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ABSTRACT
INTEGRATION OF FERMENTATION AND ORGANIC SYNTHESIS: STUDIES

OF ROQUEFORTINE C AND BIOSYNTHETIC DERIVATIVES

Claire Marie Gober

Madeleine M. Joullié

Roquefortine C is one of the most ubiquitous indoline alkaloids of fungal origin. It
has been isolated from over 30 different species of Penicillium fungi and has
garnered attention in recent years for its role as a biosynthetic precursor to the
triazaspirocyclic natural products glandicoline B, meleagrin, and oxaline. The
triazaspirocyclic motif, which encompasses three nitrogen atoms attached to one
guaternary carbon forming a spirocyclic scaffold, is a unique chemical moiety that
has been shown to impart a wide array of biological activity, from anti-bacterial
activity and antiproliferative activity against cancer cell lines to anti-biofouling
against marine organisms. Despite the promise of these compounds in the
pharmaceutical and materials industries, few syntheses of triazaspirocycles exist
in the literature. The biosynthesis of roquefortine C-derived triazaspirocycles,
however, provides inspiration for the synthesis of these compounds, namely
through a nitrone-promoted transannular rearrangement. This type of internal
rearrangement has never been carried out synthetically and would provide an
efficient stereoselective synthesis of triazaspirocycles. This work encompasses

efforts towards elucidating the biosynthetic pathway of roquefortine C-derived

Vii



triazaspirocycles as well as synthetic efforts towards the construction of
triazaspirocycles. Chapter 1 will discuss a large-scale fermentation procedure for
the production of roquefortine C from Penicillium crustosum. Chapters 2 and 3
explore (through enzymatic and synthetic means, respectively) the formation of the
key indoline nitrone moiety required for the proposed transannular rearrangement.
Finally, chapter 4 will discuss synthetic efforts towards the synthesis of
triazaspirocycles. This work has considerably enhanced our understanding of the
roquefortine C biosynthetic pathway and the unique chemistry of this natural
product, and our efforts towards the synthesis of triazaspirocycles will facilitate the

use of these compounds in numerous applications.
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l. Introduction

Prenylated indoline alkaloids make up one of the largest classes of
biologically active compounds of microbial origin. Fungal alkaloids in particular
comprise a large portion of this class of compounds. The biological activity
displayed by prenylated indoline alkaloids of fungal origin is wide ranging, from
anti-bacterial activity!2 and antiproliferative activity against human T-cell leukemia®

to anti-fouling against marine organisms.*
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Figure 1.1: Roquefortine C and related metabolites

II. Background
A. Isolation and Structure Determination

Roquefortine C was first isolated from cultures of Penicillium roqueforti
Thom along with the related compounds roquefortines A (5) and B (6) by Matazo
Abe and coworkers in 1975.14 Though characterization data was reported for
roquefortine C, Abe et al. were unable to propose a structure for this novel
compound. The following year, Scott and coworkers isolated roquefortine C from
a sample of P. roqueforti (strain CS1) and determined its structure via a series of
chemical and spectroscopic studies. Si mi | ar t o many
roquefortine Ccwmapoda@ddtnay g-poo pleiame di k
s k e | eRlatnum-catalyzed hydrogenation of roquefortine C vyielded 24,25-
dihydroroquefortine C (7), and nuclear magnetic resonance (NMR) analysis of this
compound as compared to roquefortine C suggested that the prenyl group was
positioned in the reverse orientation to the indoline moiety (Scheme 1.1).
Reduction with zinc in acetic acid at 70 °C afforded two 3,17-dihydroroquefortine C

isomers (8) and corresponded with the disappearance of a singlet at 6.40 ppm in

i ndol i
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the 'H NMR spectra. Acidic hydrolysis of these two isomers yielded histidine,
leading Scott and coworkers to conclude that roquefortineCpossesase@adi que

dehydrohistidine side chain eXtending from

25\ o
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X - X
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HN N H \=N
\— H
N

Scheme 1.1: Structural determination of roquefortine C (1) by chemical reduction and
hydrolysis
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Scheme 1.2: Photoisomerization of roquefortine C and configuration of the
dehydrohistidine moiety

B. Biological Properties of Roquefortine C

The cytotoxicity of roquefortine C has been a subject of debate for many
years. The toxicity of this compound appears to be highly organism-specific;
roquefortine C has been reported to induce neurotoxic and inflammatory
responses in mice'?2%30 and paralytic activity in cockerels,®! but it has shown little
to no cytotoxicity in a number of human cell lines.%3232 Roquefortine C may also
be significant in indoor air contamination, as it has been isolated from numerous
mold-contaminated indoor environments and as inflammatory responses have

been reported for mouse lungs intratracheally instilled with roquefortine C.2°:34-36

Roquefortine C is known to inactivate hepatic cytochrome P450s3’" and
inhibit growth of gram-positive bacteria containing heme proteins.38:3° The

E-dehydrohistidine moiety of roquefortine C has been shown to be a key factor in



this inhibition. Computational studies of roquefortine C suggest internal hydrogen
bonding between H19 and the C4 carbonyl oxygen (Figure 1.2).° As a
consequence of this intramolecular hydrogen bonding, the imidazole moiety does
not experience tautomerization. The nitrogen on the periphery of roquefortine C,
N21, forms a strong Fe-N interaction through its lone pair, inhibiting hepatic

cytochrome P450s and peroxidases.

Interestingly, isoroquefortine C demonstrates no such inhibition of heme
proteins. Isoroquefortine C also possesses intramolecular hydrogen bonding;
however, in this case, N19 becomes the hydrogen bond acceptor. As
isoroquefortine C also does not experience tautomerization, the N21 lacks the sp?
lone pair needed to form a strong bond to iron and fails to inhibit hepatic

cytochrome P450s.3’

0 o
\ \ 19
NH oN7 TN=\
N4 A N M NH
N H
o) S N H
H “HN X H ©
19 \=N:---Fe
21
Roquefortine C (1) Isoroquefortine C (9)

Figure 1.2: Inhibition of hepatic cytochrome P450s as a result of intramolecular hydrogen
bonding

C. Biosynthesis of Roquefortine C and Related Metabolites
The genome of Penicillium chrysogenum was sequenced in 2008, setting
the stage for the exploration of roquefortine C biosynthesis.*! In 2011, a single

cluster of coregulated genes encoding the biosynthesis of roquefortine C and



meleagrin was discovered by Martin and coworkers (Scheme 1.3). Open reading
frames (ORFs) within the roquefortine-meleagrin gene cluster in the
P. chrysogenum genome have been subjected to a series of RNA silencing
experiments, which enabled a putative biochemical assignment for each step of
the biosynthetic pathway.*?> Pc21915480 was found to encode a nonribosomal
peptide synthetase (NRPS) RogA, which is proposed to promote the biosynthesis
of histidyltryptophanyldiketopiperazine (HTD, 10) from histidine and tryptophan.
RogA was shown to contain two modules each containing activation, thiolation,
and condensation domains. Subsequent gene deletion studies by Vreeken and
coworkers uncovered a branched pathway leading to the biosynthesis of
roquefortine C.*3 A gene encoding prenyltransferase RogD (Pc21915430) was
found to promote the biosynthesis of roquefortine D (8) from HTD and
roquefortine C from dehydrohistidyltryptophanyldiketopiperazine (DHTD, 11).
Pc21915470 encodes cytochrome P450 oxidoreductase RogR, which was found
to promote the dehydrogenation of HTD to DHTD and of roquefortine D to

roquefortine C.
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Scheme 1.3: Biosynthesis of roquefortine C (1)

The biosynthetic pathway connecting roquefortine C to its downstream
metabolites has been a subject of investigation for several years. A radiolabeling
study by Vleggaar (Scheme 1.4) was the first evidence to suggest a biosynthetic
pathway containing Penicillium indole alkaloids roquefortine C, glandicolines A
(15) and B (2), meleagrin (3), and oxaline (4).#* He proposed that the pathway
began with the hydroxylation of roquefortine C, followed by a rearrangement to
give glandicoline A, N-oxidation to give glandicoline B, and methylation to give

meleagrin and oxaline.
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Scheme 1.4: Roquefortine biosynthetic pathway proposed by Vleggaar et al., with
potential intermediates in brackets

It was unclear from this study, however, whether oxaline was made
biosynthetically via a direct oxidation and rearrangement of roquefortine C, as is
suggested in Scheme 1.4, or if it were instead made via a separate pathway. A
later study by Reshetilova provided evidence of direct oxidation and
rearrangement as incorporation of exogenous *4C labeled roquefortine C into the
proposed downstream metabolites was shown to occur in cell suspensions and

growing cultures of Penicillium glandicola.*54

Whole genome sequencing, analysis, and substrate modeling with
P. chrysogenum Wis54-1255 have enabled the determination of the gene cluster
that encodes the biosynthesis of roquefortine C derived metabolites.*! In the first
reports of this gene cluster, Martin and coworkers found the transformation of
roquefortine C (1) into glandicoline A (15) to be promoted by a MAK1-like

monooxygenase RogM (encoded by Pc21g15460), as evidenced by loss of



production of 2, 15, and 4 upon gene silencing. Subsequent gene deletion analysis
of the P. chrysogenum strain DS54555 roquefortine C gene cluster* confirmed the
results obtained by gene silencing,*? leading to a mechanism identical to the one

previously proposed by Steyn and Vleggaar.**

More recently, rigorous structural elucidation of the metabolites of this
pathway prompted a revision of the biosynthetic mechanism for this particular
rearrangement.*’ The key revision to this newly proposed metabolic pathway is
the generation of the nitrone-bearing intermediate roquefortine L (17) by RogM
from 1 (Scheme 1.5). Since roquefortine L (17) has a molecular weight identical to
that of glandicoline A (15), it was proposed that 17 had been mistakenly
characterized as 15 in the initial gene silencing and gene deletion studies.
Cytochrome P450 monooxygenase RogO (encoded by Pc21g15450) was
proposed to catalyze the rearrangement of 15 to give the triazaspirocyclic core of
glandicoline B (2) as deletion of this gene resulted in loss of production of 3 and 2.
Novel metabolites roquefortine F (18) and neoxaline (19), presumably formed from
hydroxylamine 16, were also reported in this work as well as roquefortines M (20)
and N (21), which were formed following non-enzymatic hydrolysis of

roquefortine L.
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Scheme 1.5: Biosynthesis of roquefortine C-derived metabolites

