmnandatdrparddshekt ant anked or
side bylhaldixnginal on t he Whehleirc essi;d ea bhye lai ¢
extends over the ajcag6]lve cavity of the pr



Cék MNAT attipds hre structur al mo t?bfi ;1 dii mgo | v e
which is also maintlaikreedpribr @pARnso triPdPd u cA L
mot i f, ARXFIhompthiaft € mot i f ARG2 moti f),

conformation of some of these motifs. Fo
i nt oFltahvei nn Mmaoti fi ts binding mode into th
comparison with the f-pumdidndgferene¢i mgroep
Dym and Ei se[neh7g FADinids2m@1la bent confor mat
adenyl yl and isoalloxazine parts al most

inside the cavity site, while the phosph:
It has been proposed tihvaet ,s idtuer i magy tshwvei crhe
opeon a cl osed[&€B,nhfeor mati on




Fig8&reLeft: ribbon diagrams of CgFMNAT cryst:
panel) (Huerta et al., 200¢%%i[o¢3] )ais FAD hits grre
spheres. Structur al motifs are highlighted
bl ue, ARGl motif: orphgephaARG62mmotif:rpdr pR
di agram of ScFAD1 in compl exk UhietlH creAsD.arFAD
shown inbshgbatsblinonedark pink (Leulliot et e
alignment between the structures of CgFMNAT

rmsad=412.

1.3 HUMAN FAD SYNTHASE

1.3.1 Biochemical and biophysical proper

Despite the importance of flavoproteins
characterization and the subcellular |1 oc
FAD have been | acking for years.

The gene encoding for the human FAD synt
orthol &g cefr efvdndals d a eRalmeedl1

Fl aidsl | ocated on the | ong arm of <chr omosc
di fferent transcrairgt pvboydiualetdesr rod tvilt vhee sgpelni
produkEtAbbf¥¥e been cloned and characteri z

ot omp arstpreeinfziyaones i nfB&adkar yot es

The product of transcript vari ant 1 (
NM_ _025207) has -taerint nalesisdge@alN peptide

| ocali zaThenm{ M68hondrial | ocalization o
using cell fractionatiimnmiatnalc haacrtd rviia yf rnoel

[ 68Nh3. cereViesnoaal -tef mi ma@al Npepti de by t he
processing pperpdduraes eaa ¢ MpRB@AtMe inm aci d, wi t
MW of D§ BB

The transcript variant hFADS2 (GenBank A
shorter p-amindeacf d49@reumd aatad d fatr tthe NI
acids (MW 54188 Da) and it has <cytosol:

My



proposed to be a component of the O6FAD d:
apfol avop[r7otiei ns

The two most abundant isoforms of this ge
recent studies on muscular disorders | ed
this enzyme, [ A.alm@tdh enrF AIDEBADSNs have been d
the transcriptional l evel Fi@t. further i nf
I n 2006, Brizio C. et al., overexpressed

i n Rose€Et acehhERA)DS wa se opreas s etda gahse da o7
protewhil @ WBRBA®®preasasse ddi-tstagged fu.si on pr
While hFADS1 could not be expressed as
bacteri a, h FADSRu rwafsi esdu cfcrecsms ftuthd ys ol tlyl e
chr omat ohger,a pthdyenttiiegy towow@s ot e ibfys reE |

MS/ MS of tryptncp pétetpilbydss saft er

The acttitlva tpuroiffi ed hFAD$2spast bephotvemef
chromatographic aabialyistycooafiommnigADhfern aor
and the importance offorti dehtepdl gseémcceacof vi
previously reported for hi{f2aBsSSho wendd ar astp elci
activithyg .n8nfol 6.088 FAD synthesized/ min/ mg
akKmval ue f or NOF.OBN[] ®C, 7]16.35 6

Ot her experiments to investigate the str.
the enzyme (hFADS2) have been re[po8 ted ir
69] hFADS2 appears to be a dimer in soluti
predominantly by el ectrostatic i nteract
experiments with high KBr concentrations
does noheasfeeotmdary structure and the st

They also provided new insights the cat al
foll ows arhkliered mechani sm, i n which ATP
released first, while the r€iemasengf stilee

thelgaia cycl e. The release of FAD may r

correct redox state and the-fprespmod ed 0C



which are able to accept the cofactor. TF
the solution and to process it by pyroph
[ 7.0]

hFADS2 contains ten cysteine rBARPSHuUEesS,

domai n. Some of thasei cgstadneasnval @eded
activity, del i very -fdfa vtohper od cefi axcsio satnrdb & no ta
of the catalysis, while others may be in
fofm2]

1.3.2 Structural organization of the hum:
Homol ogy modelling has been performed to
structur al organi zation of t he human FA

experiments ar(eFiigh Bystrated bel ow

T 3 phosphoadeplhes perosud f at e ( PAPS) red:i
(I'nterPro Database acces-seominumbef : t|
hFADS (between amino acids 232 and 49
similarity and 34% identity with the
lIts sequence presents four of -the six
|l oop and ARGdbDI Vedpjn ATP binding, fla
FMN bindi ssgh anphathee moti f, with an unc

The 3D model of this domain was buil't
Cgl abFMNAT ( PDB ceprees &fift5oNgch wi t h a cer
bsheet fUhaenlkiecde sb.y Several residues int
moi ety of FAD (aromatic: W180, F183;
hydrophilic D177, R185) , which binds
Functi onal characteri zati ocorevefal tlle t ha

is able to catalyse the FRADdsytthleesi
divalent 2‘aatijga.s] ( Co

T N-ter mi nal domai mo | ylkeddptbddiimygyg & MPTbhb)
domaf hnt éoraRrad a s e accessioni mulmbaeed I
bet weereinno 18lcd7dsof i si@2@cetirmf2 iSbEdrm 1).


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/amino-acid

The structtuerremianfalt deomdi n showed 29%
hydr ol as. aCdindA¢ P®RIGLO®m8 family, ), whose
been obt-abgedrlggtdl |l ography. CinA was
t he st rtuecrtmnmirmad!l Nmo d etle:ir ntihneal h FdAoDnsa iN1 s h
typUEtRoOssman folfd structure

The function of this domain remained
experiments revealed a FAD RKyd¢(BCase
3.6.1.18). The hydrolytic activity 1is
suggesting the involvement of cystein
Amino acid sequence analysis reveale
catalysis which ar-eharmoacteevieded nFAD hte
(i . e. FpylpShygdreVasdathatm -NpPBF Xor m a
(nucleoside diphosphatase | inked to X
results | ed to suppose that also hFAD
with @&NUDONX medhamn]i sm

M= binding IFRO0DI453/

EC36.1.-

.

AMP + FRAN : ?
# Redox Client
Cvemls hh—ﬂﬂ'\l‘ﬂﬂ"ﬂm“
?
.......... :ll'-pl!_é
7 Elient Tospial

'-@__po-fruwp-rufemx

Fig&reRi bbon di agNtaer noifnalhedowralibn and of t he
terminal domain of hFADS?2, obtained by homol
using the protein RCDBhA Df3KBQ@)ciamdhREMNmdeny



(PDB I D:3G5qA)albmfata as templates. The red &
Cysteine resi Puedsictppe meghmali sm of- FAD del

flavoproteins (1l ower panel) (Baril e e

I n 2018, the characterization of the spl
i sof orm pHWLARIwas bryeported. This isoform
produce a 320 amino aci-tderpmiontali nRARSYT rwehdi
domain is present, resulting in the pres
hydrolase activityt Bmhi €emesgfeorcy mpaytremr
i n the case of so(me ghurttgt i ons of the gen:

98 268

[ a0

| 446
I

FADS2 NP_958800.1

FADS3 NP_001171820.1

FADS4 NP_001171821.1

FADSS Q8NFF5-5 |338

FADS6 1320

Figubeschematic representation of the six pi
gene FLAD1. hFADS1, hFADS2 and hFADS3 isofo
and the MPTb domains, whi e rhthAI4 caantda | FYALS 5¢
and hFARSG6 iihat menil domai n. Di fferent shades

terminal ( dartke rgmierya !l a(nldi ghhte Crey) (Leone

1.3.2 FAD synthase in human diseases

Considering that hFADS is a ubiquitously
types, with higher |l evels ipn7,d]yamprhe | reovchenst
role of the protein and its gene in the

