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ABSTRACT OF THE DISSERTATION

NMR Applications to Study Natural Product Biosynthesis and Biodegradation

by

Brianna Nicole Kalaj

Doctor of Philosophy in Chemistry
University of California San Diego, 2024

Professor Michael D. Burkart, Chair

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique
and can be used to analyze anything from small molecules to large polymers and proteins. This

non-destructive tool is useful in many fields of research from basic science to applied work. In
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this thesis, NMR is applied in a multitude of ways including analyzing small molecule structure,
backbone fingerprinting of polymeric material, and protein ligand interactions and dynamics.

In the first two chapters of this thesis, amorphous melanin polymers are analyzed by
solid-state NMR cross polarization *C experiments. Through this technique we identify types
and distributions of carbon within a sample and correlate proposed starting material with
fingerprints of complex, chemoenzymatically generated melanins. We also use solid-state
NMR to estimate purity of extracted melanin samples from marine melanin species by
identification of components of marine tissue material.

The third chapter of this thesis investigates how a predicted toxic metabolite, methylene
diphenyl diamine, is biodegraded over time by microbial organisms and communities by
analyzing the nitrogen state changes. Using an °N labeled small molecule and **N INEPT
experiments, nitrogen environment changes are observed for monitoring a how this molecule
is metabolized after feeding studies to microbial communities and thus identifying new insights
into the biodegradation process. In this work NMR and LCMS are combined toward a possible
explanation of how methylene diphenyl diamine is altered after potential release from bio-based
polyurethane biodegradation.

In the final chapter of this thesis, NMR is used to monitoring carrier protein-ligand
dynamics by employing a site specific °N labeled probe. Synthetic organic chemistry is utilized
to develop a versatile >N tool which can be applied to various carrier protein dependent systems
through a simple modification. NMR’s capability to monitor dynamic changes of a system over
time is used to trace the chemical shift change of a minor state of a ligand in a carrier protein

dependent system, allowing for more concrete insight into sequestration and chain flipping
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dynamics. 1®N CEST experiments are used to extract data about ligand dynamics which mimic

the native substrates of fatty acid biosynthesis, a model carrier protein dependent system.
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INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for analyzing
structures of molecules, the nature of bonds, and environments of atoms. NMR can be used to
analyze anything from small molecules to large polymers and proteins, and to study samples in
liquid, semi-solid, or solid state.>? This analysis tool is also non-destructive to samples, making it
useful in many fields of research from basic science to applied work in medicine and
agriculture.>*> NMR is a versatile technique to many fields as it can require little sample
preparation, dilute samples, does not require chemical derivation, and is quantifiable. However,
the strength in this tool and what makes it useful in a wide range of problem solving techniques,
is its constant utility through new innovations.®”’

After stable isotopes first were isolated and applied to chemical compounds in the 1930s,
particularly those of 3C, °N, 0, and ?H, they have been used as tracers in a wide range of
applications from studying biological systems to forensics.2®1%! These “chemically and
functionally identical” versions of elements, in which a different number of neutrons are in the
nucleus, occupy the same position on the periodic table yet are analytically distinguishable.?
When these labels are introduced to a molecule or system, NMR sensitivity can be increased as
the natural abundance of these elements with unpaired nuclear spins become more prominent in
the sample. Nuclear magnetic resonance works through certain nuclei possessing spin, or angular
momentum, generating a magnetic moment.'® The nuclei able to generate magnetic moments
contain unpaired nuclear spins and are therefore able to be visualized by NMR with their ability
to resonate at specific frequencies characteristic to their environment.

Proton and carbon have a sufficient natural abundance of their respective NMR sensitive

nuclei, *H and 3C, as they are 99.98% and 1.11% respectively, leading to easily obtainable NMR



spectra.™® However, with nitrogen the natural abundance of °N, the NMR detectable nuclei, is only
0.365% leading to the inability to obtain decent signal to noise easily with natural samples and the
need for stable isotope incorporation.!® Stable isotopes of °N are incorporated into small
molecules and biological systems for NMR as they not only cover a wide range of chemical shifts
but are also sensitive to changes in hydrogen bonding and protonation along with other changes in
their environment and structure.*

In this thesis, NMR and stable isotopes have been used in a multitude of ways including
analyzing small molecule structure, backbone fingerprinting of polymeric material, and protein
ligand interactions and dynamics. In the first two chapters of this thesis, insoluble melanin
polymers are analyzed by solid-state NMR cross polarization **C experiments. This is utilized as
atool to generate standard sample fingerprints of proposed small molecule starting blocks followed
by comparison with complex, chemoenzymatically generated polymeric melanin materials.
Through this technique we can identify types and distributions of carbon within a sample and
correlate what starting materials were incorporated from the metabolic pool of specialized
enzymes. We can also use solid-state NMR to estimate purity of extracted melanin samples from
marine melanin species by comparison to chemoenzymatically generated melanins and
identification of components of marine tissue material.

In the third chapter of this thesis, NMR’s use as an everyday tool for synthetic chemists
looking to quantify and identify the structure of small molecules using basic 1D techniques is taken
advantage of. Herein, this is modified to look at how a predicted toxic metabolite is biodegraded
over time by microbial organisms and communities by analyzing the nitrogen state changes.®® In
being able to trace nitrogen through different forms using an °*N labeled small molecule and **N

INEPT experiments, a simple output is observed for monitoring a change in how this molecule is



metabolized and thus identifying new insights into the process. In this work NMR is combined
with LCMS to work toward a possible biodegradation path of a small molecule monomer predicted
to be released from bio-based polyurethane biodegradation.

Arguably the most impactful use of NMR is in biological systems using solution state
protein NMR to monitor protein-protein and protein-ligand interactions and dynamics.”® In the
seminal work of this thesis, NMR is used to monitoring protein-ligand dynamics by utilizing a
synthesized site specific 1°N labeled probe. Synthetic organic chemistry techniques are deployed
to develop an isotopically labeled tool which can be applied to various carrier protein dependent
systems in the exchange of chains identities. Taking advantage of NMR’s capability to monitor
not only a single state of interaction, but the dynamic changes of a system over time has been used
in carrier protein dependent systems to study protein-protein interactions with N protein
backbones before.!81” However, this probe can be used to trace the chemical shift change of a
minor state of a ligand in a carrier protein dependent system, allowing for more concrete insight
into chain flipping dynamics. Utilizing °N CEST experiments which can monitor exchanges on a
timescale of 20 to 200 s™* and minor states as low as 1.5 % we are able to extract data about ligand
dynamics which mimic the native substrates of fatty acid biosynthesis, a model carrier protein

dependent system.!®
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Chapter 1 Chemoenzymatic Elaboration of the Raper-Mason Pathway Unravels the
Structural Diversity Within Eumelanin Pigments

1.1 Introduction
Although the heterogeneous biopolymer melanin?® is ubiquitous in life, there remains a lack

in understanding of its intricate molecular structure.? This structure diverges between three main
types of melanin. Eumelanin,® the most common form, is a black/brown pigment derived from
tyrosine and is associated with melanoma.* Pheomelanin,® the reddish cysteine derivative can be
found in hair and skin. Neuromelanin, is a dark pigment located in the mammalian brain, which
studies have shown to be linked to Parkinson’s disease.® Melanin also has a broad electromagnetic
absorption range and plays a role in structural colour.” These properties are all incredibly useful to
harness and emulate in the synthesis of new materials. Although the different melanin types share
similar properties,® they are believed to vary significantly in their molecular composition.%
Despite melanin’s ubiquity, significant structural uncertainties still remain,'! and a major challenge
lies in the unique connectivity and isomeric potential in these polymers. As illustrated by 1-4 (Fig.
1.1), eumelanin is composed of multiple linkages of discrete monomers. Using a minimal ‘dimeric’
unit, the structural diversity in eumelanin can include disparity in both regioselectivity and
connectivity. The complexity becomes even greater in pheomelanin 5 (Fig. 1.1) which contains
multiple structurally discrete units.

The current understanding of melanin!? is based on the generally accepted biosynthetic
pathway for polymerization, the Raper-Mason pathway (RMP),*1* that was first proposed 70
years ago. The pathway involves a stepwise progression from L-Tyr to dihydroxyindole (DHI) or
dihydroxyindole. carboxylic acid (DHICA), as shown in Scheme 1. These units then undergo an
oxidation to generate IQCA or 1Q, the immediate precursors for polymerization. Our findings here

show that the general understanding and interpretation of the RMP is incorrect. In addition to the



various structural complexities, melanogenesis processes are regulated in vivo through a series of
enzymes, including tyrosinases®® and decarboxylases,’® that unite the oxidative and
decarboxylative steps shown in Scheme 1.1. However, our findings suggest that each RMP step
need not reach completion prior to polymerization, and heterogeneity may be generated by the
relative abundance of pathway intermediates. Here, we explore the link between tyrosinase
substrate selectivity and structural output by exploring RMP intermediate identity and structural

output in melanisation.

eumelanin pheomelanin  HoN

Xi-X2 = OH X1-Xa = OH o
Y1-Yz2 = COzH Y1-Ys = COzH HO

Figure 1.1: Eumelanin presents multiple levels of structural diversity. The first, 1, arises through
different levels of oxidation represented by X1 and Y1 (yellow). The second arises in the
monomers connectivity, as noted by the comparison of 1 to 2 (red). The third is the degree of
monomer connectivity, e.g. mono-linked 1/2 to di-linked 3/4. Further complexity can come from
different functional linkages, as shown in pheomelanin 5 (orange, green and blue).

To date, our structural understanding of melanin arises from pioneering solid-state NMR
(ssNMR) work on fungal melanin by Stark and Casadevall.!”'® These datasets have enabled a
hypothesis toward the linkages between DHI and DHICA. Typically, melanin ssSNMR spectra are
assigned using chemical shift predictions.!® While this method was vital to clarifying the key
functionality, the lack of expanded experimental data to support these predictions reduces the

accuracy of their assignments.



We began by exploring the ability of the well-characterized mushroom tyrosinase from
Agaricus bisporus® for polymerization of different RMP intermediates. Unlike previous studies
where the polymerized pigments are treated with 6 M HCI and boiled, which can destroy essential
structural features, our pigments were carefully washed with neutral H20. The tools of sSNMR
and dynamic nuclear polarization (DNP)?12? were applied to evaluate the four critical monomers
tyrosine (L-Tyr), tyramine (TA), dopamine (DA),?® and L-DOPA (Supporting Figs. S1.1-S1.7) of
the RMP (Scheme 1.1) in their monomeric and polymeric forms.

In this study we used both *C chemical shift predictions generated by ChemNMR
(Supporting Fig. S1.6) and ssSNMR spectra on the monomers to assign the structures of each
polymer (Fig. 1.2-1.4). Likewise, corresponding scanning electron microscopy (SEM) images of
these pigments provide insight into the different morphologies that can possibly arise from these
nanoparticles. From this, one can appreciate the vast differences between melanin pigments at the

nanoscale and how it can attribute to different biological functions.?*
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Scheme 1.1: The Raper-Mason pathway (RMP) proposes that melanin originates from L-Tyr
being oxidized to melanin via L-DOPA, which could be followed by a decarboxylation to
dopamine (DA). L-Tyr can also be decarboxylated to tyramine (TA). These substrates are further
oxidized to form transient intermediates: dopaquinone (DOPA-Q), dopamine-o-quinone (DQ),
leukodopachrome (LA-DOPA-C), leukoaminochrome (LA-C), dopachrome (DOPA-C), and
aminochrome (AC), leading to DHI and DHICA units, the proposed building blocks of eumelanin.
Prior to polymerization, DHI and DHICA are further oxidized to indole-5,6-quinone (IQ) and
indole-5,6-quinone-2-carboxylic acid (IQCA).

L-Tyr-melanin. Starting with L-Tyr (Fig. 1.2a), a SEM image shows that a black pigment
containing rods imbedded within a solid matrix was obtained after treating L-Tyr with tyrosinase.
The ssSNMR 13C spectrum of the L-Tyr was evaluated against the L-Tyr-melanin. Interestingly,
spectral overlays indicate that each of the 13C peaks in the L-Tyr monomer (grey, Fig. 1.2a) were
observed in the L-Tyr-melanin product (black, Fig. 1.2a). With optimized magic-angle spinning
NMR cross-polarization experimental conditions for both carbonyl and aliphatics, the lower
aliphatic o, peaks at 6 38 and 53 ppm suggest a con-version of the alkyl carbons into an aromatic

environment. Meanwhile, a set of peaks with low intensity was detected at & 105 and 145 ppm,

indicative of DHI and DHICA (Scheme 1.1). The three peaks (6 160, 135 and 42 ppm) within the



5N spectrum suggested N atoms commonly associated with pyrroles, indoles,

respectively.
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Figure 1.2: Melanin polymers were obtained from the action of A. bisporus tyrosinase on a) L-
Tyr, b) TA, ¢) L-DOPA, and d) DA. ssNMR spectra of each melanised sample are overlaid with
its original monomer, and these peaks were used for assignments. Only the N spectra were
collected using DNP ssNMR with an enhancement ~20. Peak assignments are provided in the
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Supporting Figs. S1.1-S1.7. * denotes the spinning side bands. Bars in the SEM images represent
1pum.

TA-melanin. The same method was then applied to tyramine (TA), another RMP
intermediate suggested to require processing before polymerization. The SEM image of TA-
melanin (Fig. 1.2b) illustrates a polymer lacking nanostructural features. sSNMR analyses revealed
a clear correlation between TA-monomer and TA-melanin (Supporting Fig. S1.2). As evident in
Fig. 1.2b, the carbon atoms underwent only a modest chemical environment change upon
polymerization. The spectral data from TA-melanin was in stark contrast with L-Tyr-melanin,
whose broad peaks suggested it contained a nonuniform melanin composition through processes
such as incomplete decarboxylation, resulting in mixtures of decarboxylated (Ri,R2=H) and
carboxylated (R1,R.=CO,H) polymers. TA-melanin has an upfield °N chemical shift of § 155 ppm
resembling peptide linkages. These observations reveal that the action of the mushroom tyrosinase
on TA was not restricted to comply with the stepwise nature of the RMP (Scheme 1) but was able
to process an expanded monomeric scope.

L-DOPA and DA melanin. To complete the RMP intermediate set, L-DOPA-melanin and
DA-melanin spectra were evaluated (Fig. 1.2c-1.2d, Supporting Fig. S1.3-S1.4). As shown in Fig.
1.2c, the polymerization of L-DOPA returned a polymer comprised of 100+30 nm sized spheres.
Here, the presence of an additional hydroxyl group with respect to L-Tyr (Fig. 1.2a) resulted in a
nanostructural change from a material with imbedded surfaces to more geometrically defined
nanometer-sized spheres in L-DOPA-melanin. The ssSNMR spectrum from L-DOPA-melanin (Fig.
1.3c), like L-Tyr-melanin (Fig. 1.3a), contained both the aromatic and aliphatic peaks of its
monomer. Similarly, the presence of the carbonyl at 6 173 ppm, along with o and 3 carbons at &
65 and 45 ppm, in L-DOPA-melanin confirmed incomplete decarboxylation and indole ring

formation. Meanwhile, the intensity of the aliphatic carbons at 6 53 and 47 ppm from DA-melanin
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were the strongest of all three polymers, suggesting an increased level of non-indole cyclised
materials. This was further supported by the presence of a § 45 ppm peak in the *°N spectrum. The
dopamine-formed particles produced visible 100£10 nm spheres by SEM imaging.

All four spectral sets (Fig. 1.2) showed that chemical shift values of the melanised particles
were similar to their monomeric precursors with the addition of the cyclised DHI or DHICA units.
The fact that all four monomers melanised shows the broad selectiveness of the enzyme and the
structural diversity arising from the metabolites. This alters the mechanistic model for melanin
formation and impacts the resulting nanoparticle structure. SEM images of the four melanin
products with different nanoparticle morphologies illustrates each metabolite plays a role in
influencing or altering the functional capabilities of melanin. The sSNMR spectra also shows that
the polymer is mostly populated by the monomer itself, but it includes a small amount of cyclised
DHI or DHICA. Among them, TA-melanin has the most resolved aromatic region in its 3C
spectrum and the most upfield 1°N chemical shift at § 115 ppm which could arise from other types
of linkages. All of the melanin polymers in Fig. 1.2 retained primary amine residues at & 35 ppm
or 25 ppm.

Hydroxyindole-melanins. Next, we explored the ability of the A. bisporus tyrosinase to
polymerize indole derivatives of DHI or DHICA (Scheme 1.1). The goal of this study was to
demonstrate the ability of tyrosinase to act on non-natural substrates and further probe the
substrate-tolerance of this pathway. Using conditions established in the previous study, the
tyrosinase was presented with 4 different hydroxyindole (HI) monomers: 4-HlI, 5-HI, 6-HI and 7-
HI, and the resulting melanins were analysed via sSNMR and SEM (Supporting Figs. S1.8-S1.11).
Comparable to the acyclic precursors (Fig. 1.2), the *C spectra of HI-melanins contained similar

chemical shift values to their corresponding monomers. Based on the peak positions, 4-HI-melanin
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contained either a C5 or C7 downfield shift from 6 105 to 115 ppm, supporting a 5-5 linkage (Fig.
1.3a). In contrast, the increase in the number of peaks in 5-HI-melanin (Fig. 1.3b), would result
from a 2-4 heterolinkage between the monomer units, which can be explained by a loss of

symmetry and a duplication of its 7 carbons.

HO 2
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Figure 1.3: Melanin particles obtained from the action of A. bisporus tyrosinase on a) 4-Hl, b) 5-
HI, ¢) 6-HI, and d) 7-HI. ssSNMR spectra of each melanised sample are overlaid with its original
monomer, and these peaks were used for assignments. Bars in the SEM images represent 1 um.
Peak assignments are provided in Supporting Figs. S1.8-S1.11.
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Each of the carbons observed in the *C-NMR spectrum of 6-HI-melanin (Fig. 1.3c) were
identified in the 6-HI monomer, except for C3, which was weakly observed. 6-HI-melanin
exhibited the most resolved spectra, indicating a more homogenous environment. Symmetry
studies suggest 6-HI-melanin consists of a 2-2 linkage. Unfortunately, the overlap of three residues
within the central peak at 6 126 ppm in the spectrum from 7-HI-melanin complicated the

elucidation of its linkage (Fig. 1.3d).

a) L-TyrTA ) L-TyrDA ) L-Tyr:L-DOPA

200 150 100 50 200 150 100 50 200 150 100 50
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‘ » |
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Figure 1.4: Melanin produced by copolymerizing two monomers: a) L-Tyr: TA melanin generated
from a mixture of L-Tyr and TA, b) L-Tyr:L-DA melanin, c) L-Tyr:L-DOPA melanin, d) TA:DA
melanin, e) TA:L-DOPA melanin, and f) DA:L-DOPA melanin using A. bisporus tyrosinase.
Comparison of the NMR spectra of these mixtures with that of pure monomers (Fig. 1.2) was used
to explore the monomer selectivity of this enzyme. Peak and monomer assignments are provided
in Supporting Fig. S1.12-S1.13 as well as the experimental conditions of copolymerization
procedure. * denotes the spinning side bands. Bars in the SEM images represent 1 um.

4-Hl-melanin (Fig. 1.3a) and 7-HI-melanin (Fig. 1.3d) SEM images resembled L-DOPA.-
melanin with clusters of nanoparticle sizes of 10025 nm. SEM imaging revealed 5-HI-melanin
contained dispersed particles with a high size uniformity of 7515 nm while 6-HI-melanin formed

spherical particles with a large size distribution, 350-900 nm (Fig. 1.3c). Though the proposed
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natural intermediate, DHI, (Scheme 1.1) contains oxidation at C5 and C6, the substrate tolerance
of the tyrosinase enabled it to polymerize materials with oxidations at non-natural positions.

Copolymerized melanin blends. To investigate its selectivity, the tyrosinase was used to
copolymerize various combinations of monomers. The resulting melanin products along with their
monomer counterparts were analysed by ssNMR and SEM (Fig. 1.4 and Supporting Figs. S1.12-
1.13). Among the six copolymers, the sSNMR spectra suggested the resulting melanin was not of
1:1 alternating pattern; rather, TA took precedence over the others. Though the overall lineshape
follows TA, it is clear that portions of the peaks are derived from the other monomer. Additionally,
a set of peaks with distinct DHI or DHICA chemical shifts appeared at low intensity. Furthermore,
we observed that DA took precedence over L-DOPA, which took precedence over L-Tyr. Overall,
this suggests the polymers generated from the tyrosinase can incorporate monomers at different
stages of the RMP and does not require a stepwise conversion as shown in Scheme 1.1. Instead,
the A. bisporus tyrosinase can polymerize a ‘snapshot’ of the monomeric metabolic pool within its
local environment. This observation begins to explain the complexity seen within melanin
polymers and provides an important advance in understanding the structural diversity accessible
in eumelanin.

The SEM images from these blends (Fig. 1.4) show particles of various morphologies. In
particular, the ones containing DA yield products increased sphericity and higher ordered
structures. While DA-melanised nanoparticles are around 100 nm, once it is copolymerized with
other monomers, the resulting nanoparticles increase in size. We observed 100 nm particles

molded into ovoid objects ranging from 500 nm to 1 pm.
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Figure 1.5: DNP ssNMR analysis of U-[*3C,**N]-L-Tyr-melanin. a) 2D 3C-*C SPC5 spectrum
showing correlations from the tyrosine ring, DHI, and DHICA units. b) 2D *C-SN TEDOR
spectra acquired with mixing times of 3.2 ms showing pyrrole correlations show only aromatic
contacts and no carboxylated motifs. ¢) The aliphatic region shows four distinct Ca-N
environments. d) C4-N correlations from DHICA units were detected.

