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ABSTRACT

Tetracenomycin aromatase/cyclase (Tcm) is an enzyme derived from Streptomyces glaucescens
involved in polyketide cyclization, aromatization, and folding. Polyketides are a diverse class
of secondary metabolites produced by certain groups of bacteria, fungi, and plants with
pharmaceutical applications. Examples include antibiotics, such as tetracycline, and anticancer
drugs, such as doxorubicin. The N-terminal domain of Tcm (TcmN) participates in the specific
cyclization of polyketides, and is classified as belonging to the Bet v 1-like superfamily. TcmN
catalyzes the formation of the first (C9-C142) and second (C7-C16) rings of polyketides in vivo
and in vitro. This work characterized the stability and conformational diversity TcmN, which
is important for its possible use in industrial applications, such as engineering polyketide
biosynthesis. TcmN was expressed in Escherichia coli BL21(DE3) and purified. Secondary
structure and stability were assessed in different buffer conditions by circular dichroism (CD)
and fluorescence spectroscopy. Nuclear Magnetic Resonance (NMR) spectra were acquired at
different field strengths (900, 800, and 600 MHz). 6 x 1 us Molecular Dynamics (MD)
simulations of TcmN were performed in explicit solvent. Thermal denaturation of TcmN is
irreversible, and the denaturation temperature is reduced at higher concentrations. TcmN is most
stable around pH 8, and in the presence of Nal and NaCl. NMR and MD findings suggest that
substrate binding and product release can be modulated by flexibility of specific loop segments.
Together, the results indicate that TcmN exists in equilibrium between an open conformation
that favors ligand binding in the main hydrophobic cavity, and a closed state that protects it

against solvent exposure and aggregation.

Keywords: Aromatase, Aromatization, ARO/CYC, Cyclase, Cyclization, NMR, Polyketides,
Tetracenomycin, Tcm, TcmN



RESUMO

A tetracenomicina aromatase/ciclase (Tcm) ¢ uma enzima presente em Streptomyces
glaucescens envolvida na ciclizagdo, aromatiza¢do e enovelamento de policetideos. Os
policetideos sdo uma classe diversificada de metabolitos secundarios produzidos por certos
grupos de bactérias, fungos e plantas, com aplicagdes farmacéuticas. Exemplos incluem
antibidticos, como a tetraciclina, e drogas anticancer, como a doxorrubicina. O dominio N-
terminal da Tem (TemN) participa de ciclizagdes especificas de policetideos e € classificada
como pertencente a superfamilia Bet v 1. A TcmN catalisa a formacao do primeiro (C9-C14) e
segundo (C7-C16) anéis de policetideos in vivo e in vitro. Este trabalho caracterizou a
estabilidade e a diversidade conformacional da TcmN, informag¢des importantes para o possivel
uso da TemN em aplicac¢des industriais, como na engenharia da biossintese de policetideos. A
TemN foi expressa em Escherichia coli BL21 (DE3) e purificada. Sua estrutura secundaria e
estabilidade foram avaliadas em diferentes condigdes de tampao por dicroismo circular e
espectroscopia de fluorescéncia. Os espectros de Ressonancia Magnética Nuclear foram
adquiridos em espectrometros de diferentes campos magnéticos (900, 800 e 600 MHz). 6 x 1
us de simulagdes de Dinamica Molecular da TcmN foram realizadas em solvente explicito. A
desnaturagdo térmica da TcmN ¢ irreversivel e a temperatura de desnaturagdo ¢ reduzida em
concentracdes mais altas da proteina. A TcmN ¢ mais estavel em torno de pH 8 e na presenca
de Nal e NaCl. Os resultados de ressonancia magnética nuclear e de dinamica molecular
sugerem que a ligagdo do substrato e a liberagdo do produto podem ser moduladas pela
flexibilidade de algumas algas. Juntos, os resultados apresentados neste trabalho sugerem que
a TemN existe em equilibrio entre a conformacado aberta, que favorece a ligagao do ligante na
cavidade hidrofobica, e um principal estado fechado, que o protege a cavidade contra a

exposicao de solventes e a agregacao.

Palavras-chave: Aromatase, Aromatizacdo, ARO/CYC, Ciclase, Ciclizacdo, RMN,
Policetideos, Tetracenomicina, Tcm, TcmN
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1 INTRODUCTION

1.1 Polyketide synthases

Polyketides are secondary metabolites produced by bacteria, fungi, and plants,
comprising a large class of natural products with several biological activities and
pharmaceutical properties. They are synthesized by polyketides synthases (PKSs) from
repeated condensation of acetyl coenzyme A, via malonyl-CoA, giving rise to a molecular
structure of alternating carbonyl and methylene groups with multiple B-hydroxyketone or (-
hydroxyaldehyde functional groups (MOSS; SMITH; TAVERNIER, 1995) (Fig. 1 and 2).

Three types of PKSs have been described to date. Type | PKSs, also called modular
PKSs, are large multi-domain enzymes with a series of active sites for catalyzing the various
stages of polyketide synthesis. Type Il PKSs produces aromatic polyketides and are composed
of separate mono and bi-functional enzymes that interact during synthesis (GOMES; SCHUCH,;
LEMOS, 2013). Type Il PKSs are homodimers of ketosynthases which catalyze the
condensation of one or several molecules of extender substrate into a starter substrate through
iterative decarboxylative Claisen condensation reactions (KATSUYAMA; OHNISHI, 2012).

The minimal functional composition of type Il PKSs consists of a ketosynthase (KS), a
chain length factor (CLF), an acyl carrier protein (ACP), and a malonyl transferase (MAT)
(CHEN, A.; RE; BURKART, 2018). An initial precursor, malonyl-CoA, forms a thioester bond
with ACP via MAT. Next, the KS-CLF elongates the acyl-ACP to a p-ketoacyl-ACP by a
Claisen condensation reaction, and proceeds through an iterative pathway, elongating the
polyketide chain by two carbons in each cycle (CHEN, A.; RE; BURKART, 2018) (Fig. 1).
Additional enzymes, such as cyclases, aromatases, and ketoreductases, act on this chain
producing aromatic and cyclic groups. After the release of the polyketide from the ACP,
oxidases, transferases, and hydrolases may act on the chain to introduce further modifications
(WEISSMAN, 2009). The versatility of type 1l PKSs, along with a broad array of post-PKS
tailoring enzymes, makes the group of type Il PKS-derived secondary metabolites one of the
most structurally diverse groups found in nature (ROHR; HERTWECK, 2010). Several
compounds produced by PKSs are used clinically, with some well-known examples including
tetracyclines as antibiotics, and doxorubicin and mithramycin as anticancer drugs
(WEISSMAN, 2009).
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Figure 1 — The state of polyketones during aromatic PKS iterative elongation.

The ACP and KS-CLF adopt three states during aromatic polyketide biosynthesis: (1) holo-ACP and acylated KS-CLF;
(2) malonyl-ACP and acylated KS-CLF; (3) b-ketoacyl-ACP and holo-KS-CLF. Each of these states involves the
elongated polyketone intermediate bound within the KS-CLF, indicating that the KS-CLF must stabilize these highly
reactive elongated species via yet unknown mechanisms. Adapted from Chen, A. et al, 2018. Usage of this figure has
been granted by the Royal Society of Chemistry (license number 1013768-1).