The genetic di-€foAdeehyydt ogphasac®Pdl Mci enc
#2 31)6 8Myao pyatsis oci ated with altered fatty
met abolisms, with -wmhaoohdelircakencgspndatc
phenotype. Genes encoding for two enzyme
geneEsT.FAN®ETHB aabectron transfer fl avop
oxi dore@#UEt @@ ETFDH ar e usually altered

HH



suffering from MADDELADRPr a0aéingquuast abbke
with reduced FADS activity, have been a
MADD, potentially treat abA7@] wi t h high do:

Due to its role in mFLA®IO mdrliaale dr & sop itrhae
of cancer cells and to metastasis and pr
A significant diFfLfAdnla st beaeapr é®snhdn i aof he
carci noma, prostat e[ #ah cFeurr tahnedA filrsdt,d i ¢
be a novel progannmnxltll ¢ madcgl cRihARIs | n 2C
di scovered as a biomarker for diagnosi s
expression | evels of the gen#0 ayedarsel alt &
women and were associ at edivtod vieER+ NPp5 3> tr
badalket,r lapeldeat i v ec ébrr ecar8@ Uy ftsasnt 0o €bund a hi
FAD synthesis rate in pancreatic cancer
devel opment of FADS inhibitof83Jas potenti

1.4 FLAVOPROTEI NS

After their synthesi s, FMN and gkADppsl ay
or cofactors in colourful proteins, Know
presence of the flavin in the active sit

spectrum, depending on the protein and o]

The majority of flavoproteins contain th
(~75% of flavoproteins)[ 3a#86&8]4 AmMorex cregrt @ loyn,
represent edpubnypi hge NNBH: qui none&/i lorxiiad or e«
chol,erwahei ch uses free ribof[l8&yin as the a
Usually, the cof-aeatvalrentsl i ghsdgyi dtued d ntom
rare cases in plant s-ortcipivgail wadidoyb a(tt eni a,

andpoési ti on of the isoalloxazine ring) bc
resi due. Thi s fcorvmmd émy & d ti onckaatgael yitsi ¢ pr oc
mai ntain the protein stability and satur
and inactivation of the <cof a[c8t4gr 8@hd t o |



Fl aabased coenzymes ar eo xkiedya tpil cany e(rfisr & dno x ¢e)d
thanks to their tricyclic heteroaromatic
el ectrons. This ring exists in three red:q
l)guinone or oxidate state.
2)Radi cal or selme @turi mm nregedwned st ate, wh
by the protein environment.
3)Hydroquinone -edrectfuonmny,redwoed state,
di fferentiated from one another and f

their optical properties.

I n a study of 2011, 374 pavoproteins fror
anal ysed: moredéephandéf®w ehzpmesnresulted
the remaining enzymes were <classified a
I somer asersd (lli.Ap&B] (0. 4 %) .

Many cellul ar pathiw@®yB-Br e(qiulilriesttrtae ead ontnr
flavoproteins, whi ch ar e i nvol ved i n a
dehydrogenation, oxidation, monNa@atxygenat |
8 7]

Energy production Chromatin remodeling

FReduction DNA repair
Onxidation Apoptosis
Oxygenation Protein folding
Detoxification

Light emission

MNon-redox reactions Neural development

Biodegradation Biosynthesis

Current Opanion n Chemical Biology

Figlbtebiol ogftavoeoalzgsmmesf (Joosten V & Van B



RESEARCH Al MS

The present work focuses on the characterization of the human enzyme involved in
the synthesis of the riboflavaderived cofactor FAD, FAD synthase (hFADS). The
necessity to characterize this enzyme is due to the essential role of flavin cofactors
in humars, which participates in the biogenesis of flavoproteins.

hFADS presents a bifunctional activity in two separate catalytic domains:-the C
terminal domain is involved in FAD synthesis, while théekminal part possesses

a not well characterized hydrolytic activity toward adenine dinucleotide.

The general aim of this research is to comprehensively characterize the enzyme
human FADS, focusing on the experimental determination of the overall structure
of the protein and of its FAIproducing domain and to better understand the hidden

function of the N-terminal hydrolytic active site.

To achieve this purpose, different domains of the human protein have been
expressed separately Eischerichia coli as heterologous proteins fused with-a N
terminal HisTag and purified to homogeneity.

Then, crystallization screenings have been performed on different constructs in
order toidentify growth conditions for protein crystals, to be analysed bgyX
diffraction to obtain the structure of the enzyme.

Finally, biophysical experiments with isothermal titration calorimetry (ITC) have
been performed to understand the hydrolytic function of tHeriinal domain.
The hydrolytic activity of the isolated -dérminal domain has been tested with

different nucletides.
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2.MATERIALS AND METHODS

2.1 HUMAN FADS 2 EPRREFIICAON I OND

2.1.1 hFADS2Eegpeesshon colii

For the structural studies performed in t
of human FADS2 have been generated, expr e
The name of each construct corresponds t
(Uni pr:otQ8&MRIR5

hFADS76 MPTb domai n)

hFARSs¢ MPKIH domai ns) ,
hFARSsePAPS domai n) ,
hFARSs¢G PA-BBEer domain),
hFADSs¢ MP-KIHPARGt er domai ns)

=4 =4 A 4 -

The human c¢cDNA of hFADS2 wasPQOQiRsedi aatsedh t e

del etion mutagenesi s.

Selective primers, il lustrated Naelt he Ta
(Jena Bi osBaimfnlceensa) Bainodsci ences) endonucl e
insert the amplified sequences in a pET1!
Table 1: oligonucl eotide sequence of the pri

di fferent truncated constructs of hFADS?2. N d

green
FADSETN3-0or GGTGGTCATATGAGCGTGAC(
FADBET25-7or GGTGGTCATATGGTTCAGTT(
FADSETB5Bor GGTGGTCATATGCCCAACGCT
FADBETR25-6ev GGTGGTGGATCCTCAAGCTG
FADBETBSHev GGTGGTGGATCCTCAGTAGG
FADBETBE5Bev GGTGGTGGATCCTCAGGTAT]
FADBETEBf7ev GGTGGTGGATCCTCATGT GC(




+Bpu1102 l(267)
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Bput0 lizazey | | ESMIET0H

I Mse lizra1)
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PET15b is a 5708bp vector that allows th
tandem wittelm mamalN si X histidine tag and
( GGAACCACGCGGAACCAQG) .

This vector contains a T7 promdt-er , i nd
t hiogal actopyranoside), which regul ates
(Fig. 12)

PCR products were separated on a 0.8% a:
excised and purified from the gel with t
di gesthda malatnnH I

PET15b vector was digested with the apprc
to further dephosphorylation using Al kal

coding sequences were inserted into the v

E. O#Bicompet ent cell s (Ther mofisher), u
preparation, were transformed by heat S
Selection of transf-agaranpbatwas aaomamdteaioni n
Ampicillin (Merckheamrcddi hg peegsences oiva:

colony PCR. Positive colonies were growr



Pl asmids containing the insert were isol

(Merck) and sequenced.

2.1.2 Protein expression and purificati ol

1000L of the exprEessamlinl shosDE3RosEeNdwage
trans®hgr meatwh tdnhadékul t i ngeatecroambi nant
Rosetta host strains are especially desi
in pET vectors by induction with I PTG. THh
a plasmid that provides tRNAs for AGG, AC
the exprekargmtoftc proteins cé&nt.aohheg r a
t RNAs genes are driven by their native p
a |l yse@eh aorfd carries a copy of the T7 RI
the | ac promoter.