D. Total Synthesis of Roquefortine C
The first and only total synthesis of roquefortine C was published by our
laboratory in 2008 (Scheme 1.6).4° This total synthesis included a novel elimination
strategy to construct the thermodynamically disfavored E-dehydrohistidine moiety.
However, this synthesis did little to improve the availability or cost of the
compound: only 17 milligrams were produced as a result of the total synthesis, and
the cost of raw materials to produce 1 gram of 1 by total synthesis is estimated to

be over $1800.
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Scheme 1.6: Total synthesis of roquefortine C (1)

E. Prior Art: Small Scale Fermentation of Roquefortine C
While fermentation has never been previously implemented for large-scale
roquefortine C production, several experiments have revealed key factors that
influence the production of roquefortine C by fermentation on small scale.
Roquefortine C production by P. roqueforti was found by Abe et al. to improve
significantly upon increasing temperature (up to 30 °C) and was observed to peak
around day 20 following incubation in MGS (mannitol, glucose, succinic acid)

media.?* A parallel study by P.M. Scott and coworkers examined roquefortine C

12



production by four strains of P. roqueforti using five unique growth conditions.*®
Roquefortine C production was found to parallel mycelial growth, with the majority
of roquefortine C being isolated from the mycelia as opposed to the liquid growth
media. Extractions of roquefortine C from the mycelia were carried out with
acetone, which was determined to be the ideal extraction solvent. Growth media
containing yeast extract and higher concentrations of sucrose gave superior yields
of roquefortine C, with maximum yields from mycelia estimated at 295 mg per liter

of growth media at 40 days from P. roqueforti strain HPB 111275.

Roquefortine C has also been isolated in high yields from other species of
Penicillia. In 1980, Diener et al. isolated roquefortine C in 101 mg per liter from
mycelia of Pencillium commune grown in a yeast extract-sucrose growth medium
and determined that stationary cultures were imperative for roquefortine C
production.3! Alkaline environments tended to correlate with higher roquefortine
production, as the pH of growth media yielding the largest quantities of roquefortine
C rose to 8 or 9 following 10 days of mycelial growth. Initial mycelial growth rate
was shown to be more rapid with smaller volumes of growth media in conical
flasks. Roquefortine C was also isolated from Penicillium crustosum by Mantle and
coworkers in 1983.4° Grown for 12 days in Czapek-Dox liquid growth media
supplemented with 0.5% yeast extract, roquefortine C production was found to
approach 13 mg per 50 mL growth media, which equates to 260 mg per liter.

Mantle also observed the necessity of mycelial growth for roquefortine C

13



production and found that poor mycelial growth negatively impacted roquefortine C
production.
[ll.  Results and Discussion
A. Large Scale Fermentation of Roquefortine C

While P. roqueforti, in particular the HPB 111275 strain, would have been
the ideal strain for our fermentation based on the previously discussed work by P.
M. Scott, its limited availability in the United States led us to select P. crustosum
ATCC 90174 (strain NHL 6491 [I-31]) for development of the fermentation process
(Scheme 1.7). Czapek-Dox broth supplemented with 5% yeast extract (Table 1.1)
was selected as the growth media for the fermentation of roquefortine C as
roquefortine C production was previously shown to be accelerated with high

concentrations of sucrose and yeast extract.

Inoculation in

\'\g 1. Rehydration - liquid medium
O _—
2. Inoculation onto solid \ (14 days)
agar plates (3-6 days)
Penicillium crustosum
Freeze-dried at -80 °C
1. Filtration
2. Extraction
-
o
Purification ) Concentration ‘ \
e« |Crude mycelial (.~~~ /S

extract

Roquefortine C

gram quantities

Scheme 1.7: Roquefortine C fermentation process
Geometry optimization of roquefortine C was carried out at the HF/6-311+G(2d,p) level of
theory
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Table 1.1: Roquefortine C fermentation growth media compaosition

Reagent Quantity?
Sucrose 30.000 g
Sodium nitrate 3.000 g

Dipotassium phosphate  1.000 g

Magnesium sulfate 0.500 g
Potassium chloride 0.500 g
Ferrous sulfate 0.010 ¢
Yeast extract 5.000 g

APer liter ultrapure (Type 1) water

Preliminary fermentation trials were carried out in Erlenmeyer flasks (1, 2,
4, and 6 L) containing relatively small volumes (200-1000 mL) of growth media.
Pyrex borosilicate trays (3.5 L) eventually proved to be a superior vessel for the
fermentation process. These trays eliminated the extraneous headspace present
in the Erlenmeyer flask system, which provided greater ease of storage and

harvest of the mycelial cultures as well as cleaning of the growth vessels.

Exposure to light (both sunlight and standard laboratory lighting) was found
to negatively impact mycelial growth, and subsequently roquefortine C production.
In particular, exposure to light in the initial stages of mycelial growth was found to
impede mycelial growth, even if cultures were subsequently shielded from light
(Figure 1.3). As a result, liquid cultures of P. crustosum were grown in darkness

for the entirety of the fermentation process.
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Figure 1.3: Effects of light on P. crustosum mycelial growth

Roquefortine C in this fermentation procedure was isolated exclusively from
the mycelia, as the liquid growth media has been shown to yield minimal amounts
of roquefortine C. Lyophilization of the mycelia to remove water proved to be
extremely important to obtaining good vyields of roquefortine C. The polarity of
roquefortine C allows for straightforward extraction and purification. Roquefortine
C exhibits high solubility in polar aprotic solvents such as chloroform, acetone, and
dichloromethane, which permits its extraction from the mycelial material. Two
extractions were performed in this fermentation procedure: one 3 hour extraction
in a 1:1 mixture of chloroform and acetone and one 18 hour extraction in acetone.
The polarity of roquefortine C with respect to the other metabolites extracted from
the P. crustosum mycelia allowed for its purification by column chromatography
using an 85:10:5 mixture of CH2Cl2/CHsOH/acetone, providing roquefortine C in

excellent purity in quantities of 150 mg per liter of growth media.
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B. Comparison to Other Methods of Roquefortine C Production

The production of roquefortine C by fermentation has proven to be much
more efficient than production by traditional organic synthesis. The total synthesis
of roquefortine C only yielded 17 mg after 12 steps, which included 7 extractions
and 10 chromatography purifications. Two major challenges in this synthesis
include the installation of the reverse prenyl moiety, which required the use of
stoichiometric organostannane, and the installation of the E-dehydrohistidine
moiety, which could only be synthesized in a 1:1 mixture with the Z isomer.
Fermentation of roquefortine C requires only one extraction and one
chromatography purification and allows for a significant reduction in cost of raw
materials. To produce a gram of roquefortine C by total synthesis is estimated to
cost over 100 times the amount to produce one gram of roquefortine C by
fermentation. Additionally, the amount of active experimental time of the

researcher is significantly reduced.

While our production of roquefortine C ultimately gave less of the title
compound per liter than the two highest yielding procedures by Abe and Scott, this
fermentation procedure is scalable and can afford good yields, comparable to the
majority of small scale fermentations of roquefortine C. Following the development
of this fermentation procedure, a patent was filed by researchers at the First
Institute of Oceanography in China describing a fermentation procedure for the
production of roquefortine C.%° This patent detailed the fermentation of Penicillium

sp. Y32 in a variety of growth media. The fungal liquid cultures were allowed to
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grow for 25-35 days, after which the mycelia was extracted with acetone and ethyl
acetate and purified by column chromatography. This procedure gave roquefortine
C yields between 6.8 and 33 ug per mL liquid growth media, paling in comparison

to the procedure described in this chapter.

IV.  Conclusions

The fermentation procedure described herein allows for the production of
gram quantities of roquefortine C in excellent purity. With yields of 150 mg per liter,
this method provides significant benefits over the traditional organic synthesis of
roquefortine C and will allow for further exploration of roquefortine C and its

downstream metabolites.

V. Experimental Details

General Information

Roquefortine C was purified by flash column chromatography (FCC) on 230-400
mesh silica gel. *H and 3C NMR spectra were recorded on a spectrometer
operating at 500 MHz for 'H and 125 MHz for *3C unless otherwise stated.
Chemical shifts are reported in ppm relative to tetramethylsilane (TMS) as the
internal standard for *H and chloroform as the internal standard for 3C. NMR data
is reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd =
doublet of doublets, t = triplet, g = quartet, br = broad, m = multiplet), coupling

constants (Hz), and integration. 'H-'H Homonuclear correlation spectroscopy
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(COSY), H-13C heteronuclear single quantum correlation experiment (HSQC),
and 'H-13C heteronuclear multiple bond correlation (HMBC) NMR spectra were
recorded on a spectrometer operating at 500 MHz. High-resolution mass spectra
(HRMS) were recorded on an electrospray ionization time-of-flight (ESI-TOF)
spectrometer (Agilent). Waters software calibrates and reports by use of neutral

atomic mass. The mass of the electron is not included.

Isolation of roquefortine C (1) from P. crustosum

Freeze-dried samples of P. crustosum were rehydrated for 1 hour in double
distilled (dd) water and inocul ated
formula). Fungal samples were allowed to grow on plates for 3-5 days in darkness
at room temperature until colonies of blue-green fungus were observed. Twelve
borosilicate glass trays (9 by 13 inch) were each filled with 825 mL autoclave-
sterilized Czapek-Dox yeast extract (CDY) liquid media, prepared using 35 g/L
Czapek-Dox broth and 5 g/L yeast extract. The CDY broth was inoculated with
fungal culture using a sterile loop. P. crustosum samples were grown in liquid
culture for 12-14 days until a sufficient mycelial mat covered the surface of the
liquid media. Mycelial material was harvested by filtering off liquid media,
macerating the mycelial mat using a mortar and pestle, and lyophilizing.
Lyophilized samples were extracted in 1:1 CHCls/acetone for 3 hours and then
again in acetone for 18 hours. Organic extracts were then concentrated by rotary
evaporation to give a crude mycelial extract. Roquefortine C was purified by flash

chromatography (retention factor (Rr) 0.26, 85:10:5 CH2CIl2/CHsOH/acetone), to
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yield 1 g of purified material. 'H NMR (500 MHz, CDCl3) 18.92 (s, br, 1H), 10.27
(s, 1H), 7.68 (s, 1H), 7.23 (s, 1H), 7.17 (d, J = 6.0 Hz, 1H), 7.09 (t, J = 6.0 Hz, 1H),
6.76 (t, J = 6.0 Hz, 1H), 6.59 (d, J = 6.5 Hz, 1H), 6.35 (s, 1H), 5.97 (dd, J = 9,
14.5 Hz, 1H), 5.63 (s, 1H), 5.14 (s, 1H), 5.11 (d, J = 7.0 Hz, 1H), 5.08 (s, 1H), 4.03
(dd, J = 5.0, 9.5 Hz, 1H), 2.58 (dd, J = 4.5, 15.0 Hz, 1H), 2.45 (t, J = 10.0 Hz, 1H),
1.13 (s, 1H), 1.02 (s, 1H). 13C NMR (125 MHz, CDCls)  16i7.3, 159.6, 150.2, 143.6,
137.1, 135.7, 129.3, 128.8, 125.7, 125.4, 121.9, 119.4, 115.0, 111.6, 109.4, 78.6,
61.8, 59.0, 41.2, 37.0, 23.1, 22.7. >N NMR (600 MHz, CDCls) b7.9, 267.8,

147.4, 138.1, 83.4. IR (KBr): 3199, 1681, 1607, 1435, 1412, 1215, 1102, 752 cm*?