The development of combinatorial biosynthesis by “mixing and matching” of different
PKS components, including the combinatorial manipulation of ketoreductases (KRS),
aromatases (AROSs), and cyclases (CYCSs), in heterologous expression systems has resulted in
a large number of synthetic polyketides (FITZGERALD et al., 2013; LESNIK et al., 2015;
UEBERSCHAAR et al., 2013; WEISSMAN; LEADLAY, 2005). However, some challenges
still need to be overcome for predictable and reliable polyketide biosynthesis in heterologous
hosts. For example, it demands that large multienzyme assemblies be functionally expressed,
their posttranslational modification requirements be met, their substrates be available in vivo in
reasonable quantities, and the producer cell be protected against the toxicity of the biosynthetic
products (LIU et al., 2019; PFEIFER; KHOSLA, 2001; ZHANG; PAN; TANG, 2017).
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In vitro, cell-free, platforms have been demonstrated to be an attractive means for the
construction of new pharmaceuticals and bioactive molecules (LI; ZHANG; LIU, 2018).
However, the use of the biosynthetic machinery in vitro to make new natural products through
control of functional group formation and cyclization patterns requires detailed knowledge of
how the individual enzymes work.

The poly-B-keto intermediate is a very reactive compound, and the type 11 PKS needs to
specifically restrain the polyketide intermediate to control cyclization and prevent aberrant
cyclization events. Previous studies have established the biosynthetic routes for aromatic
polyketides in “reducing” (KR present) and “non-reducing” (KR absent) PKS systems (AMES
et al., 2011; HERTWECK et al., 2007; RAWLINGS, 1999). In reducing systems, a KR first
cyclizes the linear poly-p-ketone from C12 to C7, followed by a C9-carbonyl reduction and
then a di-domain ARO/CYC catalyzes the dehydration of the C9 hydroxyl, followed by first-
ring aromatization (CALDARA-FESTIN et al., 2015; JAVIDPOUR et al., 2013). In a non-
reducing system, the growing poly-p-ketone intermediate is transported directly from the
ketosynthase to the ARO/CYC. There are two types of ARO/CYCs in non-reducing systems
(Fig. 2): mono-domain ARO/CYCs, which are often associated with C9-C14 first-ring
cyclization, and di-domain ARO/CY Cs, which contain two repeats of the ARO/CYC domain
for catalyzing C7-C12 first-ring cyclization (AMES et al., 2008; CALDARA-FESTIN et al.,
2015; MCDANIEL, R., HUTCHINSON, C. R., KHOSLA, 1995).
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Figure 2 — Schematic diagram of ARO/CYC activity and cyclization specificity in representative type Il
PKSs.

The monodomain ARO/CYCs TcmN and WhiE act on unreduced polyketide intermediates to generate C9-C14
cyclized and aromatized products. The monodomain ARO/CYC Zhul and di-domain ARO/CYC StfQ act on
unreduced polyketide intermediates to generate C7—C12 cyclized and aromatized products. The di-domain ARO/
CYC BexL acts on C9 reduced, C7-C12 cyclized intermediates and catalyzes the aromatization of the C7-12
cyclized ring by dehydration of the C9 hydroxyl group. Adapted from Caldara-Festin, G. et al, Proceedings of the
National Academy of Sciences Dec 2015, 112 (50) E6844-E6851.

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

TcemN is a bifunctional enzyme from Streptomyces glaucescens that promotes C9-C14
first ring, C7-C16 second-ring cyclization, and aromatization of unreduced linear polyketides
(AMESetal., 2011; MCDANIEL, R., HUTCHINSON, C. R., KHOSLA, 1995). In 2008, Ames
and colleagues published the 1.9 A crystal structure of TcmN (pdb accession codes 2RER,
2RES, and 2REZ) (AMES et al., 2008). TcmN possesses a B-sandwich fold consisting of a
seven-stranded antiparallel $-sheet, a long C-terminal a-helix that runs down the center of the
beta-sandwich, and two small helices between 1 and B2 forming a helix—loop—helix motif that

seals one end of the B-sandwich (Fig. 3a). Nascent polyketide intermediates bind to residues
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within the interior pocket of TcmN where regiospecific cyclization and aromatization occurs.
The deep pocket can accommodate an ACP-bound decaketide (20 carbons). Pocket residues
W28, F32, W65, S67, R69, M91, and W95 are highly conserved among monodomain, and the
N-terminal half of didomain ARO/CYCs, while residues T54, L93, H128, T132, T133, and
N136 are unique to TcmN. R69, T35, W08, and Q110 orient the polyketide chain inside the
cavity, while S67 and R69 anchor the polyketide, promoting chain folding and C9-C14 first-
ring cyclization. The pocket has a narrow neck region defined by residues W65, F88, L129,
Y35, T132, T133, E34, and R82, which participate in C7-C16 second-ring cyclization (AMES
et al., 2008). The TcmN pocket can accommodate up to three linearly fused rings, and it is
thought that the third ring cyclization likely happens spontaneously, after which the polyketide
is transferred to Tcml, a cyclase that is structurally and functionally distinct from TcmN, where
fourth-ring cyclization occurs to produce a compound that undergoes further enzymatic
modification to yield the anthracycline antibiotic Tetracenomycin (AMES et al., 2008).
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L

H128 E34 T132  N136

Figure 3 — TcmN structure.

(a) Ribbon representation of the TcmN crystal structure (pdb accession code 2RER) characterized by a helix-grip
fold. (b) Narrow neck residues side chains represented by blue sticks. (c) Important residues side chains that orient,
anchor and participate in cyclization and aromatization of the polyketide chains shown in red sticks. (d) Surface
cutaway view of TcmN with docked intermediate Tcm F2 (green sticks) with two rings. The two entrances to the
pocket are indicated by arrows and the narrow neck region is marked by dotted line. () Zoomed stereo view of
(d), showing all pocket residues discusses in the section “N-Terminal of Tetracenomycin ARO/CYC”. Adapted
from Ames, B. et al, Proceedings of the National Academy of Sciences Apr 2008, 105 (14) 5349-5354; © 2008 by
The National Academy of Sciences of the USA.

Crystal structures of two other mono-domain ARO/CY Cs from nonreducing type Il PKS
systems have also been obtained. WhiIE (pdb accession code 3TVR) catalyzes the regiospecific
C9—-C14 and C7—Cl16 cyclization and aromatization of a 24-carbon polyketide chain (LEE;
AMES; TSAI, 2012), and Zhul (pdb accession code 3TFZ) acts on unreduced polyketide
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intermediates to generate C7—C12 cyclized and aromatized products (AMES et al., 2011).
Sequence comparison reveals that WhiE shares an overall identity and similarity of 54 and 65%
with TcmN, with 80 and 93%, respectively, for interior pocket residues. Zhul shares 17 and
36% of overall identity and similarity with TcmN, and 27% identity of pocket residues. The
alignments show that there is a significant switch in pocket residue composition between the
C9—C14 and the C7—C12 ARO/CYCs (Fig. 4a). Subtle conformational and residue changes in
the pocket of WhiE, effectively increase its pocket size compared to TcmN in order to
accommodate the binding of a 24-carbon polyketide substrate cyclized at C9—C14 first ring,
and C6—C16 second ring.

Structural superposition between TcmN and WhiE reveals high similarity (Fig. 4b). The
main difference is the C-terminal helix, which extends for an additional 1.5 helical turns at the
C-terminal end in WhiE, while the corresponding region in TcmN is random coil (LEE; AMES;
TSAI, 2012). The structural superposition between TcmN and Zhul shows several significant
differences (Fig. 4c). For example, the L9 loop at the entrance to the interior pocket is extended
by 12 residues in Zhul (AMES et al., 2011).
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Figure 4 — Comparison of TcmN, WhiE and Zhul.