Selection of transfor meagarol plnd teess waen tpaeir
Og/ ml Ampicillin and 34 Og/mL Chloramphert

Expression and purification of the recoml
protocol Initially descri®mandd biyt Bre maion e
unchanged for al/|l the constructs. Transf
mL of LB medium ( Mer ck) for each constr
Ampicillin and 34 Og/ mL Chloramphenicol

werandsfrerRPed ©Dd6 Lresh LB mgdmumAmpncal hi
andeg3d4dmL Chl oramphenicol

Growth was continued at 300.ATC A omeaans ua petdi
600nm; then, the expression of the heter
20 AC, adding 0.5 mM of I PTG (Merck) to

H



Table 2: composition of buffers used i

HEPES NaCl Imidazole MgClL, (MercK) PMSF TCEP TRITON x- DNAse Protease
pH 7.5 (Merck) (Merck) (Merck) 100 (Merck) inibithors
(Merck)
(Merck)
(Merck) (Merck)
Lysis Buffer 20mM 500mM 20mM SmM ImM 0.5mM 0.05% 20pg/mL
Equilibration 20mM 500mM 20mM - - 0.5mM
Buffer
‘Wash Buffer 20mM 500mM 50mM - - 0.5mM
Elution 20mM 500mM 250mM - - 0.5mM
Buffer
SEC Buffer 20mM 150mM - - - 0.5mM

Cells were hafwestl®d man 2060@ ACf to remov
then resuspendedaibh elayydi dilsufufpesredoswaled h t
sonications ptuursatsed pFADtein prepaMati ons

of the compound (MerckYObefore the soni c:

The soluble and insoluble cell fractions
|l ysate at 20000 rcf for 30 min at 4 AC.,
Nff DA Sepharose column (Chelating Sephar
wi th Equil iTaba)tel oZnh eB ucfofleurmn( was extensi ve
Buffer and the bound proteihabvwaes 2 hen el |

To remove imidazol e, the eluted protein:
ultrafiltration with™, CeoadéedonndaviP®dC
equilibratedTabdbaB8BHCebutedr i i 3.5 mL of

Thet &r mi nalg MWifsthe protein was cut by oVe
(Merck) at 4 AC.

Subsequentl vy, 20 mM of i midazol e was add
| oaded?*saphaNose column equilibrated wit!
the resin and 2 mL of washinfireé phet eiers

fractions.



To obt atFPADiSheuapdi ed proteins were incub
KBr (MercKojlat 24hAGrs on ice with 50mM
( Mer ck) .

Proteins were further concentrated to 1ml
on a Superdex 75 (Cytiva) or a Superdex
SEC Buffer.

2.1. 3PASGESd | mmunobl otting

The presence and the purity of -PtAlG& pr ot e
and i mmunobl otting. Pr ot ei-mMAsGhawar et heepar
transferred onto a nitrocel l-bll otses enmimdr
el ectrophoretic transfer celll

Membr anes wer e i-mocwsbea tperdodw ccehd apnoliync | onal
against hFADS (Patent n. W02009107158A1)
3 hour s. The bound antibody wraab bvits u al
i mmunogl obul ijrugan teadbloedIyti hceo np h o(sNvehrad ka)s,e (.
diluted 1:5000.

2.1.4 Protein concentration and FAD/ prot e

Theoncentration o2 phemagiunmsefaisaeud eldF ADYS usi

di fferent procedures. The first method i
BSA (Merck) as a standard.
Alternatively, the concentration was eval

an Ultrospec 3100 pro spectrophotometer (
Torchetti[ 7e0t)] Thl. c®@G11i bution of the boun
fromhagpheeadi ngs; choghsoird eFrAibnoghssto A e d u e

to tipe odmdosmay hbee cal cul ated as in the f¢

o¢ Yamn € Ni € 0 'QQap ™ 01T L P
The concentration of t les p5réodndlsictho was ¢ al
0. 99 ELomM as calcul atedpbygt meroairg ( Siwe s € x



Il nstitute of Bi oinformatics, Lausanne, S

Bradford assay and with spectrophotometr|

Furthermore, the FAD/protein monomer rat.

can be estimated from the absorbance spe:
"O% OT LN ENT € 0 QEY P m,1
where BsifsDlshemrotein ratio.

TablExt3i:nction coefficients used for protein

with Expasy ProtParam tool

mMic m RthWscADbsapprot e
hFADSA380 56. 4 0. 2
hFADS21I6 8. 6 1.3
hFADS3%0 23. 2 0.5
hFADS-358 33. 3 0. 3
hFADS-838B?3 32.9 0. 3
2.2 KINETI C CHARACTERI ZATI ON OF hFADS cCOl

2.2.1 Measurement of FAD synthesis and F/

Measurement of FAD synthesis and hydrol ys
Bar i following the described protocol s.

was measnurceodfee x Anud58& MmAm,520 nm)-8H%00h an

spectrofluorometer (Jasco), exploiting t
and FMN (Merck), as des[ctOilbed i n Torchet:t
The rat e of FAD synthesis was obtained
fluorescence due to the conversion of t
fluorescent FAD. I n contrast, the hydrol
increasing ia tbubhessgntbesdsas of FMN. I
specific relative FAAD)l uosr esecne ndenecso d fofw
of FMNN) .

For FAD synt he8prsotasisray swe rthéF AiDlscubat ed at
110 Og and in buffer in 50mMTris/ HCI (M



MgGl (Merck) required])The FADctSiyom heas sst
to the purified proteins 100 OM ATP ( Mer ¢

For FAD hydrolysis measureme-its Ogpwetr ei n

i ncubated in buffer in 50mMTri s/ HCI , pH
( Mer ck) , 50mM KCI ( Mer ck) , claa@5d nssndr equi
1mM FAD, wunless otherwise indicated.

The rate of FAD synthesis and hhydmplysis
proteimere calculated from the rate of
respectively, as the tangent to the init.i
the following equation:

Wt YO ujm ¢ji¥ % Ljo ¢ TO P O

wher eod@Bo expressed in fl uosoissScEOMV/é arbit
i n mL, time is expressed in minutes and
I n mg.

I n each experiment, standard solutions,
OM udlised 127r@mMimoir FMN anlc mMiflo.r3 FPAND, wer e
empl oyed to calibrate individsalfltwaFRBN a
(Erithacus Software, http:// www. erithacu
was used to fit the experimental data an:

2.2.2 Analysis of kinetic data

The MidMbaekns equwatodyond Yand all osteric k

equabi @MOAY] VG Y were used to'yY®i Obehe dat a
2.3 STRUCTURAL STUDIES OF hFADS2

2.3.1 Crystal bhipgaantdi chrkssd$S h FADS

For the charactdimpasitonnahkfur eitBss@ah d hd&EADS
hFABss3 purified proteins stored in buffe
mM TCEP were concentrated up to 15 mg/ m
screenings, using different types of pre

and polyethylene glycol



Crystallization screenings of the two pu
sitdinog techwedbe,plianmed8986using buffers ar

cont ai ned eidnuntdhacntno2n8 8 condi ti ons of t hre

T JCS®BlIl us Cryst gIMoil zxztull am ki tmensi ons) :

for initial screening experiments.

T PACT premier Cr | svtod lelciud atri odni mkeintsi ons
Ani on, Cation crystallization screen
environment. Tplheshand the PAESTG pr emi
highly effective strategy to identif
demomsated by Newman et al, 2005.

T The LMB Crystal(lMod &tciudrmar Sdrnenemsi ons) :
ar e based on opti mised and-L Bi,bl i she:
Cambridge, UK and exclusively I|licensec

Briefly, each reservoir was filled with

was made of 0, 50L of protein in buffer HE
and 0,50L of solution. The crystallizatdi

checked tdhaey.nex

Crystal s-l ehgthepfat €i nigpg) onnesrter uochtt ahi AeDdS |
days in 0.1 M MES pH 6.5, 10% PEG 8000 ar

The isolamedaC domain of tsnes)zpriomedc ampglce
with the reaction pr odudta,ysf arnmead ssonaultli o
Na/ K phosphate asthappH d6 .c rBidgempdms, narfio didloena C

could be grown in the same conditions, a:

2.3.3 Data cRayecttnwant amael XKet er mi nati on

Forra&xXy diffractioniissapdr inihésRiSsy,stlmaFAsDSver ¢
picked from the wells usand paApoodégy oif n st
l i guid nitrogen. To avoid damage to the
cryoprotectant before freezing.



