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RESUMO

O N-terminal da Tetracenomicina aromatase/ciclase (TcmN) é uma enziStaegéomyces
glaucescengnvolvida na ciclizacdo e aromatizacdo de policetideos. Policetideos aromaticos
constituem uma importante classe de metabdlitos secundarios produzidos por certas bactérias,
fungos e plantas, com diversas atividades biologicas. Exemplos incluem ansbicticm as
tetraciclinas, e farmacos anticancer, como a doxorrubicina. Existem poucos ensaios
experimentais que caracterizam a interacdo da TcmN com liggntesne a TcmN € uma
enzima promissora para a produgéovitro de policetideos, compreender o processo de
reconhecimento molecular da enzima é fundamental para o entendimento de seu mecanismo
catalitico. Este trabalho investiga o0 mecanismo de reconhecimento molecular da TcmN a
substratos, intermediarios e produtos, bem como o papel da dinamica conformacional da TcmN
em sua funcéo enzimatica. A TcmN foi produzida por expressao heteréloga. Dicroismo circular
(CD) e calorimetria diferencial de varredura (D3@am utilizados para avaliar a estabilidade
térmica e temporal da enzimA.interacdo com ligantes foi estudada por experimentos de
diferenca de transferéncia de saturacdo em ressonancia magnética 8dtlieRMN) de 1H,
perturbacdo de deslocamento quimico por RMN dé HN , experi mentos d
RMN de T N e simula-»es de din©Omica Aol ec
temperatura de melting (Tm) da TcmN ligada a naringenina, medida por DSC, foi superior a da
enzima livre. O sitio de ligag&a naringenina, mapeado por experimentos de RMN, localizou

se na cavidade central da TcmN. Dindmica conformacional na escagénde foi detectada

por experimentos de relaxacdo em RMN para residuos da TcmN na cavidade de ligacdo ao
substrato quando ligada a naringeniBaias conformacdespredominantes, representando
estados de cavidade aberta e fechada, foram observados nas simulacdes de MD, e os resultado
sugerem que a ligacdo de intermediarios desloca a populagdo conformacional da TcmN para o
estado abertdOs resultados fornecem insights sobre a base molecular do reconhecimento de

substratos e auxiliam na elucida¢cdo do mecanismo catalitico da TcmN.

Palavraschave: Enzimasletracenomicina, TcmN, Biotecnologia, Aromatase/Ciclase, RMN,

Policetideo.



ABSTRACT

The Nterminal of Tetracenomycin aromatase/cyclase (TcmN) is an enzym&freptomyces
glaucescensvolved in polyketide cyclization and aromatization. Aromatic polyketides are an
important class of secondary metabolites produced by certain bacteria, fungi, and plants with
various biological activities. Examples include antibiotics, tetracycline, anchanér drugs,

such as doxorubicilhereare few experimental assays characterizing the interaction of TcmN
with ligands and kecause TcmN is a promising enzyme ftbe in vitro production of
polyketides knowing the enzyme's molecular recognition process is critical for understanding
the TcmN's catalytic mechanisnThis work nvestigatse the mechanism of TcmN molecular
recognition of substrates, intermediates, and products and the role of TcmN conformational
dynamics on its enzymatic function. Tcrmbds produced by heterologous expression. Circular
dichroism (CD) and differential scanning calorimetry (DSC) were used to evaluatezimae's
thermal and temporal stabilitinteraction with ligands was assessed#$ynuclear magnetic
resonance (NMR3aturatiortransfer difference (STDgxperimentsH-1°N NMR chemical

shift perturbation NMR 1N relaxation experimentsand microsecond molecular dynamics
(MD) simulations. The naringenibound TcmN melting temperatufem measured from DSC
experiments, was higher than the free enzyme one. The naringenin binding site, mapped by
NMR experimentswas inthe core TcmN cavityConformationaldynamics on thes-ms
timescale were detectdry NMR relaxation experimentsr TcmN residues in the substrate
binding cavity for the naringenibound TcmN.Two predominant conformers representing
opened and closed cavity states were observed in the MD simulati@htheresults suggest

that the binding ointermediateshifts the TcmN conformatiopopulation to a openedstate.

The results provide insights into the molecular basis of substrate recognition and help delineate

the catalytic mechanism of TcmN.

Keywords: Enzymes, Tetracenomycin, TcmN, Biotechnologyomatase/Cyclase, NMR,
Polyketyde.
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1 INTRODUCTION

1.1 Polyketide synthases

Polyketides are secondary metabolites produced by bacteria, &uma plants,with a
wide range of potential biological activities and pharmaceutical properfiesy are
synthesizedy polyketides synthases (PKSs)m repeated condensatiohmalonytCoA by
acetyl coenzyme Aresulting in the formation ad molecular structure @afternating carbonyl
and methylene groupgth multiple b-hydroxyketone ob-hydroxyaldehyde functional groups
(MOSS; SMITH; TAVERNIER, 1995}Figuresl and 2)

Three types of PKSs tia been described. Type | PKSs, modular PKSs, are large
multi-domain enzymeswith active sitesfor catalyzing thevarious stages of polyketide
syrthesis.Type Il PKSs arseparate mono and-finctional enzymes that interatgratively
duringaromatic polyketidsynthesifGOMES; SCHUCH; LEMOS, 2013Yype Il PKSs are
homodimers of ketosynthas#®at catalyze the condensation of ooeseveral molecules of
extender substrateénto a starter substrate through iterative decarboxylative Claisen
condensatiomeactiong KATSUYAMA; OHNISHI, 2012).

The minimal functional composition of type Il PK&ansists of a ketosyrdlke (KSor
K S)Ja chain length factor (CLB r X &bacyl carrier protein (ACPand a malonyl
transferase (MAT)This enzyme complex synthesizes a polyketide cHagu¢el) The CLF
decarboxylates the AGBound malonyl and transfers it to the (BESSANG et al, 1999) Once
the starter unit is allocated on the KS and the ACP is reloaded with malonyl, decarboxylation
activates the ACBound malonyl, allowing the resulting enolate to attach to the growing
polyketide on the KS. The collapse of the tetrahedral intermddégge the KS, resulting in an
ACP-bound polyketide extended by one unit. The nascent polyketide, now extended by one
acetate unit, is transferred back to the KS through transthioesterification, allowing the extension
process to conting€HEN; RE; BURKART, 2018; RIVERS; LOWELL, 2024l is believed
that the CLF stabilizes and regulates the length of the growing, eingiiorite the chain reaches
the determined length, further transfer back to the KS is not possible, and-tkadthl ACR
bound polyketide dissociates from the -K&F dime(KEATINGE-CLAY et al, 2004;
RIVERS; LOWELL, 2024) Also, aditional enzymes such as cyclases, aromatasasd
ketoreductasesct onthis chain producing aromatic and cyclic groups, and in the absence of

thesetailoring enzymesthe polyketide forms abnormatructures(Figure 2) (TANG et al,
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2003) Afterreleasinghe polyketide from the ACP, numerous other enzymes, such as oxidases,
transferasesnd hydrolasesnayact on the chain to makerthermodifications(WEISSMAN,

2009) The versatility of type Il PKSand a broad array of peBKS tailoring enzymes make

the type Il PKSderived secondary metabolites one of the most strulstudtaderse groups
(ROHR; HERTWECK, 2010)Several compoundsoducedoy PKSsareusedclinically, with
well-known example@cludingtetracyclines as antibiotics and doxorubicin and mithramycin
as anticancer druquEISSMAN, 2009)

Q' é:m‘ @Q'
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Figure 1 - Claisenlike condensation mechanism of theninimal functional composition of type Il PKSsto
grow the polyketide chain