() Sequence alignment of TcmN, WhiE and Zhul rendered using ESPript (Risler similarity matrix with global
score set to 0.7). The top line illustrates secondary structure elements according to the TcmN and Zhul structure.
The asterisks below the alignment indicate the residues that define the TcmN interior pocket. (b) Backbone overlay
of TcmN (green) and WhiE (red). (c) Backbone overlay of TcmN (blue) and Zhul (yellow). Loops segments L5,
L7 and L9 of TcmN are identified in (b) and (c). Adapted from Ames et al, Biochemistry 2011, 50, 39, 8392-8406

© 2011 American Chemical Society.
Heterologous expression of TcmN-lacking minimal PKS results in the production of

two differently cyclized products, SEK15 and SEK15b (MCDANIEL, R., HUTCHINSON, C.
R., KHOSLA, 1995). The inclusion of TcmN, in the absence of downstream enzymes, produces
RMB80/RM80b , which have the natural cyclization and aromatization pattern for the first two
rings (ZAWADA; KHOSLA, 1999) (Fig. 5). Using different combinations of PKS subunits, it
has been shown that WhiE can functionally replace TcmN, because expression of the Tcm
minimal PKS with WhiIiE or TcmN yields the same 20-carbon, C9—C14 first-ring (and C7—C16
second-ring) cyclized polyketides, RM80 and RM80b (LEE; AMES; TSAI, 2012).
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Figure 5 — Proposed biosynthetic pathway for Tcm C (1), RM80 (4), RM80b (5), SEK15 (6), and SEK15b
(7).

Adapted from Ames, B. et al, Proceedings of the National Academy of Sciences Apr 2008, 105 (14) 5349-5354;
© 2008 by The National Academy of Sciences of the USA.

The tertiary structure of TcmN is similar to members of the Bet v1-like superfamily.
The ubiquitous distribution of Bet v 1-related proteins among all super kingdoms suggests that
a Bet v1-like protein was already present in the last universal common ancestor. During
evolution, the ancestral protein diversified into numerous families with varying degrees of
sequence similarity, while maintaining the ancestral fold. The internal cavity has been proposed
as a versatile scaffold for binding small molecules, such as phytosteroid hormones, lipids,
polyketides, and cholesterol (IYER; KOONIN; ARAVIND, 2001). Bet v1-like proteins must
undergo conformational changes for substrate binding, catalysis, and product release.
Involvement of different conformational states during these processes has been suggested, but
they have not been thoroughly characterized (MORAES et al., 2016, 2018). An important goal
of polyketide biosynthetic engineering is to generate large collections of candidate drug
molecules. Understanding the dynamics and mechanism that ARO/CYCs use to catalyze

cyclization and aromatization is critical for developing protein engineering strategies.
1.3 Protein aggregation

Using natural enzymes in cell-free conditions can impose some challenges. For instance,
protective mechanisms present in the natural organism, such as chaperones, often need to be
accounted for (MUNTAU et al., 2014). For biotechnological applications, enzyme stability is
of critical importance. The equilibrium between the unfolded state, folding intermediates, and

the folded conformation must be evaluated to insure optimal enzyme functionality (Fig. 6). It
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is also critical to avoid conditions that promote protein aggregation. Proteins typically present
a complex free-energy landscape (ONUCHIC; LUTHEY-SCHULTEN; WOLYNES, 1997,
PLOTKIN; ONUCHIC, 2002a, b). The roughness of the landscape affects the ease at which a
polypeptide chain folds, and determines the behavior of the folded structure, thus influencing
its functionality and stability (TAVERNELLI; COTESTA; DI IORIO, 2003). Alternative
conformations may enable functional interactions by exposing particular surfaces; however,
there is also a chance that the exposed surfaces are aggregation prone, thus creating a risk of
misfolding, aggregation and/or polymerization (GERSHENSON et al., 2014).
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Figure 6 — Energy landscape of protein folding and misfolding.

From the unfolded state toward the natively folded state, protein folding, and protein aggregation are competing
reactions. Some intramolecular interactions (green) are associated with an increase in conformational stability in
the course of downhill protein folding toward the native state. During this process, proteins may adopt energetically
favorable but nonnative conformations that lead to populations of kinetically trapped states. These are located in
low-energy wells (partially folded or misfolded states). Moreover, the Kinetically trapped states are prone to
establish intermolecular interactions (red), which result in protein aggregation (amorphous aggregates, p-sheet-
rich oligomers, and amyloid fibrils). Usage of this figure has been granted by the John Wiley and Sons (license
number 4750401393307)

Because aggregation is often mediated by association of exposed hydrophobic
sequences, local fluctuations of the native state may give rise to near-native, aggregation-prone
states, which in turn may lead to partial solvent exposure of hydrophobic stretches
(GERSHENSON et al., 2014; KNOWLES; VENDRUSCOLO; DOBSON, 2014). In this work,
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the energy landscape of TcmN, and its impact on enzyme function and stability was evaluated
using experimental and theoretical techniques, as detailed in the following sections.

1.4 Techniques for characterizing protein structure and dynamics
CD spectroscopy

Circular Dichroism (CD) is a physical phenomenon characterized by the differential
absorption of left-handed (AL) and right-handed (Ar) circularly polarized light by a specific
sample. When the light passes through an optically active sample, there will be an absorption
of the light if electrons are transiently promoted from a ground to a higher energy state. CD
instruments measure the absorbance difference of the circular components of linearly polarized
light (AA = AL-AR) as a function of wavelength (A). The difference is usually described in terms
of ellipticity (0), which represents the tangent obtained from the ratio of the smallest to the
largest axis of the ellipse (KELLY, S. M.; JESS; PRICE, 2005) (Fig. 7)

tang = SR A 1
MY = A+ A, [1]

Figure 7 — CD effect on the circularly polarized components AL and Ar.

(@) Left- and right-hand polarized components of equal amplitude and phase which, when combined, generate
polarized plane radiation (red). (b) Different absorption of the left- and right-hand polarized component leads to
ellipticity. Adapted from Kelly, S. M. et al, 2005.
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The ellipticity may take positive or negative values depending on which light
component is preferably absorbed. Far-UV CD corresponds to the spectral region over the
wavelength range 160 to 240 nm. The peptide bond has two transitions in this part of the
spectrum: an n—x* transition at 220 nm, and a =—x* transition at 190 nm. These transitions
result in distinct spectra for different secondary structural elements. The most apparent spectral
signatures for a-helices are negative bands at 222 nm and 208 nm. B-sheets give rise to a
positive peak around 195 nm, and a negative peak around 215 nm. A protein with no dominant
secondary structure has a negative peak around 200 nm. Fig. 8 displays illustrative CD spectra

for a-helical, a B-sheet, and disordered proteins. CD can also be used to study protein stability.
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Figure 8 — Typical fav-UV spectra for a-helices, p-sheets, and random coil secondary structures.

Adapted from Kelly, S. M. et al, 2005
Fluorescence spectroscopy

Fluorescence spectroscopy involves using a beam of light to excite the electrons of
certain compounds, causing them to emit light when they return to a lower energy level. A
molecule is first excited from its ground electronic state, Sg, to an excited electronic state, S;
(Fig. 9). The molecule then drops back to the ground state, emitting a photon in the process. As
molecules may drop down into any of several vibrational levels in the ground state, the emitted
photons will have different energies, and thus frequencies. By analyzing the different
frequencies of light emitted in fluorescent spectroscopy, along with their relative intensities,

the structure of the different vibrational levels can be determined. The technique can be used to
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verify the interaction of a protein with the ligand, or to verify the loss or gain in structure from

the change in fluorescence emission intensity.
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Figure 9 — Perri-Jablonski diagram including vibrational levels for absorbance, non-radiative transition,
and fluorescence.

Adapted from Lichtman and Conchello, 2005.
NMR spectroscopy

NMR is a powerful tool to determine three-dimensional protein structure, study protein
dynamics, investigate, and map protein interactions. NMR active nuclei atoms have odd number
of protons, neutrons, or both, with spins values of %, such as *H, N, C, can assume two
different orientations when placed in a uniform magnetic field (Bo): spin-aligned or spin-
opposed orientations parallel to the field. Nuclei in the spin aligned state have a slightly lower
energy and are slightly more populated than the spin opposed nuclei. The energy difference
(AE) between the two orientations is described by Equation 2, and the population difference
follows a Boltzmann distribution (WUTHRICH, 1986).