Next, we explored melanin prepared from U-[**C,'°N]J-L-Tyr melanin using
multidimensional DNP NMR (Fig. 1.5). Correlations observed from the 2D *C-*C PDSD
experiments® indicated high populations of intramolecular contacts (Supporting Fig. S1.14).
However, this doesn’t exclude the possibility of intermolecular interactions between tyrosine units,
in the case of pi-pi stacking between monomers.?® The 2D *C-13C SPC5 experiment?’ (Fig. 1.5a)
shows covalent bonds from both the L-Tyr ring and DHI/DHICA units. This further validates the

highly populated presence of L-Tyr monomer in this multicomponent melanised polymer. The
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unique chemical shift values of the tyrosine aromatic ring are clearly assigned, starting with Cf
(Fig. 1.5a) attached to the hydroxyl group at & 145 ppm to the double resonances of Cel, Ce2 at &
115 ppm to another set of double resonances Cd1,Cd2 at 6 130 ppm, and lastly to Cg at 6 130 ppm.

In the 3C-N TEDOR spectra?® (Figs. 1.5b-1.5d), nitrogen atoms from hydroxyindole
units correlate with both aromatic and carbonyl carbons, suggesting DHI and DHICA units.
Pyrrole correlations show only aromatic contacts and no carboxylated motifs, which could result
from Baeyer-Villiger type reactions originating from indole metabolites of the RMP. The primary
amine *°N is correlated to four distinct *3C atoms, with the two major peaks originating from L-
Tyr.

1.2 Conclusions
This study suggests the classical RMP doesn’t fully-encompass substrate scope in melanin

biosynthesis, as enzymatic polymerization can occur with many of its monomeric intermediates
(blue structures, Scheme 1.1). Here, comparative SSNMR evaluations of monomers (Figs. 1.2-1.3)
provide a useful tool that enables a nuanced understanding of the structural features of each
melanin polymer. While copolymerization studies (Fig. 1.4) indicate some selectivity, the serial
nature of the RMP can be misleading. These studies suggest that natural melanin structure likely
relies on the local metabolic flux? to guide the structural composition of the resulting polymers.
Overall, tandem SEM and ssNMR analyses enable the development of a structure-function
correlation for melanin pigments. Demonstrated here for the A. bisporus tyrosinase, this
chemoenzymatic approach offers a general tool to explore the structural selectivity and tolerance
of melanin-producing enzymes. Efforts are now underway to apply this union between ssNMR

and electron microscopy to further interrogate the diversity of natural melanin.
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1.3 Supporting Information
A. General methods. Chemical reagents and enzymes were purchased from Worthington,

Acros, Fluka, Sigma-Aldrich, or TCI. Deuterated NMR solvents were purchased from Cambridge
Isotope Laboratories. All reactions were performed with stirring from Teflon coated stir bars using
an IKAMAG RCT-basic mechanical stirrer (IKA GmbH). 1H NMR spectra were recorded on 750
MHz Magnex Scientific magnet and Bruker spectrometer. Chemical shifts for 13C NMR were
referenced to the reported values of adamantine at 38.5 and 29.5 ppm. Chemical shift 6 values for
1H and 13C spectra are reported in parts per million (ppm) relative to these referenced values.
ChemDraw was utilized for all chemical shift predictions. All 13C NMR spectra were recorded
with complete proton decoupling. FID files were processed using TopSpin 3.2 (Bruker) and
MestreNova 6.0.2 (Mestrelab Research). Scanning Electron Microscopy (SEM) analyses were
performed using a FEI Quanta FEG 250 microscope (ThermoFisher Scientific) using a 3-5 kV
energy source and a spot size of 3 under high vacuum at a working distance of 9 mm. Spectral data
and procedures are provided for all new compounds and copies of select spectra have been
provided.

B. General procedure for melanin polymerization. All precursor monomers were
dissolved in 5 mM phosphate-buffered saline pH 7.5. Powdered mushroom tyrosinase
1.U.B.1.14.18.1 (Worthington Biochemical) formula weight 128 kDa was added to the solution
and stirred at 500-600 rpm for 24 h to 48 h at 23 °C. Solution color progressed from clear to pale
yellow, followed by orange/brown and led to the final black solution.

C. General procedure for melanin isolation. The black solution was centrifuged at 4,500
rpm in MultifugeX3R (ThermoFisher Scientific), the supernatant was discarded, and the pellet was
resuspended in H20 (50 mL). The process was repeated 3-4 times until the supernatant became

clear. The final pellet was then placed in a 1.9 mL tube (Eppendorf) to centrifuge at 13,000 rpm
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PrismR (Carolina Biological Supply Company). The supernatant was discarded and sample was
dried by evaporation or via speed vacuum to remove residual water.

D. Polymerization reactions from single monomers. The following sections provide the
methods for the preparation of each of the melanin samples in Figures 2-3.

L-Tyr-melanin. The reaction was conducted using the general procedure for melanin
polymerization (section B) using L-tyrosine (L-Tyr, 1.0 g, 5.5 mmol) and mushroom tyrosinase
(5.0 mg, 39.0 nmol) in 1.1 L of 5 mM phosphate-buffered saline pH 7.5. The solution was isolated
using the general procedure (section C) to yield 109 mg (11%) of L-Tyr-melanin.

TA-melanin. The reaction was conducted using the general procedure for melanin
polymerization (section B) using tyramine (TA, 754.5 mg, 5.5 mmol) and mushroom tyrosinase
(5.0 mg, 39.0 nmol) in 1.1 L of 5 mM phosphate-buffered saline pH 7.5. The solution was isolated
using the general procedure (section C) to yield 73 mg (10%) of TA-melanin.

L-DOPA-melanin. The reaction was conducted using the general procedure for melanin
polymerization (section B) using L-DOPA (L-DOPA, 1.0 g, 5.1 mmol) and mushroom tyrosinase
(5.0 mg, 39.0 nmol) in 1.1 L of 5 mM phosphate-buffered saline pH 7.5. The solution was isolated
using the general procedure (section C) to yield 612 mg (61%) of L-DOPA-melanin.

DA-melanin. The reaction was conducted using the general procedure for melanin (section
B) using dopamine « HCI (DA, 1.0 g, 5.1 mmol) and mushroom tyrosinase (5.0 mg, 39.0 nmol) in
1.1 L of 5 mM phosphate-buffered saline pH 7.5. The solution was isolated using the general
procedure (section C) to yield 465 mg (46%) of DA-melanin.

4-HIl-melanin. The reaction was conducted using the general procedure for melanin

polymerization (section B) using 4-hydroxyindole (4-HI, 45.0 mg, 0.34 mmol) and mushroom
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tyrosinase (2.0 mg, 15.6 nmol) in 100 mL of 5 mM phosphate-buffered saline pH 7.5. The solution
was isolated using the general procedure (section C) to yield 16 mg (36%) of 4-HI-melanin.

5-HI-melanin. The reaction was conducted using the general procedure for melanin
polymerization (section B) using 5-hydroxyindole (5-HI, 53.0 mg, 0.40 mmol) and mushroom
tyrosinase (2.0 mg, 15.6 nmol) in 100 mL of 5 mM phosphate-buffered saline pH 7.5. The solution
was isolated using the general procedure (section C) to yield 8.4 mg (16%) of 5-HI-melanin.

6-HI-melanin. The reaction was conducted using the general procedure for melanin
polymerization (section B) using 6-hydroxyindole (6-HI, 45.0 mg, 0.34 mmol) and mushroom
tyrosinase (2.0 mg, 15.6 nmol) in 100 mL of 5 mM phosphate-buffered saline pH 7.5. The solution
was isolated using the general procedure (section C) to yield 21 mg (47%) of 6-HI-melanin.

7-HIl-melanin. The reaction was conducted using the general procedure for melanin
polymerization (section B) using 7-hydroxyindole (7-HI, 45.0 mg, 0.34 mmol) and mushroom
tyrosinase (2.0 mg, 15.6 nmol) in 100 mL of 5 mM phosphate-buffered saline pH 7.5. The solution
was isolated using the general procedure (section C) to yield 17 mg (38%) of 7-HI-melanin.

E. Polymerization reactions from monomer mixtures. The following sections provide
the methods for the preparation of each of the melanin samples in Figure 4.

Melanized L-Tyr:TA. The reaction was conducted using the general procedure for
melanin polymerization (section B) with L-Tyr (100.0 mg, 0.55 mmol), TA (100.0 mg, 0.73
mmol), and mushroom tyrosinase (2.0 mg, 15.6 nmol) in 200 mL of 5 mM phosphate-buffered
saline pH 7.5. The solution was isolated using the general procedure (section C) to yield 11 mg
(11%) of a L-Tyr/TA- mixed melanin polymer.

Melanized L-Tyr:L-DOPA. The reaction was conducted using the general procedure for

melanin polymerization (section B) with L-Tyr (100.0 mg, 0.55 mmol), L-DOPA (100 mg, 0.51
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mmol), and mushroom tyrosinase (2.0 mg, 15.6 nmol) in 200 mL of 5 mM phosphate-buffered
saline pH 7.5. The solution was isolated using the general procedure (section C) to yield 53 mg
(27%) of a L-Tyr/L-DOPA-mixed melanin polymer.

Melanized L-Tyr:DA. The reaction was conducted using the general procedure for
melanin polymerization (section B) with L-Tyr (100.0 mg, 0.55 mmol), dopamine *« HCI (100.0
mg, 0.53 mmol), and mushroom tyrosinase (2.0 mg, 15.6 nmol) in 200 mL of 5 mM phosphate-
buffered saline pH 7.5. The solution was isolated using the general procedure (section C) to yield
38 mg (19%) of a L-Tyr/DA-mixed melanin polymer.

Melanized TA:L-DOPA. The reaction was conducted using the general procedure for
melanin polymerization (section B) with TA (100.0 mg, 0.73 mmol), L-DOPA (100.0 mg, 0.51
mmol), and mushroom tyrosinase (2.0 mg, 15.6 nmol) in 200 mL of 5 mM phosphate-buffered
saline pH 7.5. The solution was isolated using the general procedure (section C) to yield 118 mg
(59%) of a TA/L-DOPA-mixed melanin polymer.

Melanized TA:DA. The reaction was conducted using the general procedure for melanin
polymerization (section B) with TA (100.0 mg, 0.55 mmol), dopamine « HCI (100.0 mg, 0.53
mmol), and mushroom tyrosinase (2.0 mg, 15.6 nmol) in 200 mL of 5 mM phosphate-buffered
saline pH 7.5. The solution was isolated using the general procedure (section C) to yield 71 mg
(36%) of a TA/DA-mixed melanin polymer.

Melanized L-DOPA:DA. The reaction was conducted using the general procedure for
melanin polymerization (section B) with L-DOPA (100.0 mg, 0.51 mmol), dopamine « HCI (100.0
mg, 0.53 mmol), and mushroom tyrosinase (2.0 mg, 15.6 nmol) in 200 mL of 5 mM phosphate-
buffered saline pH 7.5. The solution was isolated using the general procedure (section C) to yield

156 mg (78%) of a L-DOPA/DA-mixed melanin polymer.
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F. Polymerization reactions from isotopically-labeled monomers. The following
sections provide the methods for the preparation of each of the melanin samples in Figure 5.

U-13C,15N L-Tyr-melanin. The reaction was conducted using the general procedure for
melanin polymerization (section B) with U-13C,15N -L-tyrosine (100.0 mg, 0.52 mmol) and
mushroom tyrosinase (2.0 mg, 15.6 nmol) in 110 mL of 5 mM phosphate-buffered saline pH 7.5.
The solution was isolated using the general procedure (section C) to yield =35 mg (35%) of U-
13C,15N-Tyr-melanin.

G. Solid state NMR (ss-NMR) spectroscopy. Dried natural abundance melanin sample
(30 mg) was packed in 3.2 mm Bruker rotor. 1D 13C CP spectra of the precursor monomers were
acquired with 32 to 512 scans and a recycle delay of 3 s. Samples required 9k to 64k scans and
were acquired with a recycle delay of 3 s. The CP contain times were optimized to 2 ms, with a
1H decoupling of 83 kHz and a spinning frequency of 13.5 kHz. Data was acquired on a 750 1H
MHz spectrometer (Bruker). Spinning sidebands from the NMR are labeled in the spectra and they
don’t overlap with peaks of interest. When there is uncertainty, we ran the CP experiment at
multiple spinning frequencies to be certain of our peaks.

Note: The intrinsic heterogeneous nature of melanin biopolymer results in broad linewidth
in the NMR spectra, which can’t be improved with higher field, spinning or temperature of the
experiments. Cross polarization experiment was chosen over spectral editing or direct polarization
experiments due do to the fact that it is not useful/applicable in what we want to achieve and also
not feasible due to the long acquisition time of the experiments.

H. Dynamic nuclear polarization (DNP) solid-state NMR spectroscopy. Dried melanin
sample (30mg) was mixed with 20 mM AMUPol polarizing agent in d8-glycerol/D20/H20

(60/30/10 v/v). The resulting mixture was packed in a 3.2 mm sapphire rotor and all experiments
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were acquired at 1H frequency of 600 MHz at 100 K. An enhancement factor of ~20 was obtained
on the samples. The 1D 15N spectra of L-Tyr-melanin, TA-melanin, L-DOPA-melanin, and DA-
melanin (Fig. 2) were acquired with 20k-36k scans. The 2D 13C-13C SPC5 spectrum of U-
13C,15N-L-Tyr-melanin (Fig. 5) was acquired with a 3.5 s recycle delay, 512 scans per increment,
and 64 t1 increments of 24 ps. The 2D 13C-15N TEDOR (Fig. 5) was acquired at 1.66 ms mixing
time, 256 scans per increment, 64 t1 increments of 42 ps and a 3 s recycle delay. The 2D 13C-13C
PDSD spectra (Supporting Fig. S13) was acquired at 10 ms, 50 ms, 100 ms, and 300 ms mixing
times. Each PDSD was conducted with 256 scans, a 3.5 s recycle delay, and 128 t1 increments of
2 6s.

I. Scanning electron microscopy (SEM). Dried melanin powder was placed on
conductive carbon tape on an aluminium sample holder and coated using an iridium-sputter coating
for 8 s. A FEI Quanta FEG 250 microscope was used for acquiring images using a 3-5 kV energy
source with a spot size of 3 under high vacuum at a working distance of 9 mm.

J. Supporting Spectra. The following Figures provide supporting spectral analyses and

assignments.
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Figure S1.1: Spectral analysis of L-Tyr-melanin
deconvoluted peaks. There are at least three components that comprise L-Tyr-melanin. The first is
peaks that follow pure tyrosine monomer units, second, are peaks containing chemical shift values
that agree to those of DHI and DHICA units, and last, other components that have carbonyl and
aliphatic moieties. (bottom) Select SEM images of L-Tyr-melanin at different magnifications.
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Figure S1.2: Spectral analysis of TA-melanin. (top) 1D **C of TA-melanin and its deconvoluted
peaks. There are at least 2 components that comprise TA-melanin, peaks that follow pure tyramine
monomer units and peaks containing chemical shift values that agree to those of DHI and DHICA
units. (bottom) SEM images of TA-melanin at different magnifications.
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Figure S1.3: Spectral analysis of L-DOPA-melanin. (top) 1D *3C of L-DOPA-melanin and its
deconvoluted peaks. There are at least 3 components in L-DOPA-melanin, peaks that follow
pure tyrosine monomer units, peaks containing chemical shift values that agree to those of DHI
and DHICA units, and last, other components that have carbonyl and aliphatic moieties. (bottom)

SEM images of L-DOPA-melanin at different magnifications.
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Figure S1.4: Spectral analysis of DA-melanin. (top) 1D 3C of DA-melanin and its deconvoluted
peaks. There are at least three components that comprise DA-melanin, peaks that follow pure
tyrosine monomer units, peaks containing chemical shift values that agree to those of DHI and
DHICA units, and last, other components with carbonyl and aliphatic moieties. (bottom) SEM

images of DA-melanin at different magnifications.
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Figure S1.5: The 3C chemical shift of every metabolite of the Raper-Mason pathway has been
predicated by ChemDraw predictions and used to analyze our experimental data. Although the
chemical values of some carbons on the aromatic rings of the metabolites are similar, each
contains a set of unique chemical shift values that can be used to match with the experimental
melanized chemical shift values.

L-tyrosine melanin Y-Y (amide)
M/ L F(amide) P (2° amine)
/ |/ /

Y (1° amine)

/

F (1° amine)

180 160 140 120 100 80 60 40 20 0
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Figure S1.6: 1D ®N CP DNP MAS NMR spectra of the nitrogen standards overlaid with

melanized L-tyrosine. This is the method used in this manuscript to analyze the various possible
nitrogen components in the melanized precursor monomers.
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Figure S1.7: 1D >N CP DNP MAS NMR spectral overlay of L-Tyr-melanin, TA-melanin, L-
DOPA-melanin, and DA-melanin. The peaks originate from pyrrole, indole, hydroxyindole,
amide, and primary amine groups at ~d 160 ppm, 135 ppm, 115 ppm and 22 ppm respectively.
The chemical shifts of nitrogen standards are shown in Figure S1.5. Out of the four melanins,
TA-melanin (blue) is the most upfield and is the only sample without a pyrrole shoulder peak at
~0 160 ppm. All samples had a primary amine peak at ~6 35 + 10 ppm.
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Figure S1.8: Spectral analysis of 4-HI-melanin. (top) 1D **C NMR of 4-Hl-melanin (black) is
overlaid with 4-HI monomer (blue). (middle) Using concepts of symmetric versus asymmetric
linkage and chemical shift predictions via ChemDraw (Perkin-Elmer). All possible linkage
combinations were drawn, and its chemical shifts were predicted. The one that matched the most
with our experimental data was taken. We conclude a linkage of 5-5 between the 4-HI monomer.
(bottom) SEM images of 4-HI-melanin at different magnifications.
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Figure S1.9: Spectral analysis of 5-HI-melanin. (top) 1D *C NMR of 5-Hl-melanin (black) is
overlaid with 5-HI monomer (blue). (middle) Using concepts of symmetric versus asymmetric
linkage and chemical shift predictions via ChemDraw (Perkin-Elmer). All possible linkage
combinations were drawn, and its chemical shifts were predicted. The one that matched the most
with our experimental data was taken. We conclude a linkage of 2-4 between the 5-HI
monomers. (bottom) SEM images of 5-HI-melanin at different magnifications.
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Figure S1.10: Spectral analysis of 6-HI-melanin. (top) 1D *C NMR of 6-HI-melanin (black) is
overlaid with 6-HI monomer (blue). (middle) Using concepts of symmetric versus asymmetric
linkage and chemical shift predictions via ChemDraw (Perkin-Elmer). All possible linkage
combinations were drawn, and its chemical shifts were predicted. The one that matched the most
with our experimental data was taken. We conclude a linkage of 4-4 between the 6-HI
monomers. (bottom) SEM images of melanized 6-HI at different scales are shown.
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Figure S1.11: Spectral analysis of 7-HI-melanin. (top) 1D *C NMR of 7-HI-melanin (black) is
overlaid with 7-HI precursor (blue). All possible linkage combinations were drawn, and its
chemical shifts were predicted. Due to the broadness of the melanized 7-HI peaks, there are
several possibilities of linkage between the 7-HI monomer groups. (bottom) SEM images of
melanized 7-HI at different scales are shown.
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Figure S1.12: 1D *C NMR of melanin produced by copolymerizing two monomers: a) L-
Tyr:TA melanin generated from a mixture of L-Tyr and TA, b) L-Tyr:L-DA melanin, c) L-
Tyr:L-DOPA melanin using A. bisporus tyrosinase. Comparison of the NMR spectra of these
mixtures to that of its pure monomers (shown below the copolymers) offers insight into the
monomer selectivity of this enzyme. This figure is provided as supporting information for Fig.
1.4a-1.4c in the manuscript where panels a-c in Fig. S1.12 supports panel a-c in Fig. 1.4.
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Figure S1.13: 1D *3C NMR of melanin produced by copolymerizing two monomers: a) TA:DA
melanin, b) TA:L-DOPA melanin, and ¢) DA:L-DOPA melanin using A. bisporus tyrosinase.
Comparison of the NMR spectra of these mixtures with that of pure monomers (Fig. 2) was used
to explore the monomer selectivity of this enzyme. This figure is provided as supporting

information for Fig. 1.4d-1.4f in the manuscript where panels a-c in Fig. S1.13 supports panel d-f
in Fig. 1.4.
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Figure S1.14: 2D NMR analyses of U-1*C,**N-L-Tyr-melanin. (top) 2D *3C-'3C PDSD spectra
of U-3C,®®N-L-Tyr-melanin showing the correlations between the atoms in the polymer at 10 ms
(left) and 100 ms (right) mixing times. (bottom) Observed correlations are depicted on the
tyrosine monomer as a function of mixing times. The order of appearance of the correlations is
drawn according to the intensity of the contour peaks with respect to each other from strongest to
weakest. The observed correlations are mostly due to intramolecular correlations instead of
intermolecular correlations, with the exception of possible intermolecular interactions between
stacked tyrosine units.

Note: The molecules that are of higher population are more likely to be detected by NMR. Not all
molecules in a system are going to be detected by NMR especially given the broadness of the
peaks, and PDSD doesn’t guarantee all components of the sample will be detected, which is why
we have combined our PDSD analysis with SPC5 data (Figure 1.5A). We tackled the C-C
relationship through both through-space and through-bond experiments to obtain as much
information as we can with the given technology. The DHI and DHICA units were detected in
SPC5, which confirms the conclusion from Fig. S1.1.

K. Additional Discussion. The significance of many possibilities for structural diversity in
eumelanin pigments explains why there are different variations of melanin in nature.



The sequential progression of intermediates in the Raper-Mason model is an oversimplification
that has not been addressed in the literature thus far. As such, our findings open a new avenue for
the exploration of the substantially nuanced Raper-Mason pathway that was previously based on
simple sequential progression.

Other decarboxylase steps were mentioned in Scheme 1 to point out there are many other enzymes
present in vivo, and which can each effect the output melanin.

In the past, very limited studies have been done on the selectivity of tyrosinase, for example,
Nistora and coworkers®! use the tyrosinase as a biosensor in electrodes. In a second example,
Florescu and coworkers®? focus on a tyrosinase-based biosensor developed to detect dopamine.
None of the works focused on the enzyme’s selectivity for the different metabolites in the Raper-
Mason pathway, nor the selectivity for unnatural substrates that could be present as shown in Fig.
3 (4-HI, 5-HlI, 6-HI, and 7-HI) and how all these alter the melanin’s structure.