Once the KS is loaded with a starter unit (A) via one of several mechanismA§;Rhiateracts with malonyCoA

or transacylases from primary metabolism to obtain a mafonyhain extension (BDecarboxylation activates

the malonyl as an enolate on the ACP, whigdcts with the thioester on the KS to form a tetrahedral intermediate
(C). The tetrahedral extension collapse involves transferring the extended polyketide back to the KS (E) and
acquiringanother malonyl by the ACP to reenter the extensiatecfE to B).Once the ACFbound polyketide

chain is at the appropriate lengthcan no longer be accepted back onto the l8sing dissociation of the ACP

from the KSCLF dimer (F) and enabling delivery of the polyketatain to cyclases for tailoring to various ring
sydems.Adapted fromRivers, M.A.J.; Lowell, A.N. SynBio 2024, 2, 85L1.
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Minimal PKS
(act KS-CLF)
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Figure 21 Steps in the synthesis of polyketides by minimal PKSs

Minimal PKSsconsisting of actinorhodin (act) or tetracenomycin (tcm)}®3- cansynthesize C16 or C20
polyketides from eight or ten malonyl CoAs, respectively. The minimal PKS initiates polyketide synthesis through
decarboxylation of one malompCP. Additional malonyl ACPs are recruited and condensed witfCKIS to
elongate the poketide chain until the desired length is reached. Without additional tailoring enzymes, SEK4/4B
and SEK15/15B are formed by act and tcm minimal PKS, respectifddipted fromTanget al Biochemistry,

Vol. 42, No. 21, 2003.

The devel opment of combinatori al bi osyn
PKS components, inatling the combinatorial manipulation of ketoreductases (KRs),
aromatases (AROSs), and cyclases (CY@sheterologous expressiagstemshas resulted in
many synthetic polyketides (FITZGERALD et al, 2013; et. BIG RO1K
UEBERSCHAARet al, 2013; WEISSMAN; LEADLAY, 2005)However, some challenges
still need to be overcomfer predictable and reliableolyketide biosynthesis in heterologous
hosts For exampleit demands that large multienzyme assemblies be functionally expressed
with correctposttranslational mofication, their substrates be availalitevivo in reasonable
quantities,and the producer cdile protected against the toxicity of the biosynthetic products
(LIU et al, 2019; PFEIFER; KHOSLA, 2001; ZHANG; PAN; TANG, 2017)

In vitro, celkree platforms have been an attractiveethodologyfor constructingnew
pharmaceuticals and bioactive moleculés, ZHANG; LIU, 2018). However, using the
biosynthetic maching in vitro to producenew natural productsy controllingfunctional group
formation and cyclizadn patterns requires detailed knowledge of how the individual erzyme
work.

The polyb-keto intermediate is a very reactive compquaral the type Il PKS needs to

specifically restrain the polyketide intermediatieucturefrom avoiding strangecyclization
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events. Previous studies have established the biosynthetic routesniatianoolyketides in
Areducingo (KRrpdeséeng)p &a&K& a@ENESNBRMAND.BKIS sy s
al., 2011; HERTWECKet al, 2007; RAWLINGS, 1999)In reducing systems, a KR first
cyclizes the linear pohp-ketone from C12 to C7, follwed by a CSarbonyl reductionand

then a didomain ARO/CYC catalyzes the dehydration of the C9 hydroxyl, followed by first
ring aromatization(CALDARA-FESTINet al, 2015; JAVIDPOURet al, 2013) The growing
poly-b-ketone intermediate is transported directly from the ketosynthase to the ARO/CYC in a
nonreducing systemrhere are two types of ARO/CYCs in noeducing systemd=(gure3):
mono-domain ARO/CYCs, which are often associated withG19 firstring cyclization, and
di-domain ARO/CYCs, which contain two repeats of the ARO/CYC doffoaicatalyzingC7-
C12first-ring cyclization(AMES, BRIAN D. et al, 2008; CALDARAFESTIN et al, 2015;
MCDANIEL, R., HUTCHINSON, C. R., KHOSLA, 1995)
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Figure 37 Schematic diagram of ARO/CYC activity and cyclization specificity in representative type |
PKSs.

The monodomain ARO/CYCs TcmN and WhiIE act on unreduced polyketide intermediates to gerigtdi¢ C9
cyclized and aromatized products. The monodomain AR@/@Yul and didomain ARO/CYC S0 act on
unreduced polyketide intermediates to generaie312 cyclized and aromatized products. Thelainain ARO/
CYC BexL acts on C9 reduced, 13712 cyclized intermediates and catalyzes the aromatization of the2C7
cyclized ring by dehydration of the C9 hydroxyl groufhey were dapted fromCaldaraFestin, G. et al
Proceedings of the National Academy of Sciences Dec 2015, 112 (50) E6854.

1.2 N-terminal domain of Tetracenomycin ARO/CYC (TcmN)

In Streptomyces glaucescetise deducted product of the tcmN gene is a multifunctional
protein with two domains; the -bérminal portion acts as an aromatase cyclase, and-the C
terminal portion acts as an@ethyltransferas€SUMMERSet al, 1992) The Nterminalof
Tetracenomycin aromatase/cyclase (Tcnm®N)a Bet v 1like superfamily protein like the
lipid/sterotbinding StARrelated lipid transfer (START) proteif$SUJISHITA; HURLEY,
2000) and PR10 family of plant pathogenesislated proteingMORAES et al, 2018;
RADAUER; LACKNER; BREITENEDER, 2008)The ubiquitous distribution of Bet v-1

related proteins among all supegdoms suggests that a Bet-Mde protein was already


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-superfamily
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present in the & universal cormon ancestomBet v Xklike superfamily proteins have diverse
biological functionsvith varying degrees dequence similaritywhile maintaininghe ancestral
fold. For instance, TcmN shares 14% identity with Bet v 1 fBwtula verrucoseBet v Xlike
proteins can bind several molecules, suclilaa®noids steroids, hormones, and lipids
(MOGENSENEet al, 2002; MORAES:t al, 2018) To bind to different compoundsansport,
participate in catalytic activities, anglease products, these Bet-like proteins undergo
considerable conformational chand@$ES, BRIAN D. et al, 2008; KOFLERet al, 2012;
MORAESet al, 2016)

TcmN poséeasewi ah fol d coinrsarsde dh dpsrbtéiedy rse
a | otngr r@hnealli x that runs bdawmwi td , camtde t wof
bet weelanf@2f,or mi ngl @idigpkel x xmoti f thathsaprdWbclor
( AMES, BRI AN eDQURLIRIBYEB)d8c MmN sulastcreaatte prol y k
i ntermediates bind to residuwbewethiegi othpee
cyclizati on andThear ocnaavti+tZzya thiaosheaw ciowtheop b o b i
and pol ar r estihdaute sc adni sat crci oftmowoirdabnt cee aank EAtCiPd e
(Fi g4ArDg . The cavity has a narrow neck defir
T133, E34Fi qaCdP dRBKe t( W2e853 2iy6 836 7R6 9OM9 1, W& B d
are highly conserved amdbh4gL9 BHRQ/FC8EE3 3 whah @
N136 are uniRg§aTd 5W1o0 8T,cQielin0d or i ent t he pol yket
cavitys67whainlde R82 anchor the polyketide, anc
chain folQldn gfifmogrt cGEIl gdeDnpe iCad {fimgtcyclizat
interactions with residues in the narrow n
hydrogen bonds with R82. The C16 met hyl ence
Cl6 sectcogdcyEigda&@h®eamN cmivgdid}xc ommodate up
l i near |l y. H®&stehli md ngisng cyclizatFog4N)ekeky h
thahe polyketide ,ascychaséethed te Itmbctur
f mo Tc mNe fWhrairntgh cycl i zati on o c c urnsd etrfogiapdrdo e u
enzymati c tmodyihelcanit dmnacycline @AMES] oBREAN
Det, a2008; LEE; AMES; TSAI , 2012)
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Figure 471 Polyketide synthesisand TcmN structure.

(A) Simplified biosynthetic pathwafor Tcm C. Adapted from Ames, B. et al., Proceedings of the National
Academy of Sciences Apr 2008, 105 (14) 558%4; © 2008 by The National Academy of Sciences of the USA.