(lit. (Ohmomo et al., 1975)** IR (KBr) 3180, 1690, 1660, 1604 cm™). [a]%-700.5

(c 0.77, CHCIg) (lit. (Ohmomo et al., 1975) [a]y -764 (c 0.50, pyr.)). HRMS (ESI-

TOF) m/z [M + H]* calcd for C22H24NsO2 390.1930, found 390.1930 (lit. (Joullié et

al., 2008)4° calcd for C22H24Ns02 390.1930, found 390.1920.
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Appendix 1A: Species of Penicillium that Produce Roquefortine C

Penicillium species | Investigator Reference
number
P. albocoremium Frisvad,1989 20, 25
Overy, 2003

P. allii Frisvad, 1989 20

P. atramentosum Frisvad, 1989 20

P. carneum Boysen, 1996 26

P. chrysogenum El-Banna, 1987 18, 20

Frisvad, 1989

P. concentricum, Frisvad,1989 20
P. confertum, Frisvad,1989 20
P. coprobium Frisvad, 1989 20
P. coprophilum Frisvad,1989 20
P. crustosum Kyriakidis, 1981 16, 17

Kozlovsky, 1981 (as P. farinosum)

P. expansum Ohmomo, 1980 15, 19

Frisvad, 1983

P. flavigenum Banke, 1997 13

P. glandicola Frisvad, 1983 (as P. granulatum) 19, 20

Frisvad, 1989

P. griseofulvum Ohmomo, 1980 (as P. urticae) 15, 19

Frisvad, 1983
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. hirsutum Ohmomo, 1980 (as P. corymbiferum) 15, 20
Frisvad, 1989 (as P. corymbiferum)

. hordei Frisvad, 1989 20

. marinum Frisvad, 2004 23

. melanoconidium Frisvad, 1989 20

. paneum Boysen, 1996 26

. persicinum Frisvad, 2004 23

. radicicola Overy, 2003 25

. roqueforti Ohmomo, 1975 11, 12, 14
Scott, 1976
Yamaguchi, 1991

. sclerotigenum Frisvad, 1990 21, 22

. tulipae Overy, 2003 25

. venetum Frisvad, 1989 20

. vulpinum Frisvad, 1983 (as P. claviforme) 19
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Appendix 1B: Spectra Relevant to Chapter 1
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CHAPTER TWO

N-OXIDATION OF ROQUEFORTINE C BY OXAD

Material in this chapter reproduced in part with permission from:

Newmister, S. A.; Gober, C. M.; Romminger, S.; Yu, F.; Tripathi, A.; Parra, L. L. L.;
Williams, R. M.; Berlinck, R. G. S.; Joullié, M. M.; Sherman, D. H. J. Am. Chem. Soc. 2016,

138(35), 11176-11184. Copyright 2016 American Chemical Society
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l. Introduction

In recent years, downstream metabolites of roquefortine C have acquired
renewed interest due to their unique triazaspirocyclic core and their biological
activity. Until recently, the triazaspirocyclic core of glandicoline B, meleagrin, and
oxaline was thought to be biosynthesized via an indole imine intermediate
glandicoline A. Recent work by the Vreeken lab, however, indicates that these
metabolites are formed via a nitrone intermediate, roquefortine L. The uniqueness
of this nitrone natural product as well as the general lack of robust synthetic
methods towards synthesizing indoline nitrones led us, in collaboration with the
Sherman laboratory at the University of Michigan, to develop flavin
monooxygenase OxaD as a biocatalyst for indoline nitrone synthesis. We herein
report the isolation, characterization, and enzymatic activity of OxaD, which can
be produced in significant yields by heterologous expression. OxaD is a
flavoprotein that has been harnessed for the biocatalytic conversion of
roquefortine C and roquefortine C semisynthetic derivatives to afford the resulting
indoline nitrones in very good yield and in a single step. To the best of our
knowledge, this work represents the first biocatalytic synthesis of indoline nitrones.

. Background
A. Nitrones

The nitrone functional group, which is an N-oxide of an imine, is a unique

and versatile chemical moiety. The extreme electrophilicity of the nitrone carbon

allows for its participation in nucleophilic addition reactions as well as 1,3-dipolar

37



cycloaddition reactions. Synthesis of nitrones generally occurs through either
condensation of a ketone with a hydroxylamine or oxidation of an N,N-disubstituted

hydroxylamine.

Chemical conversion of indolines into their respective nitrones has been
reported in only a few instances. This transformation requires either mild oxidative
conditions to give very moderate yields,*? or a multi-step procedure affording good
yield.3 Oxidation of N-aryl secondary amines generally gives poor yields, as
electron transfer from the amine to the oxidant typically results in C-N bond
cleavage and subsequent oxidation of the fragments. The powerful electrophilicity
of the nitrone U-carbon makes it susceptible to intra- and intermolecular

nucleophilic attack, often resulting in numerous side products.

Fungal production of roquefortine L (17) is particularly relevant, since very
few indoline nitrones are known as natural products.*® With the exception of the
recently isolated versicamide E (30), alstoyunine D (31), and perakine N?I,N*-
dioxide (32), the remaining fungal indole nitrones share a common avrainvillamide
(33) core (Figure 2.1). Nitrone incorporation into these compounds can promote
several biologically relevant events. For example, the nitrone functional group on
avrainvillamide is required for dimerization to stephacidin B (35).° The nitrone
function of avrainvillamide also plays a vital role in its anti-proliferative activity.
Avrainvillamide has been shown to bind to oncogenic protein nucleophosmin,

which is frequently overexpressed in solid tumors, with expression levels often
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correlating to tumor metastasis. The proposed mechanism of anti-proliferation
involves nucleophilic attack of the nitrone functionality by cysteine residues in
cellular proteins.®1%-12 Such properties generate great interest in the chemical
synthesis of these molecules, as evidenced by the syntheses of avrainvillamide

(33) and stephacidin B (35) published in recent years. 11314

31 R=CO,H
32 R = CHO

Figure 2.1: Known indoline nitrone natural products

Discovery of a biocatalyst that could efficiently perform such a reaction in a
single high-yielding step would be of major interest for the synthesis of nitrone
functionalized indolines, particularly of complex and biologically active indoline

alkaloids.
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B. Nitrone Biosynthesis

The biosynthetic oxidation of amines to hydroxylamines is well documented,;
however, the biosynthesis of nitrones has been observed in relatively few
instances. The biosynthetic oxidation of amines is typically carried out by either
flavin-dependent monooxygenases or cytochrome P450s. These enzymes both
implement cofactors for the activation of molecular oxygen. Cytochrome P450s
carry out oxidations through use of iron bound to an organic cofactor such as a
heme (Scheme 2.1). The iron is attached to the P450 via a cysteine residue. The
substrate first binds proximal to the heme, displacing water. Electron transfer from
reduced nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine
dinucleotide phosphate (NADPH) converts the iron(lll) to the iron(ll) species.
Molecular oxygen binds to iron(ll) giving a peroxy radical, which is converted to the
corresponding peroxo anion via a second electron transfer. Rapid protonation of
the peroxo anion generates the highly reactive iron(IV) oxo species, which allows

for oxidation of the substrate and regeneration of the initial iron-water complex.

Flavin-dependent monooxygenases incorporate molecular oxygen using an
organic flavin cofactor (Scheme 2.2). Molecular oxygen is incorporated into the
reduced flavin species, giving a peroxo anion. Protonation generates a reactive
hydroperoxyflavin, which delivers oxygen in an electrophilic fashion on its
substrate. The reduced flavin is regenerated via dehydration and subsequent

electron transfer.
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Scheme 2.2: Flavin monooxyganase mechanism

Previous accounts of enzymatic nitrone formation have focused on
metabolism of xenobiotic secondary amines and hydroxylamines by hepatic
microsomal enzymes;*>2° however, in the majority of these instances, nitrone
formation was accompanied by a number of additional oxidative side reactions.
Additionally, thorough characterization of the nitrone products in these instances
is generally lacking, with nitrone formation often assumed following observation of

nitrone addition or degradation products.
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[ll.  Results and Discussion
A. Oxaline Biosynthetic Gene Cluster
While the biosynthesis of the roquefortine C-derived alkaloids 1-4 has been
the subject of investigations employing genetic approaches,?>® enzymatic
characterization relating to assembly and processing steps is completely lacking

for these indoline alkaloid pathways.

In order to investigate the biogenesis of oxaline in mechanistic detail, the
genome of P. oxalicum F30 was sequenced by the Sherman group and gene
cluster analysis was performed using antiSMASH (antibiotics & Secondary
Metabolite Analysis Shell), followed by a deep annotation of the oxaline
biosynthetic pathway (Scheme 2.3A). The composition of the oxaline (oxa) gene
cluster is highly similar to that of roquefortine/meleagrin (roq) cluster from
P. chrysogenum,2! with an average 78.4% similarity between homologous ORFs
in the respective systems. One exception is a second methyltransferase (OxaC),
which is absent in P. chrysogenum and suggests that this enzyme is responsible
for the enol O-methylation that distinguishes 3 from 4. By homology, we reason
that the initial biosynthetic steps toward 4 match those previously reported for 3
(Scheme 2.3B). Briefly, the first biosynthetic intermediate HTD (10), is generated
by an NRPS-mediated condensation of the corresponding L-amino acids. HTD
undergoes reverse prenylation at C3 catalyzed by OxaF and dehydrogenation
catalyzed by OxaB to give 1. The flavin oxidase, OxaD, and the P450

monooxygenase, OxaH, are homologous to P. chrysogenum RogM and RoqO,
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respectively. RogM and RogO have been proposed to generate the core
intermediate 2 from 1 by proceeding through intermediate 17, as identified by
Vreeken et al.??2 The conversion of 17 to 2 is proposed to arise from a P450-
dependent hydroxylation catalyzed by OxaH, although this transformation has not
been observed in vitro. Two O-methylations by OxaG and OxaC generate the final

product 4.