Rl ppm (\ A tyramine
\

L- dopa

dopamine

00 200 -300 400 500 500 300 250 200 150 100 50 0O -50
Charmicall whift dppm| be) \5N (pprn)

Figure S1.15: (left) Solid state >N NMR spectra of poly(dopamine) (400 MHz, spinning rate: 6
kHz).5* (right) The >N NMR spectrum of the four precursor melanins (Tyrosine NP, tyramine
NP, L-dopa NP and dopamine NP) presented in this study acquired with DNP (600 MHz,
spinning rate: 12.5 kHz).

It should be noted that the melanin polymers prepared in this study were prepared using different
methods than those previously reported in the literature.S® Previous protocols involve washing the
melanin polymer with harsh 6 M HCI after being polymerized, “The reaction mixture was then
brought to pH 1 by addition of 6 M HCl and boiled for 20 min.” This additional step destroys the
overall pigment structure, while our approach of thoroughly washing the polymers with H2O is
noninvasive. This explains why our 2D NMR spectra and the conclusions drawn from this study
are different from what has been published.
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Chapter 2 Chemoenzymatic Isolation and Characterization of High Purity Mammalian
Melanin

2.1 Introduction
Melanin is the generic name for a ubiquitous family of polymers found across a variety of

organisms in nature.! Although mostly investigated in humans in relation to melanoma skin cancer,
its remarkable stability has enabled the detection of melanin in dinosaurs, early birds, non-avian
theropod and cephalopod fossils.? While recognized for its role in decoding evolution,® a detailed
understanding of the role and function of its complex organization within tissues continues to
challenge our perception of molecular and structural biology.* At the molecular level, melanin is
a class of biological polymers derived from complex linkages between a small set of monomeric
building blocks with eumelanin arising predominantly from 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA),® pheomelanin from benzothiazine and benzothiazole
(both derived from 5-S-cysteinyl-DOPA),® neuromelanin from DHI,’ allomelanin from 1,8-
dihydroxynaphthalene,® and pyomelanin from homogentisate.®

The determination of the molecular structure of each of these five types of melanin
polymers has faced significant obstacles.'® First, melanin particles are insoluble solids with purity
that is often difficult to evaluate by traditional methods such as solution-phase NMR. Second,
common atomic-resolution approaches, such as single crystal or powder X-ray diffraction, have
failed due to melanin’s non-crystalline morphology. Alternatively, solid-state NMR (ss-NMR)
studies have provided an initial understanding of the structural features.!* However, these can be
complicated to interpret due to contaminants and metabolites that obscure conclusive structural
assignments. While access to synthetically and enzymatically-produced melanin can offer a viable
approach to obtain melanin samples at high-purity, they fail to meet the structural complexity

observed within nature.!? In an effort to understand the structure-function relationships of natural
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melanin, we began with the goal of isolating highly pure melanin samples from diverse mammalian
tissues.'® Here we report the development of a chemoenzymatic process which unites enzymes for
tissue catabolism with solvent density gradients and tracks the process with fluorescent probes
specific for biomolecular labeling. This methodology delivers a reproducible model for obtaining
highly purified, isolated melanin that is further characterized using SEM and ss-NMR. These tools
enable quantitative analysis of melanin content within tissues, which can be extended to other
organisms.

Melanin particles have been conventionally isolated using combinations of strong acid (6
M HCI) or base (6 M NaOH) at elevated temperatures (60-100°C for 12-48 h) or by microwave
assistance.** While effective at yielding black pigments, these methods are known to dissolve
eumelanin, altering its structure by encouraging reactivity within the DHI and DHICA
monomers.’® Alternatively, enzymatic digestion has been tentatively explored as a milder
alternative.'® While enzymatic treatments do not perturb the architecture of melanin nanoparticles,
they are reported to be inefficient at removing proteins and lipids and suffer from low product
yield.'” Small molecule contaminants are typically removed with organic solvent extractions
(petroleum ether, ethyl acetate, acetone or ethanol). These can be combined with redox modulation
using dithiothreitol (DTT)'® and proteolysis (proteinase)’® as a means to reduce protein
contaminants even further. Together, this purification method can provide quantitative analysis of
melanin content within tissues, which can be extended to other organisms. Thus, we sought to
develop an improved approach using novel sets of treatments.

We began by developing a method to first digest the primary structural components of a
tissue, followed by steps to digest any remaining non-melanin biopolymers. We designed a four-

step protocol (Fig. 2.1) beginning with surgical isolation of a tissue sample (step 1, Fig. 2.1). Once
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removed and washed with physiological buffer, the process began by digestion of the connective
tissues within the sample using an enzyme such as collagenase (step 2, Fig. 2.1). Next, a cocktail
of enzymes (step 3, Fig. 2.1) was applied to degrade the remaining biopolymers (DNA with
deoxyribonuclease (DNase) and lipids with lipase) into readily extracted aqueous soluble
fragments. The final step removes all small molecules and undigested cellular contaminants by
using the high density of melanin as a tool for selective gravimetric purification from an organic
solvent mixture (step 4, Fig. 2.1). This four-step process was able to yield pure melanin that could

be validated by SEM imaging and ultimately using ss-NMR analysis on the final extract.

Step 1
tissue sample

Step 2 Step 3

DNA
removal

lipid
removal  crude
melanin

melanin
pellet
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= tissue
* . .
collagenase DNase lipase
@ D1AG

pure melanin

( D1A-H )

(D1B-H )

Step 4

density

{

isolation separation

e

4

GRADIENT

Figure 2.1: A four-step procedure was developed to isolate melanin from a mammalian specimen.
(Step 1) This process began by dissecting the melanin-containing tissue sample D1-A from a
specimen. Care was taken to surgically remove tissues that did not contain the pigment. (Step 2)
This was then followed by digestion of the connective tissue to deliver a melanin pellet after gentle
centrifugation. The final two steps served to purify the melanin. (Step 3) This began with
degradation of DNA by a DNase and lipids with a lipase. (Step 4) Finally, an organic solvent
density gradient was used to remove small molecule metabolites and select for the dense melanin
particles. Fractions within this study are given by D1A-B to D1A-H or D1B-B to D1B-H, where
D1A or D1B indicates the respective insoluble (D1A) or soluble (D1B) fractions after the first
collagenase treatment. The last letter denotes the step in the process, as given by: A, after
dissection; B, after first collagenase treatment; C, after sonication; D, pellet after second
collagenase treatment; E, after washing the pellet with deionized H>O; F, after DNA removal with
DNase; G, after lipid removal with lipase; and, H, after organic solvent density gradient separation.
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Accessing local tissue banks for marine mammals (NOAA West Coast Regional Stranding
Network permit file 151401WCR2019PR00028 to D.D.D.), we acquired a sample of tissue from
the short beaked dolphin, Delphinus delphis, with which to evaluate this approach. This specimen
was selected because melanin from dolphin has not been previously studied (providing an excellent
test of a methods applicability), and the thick, leathery tissue presented a significant experimental
challenge to test our method. As shown in Fig. 2.2a-2.2b, we surgically removed 1 cm x 2 cm
sections from pigmented skin tissue proximal to the dorsal fin. Careful surgical procedures were
used to isolate the dark stratum corneum (outermost layer, Fig. 2.2c). Surgical preparation of the
melanin-containing tissue (step 1, Fig. 2.1) profoundly enhanced the ease in conducting the process
and purity of the final melanin isolated.

Following dissection, digestion of the connective tissue (step 2, Fig. 2.1) was performed
with a 2.28 g sample D1-A incubated at 37 °C for 24 h with 115 mg of collagenase (0.05 g/g of
tissue) in 20 mL of deionized H>O. After incubation, the solution was decanted to provide
insoluble, undigested D1A-B and soluble, digested D1B-B (Fig. 2.2d) fractions. At this point, the
insoluble samples were homogenized by sonication. This process repeated until all materials were
digested. When complete, the supernatant was decanted from all fractions, and the melanin was
thoroughly washed with deionized H20O to remove any residual enzyme. Following centrifugation
and supernatant removal, both samples were subjected to a second collagenase treatment, which

delivered samples D1A-D and D1B-D (Fig. 2.2e).

44



suspended settling packing deposited (D1A-H)

Figure 2.2: Images documenting the key steps of the chemoenzymatic process applied to the skin
of dolphin Delphinus delphis to extract melanin. a) Freshly stranded specimen undergoing
necropsy analysis by NOAA employee. b) Skin tissue that was surgically removed from this
specimen (white circle). ¢) An exemplary sample was prepared for this study after the removal of
all non-melanin containing tissues. d) Insoluble (D1A-B) and soluble (D1B-B) fractions from the
first digestion with collagenase. e) Samples D1A-D and D1B-D after sonification, additional
collagenase treatment and centrifugation at 4200 rpm. Black melanin pigment is seen settled at the
bottom. f)-i) Steps of the density gradient process. f) Homogeneously suspend melanin power after
enzymatic purification in a mixture of CH.Cl> and MeOH such that it remains suspended when
shaken. g) After sitting at 23 °C for 15 min, the melanin particles settle. h) This procedure is
repeated 3 times allowing final transfer and i) depositing in a storage vial. During the settling stage,
the heavy melanin particles sink while other biological particles (white to grey color) float, which
is readily removed by decanting or removal by syringe. This experiment was repeated three times,
with analytical data collected from the third repetition. Samples from the first two repetitions were
used for ss-NMR analyses and select samples from the third repetition are shown.

Finding that repeated treatment with collagenase was required for optimal extraction yield,

we realized a diagnostic tool could be used to monitor the purification process. After exploring a
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panel of stains, we identified three fluorescent dyes able to detect lipids (Nile red),
oligonucleotides (4,6-diamidino-2-phenylindole, DAPI) and proteins (Alexa fluor 488 NHS ester,
an amine reactive stain) in the sample. Each stain was developed in parallel by placing a 20 puL
drop of each sample on a glass slide and adding 5 pL of aqueous dye solutions: 1 mM Nile Red, 1
mM DAPI, or 1 mM Alexa fluor 488 NHS. After incubating for 20 min at 23 °C, a coverslip was
placed on the slide and the slide imaged on an inverted fluorescent microscope (EVOS,
Invitrogen). As shown in Fig. 2.3a, considerable lipid (red in N) and an oligonucleotide,
DNA/RNA (blue in D) contamination was observed in the material collected after collagenase
treatment D1A-E and D1B-E (Fig. 2.3a). While not unexpected due to the proteolytic activity of

collagenase, we did not observe significant levels of protein contamination.

46



b) lipid (N) DNA (D) protein (A)

KR i’;‘. ’“

.}'
lipid (N DNA (D protein (A lipid (N protein (A)
-~
- . -
[ 3
& .

¢

4 A
< . [ ]
* :
™ PP o
8 E -
. - » >

Figure 2.3: Screening for melanin purity using combination of bright field and fluorescence
microscopy. A three-stain protocol was developed to label samples during the enzymatic
degradation process for biopolymeric impurities. This consisted of using Nile red to stain lipids
(red fluorescent, N), DAPI (4',6-diamidino-2-phenylindole) to stain DNA (blue, D) and Alexa
fluor 488 NHS, an amine-reactive stain for protein (green, A). a) Images of stained samples of the
pellet after collagenase treatment and washing (D1B-E). b) Images of stained samples of the pellet
after lipase treatment (D1A-G). c) Images of stained samples of the pellet after DNase treatment
(D1A-F is shown). d) Images of stained samples of the pellet after the organic solvent density
purification (D1B-H). After each step, both D1A and D1B samples were comparable, only one
example was shown as given by sample number. For each stain, a bright field (transmission) and
fluorescent image are provided. Fluorescence was collected by imaging with excitation (Aex) and
emission (Aem) at 531+40 and 593+40 nm (Nile red), 357+44 and 446160 nm (DAPI), or 470£22
and 525+50 nm (Alexa fluor 488 NHS). Scale bars denote 100 um for all panels. Dark images
denote the lack of fluorescence (all taken under the same acquisition settings).

A

With this knowledge at hand, we moved on to digest lipid and oligonucleotide
contaminants. The black pellets from D1A-E and D1B-E were resuspended in 25 mL of 2 uM

bovine pancreas DNase and sonicated for 5 min on ice. After precipitation by gravity at 23 °C, the
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pellet was collected and washed 3x with deionized H»O to yield 23.6 mg (dry weight) of DNA
free melanin D1A-F and D1B-F (Fig. 2.3b). Using a comparable procedure, the samples were then
suspended in 25 mL of 2 uM Amano lipase from Pseudomonas fluorescens and sonicated. After
precipitation by gravity at 23 °C, the pellet was collected and washed 3% with deionized H2O to
yield 17.4 mg (dry weight) of lipid free melanin D1A-G and D1B-G (Fig. 2.3b).

While enzymatic treatment was sufficient to remove the majority of biomolecular
contamination within the pigments, samples after D1A-G and D1B-G (Fig. 2.1) remained
contaminated by small residual molecules. After exploring different options for purification, we
found that melanin density (1.5-1.8 g/cm®)?° could serve as a means of purification. By mixing
CH.Cl (1.33 g/cm®) and MeOH (0.79 g/cm?®) in varying ratios, we identified conditions allowing
only the melanin particles to settle via gravity. For the example shown in Fig. 2.2f-2.2i, we
suspended the crude melanin pellet D1A-G or D1B-G in 1 mL of MeOH and added 2.5 mL of
CHCI, and mixed by shaking. Once suspended (Fig. 2.2f), the melanin particles slowly settled
over 20-30 min. Removal of the solvent, transfer to a storage vial and replication of the process
(Fig. 2.2h) allowed the reproducible isolation of packed melanin samples (note: when pure melanin

is dried (Fig. 2.2i), it is highly electrostatic and difficult to transfer to storage vials).
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Figure 2.4: SEM imaging to assess structural purity, with images of: a) the skin after dissection
as shown macroscopically in Fig. 2c; b) the tissue observed after the first collagenase treatment
(D1A-B); c) the pellet after DNase treatment (D1A-F); d) the pellet after lipase treatment (D1A-
G); e) purified melanin after the organic solvent density gradient purification (D1A-H), and; f)
melanin from sample D1A-H at higher magnification. After each step, both D1A and D1B samples
were comparable, only one example was shown as given by sample number. All scale bars denote
1pum.

Next, we applied scanning electron microscopy (SEM) to validate the purification and
strategy and characterize the materials (Fig. 2.4). Here, SEM analysis allowed for the evaluation
of the structural purity of the melanin in parallel with its overall chemical purity. Not unexpectedly,
samples collected at early steps in the purification process returned images of tissue surfaces (Fig.
2.4b), and with additional enzymatic treatment and density purification (Fig. 2.4c-2.4d) returned

uniform spheroids 0.42 £ 0.06 nm diameter and 0.60 £ 0.10 nm in length (Fig. 2.4e-2.4f).
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Interestingly, while collagenase treatment delivered a black pigment, pure melanin was not

obtained until digestion of both lipid and oligonucleotides within these samples.
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Figure 2.5: Molecular purity of melanin assessed by ss-NMR. a) A 1D *C CP NMR spectrum of
a 30 mg sample of purified melanin (D1A-H and D1B-H from two repetitions of the study).
Comparative analyses against 3C NMR spectra of solid monomers b) tyramine, c) L-tyrosine, d)
dopamine and e) L-DOPA (all shown in blue) allows one to suggest the monomeric composition
of the melanin.*' We further validated the sample purity by comparison with samples of melanin
from jumbo squid and cuttlefish ink (Supporting Fig. S2.2).2* Supporting Fig. S2.3 provides a
comparison of the NMR spectrum collected from D1A-H and D1B-H to that obtained from jumbo
squid and cuttlefish ink. Supporting Fig. S2.4 provides a comparison of the NMR spectral data to
melanin prepared by the action of the action of the Agaricus bisporus (mushroom) tyrosinase on
L-tyrosine or L-DOPA.

Finally, we turned to ss-NMR to evaluate the isolated melanin at the molecular level.
Combining samples D1A-H and D1B-H from two repetitions of this experiment, as noted in Fig.
1, provided a sufficient sample of pure melanin (30 mg) for ss-NMR analyses. As shown in Fig.
2.5a, we collected a 1D *C CP NMR spectrum from this batched sample. Using an approach
recently implemented in our laboratory,!'® we also collected ss-NMR spectra from the four
monomers that can be observed during the Raper-Mason pathway, including tyramine (Fig. 2.5b),

L-tyrosine (Fig. 2.5c), dopamine (Fig. 2.5d), and L-DOPA (Fig. 2.5e) (see further discussion on
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these substrates and their role in the Raper-Mason pathway in our previous work*?). Overlays of
these spectra with that obtained from the purified dolphin melanin were used to guide the
assignments. While the substrates shown in Fig. 2.5, represent possible substrates or precursors
for the dolphin tyrosinase, detailed screening efforts on cloned and expressed dolphin tyrosinase
are required before the true substrate scope can be identified.

As shown in Fig. 2.5b-2.5e, the carbonyl peak at 174 ppm of the dolphin melanin indicates
the dominance of tyrosine and L-DOPA. The peak at 155 ppm (weak peak observed) representing
phenol groups is in agreement with those from tyrosine and tyramine. The aromatic region between
100 and 150 ppm shows distinct chemical shifts in agreement with those arising from tyrosine,
tyramine and L-DOPA at 131 and 120 ppm. The aliphatic region between 0 to 100 ppm of the
dolphin spectrum agrees more with tyrosine and L-DOPA. Together, we can gather that the
dolphin melanin consists mostly of tyrosine, L-DOPA, and minor amounts of tyramine, with no
evidence of dopamine intermediates. We hypothesize the precursor makeup results in a specific
melanin species that contributes to melanosome morphology and plays a role in pigment
organization.

In addition to its identification of the core unit of eumelanin, ss-NMR spectra collected on
dolphin melanin (Fig. 2.5a) contained significant peaks at 20-30 ppm, typical of lipids or proteins.
While not commonly reported, natural melanin often covalently-attaches peptides, proteins or
lipids that are not removed during the isolation process.?> While use of harsh acid and basic
treatments may lead to ester or amide hydrolyses (in part removing covalently attached lipids or
proteins/peptides) these resulting melanins no longer reflect their natural state. While a matter of

further study, a detailed understanding of the post-biosynthetic modifications (covalent
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modification by lipids, peptides or proteins) is an important next step towards understanding of
the natural structure of melanin pigments.

2.2 Conclusion
Overall, this study demonstrates an important synergy between chemoenzymatic sample

preparation guided by microscopic monitoring for molecular, structural, and atomic purity. Here
we defined a method leveraging mild enzymatic conditions to free melanin particles entrained in
tissue, which also enables the systematic removal of contaminating biomolecules. We also
illustrated how organic solvent density gradients can be used to further enrich dense melanin
particles. This method offers an alternative to conventional methods, many of which provide
excellent quantitative utility.?® Applying this methodology to short beaked dolphin tissue, we
achieved 16.2 mg of total melanin from 2.28 g of wet tissue, indicating this sample of Delphinus
delphis skin contained about 0.7% melanin. Using visual (Fig. 2.2) and microscopic (Figs. 2.3-
2.4) methods to analyze the discarded liquid fractions at each stage, we were able to ensure that
<1% of the melanin was lost through this process. The isolated melanin was evaluated by electron
microscopy (Fig. 2.4) and ss-NMR (Fig. 2.5), and we deduced that the melanin polymers are
dominated by tyrosine and L-DOPA, resulting in spheroids with highly regular shape. Studies are
now underway to apply this approach to survey melanin from diverse bacterial,?* fungal,® and
mammalian?® specimens.

2.3 Supporting Information
A. General methods. Chemical reagents and enzymes were purchased from

Worthington, Sigma-Aldrich, or Fisher Scientific and used ‘as is’ unless noted. Milli-Q

deionized water was used at all stages of the procedure.
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B. Tissue sampling. Samples were cut from the skin of the tissue sample using a fillet
knife (Berkeley Fishing). The samples were cut into 1 cm x 2 cm sections and the non-melanin
containing tissues (white, colorless) were removed using a #3 scalpel (Fisher Scientific).

C. Collagenase digestion. Skin sample (2.28 g) D1-A was placed in a 50 mL Falcon tube
and H20 (10 mL) was added until the sample was submerged. Collagenase Type | (Worthington
Biochemical) (0.05 g/g sample) was added as a powder and the tube was shaken until the
enzyme dissolved. The sample was then digested at 37 °C for 24 h to provide a sample that was
soft enough to tear. Note: while this sample was easily broken and soft at this stage, not all
tissues may be sufficiently digested with this procedure. We recommend that the sample be
checked after the first treatment. If the sample was not soft enough to easily break apart the
aqueous media was removed and the process was repeated. At this stage, the sample was
separated into two fractions insoluble, undigested (D1A-B) and soluble, digested (D1B-B), and
sonicated for 20 min (3 s on, 4 s off). After sonication, the solution was left to precipitate by
gravity. Layers of solution lacking black hue were removed and another 2.5 mg of collagenase
was added for every 1 mL of black solution. The sample was shaken and incubated at 37 °C for
another 24 h. At this point, the sample was highly uniform and black. The sample was then
washed three times by suspending in an equal volume of water and collecting by centrifugation
(4200 rpm). Note: this may not be the case for all samples. If the sample was not highly uniform
and black, then the process of adding in 2.5 mg of collagenase for every 1 mL of black pellet and
incubation was repeated until uniformity was achieved. Once washed, the sample was air-dried
and weighed to afford 41.2 mg of melanin pellet (11.2 mg from D1A-E and 30.0 mg of D1B-E)

with 98 % of tissue mass lost, resulting in 1.8 % of the original mass.
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D. DNAase treatment. Samples D1A-E and D1B-E were processed independently and
not combined. Each sample was resuspended in H20 (25 mL) and 1.5 mg of deoxyribonuclease |
(2 uM, 31 kDa) from bovine pancreas (EC number: 3.1.21.1, Sigma Aldrich) was added per mL
of black solution. The sample was sonicated for 5 min (3 s on, 4 s off). The resulting suspension
was allowed to precipitate by gravity for 24 h. The opaque supernatant was removed. The sample
was washed three times with water and centrifugation (4200 rpm). The pellet was collected, air
dried and weighed to afford 23.6 mg of DNA-free melanin (10.6 mg from D1A-F and 13.0 mg
from D1B-F) with 43 % of the mass lost in this process, resulting in 1.0 % of the original mass.