__Yh By

AE
2T

[2]

where h is the Planck constant, and vy is the gyromagnetic ratio for a particular nucleus.
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By applying electromagnetic radiation, in the form of pulses of radio waves, NMR
active nuclei can be temporarily excited to the higher energy, unaligned state. The resonance
signal is detected as the spin returns to the lower energy state. This signal is processed by
Fourier transform, resulting in a frequency domain spectrum. Various types and patterns of
electromagnetic pulses are combined to generate specific NMR experiments to obtain the
desired information (e.g. chemical environment, dynamics, etc) about the nuclei.

To compare NMR data collected at different field strengths, the signal frequencies are

converted to unitless values (ppm) called chemical shift (§):

5 (ppm) = L4107 [3]
Vref
where v is the signal position to be measured and veer is the signal position relative to a reference
compound, typically DSS or TMS.
Proteins have varying degrees of flexibility. Dynamics can play an important role in
different processes, such as enzymatic catalysis, which often involves protein conformational
changes. NMR s suitable for the study of these dynamics processes, as motions occurring at

various time scales (i.e. ps to s) can be monitored (Fig. 10).
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Figure 10 — Protein motion and NMR timescales.
Adapted from Henzler-Wildman, K. et al, 2007

MD simulations

MD is a computational approach of simulating the movements and interactions of atoms

as a function of time, providing a unique glimpse into protein behavior. The technique was
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developed by Adler and Wainwright in the late 1950s, and is known as a classical method
because it is based on Newton's second law for a system of interacting particles:

9 i A7, 427,
Fi =m;a; = ml-% = m; dt2

where F;j is the force exerted on particle i, m; is the mass of particle i, a; is the acceleration of

[4]

particle i, vi is the velocity of particle i and r; is the position of particle i at time t.

The initial position may come from a crystal or NMR protein structure, and the
velocities are often taken from a Maxwellian distribution at the desired temperature. A
trajectory is calculated by allowing the particles to move for a short period of time, and after
obtaining the resulting forces, a new set of coordinates for the particles will be produced at a
time interval t+1, and this process is repeated as long as necessary. Force calculation is the most
computationally expensive step in MD, and is determined by the force-field, which contains
specific energy terms for bonded (i.e. bond lengths, angles, and dihedrals) and nonbonded (i.e.
Van der Waals and electrostatic) interactions (PATODIA; BAGARIA; CHOPRA, 2014).



25

2 OBJECTIVES

This work aimed to characterize fundamental biophysical properties of TcmN, such as
stability, conformational dynamics, and aggregation propensity under different conditions. The
results are expected to be useful for assessing its suitability in industrial applications for

engineering polyketide biosynthesis. Specific objectives of the project included:

1. Characterization of TcmN stability under temperature, pH, and salt concentration
variation

2. Backbone resonance assignment of TcmN

3. Characterization of TcmN dynamics by NMR

4. ldentification and characterization of different TcmN conformational states by MD
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3 MATERIALS AND METHODS

3.1 Expression and purification of TcmN

The sequence of N-terminally His6-tagged TcmN, coding for residues 1-173, was
commercially synthesized and cloned, by the company GenScript (Piscataway, USA) in a
pET28a plasmid. E. coli BL21 (DE3) cells were transformed with the plasmid and were grown
at 37°C with 200 rpm shaking in 50 mL Luria Bertani (LB) medium with 50 pg.mL™* kanamycin
overnight. Cells were harvested by centrifugation at 3000 rpm and used to inoculate 500 mL of
LB, or 1N and 3C enriched M9 medium to a starting optical density at 600 nm (ODgoo) of 0.2.
Cells were grown up to an ODeoo of 0.8, and protein overexpression was induced with 0.5 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) for 16 h at 22°C. Cells were harvested by
centrifugation for 40 min at 4°C and at 4500 rpm in a Thermo Scientific TX-750 Swinging
Bucket Rotor. Harvested cells were resuspended in 50 mM sodium phosphate pH 8 containing
300 mM NaCl and 10 mM imidazole. The cell suspension was frozen at -20°C, thawed at room
temperature with 3 mg.mL™? of lysozyme, and passed 10x through a 0.55 mm gauge needle for
cell disruption. The lysate was centrifuged for 40 min at 4°C and at 11000 rpm, and the protein
was purified from the soluble fraction using HisTrap HP Ni-NTA protein purification column
(GE Healthcare, USA) in 50 mM sodium phosphate pH 8 containing 300 mM NaCl and 10 mM
imidazole, and eluted with imidazole gradient up to 500 mM. The purified protein was dialyzed
against 20 mM sodium phosphate pH 7 containing 100 mM NaCl. Purity was determined by
SDS-PAGE, and its concentration estimated by UV-vis spectroscopy at 280 nm using an
extinction coefficient of 37470 M™1.cm™, obtained from the His6-tagged TcmN amino acid

primary sequence using the server protparam (https://web.expasy.org/protparam/).
3.2 Fluorescence spectroscopy

The thermal stability of TcmN was characterized by fluorescence spectroscopy.
Experiments were carried out on Prometheus NT.48 (Nanotemper, USA), and in Cary Eclipse
(Varian, USA) spectrophotometers. Fluorescence emission spectra were acquired over
wavelengths ranging from 300 to 450 nm using a 1 cm path length cuvette. The temperature
was varied from 25 to 85°C. For each temperature, the sample was equilibrated for three
minutes before spectrum acquisition. Fluorescence data were normalized using the following

equation:
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I_IU

P. =
F IF_IUI

[5]

where Pk is the folded population of protein, I, ly, and Ir are the ratio of fluorescence intensities
measured at 350 and 330 nm, fluorescence intensity of the unfolded population, and
fluorescence intensity of folded population, respectively. Tm* (observable melting
temperature) analysis was performed with web-based software CalFitter (MAZURENKO et al.,
2018). The influence of ionic strength and salt type on TcmN thermal stability was evaluated
using 6 UM TcmN in 20 mM sodium phosphate pH 7 and NaCl (50 and 100 mM), and Nal (50
and 100 mM). The effect of TcmN concentration on its stability was tested over a 1-80 uM
range. Amyloidogenic aggregation of TcmN was assessed using 20 puM of fluorescent dye
thioflavin T (ThT). Measurements were performed at 40°C under agitation on a Cytation™ 5
spectrofluorometer (Biotek, USA). ThT binding to TcmN and p53 DBD was monitored by
exciting samples at 440 nm and recording the emission spectra at 485 nm.

3.3 CD spectroscopy

Far-UV CD measurements were performed on a Jasco spectropolarimeter (J-815)
equipped with Peltier temperature controller. Spectra were acquired using a 0.01 cm path length
cuvette, from 190 to 260 nm, using a scanning speed of 100 nm.min"!, wavelength increment
of 0.5 nm, taking the average of three scans. Thermal denaturation assays were performed by
measuring the CD intensity at 208 nm from 25 to 85°C, at 0.5°C increments, with measurements
at each temperature following a 5 seconds equilibration period. The population of the folded
state was estimated using the following equation:

ICD - ICD,U

Pr [6]

B Iepr +Icpu
where lcp, lcp,u, and Icp,r correspond to the molar residue ellipticity (MRE) values at 208 nm
at the measurement temperature, 25°C (folded state), and 90°C (unfolded state), respectively.
Tm* analysis was performed with web-based software CalFitter (MAZURENKO et al., 2018).

3.4 NMR spectroscopy

For backbone assignment experiments, 200 uM of ©*N and 3C labelled TcmN was
prepared in 20 mM sodium phosphate pH 7, 100 mM NacCl, and 10% D>0O. NMR experiments
were performed at 308 K using Bruker 900 MHz Avance Neo and 800 MHz Avance Il1
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spectrometers equipped with TXI 5 mm triple-resonance probes, both located at the National
Center of Nucler Magnetic Resonance — CNRMN of the Federal University of Rio de Janeiro.