(=] D JEEDCE) 0,0 )—&)

|:> Unknown function - P450 oxidoreductase |:> Flavin oxidoreductase |::> Prenyltransferase
- NRPS - Methyltransferase - Efflux pump |:> Sucrase

B
o
3 NH RogD RogR RogM
| HN 0xaF OxaB Oan
HN
O DMAPP NADH
HN N

HNT o
HTD (10) Roquefortine D ( Roquefortine C (1)
A o
RogN
12
1 N NH OxaG
AN —_—
10 (?\‘/ 6 S SAM !\IHN
9 00 NN H;CO i A
=\ HNTY HNT
Roquefortine L (17) \=N \=N
Glandicoline B (2) Meleagrin (3) Oxaline (4)

Scheme 2.3: Oxaline biosynthetic gene cluster

(A) Schematic representation of the ORFs in the oxaline (oxa) gene cluster. (B) Proposed
biosynthetic pathway in P. oxalicum F30. The homologous enzymes from the
roquefortine C/meleagrin (roq) gene cluster in P. chrysogenum are also shown. A second
methyltransferase, OxaC, lacks a homolog in P. chrysogenum.

B. OxaD, a Flavin-Dependent Nitrone Synthase
OxaD was cloned by the Sherman group from a P. oxalicum F30 cDNA

library and heterologously expressed in Escherichia coli. The purified enzyme

43



exhibited an intense yellow color. High-performance liquid chromatography-mass
spectrometry (HPLC-MS) analysis of the supernatant of boiled OxaD shows near
guantitative incorporation of flavin adenine dinucleotide (FAD). In order to obtain
sufficient quantities of roquefortine C, a fermentation-based isolation using P.
crustosum was implemented, as described in Chapter 1.4 Gram quantities of pure
1 were obtained for enzymatic testing and chemical derivatization. Both NADH
and NADPH were shown by the Sherman group to be effective in the oxidation of
1 by OxaD. Incubation of OxaD with 1 and reduced nicotinamide cofactor resulted
in the formation of several products. After 4 hours incubation of 1 with OxaD,
HPLC-MS analysis (50:50 CHsOH:H20) showed peaks with molecular weights
corresponding to the nitrone 17, the hydrated product 36, and a presumed CH3OH
adduct (Figure 2.2). Low levels of the hydroxylamine 16 were also detected.
Preparative scale enzymatic reactions were conducted in the Joullié laboratory
using 1 (20 mg) in order to characterize the major reaction product. As reverse-
phase C18 chromatography led exclusively to the hydrolysis product 36,
subsequent reactions were designed to minimize the exposure of 17 to aqueous
conditions, acidic or basic pH, and light. Biocatalytic reactions were performed for
1 hour prior to extraction with EtOAc and normal phase chromatography
purification on deactivated silica gel in the absence of unhindered alcohols. These

conditions led to 17 in a single step in good yield.
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Figure 2.2: Reactions with OxaD and 1 led to the detection of a hydroxylamine
intermediate 16 and the hydrolysis product 36

Identification of nitrones has long been a challenge with regard to their
differentiation from other products of N-oxidation, such as imines, amine oxides,
or oxaziridines. The presence of the nitrone functionality in 17 was confirmed by
analysis of IH NMR, 3C NMR, and infrared (IR) spectra. Analysis of the *H NMR
spectrum of 17 confirms the double oxidation event at the indoline nitrogen,
demonstrated conclusively by the disappearance of the H6 s i gn al at
Moreover, chemical shifts of H9, H10, H11 and H12 were observed further
downfield. Analysis of the 13C NMR spectrum of 17 was further indicative of the
nitrone formation, as the chemical shift of the C-6 peak shifted from U 78 ppm to
U 150 ppm. Additionally, previous infrared analysis of N-phenyl nitrones shows a
very strong band between 1000-1100 cm corresponding to the N-O stretch.?® This
band disappears upon isomerization of N-phenyl nitrones to the corresponding
oxaziridines. Following the oxidation of roquefortine C by OxaD, an intense band
was observed at 1014 cm in the IR spectrum of 17, providing additional support

for the presence of a nitrone functionality rather than an oxaziridine.

As the natural abundance of 1°N is quite low (0.36%), 20 mg of roquefortine

L proved to be an insufficient amount to carry out **®N NMR experiments. Thus,
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P. crustosum was cultured in *>N-enriched medium to give '°N-labeled 1 (86% °N
incorporation). This material was subjected to the same reaction conditions as 1
to provide °N-labeled 17, which was characterized by analysis of the 'H-°N
HMBC spectrum. Nitrogen atoms in N-aryl nitrones display a characteristic peak
between U 270-300 ppm, while the corresponding amine nitrogens are observed
between U 0-100 ppm. In the *H-1>N HMBC spectrum of 1°N-enriched 17 the signal
at U 83 ppm disappeared, and a new peak was observed at U 281 ppm, which

correlated to H9 and H10.

C. Investigating the Mechanism of Oxidation
The observation of hydroxylamine 16 led us to investigate the mechanism
of roquefortine C (1) oxidation by OxaD. The full catalytic cycle encompasses a
four-electron reduction, in which two equivalents of NADH are consumed en route
to the nitrone product. We considered two possible mechanisms for this reaction,
the first proceeding via a hydroxylamine intermediate and the second proceeding

via the indole imine (37, Scheme 2.4).
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Scheme 2.4: Possible mechanisms of roquefortine L (17) biosynthesis by OxaD

Single turnover experiments were performed in which only one equivalent
of NADH was provided to equimolar concentrations of OxaD and roquefortine C.
Analysis of the reaction products showed an approximate 1:2 ratio of singly-
oxidized hydroxylamine 16 species relatively to the doubly-oxidized nitrone
product (Table 2.1), conclusively demonstrating that the reaction proceeds through
a hydroxylamine intermediate. The abundance of 16 with respect to 17 under
single turnover conditions also suggested that oxidation by OxaD is catalyzed in
an iterative rather than a processive manner. To further support this proposal,
single-turnover reactions were run with a 10-fold stoichiometric excess of
roquefortine C with respect to NADH and OxaD in an effort to preclude re-binding
of dissociated hydroxylamine. Under these conditions, 16 was the dominant
reaction product, further supporting an iterative mechanism for OxaD. This iterative
N-oxidation mechanism has been previously reported with human flavin containing

monooxygenase 3 (FMO3) using various substrates.?%?® The steady state kinetic
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constants of OxaD with roquefortine C were determined by the Sherman group
using an high-performance liquid chromatography (HPLC) based assay. These
data show a turnover number (kcat) of 0.017 st with a Michaelis constant (Ky) of
71 nM resulting in a catalytic efficiency (Kcat/Kwm) of 2.3 x 10° M1s?.

Table 2.1: Single turnover studies of OxaD

Roquefortine C Conversion Product ratio
Entry .
(1) equiv. (%) ' .
Hydroxylamine (16) Roquefortine L (17)
1 1 75 1 2
2 10 10 1 0

D. Roquefortine L Undergoes 1,3-Dipolar Cycloaddition
Since nitrones undergo 1,3 dipolar cycloadditions with dipolarophiles such
as alkenes, alkynes, and nitriles, 17 was screened with known dipolarophiles for
1,3-dipolar cycloaddition reactions. Appropriate dipolarophile candidates for 1,3-
dipolar cycloaddition with 17 were predicted by computational HOMO-LUMO

analysis performed by the Joullié group (Table 2.2).

Methyl acrylate showed the best reactivity toward 17. Optimized reaction
conditions developed by the Sherman group generated cycloadduct 38 in a single
step with 84% conversion, 24% yield (Scheme 2.5). The observed regiochemistry
of this reaction is consistent with predictions based on frontier molecular orbital
interactions described by Sustmann and Trill.?” The stereochemistry of this species

was determined by NOESY (Nuclear Overhauser effect spectroscopy). While this
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cycloaddition is highly indicative of the presence of a nitrone functionality in 17,
oxaziridines are also known to thermally rearrange to nitrones before undergoing

1,3-dipolar cycloadditions.?82°

Table 2.2: Potential dipolarophile candidates for 1,3-dipolar cycloaddition with
roquefortine L (17)

HOMO-LUMO gap?

Dipolarophile LUMO structure
(eV)

cl )
N=—4cl k4

Cl ‘:‘:?‘" ° 11.54

Trichloroacetonitrile

7 i -\
NO Ry . LW 10.56

o)

Dimethyl fumarate

|
0] 0] ‘
o »
i 2. B 1133

Dimethyl maleate

o) .
|
\O)K/ o a 11.78

Methyl acrylate

AHOMO-LUMO energy gaps calculated using HOMO of roquefortine L (17) and LUMO of
dipolarophile. Calculations was carried out at the HF/6-311+G(2d,p) level of theory.
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Scheme 2.5: Roquefortine L (17) undergoes 1,3-dipolar cycloaddition with methyl acrylate
to generate 38

E. Oxidation of Roquefortine C Derivatives by OxaD

In order to explore the substrate scope of OxaD, the roquefortine C
derivatives 9, 391 42 were assayed under the same conditions as described above
for the native substrate 1 (Figure 2.3A). Compounds 9, 391 41 were generated by
semisynthesis from 1 (Scheme 2.6) while roquefortine E (42) was purchased from
Enzo (Ann Arbor, MI). Isoroquefortine C (9) was obtained by photochemical
reaction of 1 using broad spectrum UV light.3° Isomerization of roquefortine C was
also observed upon exposure to direct sunlight over the course of several days.
Electrophilic aromatic substitution of 1 using N-bromosuccinimide (NBS) and N-
iodosuccinimide (NIS) vyielded 11-bromoroquefortine C (39)3* and 11-

iodoroquefortine C (40), respectively.
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Figure 2.3: (A) Roquefortine C and derivatives. (B) Nitrones derived from OxaD N-
oxidation

Madifications to the rogquefortine C scaffold highlighted in red.
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Scheme 2.6: Semisynthesis of roquefortine C derivatives 9, 39, and 40
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A number of fluorination and trifluoromethylation methods were attempted,
including trifluoromethylation using the Baran sodium and zinc
trifluoromethanesulfinates and electrophilic fluorination using SelectFluor, 1-
(chloromethyl)-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane  dihexafluorophosphate
(F-TEDA-PFs), and 1-fluoro-2,4,6-trimethylpyridin-1-ium tetrafluoroborate (Figure
2.4). Unfortunately, reactions using these conditions gave only starting material.
Synthesis of the arylstannane derivative from 11-iodo roquefortine C (40), in
preparation for silver-catalyzed electrophilic fluorination as described by Ritter,?

also proceeded poorly.