E. Lipase treatment. Again individually, D1A-F and D1B-F were suspended in H20 (25
mL) and 1.5 mg of Amano lipase (2 uM, 33 kDa) from Pseudomonas fluorescens (EC number:
232.619.9, Sigma Aldrich) was added per mL of black solution. The sample was sonicated for 5
min (3 s on, 4 s off) and the suspension was allowed to precipitate by gravity. The opaque
supernatant was removed and the sample was washed with water and centrifuged three times.
The pellet was collected, air dried and weighed to afford 17.4 mg of melanin (7.8 mg from D1A-
G and 9.6 mg from D1B-G with 26.2 % of the previous mass lost, resulting in 0.7 % of the
original mass.

F. Gravimetric purification over an organic solvent gradient. The resulting pellets
were joined by suspension in anhydrous MeOH (1 mL) as illustrated in Fig. 2.2f. Anhydrous
CH2CI2 (2.5 mL) was added until the black precipitate began to settle (Fig. 2.2g). After 15 min,
the supernatant containing colorless particles was removed by pipette. The process was repeated
3%, with the third being transferred into a storage vial (see Fig. 2.2h-j). After air-drying, the
pellet was weighed S4 to afford 16.2 mg of melanin (8.4 mg from D1A-H and 7.8 mg from D1B-

H), indicating that Delphinus delphis skin contained 0.7 % m/m of melanin (wet weight).
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G. Melanin purity monitoring through fluorescent staining. A 20 = 10 puL sample was
placed on a 25 x 75 x Imm microscope glass slide (22038103, Fisher Scientific) and 5 uL of a 1
mM solution of the fluorescent stain dissolved in H20 containing 5% DMSO was added. The
mixture was briefly stirred using a pipette tip and allowed to sit for 20 min. At this point, a
rectangular cover glass (12-542B, Fisher Scientific) was placed on the sample. Images were
collected on an EVOS fluorescent microscope using 20x magnification with excitation (Aex) and
emission (Aem) at 531 + 40 and 593 + 40 nm respectively (Nile red), 357 + 44 and 446 + 60 nm
(DAPI), or 470 + 22 and 525 + 50 nm (Alexa fluor 488 NHS). Images were processed in
Photoshop (Adobe) with identical cropping and exposure adjustments (+1) for each image.
Images were assembled into a figure using Animate (Adobe) and identical image processing and
the display was used for all images. Raw image files can be provided upon request.

H. Melanin purity monitoring through SEM imaging. Dried melanin powder was
placed on conductive carbon tape on an aluminum sample holder and coated using an iridium-
sputter coating for 8 s. An FEI Quanta FEG 250 microscope was used for acquiring images using
a 3-5 kV energy source with a spot size of 3 under high vacuum at a working distance of 9 mm.
Images were processed in Photoshop (Adobe) with identical cropping for each image. Images
were assembled into a figure using Animate (Adobe) and identical image processing and the
display was used for all images. Raw image files can be provided upon request.

I. ssNMR-analyses. Data was acquired on a 750 1 H MHz spectrometer (Bruker).
Spinning sidebands from the NMR were labeled in the spectra and do not overlap with peaks of
interest. When there was uncertainty, the CP experiment was run at multiple spinning

frequencies to verify peaks. All NMR spectra were recorded with complete proton decoupling.
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FID files were processed using TopSpin 3.2 (Bruker) and MestreNova 6.0.2 (Mestrelab
Research).

Dolphin melanin. Dried natural abundance melanin sample (~30 mg) was packed in 3.2
mm Bruker rotor. 1D 13C CP spectra of the precursor monomers were acquired with 12k scans
and a recycle delays of 3 s. The CP contact times were optimized to 2 ms, with a 1 H decoupling
of 83 kHz and a spinning frequency of 13.5 kHz. The intrinsic heterogeneous nature of melanin
biopolymer results in broad line width in the NMR spectra, which cannot be improved with
higher field, spinning frequency, or temperature of the experiments. The cross polarization
experiment was chosen due do to its usefulness and applicability in what we wanted to achieve.
Spectral editing and direct polarization experiments were not feasible due to the long acquisition
time of the experiments.

Precursor monomers (L-Tyr, Tyramine, L-DOPA and Dopamine). Natural
abundance monomers (30 mg) were packed in 3.2 mm Bruker rotor. 1D 13C CP spectra of the
monomers were acquired with 512 scans and recycle delays of 3 s. The CP contact times were
optimized to 2 ms, with a 1 H decoupling of 83 kHz and a spinning frequency of 13.5 kHz.
Overlays of these spectra with the dolphin melanin 13C CP spectrum were used for structural
assignment as shown in Fig. 2.5 of the manuscript.

J. Supporting Spectra. The following Figures provide supporting spectral analyses and

assignments.
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Figure S2.1: Octopus ink extracted and purified enzymatically. b). Octopus ink from the same
organism purified with 6M HCI, neutralized with base showing lost nanoparticle features.
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Figure S2.2: UV Visible spectra depicting the comparison between purified samples of jumbo
squid ink (blue) and cuttlefish ink (red) with the dolphin sample prepared in this study (purple).
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Figure S2.3: ss-13C-NMR spectra depicting the comparison between purified samples of jumbo
squid ink (jumbo) and cuttlefish ink (cuttlefish) with the dolphin sample prepared in this study).

a) 2 B ) c) 2 B Q

3 1 @ 3 1 @
/@/ \f/u\OH HOD/;%OH
N NH
HO™ 4 Hy HO o

e 6 oo ® © @ ® @ e o
| N 0 [ I ) 0 LA P R L R N SR R i PR L N R | | G2 [ I ST I NS O [ EE A 0 I 6 % S PN CREE RN (5 NS R [ PR |
200 150 100 50 0 200 150 100 50

~—03%C (ppm) ~—03%C (ppm)

b) melanin prepared from L-Tyr d) melanin prepared from L-DOPA
*
3 *

200 150 100 50 200 150 100 50

~— 3%C (ppm) ~— 5%C (ppm)

Figure S2.4: ss-13C-NMR spectra depicting the comparison the dolphin melanin and melanin
prepared in vitro by Agaricus bisporus (mushroom) tyrosinase. a) copy of panel ¢ from Fig. 2.5,
b) ss-13C-NMR obtained from melanin prepared by the action of Agaricus bisporus (mushroom)
tyrosinase on L-tyrosine. c) copy of panel e from Fig. 2.5, d) ss-13C-NMR obtained from
melanin prepared by the action of Agaricus bisporus (mushroom) tyrosinase on L-DOPA.
Methods and further details on the preparation of the melanins in panels b and d can be found in
Ni QZ, Sierra BN, La Clair JJ, Burkart MD. Chemoenzymatic elaboration of the Raper-Mason
pathway unravels the structural diversity within eumelanin pigments. Chem Sci. 2020, 11, 7836-
7841.
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Chapter 3 Investigating Methylene Diphenyl Diamine Alteration and Uptake by Soil and
Compost Organisms

3.1 Introduction
Over the last seven decades, the world has seen a tremendous surge in the generation of

plastic waste with an estimated 8 billion metric tons having been generated as of 2015, 79% of
which has accumulated in landfills and the environment.® Due to its durability, plastics and the
microplastics generated from these wastes are persisting in the environment and working their way
into our bodies through the food chain.? Microplastics ingestion leads to adverse health effects
including poor metabolism and reduced fertility, and chemical leaching from plastics can also lead
to endocrine disruption.? The ubiquitous presence of litter in oceans and landfills has highlighted
the need for biodegradable plastics from renewable feedstocks, which has come to fruition recently
with bio-based polyester polyurethanes (PUs).3* Polyester polyurethanes are largely biodegraded
using esterases, ureases, amidases, and proteases from bacteria and fungi.® Through the hydrolysis
and breaking of ester and urethane bonds, the microbial community can access the monomeric
segments of the polymer for food.®’

Characteristically, PUs contain repeating urethane linkages produced from a polyol and a
diisocyanate, though the identity of these molecules can vary greatly depending on the desired
properties of the product. A common diisocyanate incorporated into PUs is 4,4’-
methylenediphenyl diisocyante (MDI), a petroleum product used to give the polymer rigidity due
to its aromatic structure. The hardness provided by MDI’s diphenyl structure unfortunately
exacerbates the challenges relating to its biodegradability. Recent developments in biodegradable
PUs are a unique opportunity to reduce the amount of forever plastics with eco-friendly
alternatives. With these promising new PUs in their ability to stop microplastic persistence in the

environment, it does in turn raise the question of component toxicity, where these monomers were
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not previously believed to be released. One hypothesized degradation product of MDI-based
polyurethanes is 4,4’-methylenediphenyl diamine (MDA), predicted to be released during the
hydrolysis of the urethane bonds of a PU forming after water cleaves the ester group, followed by
decarboxylation.®® MDA is considered a potential human carcinogen and an environmental risk,
thus examining how this intermediate is processed is vital to evaluating the environmental impact
and safety of biodegradable PU formulations that use MDI as the diisocyanate component.©
Although various bacteria including Acinetobacter, Corynebacterium, and members of the genus
Pseudomonas have been extensively studied for PU degradation, these studies have provided no
conclusive evidence on what happens to MDA during biodegradation.*'*? There has also been a
recent fungal study published, however the assertion that an organism consumes MDA was not
fully supported by the data and the approach outlined in this work takes a different aspect while
not fully convinced there is an organism out there which consumes this monomer.** Though there
has been no conclusive evidence yet on MDA consumption, there is observation of yellowing in
PUs which occurs over time, which can be attributed to UV breakdown of aromatics within PU
backbones through a photo-fries rearrangement followed by quinone formation. **° Given this, if
there is potential for MDI-based polyurethanes to generate MDA that could persist in the
environment, it is a barrier to generating 100% biodegradable PU materials and there is still a need
to determine if this small molecule gets metabolized or if it is toxic to microbial organisms.

To better understand how MDA is utilized by microorganisms responsible for PU
degradation, this study set out to investigate if the organisms that can grow using these PUs as
their sole carbon source could also breakdown MDA itself. Understanding if organisms in a soil
or compost environment can biologically or abiotically remove MDA from the metabolic pool can

help guide future biodegradation studies of PUs and innovation in modification of bacteria toward
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MDA consumption if needed. In this work a multi-faceted approach was employed to analyze the
biodegradation and modification of MDA, by PU consuming bacteria including activity assays and
passaging studies. Mass spectrometry, NMR, and metagenomic sequencing, were able to provide
an in depth model of the biological and physiochemical modifications of MDA that can occur in a
terrestrial PU biodegradation environment. Herein, it is demonstrated that the presence of at least
one of three bacteria are needed to survive in the presence of MDA and have potential to
breakdown the monomer.

3.2 Methods and Materials
3.2.1. Passaging experiment for analysis of environmental consortia growth utilizing PU

monomers in the presence of MDA

Organisms previously identified to grow on PU formulations® were streaked from frozen
glycerol stocks and grown up on Luria Broth-Agar plates. Colonies were then picked and grown
up in 100 mL of Luria Broth (LB) media for 5 days shaken on a shake table at a low speed to
produce each starting culture. All starting cultures were combined at an ODgoo value of 0.05 into
50 mL total culture volume along with M9 salt media with 0% dextrose for the inoculant culture
to acclimate to M9 salt media while being shaken on a shake table at a low speed. After 3 days this
culture was then used as an inoculant at an ODgoo vValue of 0.01 into a total culture volume of 25
mL of M9 salt media, M9 salt media with 25 mg/L MDA, or M9 salt media with PU monomers
without MDA, M9 salt media with PU monomers with 25 mg/L MDA. M9 salt media with 25
mg/L MDA were made 24 hours before needed in order to solubilize the small molecule. These
experiments were done in triplicate and shaken on a shake table at a low speed. ODsoo Values were
taken on day 0O, 7, and 14 to measure how well each culture was growing. For each time point 1
mL of each culture was transferred to 1.5 mL Eppendorf tube and frozen for Orbitrap MS studies.

After an ODsoo value was taken on day 14, this solution was used as an inoculant in a fresh solution
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of appropriate M9 salt media for a total volume of 25 mL and a total culture ODsoo of 0.01 for the
next passage of the experiment. This was repeated for 4 consecutive passages over 8 weeks of this

experiment.

3.2.2. Metagenomic sequencing of organisms after passaging experiment

Cell pellet samples from the final day of passaging, Day 56, were collected by Swinnex
filtration of the 25mL sample. DNA was then extracted using a QIAGEN DNeasy PowerSoil Pro
DNA Kit (cat# 47014) on the cellulose filter membranes from the filter collection. DNA was
analyzed for purity using ODa2so2s0 measurements reading a 1.87-1.89 for all samples and
concentrations were taken with an Invitrogen Qubit 2.0 Fluorometer (cat# Q32866). Initial
readings were saturated at >600 ng/mL and were diluted until final concentrations of 40-70 ng/mL

were obtained. 16S sequencing was conducted and analyzed by Novogene.

3.2.3. Activity assay to determine uptake of monomers released from PU by organisms

To identify what organisms from the passaging study can degrade each monomer within a
PU formulation, a plate assay was created in which organisms previously identified were grown
individually in 10 mL of LB media for 5 days shaken on a shake table at a low speed to produce
each starting culture. These cultures were then spun down and the supernatant was removed from
the pellet. Pellets were resuspended in M9 minimal media to be washed then pelleted and the
supernatant was discarded again, this was repeated to thoroughly wash the rich media from the
organisms. Each pellet was then resuspended in 1 mL of M9 minimal media to be used as an
inoculant for the activity assay. Each small molecule was dissolved in 10 mL M9 minimal media

at 1 g/L concentration. To set up the assay, 100 uL of small molecule solution was added to 42

65



wells of a 48 well plate, followed by dilution up to 1 mL by M9 media creating a 100 mg/L
solution. Each of the 13 organisms was used to inoculate individual wells in triplicate, as well as
a blank sample. ODsqo values were taken of each plate for a day O time point, followed by shaking
on a shake table at room temperature and low speed for 1 week to allow for growth. ODsoo values

were taken of each plate on day 7 and day 14 to monitor growth.

3.2.4. Individual microorganism uptake study with MDA

Pseudomonas aeruginosa was identified as a candidate for being able to survive in the
presence of MDA and was therefore studied individually for MDA alteration. Pseudomonas
aeruginosa was inoculated in M9 media with 0.4% dextrose in 125 mL flasks. The flasks were
shaken at room temperature for 3 days to promote growth, indicated by increased turbidity.
Cultures were then spun down, and previous media was replaced with either M9 salt media with
0% dextrose for same day- spike in controls or M9 salt media with 0% dextrose and 3 mg/L MDA
for experimental. Five mL fractions of each culture were allotted into 16 mL culture tubes in
triplicate and shaken on a shake table at a low speed for the duration of the study. Time points
were taken on day 0, 2, and 3. For each time point 1 mL of each culture was transferred to 5 mL
Eppendorf tubes and spun down.

Same day-spike in controls were determined necessary to account for matrix effect issues
between MDA and the media in the cells. For these controls, to the spun down cultures, 10x
solution of MDA (100 mg/L) was spiked in at a 1:10 ratio, in order to account for matrix effects
of the media to cells. Samples were then centrifuged in order to pellet cells and the samples were

diluted 1:10 in MilliQ water to be analyzed by Orbitrap LCMS.
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3.2.5. ldentification of individual microorganism MDA conversion products using Liquid
Chromatography-Mass Spectrometry

4,4-methylenediamine (97% purity), 4',4"-methylenebis(acetanilide) and N-(4-(4-
Aminobenzyl)phenyl)acetamide were purchased from Sigma Aldrich. *C,°N labelled 4,4-
methylenediamine was purchased from Iso Sciences. Unlabeled standards in M9 media were
prepared from 0.5-10 mg/L and shaken overnight to promote full dissolution. Each standard was
diluted 1:10 in MilliQ water and run on a Thermo Fisher Alliance HPLC/Orbitrap Elite with an
ACE PFP C18 column 150 x 2.1 mm, 3um particle size. A 7 minute isocratic method was run
using 60% methanol and 40% 0.1% formic acid buffer pH 3.3 and a flow rate of 0.21 mL/min.
The column temperature was set at 45 ‘C.The Orbitrap HESI was run in positive mode at 3.5 eV.
The capillary temperature was set at 350 C. Detection parameters for the FTMS was at a resolution
of 15000 full scan mode between 90-1500 m/z. Five data dependent MS2 scans were run between
100-1500 m/z. MDA, MMDA, and DMDA calibration curves were created using peak areas of
the extracted ion chromatograms (M+H) for m/z values 199.12, 241.13, and 283.14. Identities
were also verified by MS/MS. Retention times were determined to be 2.50, 3.09, and 3.85 mins,
limit of quantification for each was 0.5 mg/L, and coefficients of determination were 0.997, 0.979,

and 0.996, respectively.

3.2.6. NMR analysis of individual organism MDA conversion products

Whole cell samples were taken of the organisms inoculated with 3 mg/L *C,**N-MDA,
purchased from Iso Sciences, over time. Time points of the experiment were taken on day 0, 2,
and 3. For each time point, 1.3 mL of each culture were transferred to Eppendorf tubes and

sonicated on ice for 20 s (2 s on, 3 s off). Samples were then lyophilized and stored at -20 C until
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used for NMR experiments. In order to prepare samples to go on the magnet, they were defrosted
and brought to room temperature as 0.5 mL of deuterated chloroform was added. Organic matter
that was solubilized was then transferred to a 5mm NMR tube for experiments. 1D *N INEPT
spectra of the sample contents were acquired with 3k scans and a recycle delay of 5 s at 298 K.

Data was acquired on an 800 MHz Bruker Avance.

3.2.7. Soil and compost consortia uptake study with DMDA

13C,5SN-DMDA purchased from Iso Sciences, was used for these studies. Six organisms
constituting each consortia, with soil consortia being made up of Heraspiriliums SP2 and SP3,
Rhodococcus’ SP1 and SLB2, Ochrobactrum SLB1, and Pseudomonas F5 and compost consortia
being made up of Pseudomonas CP1, Ochrobactrums CP2, CLB2, and CLB5, Achromobacter
CLB3, and Stenotrophomonas CLB4 were streaked and grown up on LB-Agar plates. Colonies
were then picked and grown up in LB to produce each inoculant starting culture. Consortia were
inoculated in M9 media with 0.4% dextrose in 125 mL flasks. The flasks were shaken at room
temperature for 3 days to promote growth, indicated by increased turbidity. Cultures were then
spun down, and previous media was replaced with either M9 salt media with 0% dextrose for same
day- spike in controls or M9 salt media with 0% dextrose and either 3 or 10 mg/L diacetylated
methylene diphenyl diamine (DMDA) for experimental studies. Five mL fractions of each culture
were aliquoted into 16 mL culture tubes in triplicate and shaken on a shake table at a low speed
for the duration of the study. Time points were taken on day 0, 2, 5, and 14. For each time point 1

mL of each culture was transferred to 5 mL Eppendorf tubes and spun down.

3.2.8. Liquid Chromatography-Mass Spectrometry analysis of consortia DMDA conversion
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Using the same LCMS/Orbitrap method as previously described, the °N-labelled MDA,
MMDA, and DMDA peaks were identified by M+H m/z values of 202.12, 243.13, and 286.14,

respectively and confirmed by MS/MS.

3.2.9. NMR analysis of consortia DMDA conversion

Whole cell samples were taken of the organisms inoculated with 3 or 10 mg/L *3C,'*N-
DMDA over time. Time points of the experiment were taken on day 0, 2, and 5 for the first compost
and soil studies with 3 mg/L DMDA or day 0 and 14 for 14 day soil studies with 10 mg/L DMDA.
For each time point, 1.3 mL of each culture were transferred to Eppendorf tubes and sonicated on
ice for 20 s (2 s on, 3 s off). Samples were then lyophilized and stored at -20 C until used for NMR
experiments. In order to prepare samples to go on the magnet, they were defrosted and brought to
room temperature as 0.5 mL of deuterated chloroform was added. Organic matter that was
solubilized was then transferred to a 5Smm NMR tube for experiments. 1D N INEPT spectra of
the sample contents were acquired with 3k scans and a recycle delay of 5 s at 298 K. Data was

acquired on an 800 MHz Bruker Avance.