Diffraction data were coll ected at t he |
( ESFR) i n Grenobl e, France, -lusing
https://doi . cERRPHBAHAUR2TD]1/ BORF | D30B
(https://doi . cESINLIBAPHDDEBHE/tENSR&Fet ect or s Ei
CdTe (Dectris) and EI GER2 X 9M 4500m Si

Di ffracti on dat a wer e p raoudPdesOsCe 88 ] wi t h

(https:// www. gl obal phasing.com/ autoproc/ )
wer e perfor med wi t h t he [ SIJARANI S
(https:// staraniso.globalphasing.org/cgi |

The structure OFAD heconpAPeX dwamsai mbt ai ned
repl acement ( MR) , us[iofgdt ttphse: /s/ov vi)wv.acrroep AM Odl ok
the coordinates of t heCarnviN daad eply@®IyBattraa n s -
| D: 3FWK) as search probe.

The obtained model was subjected to mul't

coomTothttps: /- miww@Qamrac. uk/ personal / pems|
process of automati ¢ 9¢hgftipmse me mtwww iettlp 4R eafc

phenek[ioggdt t ps:.-dhlpiheeai xr)g/ downl oad

The I'igand and the water mol ecul es were :
t he-cF¢oanHBc 2maps. Finally, t he model was

refi nementr eMiitrhe.pheni x

The structluergtoi phet diuhl was sol ved by mc
using [PREsEpsSs:-dMlpihea@.i ar, gt dopwn/l 6 wd)w. ccp 4.

and two differenttersmiamalh porotbiesn 1dfhjet MNe C
(PDB I D: 4UUW, <dRaimnnB) fdomat me MNMnd t he

catalytic domain in complex with the rea
t het e mi nal domai n.

The model was subjected to multiple cycl
wi t h PHENI X [ &4(]tha B wpislcodnA p meniox g/ downl oad)
refinement with phenix.refine. The refinr

op


https://doi.org/10.15151/ESRF-ES-925344270
https://doi.org/10.15151/ESRF-ES-1018420663
https://www.ccp4.ac.uk/
https://www.ccp4.ac.uk/
https://phenix-online.org/download
https://phenix-online.org/download
https://www.ccp4.ac.uk/

refinement (1 TLS group per <chain), NCS
refinement (2 groups per residue).

The stereochemical guality of the two G
Mol Pr dis@tyt t p: // mol probity. biochem. duke. e
mol ecul ar model s wer e prepared and ren
http:// wwWw, pymol . &€hg mer a vIobp

https:// www. cgl .ucsf)edu/ chi mera/downl oa

2.4 FUNCTI ONAL STUDIES ON THE MPTb DOMAI I

2.4.1 I sothermal titration Calorimetry (|

| TC measur emeniirpykiMPRKIFt hdeo mhaFiAMD)S wer e per f o
Mi croCal PEAQMal ver)n aRan2a5 AQ iwiatth a stirri
rpm.

The concentration of the protein, dissol\
5 mM MgnCd 0.5 mM TEMEPThwasi g@fds were di
same buffer at a concentration of 2mM.

The sample cel |l eLwaosf fhikldMDeSth iwliet ht hle Os y r i n

|l oaded with the Iigand solution. Each e
I njectilonbki gdnd2 with intervals of 300
measurement was recorded for each | igand
were subtracted to the experimental me as |

The values of thermodynamic parameters w

l ndependent mod e | fitting of the 1isothe
constant (Ka) and gHhe Vvari dghikeapdeegihtr Dal
(&) vareatioascwl ated with the foll owing

Y@  YUYOuE®D
YO YO "¥Y
The di ssociation constants were obtained

LQ pPjL W


http://www.pymol.org/
https://www.cgl.ucsf.edu/chimera/download.html

2.4.2 Molecular docking

The structrumeseqf FADPrasmtdr iINAWDdHd f r om PubCFt

( Nati onal Center for Bi otechno
https:// pubchem. ncbi.nl m.nih.gov/) as . st
andaved in .pdb format.

The |Iigands and protein (single dimer of
Vina Too[l shit(tAppsg:)/ / aut ojdock. scripps.edul/
Gasteiger charge was assigned, and the f|

Bl ind mol ecul ar dockingVwaa wvelfbredl wi-

size covering the wholgexdiyeramwaszysewi tth

Each docki nnga se xrpeepreianteendt t hr ee ti mes, resu
per | igand. After inspection i(Z Glciomeer)a,
was selected for each |ligand.


https://autodock.scripps.edu/
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3. RESULTS AND DI SCUSSI ON

3.1. DESI GN OF EXPRESSI ON CONSTRUCTS
The design of a ckssthreucttbirathel hledee dl |

expression of a protein is a critical st
be expressed. For crystallographic studi ¢
parts are usually expressed.

To structurally and functionally <charact

necessary to produce recombinant vari ant
enzymebs domains-lecgmprfeirmgot hehéuptitotei

functi odatdomaiohsat e

Based on sequence homology, five differ:e
the expression, -medi ptreod ucelde:tbiyoRABEBRt ager
276 MPTDb) , 11656 MPEKIH domai mkrsse RARDS,3548FADS

( PABRSer) , amgs{ MPAKDE ARGt er ) , correspondin
numbering of the hFADS i sh)fo(@BnTHhe (KIHi pr o
domain, whose presence had not been prev
in this work, and its function wil/ be di

The DNA was successNdBlhmyHI hesr oédd tihet o E
expression vector. Sequencing of the obt e

correct insertion of the DNA sequences.



hFADSL MGWDLGTRLFQRQEQRSRLSRIWLEKTRVFLEGSTRTPALPHCLFWLLQYPSTQDPLFPGYGPQCPYDLAGPPCLRPLFGGLGGYWRALQRGREGRTMTSRASELSPGRSVTAGIIIVGD
hFADS2 ERRE -- -- -- -- EEE -- .- -- -- -- MTSRASELSPGRSVTAGIIIVGD
hFADS110-276 - --SVTAGIIIVGD
NFADSL110-354
hFADS110-587
hFADS355-587
hFADS355-553

hFADSL EILKGHTQDTNTFFLCRTLRSLGVQVCRVSVVPDEVAT IAAEVTSFSNRFTHVLTAGGIGPTHDDVTFEAVAQAFGDELKPHPKLEAATKALGGEGWEKL SLVPSSARLHYGTDPCTGQP
hFADSZ EILKGHTQDTNTFFLCRTLRSLGVQVCRVSVVPDEVATIAAEVTSFSNRFTHVYLTAGGIGPTHDDVTFEAVAQAFGDELKPHPKLEAATKALGGEGWEKLSLYPSSARLHYGTDPCTGQP
hFADS110-276 EILKGHTQDTNTFFLCRTLRSLGVQVCRVSVVPDEVATTAAEVTSFSNRFTHVLTAGGIGPTHDDVTFEAVAQAFGDELKPHPKLEAATKALGGEGWEKLSLVPSSARLHYGTDPCTGQP
hFADS110-354 EILKGHTQDTNTFFLCRTLRSLGVQVCRVSVVPDEVAT IAAEVTSFSNRFTHVLTAGGIGPTHDDVTFEAVAQAFGDELKPHPKLEAATKALGGEGWEKL SLVPSSARLHYGTDPCTGQP

hFADS110-587 EILKGHTQDTNTFFLCRTLRSLGVQVCRVSVVPDEVAT IAAEVTSFSNRFTHVLTAGGIGPTHDDVTFEAVAQAFGDELKPHPKLEAATKALGGEGWEKLSLVPSSARLHYGTDPCTGQP
hFADS355-587 --- -- - - - -- --
NFADS355-553

hFADS1 FRFPLVSVRNVYLFPGIPELLRRVLEGMKGLFQNPAVQFHSKELYVAADEASTIAPILAEAQAHFGRRLGLGSYPDWGSNYYQVKLTLDSEEEGPLEECLAYLTARLPQGSLVPYMPNAVE
hFADS2 FRFPLVSVRNVYLFPGIPELLRRVLEGMKGLFQNPAVQFHSKELYVAADEASTAPTLAEAQAHFGRRLGLGSYPDWGSNYYQVKLTLDSEEEGPLEECLAYLTARLPQGSLVPYMPNAVE
hFADS110-276 FRFPLYSVRNVYLFPGIPELLRRVLEGMKGLEQNPA - - - - = = = = = e s e o = = s e e s o e oo me = mem oo o= eeee s oo mmesececoscmnceaeeees
hFADS110-354 FRFPLVSVRNVYLFPGIPELLRRVLEGMKGLFQNPAVQFHSKELYVAADEASIAPILAEAQAHFGRRLGLGSYPDWGSNYYQVKLTLDSEEEGPLEECLAYLTARLPQGSLVPY -~~~ - -