(0]
FL _S_O Na® F ('s? z ('s)' F Al/@?a ©
N n -
o) ~a M~~~ 2BF
FY FX SR % N/ )
F F F F/®
Sodium trifluoromethanesulfinate Zinc trifluoromethanesulfinate SelectFluor®
,—Cl S
4\1@ S = BF,
2PFg |
[/NJ O
Fo .
F
F-TEDA-PFg 1-Fluoro-2,4,6-trimethylpyridinium tetrafluoroborate

Figure 2.4: Electrophilic fluorinating reagents

Attempted electrophilic fluorination with N-fluorobis(phenyl)sulfonamide
(NFSI) did not afford a fluoro derivative but instead introduced a sulfonyl group on
the C20 position of the imidazole ring (Scheme 2.7). Although the reaction was
unexpected, there is precedent for a similar reaction on a purine derivative

proposed to occur via a single electron transfer (SET) mechanism.33
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Scheme 2.7: Unexpected NFSI phenylsulfonyl transfer

A number of synthesized roquefortine C derivatives were tested for
antimicrobial activity in collaboration with the Moulder Center for Drug Discovery
Research at Temple University and the University of Rochester. Compounds 40

along with the imidazole N21 carboxybenzyl (Cbz) protected derivative of 1

showed modest act i vi $taphylocbcdus auelisnJANS la(@ ai n st

penicillin sensitive strain) despite their low aqueous solubility.

Processing 9, 391 42 to their corresponding nitrone products (43-47, Figure
2.3B) demonstrated that OxaD can accommodate variation at several positions in
the roquefortine C skeleton. Total turnover numbers (TTN) were measured by the
Sherman group to quantify the effect of these variations on the OxaD biocatalyst
(Figure 2.5). Modifications to the histidine moiety, including both alkene

isomerization (43) and reverse prenylation (47), were well tolerated. Only the
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phenylsulfonyl derivative (46) showed a substantial decrease in TTN. To test
whether the diminished turnover of 46 was observed due to the poor solubility of
this substrate, TTNs were measured using both 10% and 20% dimethyl sulfoxide
(DMSO) cosolvent. While elevated cosolvent increased the solubilization of 46,
only a modest increase in TTN was observed, likely indicating that the benefit was
offset by attenuated enzymatic activity. Modifications to the indole ring via

halogenation (compounds 44 and 45) were also processed efficiently by OxaD.

Total Turnover Number (TTN) of Roquefortine C and Derivatives

2500 A

2000 A

1500 /

1000 -/
500 -/ l F
' T T !

0 T T T

Total Turnover Number
(moles nitrone/moles OxaD)

Compound 17 46 44 45 47 43

Figure 2.5: Total turnover number of roquefortine C and derivatives by OxaD
TTN was calculated as males product/ moles enzy

F. OxaD Catalyzes Indole 2,3-Oxidation of Notoamide S
Based on the broad reactivity that OxaD displayed with roquefortine C

derivatives, the Sherman group subjected additional indole alkaloids to the enzyme
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to examine whether this substrate flexibility extended beyond the roquefortine C
scaffold. These include brevianamide F (48), 6-OH-deoxybrevianamide E (49),
notoamide S (50), notoamide E (51), (+)-stephacidin A (52), notoamide T (53) and
pre-paraherquamide (54) (Scheme 2.8A). Of particular interest was to assay 52, a
presumed biosynthetic precursor to the nitrone-bearing avrainvillamide (32);3*
however no reaction was observed for substrates 48, 49, and 51-53. Enzyme-
dependent generation of a new product with m/z = +16 Da was uniquely observed
by liquid chromatography-mass spectrometry (LC-MS) with 50. The total
conversion (20%) was lower than that of the roquefortine C alkaloids. Biocatalytic
reaction of 50 with OxaD gave rise to a 2-indolinone 55 rather than the expected
indole N-hydroxylamine (Scheme 2.8B). The product 55 is presumed to arise via
2,3-epoxidation followed by a pinacol-like rearrangement in an analogous fashion
to the NotB catalyzed formation of notoamides C (56) and D (57) (Scheme 2.9).%%
Compound 55 was observed as a single reaction product between 50 and OxaD,
as opposed to the reaction between notoamide E (51) and NotB which generated
notoamides C (56) and D (57). OxaD appears to play a role in directing reaction
selectivity, although low enzyme activity with notoamide S (50) could limit the
detection of minor reaction products. This outcome shows that OxaD presents
remarkable functional plasticity in addition to its broad substrate scope. Further
structural investigation would be required to determine the mechanistic basis of

this branch in reaction specificity.
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Scheme 2.9: NotB-catalyzed formation of notoamides C (56) and D (57) from notoamide
E (51)

G. Speculation on Glandicoline A Formation in P. glandicola

Our extensive work with OxaD coupled with the striking similarities of the
roquefortine C gene clusters in P. oxalicum and P. chrysogenum give further
support to the role of roquefortine L as the exclusive biosynthetic precursor to
glandicoline B. Hydroxylation at C16 of 1 leading to 12 appears insufficient to
induce rearrangement, since this metabolite has been previously isolated and
identified;3%37 therefore, both hydroxylation at C16 and nitrone generation to give
58 are likely required for the core rearrangement to occur. Roquefortine L (17)
involvement is supported by the fact that glandicoline A (15) has not been
observed in P. chrysogenum, and that disruption of rogM (81% homology with
oxaD) abolished the production of glandicoline B (2).22 The first report of 15 in
P. glandicola is sufficiently supported by spectroscopic data;*® however,

subsequent reports of 15 were based on mass spectrometry analysis,
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chromatographic retention time (Rf) and/or UV signature, but not by NMR
analysis.?1233% As substantial structural characterization of metabolites is
imperative in differentiating glandicoline A from 17, we have unequivocally

assigned the nitrone group in 17 by NMR, IR, and chemical transformation.

At present, the mechanism of formation of 15 in P. glandicola is unclear. It
could require a yet unknown route to the 1,2-imine in 14 proposed by Steyn and
Vleggaar® or arise by modification of 2 (Scheme 2.10). Investigation of the
biosynthetic gene clusters in strains that produce 15 will be necessary to identify
candidate enzymes that could give rise to 15, either through a different oxidation
cascade involving 1 or enzymatic processing of 2. Understanding the role of the
oxidative enzymes involved in the rearrangement of 1 to 2 will be critical for in vitro
reconstitution and for future mutasynthetic efforts based on derivatives of 1. There
is ample precedence for plasticity in these pathways, as mutasynthesis with rogA
gene disruption mutant strains has been used to generate novel roquefortine D
derivatives.*® Characterization of OxaD reported in this study also reveals the
ability of the roquefortine C nitrone synthase to accept an array of modified
substrates that enables the generation of novel indoline nitrones that would be

synthetically appealing for the preparation of further elaborated alkaloid scaffolds.
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Scheme 2.10: Proposed biogenesis of glandicoline A (15) and B (2)

IV.  Conclusions

The enzymatic characterization of OxaD, along with the results of gene
disruptions,?® indicates that formation of roquefortine L (17) is a key biosynthetic
intermediate toward formation of the glandicoline core. The results herein illustrate
that the combination of biological and chemical approaches for the generation of
new and diverse natural products can lead to a number of applications in chemistry
and chemical biology. Understanding the genetic and metabolic information of
biological systems can provide access to complex chiral molecular scaffolds, which

can be further synthetically elaborated into novel molecules. These natural
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product-based modified frameworks are of considerable interest in chemistry,
biochemistry, and chemical biology as bioactive chemical entities or as unique
biochemical tools. Heterologous production and enzymatic characterization of
OxaD constitutes a proof of concept that unique biocatalysts can generate versatile

and powerful chemical and biochemical tools for structural diversification.

V. Experimental

P. oxalicum genomic DNA sequencing

P. oxalicum was cultivated in liqguid medium (20% artificial seawater with 12.0 g/L
glucose, 6.0 g/L starch, 12.0 g/L soytone, 3.0 g/L peptone, 0.18 g/L meat extract,
3.0 g/L yeast extract) in still mode at 28 °C for 14 days. The mycelia were harvested
by filtration and genomic DNA was extracted using the Wizard Genomic DNA
isolation kit (Promega). Genomic DNA was analyzed by using a HiSeq 2000
sequence analyzer using 100 cycle paired end reads (lllumina). De novo assembly
of genomes was performed using Velvet version 0.7.63. The summary of dataset
and parameters of genome sequencing and assembly is shown in Tables S1-2.
Probes from the published sequence for meleagrin biosynthetic gene cluster were

used to identify the contig containing the oxaline biosynthetic gene cluster.