(B) Ribbon representation of the TcmN crystal structure (PDB ID: 2RER)T&eN cavity is identified by the
surfacebeing coloreded. (C) Blue sticks represent sidechains of residues located at the narrow neck in the cavity
(D) Critical residues involved in theyclizationandaromatizatiorof the polyketide chains are shown as sticks.
Residues involved in the first and second cyclization, polyketide folding, and cavity neck are colored red, blue,
magenta, and yellow, respectivelyp the representation on the right, alghelix 3 has been removed for better

visualization of the residues.

Conformationakhangesan ke important forenzymesubstratanolecular recognition
(MORAESet al, 2018) Samplingopened states is likely needed for substrate binding to TcmN
and may also be critical for enzyme activithe tcmN cavity comprises several hydrophobic
residues that could trigger aggregation when exposed to solNA&etsously, our research
group showed thafTcmN presented higher thermal stability at low protein and higher salt
concentrations. Thermal denaturation was irreversible, leading to amorphous but not
amyloidogenic aggregates. NMR studies indicated that transieahtszHction maypromote
aggregation at higher protein concentrations. Analysis of conformational dynamics by NMR
showed high flexibility of L5, L7, and L9, regulating the opening and closing of the catalytic
cavity (VALADARES et al, 2021) There are few experimental assays characterizing the


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anabolism
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cyclization
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aromatization

23

interaction of TcmN with ligandsnd understandintpe molecular recognition process of the
enzyme by substrates, intermediatsd productss critical for understanding the enzyme's
catalytic mechanism In the present studythe conformational changes involved in the
molecular recognition of substratese being investigatedThe biochemical knowledge

obtained from this work will be a step towards defining the molecular rules for the specificity
of the cyclization of TcmN and other ARO/CYQs may help desigmutants with optimal

properties for biotechnological applications

2 OBJECTIVES

This work aimsto investigate the mechanism of TcmN molecular recognition of

substrates, intermediates, and products and understand the role of TcmN conformational

dynamics on its enzymatic function.

Specific objectives of the project included:

1. Optimize the expressioand purificationprotoco| as well as thé Hit 3 g0 c | eav .

strategy;

2. Acquire and assign NMR spectra necessary to completébableboneresonance
assignment of TcmN

3. Characteriestructurally and thermodynamically the interaction of TcrmBompounds
analogous to the substrate and product

4. Characterizatiomf TcmN conformational states by Mémulations.
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3 MATERIALS AND METHODS

3.1 Expression and purification of TcmN

The sequence of #&rminally His6taggedTcmN, coding for residues-173, was

commercially synthesized and cloned by GenScript (Piscataway, USA) in a pET28a plasmid.
E. coliBL21 (DE3) cells were transformed with the plasmid and cultivated at 37°C in 50 mL
Luria Bertani (LB) medium with 50 pg.mtkanamycin for 16 h under shaking at 200 rpm.
Cells were harvested by centrifugation and used to inoculate 500 mL of LB. M9 minimal media
containing*®>N-ammonium chloride andfC-glucosewas usedo produce®N and °N-13C-
labeled samples (Sigm& | dr i ¢ h, USA) . Protein expressi
isopropytb-D-thiogalactopyranoside (IPTG) when the OD at 600 nm was 0.8. Cultures were
incubated for 16 h at 22 AC under shaking
4°C and 4500 rpm in a Thermo Scientific -7%0 Swinging Bucket Rotor (Thermo Fisher,
USA). Harvested cells were resuspended in 50 mM sodium phosphate pH 8, containing 300
mM NaCl and 10 mM imidazole. The cell suspension was lysed and then gadréti11000
rom for 40 min at 4°C. The protein was purified from the soluble fraction BY affinity
chromatography using a HisTrap HRINTA column (GE Healthcare, USA) in 50 mM sodium
phosphate pH 8, containird®0mM NaCl and 40 mM imidazole, and eluted with an imidazole
gradient up to 500 mMdis 6-tagwas cleavedby thrombinusing and following the protocol of
the Thrombin CleanCleave Kit (Sigafddrich, USA). The purified protein was dialyzed
against 20 mM sodium phosphate pH 7, containing 150 nakaINPurity was determined by
SDS PAGE, and concentratiowas estimated by UWis spectroscopy at 280 nm, using an
extinction coefficient of 37470 Mcni?, obtained from the TcmN primary sequence using
protparamittps://web.expasy.org/protpargnvhe primaryamino acicsequencef the TcmN
is:
MAARTDNSIV VNAPFELVWD VTNDIEAWPE LFSEYAEAEI LRQDGDGFDF
RLKTRPDANG RVWEWVSHRV PDKGSRTVRA HRVETGPFAY MNLHWTYRAV
AGGTEMRWVQ EFDMKPGAPF DNAHMTAHLN TTTRANMERI KKIEDRHRE
GQRTPASVLP TELHAQQLLL

The protein was heterologously expressed with aterMinal Histag (sequence:
HHHHHHLVPRGSH). After cleavage of the Hiag, tiree additional residues (GSH)

remained at the fterminus of the protein.
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3.2 CD spectroscopy

CD measurements wa&lr® redtoronedl ami metler (JA
with a Peltier ,{empéte@déemtted ket tabbent -ri o:
I nstituto de CCEh&IMEBtBEOIFegiecas Universit
Spectra were acquired wusing a 0.01 cm patth
scanning s p*‘eeiin aMave0@®@nmgmh increment of 0.5
denaturation was assessed by vmaaduwrmpreg atthua ¢
from 25 to 90AC, with increments of 0.5AC
I ntehlRsSsiways esti mated by:

0 © Ox i

O: Of
Wherelcp, lcp, u, andlcp, F arethe molar residue ellipticity (MRE) values at 208 nm at the
measurement temperature, 25°C (folded state), and 90°C (unfolded state), respddtevely.
apparent melting temperaturdm*, analysis was performed witthe serverCalFitter
(MAZURENKO et al, 2018) The twoestate Nt D model of protein denaturation was used,
where N and Darethe native and denatured statesting of the experimental denaturation
curves was performed using:
QQE vdY QYo Y QYo Y

where "Q Y and "Q(T) are the coefficients for pre and postransition baseline linear
dependency over temperature:

QY 0 0 Y

QY 6 0o Y
where6 and® are the praransition andd andd the postransition fitting constants;

w and® are the fractions of TcmN in native and denatured sta¢spectively, given by:

p 0
Where K is the equilibrium constant, andyTis the melting temperature at which K = 1
(MAZURENKO et al, 2018)
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3.3DSC

TcmN DSCthermograms were recorded using a MicroCal PEAQ differential scanning
calorimeter (Malvern,UK), locatedat the Laoratdrio Multiusuario do Departamento de
Biofisica of the Federal University of Sdo PaulisC thermograms were acquired usig
eM TcmN in 20 mM sodium phosphate pH 7, 150 mM NaThe thermal stability of
naringeninbound TcmN was accessed by acquiring DSC thermograms of WwithM and 2
mM of Naringenin Since the naringenin stock solution was prepared in DMSEhd 8% of
DMSO were added to the TcmN final solutiofo monitor theiemperaturencrementrate on
TcmNthermal resistanceh¢ free protein solutions were heated from 20°C to 90°C at constant
rates of "10. BATAGmMA m2 A dnsidenai 300sL capillary cell of the
calorimeter The naringeninbinding impacton TcmN thermal resistance was monitored by
performingthe DSC thermograms with the naringefiound TcmN with constant rates BIC
A m'i 1iThe reference cell was filled with the same buffer solution containing the same
concentrations olNaringenin and DMSO as in the measurement cell. The reversibility of the
therma transitions was assessed by reheating the sample immediately after the cooling step.
The DSC data analysis was carried out usinghgin 2018 software (Originlab Corporation,
USA). The thermal stability of the proteins was described by the temperature of the maximum