hFADS110-587 FRFPLVSVRNVYLFPGIPELLRRVLEGMKGLFQNPAVQFHSKELYVAADEASTAPILAEAQAHFGRRLGLGSYPDWGSNYYQVKLTLDSEEEGPLEECLAY L TARLPQGSLVPYMPNAVE
hFADS355-587 oo oo - oo oo oo oo oo oo oo a0 o=
NFADS355-553 -

hFADS1 QASEAVYKLAESGSSELGKKVAGALQTIETSLAQYSLTQLCVGFNGGKDCTALLHLFHAAVVQRKLPDVPNPLQILYIRSISPFPELEQFLQDTIKRYNLQMLEAEGSMKQALGELQARHP(
NFADSZ QASEAVYKLAESGSSLGKKVAGALQTIETSLAQYSLTQLEVGFNGGKDCTAL LHLFHAAVVQRKLPDVPNPLQILY IRSISPFPELEQFLQDTIKRYNLQMLEAEGSMKQAL GELQARHP(
hFADS116-276 - .- -- s co oo oo oc oo co co oo
hFADS110-354 .- -- -- -- -- .- -- -- -- -- -- -- - -- -- ---

hFADS110-587 QASEAVYKLAESGSSLGKKVAGALQTIETSLAQYSLTQLCVGFNGGKDCTAL LHLFHAAVVQRKLPDVPNPLQILYIRSTSPEPEL EQFLQDTIKRYNLQML EAEGSMKQAL GELQARHPC

hFADS355-587 QASEAVYKLAESGSSLGKKVAGALQTIETSLAQYSLTQLCYGFNGGKDCTALLHLFHAAY QRKLPDVPNPLQILYIRSISPFPELEQFLQDTIKRYNLQMLEAEGSMKQALGELQARHP(
NFADS355-553 QASEAVYKLAESGSSLGKKVAGALQTIETSLAQYSLTQLCYGFNGGKDCTALLHLFHAAVVQRKLPDVPNPLQILYIRSISPFPELEQFLQDTIKRYNLQMLEAEGSMKQALGELQARHPC
hFADSL LEAVLMGTRRTDPYSCSLCPFSPTDPGWPAFMRINPLLDWTYRDIWDFLRQLFVPYCILYDRGYTSLGSRENTVRNPALKCLSPGGHPTYRPAYLLENEEEERNSRT

hFADS2 LEAVLMGTRRTDPYSCSLCPFSPTDPGWPAFMRINPLLDWTYRDIWDFLRQLFYPYCILYDRGYTSLGSRENTVRNPALKCLSPGI
hFADS110-276 - - - - --

hFADS110-354 Sooa = = SO 55 =2 e - -- -
hFADS110-587 LEAVLMGTRRTDPYSCSLCPFSPTDPGWPAFMRINPLLDWTYRDIWDFLRQLFYPYCILYDRGYTSLGSRENTVRNPALKCLSPGGHPTYRPAYLLENEEEERNSRT

hFADS355-587 LEAVLMGTRRTDPYSCSLCPFSPTDPCGWPAFMRINPLLDWTYRDIWDFLRQLFVPYCTLYDRGYTSLGSRENTVRNPALKCLSPGGHPTYRPAYLLENEEEERNSRT
hFADS355-553 LEAVLMGTRRTDPYSCSLCPFSPTDPGWPAFMRINPLLDWTYRDIWDFLRQLFYPYCILYDRGYTSLGSRENT - - -

frant
\J\’L A

gy

hFADS2 110-587 hFADS2110-276 hFADS2 110-354 hFADS2 355-553 hFADS2 355-587

Fi guwrleppler AMAdlainpenment of the protein sequence
used in this study (black) with the proteir
obtained with the program Clustal W2. I n back
t he dat abawPel bl ntpd mkrag: KH ( grLeoewe)r gmadh eHAPS
Comparison bet wegen hteh eh FAIDISR citpp)odaahae r ( h FAD!
structures of the ot hewrFADpoe sh EAaRS $ FdDEd i n t
ssand hELEDFADBe, the di ffereumeddasmai nstheeup
panelln the other constructs, the puess,ent dor

whil e the absent ones are shown in

3.2 PROTEI N EXPRESSI ON AND PURI FI CATI ON

The expression constructs containing the
domains were tmEanffbéemed (DEB8)tbeéerain.



The best conditions to obtain the solubl
grow 1 or 2 litres of culture in LB med
soluble fraction waAGlkEasesesesethewpuhi &ncd8bD.

Cells were disrupted by sonication and
Ni c-ck BPA SepharAsfei call usntnep of gel filtrat.i
a totally pure protein. The process was

constructs.

The el ectrophoretic mobility ofPAGE prot
to confirm the purity of the protein, was
wei ght predicted usi ng t he I

(https:// web. ex)p:absikyDar of/oprrieshHF A R&a/ or
hFABPsSs3 RDOa f ornssR&adM®DISDE8 f onwshFABPL.

The hFHDEcombi nant protein eluted with 2
two bands-PAGE tnhiegrSaltS ng at 25 kDa and 23
protein might be made of t wo polypeptid

Y
i

rification or hydrolytic activity of t|
fluenced by rédaxtcondwibsoh® PAGE 9 n di
[ the presence or absence of DTT (dithi
[ di fferent Thedowestendi bl ons.anal ysis re
reacted wintald eaFa@diSs taonmt | body, i ndicating

h FARISr a g nfeingBshé ( adal

Threecomlpirmdareti ns were characterized throu
ex hiibgn absorbance peexkpeaxzt e @7y 1 g8MADSAS

hFABPsSs7 and 3dsFAIDSWevdd addi ti onal nminndor pea
450 cnhna,r act er thotuinad @fr oftleawvwisn Fr om t he abs
and 450 nm, a FAD/ protein monomer rati o
construct s, indicating a strong tbhiendi ng
widtgpe protein

I n contrast, the ob/ead hH&DSH atghke NFBSAP Sh FATLC
domaarne, nbo hBhbhd endogenous FAD with high
addi tional peaké&iign Ytdhe Cvi si bl e regi on


https://web.expasy.org/protparam/
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Figurre 12%ASEE of the purif2Zcedstractisoss aohe
Coomassie bl uewsrLanBEARSsh FARBEARSs: Lane

4 hFADS.B:12% PBRGE of puilipgddd¢ d-BOMSEDSF puri fi ec

hFAD®iun absence (1) or in presermégé®) (2) of
Il mmunobl ot amask4y siinemuonfo dneRRAeDcSt i on of t he same
in (cO)YFAMDOSt hananitsier um QG 1ADGO®0 pdii lowmt,iss@®)Xt ra o
(8M, bl ackogssf¢ SMFAODS t tiend 40 amM)HEPHES/7Nad, 0. 5 n
TCEP.

3.3 KINETI C CHARACTERI ZATI ON OF hFADS2 C

The overexpressed and purified proteins
monitoring their ability in FAD synthesi



bet ween themselves and with the previousl
hFADS&)e. results of this kinetiFa gchadr act e

hFAbD®seonstruct -hethgt bhspttheereniiondlt hRRAPCS dor
promotes t he synt hes?idepefdemtD, mevi t &ani &
demonstrated for other hFADSI nalof MPMmM . ddom
of this construct is able&dépehgenpdl gesei vi

The dependence of the FAD synthesis on t
calculated in the presence of saturating
and areTabbleghre3divlml ues obtained in these e
with the kinetic parameters previously c¢
values for both the substrat est erumgigreslt a
truncated protadifmnni Tyni svahi ghesro confir me
dependence ofatbdeohyBADl yemsentration, wt
are il lTDasklreat3®d i n
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Fi guwr eKilpmred p eorft ihdEFeAdDrEs meas ne @ o wetxi=n u4o5 0( n m,
2em= 520 nm)83wWiot s paerc t R f |auso rdoensectreirb e(d) aisnc oma t
and mépped panel : 14sgaonndc eBnit rhaFtAiDBSn dependence
(A) and ATP (B) during the synthesis proces:
FAD fornshFBDSand fesaf§ DhFAD8BwWer panel: FAD syn
hydrolysis (F) catalysed by hFADS construct
bott om: From t oipsst Oh FhAeldS b MAsEH FRAFDASD.S
h FAD®s.4

Kinetic properties were also dtudiieaédl for
domai n,3s38FADISIi s protein comnrtseirsnmisnadn ldyo man

and is only able to synthesize FAD but nc
in comparison with the isolated PAPS dom
notice t:bsatt hiF&aD®Sot active at all, demons

PAPS domai n.