Supplementary Table 2.1: P. oxalicum F30 genome sequencing and assembly

Genome Number of reads | k-mer | Coverage cutoff | N50 Number of contigs

P. oxalicum | 62,981,204 71 28 24,473 | 9,807
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Supplementary Table 2.2: Annotation of OXA gene cluster

Proteins | Size (AA)* | Function Relative Accession
(identity/similarity) (%) | number
ORFO1 800 hypothetical protein, | Hypothetical protein | XP_001211397.1
phosphoenolpyruvate | ATEG 02219
synthase [Aspergillus terreus
NIH2624] (72/83)
OxaA 2390 NRPS Pc21g15480 [Penicillium | XP_002568558.1
chrysogenum Wisconsin
54-1255] (53/69)
OxaB 477 cytochrome P450 | Pc21g15470 [Penicillium | XP_002568557.1
oxidoreductase chrysogenum Wisconsin
54-1255] (73/84)
OxaC 405 O-methyltransferase | O-methyltransferase XP_002384741.1
[Aspergillus flavus
NRRL3357](49/65)
OxaD 456 MAK1 Pc21g15460 [Penicillium | XP_002568556.1
chrysogenum Wisconsin
54-1255] (66/79)
OxaE 482 MFS  toxin  efflux | Pc21g15420 [Penicillium | XP_002568552.1
pump chrysogenum Wisconsin
54-1255] (69/81)
OxaF 419 dimethylallyl Pc21g15430 [Penicillium | XP_002568553.1
tryptophan synthase, | chrysogenum Wisconsin
putative 54-1255] (70/80)
OxaG 288 UbIE/COQ5  family | Pc21g15440 [Penicillium | XP_002568554.1
methyltransferase, chrysogenum Wisconsin
putative 54-1255] (73/84)
OxaH 499 cytochrome P450 | Pc21g15450 [Penicillium | XP_002568555.1
monooxygenase chrysogenum Wisconsin
54-1255](64/77)
Oxal 322 hp** Pc12g13620 [Penicillium | XP_002558169.1
chrysogenum Wisconsin
54-1255](62/75)
OxaJ 419 hp** hypothetical protein | GAA92830.1
AKAW_10943
[Aspergillus kawachii
IFO 4308](57/72)
OxaK 322 sucrase/ferredoxin- Pc12g04290 [Penicillium | XP_002557299.1

like
Fmil

family  protein

chrysogenum Wisconsin
54-1255](73/83)

*AA: amino acid; **hypothetical protein
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Molecular cloning of oxaD gene

P. oxalicum F30 was cultivated in liquid medium as above. RNA was isolated from

filler paper-dried mycelia using the TRIzol® Reagent (Ambion RNA, Life
Technologies) and protocol. The reverse transcription PCR (RT-PCR) was
performed using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) using Oligo dT primer (Life Technologies). The cDNA generated from

one microgram of total RNA was used as the template for PCR amplification of the

oxaD gene. The forward primer based on the oxaD gene 'S 50
aattcgGCTAGCATGACTGTTCCGAACAGCGCC-3 060 ( t h e trittibnesite i e s
underl ined) and reve+sse,
cgaattCTCGAGCTATGTTGAGACAGTCTTTTTGTAGTCATG-36 (t he Xhol S
underlined). The amplified oxaD gene was doubly digested by Nhel and Xhol, and

then ligated into an Nhel/Xhol digested pET28b vector, which was modified to

include eight His residues followed by a tobacco etch virus (TEV) protease
recognition sequence, to generate the pET28b-oxaD construct for protein
expression.

Overexpression and purification of OxaD

The Escherichia coli BL21 (DE3) pRARE transformant carrying pET28b-oxaD was

grown at 37 °C overnightinlysogeny br ot h ( LB) c odikamamytinnng 50
Baffled Fernbach flasks (6 x 1.5 L of LB 1in
were inoculated with 20 mL overnight culture. Cells were grown at 37 °C until Asoo

reached ~ 0.-B-thiodgalactogide dRT6,11 mb) was added to induce
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protein overexpression. Cells were cultured at 18 °C overnight, harvested by
centrifugation, and frozen directly into liquid nitrogen prior to storage at -80 °C. All
subsequent purification steps were performed on ice or at 4 °C. Frozen cells (15 g)
were resuspended in 100 mL of lysis buffer (10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.6, 50 mM NaCl, 10% glycerol,
0.2 mM tris(2-carboxyethyl)phosphine (TCEP)). Lysis was achieved by the
addition of lysozyme (0.5 mg/mL), benzonase (Merck kGaA, 1 kU), and MgSO4
(5 mM) followed by sonication on ice. The lysate was clarified by centrifugation at
60,000 g for 30 minutes at 4 °C. NaCl and imidazole were added to the supernatant
to final concentrations of 300 mM and 20 mM, respectively, prior to loading a
column containing 7 mL of Ni-NTA resin (Qiagen) equilibrated with NINTA wash
buffer (20 mM HEPES pH 7.6, 300 mM NaCl, 20 mM imidazole, 10% glycerol,
0.2 mM TCEP). The column was washed with 150 mL of wash buffer. The bound
N-terminal His8-tagged OxaD was eluted by elution buffer (300 mM imidazole pH
8.0, 10% glycerol, 0.2 mM TCEP). The eluant was concentrated on a Millipore
Amicon Ultra centrifugal concentrator (30 kDa MWCO). The concentrated protein
was exchanged into storage buffer (10 mM HEPES pH 7.6, 50 mM NaCl, 10%
glycerol, 0.2 mM TCEP) using a PD-10 desalting column (GE Healthcare). The

purified OxaD protein was flash frozen in liquid nitrogen, and stored at -80 °C.
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Isolation of °>N-enriched roquefortine C (1) from P. crustosum

Freeze-dried samples of P. crustosum were inoculated onto malt extract agar
plates as described in Chapter 1. *®N-Enriched Czapek-Dox liquid media was
prepared as follows: 10 g sucrose; 1 g °N-enriched (98%-+) NaNOs; 0.33 ¢
K2HPO4; 0.167 g MgSO4; 0.167 g KCI; 0.003 g FeSO4; and 333 mL dd H20. Media
was inoculated with fungal culture as described above and was grown in liquid
culture for 21 days. Mycelial material was harvested and extracted as described
above and '*N-enriched roquefortine C was purified from the other metabolites by
flash chromatography (Rf 0.33, 85:10:5 CH2Cl2/CH3OH/acetone). HRMS (ESI-

TOF) m/z [M + H]* calcd for C22H24°NsO2 395.1782, found 395.1787.

Supplementary Table 2.3: 1°N Incorporation into roquefortine C (1) determined
by mass spectrometry

Experimental IDCllsaIc_ predictiop
(86% N incorporation)
m/z Intensity Relative m/z Relative
Abundance Abundance
391.2823 6080 5.20 391.1948 0.29
392.1895 16600 14.19 392.1972 3.64
393.1912 40400 34.53 393.1995 22.79
394.1828 90500 77.35 394.2019 72.82
395.1801 | 117000 100.00 395.2042 100.00
396.1850 29200 24.96 396.2066 22.57
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Semi-synthesis of roquefortine C analogues: General Information

Starting materials, reagents and solvents were purchased from commercial
suppliers and used without further purification unless otherwise noted. Anhydrous
tetrahydrofuran (THF) and CH2Cl2 were obtained from a solvent dispensing system
stored under positive pressure of argon. The sample of roquefortine E (42) was
purchased from Enzo (Ann Arbor, MI). All reactions were conducted in oven-dried
glassware. The progress of reactions was monitored by silica gel thin layer
chromatography (TLC) plates (250 um with fluorescent indicator), visualized under
UV, and stained using a phosphomolybdic acid (PMA) stain. Products were
purified by flash column chromatography (FCC) on 230-400 mesh silica gel. *H
and 3C NMR spectra were recorded on a spectrometer operating at 500 MHz for
'H and 125 MHz for 3C unless otherwise stated. Chemical shifts are reported in
ppm relative to tetramethylsilane (TMS) as the internal standard for 'H and
chloroform as the internal standard for 13C. 15N NMR spectra were recorded on a
spectrometer operating at 600 MHz. Chemical shifts are reported in ppm relative
to nitromethane as the external standard. H-'H Homonuclear correlation
spectroscopy (COSY), 'H-'H NOESY, !H-13C heteronuclear single quantum
correlation experiment (HSQC), *H-13C heteronuclear multiple quantum coherence
(HMQC), and 'H-'3C heteronuclear multiple bond correlation (HMBC) NMR
spectra were recorded on a spectrometer operating at 500 MHz. *H-'H Gradient
correlation spectroscopy (gCOSY), 'H-13C gradient heteronuclear single quantum

coherence adiabatic (QHSQCAD), and 'H-3C gradient heteronuclear multiple
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bond correlation adiabatic (QHMBCAD) NMR spectra were recorded on a
spectrometer operating at 700 MHz. NMR data is reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q =
guartet, br = broad, m = multiplet), coupling constants (Hz), and integration. High-
resolution mass spectra (HRMS) were recorded on an electrospray ionization time-
of-flight (ESI-TOF) spectrometer (Agilent). Waters software calibrates and reports

by use of neutral atomic mass. The mass of the electron is not included.

@)

Br NH
X

Irz
T

0
HNT Y
\=N

11-Bromoroquefortine C (39)

In a round-bottomed flask under argon, roquefortine C (100 mg, 0.26 mmol) was

dissolved in dry CH2Cl2 (6 mL). A solution of NBS (46 mg, 0.26 mmol) in dry CH2Cl>

(6 mL) was prepared and added dropwise via syringe to the round-bottomed flask

containing roquefortine C. The reaction mixture was allowed to stir overnight

(15 hours), after which it was washed three times with saturated aqueous

NaHCOs. The organic solution was then dried over Na2SO4 and concentrated in

vacuo. The crude product was purified by flash chromatography (98:2 to 90:10
CH2Cl2-CH30H) to give 11-bromoroquefortine C (72 mg, 59%) as a yellow powder.

IH NMR (500 MHz, CDCls) 4 9.83 (s, 1H), JZ15MHQ 1H)s, 1H)

7.26 (s, 1H), 7.20 (dd, J = 8.5, 1.5 Hz, 1H), 6.49 (d, J = 8.0 Hz, 1H), 6.35 (s, 1H),
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5.99 (s, 1H), 5.96 (d, J = 6.5 Hz, 1H), 5.93 (s, 1H), 4.09 (dd, J = 6.0, 11.5 Hz, 1H),
2.56 (dd, J = 5.0, 12.5 Hz, 1H), 2.47 (t, J = 12.0 Hz, 1H), 1.15 (s, 1H), 1.05 (s, 1H).
I3CNMR (125 MHz, CDCls) 4 166.9, 159.6, 149.2, 143.
131.3,128.3, 125.7,121.9,115.4,111.6,110.8,110.6, 78.7,61.9, 58.9, 41.1, 37.0,
23.0, 22.6. HRMS (ESI-TOF) m/z [M + H]* calcd for C22H23"°BrNsO2 468.1035,
found 468.1035 (lit. (da Silva et al., 2014)3 HRMS (ESI) m/z [M + H]* calcd for

C22H23%1BrNs02470.1186, found 470.1182).

| NH
N
N H
H

X

o)
HN™
\=N

11-lodoroquefortine C (40)

In a round-bottomed flask under argon, roquefortine C (40 mg, 0.1 mmol) was

dissolved in CHCI3 (1 mL). NIS (27 mg, 0.12 mmol) and AcOH (0.3 mL) were added

to the round-bottomed flask, and the reaction mixture was allowed to stir overnight

(15 hours), after which it was washed three times with saturated aqueous NaHCOs.