thermal transition (Tm)
3.41TC

ITC measurements were performed at 25°C in a buffer containing 20 mM sodium
phosphate pH 7.8nd150 mM NaCl with 4% DMSO using a Affinity ITC (TA Instruments,
New Castle, DE) equipped with an autosampl e
buffer (control) in the calorimetric cell w
in 350-second intervals with stirring speed at 125 rpm. Resulting isotherms were subtracted
against buffer runs and fitted with a single site model to yield thermodynamic parameters of

pH, @S, stoichiometry, and Kd us.ing NanoAna
3.5NMR spectroscopy

35. iAPr ot ei n backbone assignment
NMR experi ments were performed at 298 K

800 MHz Avance |11 spectrometress®nagaepp
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| ocatediat dbpas Nati onal Center far N u
Bruker Avance Neo 600 MHz spectrometer e
| ocat edaladar ath-eri o de Resson®©nci a Magn®t i
UFMG) aBduker Avance |11 800 MHz equipped w
the Harvard Meanbilexlul Siah NMR Biakca rl bietry Ganndc eérh e
NMR Cé&woe. t he TcmN backbone resonance ass
resonancet se xwerd maoqui rleldN aHBKGHh aHyQE@ .d :
HNCO, HN(CA) CO, HNCA, HNCACB, and CBCA(
acquired using the traditional full- acqgl
uni fPorimson GdHYBERIISIak® 12; HYBERTS; TAKEUC
2010) The spectra were processed using T
NMRpi(@Dd SEASES,; BAY;aKKdDN&nal9ZT®)d using CC
( VRANKeEN aR005)
35 BNMR r el axation dispersion experiments
Backbone dynamics of TcmN wer e c harmmact e
transvegmreahxatRmmenasmuateeds on a Bruker Av a
spect rTohree toevre.r al | proteeiwasocaldt al/aRoad it D sne |
Dynami csesmosh i mbecal e wer e monitored- by [
compensitt edqudret ur uICiMel b &Go m | ( CPMG) re
di spersi on( LeRad eAr, i RANCE; PAICNWBVRG €XPO) i mer
acquired aBr 2KeBr KAvascegNeo 600 MHz spectr
duahannel multinuclear Smart Probe, | ocated
iILAREMAR of the Federal Brpeer sethyf adcft RM en a
Raei(H, wer e obt alH-hdedc drrroeml ati on spectr a |
( VRANKEN a20O0O&Nnd applying the foll owing e
7.2
o o)
WheTeiiag the rel axaitcewsins dteh eayi motfe B&diNtms preed g
acquired with 3RMGr dnmeiglagnftiylolin® sHt he peak i
obt ai n&ldeiaki tCh ms . Experi mental errors were
of noise to the resonan.¢alORhtAen RANICEsS .PAL ME
3. 4NBR protein interaction
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The intedadMiNdfabefled TcmN was monitored by
on HAM HSQC spectra wmpotndMS@BiantgieBroirnwah bl y s i
chemical shifld a%WNd tbiackdtoin@ns esfonances, a we

shift change was <calcul ated:

6°YO YO 1Yl ,
Wher gamedHidseNnot e the obselvaidNd cthhamgesl ofs h

resi due i

1D H STD spectra were acquired at 25 °C on a Bruker Avance Neo 600 MHz
spectrometer, equipped with a 5 mm dci@nnel multinuclear Smart Probe, located at the
Nuclear Magnetic Resonance Laboratory AREMAR of the Federal University of Minas
Gerais. The6 0 0 samples were prepared wi0 UM TcmN in sodium phospha) mM,
NaCl 150 mM Naringeninl mM, DMSO-d6 4% (v/v), D20 10% (v/v), and pH 7,
correspondindo a protein/ligandconcentration rati@f 1/20.The STD buildup curves were
obtained using saturation times @®5, 0.75, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 s, and data were
acquired using a train &0 ms Gaussian pulséMAYER; MEYER, 2001) The on and off
resonance frequenciesere0 and-40 ppm, respectively. STD peaiktensitydifferencesvere
extracted for eackxperiment with different saturatiagimes to calculate STPAmplification
Factors(ANGULO; NIETO, 2011) STD-Amplification Factors were calculated using the
following equation:

YYQONQI £ £ QE QLT QO W

Y'YO®CE 1 —————— 0.Q°04 LD Qi i
Owan YYOQOQI £ £ Qg Q¢ i ?20 (52@&)@ o

3.5.31 Titration experiments

The interactiNmi mgedc mNwawstmonitored thr
wherein weaeddleidgand t hidenrsiod oed crad d ymbi nant ¢
each titr®HetNoHSQGi spectarum was acquired usi
the experiment acquired at 600 MHz and the
experiments were conducted at 298 K on a
equi pped wit hh nacl5eamm RpBABIO edl uaSmar tapgr otblee
Laborat-rio de RessonOnci(d AREYARD) |, cande oAl
Avance |11 800 MHz spectrometer equi pped v
Harvard Medi-mal eSouhapol NBRoFa-Ealbey E&adceéhe
NMR Core. The samples for Q@ hmM6@M0o MHza tex pkeu
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s for the 800

10% D20 (v/v).
sowdabititzedt iian DMESBION
Balbarl eag pee cstpiewcd If

Table 1 - Concentration of TcmN andNaringenin at each titration point used in the'H-**N HSQC
experiment acquired at 600 MHz. The dilution of the protein due to the addition of the ligand solution in

DMSO-d® was considered.

TcmiNoncen(EM)at i o

80. 0
79. 87
79. 74
79.61
79. 35
78. 72
78. 28

Naringenin (gMynce

0
41.6
83. 2

124. 8

208
416

561.6

Table 2 - Concentration of TcmN and naringenin at each titration point used in theH-N HSQC
experiment acquired at800 MHz. The dilution of the protein due to the addition of the ligand solution in

DMSO-d® was considered.

TcmiNoncen(EM)at i o

50.00
49. 98
49. 95
49.9
49. 8
49. 6
49. 31
48. 83

3.547 TITAN analysis

The NMR signal

The analyses

wer e

shape anal

conducted

Naringenin (gMgnce

0
25
50
100
200
400
1000
2000

ysis Wws&BUPBYTf or
et , ak0dbey iwepleemented in the MATLAB prograr

according

t o

1
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( WAUDBY, aRPOrh@)s anal yisni sc owalsa bdoornaet i on wi t h A

by the time, was an undergraduate student n

3.6 Molecular dynamicssimulations

3.5.171 Free TcmN MD simulations

Independent replicates (total = 6) of 1M simulationsof free TcmNwere carried out
using GROMACS 5(ABRAHAM et al, 2015) utilizing the CHARMM22* (PIANA,
LINDORFFLARSEN; SHAW, 2011) force field and standard TIP3P water model
(HEINZELMANN; HENRIKSEN; GILSON, 2017) The TcmN crystal structure (PDB ID:
2RER)(AMES, BRIAN DOUGLASet al, 2008)was used with protonation states of titratable
residues predicted by PropKALSSONet al, 2011)at pH 7. Naand Clwere added to achieve
charge neutrality and simulate a physiological concentration of 0. P5téf steepestiescents
minimization, ten replicates were initiated with different velocity distributions and propagated
for 1 pus each in the NPT ensemble at 298 K and 1 bar, using previously described parameters
(KARTTUNEN; CHOY; CINO, 2018) GROMACS analysis tools and-hrouse scripts were
employed to analyze the trajectories. Principal component analysis (PCA) was performed using
Python and scikit libraries on the pooled frames from the six replicas witkskpaestes fitting
to the @ atoms of the initial structur€CINO; CHOY; KARTTUNEN, 2013) Due to high
flexibility, the PCA analysis did not consider residues K141 to P155 from -teennal
Representative structures of the closed and open states were taken from the centermost frames
of the energy minima. Bidimensional histograms were prepared by binning the trajectory
projections on the first two principal components and expressed in eneityy using
Boltzmanriés factor(CINO; CHOY; KARTTUNEN, 2016) Hydration variations in the TcmN
cavity were analyzed in the following manner: water molecules were classified as located inside
the cavity if they were <4.0 A from the side chains of group A (T22, F32, Y35, L52, L54, T82,
F88, L93, T95, W108, Q110, L12and T133), and outside the cavity, if they were >3 A from
the side chains of group B (R4, D6, F29, R55, H81, T85, Y90, N92, and R134). Water
molecules were counted using VMD version 1.&RJMPHREY; DALKE; SCHULTEN,
1996) The distance between loops L5 and L9 was evaluated by measuring the distance
between the Oof P119 (L9) and R61 (L5). Interpolation of structures to represent the
motion along PC1 was performed using gmx t¢aBRAHAM et al, 2015) One hundred

interpolatedrames were generated and analyzed. Gaussian fitting of the histograms of
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the L5L9 distances and the number of water molecules inside the TcmN cavity was
carried out usinégcipy (VIRTANEN et al, 2020)