3.3 Results and Discussions
3.3.1 Co-metabolism passaging experiment for analysis of consortia growth utilizing PU

monomers in the presence of MDA

As a community of organisms is typically present in any compost or soil environment bio-
based polyurethanes would be subjected to for biodegradation, this study set out to determine the
viability of a consortia of organisms in the presence of MDA over an elongated time period. In
order to ensure the organisms had a representative pool of small molecules similar to what would

constitute a polyurethane foam’s breakdown products this was conducted as a co-metabolism study
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with the monomers used in the relevant foam formulation. During the first two passages of this
study it is seen in Figure 1a that the growth of the consortia levels off after the first week and it is
expected that the organisms were acclimating to using the monomers available as a metabolite
source and began competing with one another for survival. As passage 3 began, continued positive
growth was seen over the two week period. As it was observed in both the 3™ and 4™ passages
(Figure 3.1), it is assumed the consortia has self-regulated and the culture is productively balanced
as it begin the uptake of each of the monomers. The growth of the organisms over time in the
experimental samples can be seen to be surviving at a comparable rate to the control experiment
without MDA present. This led to the conclusion that MDA is being processed in one of three
ways, it is either being consumed if able, or if toxic, being removed from the organism’s metabolite
pool or being physically removed through insolubilizing the small molecule, as some precipitates

were seen during the passages.
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Figure 3.1: Passaging and sequencing data. A) 8 week passaging study of relevant PU monomers
and MDA in M9 minimal media. B) 16S sequencing data for control of solely organisms with
monomers in triplicate, organisms with monomers and MDA in triplicate, and a calculated Day 0
time point for comparison.
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3.3.2. Metagenomic sequencing of organisms after passaging experiment

To achieve the goal of identifying MDA’s ecotoxicology on the consortia of organisms
previously identified to feed on PU foams, 16S metagenomic sequencing was utilized to analyze
the change in PU monomers over time were used. After 8 weeks and 4 separate passages, it was
hypothesized that the bacteria remaining was able to survive in MDA’s presence and either utilize
MDA or physiochemically or biologically remove MDA. Figure 1b displays which bacteria were
identified their relative amounts as enriched through the passaging studies. After calculating a day
0 time point based off of the original composition of the starting culture, through taking the average
original ODeoo for the samples and converting that to cell number, followed by relative amount
adjustment based on ODeoo value of both Day 0 and Day 56, the change in absolute cell number
in relation to the blank samples and experimental samples can be observed. Cell numbers for the
data were calculated by taking absolute abundances and accounting for 16S copy number of each
organism. In comparing cell number of day 0 starting point vs day 56 end point for the passaging
studies, it can be observed that the cultures did significantly grow and almost doubled the cell
counts raising from around 8,500 calculated day 0 to 19,000 on average for control and
experimental day 56. Another positive within the sequencing data is the cell numbers staying
relatively consistent across experimental and control samples, leading to reliable comparisons.
Notably, the Rhodococcus was greatly enriched in the MDA containing samples compared to the
control samples and the Pseudomonas and Ochrobactrum species seemed to still be present in
large quantities unlike Stenotrophomonas, Achromobacter and Heraspirillium which either
disappeared or died off. This led to the consideration of three organisms, Rhodococcus,
Pseudomonas, and Ochrobactrum as main candidates for allowing a consortia to adapt and grow

in the presence of MDA.
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3.3.3. Activity assay to determine uptake of monomers released from PU by organisms

In order to determine what microorganisms were responsible for degradation of each
monomer within the foam formulation and identify organisms that possibly grew solely on MDA,
a plate assay was created. All organisms from compost or soil that had originally been shown to
consume foam and were used in the passaging study were fed the individual diol and diacid
monomers of a polyurethane foam formulation along with MDA.. The activity assay showed that
each organism had one if not two major monomers it consumed as illustrated in Figure 2. The
Pseudomonads favoring diacid 1 and diols 1 and 3, and Heraspirillums also favoring diacid 1 and
diol 1. Rhodococcus while also favoring diol 1 also tended to grow better on diacid 2 rather diacid
1, opposite to Achromobater which favored diol 2 and diacid 1. While the variety of Ochrobactrum
tended to each favor a diol, with organism CLB2 having the best growth out of all organisms on
diol 3, SLB1 and CP2 also grew well on all diacids. Stenotrophomonas had the best growth on all

diacids and diols as a whole, while having the second best growth overall in the assay on diol 3.

diacid 1 | diacid 2 | diacid 3 | diol1 | diol2 | diol3 | MDA

F5 0.003 0.204 -0.002 | 0.070 [-0.156 | 0.143 | 0.023

Pseudomonas CP1 |0032 |0039 |-0.020 |0177 |-0.037 | 0055 |0.008
Heraspirilium SP2 0299 |-0.002 |-0.022 |0.154 |-0.123 | 0.009 |0.012
SP3 | 0001 |0009 |-0.048 |0.087 |-0.036 | 0.016 | 0.008
~rodococeus SP1 |0005 |0177 |0028 |0.155 |-0.075 |-0.035 |0.033
SLB2 | 0015 |0131 |0.001 |0.044 |0.034 |-0.015 | 0.008
SLBL |0145 |0201 |0041 |-0.013 |0.170 |-0.042 |-0.028
CP2 |-0.003 |0025 |0286 |0.317 |0011 |0083 |-0.034
Ochrobactrum

CLB2 | 0.033 0.046 -0.051 | 0.200 [-0.002 | 0.571 | -0.042

CLB5 | 0.042 0.113 -0.033 | -0.019 [0.268 |-0.018 | 0.049

Achromobacter CLB3 | 0.143 0.026 0.012 0.010 0.199 [0.001 [0.003

Stenotrophomonas | CLB4 | 0.045 0.140 0.023 0.050 [0.165 |0.371 |-0.003

blank | 0.016 0.011 0.097 0.014 |-0.029 [ 0.064 [ 0.003

Figure 3.2: Activity Assay Study. Results from monomer feeding study, heat map with red to
green relating to negative to positive growth respectively.
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With this data in hand, it was determined that each monomer had an organism or two which could
reliably consume it, with MDA being the only monomer in the renewable PU foam formulation
that does not have a microorganism observed to have significant enrichment on the monomer alone
over time. However, Rhodococcus SP1, Pseudomonas F5, and Ochrobactrum CLB5 showed the
most potential for growing on MDA alone, matching up well with the sequencing results for which

organisms seemed to survive the best over a time period of 8 weeks.

3.3.4. Individual microorganism uptake study with MDA

The initial studies involved using Pseudomonas aeruginosa for a first look at determining
how the small molecule was getting metabolized or altered within the biodegradation of renewable
polyester polyurethanes. Pseudomonads have been known to have acetylcholinesterases and C-
acyltransferases which catalyze the acetylation of amines and alcohols, leading to us using this as
a starting point.*®” With Pseudomonads already having infrastructure to modify amines within
their metabolic pools, as well as having seen positive growth of this organism on MDA within the
activity assay with little negative growth on other monomers as well as positive data from the 16S
sequencing data on the passaging studies done before, this was a preferable starting point.

First performing an LCMS study, over the course of 4 days the media containing
Pseudomonas aeruginosa and unlabeled MDA experienced a decrease in MDA concentration at
2.5 mins and new peaks were seen as peaks on the LCMS chromatogram at 3.1 and 3.8 mins, with
the corresponding m/z values 241.13 and 283.14. Chemical formula calculations predicted these
two m/z values to have the formulas CisH17N20 and Ci7H19N202 to within 5 ppm, which

corresponded to the M+H adducts of the mono- and di- acetylated MDA products.
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In follow up to the unlabeled MDA study with Pseudomonas, we performed a study with
10 mg/L C, ®N-labeled MDA and F5, to observe if any significant peak shifts using >N NMR
(Figure 3.1) were able to be visualized. At the 0-hour time point we see the peak for MDA with
its free amines corresponding to the peak within the proper range at 55ppm. By 24 hours, two
peaks were observed, the previously seen amine peak for °N-MDA at 55 ppm, and a new peak at
130 ppm, in the range of amide bonds, which was a shift from the standard signal (Figure 3.3).
After 72 hours, the 55 ppm peak corresponding to the starting amine was no longer present, instead
all detectable nitrogen in the sample was present in a single peak at 130 ppm. This peak shift
signifies the movement of the amine into the range of amide peaks for nitrogen by N NMR

chemical shifts.

a) b) Day 3 [t
283.14 Day 0
199.12 Day 2 e AP DA A SN
> Day 3 Day 2
@ 241.13
g | >
£ Loy B
% SR AT N Ao A PP &
g =
z Day 0
14

Retention time (mins) N (ppm)

Figure 3.3: Pseudomonas aeruginosa studies for MDA uptake a) LCMS data over 0 days (red), 2
days (green), and 3 days (blue) b) >N labeled MDA NMR study shown over 0 days (red), 2 days
(green), and 3 days (blue)

In a corresponding test using the *3C, *N-labeled MDA as a substrate for MS, the labeled
MDA peak at 202.12 m/z value decreased and two new peaks having m/z values 244.13 and 286.14

appeared. These two peaks corresponded to the chemical formulas *3CCisH17°N2O and
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13CC16H19"°N202 to within 5 ppm. This corresponded with the results for the unlabeled MDA test,
with the ®N-MDA byproducts having masses of 244.13 and 286.14, indicating an additional 3
mass value due to the two °N and single 3C in the labeled-MDA compound. Thus, it can be
concluded that Pseudomonas aeruginosa converted MDA into alternative molecules as the amines
terminating the molecule are converted into an amide form through acetylation with correlating

changes observed in both LCMS and NMR.

3.3.5. Environmental consortia uptake of DMDA

Day5 soil 1 ['Day0 blank S

8
Day 2 soil I ‘ A
Daymb\ar{km s A T T

Day 0 soil Is ’

Day 14 soil

Day 0 compost

A duh il IV VA N i i ey g s | —— r— L
2 100 © ° tpom) 180 100 50 ° tporm)

**N (ppm) N (ppm)

Figure 3.4: N INEPT NMR studies on DMDA a) 5 day compost and soil consortia study b) 14
day soil consortia study

After determining the modifications of MDA to MMDA and DMDA by Pseudomonas
aeruginosa, next studies investigated how DMDA was molecularly modified by the previously
identified consortia of organisms. In an experiment with 3 mg/L *®N-DMDA and a consortia of
soil and compost organisms, a slight peak disappearance was able to be seen using *®N NMR
(Figure 3.4). At the 0-hour time point, one peak was observed, the expected acetylated amine peak
for ®'N-DMDA at 130 ppm as confirmed from the standard signal (Figure 3.4). Two days later in

both soil and compost experiments the small DMDA peak was no longer able to be visualized at
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130 ppm, however no new peaks appeared. This lead to the hypothesis that the small molecule
must be insolubilized and is not getting altered by the organism communities. In order to better
visualize what was taking place, a 10 mg/L *>N-DMDA experiment was developed to monitor how
a soil consortia of organisms altered the small molecule over an extended two week period. After
2 weeks, we visualized the disappearance of the 130 ppm peak corresponding to the starting amide
and a shift of all detectable nitrogen in the sample to a peak at 55 ppm, however this peak is
significantly lower in signal than the original peak. This decrease in peak intensity correlates with
the five day consortia studies in which the peaks disappeared over time. The visualized peak shift
signifies that the nitrogen within the sample has been converted back into an amine form, showing
the consortia’s use of acetylation and deacetylation over long term. Combined with the decrease
in signal over time we determined the organisms in the consortia must be able to convert between

both forms readily depending on the needs for uptake and use by each organism.

3.4 Conclusion
MDA is the primary hypothesized toxin that can be released from biodegradable

polyurethanes currently made, leading to questions on its toxicity within the environment. In order
to begin addressing questions regarding whether it is released from these biodegradable PUs, this
work set out to determine if it gets metabolized or if it is toxic to a microbial community. Co-
metabolism studies on MDA along with PU monomers were the first studies conducted to
investigate the effects of MDA on microbiota over time, determining its toxicology. These
passaging studies determined that the consortia continued to grow over time with cell numbers
doubling by the end of an 8 week study. Using metagenomic sequencing technology it was
determined that three main organisms were able to survive and grow best in the presence of this

small molecule, Rhodococcus, Pseudomonas, and Ochrobactrum. Follow up studies using an
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activity assay on a community of bacterial organisms determined what organisms contributed to
the intake of each monomer used within the formulation, with Pseudomonas, Ochrobactrum, or
Rhodococcus coming in as privileged strains which could survive best in the presence of MDA.
In order to analyze the modification of MDA, a *C,**N-labeled MDA’s alteration was monitored
by MS and NMR after incubation with organisms of relevance. This led to the determination that
there were microorganisms within the consortia which were able to either acetylate MDA or
deacetylate DMDA with Pseudomonas being a confirmed bacteria to acetylate the small molecule.
This study has led to the conclusion that there must be at least one of the three bacterial genus’
Pseudomonas, Ochrobactrum, or Rhodococcus present in order to survive and grow in the
presence of MDA. These three bacteria hold the most potential for physiochemically removing
MDA from the available metabolite pool by acetylating it for insolubility and giving time for other

breakdown methods, such as aromatic breakdown by UV light to take place.
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Chapter 4 Quantitative characterization of chain-flipping of acyl carrier protein of
Escherichia coli using chemical exchange NMR

4.1 Introduction
Acyl carrier proteins (ACPs) are highly conserved and ubiquitously distributed proteins

that facilitate the biosynthesis of fatty acids by sequestering and shuttling acyl intermediates to
their various enzymatic binding partners (1-5). In eukaryotes, ACPs are expressed as subdomains
of large multifunctional fatty acid megasynthases (type I FAS). In contrast, in most bacteria and
plants, ACPs exist as small monomeric proteins that interact with discrete, monofunctional
enzymes (type Il FAS). Despite these differences, the chemical aspects of fatty acid synthesis are
remarkably preserved across all kingdoms of life and include an iterative series of enzymatic
reactions involving an initial priming step, followed by elongation of the acyl chain, and its
eventual termination (Fig. 4.1A). First, the conserved serine residues of functionally inactive forms
of ACPs (apo-ACPs) are linked to coenzyme A derived 4'-phosphopantetheine (Ppant) prosthetic
moieties to create holo-ACPs. In the priming step, acetyl moieties are conjugated to the terminal
thiol groups of the Ppant arms of holo-ACPs via thioester bonds. These ACP-tethered acetyl
groups are then elongated and modified via a series of decarboxylative Claisen condensation and
reduction reaction steps (an addition of two-carbon units per cycle) to generate acyl intermediates
that are hydrolyzed upon reaching the desired chain lengths to produce fatty acids.

ACPs have thus evolved to perform two seemingly paradoxical functions: a) to
compartmentalize growing fatty acid chains to prevent their premature termination and unwanted
side reactions, and b) to deliver these acyl cargos to the active sites of appropriate enzymes for the
corresponding native chemical reactions. The molecular basis of ACP-mediated sequestration of
acyl chains has been ascertained from numerous structural studies, including X-ray

crystallography and solution nuclear magnetic resonance (NMR) spectroscopy [reviewed in Ref.
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(1, 5)]. These studies revealed that many ACPs adopt a helical bundle architecture with an
expandable hydrophobic pocket that can accommodate the growing acyl chain. Similarly, the
translocation of ACP-sequestered acyl chains to the active sites of enzymes, a process termed
“chain-flipping”, was elucidated using X-ray structures of complexes between an ACP of
Escherichia coli (E. coli) called AcpP and its enzymatic partners [summarized in Ref. (6)]. In these
studies, the thioester of AcpP was replaced with stable reactive groups to stabilize transient AcpP-
enzyme complexes. The resulting cross-linked structures revealed that AcpP-tethered acyl chains
and Ppant arms move into the active sites of enzymes, thus allowing enzymes to gain access to the
acyl chains for the subsequent condensation/reduction reactions. Despite these advances, the
biophysical principles that govern the interconversions between ACP-sequestered and enzyme-
sequestered conformations of the acyl chains are unclear. One likely possibility is that ACP-
tethered acyl chains can spontaneously sample ACP-sequestered and solvent-exposed
conformations, with the latter being sparsely populated states, and that the ACP-interacting
enzymes preferentially bind to these “excited” states, thereby altering the underlying equilibrium.
The direct experimental evidence of this proposed equilibrium between ACP-sequestered and
lowly-populated solvent-exposed conformations of ACP-tethered acyl chains is, however, lacking.
This is because although biological processes, including macromolecular recognition and enzyme
catalysis, often rely on lowly-populated states, their very nature makes these states invisible to
conventional structural methods that probe homogenous, highly populated states of systems of
interest (7, 8).

Here, we make use of E. coli AcpP and a synergistic combination of chemical biology and
NMR spectroscopy to demonstrate that acyl chains with six, eight, and ten carbons spontaneously

flip in and out of the hydrophobic pocket of AcpP. Using chemical exchange saturation transfer
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(CEST) and Carr—Purcell-Meiboom—Gill (CPMG) relaxation dispersion experiments that are
exquisitely-suited to characterize lowly-populated states (9, 10), we determine the Kinetic rate
constants of these chain-flips and show that each successive two-carbon unit increase in the acyl
chains is accompanied by a progressive decrease in the populations of their solvent-exposed

conformations.

4.2 Results and Discussion
Synthesis of selectively 1°N-labeled Ppant mimics. The replacement of labile sulfur atoms in

Ppant moieties with nitrogen and the subsequent incorporation of these non-hydrolysable
pantetheinamides into recombinant ACPs using chemoenzymatic methods have been used to
perform numerous structure-function studies of ACPs [reviewed in Ref. (11)]. However, to
facilitate chemical-exchange-based NMR studies of E. coli AcpP, we first set out to synthesize
Ppant analogs with varying acyl chain lengths in which the thioester linkages were replaced by
5N-labeled amide bonds. This strategy was devised because, in addition to generating stable non-
hydrolysable acyl-AcpPs conducive for the above-mentioned NMR methods that often require
long acquisition times (ranging from hours to days), the selectively °N-labeled pantetheinamides
provided direct experimental evidence for the spontaneous interconversion between AcpP-
sequestered and solvent-exposed conformations of AcpP-tethered acyl chains (described below).
Note that, using molecular dynamics simulations, we have previously demonstrated that the
replacement of sulfur for nitrogen produces minimal perturbations in AcpP’s hydrophobic pocket,

and thus, an amide linkage is a suitable substitute for Ppant’s thioester (12).
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Figure 4.1: (A) Schematic overview of general fatty acid biosynthesis; major steps are labeled in
green. R = (CH2-CH2)a-CHa. (B) Synthesis scheme of selectively °N-labeled pantetheinamides
and their conjugation to apo-AcpP using the one-pot method (16). (C) Schematic and primary
sequence of crypto-AcpP used in current study. Non-native residues and polyhistidine tag are in
magenta, and the °N atom of tethered pantetheinamide is in pink. The locations of helices are
marked by semi-transparent red rectangles; asterisk marks residue S37. (D) Ribbon diagram of the
model of Ce-crypto-AcpP calculated from backbone chemical shifts and *Dnu RDCs using CS
Rosetta (17) and Xplor-NIH (18). The Ce-pantetheinamide and residue S37 are in stick
representation; throughout the figure, the circled numbers signify acyl chain lengths shown in (C).
(E) Upper: semi-transparent surface representation of models of Cg/Cio-crypto-AcpPs; tethered
pantetheinamides and residue S37 are in stick representation. Lower: best-fit agreement obtained
by SVD between Dny RDCs measured in pfl for Cs/Cio-crypto-AcpPs and those calculated from
their corresponding models (blue and green, respectively). The RDC R-factor, Raip, IS given by
{<(Dobs-Dcaic)>/(2<Dobs>>) }*'?, where Dobs and Deaic are the observed and calculated 'Dny RDC
values, respectively (41). (F) Perturbations in *Hn/N chemical shifts (upper) and *°N-relaxation
analysis (lower) of crypto-AcpP samples; tethered pantetheinamides are highlighted in pink dashed
rectangles. Secondary structure elements are indicated above the panel. Non-native residues are
highlighted in semi-transparent magenta rectangles. Dashed lines indicate proline residues or
residues that could not be assigned unambiguously.
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To synthesize selectively °N-labeled pantetheinamides, we devised a general scheme
shown in Fig. 4.1B; also see Sl appendix, Schemes S4.1-S4.3. Briefly, ®N-labeled ammonium
chloride was coupled to Boc-B-alanine to generate an °N-labeled carbamate derivative (referred
to as Compound S1). Compound S1 was subjected to a Hofmann rearrangement (13) in the
presence of phenyliodine (111) diacetate (PIDA) to produce the corresponding amine. The latter
was capped with appropriate acyl chains (six/eight/ten carbon atoms) in situ by reaction with either
an acid chloride or an N-hydroxysuccinimide (NHS) ester to yield Compound S2. Compound S2
was subjected to a three-step process involving the removal of the Boc-protecting group [resulting
in S3, followed by coupling to p-methoxybenzyl (PMB) protected pantetheine S4 (14), and the
removal of the PMB group to generate °N-labeled pantetheinamides 1a-1c comprising acyl chains
of six/eight/ten carbons linked to an ®N atom (experimental details found in the Supporting
Information). The chain lengths were selected because the hydrophobic cavity of AcpP can
adequately accommodate acyl chains of six to ten carbons, resulting in progressive stabilization of
its structure as a function of increasing acyl chain lengths (4, 15). The °N-labeled
pantetheinamides la—1c were individually tethered to recombinant apo-AcpP using our one-pot
chemoenzymatic method (16); see Sl appendix, Fig. S4.1. The resulting acyl-AcpPs carrying these
non-native cargos are hereafter referred to as Ce/Cs/C1o-crypto-AcpPs (Fig. 4.1C).

NMR analysis of crypto-AcpPs. To explore the impact of tethered pantetheinamides on the
structure and conformational dynamics of crypto-AcpPs, we conducted a detailed NMR
investigation. Uniformly ®N-labeled C¢/Cs/Cio-crypto-AcpPs carrying selectively °N-labeled
pantetheinamides 1a, 1b, and 1c, respectively, yielded excellent *H->N HSQC spectra (Sl
appendix, Fig. S4.2), indicating well-folded stable conformations. The structure of Ce-crypto-

AcpP was determined from backbone amide residual dipolar couplings (*Dnw RDCs) and
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backbone chemical shifts using CS-Rosetta (17) and revealed a canonical AcpP fold comprising a
four-helix bundle (Fig. 4.1D). The AcpP-sequestered conformation of the tethered Ce-
pantetheinamide was modeled using Xplor-NIH (18). Briefly, the Ce-pantetheinamide was first
conjugated to residue S37 of the above CS-Rosetta structure, and the resultant complex was refined
against an X-ray structure of AcpP carrying a sequestered Ce-pantetheine (15). Note that the
numbering of crypto-AcpP is based on the UniProt entry: POA6AS8, with the initiator methionine
as the first residue (cf. Fig. 4.1C). The Ces-crypto-AcpP structure was used as a template to model
the AcpP-sequestered conformations of the tethered Cs- and Cio-pantetheinamide probes. The
resultant structures showed that longer acyl chains adopt linear orientations and were buried deep
in the hydrophobic cavity of crypto-AcpP (S| appendix, Fig. S4.3). These structures were cross
validated against 'Dnn RDCs measured for samples of Cs/Cio-crypto-AcpPs (Fig. 4.1E). The
corresponding singular value decomposition (SVD) fits yielded excellent R-factors (ranging
between ~14-15%), confirming that the pantetheinamides were predominantly sequestered inside
the hydrophobic cavity of crypto-AcpP. If these AcpP-tethered pantetheinamides sampled solvent-
exposed conformations, based on R-factors, the upper limit for their populations is <10% (19-21).