The following NMR triple-resonance experiment were acquired and analyzed: *H-°N
HSQC, 'H-13C HSQC, HNCO, HN(CA)CO, HNCA, HNCACB and CBCA(CO)NH. 2D
experiments were acquired using traditional full acquisition schedule, and 3D experiments were
collected using a non-uniform Poisson Gap Sampling schedule (HYBERTS et al., 2012;
HYBERTS; TAKEUCHI; WAGNER, 2010). The spectra were processed using Topspin 3.7
(Bruker Corporation, USA) and NMRpipe (DELAGLIO et al., 1995), and analyzed using
CCPN (VRANKEN et al., 2005).

The backbone dynamics of TcmN were characterized by monitoring relaxation rates Ry,
R2 H-°N HetNOE obtained from *°N relaxation experiments acquired on a Bruker Avance
Neo 600 MHz spectrometer, equipped with a 5 mm dual channel multinuclear Smart Probe,
located at the Nuclear Magnetic Resonance Laboratory — LAREMAR of the Federal University
of Minas Gerais. *H-°N HetNOE, R; and R, parameters were measured using pulse sequences
provided by the manufacturer: HSQCNOEF3GPSI (NOE) (parameters: number of scans (ns)
128; recovery time (d1): 4 s; transient points in the indirect dimension (td f1): 120),
HSQCT1ETF3GPSI3D (R1) (ns: 24; d1: 2.2 s; td f1: 100), and HSQCT2ETF3GPSI3D (R2) (ns:
32; d1: 1.2 s; td f1: 128). The experiments were carried out at 25°C with 180 uM TcmN in 20
mM sodium phosphate pH 7, and 100 mM NaCl. R; and R> rates were obtained from fitting
the intensity exponential decay of resonance intensities as a function of the relaxation delays:
0.05,0.1,0.2,0.3,0.5,0.6,0.8,0.9 and 1.0 s for Ry and 16.96, 33.92, 50.88, 67.84, 84.8, 101.76,
118.72, 135.68, 203.52 and 237.44 ms for R2, respectively (FARROW et al., 1994; KAY;
TORCHIA; BAX, 1989). 'H-®'N HetNOE rates were acquired from H-®N correlation
experiments with and without saturation of ®N magnetization, using recovery time of 5.0 s
(KAY; TORCHIA; BAX, 1989). The relaxation rates mentioned above were adjusted to the
Lipari-Szabo theoretical model (LIPARI; SZABO, 1982) using the software TENSOR2
(DOSSET et al., 2000). The overall protein correlation time, tc, was calculated from the R2/R1
ratios of the residues in which the values of the relaxation rates did not differ more or less than
one standard deviation from the mean. The residues 4, 5, 6 ,7, 8, 10, 12, 13, 15, 16, 17, 18, 19,
20, 21, 24, 25, 26, 27, 32, 35, 37, 39, 40, 42, 43, 45, 46, 50, 72, 73, 74, 75, 76, 77, 78, 79, 86,
90, 95, 96, 97, 98, 99, 102, 103, 104, 105, 106, 109, 110, 111, 113, 117, 118, 120, 123,126,128,
129, 134, 136, 138, 139, 144, 148, 149, 154 were used to obtain the parameters calculated by
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TENSOR2 program. The internal dynamics parameters: generalized order parameter (S?) and
the chemical exchange relaxation rate between ps-ms (Rex (s)) were calculated using the axial
symmetry diffusion model.

Residue-specific dynamics of TcmN at micro-millisecond time scale was monitored by
relaxation-compensated °N single-quantum Carr-Purcell-Meiboom-Gill (CPMG), RC-*N
CPMG relaxation dispersion experiments (LORIA; RANCE; PALMER, 1999). RC->N CPMG
experiments were acquired at 308 K and using Bruker 800 MHz Avance Ill spectrometers
equipped with TXI 5 mm triple-resonance probe and Bruker Avance Neo 600 MHz
spectrometer equipped with PABBO 5 mm Smart Probe using the pulse sequence
HSQCREXETF3GPSITC3D provided by the manufacturer. Experimental R, effective rates,
Raeff (Hz), were obtained from H-N correlation spectra intensities using the CCPN
(VRANKEN et al., 2005) and applying the following equation:

1 I

RZ = ln (
err Trelax ICPMG

[7]

where Treiax is the relaxation delay of 30 ms, Icemg is the intensity measured in *H-'>N spectra
acquired with CPMG frequency, vcpme, ranging from 66.7 to 1000 Hz. lg is the peak intensity
obtained with Trelax 0Of 0 ms. The relaxation dispersion CPMG experiments were acquired with
the following vcpme frequencies: 66.7, 133.3, 200, 266.7, 333.3, 400, 466.7, 533,3, 600, 666.7,
866.7 and 1000 Hz. Experimental errors were calculated from the standard deviation of noise

in relation to the resonance intensities.
3.5 MD simulations

Six replicates of MD simulations were performed using GROMACS 5, utilizing the
CHARMM22* force field and standard TIP3P water model.

The TcmN crystal structure (pdb accession code 2RER) (AMES et al., 2008) was used
with protonation states of titratable residues predicted by PropKa (OLSSON et al., 2011) at pH
7. The CHARMM22* force field (PIANA; LINDORFF-LARSEN; SHAW, 2011) and standard
TIP3P water model were used. Na* and CI° were added to simulate a physiological
concentration of 0.15 M. MD was performed using GROMACS 5 (ABRAHAM et al., 2015).
After steepest-descents minimization, six replicates were initiated with different velocity
distributions and propagated for 1 ps each in the NPT ensemble at 298 K and 1 bar, using
previously described parameters (KARTTUNEN; CHOY; CINO, 2018).
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GROMACS analysis tools, in house scripts, and other tools were employed to analyze
and visualize the trajectories. Principal component analysis (PCA) was performed using Python
and scikit libraries on the pooled frames from the six replicas with least squares fitting to the
Ca atoms of the initial structure (CINO; CHOY; KARTTUNEN, 2013). Bidimensional
histograms were prepared by binning the trajectory projections on the first two principal
components and expressed in energy units using Boltzmann’s factor. Cavity analysis was
performed with CASTp 3.0 (TIAN et al., 2018). *H- *N NMR spin relaxation values were
calculated for the six replicas individually using the experimentally determined global tumbling
time of 9.3 ns, and standard methods (CINO; KARTTUNEN; CHQOY, 2012), as implemented
in SpinRelax (CHEN, P. et al., 2018).
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4 RESULTS AND DISCUSSION

4.1 Expression and purification

Several expression tests were performed with different E. coli strains: BL21(DE3),
BL21(DE3) pLysS, and BL21(DE3) RIPL. In addition, the expressions tests included variation
of IPTG concentration, induction growth temperature, and induction time. The best expression
condition found was in BL21(DE3) induced with 0.5 mM IPTG for 16 h at 22°C (Fig. 11) in

both LB medium or N and *C enriched M9 medium.

|
|
i
|

Figure 11 — TcmN expression test.

12% SDS-PAGE of TcmN expression tests in LB medium. Lane 1: total protein extract before induction. Lane 2:
molecular weight standard. Lanes 3, 4, and 5: total protein extract induced with 0.5 mM IPTG at 37°C for 4, 6,
and 12 h, respectively. Lanes 6, 7, and 8: total protein extract induced with 1 mM IPTG at 37°C for 4, 6, and 12 h,
respectively. Lanes 9, 10, and 11: total protein extract induced with 0.5 mM IPTG at 22°C for 4, 6, and 12 h,
respectively. Lanes 12, 13, and 14: total protein extract induced with 1 mM IPTG at 22°C for 4, 6, and 12 h,

respectively. His-tag fused TcmN has 182 amino acids, and molecular weight of 21.06 kDa.
TemN was purified from the soluble fraction by Ni?* affinity chromatography (Fig. 12),
as described in the methods section. Typical final yield per 500 mL culture was 13 mg.