3.5.21 Bound TcmN MD simulations

To select poses to seddD simulations to study TcmN and intermediate and product
analog interaction, atking simulations were performed using High Ambiguity Driven
biomolecular DOCKing (HADDOCK) version: 2.4. Tcnisidues E34, Y35, S67, R89, W95,
H128, and T133 (predicted by Ames al. 2008 as pocket residues that make contact with
ligands) and residues A80, M91, W108, Q110, 1140, T132, L129 AND F112 (mapped by CSP
experiment with titration of Naringenin to TcmN) were selea@sdADDOCK restraints and
defined aghe protein ative and passiveesiduesrespectively,n the rigidbody docking (it0)
The related residueseredepicted as passiva the semiflexible docking (it1) and explicit
solvent refinement(water))0000 poses were generated in it0 4000 poses in itl. The best
docked complexes of teqanked clusters were selected and visualimsdgDiscovery Studio
Visualizer (BIOVIA, Dassault Systemes, San Diego, USA, 2022d UCSF Chimera
(PETTERSENet al, 2004) Ligand poses from Haddoakasaligned using GROMACS tools
(gmx trjconv) using TcmN CU for alignment.
and ligand centeof-masswerecalculated with GROMACS toolg&ach ligand pairwise RMSD
matrix was embedded into ki-dimensionalspace using -Histributed Stochastic Neighbor
Embedding GSNE) (VAN DER MAATEN; HINTON, 2008) Bidimensional data was then
visually inspected and clusestwith Densitybased spatial clusterirg applications with noise
(DBSCAN)(ESTERet al, 1996)u s i sl§andla minimum 675 samples to define a cluster.
Cluster elements were visually inspected and selectemsideringthe complementarity to
the binding pocket, polar interactignsany, andthe pose scord’he TcmN crystal structure
(PDB ID: 2RER) (AMES, BRIAN DOUGLAS et al, 2008) and the selected poses of
Naringenin and INT1bound TcmNwere prepared in the same way tag simulations
described aboveEach system had 10 independent replicates of 1 pus MD simulatsong
GROMACS 5 (ABRAHAM et al, 2015) utilizing the CHARMM36 (HUANG,;
MACKERELL, 2013) force field. GROMACS analysis tools and-hliouse scripts were

employed to analyze the trajectories.
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4 RESULTS AND DISCUSSION

4.1 Free TcmN stability

The previous workdoneby our research groypited in section 1.2, waarried out with
uncleavedrotein that is, with 6Higag in the Nterminal of TcmNHowever, t was observed
that the protein was relatively unstable when stoaed at concentrations above 200 it
began to show considerable changes int#h&N HSQC NMR spectra, makingdhallenging
to acquiremore extendetNMR experiments and thus contributing to the limited quality of the
3D experiment®btaired for protein signalinglhe heterologous expressiordguurification of
TcmN were performed, and thkeavage protocol wdsllowed. TcmN cleavage wasmpleted
successfullyFigure5). The ypical yield per 500 mL culturef the TcmN productionvas7
mg.

CD and DSC measurements were performoesssess and compare ttieavedTcmN
thermal resistanceCD spectra of the protein in the range of 1980 nmshowed the most
negative signal at 208 nm. Therefore, the signal at 208 nm was selected to monitor changes in
ellipticity during the thermal denaturation experiment, allowing determination of the protein
melting temperature (Tm)lcmN thermal plot shows that TcmN is more stable without the
6His-tag, with a Tm* (observable melting temperature) of 54.7°C, coadiartheuncleaved
TcmN Tm* of 50.5°C Figure6A). DSC measurements were carried out at different heating
rates to monitor the effect of the temperature rise rate on the Tm of the TcmiNefirhegram
analysis shows that at the heating rates of 0.3°C/min, 1.5°Camin2°C/minthe Tm* were
47.5°C, 49°Cand 49.7°C, respective(frigure6B). Tm* values increaswith theheating rate
and thedenaturation process irreversible The DSC data @l not indicate that aggregation
occurs, as there are no signstlod formation of soluble aggregates the thermogramand
perhaps there is immediate precipitation of the protein after unfoldspyecipitatedprotein

could be seen
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Figure 5 - 12% SDSPAGE of TcmN cleavaye.

Lane 1: molecular weight standard. Lane 2: purjfiest cleaved TcmNLane 3: TcmN after cleavage.
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Figure 617 Thermal stability of TcmN.
(A) Normalized intensity,\, as a function otheuncl eaved and cl eavedin200M ¢ M Tc
sodium phosphate pH 7, 150 mM NaCl estimated from the CD intensities at 208 nm. (B) Ovexpgrofental

thermogramof 211eM TcmN in 20 mM sodium phosphate pHarnd 150 mM NaCl at different temperature
rates. The dashed black profile was acquired after heating the sample to 90 °C.

To ensure thathe cleaved TcmN structure does not show considerable structural
differences compared with the uncleaved die®N HSQC NMR spectra of both proteins
were acquired and compareBigure 7 shows the'H-®N HSQC NMR spectrum of the
uncleaved®°N-labeled TcmN (black) overlaid with tHeéN-labeled TcmN (red). Theleaved
TcmN spectrum has a good chemical shift dispersion, showing that the protein-feldesd
and similar to the uncleaved omxfferent peaks of the uncleaved TcmN are related to residues

of the cleaved region that comprise the-H&g sequence and the thrombin cleavage site.
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Figure 77 TcmN NMR overlay cleavage
(A) Overlay of'H->N HSQC spectra afincleaved170eM TcmN in 20 mM sodium phosphate pH 7, 150 mM
NacCl in black and cleave2DOeM TcmN in 20 mM sodium phosphate pH 7, 150 mM NacCl in red

N and*C enriched TcmN s expressed in M9 media ampirified as previously
describedNMR triple-resonance experiments were acquired and analyzed to assign the TcmN
backbone resonanceBigure 8 shows the sequential assignment of residue90B@ising
CBCACONHandHNCACB spectra. The remainder of the backbone was assigned using the

same procedure.
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At HNCACSB, the blue (positive) peaks aB@ and green (negative) gks are 6. The chemicashifts of *H and

13C plares are shown. The residues and their numbers in the primary sequence are shown at the top of the boxes.
The dotted lines link the HNCACB peaks of one system with its peaks on the CBCACONH