The organic solution was then dried over Na2SO4 and concentrated in vacuo. The

crude product was purified by flash chromatography (100:0 to 90:10 CH2Cl2-

CH30OH) to give 11-iodoroquefortine C (14 mg, 27%) as a yellow powder. *H NMR
(500MHz,CDCl) U 11.61 (s, 1H), 9.71JE&5Hz1H), 7
1H), 7.32 (dd, J = 8.0 Hz, 1.5 Hz, 1 H), 7.14 (s, 1H), 6.67 (s, 1H), 6.35 (d, J =

7.0 Hz), 5.91 (dd, J = 17.0 Hz, 6.0 Hz, 1H), 5.60 (s, 1H) 5.08 (m, 2H), 4.99 (s, 1H),
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4.09 (dd, J=6.0, 11.5 Hz, 1H), 2.50 (dd, J = 5.5, 12.0 Hz, 1H), 2.43 (t, J = 12.0 Hz,
1H), 1.09 (s, 3H), 1.00 (s, 3H). 3C NMR (125 MHz, CDCls) & 165. 4, 158. 6,
143.2, 137.8, 137.5, 135.4, 134.0, 132.0, 126.6, 117.5, 115.1, 111.1, 105.4, 79.5,
78.1, 61.8,59.2, 41.1, 37.4, 23.0, 22.6 ppm. HRMS (ESI-TOF) m/z [M + HJ* calcd

for C22H23INs02 516.0897, found 516.0912.

20-Phenylsulfonylroquefortine C (41)

In a round-bottomed flask under argon, roquefortine C (40 mg, 0.10 mmol) was
dissolved in dry THF (1 mL) and chilled in a dry ice/acetone bath. A 1.0 M solution
of lithium bis(trimethylsilyl)amide (LIHMDS) in THF (0.11 mL, 0.11 mmol) was
added dropwise via syringe and the reaction mixture was allowed to stir for 10
minutes. NFSI (32 mg, 0.10 mmol) was then added and the reaction mixture was
gradually warmed to room temperature. After stirring for 3 hours, the reaction
mixture was concentrated in vacuo. The residue was diluted with H20, extracted
three times with CH2Clz, dried over Na2SOa4, and concentrated in vacuo. The crude
residue was purified by flash chromatography (98:2 to 90:10 CH2Cl2-CH3sOH) to

give 20-phenylsulfonylroquefortine C (29 mg, 55%) as a yellow solid. 'H NMR
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(500MHz,CDCl) & 9.31 (s, 1H), J8B10BHRz, JH57.650H) , 7.
J=7.5Hz, 1H), 7.53 (t, J = 8.0 Hz, 2H), 7.12 (d, J = 7.5 Hz, 1H) 7.06 (t, J = 7.5 Hz,
1H), 6.72 (t, J = 7.5 Hz, 1H), 6.57 (d, J = 8.0 Hz, 1H), 6.34 (s, 1H), 5.93 (dd, J =
17.0, 11.0 Hz, 1H), 5.60 (s, 1H), 5.07 (m, 3H), 4.00 (dd, J = 6.0, 11.5 Hz, 1H), 2.52
(dd, J = 12.5 Hz, 6.0 Hz, 1H), 2.38 (t, J = 12.0 Hz, 1H), 1.09 (s, 1H), 0.98 ppm (s,
1H). 3CNMR (125MHz,CDCls) & 167.6, 158.0, 150.4, 143,
135.1, 130.0, 129.1, 128.8, 127.7, 126.8, 125.4, 120.3, 119.0, 114.9, 114.7, 109.2,
78.1, 61.6, 59.1, 41.1, 37.0, 23.0, 22.6 ppm. HRMS (ESI-TOF) m/z [M + H]* calcd

for C2sH2sNs04S 530.1862, found 530.1866.

Isoroquefortine C (9)

In a round-bottomed flask, roquefortine C (90 mg, 0.23 mmol) was dissolved in

EtOH (90%, 100 mL) and degassed with argon for 15 minutes. The solution was

then irradiated with a broad-spectrum UV light bulb (Exo-Terra UVB 200 Intense

Compact Fluorescent Lamp, 26 W) under argon for 2 days. The reaction mixture

was concentrated in vacuo, and the residue was purified by flash chromatography

(95:5 CH2ClI2:CH30H) to furnish isoroquefortine C (59 mg, 66%) as a pale yellow

solid. *H NMR (500 MHz,CDCls) 4 11.67 (s, 1H), 7.63 (s,
(m, 2H), 7.05 (t, J = 7.5 Hz, 1H), 6.71 (t, J = 7.5 Hz, 1H), 6.63 (s, 1H), 6.56 (d, J =

7.5 Hz, 1H), 5.94 (dd, J = 11.0, 17.5 Hz, 1H), 5.62 (s, 1H), 5.07 (m, 2H), 5.03 (s,
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1H), 4.03 (dd, J = 6.0, 11.5 Hz, 1H), 2.53 (dd, J = 6.0, 12.5 Hz, 1H), 2.42 (t, J =
12.0 Hz, 1H), 1.10 (s, 1H), 0.99 (s, 1H). BC NMR (125MHz,CDCls) & 165 .
150.5, 143.6, 136.9, 135.8, 129.1, 128.9, 126.2, 125.3, 119.0, 118.2, 114.7, 109.2,
105.8, 78.1, 61.7, 59.2, 41.1, 37.4, 23.1, 22.6. IR (KBr): 3149, 2969, 1685, 1609,
1438, 1216, 1082, 748.31 cm* (lit. (Joullié et al., 2002)*! IR (KBr) 1680, 1630 cm™?).
| -281.5146 (c 0.96, CHCI3) (lit. (Joullié et al., 2002)*1| -390 (c 0.05, CHCI3)).
HRMS (ESI-TOF): m/z [M + H]* calcd for C22H23Ns02 390.1930, found 390.1932
(lit. (Joullié et al., 2002)** HRMS (ESI-TOF) m/z [M + H]* calcd for C22H24Ns502

390.1930, found 390.1956).

Enzymatic generation of roquefortine L and derivatives: General Information
The biocatalytic reaction was set up as follows: 10 uM OxaD (0.05 mg), 0.5 mM
roquefortine C (20 mg), 5 mM NADH (382 mg), 10% DMSO, 50 mM Na/K/POa4 pH
7.3, 10% glycerol, 1 mM EDTA. A 100 mL reaction was run in 10 mL aliquots in 9
dram glass vials for 2 hours at room temperature with mild agitation (100 rpm,
orbital shaker). Solid NaCl was added to saturation and the reaction was extracted
3 times with an equal volume of EtOAc. Centrifugation at 1000 x g for 2 minutes in
a swinging bucket centrifuge was necessary to break the emulsion which formed
upon addition of solvent. The combined organic fractions were washed twice with
an equal volume of saturated aqueous NaCl, dried over Naz2SO4, concentrated by
rotary evaporation, and placed under high vacuum to remove DMSO. The product
was applied to a silica column equilibrated with 2% EtsN in CH2Cl2, washed with

CH2Clz, followed by step-gradient elution with increasing i-PrOH (0-20%) in CH2Cl2
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to give the nitrone product as a pale yellow solid. The solid was dissolved in a
minimal volume of HPLC grade EtOAc and triturated with HPLC grade hexanes in
an ice bath. The resulting fine solid was precipitated via centrifuge, and pellets
were washed three times with HPLC grade hexanes, vortexing vigorously before
centrifuging. Residual EtOAc was removed by dissolving the pellets in a small
volume of CCl4, concentrating via rotary evaporator to give a fluffy solid, and drying

under reduced pressure overnight.

Roquefortine L (17)

(86% conversion, 8 mg (40%) isolated yield). *H NMR (600 MHz, DMSO-ds/CDCls)
0 10.69 (s, 1H), 7.75 (s, 1H), 7.60 (s, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.48 (m, 2H),
7.40 (t, J = 7.4 Hz; 1H), 6.53 (s, 1H), 5.76 (dd, J = 11.0, 17.3 Hz, 1H), 5.08 (dd, J =
3.7,11.4 Hz, 1H), 5.03 (d, J = 11.4 Hz, 1H), 4.99 (s, 1H), 2.86 (dd, J = 3.8, 14.1 Hz,

1H), 2.21 (dd, J=11.5, 13.6 Hz, 1H), 1.03 (s, 3H), 0.83 (s, 3H). 13C NMR (150 MHz,

CDCls) u 164. 7, 156. 4, 148. 6, 146. 8, 141.

115.5, 114.5, 63.4, 27.9, 42 .8, 22.3, 22.2. IR (KBr): 2961.82, 1682.40, 1384.58,
1258.38, 1091.79, 1014.45, 794.80 cm™t. HRMS (ESI-TOF) m/z [M + H]* calcd for
C22H22Ns503 404.1723, found 404.1727 (lit. (Vreeken et al., 2013)?2 HRMS (FTICR-

MS) m/z [M + H]* calcd for C22H22Ns03 404.1723, found 404.1706).
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Roquefortine L (17), *N enriched
(93% conversion, 5 mg (21%) isolated yield). >N NMR (600 MHz, DMSO-
de/CDCls) U 282 . 326.9. HRMS (ESI-TOF) m/z [M + H]* calcd for

C22H22°NsO3 409.1574, found 409.1574.

11-Bromoroquefortine L (44)

(70% conversion, 5 mg (60%) isolated yield). *H NMR (500 MHz, CDCls) U 12. 40
(s, 1H), 8.64 (br. s, 1H), 7.70, (s, 1H), 7.66 (d, J = 8.0 Hz, 1H), 7.06 (m, 2H), 7.34

(s, 1H), 6.44 (s, 1H), 5.81 (dd, J = 10.5, 17.5 Hz, 1H), 5.16 (d, J = 11.0 Hz, 1H),

5.12 (s, 1H), 5.03 (m, 1H), 3.05 (dd, J = 3.5, 14.0 Hz, 1H), 2.29 (t, J = 12.5 Hz,

1H), 1.15 (s, 1H), 0.99 (s, 1H). 13C NMR (125 MHz, CDCls) 185.1, 157.6, 148.1,

143.6, 141.6, 140.2,138.1, 135.7,132.9, 129.5,127.9, 125.4, 123.3, 119.4, 117.5,

115.0, 63.9, 59.0, 43.9, 23.1, 23.0. HRMS (ESI-TOF) m/z [M + H]* calcd for

C22H21"°BrNsOs 482.0828, found 482.0833.