32

Figure 12 — 12% SDS-PAGE of TcmN Ni2+ affinity purification.

Lane 1: total pre-induction protein extract. Lane 2: total protein extract after induction with 0.5 mM IPTG at 22°C
for 12 h. Lane 3: lysate soluble fraction. Lane 4: flow through. Lane 5: wash unbound fraction. Lane 6: molecular
weight standard. Lanes 7 to 14: elution of TcmN by imidazole gradient. Lane 15: lysate insoluble fraction.

4.2 TcmN backbone resonance assignment

>N and C enriched TcmN was expressed in M9 media and purified as previously
described. For the assignment of the TcmN backbone resonances, NMR triple-resonance
experiments were acquired and analyzed. Fig. 13 shows the sequential assignment of residues
86-90 using CBCACONH and HNCACB spectra. The remainder of the backbone was assigned

using the same procedure.
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Figure 13 — Overlapping of the CBCACONH spectra (pink) with the HNCACB (blue and green).
At HNCACSB, the blue (positive) peaks are Co. and green (negative) peaks are CB. The chemical shifts of *H and

13C plane 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 the its peaks on the CBCACONH.
Fig. 14a shows the assigned *H-"®N-HSQC TcmN spectrum. The spectrum has a good

chemical shift dispersion, showing that the protein is well-folded. In this spectrum 238 peaks
were expected, including the 66 HN side chain peaks. However, due to the overlapping peaks,
only 205 peaks were observed. 80% of the backbone atoms has been assigned and the region
missing assignment are parts of B-sheet 4 (residues V66, S67, H68, R69, V70), B-sheet 5
(residues H81, R82, V83, E84 and T85), B-sheet 6 (residues A89, M91, N92, L93, H94) near
loop L7, and part of the L9 (residues D113, M124, K115 and P116) (Fig. 4c). Among these
residues, R69, S67 and R82 participate in the catalytic activity of TcmN, and might be in
conformational exchange, since residues in intermediate conformational exchange (i.e.
dynamics on the us-ms timescale and constant rate in the order of the chemical shift difference

(A6)) often shows NMR peaks with very low intensities (MORAES et al., 2018; PALMER,
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2004). Other residues surrounding the cavity, and those near 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 present in the *H->N-HSQC spectrum, they could have rather low
intensity in the HNCA and other triple-resonance spectra used to assign the backbone.
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Figure 14 — 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 of *HN and °N of a specific residue, except for prolines. (c) Ribbon representation
of the TcmN with unassigned residues shown in red.
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4.3 Characterization of TcmN stability

To evaluate TcmN folding, and to compare protein stability under different conditions,
CD spectra were collected in the far-UV wavelength range. The CD spectra at 20 and 40°C
indicate a folded conformation, which was irreversibly lost between 40 and 55°C (Fig. 15a).
TcmN forms insoluble aggregates that can be seen after thermal denaturation (Fig. 15d). TcmN
structural stability was also pH dependent. TcmN retained its secondary structure at pH 8.1,
6.8, and 5.6, but exhibited detectable loss of signal intensity at pH 4.0, indicative of partial
structure loss (Fig. 15b). TcmN thermal plot shows that TcmN is less stable at pH 5.6 with a
Tm* (observable melting temperature) of 47°C. Tm* values at pH 6.8 and pH 8.1 were 56°C
and 60°C, respectively (Fig. 15c¢). Thermal unfolding is generally used to determine
thermodynamic protein stability, which is the Gibbs free energy difference between the folded
and the unfolded states, AG = Groided-Gunfolded (BENJWAL et al., 2006). It is important to note
that when the unfolding process is irreversible and also is dependent on protein concentration,
the melting point cannot be recognized by equilibrium thermodynamics, since the kinetics of
self-interaction also affects the unfolding process (BENJWAL et al., 2006; DUY; FITTER,
2005; GOYAL; CHAUDHURI; KUWAJIMA, 2015). The Tm* indicates the midpoint of the

unfolding/aggregation curves.
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Figure 15 — Stability of TcmN against temperature and pH change.
(a) Overlay of far-UV CD spectra of 95 uM TcmN in 20 mM sodium phosphate pH 7, 100 mM NaCl at different

temperatures. (b) Overlay of far-UV CD spectra of 50 uM and 66 uM TcmN in 20 mM sodium acetate pH 4.0 and
5.5, respectively, containing 100 mM NaCl, and of 88 uM and 57 uM TcmN in 20 mM sodium phosphate pH 6.8
and 8.0, respectively, containing 100 mM NaCl. (c) Thermal plot of folded population of TcmN at different pH
values. (d) Photo of cuvette with TcmN aggregate after thermal denaturation.

Intrinsic tryptophan fluorescence assays were also used to evaluate TcmN stability.
TcmN was most stable in the presence of 100 mM Nal, but was also stabilized, to a lesser
extent, in the presence of 100 mM NaCl, compared to plain phosphate buffer (Fig. 16). Ames
and colleagues suggested that TcmN is monomeric in 10 mM Hepes pH 7, however, addition
of 100 mM Nal resulted in the formation of an iodide-bridged homodimer (AMES et al., 2008).
Experiments performed in 20 mM sodium phosphate pH 7 with 100 mM NaCl exhibit a
tumbling time consistent with that of a ~21 kDa protein (i.e. TcmN in its monomeric form)
(Fig. 21a). The finding that Nal stabilizes TcmN more than NaCl is consistent with the
Hofmeister rankings (OKUR et al., 2017), and similar effects of dissolved salts on protein
unfolding rates have been reported (BROERING; BOMMARIUS, 2005; SCHWIERZ,
HORINEK; NETZ, 2010). The sensitivity of NMR probes can be greatly reduced by high salt
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concentrations (KELLY, A. E. et al., 2002). Furthermore, dimerization can also reduce spectral
quality. To avoid these issues, experiments were conducted in 20 mM sodium phosphate pH 7
with 100 mM NacCl.
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Figure 16 — Thermal denaturation of TcmN under different ions type.

(a) Thermal plot of folded population of 6 uM TemN in 20 mM sodium phosphate pH 7 and in the presence of
100 mM NaCl and Nal by fluorescence. The error bars are the result of triplicate measurements. (b) Thermal plot
of folded population of 6 uM TcmN in 20 mM sodium phosphate pH 7 in the presence of different concentrations
of NaCl and Nal by fluorescence.

Protein concentration also affects TcmN thermal stability. Thermo stability of TcmN
decays as protein concentration increases (Fig. 17a). This dependence may be explained by
transient self-interactions. Higher concentrations increase the probability of interaction, and
could facilitate unfolding and aggregation. The Tm* values of the thermal assays evaluating

the thermal denaturation of TcmN under different concentrations are shown in the table below:

CD Thermal assays — Tm*
pH 7.0 Near UV (291 nm) 60 uM 54.33°C
125 uM 52.03°C
pH 7.0 Far UV (208 nm) 60 uM 50,48°C
125 uM 48.93°C
Fluorescence spectroscopy assays — Tm*

5uM 51.76°C

10 uM 55.62°C

16 uM 53.85°C

pH 7.0 20 uM 52.97°C

40 uM 51.63°C

60 uM 49.99°C




38

40 50 60 70 80
Temperature (°C)

b 1.0 ¢
—60uM 1.0 ——60 uM

0.8 == 0.8 = e
T X 0.6
Q.LL } o 0.4
0.4- 0.2-
0.2 0.0
| -0.2-

0'0- T T T T T T '0.4‘ T T T T T

30 40 50 60 70 80 40 50 60 70 80

Temperature (°C) Temperature (°C)

Figure 17 — Thermal denaturation of TcmN under different concentrations.
(a) Thermal plot of folded population of different concentrations of TcmN in 20 mM sodium phosphate pH 7, 100
mM NaCl by fluorescence. (b) Thermal plot of folded population of 60 uM and 125 uM TemN in 20 mM sodium
phosphate pH 7, 100 mM NaCl estimated from the CD intensities (b) at 208 nm and (c) 291 nm.