Figure9A shows the assignéti-1>N-HSQC TcmN spectrum. The spectrum has a good
chemical shift dispersion, showing the protein is vi@ltied. 238 peaks were expected in this
spectrum including the 66 HN side chain peald®% of the backbone atoms Jebeen
assignedTheresidues missing assignment are locate@-eheet 3 (residues R51, L52, T54),
b-sheet 4 (residues V66, S67, H68, R69, VBOsheet 5, and near loop 7 (residues A80, H81,
R82,V83,E84,T85H-sheet 6 (resi dues AhlIx3(reMdudsKl4l,and
E145, D146)Figure7B). Among these residues, R69, $&id R82 participate in the catalytic
activity of TcmN and might be in conformational exchange since residues in intermediate
conformational exchanggée.,d y n a mi ¢ s -mg timescate @nd £astant rate in the order
of t he chemicalj) oftdnistiotvs NWR fpdalks rwehnverg low isgensities
(MORAESet al, 2018; PALMER, 2004)Other residues surrounding the cavity and those near
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the loops are also suggested to be of higher flexibility, which can influence the intensity of the
resonance peaks. While most of these residues are likely presentHa'theHSQCspectrum,
they could haverelatively low intensity in theHNCA and other tripleesonance spectra used

to assign the backbone.
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Figure 917 TcmN NMR assignment.
(a) *H->N HSQC spectrum showing the assignments and (b) zoom region. In this experiment, each peak

contains information on the frequency'®fN and*®N of a specific residue, except for prolines.
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4.2 Conformational dynamics of free TcmN

Aiming to build an atomistic picture of
simulations ofreeTcmN were performed and analyz&dincipal Component Analysis (PCA)
was employed to examine the main contributions to TcmN conformational varidrecérst
two components, PCdnd PC2represented 26and 18 % of the CU confo
respectively(Figure 10A). These components correspond primarily to movements of the L3,
L5, L7, and L9 segments located at the neck of the central catigP CLPC2probability
based freeenergy landsapeshows that théwo most populated regiort®rrespond telosed
and open conformations, respectiveaynd residues comprising the L3, L5, L7, and L9 loops
located at the entrance of the central cavity were major contributdhe tmnformational
variance of the PC1 and PC2 mo¢egure10B). PC1 correlated strongly with EB9 distance
(r2 = 0.82)(Figure10C). Time traces of PC1 and PC2 evolutibustratethat the two minima
were sampled by multiple replicéSigure11). Movementf L5 and L9 could be necessary to
allow the internalization of a linear polyketide chain into the cavity. The PC1 projection of each
frame and the distance between loops L5 andHi§u¢e 12A) showed bimodal distributions
and were analyzed with two Gaussian curves to find the center of each peak. Two populations
were observed with -89 distances of 22.8A and 12.6 A, corresponding to open and closed
states, respectively. In the TcmN crystatkgghic structure (PDB ID: 2RERAMES, BRIAN
DOUGLAS et al, 2008) the distance between 4% is 9.1 A, corresponding to a closed
conformation. Changes in cavity hydration were assessed by measuring the water content inside
the cavity over the trajectories. A strong correlatiéar61) was obtained between the L%
distance and the number of water molecules inside the c&igyré 12B). The histograms
revealed two clusters: one related to the closed state with-af Hstance of 12.6 A and ~28
water molecules, and another corresponding to the open state, withL&ndigance of 22.8
A and ~36 water molecules. The higher numberatewmolecules inside the cavity in the open
conformation may impose an entropic penalty on this state by decreasing the solvent entropy,
as the cavity is lined with hydrophobic residues, which could contribute to the higher free

energy of thepen state.
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Figure 10- Principal Component Analysis of TcmN MD simulation.
(A) Varianceis explained by the first ten principal componef®.P CA corr el ati on pl ot of
variance on the two principal eigenvectors, P€hd PC2, and representative fAcl

structures with the R61 (L5) P119 (L9) distance indicated. The Gibbs free energy was estimated using the

Boltzmann equation and represented as a landscape built up using a color d@diénL.9 distance along PC1.
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Figure 11 - PC1 and PC2 evolution throughout the TcmN MD trajectories.

(A) and (B) show the projections of the trajectories onto PC1 and PC2, respectively. The purple and green regions

correspond to the closed and opeimima inFigurel0.
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Figure 1271 Principal Component Analysis offree TcmN MD simulations.
(A) 1D (blue) and bidimensional (greyscale) histograms ef 8%listance vsa projection of the structures along

PCL1. (B) 1D (blue) and bidimensional (greyscale) histograms of the distance between loops L5 and L9 and the
number of water molecules in the TcmN caviihe 1D histograms show two fitted Gaussiaed, and orange.

A hydration tuning mechanism might have evolved to control the opening and closing
of Bet v Llike proteins. Like TcmN, the highenergy, open state of Fag s 1 is entropically
unfavorable due to the hydrophobic ca@tgxposure to solve(MMORAESet al, 2016, 2018)

It is likely that thisentropic penalty pressure TcmN and Fag s 1 to return to lower energy, closed
states. Similar results were observed by Oroguchi and NakéB&MO@GUCHI; NAKASAKO,
2016a) who investigated the modulation of the relative dynamics between two domains of
glutamate dehydrogenase by chanigeecal hydration in the hydrophobic cleft between the
two domains. They formulated a model where the wetting/drying of a hydrophobic pocket
worked as a switch for interdomain motiq@ROGUCHI; NAKASAKO, 2016b) Functional
protein movements might be coupled with changes in hydration strMtAESUOKA et al,

2015; OROGUCHI; NAKASAKO, 2016b)Thus,modulating the conformational equilibrium

of Bet v klike proteins may be possibyy changing the polar and apolar residue distributions

within themain cavity.
4.3 The interplay of conformational equilibrium, function, and aggregation

Proteinsare dynamic molecules anday sample conformational states at risk of
misfolding and aggregation. The traoi# between function vs. aggregation leads to an
evolutionary pressure that creates competition between increased binding efficiency and
reduced protein stability, balancing thkility to populate multiple states without creating an
unacceptable propensity for aggregatigDEPRISTO; WEINREICH; HARTL, 2005;
FERROLINOet al, 2013; GERSHENSONt al, 2014) Inspired by the work of Ferrolino et
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al. (FERROLINOet al, 2013)w i t h -rithleedulabretinoic acisbinding protein 1, a scheme

for describing the finduned interplay between conformational flexibility, function, and
aggregation waproposed Figure13). Using PC1 as a reaction coordinate and plotting it as a
function of Gibbs free energy, we built an energy landscape profile of TEmNré13A). In

the model, TcmN is in conformational equilibrium between closed and open conformational
ensembles, with a preference for the former. The open state is needed for substrate binding but,
at the same time, is more prone to amorphous aggregatation Figure13B). In the case of

TcmN, it seems plausible that evolution solved the function vs. aggregation problem by

controlling theopenstate populatioand kinetically modulating itéfetime.
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Figure 131 The proposed interplay between conformational flexibility and aggregation of TcmN.
(A) The energy landscape of TcmN under native conditions comprises a delicate balance between protein
conformational flexibility and aggregation. (B) Schematic representation of TcmN's conformational transitions

shows that the opened state (aggregapimme conformation) is required fiigand bindingand canlead to

aggregation.
4.4TcmN interactions

TcmN promotes G€ 14 first ring, C7C16 seconding cyclization, and aromatization
of unreduced linear polyketidesnd thepoly-b-keto intermediatés a very reactive compound

Because of that, it isnpossibleto experimentally study the interaction of TcmN with substrate


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ligand-binding
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compoundsTo overcome this problem, we investigated the interaction of TcmN with three
aromatic compounds, which possess two rings, hydroxyl and carbonyl groups. Those
compounds should resemble the structure of the cyclic polyketide intermediate in the TcmN
cataled aromatization and cyclization reactiorfdggre 4). Three molecules with the
described characteristics were selectedstudy the interactiowith TcmN (Figure 14),

Naringenin,Taxifolin, and8-Anilinonaphthalenel-sulfonic acid(ANS).

Nari ngenin

OH
HO O, .« \\O: i
R [j HO o . OH Hoﬁls/ HN
OH
OH O OH O

Figure 147 SelectedTcmN6é s r eacti on intermediate and product ana

Chemical structure of Naringenin, Taxifolin, and ANS.