Experiments were repeated f-oermheatcoMPTibL
domai n,118v.6FADISi s protein showed no FAD sy

activities. | nise@n gtarsucgt ,t heo MFIADISIi ng of
the intermediate domai n, t he FAD synthe
hydrolysis activity was restored and is

evidence t hat t he combinatieondoonfai MPTIB w
mi ni mum essentialf stulbbstFARTthyddkr alaypsaibd .e o

The analysis of FAD hydrolysis rate reve

substrate concentration. Tiae | kirntevteiad epda ra
decreases affinity for tihses substrate in |
Table 4: comparison between kinetic par amet

hydrolysis for i1tebe hchosbsShdut he hBADS8e protei:

values are means N SEM (n=2).

| hFADS2| hFADS58T hFADS25 4
FAD synthesi s
Km FMN (O 0.4 N 0.1 N -
Km ATP (O 15. 7.6

~

3 N N
kcatl) (s 6.9 N-2|2.4 N . -




bl 3.1 N-D -
2| 3.2NKN0-39 -
A hydrol ysis
Km FAD (O 1.0 N 0.4 N 2.8 N
kcatt)(s [ 11.6 N | 5.9 R-20| 1.6 K-=20
kcat/Kmiydi1.2 N-p|1.6 R-D|]5.9 N-3

kcat/ Km FMN| 2.0
kcat/ Km FMN| 4.5
F

W) 2 2

3. ATRUCTURAL CHARACTERI ZATI ON OF hFADS2

3.4.1 Protein crystallography

Threiemensi onal structures of macr omol ect
profpeiom ei n-naurc |l perict eaicn d compl exes) with &

|l evel are useful to investigate their Dbi:

Protein crystals were observed for the
empl oyed as a method to purify and to dei
Only in 1930s, protein crystallizati on
combinati-oay wdt hf rXacti on anal ysi s, to a
i nfor ma@d]on

Nowadalway Xrystallography is considered t
t hrdeemensi onal structure of different mac
in 2011, the 86% of -ROhBe) Pernottreiiens Daartea dBeatnek
X-ray taindy o£grdiph]y

Crystallization is the |l imitingraytep fo
crystall ography. |t i's a phase transitio
moves from a |liquid stdamensooamlosdgamicz ed
gr ow whhegm etohuss protein solution is in a ¢
the concentration of precipitant, protei
par ameters. Supeerqsua tlu rbartiiuom ciosnda t hon be

concentrationl ualsi laibtow el it rhiet .

The quality of the obtained crystal 1is tF
of a preataggi ncrbyyst>l | ography. T hepu ableistty cor
protein crystal are difficul t-atar rporredi ct
[ 14D4]



To obt aiensolhiugh on di ffracting crystals,
purified as close as possible to homogen
few milligrams). Further mor e, t h2#0 macr onm

mg/ mL wintdhuocuitng aggregation or precipitat

The crystallization phenomen®&ng) $t6hraetpr es
indicates the state (liquid, crystalline
stable under different crystallization p
with different l evel s of supersableation
zone, (iii) nucleation zone and (i vVv) prec
protein is stable in solution and there
pr ectiipoint azone the supersaturation is too
amor phous solid.

Crystallization takes place in the nucl
supersaturation part. Nucleation is the I

from mol ecules di s®oldeeddi sosoldusitanet o

Once crystallization starts, the systemr
met astable zone (below the nucleation par
nucl eation is possible. The degree of s
hi ghd han the one required for the growtt
which nucleation cannot occur before an
foflma®.7]



Precipitation zone

Protein concentration
Y
|
1
&

Supersolubility
curve

L]
Wtast e
zon

———— Solubility curve

| | | | | | »
Adjustable parameters
Figuwreilllustration of a protein crystalliza
precipitant concentration. The transition f

protein solution can be performed modifying

concemtnbataddi ti ve concentration, pH, temp
crystallization techniqgue) (Chaven
Chemical and physical conditions can inf

protein concentration (it depends on the

temperature, time, presence of cofactor
The <crystallization technique <can be on
crystallization experiment. Briefly, the

Acrystals screeno with different precipi:t
usi hg ©batch -d(rio)p, ™dshiptdbtwisngon -d(rioip) , v ahpaonugri n
di ffusion (ii), dialysis (iii) and FI D (i
(20 AC)[ 1axd] g 4 AT)

I n the case of hFADS2 case, -drgptabhpomwer

di ffusi on met hod, t he mo s t wi del vy used
macr omol ecul es. Briefly, a drop composed
precipitant @couisleiabreat ii omn vwiptomr a | arger |



the wundiluted reagent solution. Since p
concentration of reagent, water vapori ze:¢
As a result, the concentration of precip

crystsatlart to form when the [sSlWPérsatur ati

a cover Sllp seal or cover slip cover Sllp

\ l /

\J 1 drop ' j drop 'T-‘
S —

TN

S

—— N y 9 4
well well
¢ solution 1 solution
Hanging drop set up Sitting drop set up Sandwich drop set up

Figures@éhematic representation of a vapor di
drop, sitting drop or sandwich drop configu

The
t he
monochromatiraylBeamwhofchXproduces a diffra
spaced l19ppt s

ai mrafy tchmegsXall ography is to produce

at omi c l evel, reached by irradiatir

The advantage of employing a synchrotron

phot on f Il ux, -rgeesrod ruadiyondyi Xaf rhda ggthi on patt ern

The intensities observed in a diffractior
structure factor amplitude, a complex nur
and the phase of a wave. The phase cannot

asthe phase probl em.

Sever al met hods are developed during the
pr oduc ediametnhsrieoen a | el ectron density map c
the SIRAS method (Single |Isomorphous Repl
and Mol elcaud eame rRte.p

n o



3.4.2 CryshBADSagaantdiF® D56 §

The diffecemtsthkADS descri bed above were
A B of the pfotein |
ray crystallogr
Holpa ot ein sampl e
wer e obtained

i ncubating t h
puri fiesdwprndtein
a | arge excess
FAD whi I-e apo

protein sampl es,

whi ch al | trace
endogenous I i ga
ar e el iminated,

obtained by over
i ncubati on wi t h
M KBr at 4 AC
50mM sodi um

Figu8eA, -BEARFGor ystal s i
containing 0.1 M MES pH 695t higofiple® gb 86 -

ethylene glycodssse€Cysballsoli hours. Al samp
phosphate3 ey, ilh0% DMWLO € concentrate

15 mg/ mL for i ni

screening of crystallisation conditions.

Numerous attempts to obt alienngdihf fprracctteinn

conducted with different construct s, but
construct | acki ncd FiADStg)h ea fd ri$no rthile Gapsat ¢ e e
ot her hand, di ffr-aetmhgalcrdesmal a, olisit g
hFABPsSs53 were obtained only in complex wit

For t-hendgwhl consiss)uctmodreFARE ]l y di ffracti
obtained after 48 hours at 20 AC in a sol
and 10% ethylene glycol as precipitant.



and shown high diffraction anisotropy,
(strongest diffraction), b=187.74 | and ¢

Theé&terminal PAPS domaliink eg acvrey sstnad Isl  ime eld.
phosphate3 dadlyss. imMdd2i ng 10% DMSO in the s
rosdhaped crystals of the same construct.
group | 222)pamameatndarts caerld sa=63. 96 |, b =26 ¢
The maxi mum resol utijolnn &tihged 18f r haplios b n atwa s
hFADiSser yatnedbb o hsE#DS dthaltsheir crystallizatio

3.4xAyXdiffraction Data analysis and str

The final datasets were cAIl lagcttende fhremaml d
| D213 and olfD3hBe ESRF in Grenobl e, France.