CD is useful for following protein unfolding transitions because the far-UV signals fade

as the secondary structure is disrupted (CLARKE, 2012; PRICE, 2000; SANCHO, 2013). Far
and near UV thermal plots show that TcmN Tm* changes in a concentration dependent manner,
and is less stable at 125 uM than at 60 uM (Fig. 17b and c). The Tm* was lower in the far UV
range compared to near UV at the same TcmN concentration, which may indicate that the
secondary structure begins to be disturbed first, followed by loss of tertiary structure and
aggregation once it opens and exposes tryptophans in the hydrophobic cavity. Similar
phenomena of loss of tertiary structure after loss of secondary structure were observed in
thermal denaturation studies of other proteins, like Asparaginase-2 and a—Amylases
(BENJWAL et al., 2006; DUY; FITTER, 2005).

ThT binding assays were performed to assess if TcmN aggregates possess amyloid

structure. For comparison, the p53 DBD was included as a positive control (CINO et al., 2016).
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TcmN samples did not yield detectable ThT fluorescence, indicating that it does not form
ordered aggregates (Fig. 18).

5000+

00:00 02:00 04:00 06:00 08:00 10:00
Time (h)

Figure 18 — Aggregation assay of TcmN and of the aggregation-prone protein p53.
The aggregation of 5 uM TcmN and 5 uM p53 DBD was monitored by following fluorescent intensity of 20 uM

of fluorescent dye ThT specific for detecting amyloid aggregates.

To further characterize TcmN’s concentration dependent aggregation propensity, the
possibility of self-interaction was evaluated. *H-®°N HSQC spectra of *N-labelled TcmN
titrated with unlabeled TcmN were acquired, and structural changes were identified by mapping
the chemical-shift perturbations (CSP). Fig. 19a shows the overlay of free TcmN with that of
TcmN in complex with 140 uM of unlabeled TcmN. Small, but consistent chemical shift
variations were seen (Fig. 19b), suggestive of a transient interaction (LIAN, 2013; QIN;
GRONENBORN, 2014). The CSP data revealed a broad distribution of residues on TcmN
surface; however, residues showing higher CSP values (Fig. 19c) were more concentrated on
one face of TcmN (Fig. 19d). One can conjecture that in a condition of high protein
concentration, this non-specific self-interaction of TcmN could play an important role in the
enzyme aggregation, mainly when these weak interactions occurs between TcmN in an opened

conformation, where hydrophobic residues are more exposed.
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Figure 19 — TcmN transient self-interaction monitored by NMR.

(a) *H-*N HSQC spectra of 70 uM of *N-labeled TcmN colored in black and 70 uM of *N-labled with 140 pM
of unlabeled TcmN in red. (b) Selected regions of *H-*N HSQC showing examples of chemical shift variation on
15N-labeled TcmN titrated with unlabeled enzyme. (c) CSP as function of TcmN residue number. (d) Residues
showing CSP values more than one standard deviation from the mean.

4.4 TcmN flexibility and dynamics

TcmN dynamics were investigated using NMR relaxation measurements and MD
simulations. To analyze the backbone dynamics of TcmN, a complete set of backbone amide
5N relaxation rates (R1, Rz and *H->N NOE) was measured at 298 K. Fig. 20 shows the results
obtained from the NMR °N relaxation rates, and the theoretical data extracted from the average
of the six replicas of MD simulations as a function of residue number. There is a good
correlation between the experimental and theoretical data. Overall, the protein is well
structured, and most of its residues exhibit similar relaxation parameter values (Fig. 20a and c).
Theoretical data shows that exceptions occur in residues from the regions of loops L4, L5 and
L9, whose R> values are smaller than average and therefore are undergoing fast thermal regime

motion (i.e. dynamics on the ps-ns timescale) (Fig. 20b). In contrast, experimental data shows
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that residues V11, W19, T22, N23, A36, 140, F48, D49, V62, W65, R76, T77, A80, Y90, H94,
W108, Q110, N130, and most of residues from a-helix 3 (120 to 160) had increased R> values,
indicating conformational exchange processes (Fig. 20b). It is interesting to note that this
pattern of dynamics on the ps-ns timescale was different compared to Bet v1 and Fag s1, another
protein from the Bet v1-like superfamily, which were less flexible, even for residues located in
unstructured regions, such as loops (ASAM et al., 2014; MORAES et al., 2018).
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Figure 20 — Backbone molecular dynamics of TcmN at ps-ns timescale monitored by NMR and MD
analysis.

NMR experimental data are shown in black and theorical data in white. (a) R; rate, (b) R rate, (c) Het-NOE and
(d) S? order parameter as function of TcmN residue number.

The results of the extended model-free formalism of Lipari-Szabo using the program
Tensor2 are presented in Fig. 20d and Fig. 21b. The value of 9.3+0.7 ns for the correlation time
for TcmN agrees with the expected value for a monomeric protein of 21 kDa (Fig. 21a). The
dynamic parameters (S2 and Rex) were calculated using a diffusion model with axial symmetry.
The analysis of the R2/R1 and Rex ratio indicated segments in conformational exchange (Fig.
21a and b). Residues T22, N23, A36, D49, W63, W65, Y90, W108 and N130 presented higher
ratios than average indicating conformation exchange (Fig. 22). Residues in conformational
exchange, such as W63 and W65 define the narrow neck region, while W108 and Q110 orient

the polyketide chain inside the cavity, suggesting a coupling between TcmN conformation
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exchange and fluctuation of its main cavity volume and shape. Similar results were seen for Bet
vl and Fag s1 (ASAM et al., 2014; MORAES et al., 2018).

Carr-Purcell- Meiboom-Gill (CPMG) relaxation dispersion NMR spectroscopy (CARR,;
PURCELL, 1954; MEIBOOM; GILL, 1958) was measured in order to quantify the
conformational exchange identified in some residues of TcmN. Rzefss (s) values obtained from
15N CPMG experiments at 298 K (Fig. 21c) showed no significant difference between the R s
measured with CPMG frequency of 66.7 and 1000 Hz, meaning that the residues are in
exchange regime above 1000 Hz (defined by kex) and this experiment could not attenuate the

conformational exchange contribution of R>.
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Figure 21 — Backbone molecular dynamics of TcmN monitored by NMR.
(@) **N Ry/R; ratio as function of TcmN residue number. (b) Rex rate, and () Rt rate as a function of TcmN

residue number.
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Figure 22 — Side chains of residues showing Rex above 3 Hz colored in orange on the TcmN crystal
structure.

Coa RMSF values were calculated from the 6 x 1 us MD simulations to evaluate atomic-
level dynamics of TcmN. The result showed elevated flexibility at L5 and L9, which surround
the main cavity (Fig. 23), and was consistent with NMR relaxation measurements. Principal
Component Analysis (PCA) was employed to better examine the main contributions to TcmN
conformational variance. The first two components, PC1 and PC2, represented 28 and 18% of
the Ca conformational variance, respectively. These components correspond primarily to
movements of the L3, L5, L7, and L9 segments, located at the neck of the central cavity (Fig.
24a). The PC1-PC2 probability-based free energy landscape shows that the two most populated
regions correspond to closed and open conformations, respectively (Fig. 24b). Cavity
opening/closing motions are well-separated along PC1, with an estimated energy difference of
~3 kJ/mol between the closed and open states, with a ~6 kJ/mol barrier (Fig. 24c). Cavity
volumes of these two states were 1211+196 A3 and 1713+132 A3 (t-test p<0.0001),
respectively. It can be inferred that movements of L5 and L9 could be necessary to generate a

channel through which the polyketide chain can enter the cavity.
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Figure 23 — Residue-specific fluctuations of TcmN from the MD simulations.
(a) Average RMSF + standard deviation profile from the 6 x 1 us MD simulations. (b) RMSF values of the first
replica of TcmN MD simulations represented on TcmN crystal structure by a color gradient and by the ribbon

representation width.
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Figure 24 — TcmN conformational diversity.