NMR spectroscopy evolved as a powerful tool to investigate prbtgind binding
The STD experiments showed that TcmN recognizes Naringenin and ANS but not taxifolin
(data not shown Due tothe greater similarity to th€cmN product having theirst aromatic
ring with twohydroxylgroups Naringenin was chosdao describéhe subsequent experiments
The 'H NMR spectra of 25 mM of racemic Naringenin in DM®® were analyzed and
assignedAn STD experiment involvesubtractinga spectrum in which the protein has been
selectively saturatetly irradiationfrom a spectrum without protein saturatidrhe protein
saturation israpidly propagated through a spin diffusion effeantd wen a low molecular
weight ligand binds to thprotein,the saturation is also transferred to the bound ligand by a
crossrelaxation process at the ligapdotein interfac ANGULO; NIETO, 2011) In the
difference spectrum, only the ligand signals that received the protein saturation transfer will
remain Figure15B). Stronger 9D signals were observed for taeomatic protons Hand H
(Figure15C-D), showing that thetructure of two fused ringsf Naringenin interaamnore with

the protein suggesting that they apesitionedurther irsidethe cavity
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Figure 157 STD NMR.

(A) *H NMR assigned spectra of 25mM of racemic NaringeninSj@ctra overlay of the aromatic spectral region
of 1D STD NMR spectra recorded at a single saturation time (tsat=2 s, 25°Q)ffffeeonanc&TD spectrum

of 1 mM Naringenin binding to 20 uM TcmN idde, the diferencaesonance STD spectrum of 1 mM Naringenin
binding to 20 pM TcmN in pink, and the déifenceresonance STD spectrum of 1 mM Naringenin in gré€h
Built-up curves of STD amplification factor as a function of the saturation tig@8af and 600 MHZz*H nucleus)
for binding of Naringenin t020 eM TcmN in 20 mM sodium phosphate pH 7, 100 mM Na©)) Chemical
structure ofNaringenin with assigned protons labeled
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Next thebinding affinityby ITCandbound TcmN stability b{pSC measuremenigere
evaluated Utilizing a two-state model for the fittinga binding affinity of 135 umol/L was
observed on the ITC experimem&Naringenin titration oto 140 uM of TcmN(Figure 16).

DSC thermograms were used to evaluate bound TcmN stability. The sample of Naringenin was
solubilized with DMSO, and a control experiment with TcmN and DMSO was also acquired.
The concentration of 1 mM and 2 mM of Naringenin had an equivalent concentbdéh

and 8% DMSO in the final sample. Tm* values of TcmN with Naringenin wien®jher than

the control, suggestirthat the interaction with the ligand increases TcmN stabiityufel?).

Protein concentration also affects TcmN thermal stability; it decays as protein concentration
increasefVALADARES et al, 2021) and as the concentration of this experiment is much

higher than the CD experiment done with free TcrRlgre6A), both cannot be compared.
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Figure 161 ITC experiment Tc mMN&és reaction intermediate and produc

Calorimetric titration of Naringenin into a sample cell containing TcmN. The titration was performed at 25 °C in
20 mM sodium phosphate pH 7, 100 mM NacCl, and 4% DMSO
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Figure 17 - Effect of Naringenin and DMSO on TcmN thermostability.
Overlayed experimentathermogram®f 211¢M TcmN in 20 mM sodium phosphate pH 7, 100 mM NacCl in the
presence o1 mM and 2 mMof Naringenin, andavith 4 and 8% of DMSO

Having mapped the binding affinity, thermostability, and intéoagosition of the ligand,
the next step wasdentifying how the protein behaves structurally upon binding with
Naringenin. The *H-"N HSQC spectra of°N-labeled TcmN titrated with Naringenin were
acquired, and structural changes were identified by mapping the chaimitagerturbations
(CSP).Figure 18 shows the overlay of free TcmN with TcmN ancomplex with different
concentrations of Naringenin, and spectral changes can be observed. Significant chemical shift
perturbation can be observed in residigsv62, W63,T96,0Q110,F120,T126,A127,T131,
andN136 These residuesurround the TcmN cavity and the alghalix 3. Residueg120 and
W63 near the cavity entrance in loops 5 angh®wedhigh CSP. These loops, identified as
regulators of cavity opening and closing movements necessary for substrate binding and
product release, are crucial for Tcriiction(VALADARES et al, 2021) One can imply that
residueWV63 could be identified as a potential gatekeeper, akin to its homolog residue in WhiE
ORFVI, suggesting its involvement in controlling ligand access to the bindindL&te;
AMES; TSAI, 2012) Interestingly, residue¥ 35, L129, andT132, which form part of the
bottleneck regiohave the NMR signal broadenepgon Narigenin titration, implying variation
in cavity volume and shape, a behavior documented in structurally similar proteins Bet v1 and
Fag s1(ASAM et al, 2014; MORAESet al, 2018) Additionally, curved signal migration
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patterns in the titration experiment indicate a complex interaction model between TcmN and
Naringenin, suggesting the possible binding of multiple ligands to the enzyme or from

conformational changes in the protein upon ligand bindingu¢e 18 andFigure23).

A 77T
* -
- * - t-109.0
® = e S 10 s
N o P e, e _"-\ g
- & ..... ..l-- ((.n---\\. 1095 .?_
- - e a -
u '.f Yo E:‘ .,: . 2
L .,-,_.-,3 i 120 Z 1100
..f t‘. '." 3 o ';O T T T T T T
P !’5' .! & - 835 830 825 820 8.15 8.10
- - .g"
Fri T - il 126T
c @ oL 8 = 117.0
G 130
I I I I I T
11 10 9 8 7 6 L1175 é
z
&'H (ppm) (@ F
0 0.5 1 2 4 8 20 40 .
865
TcmN : Naringenin 5'H (ppm)
B 0.22 4 62V 120F
0.20 4 o 1
0.18
0.16 -
= 0.14 4 110Q 127A
& ' 63W 96T 1267/ 1317
€012 e l 136N
& 0.10 X,
&)
(N1 T ISR RS SRRR  PES R BE— ———t - S P —
0.06
004 +M+---tH-+--+-1----&----41---1- ety -H-=--g----
0.02 - , '
000 T L T T T L T T T L T T T T
0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150

Residue Number

Figure 181 CSP effect onTcmN upon Naringenin titration .

A) *H-1N HSQC spect overlay offcmNtitrated with Naringenimndselected regions dH-N HSQC showing
examples of chemical shift variatioof residues T77 and T126n the side The color scale indicates the
concentration ratio of TcmN to Naringen®) CSP as a function of TcmN residue number.

Bound TcmN dynamics were investigated using NMR relaxation measurements
Results obtained from tiéMR !H relaxation rate®; andR; data can be used calculate the
rotational correlation timé JJ The U value iscrucialas it reflects the size and oligomeric state

of the proteinld valueof the free protein is higher than theund proteinsuggestinghat the
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protein in its boundorm has amore compact conformatioidowever,this data should be
considered with caution since eth. Whlues of free and bound TcmRll within the

measur ement s conf i denc evaluesforéaeam bound ReenN arx a t i

shown in the table below:

TcmN state R1(sY R2(sh) ¢ (nS)
Free 1.01 £0.03 7.82 +0.89 8.21 +0.69
Bound 0.96 £0.08 6.79 £ 0.62 7.80£0.81

CarrPurcelt MeiboomGill (CPMG) relaxation dispersion NMR spectroscdfARR;
PURCELL, 1954; MEIBOOM,; GILL, 1958)vas masured tacharacterize residues of TcmN
that might experienceonformational exchangd;ers (S1) values obtained fronPN CPMG
experiments at 298 Kf the free TcmNFigure19A) showed no significant difference between
the Rt measured with CPMG frequency®® and 1000 HzRz e (s1) values obtainettom
the bound TcmN showed an extra contribution in the experiment at 50 Hzabattenuated
at 1000 Hz, decreasing it to a value simitathe experiment carried out with the ffeemN
(Figure 19B). DR> of boundTcmN was calculated and compared to CSP. The CSP reflects
changes in residues thditectly participate in the proteiigand; DR> possibly demonstrates
the balance between two protein conformations, the majority conformation of the bound protein

and a minority conformation of the free protein
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Figure 191 Backbone dynamics of TcmN byNMR.