The struct uRAP So fdotntae nhaodlnel d ot h hpr atpe®i n
obtained by molecular replacement (MR),
Mol ecul ar replacement is a fast, cheap a
probl em ofcranwswualknessinng an already known
certain degree of structur al homol ogy wi t
to solve the 70% of delp®$i ted mol ecul ar
The obtained models were subjected to mu
rebuil ding with COOT and PHENI X AutoBui l
achieved with -Refmae. and pheni X

For 44ke mCnal PAPS domain FAD and -water m
Fc anHc 2maps. After confirmed the stereo
with Mol Probity, Il mages of the two mol ec
(http:// www.dp)Cralmeorag) a

Tabl e 5: Data collectioniigsaddr e fizdusEmBBt st a
compl ex with FAD.

Dat aset hFADS-8B5BAD hFADS380
compl ex
Space Grou | 222 P21
a (i) 63.96 75. 75
b (i) 69. 73 187. 74




c (i) 105. 33 79. 38
U (A) 90. 0 90. 0
b (A) 90. 0 96. 45
2 (A) 90. 0 90. 0
Resolution | 58 .-11.46 9 58 .-27.24 9
Obserrvedd ect 1060014 291040
Il ndependent 24610 43831
Rmer ge 0.063 (O 0.124 (1
Rpi m 0.033 (0.4 0.052 (O
Mean | / sd( 8.3 (2.3 9.8 (1.
Compl etenes 92.1 (99. -
Compl etene - 93. 2
(el i p(sw)i da
cCCc(1/ 2) 0.996 (0. 0.996 (0
Refl ections 24597 43432
Rcryst. 18. 3 21.5
Rf ree (test 20. 7 26. 8
Protein at oms 1674 14498
Ligand at oms 58 -
Wat er mol eq 136 -
r.m.s.d. on b 0.011 0.008
r.m.s.d. on K 1.192 0.8214
Average -Brbae 33.75 75.99
(P
Average -Bi fac 27 .72 -
(9
Average -Bat a% 40.55 -
3.4.4 Structwpeooomehe hFADS
The monoclinic crystal was refined to a n
26.8) with good stereochemistry (98% of t
of the Ramachandran plot with no outlier:
As showhi & tthe asymmetri cal unit compr i
(28, 8hdmogen atoms) assembled in two al
The hFADS?2 prhddtucrneirgi @@ udeshéeé hree di ffer



FiguoefourphbAbD&®ers assembled into t\

asymmetric unijtthe. two @aoh odiiemar ane mage

green and purmpleacheppdeoimes enlaye hadni dlaC
highlighted witéas tthlree siamdeki wiod wal proto

T Nter mi nal MPTb domai n, from residue S
the MoaB/ Mog family (COG1058 in the C
dat abase), sharing t hteerInb % adf diodnan tni tc
human gephyrin. The doméai d omdi mtf aitrhse
three del it wes are packed on-opposi-t
ant i pasrtarl dbsdheede t .

T I'ntermedi ate domain (named KH domai n)
V352 and assume the <cl adsikealprfodtledinsg
whi c hUhtewd ces packed ost rtamsdesdeme si de



TCter mi nal PAPS red

domai n, from residue
P535, shar es t he (
Ros s man fold of t h o

LA super famil yGhewiitxh a s
wf’ (H16) packed on one

) fiWhelices packed ol

/

} opposite -sstirdedn doefd a 6
sheetbs(tfriamad sl edarand
one antiparallel).
TThe I|taesrtmiC al part o
protein, from | 538
consists oJhetivoeshor
connected by Il ong | oo

FigwrerRbbon di 2amMormow 535t &r mi nal Acapo. Th
Thet &Nr mi nal elPoZrﬂaSi)ni(sSexposed to the solve

magenta, the i n{V(—BrSrﬁedSqu%?eo)( K'(/Iv’e rSe280

not mo d e
yell ow,e rtnhien ad dR5MA5 )n I(MN357.
_ the final structur e,
Il ight green.

uonl ear el ectronic den

3.4.5 Structure of the overall hFADS2 pr

FAD synthase purified f[r5o8ne vreaatl eldi vtenred sdic
structue@ezypymet hThe structure obtained he
confirmed tRats al phybFADSgi cal di mer , CC
associated protomer s. The di mer shows a

rel ated byf oa dc osnytmorme t2r y ax i s.

The dimer is kept together by amd otrhea nt e
two intermediate ( KtHOr ndonmdi ndso mawint ho ft hoen
packing atygaer msnat heeldi on of the other.

Mi nor contacts are -tagrsmi palesecmnmaibres weatn
| oops connelhteilng ttheettthde? df iarnsdth @If i ¥ hteo Htlke



secbandr Bnd). .2 This result might suggest th
i ndependentidyerimmntahe PAWS @QGomain forming

90°

FigulrerRbbon repregdedarmtgatniad n va fe wtsw a2 f

di mer. The domains .are coloured as i

3.4.6 Strudteurmd nafl tched aC yti ¢ domai n
The-t €r mi nal PAPS domai n of FAD synt hase

production of the cofactor, which remai.l

suggesting a feedback regulation of the

Since the overall structure offortnme optrhoere |
experiments have beembtmarmf otrhmeedc atnal grtd e

complex with the reaction product.

Crystals of the PAPS domain are orthorh
resolution of 1.69 . The final mo d e | co

mol ecul e.

pp



Ya3s

FigwreA2 catalytic active site of the PAPS
phosphate; the side chains of amino acids in
water molecules are shown as red spheres. H
l inesfaBe Sepresentation of the PAPS domain

phosphate.

As showrFi @QUFFADhe&inds in the active site
similarly to the yeast enzyme. The adenir
pocket of the active cavity and interact
| 436, N404 and eM4$é&msotirdamadt eadn do nwitthth a hy
bet ween the N6 of adenine and the car bon

position.

The flavin part of the cofactor binds al
deeply buried in a conserved flavin mot.i
pl ane of the ring parallel to the indol e
R518ut ati ons on the residue D505 has sh
cofactor in the active site and in a higl
in the active site iIis thus mediated by ¢t
D505 andf tthkee iNBi dji wie]2r i ng



The rpposesphosphate moiety i s more expose.
relevant interaction are the hydrogen bort
the ribose and bphowepmatSsé49 and t he

S549, the | ast siegsgimblnaalr eAPSue oomfai nhei G
and forms a hydrogen bond withtehmi P&l of

cap of the protein, the rest of which is
doani n (JdsbssDS t he different position of t
reorientati-oarminahepvetgi € part, to cl o

the presencé&igd . 2kRenbl ggnds ¢ met eammimalaci
cap (i JleoopAR@eprRare esserRenalmborch&ADSBYvV
as demonstrated by the factssdshaits talel e€rty«
bind FAD but not to Kiagbp)| yswaili ¢ stsgntcbae
comprisingtermmai realt idegpdzi n,s IcRAmMS ytically

The structure of
PAPS domai-n in h:
form aligns wi t h
apmrot ®RMSDC

of 0.61 A): the p

of the ligand bri
smal | conf or mat i
changes to increa

vol ume of active
from 2t600 120 45 ;

and t hus al |l owin
binding of t he I

These <changes i n
Fi @. 2Super posPARD nd omaihm!| L e hel i x 16, t h

apo protein-t(—:-gméea).ﬁEbpthat connect t he

construct crystallized 1100 5nd with hel i

S549 is represented as bl ticks., and hi I
P WH?CSh shift out:
about 2.5 A, t he

|l oop connecting strands 3 and 4 and in t|

bl ack oval.

PT



Further mor 2gcttihwewe hFIAD&E accommodate a phos
mol ecul es. Phosphate ions were present ir
i's settled in the positiopnotsipdtat o wlfd AD

Hydrogen bonds bekweeniwat e moctevel sst e

The PAPS domain contains five reduced cy
Mi ccolis et al. in 2014, a relevant rol e
of the cysteine residues of the catalyti:
| ocatreadxiimi tpy of the active site. Althoug
the catalytic process, they may react wi
bl ock the substrate binding and i mpair t
presenceloblobcking reagents, such as mer
Ot her two cysteine residues, C496 and C.
sol vent . Even i f the <crystals were obt:
crystallization solution contains TCEP)

a disul fiidief ereemd icrondli ti ons, I n accordar
demonstrated, and this may result in a f.