(@) Co RMSF as a function of TcmN residue number obtained from the PC1 and PC2 projections. 15 highly
flexible residues were truncated from the C-terminal of the protein for clarity. (b) PCA correlation plot of the
projections of Ca variance on the two main components, PC1 and PC2. (c) Free energy variation along PC1. (d)
The two minima identified in (b) correspond to the TcmN “closed” (pink) and “opened” (green) ensembles with
distance between R61 in L5 and P119 in L9 and cavity volume identified.

To investigate the influence of TcmN dynamics on its aggregation properties, the
Aggrescan3D (A3D) Server was used to calculate the aggregation propensity of the two
structures corresponding to the closed and open states. In the A3D plot, it is seen that the opened
state has more residues with positive values, which are predicted as aggregation-prone (Fig.
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25a). The models for each input structure were rendered by their A3D scores (Fig. 25b). The
A3D aggregation analysis utilizes an experimentally derived intrinsic aggregation propensity
scale for natural amino acids, and projects this scale onto the protein structure, considering the
area exposed to solvent (ZAMBRANO et al., 2015). The residues which are aggregation-prone
are located inside the TcmN cavity, and are solvent exposed in the open state (Fig. 25b). A3D
prediction shows that in the closed conformation, L5 and L9 protect the hydrophobic residues
in the cavity (Fig. 25b). However, during substrate binding, the motions of L5 and L9 required
to allow ligand entry transiently expose the aggregation-prone regions to the solvent, which
may promote aggregation (Fig. 25c¢). Although the open state of TcmN appears to be at risk of
aggregation, MD indicates that is is the less dominant conformation. Evolutionary pressure
creates competition between increased binding efficiency and reduced protein stability,
balancing the ability to populate multiple states without creating an unacceptable propensity for
aggregation (FERROLINO et al., 2013; GERSHENSON et al., 2014). The findings of this work
provides an example of a fine tuned balance between TcmN function, conformational

variability, and aggregation vulnerability (Fig. 26).
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Figure 25 — TcmN aggregation propensity.

(a) Aggregation propensity of TcmN closed (pink) and open (green) states as a function of TcmN residue numbers
analyzed by A3D. (b) The protein surface is colored according to A3D score in gradient from red (high-predicted
aggregation propensity) to white (negligible impact on protein aggregation) to blue (high-predicted solubility). (c)

zoomed view of (b) showing the narrow neck region (left) and the open cavity entrance (right).
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Figure 26 — Proposed interplay between conformational flexibility and aggregation of TcmN.
(a) Schematic representation of TcmN’s conformational transitions showing that the opened state (aggregation-
prone conformation) is required for ligand binding but also results in aggregation. (b) Energy landscape of TcmN

under native conditions comprises a delicate balance between protein conformational flexibility and aggregation.

4.5 TcmN interactions

The TcmN product analogs 8-Anilino-1-naphthalenesulfonic acid (ANS) and
Naringerin were used to explore substrate binding in the TcmN enzymatic cavity. Titration of
ANS led to considerable changes in the *H->N HSQC spectra of TcmN, with peaks of several
residues disappearing completely during titration (Fig. 28a), which is characteristic for
intermediate exchange regime (i.e. dynamics on the ps-ms timescale) of the residues that are

interacting with ligand.
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Figure 27 — TcmN and ANS interaction.

(a) *H-1>N HSQC spectra of 80 uM of *>N-labeled TcmN colored in blue and 80 uM of *N-labled with 560 uM
ANS in pink. (b) Selected regions of *H->N HSQC showing examples of chemical shift variation on >N-labeled
TcemN under titration of ANS. (c) CSP as a function of TcmN residue number. (d) Residues showing CSP values
higher than the mean are colored in light pink; values higher than the mean plus the standard deviation are colored
in pink and residues that disappeared during titration are shown in purple.

Similar, but more subtle, spectral changes were observed in the titration with Naringerin
(Fig. 30a). Fig. 28b and 30b shows examples of chemical shift perturbation indicating residues
fast exchange rate, which indicate a dissociation constant (Kg) varying from uM to mM. The
calculated CSP for both ANS and Naringerin showed that perturbation occurred in similar
regions (residues that shape the cavity and residues of a-helix 3) and residues G45, W63, R76,
A80, V109, Q110, T126, T131, T132, A135, N136, and E138 appear to interact with both ANS
and Naringerin. Rigid body docking simulations using AutoDock Vina predicted the positions
of both ANS and Naringerin inside the TcmN cavity (Fig. 28d and Fig. 30d). ANS was
predicted to interact with Y35, W65, S67, A80, R82, L93, M91 and L129 (Fig. 29), and
Naringerin with R82, M91, Q110 and M125 (Fig. 31). Among these residues, S67, R82, M91
and L93 were not assigned in the *H->N-HSQC spectrum, and therefore their CSP could not
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be calculated. Residues W35 and A80 showed high CSP values in the ANS titration, and Q110
and M125 showed increased CSP values in the Naringerin titration.

Interactions

TYR [ conventional Hydrogen Bond
A:35 [ Pi-cation
LEU [] Pi-Donor Hydrogen Bond
A93 Pi-Sigma
B [:] Pi-Sulfur
' [ Pi-Pi T-shaped
MET ‘ [] Pi-Alkyl
A:91
0= =0
ALA
‘ H A:80
f  CER <
ARG 3 TRP
LEU as2 @8 \aes
A:129

Figure 28 — 2D diagram of docking results of ANS.
2D diagram of the output of AutoDock Vina rendered by Discovery Studio software showing the predicted binding

site residues and types of contacts formed between TcmN and ANS.
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Figure 29 — TcmN and Naringerin interaction.

@ 1H-15N HSQC spectra of 80 uM of *>N-labeled TecmN colored in green and 80 uM of °N-labled TcmN with 560
uM Naringerin in orange. (b) Selected regions of *H-*N HSQC showing examples of chemical shift variation on
15N-labeled TecmN under titration of Naringerin. (c) CSP as a function of TcmN residue number. (d) Residues
showing CSP values higher than the mean are colored in light pink; values higher than the mean plus the standard

deviation are colored in pink and residues that disappeared during titration are shown in purple.
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GLN Interactions
A:110 [ conventional Hydrogen Bond
P [ Pi-cation
MET [] Pi-sulfur
A:125 MET [] Pi-akyl
H. A:91
oY
O/ ’
ARG
A:82

Figure 30 — 2D diagram of docking results of Naringerin.
2D diagram of the output of AutoDock Vina rendered by Discovery Studio software showing the predicted binding

site residues and types of contacts formed between TcmN and Naringerin.

3) CONCLUSION

This work characterized TcmN’s stability and conformational diversity. Thermal
denaturation of TcmN is irreversible, and the denaturation temperature is reduced at higher
concentrations. TcmN is more stable at pH 8, and in the presence of Nal and NaCl.
Conformational dynamics suggests that substrate binding, and release of the product can be
modulated by the conformation of L5 and L9, suggesting a mechanism where the major
equilibrium states regulate ligand binding in the main hydrophobic cavity, and protection
against solvent exposure and self-aggregation. Understanding the principles underlying TcmN
stability, dynamics, and interactions with substrates is expected to be useful for developing it

as a platform for in vitro polyketide biosynthesis.
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