Further NMR analysis of Cs/Cs/C1o-crypto-AcpP samples revealed large *Hn/**N chemical
shift perturbations in a few AcpP residues upon increasing the acyl chain lengths (Aun=> 0.1 ppm;
Fig. 4.1F). The 'H-'>N cross-peaks of the °N atoms of the pantetheinamides could be readily
identified in the *H->"N HSQC spectra of Ce/Cs/C1o-crypto-AcpP samples (cf. SI appendix, Fig.
S4.2). Ce- and Cio-pantetheinamides exhibited similar *Hn/**N chemical shifts (Armn ~0.02 ppm).

In contrast, *Hn/"N chemical shift perturbations between C6- and C8-pantetheinamides

were ~0.13 ppm. The large *Hn/"N perturbations in a few AcpP residues and the probe °N atoms
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Figure 4.2: Overlay of *H-1>N HSQC spectra of °N-labeled crypto-AcpPs (A) C6 (B) C8 and (C)
C10 and N labeled free pantetheinamides.

likely arise from side-chain repacking, as the overall conformational changes in C¢/Cg/C10-Crypto-

AcpP structures are negligible, evidenced by the above RDC data. Analysis of 1°N-relaxation rates,

measured at 800 MHz at 37 °C, revealed average R, values of ~7.5 s for majority of AcpP

residues, further confirming the globular nature of Ce/Cs/Cio-crypto-AcpPs (Fig. 4.1F). The

corresponding Rz values for °N atoms of AcpP-tethered pantetheinamides were ~3 s, indicating

that, unlike AcpP, the probes exhibit rapid backbone dynamics. The latter is consistent with prior

NMR structural studies of AcpP that showed dynamic disorder in AcpP-tethered Ppant moieties,

resulting in weak or no interactions between protein backbone and Ppant atoms (22, 23). Taken
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together, the above results show that crypto-AcpPs studied here adopt an all-helical architecture
with tethered pantetheinamides predominantly sampling AcpP-sequestered conformations.

Direct evidence of solvent-exposed states of AcpP-tethered pantetheinamides. To determine
whether AcpP-tethered pantetheinamides transiently sample solvent-exposed conformations, we
compared la—1c in their free forms to non-labeled AcpPs (Fig. 4.2A). First, probes la—1c were
dissolved in a buffer in the absence of AcpP. The corresponding *H-1°N HSQC spectra revealed
that the *®N-atoms of solvent-exposed pantetheinamides were superimposed and all *°N resonances
were downfield-shifted (**N shift of ~120.6 ppm; Fig. 4.2B). In contrast, the °N resonances of
AcpP-tethered pantetheinamides exhibited notable upfield shifts (ranging from 117-118 ppm).
Based on these results and the above-described structural and RDC analyses, we conclude that the
latter represent AcpP-sequestered states of the pantetheinamides. To uncover the existence of
solvent-exposed (i.e., NMR-invisible) states of AcpP-tethered pantetheinamides, ®N-CEST
methodology was employed, which “visualizes” sparsely populated states (>0.5%) that are in
exchange with NMR-visible major species on a time scale of 2-50 ms (9, 24, 25). The
corresponding ®N-CEST profiles of AcpP-tethered Cs- and Cs-pantetheinamides showed well-
resolved minor dips in intensities at resonance frequencies of ~120.5 ppm, which coincided with
N-frequencies of solvent-exposed probes (Fig. 4.2C). The magnitude of these minor dips, which
are proportional to the populations of the corresponding minor states, was larger in Cs-crypto-
AcpP as compared to Cg-crypto-AcpP, whereas no discernible minor CEST dips were observed in
Cio-crypto-AcpP sample. The latter may result from the timescale of exchange not being accessible
to N-CEST (tex <2 or >50 ms) and/or because the population of the solvent-exposed
conformation of AcpP-tethered Cio-pantetheinamides is below the limit of detection of 1°N-CEST

(<0.5%). To determine the evidence or lack thereof of chain flips exhibited by Cio-Crypto-AcpP,
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we measured N-CPMG relaxation dispersions, which probe exchange between NMR-visible
major and NMR-invisible minor states on a time scale of 0.1-10 ms (10, 24, 26). The **N-atom of
AcpP-tethered Cio-pantetheinamide yielded small but noticeable dispersions (Rex ~2.5s™!; Fig.
4.2D), indicating that like Cs- and Cg-crypto-AcpP samples, Cio-Crypto-AcpP undergoes
conformational exchange, albeit on a faster timescale. Further analysis of these samples by liquid
chromatography—electrospray ionization—time-of-flight mass spectrometry (LC-ESI-TOFMS)
revealed complete conjugation of selectively °N-labeled pantetheinamides to non-labeled AcpPs
(Fig. 4.2E). Collectively, the above results establish that the AcpP-tethered pantetheinamides
transiently flip out of the hydrophobic cavity of AcpP (Fig. 4.2F). Additionally, we note that
performing these analyses on non-labeled proteins tethered to selectively °N-labeled
pantetheinamides (as opposed to uniformly **N-labeled proteins) permitted us to rapidly ascertain
the existence of underlying conformational exchange due to the simplicity of the corresponding
spectra (1 peak per spectrum, N-CEST/**N-CPMG acquisition time: <3 h/sample).

Quantitative characterization of chain flipping exhibited by AcpP-tethered
pantetheinamides. To characterize the equilibrium between AcpP-sequestered and solvent-
exposed conformations of AcpP-tethered pantetheinamides, we recorded ®N-CEST experiments
on samples comprising uniformly °N-labeled AcpPs tethered to selectively °N-labeled
pantetheinamides (Fig. 4.3A). Here, uniformly N-labeled (as opposed to non-labeled) AcpP was
used. The rational for this approach was to identify protein residues that were affected by the
conformational fluctuations of the tethered pantetheinamides and to reliably determine the
underlying rate constants (described below). For Cs- and Cg-crypto-AcpP samples, many protein
residues (26 and 18, respectively) along with **N-atoms of tethered pantetheinamides exhibited

well-resolved second CEST dips at resonance frequencies of minor states (Fig. 4.3B; also see Sl
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appendix, Fig. S4.4-S4.5 and Table S4.1). Like our above-described results, the magnitude of
CEST dips representing minor states became progressively smaller as a function of increasing acyl
chain lengths, and no characteristic second CEST dips were observed for the Cio-crypto-AcpP
sample (cf. Fig. 4.2C and Fig. 4.3B). The latter was subjected to *>N-CPMG relaxation dispersion
experiments, which showed noticeable dispersions for 11 protein residues along with the *°N-atom
of the tethered Cio-pantetheinamide (Fig. 4.3C; also see Sl appendix, Fig. S4.6). These results
confirm our earlier observations (see Fig. 4.2D) and show that the Cio-crypto-AcpP sample also
undergoes conformational exchange.

Fig. 4.3D highlights the residues of Cs-crypto-AcpP that showed large CEST effects. These
residues primarily lie around the hydrophobic cavity of AcpP, encompassing the sequestered Ce-
pantetheinamide. Similar residues exhibited °N-CEST or ®N-CPMG effects for Cs and Cio-
crypto-AcpP samples, respectively (SI appendix, Fig. S4.5-S4.6). These observations further
support transient sampling of the solvent-exposed conformations by the tethered
pantetheinamides, which will alter the local environment of AcpP’s hydrophobic pocket.
Additionally, a vast majority of residues of Cs/Cs-crypto-AcpPs exhibited notable downfield *N
shifts for their corresponding minor CEST dips (SI appendix, Fig. S4.4-S4.5). The downfield
change in the isotropic chemical shifts of backbone °N atoms has long been known to correlate
well with increased hydrogen-bonding strengths (27-29). We, therefore, hypothesize that solvent-
exposed configurations of tethered pantetheinamides will rearrange AcpP’s hydrophobic cavity,
building an intramolecular hydrogen bond network between its residues and consequently
compacting its hydrophobic lumen. These inferences agree with a prior study that established a
gradual decrease in AcpP’s hydrophobic cavity as a function of decreasing the acyl chain lengths

of tethered pantetheinamides (15).
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Figure 4.3: (A) Schematic representation of samples used for ®N-CEST or ®N-CPMG
experiments (protein concentration: 1 mM); acyl chain lengths of AcpP-tethered pantetheinamides
are designated by circled numbers. (B) Examples of N-CEST profiles observed for samples
shown in panel (A) obtained with the constant wave (CW) saturation field applied for Tcest = 400
ms at two RF field strengths: 14.4 (red) and 28.6 (blue) Hz; calculated values: 15 and 30 Hz,
respectively. For Ce- and Cs-crypto-AcpP samples (upper and middle, respectively), the
experimental CEST data are displayed as circles, and the global best-fits to a two-state exchange
model (see panel E) as solid lines. For Cio-crypto-AcpP (lower), no characteristic CEST effect
was observed, and solid lines are, therefore, used to guide the eye. (C) Examples of ®°N-CPMG
relaxation dispersion profiles obtained for Cio-crypto-AcpP. (D) Residues of Ce-crypto-AcpP
(blue spheres) and the ®N atom (pink sphere) of the tethered pantetheinamides that were used for
global fitting of the °N-CEST data. The kinetic model (E) and rate constants (F) for exchange
between sequestered (State A) and solvent-exposed configuration (State B) of AcpP-tethered
pantetheinamides. Populations of State B derived from ®N-CEST/-CPMG data are shown at the
bottom of panel (F).
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Quantitative analyses of CEST or CPMG profiles via propagation of the Bloch-McConnell
equations (30) yield populations, chemical shifts of the minor state(s), and the rate constants of the
underlying equilibrium (9, 24-26). We, therefore, analyzed the conformational exchange exhibited
by AcpP-tethered pantetheinamides using the kinetic scheme shown in Fig. 4.3E. This scheme
involves exchange between AcpP-sequestered (State A) and lowly-populated solvent-exposed
(State B) configurations of the tethered pantetheinamides. Global fitting of the °N-CEST profiles
of Ce-crypto-AcpP (26 AcpP residues and °N atom of the Ce-pantetheinamide, acquired at two
RF fields; Sl appendix, Fig. S4.4) to this two-state model yielded excellent fits, establishing that
the observed exchange process indeed involves two-states and the transient sampling of the
solvent-exposed conformation by the tethered pantetheinamide. The latter conformation was
populated at ~4.9%, and the forward and backward exchange rate constants, kag and kea, were ~13
and ~246 s, respectively (Fig. 4.3F and Table 4.1). Global fitting of the *°N-CEST profiles of Cs-
crypto-AcpP (18 AcpP residues and °N atom of the Cg-pantetheinamide; SI appendix, Fig. S4.5)
yielded the exchange rates of kag: ~8 s and ksa: ~611 s and the solvent-exposed state population
of ~1.3%. In the case of Cio-crypto-AcpP, a model with exchange rates of kag: ~8 s and kga:
~1722 st and a solvent-exposed state population of ~0.4% was able to adequately reproduce
experimental **N-CPMG dispersions (11 AcpP residues and °N atom of the Cio-pantetheinamide;
SI appendix, Fig. S4.6). The ®N chemical shift differences (**N-Aw) between major and minor
states of Cio-crypto-AcpP derived from fits to N-CPMG data matched closely with those
obtained from the experimental *°N-CEST profiles of C¢/Cs-crypto-AcpP (Sl appendix, Fig. S4.7).
In addition to cross-validating the goodness of the CPMG fit to the above-described two-state
model, the close correlation between °N-Aw values indicates that the local environment of AcpP’s

hydrophobic cavity is essentially the same for the lowly-populated states of Cs/Cg/C1o-Crypto-
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AcpP samples, further confirming that the tethered pantetheinamides flip out of AcpP’s
hydrophobic pocket in these transient states. The trends observed in exchange rate constants and
minor state populations derived from CEST/CPMG profiles (Fig. 4.3F and Table 4.1) are in
excellent agreement with our above-described experimental observations (see Figs. 4.2C-D and
4.3B-C). An increase in acyl chain length is accompanied by a progressive decrease in the
populations of solvent-exposed configurations of AcpP-tethered pantetheinamides (~4.9, ~1.3, and
~0.4% for Ce/Cg/Ci10, respectively), largely because of the substantial increase in corresponding
backward rate constants (kea: ~246, ~611, ~1722 s for Cs/Cs/C1o, respectively). The forward rate
constants for the formation of solvent-exposed states were not significantly different (kag: ~8-13
s1), implying similar underlying processes. The lifetimes of solvent-exposed states were ~3.9,
~1.6, and ~0.6 ms for Cs, Cs, and Cyo acyl chains, respectively [lifetime = 1 / (kas + kga)].
Collectively, these results explain why no CEST effect was observed for the Cio-crypto-AcpP
sample, as both the population (~0.4%) and the lifetime (~0.6 ms) of the solvent-exposed state are

beyond the limit of detection of the CEST experiment.

Table 4.1: Populations (Pa and Pg), exchange (kas and ksa), and equilibrium (Keq) rate constants
for the exchange between AcpP-sequestered (State A) and solvent-exposed (State B)
conformations of AcpP-tethered pantetheinamides.®

Pa Ps kas kea Keg®
(%) (%) (st) (s%)

Ce-Crypto-AcpP®
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95.13+0.02 4.87+0.02 12.60 £ 0.12 246.12 + 2.43 19.53 £ 0.08

Cs-crypto-AcpP®©
98.66 £ 0.02 1.34 £0.02 8.32+0.15 611.07 £ 10.69 73.63 £ 1.10

Cio-crypto-AcpP®@
99.56 £ 0.02 0.44 £0.02 7.63+0.20 1722.13+£54.79 226.27 £10.29

a. NMR experiments were performed at spectrometer *H frequency of 800 MHz at 37 °C.
The buffer conditions were as follows: 50 mM potassium phosphate, pH 7.4, and 0.01%
sodium azide. Data were collected on uniformly °N-labeled AcpP tethered to selectively
1> N-labeled pantetheinamides (protein concentration = 1 mM).

b. The Keq values are given by Keq=Pa / Ps and have been rounded to two decimal places.

c. For 15N-CEST datasets, the set of global fitted parameters weretKas:Ps} The
corresponding population of State A (Pa) and backward rate constat (kea) were calculated
using the relationships: Pa = 100 — Pg; and kea = PaX kag / Ps.

d. For ®N-CPMGs, the set of global fitted parameters wereKas:Kea} The corresponding
populations of State B (Pg) and State A (Pa) were calculated using the relationships: Ps =
(100 x kag) /(kag + kga); and Pa = 100 — Pg.

4.3 Conclusion
In summary, we report a chemical synthesis of selectively °N-labeled Cs/Cs/Cio-

pantetheinamides, which were conjugated to E. coli AcpP to generate crypto-AcpP samples
conducive for heteronuclear NMR studies. NMR structural analysis showed that these
pantetheinamides predominantly adopt an AcpP-sequestered conformation. Chemical-exchange
NMR methods, ®N-CEST and N-CPMG, provided direct experimental evidence of lowly-
populated solvent-exposed states of AcpP-tethered pantetheinamides and facilitated a thorough
kinetic analysis of their interconversion to AcpP-sequestered states. Populations of solvent-
exposed conformation of acyl chains were inversely proportional to the chain lengths and varied
from ~5-0.4% for chains with six, eight, and ten carbons. The rate constant (kga) for the AcpP-

sequestered conformation of Cio-pantetheinamide was about three and seven times higher than
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those for the Cg- and Ce-pantetheinamides, respectively, indicating that AcpP-sequestered state of
Cio-pantetheinamide is energetically more favorable than that of its Cs- and Ce-counterparts. The
unitless equilibrium constant, Keq, for the interconversion of solvent-exposed to AcpP-sequestered
states of the tethered pantetheinamide is defined as Keq = [Pa]/[Pg], where Pa and Pg are the
populations of AcpP-sequestered and solvent-exposed states, respectively (Table 4.1). Under the
conditions employed here (pH 7.4 and 37 °C), Keq values were ~20, ~74, and ~226 for Ce/Cg/C10-
pantetheinamides, respectively, further confirming that there is an energetic penalty for exposing
the aliphatic acyl chains to the solvent and that this energy barrier is directly proportional to the
chain lengths investigated in this study.

The simplest explanation for the above-observed phenomenon is that the growing acyl
chain builds a dense network of complementary interactions within AcpP’s tunnel-like
hydrophobic core, thus making it difficult to expose the chain to the solvent. Examination of NMR-
derived models of Cs/Cg/C1o-crypto-AcpP confirms this hypothesis (Fig. 4.4A). Among these,
each Ce- and Cao-crypto-AcpP exhibited 11 hydrophobic interactions between the tethered
pantetheinamide and AcpP residues. Surprisingly, for Cs-crypto-AcpP, the number of hydrophobic
interactions was larger (15 interactions) due to additional contacts between the acyl chain and
AcpP residues, providing a likely explanation for the Hn/*°N chemical shift perturbations
observed between the °N-atoms of AcpP-tethered Cs/C1o vs. Cs-pantetheinamides. For all crypto-
AcpPs, the side-chain hydroxyl group of residue T40 formed hydrogen bonds with native or non-
native nitrogen atoms of the tethered pantetheinamides. Furthermore, for the Cio-pantetheinamide,
additional hydrogen bonds are formed between the polar atoms of the pantetheinamide and
residues at the entrance to AcpP’s hydrophobic cavity (namely, E61 and 163). This combination

of hydrophobic and polar interactions is likely responsible for the increased stabilization of its
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AcpP-sequestered state. It is important to note that *®N-R, values reported in this study imply a
high degree of mobility for AcpP-tethered Ppant moieties, and as such, the corresponding acyl
chains may adopt multiple conformations within AcpP’s hydrophobic core, leading to variable
interactions with the core residues. Nevertheless, the cumulative effect of these interactions will
result in a progressive stabilization of AcpP-sequestered states of acyl chains with six, eight, and
ten carbons, as evidenced by chemical-exchange NMR. The above-described kinetic equilibrium
will be notably different for longer (12-18 carbons) and shorter (2—4 carbons) acyl chains. This is
because longer chains may protrude from AcpP’s pocket, as seen in an NMR structure of spinach
ACP tethered to an acyl chain comprising 18 carbons (31). Such a protrusion would destabilize
the protein fold, culminating in a substantial increase in populations of the solvent-exposed states
of tethered acyl chains and subsequently, increased rates of their solvent-mediated hydrolysis (32,
33). Furthermore, the shorter chains may predominantly sample solvent-exposed configurations
due to the lack of optimal interactions with AcpP’s core, as was observed in prior X-ray and NMR
studies of AcpP comprising an acyl chain of four carbons (34, 35). Studies to characterize the
kinetic equilibrium exhibited by these longer and shorter AcpP-tethered acyl chains are currently

ongoing in our laboratories.
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------ Hydrophobic
— H-bond

FAS enzymes

Figure 4.4: (A) Hydrophobic interactions (dashed black lines) and hydrogen bonds (pink lines)
formed by Ce/Cs/Cio-pantetheinamides within AcpP’s hydrophobic core. The individual
interactions are tallied at the bottom of each panel. Residues of AcpP that interact with tethered
pantetheinamides are shown in a semi-transparent stick representation. Structural models derived
from NMR data (see Fig. 1D-E) are used to make this comparison using the PLIP (Protein Ligand
Interaction Profiler) webserver (42). (B) Conformation interplay between AcpP-sequestered and
solvent-exposed configurations of AcpP-tethered pantetheinamide (left) and the proposed effect
of AcpP-interacting FAS enzymes on this equilibrium (right).

The spontaneous sampling of solvent-exposed conformations by the AcpP-tethered acyl
chains is likely to be functionally important. This is because such states will allow appropriate
enzymes to gain access to the acyl chains for the corresponding chemical reactions. Additionally,
the transient nature of these states will shield AcpP’s active thioester from the solvent, preventing
premature chain termination. Many enzymes within type 1l FAS are promiscuous for acyl chain
lengths (36). We envision that solvent-exposed conformations of AcpP-tethered acyl chains may

be recognized by these enzymes, consequently culminating in the translocation of exposed acyl
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chains into their hydrophobic catalytic sites, leading to fatty acid production (Fig. 4.4B). Although
it is tempting to correlate the kinetic rates and populations of solvent-exposed states of AcpP-
tethered acyl chains observed here with the previously reported catalytic rates of such promiscuous
FAS enzymes (37, 38), we refrain from doing so. This is because whether such conformational
changes can influence the catalytic rates of enzymes is unclear and still being debated (39, 40).
Finally, we note that the symbiotic combination of chemical biology and modern solution NMR
methodology described in this study would be applicable to many other biological pathways and
systems (e.g., biosynthesis of polyketides and non-ribosomal peptides, protein ubiquitination, etc.)
that employ thioester linkages.

Ongoing work on partner proteins

Building from the aforementioned studies, our next step was to test this new methodology on its
ability to analyze the chain-flipping interactions of FabF, an elongating ketosynthase responsible
for catalyzing the extension of fatty acyl chain by two-carbon units from C4 up to C18. Utilizing
15N-CEST experiments, FabF was introduced to the C¢ and Cs °N-labeled pantetheinamides
attached to °N-labeled AcpP (Figure 4.5). These dynamic experiments were able to preliminarily
monitor the movement of backbone amides within AcpP with 1a and 1b moving between AcpP-
sequestered (State A) into lowly-populated chain-flipped (State C) on the millisecond timescale.
Analysis of the pantetheinamides, in the presence of the partner protein, reveals a higher
sequestered population than when attached to the carrier protein alone (Table 1). The Ce-crypto-
AcpP sees an increase from 95.13% to 96.18% sequestered, while Cg.crypto-AcpP sees a smaller
increase from 98.66 to 99.05%. The increase in sequestered population was analyzed alongside a
surge in the backward exchange rate constant, kca, for the probes. The experiment quantified the

rate for Ce-crypto-AcpP being sequestered rose from 246.12 + 2.43 s to 420.5 + 9.6 st and Cs.
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crypto-AcpP was seen to increase from 611.07 +10.69 s t0 901.8 + 28.1 s™*. However, the forward
exchange rate from State A to State C were not substantially different in the presence of the partner
protein, going from kac : 12.6 + 0.1 s t0 16.7 + 0.4 s for Ce-crypto-AcpP and kac : 8.3+ 0.2 s

t0 9.2 + 0.3 s for Cs.crypto-AcpP.
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Figure 4.5: N CEST prog‘?:)es) for Ce-crypto-AcpP without FabF (left) and with the addition of
0.05 equivalents of FabF (right).