The catalytic2weaosmad ommpadr endc AWISt h the monof
domain FMN adenGdg MNATt)r €nrsdgd hd@amd a@wi th
SEadl Sf.rocrerf 66| Eh@aesequence identity obta
of the three protein seEAeDkeand s23F.atPhef
Cdo MNAT) .

The comparison of the PAPS structure of

enzymedg, XBrevealed that the overall fol di
in structur al motifs involwoeg,i ARGhe bi a
motdfhosphate and ARG2) are conserved in

unchanged duFi e.g2Avol ution (

A comparison -petweeunr € be@EMBARADSEs wintde d |
good degree of overlap in the secondary
di fferences involWkhethg, ofnenhat homaaf en
to the KH domarminahdréefdeo, which in th
UtheliodVpghel i x motif and is &hgenB in the

py



Despite these disftfaetreenkieset itchep asrtaenaedtye r s
Ssubstrate binding rate and the catalytic

The structur al comparison of tpheotEADsShin
shown a perfect overlap of the adenine a
flexibility in the pyrophosphate. Thi s i
with avednéAsp residue, adopts different

being in hFADS2 in an intkeomediotpteen posi t
conformati oG MNdATe ra®edd DIEnn (4, ) €

Furthermore, i n all the compared structu
vi shyalrogen bond to a highl y -lcooonps,erivre dt e
position that is ophokbphlay eoo¢upTBdbbéfyot bc¢
of FMN.

p



A 355 PP-loop aze

hFADS2 MELAVE DA VRGOSV - - B - - - - IGIEME - - SIS0 IR
scFAD1 - -MQLSKRABMCEITNSY LHIDQS - QT IASTQERIRLTRKY LLSETFVRWEPLNGEISFSY[JEBECOVELEYLSCL
COFMNAT - -MRLGDAGLCNETSEYLQIAAESDST IAQTQREIN TKSILNETFPKWEPLNGEISFSYJEBECOVELEYLSCL
421 480
hFADS2 - - -- - OGN RS S F € \cor 1ol KRk ' e & JEERRNS K0 | EQ RH 0
SCFAD1 WEYFFIKAQNSQFDFEFQSFPMQREPTVFOQEETERTEENGVLESELTCHSL YESQRQSGASVNADEFROFIKIYRE
COFMNAT WEYYIVKLSQSQFDGKFHRFPLTKEPTVFROHDDTEKTEENGIEEYSLESHSLYESDRDKC - - ETRAERFETFLQVFRE
a81 ARG1 flavin motif Y-Ehosphate -
hFADS2 E TRRID V558 U+ . FS JID W F_R N . 'DWTYRD: WDF 'RQ 'F, | V(= (VDR - Y15
scFAD1 TERIVIGIEHIERFGEARKR IQRES NIR OGNE L OBERHT DL TN SEHL YSNERTCOjc KBFLE IRGINI SLPTRHER
COFMNAT TKRIVIGIEHIEZRFGEHEKR IQKIEANTROG YEL QBB HI N LANET SEl L YSNERT CERRYRFIEBBNVEELL PTRHER
561 ARG2Z  gq;
hFADS2 e CRACPAMEIEEE - 100.0%
scFAD1 KDENNPA- - LHFEWEI IHAFGKDAEGERSSAINTSPISVVDKERFSKYTONYRGWYEVODTLETAGEIKN - 23.3%
COFMNAT KDKNSTPLKLNFEWEIENRYKHNEVT - - - - KAEPIPIADEDLVKIENLEDfYRGWYEVDDKLETAGEIKKK 23.1%

B

FigureA2 Sequence alignment Cafndhudman FADS:
gl abfrlagvai n mononucl eoti de adeéemylcylatrroanysfeesr a
cerewiADi sgnt het ase (ScFAD1). Conserved res
hydrophobic; darhkohbgirce;e nr,ed,arpgoes ihtyidweo pc har ge;
Il ight blue, small alcohol; yellow, cysteine,;
with hFADS2 is reported for each protein. T
binding are isdguahed. aBovAlitfgement of the s



PAPS domain ( magFMNAT (@WK @ryninnya o-oTpheel iCx

helix motif of the yeast proteins, absent i
binding in OFRARSAT (3BkEWK, green), and ScFAD
|l igandgatnindehy charged ions in the active si

chain of the conserved Asp residue of the A

3.5 FUNCTI ONAL CHARACTERI ZATEGQGNI DAL hFAD
DOMAI N

3.5.1 Isothermal titration calorimetry (|
Calorimetry is a biophysical met hod t hat
or released iIin a binding reaction. [ n

calorimetry (I TC) has become one of the
t he gstthr eeff a mol ecul ar bond to a specific
to a product in enzymatic reactions. Thi
affinity, ther modynamic parameétggasnd and

i nteractions.

A typical | TC experiment is performed us
where a precise volume of Iligand, cont ai
titrated daltwt iaomprmwlteedend i n the I TC cell,
Foll owing the injections, the heath absor
binding site of the protein is saturated
zero. One | imit of this methods can be t
acurate experiments, buffer must Bbe exact
14.ln this project, | TC was wused to vali
enzyme, with a pyrophospthartmisrealacdamaditrny, «

protein.

I n fact, togkhbwn WwWMNhatbkRayWglltransfer ase
hFADS2 cuahal ggydsol ysis of the pyrophosph
di nucl eotides (ADPP activity), including
This pyrophosphatase &dtDil Wi tnye cdhh@amnu rsam w ini

presence of some monoval eratnd3diChAs i vadtead



befor e, t his ADPP atcetrinviintayl iiss od basteendt diommze
t hat -ttelremi M al part of the protein is ess

activity.

| TC experiments were phFADSMeMP Tdbint h he r e
di fferent nucleotides showing an adenine

natur e. I n particular, five different nu
( ADP) , adenosine trxiplheephdadtieaav(i AT Ra)d,e nADR
(FABhd Nicotinamide adenh RADS7ssu @lbd et it de
bind al/l these nucleotides with differeil

substrate recognition mechkeamnming m.al ATdPo naani dn
an approximately 1:1 M ratio, although wi
and eM»ODRPAi bose and NADH exhibit a [Iittl:
bet ween 5Ld&M)whdl p00Okdect of t hseh orwesalc ttihoen ,
hi ghest affia4iomyiKidorv atldige MBT l 8

To confirm the specificity of this actiyv
run was performed wi({®TR)u,ana sg nanitmrda prhwdasl
bi nding was observed in the case of GTP,

pr esencdee noots papne i & i-£i1 the namcdhgagrees with th

et al ., in which is -pdemnierde trhad| eOoltPi sl [t
ability to IinHesdeeablalRIbghe&r ol ysi s
Table 6: affinity constants and thermodyna
nucl eoti diesy6 MBTIHFADBel ated to Figure 4b. I n
(confidence | evel 95%) . Errors are gi
Nucl eotf Concent: Vari ab Val ue
ADP 2 mM N 1.3 (0. 14
KdeM) 220 (140
qH (kJ/ -11.6 (9.
oG (J/ m 20(84.8)
Tags ((kJ 9. 2
ATP 2 mM N 1.1 (0.3
KdeM) 210 (50)




aH ((kJ/ 9.8 (3.4
G (J/ m 21 (4.9)
-Tgs  ( kJ 11,2

ADR i bos mM N 0.9 (0.4
KdeM) 110 (40)
qgH ( kJ/ 0.7 (0.7
@ (J/ m 22.8 (9
-Tgs  ( kJ 22.1

FAD mM N 0.8 (0.3
K deM) 18 (4)
qH (kJ/ 7.6 (0. ¢
qc (J/ m 27.1 (4.
Tg8  ( kJ -19. 6

NAD( H) mM N 1.6 (0.2
K deM) 46 (24)
qH ( kJ/ 0.8 (0.1
@ (J/ m 24.8 (12
-TgS( kJ/ n 2 4

GTP mM No binding




FigwreSadbstrate specificity of the ADPP acti
A: schematic representation of ttheer mhiyndarlo| y s i
MPTb domain binding to the different nucl eo
(mper panels) and corrected integrated heat

panels) are displayed.

The hZFAdDmSst ruct used for | TC exp@fei ment s,
contains the binding site for adenosine ¢

I n this case, this domain is nkbitgl)abl? to
























































































