(A) Raert (S 3 rate as a function of TcmN residue numbed®eM TcmN in 20 mM sodium phosphate pH 7,

100 mM NacCl. (B) Reft (S J rate as a function of TcmN residue numbed®6 M of TcmN titrated with1.2

mM of Naringenin. Black squareand red circles refer t8N-RC-R, CPMG relaxation dispersion experiments
acquired with CPMG frequencies of B2 and 100Hz, respectively. (C) Chemical shift perturbation index, CSP,
andDRzef (S ) of bound TecmN as a function of TcmN residue number. CSP was calculated from chemical shift
perturbations obtained in NMR spectra shown iruFégLOA andDR;« (S ) was calculated from data shown in

(B). (D) TcmN structure (PDB ID: 2RER) with side chains of residoeghich CSP values were higher than the
average value plus the standard deviation of alliseislored in red, and residues that had a D& (s ) and

low CSP are shown in blue.

Further experiments assessing the interaction affinity between TcmN and naringenin were
performed. NMR lineshape analysisvas done using the Titan softwartH®>N HSQC
experiments acquired at 600 MHz with naringenin titration up top®8land*H®N HSQC
experiments acquired at 800 MHz with naringenin titration up to 2 wave utilized. The
residues selected for the signal shape analyditin*H®N HSQC experiments were those
with CSP above the mean plus standard deviation: resithieg62, T96, Q110, F120 and
A127in the 600 MHz experiments, and residiiésVvV62,W63,T96,F120,T126,A127,T131
andN136 in the 800 MHz experimentPata analysis othe spectra acquired at 600 MHz
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revealed that the simulation usitige lockandkey model best represented the system and

matched experimental datiying a Kp value of 111+ 5 pM.

A HSQC 600 MHz
L] =121
] 0
R »
Ca " 1 ‘n 110 K 0.52
’ ' "‘ ‘¢ “' - 1.04 £
K vl |'0 E F123 g 8
A t- g 8 156 £
“ v' 120 = = 8
£ L124 & <
L]
[] l p&' 52 5
_ q‘. 125
130 7.02
]
126
T I 1 1 1 L
1" 10 ] ] T -]
&'H (ppm)
B HSQC 800 MHz
121 I 0
< .-
. .s “ . =. Lo 122 05
" - :
. F el e I 1 £
- i g rtete Tu . = g
- . ® e * - E F123 g 2 -E
. S %:‘ A = g g g
- Tl e BTl -120 = =z 4 2
- TP « * & 124 & E
e : o o o g O
- ‘- - - :’ - "_
e Tt 7 1 20
-~ 130
40
- 126
T T T T T T T T T T
1 10 9 8 7 6 8.4 82 80 7.8
5'H (ppm) &'H (ppm)

Figure 207 HSQC overlay of TcmN and Naringenin titration
A) H-1°N HSQC spectr overlay of TcmN titrated with Naringenaxperiment acquired at 600 MHEhe color
scale indicates the ratio of TcmN to Naringen) *H->N HSQC spectr overlay of TcmN titrated with

Naringeninexperiment acquired 800 MHz
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Figure 211 CSPas a function of TcmN residue number.

A) CSPas a function of TcmN residue numindithe titration with Naringeniof the experiments acquired at 600
MHz. B) CSPas a function of TcmN residue numhpdithe titration with Naringenin of the experiments acquired
at800 MHz.

The experiments acquired at 800 MHz provided better resolution and were done with more
titration points. In the Titan analysis for these experiments, it was obgbatezhly the model
of sequential interactions could reproduce the curved migration behavior and intensity loss seen
on the spectra. Thus, this model was considered the most suitable for representing the system.
It can be inferred that the change in slopserved during the migration of some signals is due
to three distinct states: free TcmNcmN interacting with one naringenin, and TcmN

interacting with two naringenins. The two sites may have different affinities for the ligand, and
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the second interaction site only begins to be populated after the first is saturated. The presence
of curved migration in specific residues becomes apparent in the spectrum at a concentration of
approximately 400 &M of n a ronset gfeoccupation ofvthei ¢ h
second interaction site. Subsequent data adjustment and spectrum simulation were carried out
for the lockandk ey mo d e | up to a titration of 200 e
the spectrum simulation and experimentabdaiggests that, until this point of the titration, the
interaction of TcmN with the first naringenin predominates significantly. Lee et al. analyzed
the cocrystal structure of TcmN and Taxifolin. In this structure, taxifolin is situated proximal

to thecavity entrance, accompanied by conformational changes in residues R82, H128, and
F120, as well as loops 5 and 7. Furthermore, aromatic interactions occur with W63, W65, F88,
and F120, while hydrophobic interactions involve the side chains of M125 and|&&3 with
hydrogen bonding interactions with R82 and RIE; AMES; TSAI, 2012)It can be assumed

that the second naringenin interacting with TcmN in the sequential interaction model may be in
a position similar to that of taxifolin since both molecules have a similar structure with the same
patterns of hydroxyl substitution of tfiest ring. The higher CSP than the mean plus standard
deviation observed for residues F120 and W63, both in the entrance loops of the cavity, may be
indicative of this interaction, as well as the broadment of the signals from D57 and M125. In
the titratiom experiment acquired at 600 MHz, possibly due to the maximum naringenin
concentration of 561 uM, the first site may not have been completely saturated. At this
concentration, the second site may not be yet populated. In this study, the kinetic and
thermo@/namic constants obtained using the TITAN analysis cannot be quantitatively analyzed

due to the limited number of titration points
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Figure 227 Comparison of the spectra from thetH-1°N HSQC experiments and the simulations performed

by TITAN.

A) Comparison of the spectra frothe *H-1>N HSQC experiments acquired at 600 MHz and the simulations

performed by TITAN for the loclandkey model. The signal assignments are indicated in the figure. B)

Comparison of the experiments acquired at 800 MHz and the simulations performed by TITAN for théaeque
interact

ons

mod el

C)

Compari son

of

Naringenin and the simulation performed by TITAN for the lacikdtkey model

t he

exper.i

me nt
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Figure 231 Examples of signals exhibiting curved behavior during the titration of naringenin inTcmN.
H-1N HSQC spect overlay ofselected residues ditmN titrated with Naringenion experiments acquired at
800 MHz.

4.5 Conformational dynamics ofbound TcmN

Ameset al. studied the possible role of TcmN pocket residues by docking simulations
of all possible putative substrates or produitiwas seen that the substrate makes contact with
residues that enable catalyzing the formation of the first and second rings of a linear polyketide
substrate. That pocket can accommodate up to three linearly fusedrihgst the fourth. It
was also suggested thhtrd-ring cyclization is likely a spontaneous procéaMES, BRIAN
DOUGLAS et al, 2008) Aiming toinvestigate the mechanism of TcmN molecular recognition
of substrates, intermediates, and produansl to identify and characterize the different
conformational states of TcmMolecular dockingand MD simulations were made. From the
possible intermediates in first and secoimd) cyclization made by TcmN identified by Ames
et al, the intermediate 12 (INT12) with two aromatic linear rings was selected for our studies.
The TcmN product analog Naringenin was also chosen for computational an8liyse NMR
interactionexperiments were performed with a racemic sample of Naringenin, doekidg
MD simulations were done with the crystal structure of TcmN (PDB ID: 2RER) and R and S
isomers NaringenirDocking simulations were performed using HADDOCK v 2.4. The center
of mass of the ligand in each resultant pose was calculated to check the quality of docking
results and the position of the ligahdiost of the NARR and all NARS poses were inside the
TcmNOGs cavity. However ,r enodcdaec koefd tihnes i IdNeT 1t2h «
(Figure24A). For docking made with NAR and NARS, the poses with the lowest score (best






