The increase in the backward rate constants, kca, suggests the partner protein is testing the tethered
pantetheinamide, specifically the pantetheine portion at the start of the probe, at a faster rate than
we can visualize. Thus it is hypothesized the pantetheinamide is quickly returning it to AcpP’s
hydrophobic pocket once it cannot be transferred onto FabF’s active site. This leads to the increase
in State A that is visualized, demonstrating that the longer the acyl chain, the faster it is getting
returned to AcpP, most likely due to the hydrophobic interactions within AcpP’s cavity reforming.
With the hydrophobic and polar interactions of AcpP’s pocket being responsible for the

stabilization of the sequestered state instead of the chain-flipped state. This agrees with data seen

from the crypto-AcpP studies alone.
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Table 4.2: Populations (Pa and Pc), exchange (kac and kca), and equilibrium (Keq) rate constants
for the exchange between AcpP-sequestered (State A) and chain-flipped (State C) conformations
of AcpP-tethered pantetheinamides with FabF.®

Pa Pc Kac kea Keq®
(%) (%) (s%) (s

1 Ce-crypto-AcpP : 0.05 FabF®©
96.18 £ 0.02 3.82+£0.02 16.7+0.4 4205+ 9.6 25.18 £ 0.08

1 Cg-crypto-AcpP : 0.05 FabF®©
99.05 £0.02 0.95+0.02 9.2+0.3 901.8 £28.1 104.26 £ 1.10

a. NMR experiments were performed at spectrometer *H frequency of 800 MHz at 37 °C.
The buffer conditions were as follows: 50 mM potassium phosphate, pH 7.4, and 0.01%
sodium azide. Data were collected on uniformly **N-labeled AcpP tethered to selectively
1>N-labeled pantetheinamides (protein concentration = 1 mM).

b. The Keq values are given by Keq=Pa / Pc and have been rounded to two decimal places.

c. For > N-CEST datasets, the set of global fitted parameters were {kac;Pc}. The
corresponding population of State A (Pa) and backward rate constat (kea) were calculated
using the relationships: Pa = 100 — Pc; and kca = PaX kac / Pc.

The experiments conducted in this study are the first reported quantification of the rate of chain-
flipping interactions between AcpP and a partner protein within the fatty acid biosynthetic
pathway. Follow up studies are currently being conducted to ensure the robustness of the method
with the °N-labeled pantetheinamides tethered to unlabeled AcpP in the presence of FabF. Though
a state of sequestration inside of the partner protein pocket cannot be directly visualized, the
valuable kinetic data of the chain flipping interactions from N-CEST NMR provides insight into

the rapid evolution of enzyme modification within the fatty acid biosynthetic pathway.
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4.4 Supporting Information

Materials
Reagents for chemical synthesis, protein expression, and purification were purchased from Acros

Organics, Honeywell Research Chemicals (Fluka), Sigma-Aldrich, Thermo Fisher Scientific,
and/or Tokyo Chemical Industry (TCI) Co., Ltd. Deuterated solvents, and regents for nuclear
magnetic resonance (NMR) isotopic enrichment were purchased from Sigma-Aldrich and/or
Cambridge Isotope Laboratories, Inc. All chemical reactions were performed in scintillation vials
and stirred with Teflon-coated stir bars using mechanical stirrers (IKA laboratory technology).
Analytical thin layer chromatography (TLC) and preparative TLC were performed on silica gel
glass 60 F254 precoated glass plates (Supelco Analytical, catalog no. 1.00390). TLC plates were
visualized with ultraviolet light and/or an appropriate stain (potassium permanganate,
bromocresol green, 2,4-dinitrophenylhydrazine, ninhydrin, and ceric ammonium molybdate).

Flash chromatography was carried out using silica gel 60 (Fisher Scientific, catalog no. S825).

100



Chemical synthesis of selectively **N-labeled pantetheinamide probes. Schemes and individual

steps used for synthesizing pantetheinamides used in current study are described below.
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Scheme S4.1. Synthesis of a selectively °N-labeled Cg-pantetheinamide. The letters on the arrows
denote the following reagents and reaction conditions: (a) 1,1'-carbonyldiimidazole (CDI), dry
tetrahydrofuran (THF), triethylamine (TEA), °N-labeled ammonium chloride (**NH4CI), water,
room temperature, reaction yield: ~70% of compound S1; (b) phenyliodine(lll) diacetate (PIDA),
pyridine, hexanoyl chloride, water/ethyl acetate/acetonitrile, 0 °C to room temperature; (c) TEA,
ethyl acetate, room temperature, reaction yield: ~34% of compound S2a; (d) Trifluoroacetic acid
(TFA), TEA, dichloromethane, room temperature; (e) Hunig's base (i.e., N,N-
diisopropylethylamine), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 4-
dimethylaminopyridine (DMAP), dichloromethane, room temperature, reaction yield: ~74% of
compound S5a; (f) 80% glacial acetic acid, room temperature, reaction yield: ~25% of 1a. Notes:
Compound S4 was prepared according to our previous protocol (S1). The reported reaction yields
are measured using chromatographically isolated and spectroscopically homogeneous materials.

Individual steps in the synthesis of a selectively °N-labeled Cs-pantetheinamide.
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Synthesis of compound S1 [tert-butyl (3-(amino-°N)-3-oxopropyl)carbamate].

O O O O
>L0)J\H/\)J\0H > >LOJ\”/\)J\‘5NH2
Boc-B-Alanine S1
Reagents: CDI (97%; Acros Organics), Boc-p-alanine, (99%; Acros Organics), TEA (>99%;

Thermo Fisher Scientific), and ®NH4CI (98% of °N; Sigma-Aldrich). Notes: All reagents were
used without further purification. The numbers in parentheses represent the percent purity of the
reagents.

Procedure: CDI (486 mg, 3 mmol) was added in small portions to a Boc-p-alanine solution (568
mg, 3 mmol) in dry THF (1.5 mL). TEA (836 uL, 6 mmol) was mixed in an aqueous solution of
NH4CI (54.1 pL) and was then diluted with dry THF (1.5 mL). The resultant two solutions,
namely ®NH.Cl and Boc-B-alanine, were mixed and stirred at room temperature. After ~16 h, the
solution was concentrated and purified using flash chromatography (mobile phase composition:
2:1 ethyl acetate/acetone), which yielded compound S1 as a white solid (396 mg, yield: ~70%).
The latter (molecular formula: CsHisN™®NO3sNa) was analyzed using high-resolution mass
spectrometry (HRMS): calculated mass = 212.1023 Da; experimental mass = 212.1026 Da.

Synthesis of compound S2a [tert-butyl (2-hexanamidoethyl)carbamate].

(0] (0]
j\OJ\H/\)J\"NH,
S1 S2a
Reagents: PIDA (>97%; TCI Co., Ltd.), pyridine (99%, Thermo Fisher Scientific), TEA (>99%,

(o] (0]
>L0)LH/\/AENH‘1 —_—> j\o)ku/\/nr\ﬂ

Thermo Fisher Scientific), hexanoyl chloride (97%, Acros Organics). Notes: All reagents other
than pyridine were used without further purification; pyridine was distilled before use.

Procedure: PIDA (103 mg, 0.32 mmol) was added to a solution of compound S1 (50 mg, 0.27
mmol) dissolved in water/ethyl acetate/acetonitrile (1:2:2 vol/vol; total volume = 1.3 mL) and
stirred at 0 °C. After ~15 min, pyridine (21 pL, 0.27 mmol) was added, and the resultant solution

was warmed to room temperature. After ~16 h, the reaction mixture was concentrated into an oil,

102



followed by its dissolution in ethyl acetate (2.7 mL). TEA (74 uL, 0.53 mmol) and hexanoyl
chloride (0.04 mL, 0.27 mmol) were added to this solution in a stepwise manner. After ~3 h, the
reaction mixture was washed with water, saturated sodium bicarbonate, saturated NH4Cl, and
brine. The organic layer was dried over anhydrous sodium sulfate and evaporated to dryness. The
residue was purified using flash chromatography (mobile phase gradient: 1:1 ethyl acetate/hexane
to 2:1 ethyl acetate/hexane) to yield compound S2a as a white solid (23 mg, yield: ~34%). The
latter (molecular formula: Ci3H2sN®NO3Na) was analyzed using HRMS: calculated mass =
282.1806 Da; experimental mass = 282.1806 Da.

Synthesis of compound Sba [(4R)-2-(4-methoxyphenyl)-5,5-dimethyl-N-(3-0x0-3-((2-

hexanamidoethyl)amino) propyl)-1,3-dioxane-4-carboxamide]

S3a
S2a NN/\/MOH
o H

it

Reagents: TFA (99%, Sigma-Aldrich), TEA (>9/9%, Thermo Fisher Scientific), EDC (98%;

H : (0]
15 °N 4
XOLQNNI& N, W , §
P

Combi-Blocks, Inc.), DMAP (98%; CreoSalus, Inc.), Hiinig’s base (99.5+%; Acros Organics).
Notes: All reagents other than Hiinig’s base were used without further purification; Hiinig’s base
was distilled before use.

Procedure: TFA (26 pL, 0.4 mmol) was added to a solution of compound S2a (23 mg, 0.08 mmol)
in dichloromethane. After ~3 h, TEA (56 uL, 0.4 mmol) was added to the reaction, followed by
compound S4 (27 mg, 0.08 mmol), EDC (12 mg, 0.08 mmol), DMAP (20 mg, 0.16 mmol), and
Hiinig’s base (28 pL, 0.16 mmol). After ~16 h, the reaction mixture was diluted with
dichloromethane and washed with water (three times), saturated sodium bicarbonate, saturated

NH4Cl, and brine. The organic layer was dried over anhydrous sodium sulfate and evaporated to
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dryness. The resultant residue was purified by flash chromatography (mobile phase gradient: ethyl
acetate to 2:1 ethyl acetate/acetone) to yield compound S5a as a white solid (30 mg, yield: ~74%).
The latter (molecular formula: CzsH40N2°NOs) was analyzed using HRMS: calculated mass =
479.2882 Da; experimental mass = 479.2880 Da.
Synthesis of selectively °N-labeled Cs-pantetheinamide probe 1a [(R)-N-(2-
(3(2,4dihydroxy3,3dimethylbutanamido)propanamido)ethyl)hexanamide]
— 5 N N

S3a MH ProbeH1a @/W
Reagents:/Acetic acid, glacial (299.7% wt/wt; Thermo Fisher Scientific), used without further
purification.
Procedure: Compound S5a (12 mg, 24 umol) was dissolved in 80% acetic acid (0.24 mL) and
stirred. After ~20 h, the crude reaction mixture was concentrated into an oil. The residue was
purified using flash chromatography (mobile phase composition: 2:1 ethyl acetate/acetone) to yield
probe 1a as a white solid (2.3 mg, yield: ~25%). The latter (molecular formula: C17H34N2*NOs)

was analyzed using HRMS: calculated mass = 361.2463 Da; experimental mass = 361.2462 Da.
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Scheme S4.2. Synthesis of a selectively °N-labeled Cg-pantetheinamide. The letters on the arrows
denote the following reagents and reaction conditions: (a) PIDA, pyridine, water/ethyl
acetate/acetonitrile, 0 °C to room temperature; (b) TEA, ethyl acetate, room temperature, reaction
yield: ~28% of compound S2b; (c) TFA, dichloromethane, room temperature; (d) Hiinig’s base,
EDC, DMAP, dichloromethane, room temperature, reaction yield: ~52% of compound S5b; (e)
80% glacial acetic acid, room temperature, reaction yield: ~89% of Probe 1b.

Individual steps in the synthesis of a selectively °N-labeled Cs-pantetheinamide probe.
Synthesis of compound S2b [tert-butyl (2-octanamidoethyl)carbamate].

(o] (o]
Sl S, ———

$1 S2b

Reagents. PIDA (>97%; TCI Co., Ltd.), pyridine (99%, Thermo Fisher Scientific), TEA (>99%,

o
j\oj\”/\/'w} —_—F >|\Oj\ﬂ/\;HEX\E

Thermo Fisher Scientific), octanoyl chloride (97%, Acros Organics). All reagents other than
pyridine were used without further purification; pyridine was distilled before use.

Procedure: PIDA (318 mg, 0.98 mmol) was added to a solution of compound S1 (155 mg, 0.82
mmol) dissolved in water/ethyl acetate/acetonitrile (1:2:2 vol/vol, total volume = 4.12 mL) and

stirred at 0 °C. After ~15 min, pyridine (66 pL, 0.82 mmol) was added, and the resultant solution
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was warmed to room temperature. After ~16 h, the reaction mixture was concentrated into an oil,
which was then dissolved in ethyl acetate (8.2 mL). TEA (0.23 mL, 1.65 mmol) and octanoyl
chloride (0.1 mL, 0.82 mmol) were then added to this solution in a stepwise fashion. After ~3 h,
the resultant reaction mixture was washed with water, saturated sodium bicarbonate, saturated
NH4Cl, and brine. The organic layer was dried over anhydrous sodium sulfate and evaporated to
dryness. The residue was purified using flash chromatography (mobile phase gradient: 1:1 ethyl
acetate/hexane to 2:1 ethyl acetate/hexane) to yield compound S2b as a white solid (67 mg, yield:
~28%). The latter (molecular formula: C1sHzoN*>NO3sNa) was analyzed using HRMS: calculated
mass = 310.2119 Da; experimental mass = 310.2122 Da.

Synthesis of compound S5b [(4R)-2-(4-methoxyphenyl)-5,5-dimethyl-N-(3-oxo0-3-((2-

octanamidoethyl)amino) propyl)-1,3-dioxane-4-carboxamide].
o (e]

N N
Ty
S5b

Reagents: TFA (99%, Sigma-Aldrich), TEA (>99%, Thermo I/:isher Scientific), EDC (98%;
Combi-Blocks, Inc.), DMAP (98%; CreoSalus, Inc.), Hiinig’s base (99.5+%; Acros Organics). All
reagents other than Hiinig’s base were used without further purification; Hiinig’s base was distilled
before use.

Procedure: TFA (41 pL, 0.63 mmol) was added to a solution of compound S2b (36 mg, 0.13
mmol) in dichloromethane. After ~3 h, TEA (88 uL, 0.63 mmol) was added to the reaction,
followed by compound S4 (42 mg, 0.13 mmol), EDC (20 mg, 0.13 mmol), DMAP (44 mg, 0.25
mmol), and Hiinig’s base (44 pL, 0.16 mmol). After ~16 h, the reaction mixture was diluted with
dichloromethane and washed with water (three times), saturated sodium bicarbonate, saturated

NH4ClI, and brine. The organic layer was dried over anhydrous sodium sulfate and evaporated to
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dryness. The resultant residue was purified by flash chromatography (mobile phase gradient: ethyl
acetate to 2:1 ethyl acetate/acetone) to yield compound S5b as a white solid (30 mg, yield: ~74%).
The latter (molecular formula: C27H4N2°NOs) was analyzed using HRMS: calculated mass =
507.3195 Da; experimental mass = 507.3196 Da.

Synthesis of selectively '°N-labeled Cs-pantetheinamide probe 1b [(R)-N-(2-(3-(2,4-

dihydroxy-3,3-dimethylbutanamido)propanamido)ethyl) octanamide]

o o

wH
Nu/\/u\u/\/’vr’\ﬁ 0 o) H
/6) 15
- NN/\)J\N/\/N\K\/\/\/
H OH M 2
S5b

Probe 1b

Reagents: Ace/tic acid, glacial (299.7% wt/wt; Thermo Fisher Scientific), used without further
purification.

Procedure: Compound S5b (28 mg, 0.055 mmol) was dissolved in 80% acetic acid (0.55 mL) and
stirred. After ~20 h, the crude reaction mixture was concentrated into an oil. The residue was
purified using flash chromatography (mobile phase composition: 2:1 ethyl acetate/acetone) to yield
probe 1b as a white solid (2.3 mg, yield: ~25%). The latter (molecular formula: C19H3sN2°NOs)

was analyzed using HRMS: calculated mass = 389.2776 Da; experimental mass = 389.2777 Da.
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Scheme S4.3. Synthesis of a selectively °N-labeled Cio-pantetheinamide. The letters on the
arrows denote the following reagents and reaction conditions: (a) EDC, dichloromethane, room
temperature, reaction yield: ~62% of 2,5-dioxopyrrolidin-1-yl decanoate; (b) PIDA, pyridine,
water/ethyl acetate/acetonitrile, 0 °C to room temperature; (c) dry THF, room temperature,
reaction yield: ~85% of compound S2c; (d) TFA, dichloromethane, room temperature; (e)
Hiinig’s base, hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU), DMAP,
dichloromethane, room temperature, reaction yield: ~72% of compound S5c; (f) 80% glacial
acetic acid, room temperature, reaction yield: ~70% of 1c.

Individual steps in the synthesis of a selectively ®N-labeled Cio-pantetheinamide.

Synthesis of 2,5-dioxopyrrolidin-1-yl decanoate.
o}

3 o
g~~~ ——— > oA

Decanoyl chloride
2,5-dioxopyrrolidin-1-yl decanoate
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Reagents: Decanoic chloride (98+%; Thermo Scientific Chemicals), 1-hydroxypyrrolidine-2,5-
dione (>99%; Sigma-Aldrich), and EDC (98%; Combi-Blocks, Inc.). All reagents were used
without further purification.

Procedure: 1-hydroxypyrrolidine-2,5-dione (144 mg, 1.25 mmol) and EDC (388 mg, 2.5 mmol)
were added in a stepwise fashion to the solution of decanoic acid (250 mg, 1.25 mmol) in
dichloromethane. The resultant solution was stirred at room temperature for ~16 h. The reaction
mixture was filtered (how?) and concentrated under reduced pressure (how?). The crude solid was
recrystallized in isopropyl alcohol to yield 2,5-dioxopyrrolidin-1-yl decanoate as a white solid
(230 mg, yield: 62%). The latter (molecular formula: C14H23NOsNa) was analyzed using HRMS:
calculated mass = 292.1519 Da; experimental mass = 292.1518 Da.

Synthesis of compound S2c [tert-butyl (2-decanamidoethyl)carbamate].

>‘\oj\”/\iwm —F {Xoiﬁ/\)"““} — Xoiuw%&

Reagents: PIDA (>5917%; TCI Co., Ltd.), pyridine (99%, Thermo 32Fcisher Scientific), 2,5-
dioxopyrrolidin-1-yl decanoate (synthesis is described above). All reagents other than pyridine
were used without further purification; pyridine was distilled before use.

Procedure: PIDA (97 mg, 0.3 mmol) was added to a solution of compound S1 (47 mg, 0.25 mmol)
dissolved in water/ethyl acetate/acetonitrile (1:2:2 vol/vol; total volume = 1.3 mL) and stirred at 0
°C. After ~15 min, pyridine (20 pL, 0.25 mmol) was added, and the resultant solution was warmed
to room temperature. After ~16 h, the reaction mixture was concentrated into an oil, which was
then dissolved in dry THF (0.13 mL) and mixed with a solution of 2,5-dioxopyrrolidin-1-yl
decanoate (51 mg, 0.19 mmol) in dry THF (XYZ mL). After ~16 h, the crude reaction mixture was

evaporated to dryness, and the resultant residue was purified using flash chromatography (mobile

phase composition: 2:1 ethyl acetate/hexane) to yield compound S2c as a white solid (67 mg, yield:
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~85%). The latter (molecular formula: C17H3N®*NOsNa) was analyzed using HRMS: calculated
mass = 338.2432 Da; experimental mass = 338.2433 Da.
Synthesis of compound S5¢ [(4R)-2-(4-methoxyphenyl)-5,5-dimethyl-N-(3-0x0-3-

((2decanamidoethyl)amino) propyl)-1,3-dioxane-4-carboxamide].
xoiﬁyﬂw —— Tt —— f%i“i”r*
S2c S3c é S5¢

Reagents: TFA (99%, Sigma-Aldrich), TEA (>99%, Thermo /Fisher Scientific), EDC (98%j;
Combi-Blocks, Inc.), DMAP (98%; CreoSalus, Inc.), Hiinig’s base (99.5+%; Acros Organics). All
reagents other than Hiinig’s base were used without further purification; Hiinig’s base was distilled
before use.

Procedure: TFA (29 uL, 0.45 mmol) was added to a solution of compound S2c (28 mg, 0.089
mmol) in dichloromethane. After ~3 h, TEA (62 pL, 0.45 mmol) was added to the reaction,
followed by compound S4 (28 mg, 0.089 mmol), EDC (34 mg, 0.089 mmol), DMAP (31 mg, 0.18
mmol), and Hiinig’s base (44 pL, 0.16 mmol). After ~16 h, the reaction mixture was diluted with
dichloromethane and washed with water (three times), saturated sodium bicarbonate, saturated
NH4ClI, and brine. The organic layer was dried over anhydrous sodium sulfate and evaporated to
dryness. The resultant residue was purified by flash chromatography (mobile phase gradient: ethyl
acetate to 2:1 ethyl acetate/acetone) to yield compound S5c as a white solid (34 mg, yield: ~72%).
The latter (molecular formula: Ca9HsN2°NOg) was analyzed using HRMS: calculated mass =

535.3508 Da; experimental mass = 535.3506 Da.
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Synthesis of selectively °N-labeled Cio-pantetheinamide 1c [(R)-N-(2-(3-(2,4-dihydroxy-3,3-

dimethylbutanamido)propanamido)ethyl) decanamide]
(@] (0]
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S5c

Probe 1c

Reagents: A/cetic acid, glacial (>99.7% wt/wt; Thermo Fisher Scientific), used without further
purification.

Procedure: Compound S5c¢ (23 mg, 0.043 mmol) was dissolved in 80% acetic acid (0.43 mL) and
stirred. After ~20 h, the crude reaction mixture was concentrated into an oil. The residue was
purified using flash chromatography (mobile phase composition: 2:1 ethyl acetate/acetone) to yield
probe 1c as a white solid (12.5 mg, yield: ~70%). The latter (molecular formula:
C21H41N2'°NOsNa) was analyzed using HRMS: calculated mass = 439.2909 Da; experimental
mass = 439.2910 Da.

All above-mentioned compounds were characterized using one-dimensional (1D) NMR
spectroscopy and mass spectrometry (all NMR spectra are included in the Appendix section). 1D
'H/*3C NMR spectra were recorded on a JEOL ECA500 spectrometer equipped with a 2-channel
inverse-detect broad-band probe or a Varian VX500 spectrometer equipped with an Xsens cold
probe. 3C NMR spectra were recorded with complete proton decoupling. Spectra were processed
and analyzed using the MestreNova software suite (MestreLab Research S.L.). Low resolution
electrospray mass spectrometry (ESI-MS) analyses were performed using an LCQ-Deca
spectrometer (Thermo Finnigan) and high-resolution MS (HR-MS) analyses and liquid
chromatography HR-MS were conducted using an Agilent 6230 time of flight mass spectrometer

with Jetstream ESI source.
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Expression and purification of acyl carrier protein (AcpP) of Escherichia coli (E. coli).
Briefly, AcpP (residues 1-78, UniProt entry no. POA6A8) was expressed in BL21(DE3) competent
cells (Agilent Technologies). Note that AcpP was expressed with a C-terminal non-cleavable
polyhistidine tag. The primary sequence of the tag is as follows: LEHHHHHH. AcpP was
expressed at 16 °C. Briefly, cells were grown at 37 °C in 1 L Luria-Bertani (LB; Thermo Fisher
Scientific, catalog no. BP97235) medium at natural isotopic abundance. Cells were induced with
1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at an optical density of ~0.7 at 600 nm, and
concomitantly, the temperature of cell culture was reduced to 16 °C. Cells were harvested after
~16 h (2000 g for 30 min). For isotopic labeling, cells were initially grown at 37 °Cin 1 L LB
medium to an optical density of ~0.7 at 600 nm. Cells were collected by centrifugation (2000 g
for 30 min) and resuspended in 250 mL minimal M9 medium (sans the carbon/nitrogen source).
Cells were recollected by centrifugation (2000 g for 30 min) and suspended in 1 L minimal M9
medium containing 1 g/L **NH4CI for °N labeling or 1 g/L **NH4Cl and 4 g/L **Cs-d-glucose for
1SN/BC labeling. The resultant cell culture was incubated at 37 °C for an hour to acclimatize the
cells to M9 medium. Cells were then induced with 1 mM IPTG, followed by the above-described
protocol for protein expression and cell harvest.

Briefly for the purification scheme of E. coli AcpP, cells were resuspended in a lysis buffer
comprising 50 mM Tris(Hydroxymethyl)aminomethane (i.e., Tris), pH 7.4, 150 mM NaCl, and
10% glycerol. Cells were lysed by sonication and cleared by centrifugation (17,400 g, 1 h). The
resultant supernatant was loaded onto a HisPur Ni-NTA Resin (Thermo Fischer Scientific) pre-
equilibrated with above-mentioned lysis buffer (sans glycerol) and eluted in the same buffer
containing 250 mM imidazole. The eluted protein was dialyzed in a buffer comprising 50 mM

Tris, pH 7.4, 150 mM sodium chloride, 0.5 mM (tris(2-carboxyethyl)phosphine) or TCEP, 12.5
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mM magnesium chloride, and 5 mM manganese chloride at 4 °C. The resultant solution was mixed
with 0.1 molar equivalent of acyl carrier protein phosphodiesterase of E. coli (also called ACP
hydrolase or AcpH) and stirred at 4 °C overnight; note that expression and purification of AcpH
have been described in our previous works (S2). The above-described procedure is used to generate
homogenous apo-AcpP samples by converting any remnant holo-AcpP created during bacterial
expression to apo-AcpP. The resultant product, apo-AcpP, was concentrated (Amicon ultra-15
centrifugal filter units, 3 kDa cutoff; EMD Millipore) and loaded onto a HiLoad 26/600 Superdex
75 prep-grade column (Cytiva) pre-equilibrated with buffer containing 50 mM Tris (pH 7.4) and
150 mM sodium chloride. Relevant fractions were pooled, concentrated (~10 mg/mL), and stored
at -20 °C.

Production of crypto-AcpP tethered to selectively ®N-labeled pantetheinamides of varying
acyl chain lengths. All selectively N-labeled pantetheinamides were individually tethered to
apo-AcpP using our one-pot chemoenzymatic method (S3). This method utilizes three CoA
biosynthetic enzymes, namely CoaA, CoaD, and CoaE, to form CoA analogs and a
phosphopantetheinyl transferase called Sfp to tether these analogs onto apo-AcpP, producing
crypto-AcpP. Note that the expression and purification of Sfp and CoA biosynthetic enzymes have
been described previously (S4, S5). The composition of the final reaction mixture (total volume =
2 mL) was as follows: 50 mM Tris, pH 7.0, 150 mM sodium chloride, 8 mM adenosine
triphosphate, 12.5 mM magnesium chloride, CoA biosynthetic enzymes: CoaA, CoaD, and CoaE
(each at 0.01 pg/uL), 0.04 pg/uL Sfp, 1 mM TCEP, and 100 uM of apo-AcpP. Selectively °N-
labeled pantetheinamides of varying acyl chain lengths (see Schemes S4.1, S4.2, and S4.3) were
individually dissolved in a small volume of dimethyl sulfoxide (DMSO) to prepare stock solutions

(100 mM). These probes were individually mixed with the above-mentioned reaction mixtures,
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and the resultant solutions were incubated at 22 °C for ~12 h. The completion of the reactions and
the subsequent formation of crypto-AcpP products, hereafter referred to as Ce/Cs/C1o-Crypto-
AcpP, were monitored using reversed-phase high-performance liquid chromatography (RP-HPLC;
Agilent 1100 HPLC system) using an Acclaim reversed-phase C18 column (4.6 x 250 mm, 5 uM
particle size, 120 A; Thermo Fisher Scientific, catalog no. 059149); Fig. S1. The reaction mixtures
were loaded onto a HiLoad 26/600 Superdex 75 prep-grade column (Cytiva) pre-equilibrated with
50 mM potassium phosphate (pH 7.4) and 0.01% sodium azide. Relevant fractions of crypto-AcpP
were pooled, concentrated (~10 mg/mL), and stored at -20 °C. All crypto-AcpP samples were
further verified by liquid chromatography—electrospray ionization-time-of-flight/mass
spectrometry (LC—ESI-TOF/MS) using our previously described protocols (S6-S8).

Protein NMR spectroscopy. Samples of non-labeled/uniformly *°N-labeled/uniformly *N,*3C-
labeled Ce/Cs/C1o-crypto-AcpP variants were prepared in a buffer comprising 50 mM potassium
phosphate, pH 7.4, and 0.01% sodium azide. Aligned samples of °N-labeled C¢/Cg/C1o-crypto-
AcpP variants were prepared using bacteriophage pfl (13 mg/mL; Asla Biotech AB). Additionally,
5N-labeled pantetheinamides of varying acyl chain lengths were dissolved in a small volume of
DMSO, and the resultant stock solutions (100 mM) were diluted in the above-mentioned buffer to
reach a final concentration of ~1 mM (final DMSO concentration: 1%). All NMR samples
contained 10% (vol/vol) deuterium oxide.

NMR experiments were carried out at 37 °C on Bruker 600 and 800 MHz spectrometers equipped
with z-gradient triple resonance cryoprobes. Spectra were processed using NMRPipe (S9) and
analyzed using the CCPN software suite (510). Sequential *H, '°N, and *C backbone resonance
assignments of °N/3C-labeled Ces/Cg-crypto-AcpP variants were carried out using three-

dimensional (3D) triple resonance experiments (S11). The *H-'*N cross peaks of Cio-crypto-AcpP
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were assigned by reference to the spectrum of Cs-crypto-AcpP. NMR chemical shift perturbations
between different crypto-AcpP variants were determined by analyzing the two-dimensional (2D)
HSQC spectra of the corresponding proteins. Perturbations were calculated as follows: Awn =
{(ASun)? + (0.154 x ASN)?}2, where ASun and Adn are the *Hy and *°N chemical shift differences
in ppm, respectively, between different crypto-AcpP variants. ‘Dnn residual dipolar couplings
(RDCs), given by the difference in 1w coupling constants in aligned and isotropic media, were
measured using the transverse relaxation optimized spectroscopy (TROSY)-based ARTSY
technique (S12) and analyzed with Xplor-NIH (S13, S14). ®N-R; and R, measurements (S15)
were carried out on uniformly *°N-labeled C¢/Cg/C1o-Crypto-AcpP variants.

I5SN-CEST experiments (S16) were recorded at an 800 MHz spectrometer in an interleaved manner
on uniformly **N-labeled or non-labeled Ce¢/Cs/Cio-Crypto-AcpP variants. The exchange time
(Tcest) was set to 400 ms; B1 continuous wave (CW) saturation field strengths of 15 and 30 Hz
were used. In each case, the reference spectra were acquired with the Tcest period included but
with the B1 field strength set to 0 Hz. For uniformly *°N-labeled AcpP with selectively *°N-labeled
pantetheinamides, >N CW saturation was applied at 50 Hz increments from -900 to +1000 Hz
(with the N carrier set to 120 ppm). For non-labeled AcpP with selectively °N-labeled
pantetheinamides, >N CW saturation was applied at 30 Hz increments from -650 to +610 Hz (with
the °N carrier set to 120 ppm). B1 field strengths were calibrated using a 2D version of the nutation
experiment (S17). The exact values of the °N-field strengths were found to be 14.4 and 28.6 Hz
for the corresponding calculated values of 15 and 30 Hz, respectively. For Cio-crypto-AcpP, no
characteristic second dips in intensity at the resonance frequencies of the minor species were
observed (cf. Fig. 2C and 3B, main text), indicating that the timescale of exchange is not accessible

to N-CEST measurements and/or because the population of the solvent-exposed conformation
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of AcpP-tethered Cio-pantetheinamide is below the limit of detection of ®N-CEST (<0.5%).
Therefore, we recorded °N-Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersions on these
Cio-crypto-AcpP samples. The dispersions were measured at a spectrometer field of 800 MHz with
a constant-time period of 120 ms using a pulse scheme with amide proton decoupling that monitors
the rates of in-phase *°N coherences (S18). A CW 'H saturation with an 11 kHz radiofrequency
(RF) field was applied during the entire CMPG period.

Analysis of 15N CEST and >N CPMG relaxation dispersions. The °N CEST data measured on
Ce/Cs-crypto-AcpP variants were fit globally to a two-state exchange model (A < B, where A is
major state; Scheme S4.4) using an in-house MATLAB script (MathWorks Inc.) that is based on
the original work of Kay and co-workers (S16) and our previously published report (S19), by
numerically solving the McConnell equations (S20). Similarly, the ®N-CPMG dispersions
collected on Cio-crypto-AcpP sample were fit globally to the model shown in Scheme 4. The

mathematical and computational framework of this two-state model is described in our earlier

work (S6). For 1°N-CEST datasets, the set of global parameters included: (Kae: PB}, where kag is

the forward rate constat and Pg is the population of State B. For ®N-CPMG dataset, the set of

global parameters included:{kAB;kBA}, where kag and kea are the forward and backward rate
constats, respectively. The uncertainties in the values of the optimized parameters, corresponding
to confidence intervals of + 1 standard deviation were determined from the Jacobian matrix of the
non-linear fit. Convergence of the solution was confirmed by varying initial values for all

parameters and obtaining the same solution within reported uncertainties.
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State B
(sequestered) (solvent exposed)

Scheme S4.4 Two state exchange model A < B, where A is major state and B is minor state

Structure determination of Ce/Cs/C1o-crypto-AcpP. The structure of Ce-crypto-AcpP was
determined from backbone chemical shifts and backbone amide RDCs using CS-Rosetta (S21-
S23). Briefly, a standard CS-Rosetta structure calculation was performed using backbone
chemical shifts (*Hn, °N, 3Ca, **CB, and *3C”) as input to search for the matched three- and
nine-residue fragment candidates from the protein coordinate database derived from protein data
bank (PDB). Note that the coordinate database did not include previously published NMR and/or
X-ray structures of E. coli AcpP. As the subsequent step, a de novo Rosetta fragment assembly
and structure generation procedure was carried out to use the best matched fragment candidates
and backbone amide RDCs as inputs. The calculations were performed to generate 6,000
structures. Among these, the 10 lowest energy structures were used for further analysis and

modeling the acyl chains.

The AcpP-sequestered conformation of the tethered Ce pantetheinamide was modeled using Xplor-
NIH (S13, S14) via the following protocol: First, topology and parameter files for the AcpP-
tethered Ce pantetheinamide moiety were generated from the PDB entry 60KC (S24) using the
Xplor-NIH helper program genLigandCIF. Note that this PDB entry represents a cross-linked

complex between a ketosynthase called FabB and crypto-AcpP tethered to a C12 pantetheinamide
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determined using X-ray crystallography. First, the Ce pantetheinamide tag was attached to residue
S37 of the lowest-energy CS-ROSETTA model of AcpP, with the entire tag external to the protein.
To model the AcpP-sequestered conformation of the Ce-pantetheinamide, initially only S37 and
the probe coordinates were allowed to move to fit the heavy atom coordinates of PDB entry 2FAC
(S25); the latter comprises a Ce-pantetheine sequestered within the hydrophobic cavity of AcpP.
The same PDB entry was used as a template to position Cg-pantetheinamide, whereas PDB entry
2FAE (S25) comprising a Cio-pantetheine was used in the case of Cio-crypto-AcpP.

The modeling calculations employed multiple minimization steps. First, only S37 and the
coordinates of tethered pantetheinamides were allowed to move to fit the heavy atom coordinates
of the PDB template. This initial minimization employed a PosDiffPot energy term restraining
atomic coordinates to appropriate analogs in the PDB template and covalent and TorsionDB
energy terms. This initial fit was followed by three rounds of gradient-minimization refinement,
using Xplor-NIH's simulationTools.minimizeRefine function, fixing in space the protein backbone
and sidechains of the protein not close to the acyl pocket, and adding the RepelPot term to bias
against atomic overlap, with the RepelPot scale value sequentially set to values 0.01, 0.1 and 1
during the three minimization rounds. A final gradient minimization was performed allowing all
torsion angle degrees of freedom of the protein and the pantetheinamide. The energy minimized
in this step was a sum of those terms used in prior steps and terms corresponding backbone amide
RDCs measured on the Ce-crypto-AcpP, and distance restraints generated from the coordinates of
all backbone heavy atoms of the structure which were within 6 A of each other at this point in the
calculation. This procedure was performed separately for Cs and Cio pantetheinamides. The
resultant structures were cross-validated against the backbone amide RDCs obtained for the

corresponding crypto-AcpP samples.
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Figure S4.1. Comparison of RP-HPLC elution profiles of apo-AcpP (pink) and Cs/Cg/C1o-crypto-
AcpP (red, blue, and green, respectively). Crypto-AcpP samples were generated from apo-AcpP
and selectively °N-labeled pantetheinamides of varying acyl chain lengths using our one-pot
chemoenzymatic method (S3). A schematic representation of the corresponding proteins is shown
above the chromatogram. Proteins were detected at an ultraviolet (UV) wavelength of 210 nm (arb.
u. = arbitrary units). Chromatography conditions were as follows: Buffer A = 0.05% TFA in water,
Buffer B = 0.05% TFA in acetonitrile, and flowrate = 1 mL/min.
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Figure S4.2. NMR spectral analysis of °N-labeled Cs/Cs/C1o-Crypto-AcpP samples. Overlay of
expanded regions of *H-®"N HSQC spectra of Ce/Cs/Cio-crypto-AcpP samples (red, blue, and

green, respectively). A few residues with isolated *H-°N

cross-peaks that undergo large chemical

shift changes upon changing the acyl lengths are labeled. The *H-'°N cross-peaks of the °N atoms
of the pantetheinamides are highlighted using a dashed square (pink). Spectra were recorded at 37

°C and a spectrometer *H frequency of 800 MHz.
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Figure S4.3. Superimposition of Ce/Cg/C1o-crypto-AcpP models solved using CS-Rosetta and
Xplor-NIH. Only the ribbon diagram of Ce-crypto-AcpP is shown (white ribbons). Residue S37
and the tethered pantetheinamides of varying acyl chain lengths, C6, C8, and C10, are shown in
stick representation (red, blue, and green, respectively).
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Figure S4.4. NMR analysis of °N-labeled Cs-crypto-AcpP. °N-CEST profiles at two CW RF
fields (14.4 and 28.6 Hz) of 1 mM ®*N-labeled Cg-crypto-AcpP recorded at a static spectrometer
field of 800 MHz. The experimental data (blue, 28.6 Hz; red, 14.4 Hz) are shown as circles and
the solid lines represent the global best-fits to a two-state model (see Fig. 4.3E, main text). The
data was collected at 37 °C in 50 mM potassium phosphate, pH 7.4, and 0.01% sodium azide.
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Figure S4.6. NMR analysis of *N-labeled Cio-crypto-AcpP. *N-CPMG profiles of 1 mM *°N-
labeled Cio-crypto-AcpP recorded at a static spectrometer field of 800 MHz. The experimental
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Table S4.1. List of samples used for NMR measurements and the corresponding subsets of
residues included in the analysis of NMR data.[?!

Sample NMR experiment Residues

15N-labeled crypto-AcpP tethered to selectively °N-labeled Ce-pantetheinamide [

15N-CESTL 9,11, 12, 15, 16, 18,
19, 28-33, 43-46, 50,
51, 58, 59, 61, 62, 65,
67, 71, probe N

15N-labeled crypto-AcpP tethered to selectively *°N-labeled Cg-pantetheinamide [

’N-CESTM 9,12, 16, 18, 30-33,
45, 46, 51, 58, 59, 61,
62, 65, 67, 71, probe
15N

15N-labeled crypto-AcpP tethered to selectively *°N-labeled Cio-pantetheinamide [

I5N-CPMGH! 5,9,12,13, 15, 16, 18,
26, 30, 45, 68, probe
15N

[a] Data were fit globally to a two-state exchange model (Scheme 4.4) with rate constants reported
in Fig. 4.3F and Table 4.1 of the main text.

[b]The pantetheinamides with selective °N-labeling were prepared using Schemes S4.1-S4.3.
Individual probes were conjugated to °N-labeled apo-ACP using the one-pot chemoenzymatic
method to generate crypto-AcpP.

[c] °N-CEST experiments were recorded with Tcest = 400 ms using CW saturation RF field
strengths of 14.4 and 28.6 Hz (*H spectrometer frequency = 800 MHz).

[d] In the case of Cio-crypto-AcpP, no characteristic second dips in intensity at the resonance
frequencies of the minor species were observed (cf. Fig. 4.2C and 4.3B, main text), indicating that
the timescale of exchange is not accessible to ®N-CEST measurements.

[e] *°*N-CPMG relaxation dispersion experiments were recorded at a *H spectrometer frequency of
800 MHz.

126



NMR Spectra
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13C-NMR (125 MHz) spectrum 081 in CDCJ
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TH-NMR (500 MHz) spectrum ofS2a in Ccbd
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13C-NMR (125 MHz) spectrum ofS2a in CDC}
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TH-NMR (500 MHz) spectrum ofS5a in CDCj
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13C-NMR (125 MHz) spectrum ofS5a in onle]
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TH-NMR (500 MHz) spectrum ofla in CDOD
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TH-NMR (500 MHz) spectrum ofS2b in Ccbdy
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13C-NMR (125 MHz) spectrum ofS2b in Ccbd
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1H-NMR (500 MHz) spectrum ofS5b in CDCJ I
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TH-NMR (500 MHz) spectrum oflb in CB,0OD
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TH-NMR (500 MHz) spectrum of2,6-dioxopyrrolidin-1-yl decanoatein CDCj
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13C-NMR (125 MHz) spectrum of2,6-dioxopyrrolidin-1-yl decanoatein CDle
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TH-NMR (500 MHz) spectrum ofS2c in cbd
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13C-NMR (125 MHz) spectrum 0S82c in CD(J

144

@
O
o
O M < 0 N O
0w >~ ONNMOVONNOOMHITOINNGD L RNN N QN
NN O O Te] ONOOOOATTTO T ODDOOTEOOOOOOOOOOMWLWLLWSTAN
- v — NN TOOOOO OO ANODOANNANANANNANANANANANANANANNN T~
NN ey CECCCERE A e S
‘ | ‘
I |
| |
L ‘ | |
7 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
O Mt 0 N
© < o o0 ~ o
h-g 5 g
AN = |
|
| ‘ |
|
L |
T T T T T 7 T T T T T T T T T T T 7 T T T T T T T T 7T
180 175 170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80
0 o @ CNNOOMIWIILTONLINNDETRNN N ® ~
[eoNe] O O Nt~ O™ 000000 OoOOOoOoMmOOMUL UL FTITN <
<+ < M m DO MOANMOANANANANANANANANANANNANANNANWN —
\/ N e — |
| Il
s 1
—T T T T T T T T T T T T T T T T T "~ T "~ T T "~ T "~ T T "~ T T T "~ T "~ T "~ T 71T
42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13



TH-NMR (500 MHz) spectrum ofS5c in CD(y
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13C-NMR (125 MHz) spectrum of85¢ in CDCJ
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TH-NMR (500 MHz) spectrum ofic in CD,OD
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13C-NMR (125 MHz) spectrum oflc in CD,OD
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