72



N©®
00

0]

Isoroquefortine L (43)

(81% conversion, 10 mg (52%) isolated yield). *H NMR (500 MHz,CDClz) 4 11. 92
(br. s, 1H), 11.71 (br. s, 1H), 7.77 (m, 2H), 7.51 (m, 2H), 7.42 (m, 2H), 6.92 (s, 1H),

5.82 (dd, J = 11.0, 16.5 Hz, 1H), 5.12 (m, 2H), 5.03 (m, 1H), 3.06 (dd, J = 3.5,

14.0 Hz, 1H), 2.25 (t, J = 11.5 Hz, 1H), 1.12 (s, 1H), 0.88 (s, 1H). 3C NMR
(125MHz,CDCls) & 163.8, 156.9, 150.1, 149.2, 141
129.0,128.8,124.6, 124.5,120.7,117.1, 115.8, 109.4, 64.3, 29.3, 44.0, 25.2, 22.9.

HRMS (ESI-TOF) m/z [M + HJ* calcd for C22H22NsO3 404.1723, found 404.1720.
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20-Phenylsulfonylroquefortine L (46)
(90% conversion, 11 mg (42%) isolated yield). *H NMR (500 MHz, CDCls) U 9. 14
(s, 1H), 8.64 (s, 1H), 8.02 (m, 2H), 7.74 (d, J = 7.5 Hz, 1H), 7.65 (t, J = 7.0 Hz, 1H),
7.56 (m, 2H), 7.51 (t, J = 12.5 Hz, 1H), 7.42 (m, 2H), 6.55 (s, 1H), 5.81 (dd, J =

10.5, 17.5 Hz, 1H), 5.10 (d, J = 4.5 Hz, 1H), 5.08 (s, 1H), 4.96 (d, J = 11.0 Hz, 1H),
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3.03 (dd, J = 3.5, 14.5 Hz, 1H), 2.23 (t, J = 11.0 Hz, 1H), 1.13 (s, 1H), 0.88 (s, 1H).
13C NMR (125 MHz, CDCls)  185.9, 155.5, 149.2, 148.2, 142.2, 138.6, 137.9,
137.1, 136.4, 135.1, 130.1, 129.6, 128.9, 127.9, 125.2, 124.5, 120.9, 117.3, 117.0,
116.1, 64.1, 58.9, 43.8, 25.6, 23.2, 22.8. HRMS (ESI-TOF) m/z [M + HJ* calcd for

C2sH26Ns05S 544.1655, found 544.1655.
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Supplementary Figure 2.1: OxaD reaction products
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Enzymatic conversion of notoamide S (50)

Notoamide S (50) was synthesized as previously described.*? Notoamide S (50)
(6 mg) was subjected to the same biocatalytic reaction conditions that were used
for the roquefortine C derivatives and extracted in the same manner. The extracted
material was purified by HPLC on a Waters XBridge Prep Phenyl 5 pm (10 x
250 mm) column using isocratic separation (33% acetonitrile in water) at flow rate
of 4 mL/min. *H NMR (700 MHz, DMSO-ds) 10.67 (s, 1H), 8.51 (s, 1H), 6.73 (d,
J = 8.1 Hz, 1H), 6.65 (s, 1H), 6.38 (d, J = 8.0 Hz, 1H), 6.01 (dd, J = 17.5, 10.8 Hz,
1H), 5.11 (t, J = 6.4 Hz, 1H), 5.06 (d, J = 10.9 Hz, 1H), 4.96 (d, J = 17.4 Hz, 1H),
4.05 (t, J = 7.9 Hz, 1H), 3.3 (m, 2H), 3.2 (m, 2H), 3.18 (m, 2H), 2.86 (d, J = 14.5 Hz,
1H), 2.00 (m, 2H), 1.79 (m, 2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.87 (s, 3H), 0.94 (s,
3H). 13C NMR (175 MHz, DMSO-ds)  182.3, 165.6, 165.4, 155.6, 143.2, 142.3,
130.7,123.1, 122.5, 119.2, 112.9, 110.5, 107.5, 57.8, 56.5, 51.6, 44.7, 30.2, 27.1,
25.2, 23.1, 21.7, 17.5 (obtained from HSQC/HMBC). HRMS (ESI-TOF) m/z [M +

H]* calcd for C26H34N304 452.2544, found 452.2545.
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Single turnover studies with OxaD

Single turnover reactions were set up with 120 uM OxaD, 100 uM NADH, 110 pM
or 1 mM roquefortine C, 10% DMSO, 50 mM Na/K/POa4 pH 7.3, 10% glycerol, 1 mM
EDTA and run for 4 minutes at room temperature. The reactions were quenched
by extraction using EtOAc/saturated aqueous NaCl and analyzed by LC-MS, in
which the intermediates were resolved using a linear gradient of 5-100% CHsCN
in H20 over 20 minutes (0.3 mL/min flow rate) on an Agilent Extend C18 column

(4.6x150 mm, 5 pm).

Standards for the roquefortine C hydroxylamine (16) were generated by reduction
of roquefortine L (17) using 5 equivalents NaBH4 in CH3OH. The reduction was run
for 15 minutes at room temperature and quenched using an equal volume

deionized water to give 16 as a single stereoisomer. *H NMR (500 MHz, CDsOD)

O 7.74 (s, 1H), T=818z 1Hs7.21 @ H¥ 8 Hz71H2696 (., d ,

J=7.5Hz, 1H), 6.90 (d, J = 7.5 Hz, 1H), 6.36 (s, 1H), 5.99 (dd, J = 6.5, 11 Hz,
1H), 5.89 (s, 1H), 5.09 (m, 2H), 3.98 (t, J = 8.5 Hz, 1H), 2.41 (m, 2H), 1.08 (s, 1H),
0.95 (s, 1H). 13C NMR (125 MHz, CDsOD) & 168. 0, 159. 8,
131.8, 130.3, 126.0, 125.0, 124.4, 119.7, 115.9, 115.3, 111.1, 110.2, 87.9, 62.3,
59.7, 42.5, 40.1, 24.3, 23.5. HRMS (ESI-TOF) m/z [M + HJ* calcd for C22H2aNs03

406.1879, found 406.1890.
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Supplementary Figure 2.2: OxaD single turnover reactions
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Steady state kinetics of OxaD with roquefortine C

Initial experiments which sought to determine kinetic constants in a continuous
spectrophotometric assay by following the oxidation of NADH at 340 nm were
hampered by the low Kwm for roquefortine C. Similarly, direct HPLC analysis could
not achieve the sensitivity required to detect initial velocities at nanomolar
concentrations of roquefortine C. The steady state kinetic constants of OxaD with
roquefortine C were ultimately determined using an HPLC-based assay following
a lyophilization step to concentrate the enzymatic reactions prior to analysis.
Reactions were initiated by the addition

roquefortine C in 100% DMSO to 4.1 mL of
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Na/K/PO4 pH 7.4, 1 mM EDTA at room temperature (23 °C). 1.0 mL aliquots were
guenched by plunging into liquid N2 at various time points (5-60 min) to achieve
less than 20% substrate consumption over the reaction time course. Four time
points were taken in each time course. All reactions were performed in duplicate.
The frozen aliquots were lyophilized to dryness over 24 hours and resuspended in
8 0 €HsOH. The resuspended samples were analyzed by HPLC in which the
reaction mixture was resolved using a linear gradient of 15-65% CHsCN in
dd H20 + 0.1% formic acid over 6 minutes (2.5 mL/min flow rate) on a ZORBAX
SB-Phenyl column (4.6x150 mm, 5 em) at
velocities were determined by the loss of roquefortine C signal and quantified using
a standard curve for the substrate. The product signals were often below the UV
detection limit at low substrate concentrations, and additionally the nitrone product
was prone to hydrolysis and CH3OH addition, giving rise to multiple product peaks.
Initial velocities were plotted against substrate concentration (Supplementary
Figure 2.3) and fit by non-linear regression to the Michaelis-Menten equation
(Supplementary Figure 2.4) using GraphPad Prism Version 6.01 software to

determine the kinetic constants kcar and Km (Supplementary Table 2.4).

Supplementary Table 2.4: Steady state kinetics of OxaD with roquefortine C

Enzyme | Substrate Keat (S71) Km (M) | Keat/Km (ML s71)

OxaD Roquefortine C | 0.017 £0.001 | 71+ 15 2.3x10°
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Supplementary Figure 2.3: OxaD Initial Velocity
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Supplementary Figure 2.4: OxaD Michaelis-Menten Plot
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1,3-Dipolar cycloaddition of roquefortine L (17) with methyl acrylate

Roquefortine L (17) was generated as above with the omission of the silica gel
flash chromatography step as the 'H NMR for the crude product of the biocatalytic
reaction showed >90% purity with trace amounts of 1 and the nitrone hydrolysis
product. After enzymatic conversion and extraction, ~20 mg of 17 was dried
overnight under high vacuum in a 25 mL round-bottomed flask. To the dried
material 10 mL of dry THF and 1 mL methyl acrylate were added, the flask was
quickly purged with vacuum/dry nitrogen using a Schlenck line and left under
positive pressure of nitrogen. The reaction was run in the dark at 45 °C for 60 hours
without stirring. The material was evaporated to dryness and purified on silica
using CH2Cl2:CH3OH (0-12% CHsOH step-gradient) as the mobile phase. This
material was subjected to further purification on C18 reverse phase HPLC

chromatography to give the cycloadduct 38 (84% conversion, 24% yield) as a pale

brown solid. *H NMR (600 MHz, CHCIs) 4 8. 50 (s, 1H), JF.

7.7 Hz, 2H), 7.30 (m, 3H), 7.18 (td, J = 1.3, 7.9 Hz, 1H), 6.41 (s, 1H), 6.16 (dd, J =
11.0, 17.3 Hz, 1H), 5.66 (t, J = 7.9, 1H), 5.15 (s, 1H), 5.11 (d, J = 8.6 Hz, 1H), 4.13
(t, J = 8.5 Hz, 1H), 3.73 (s, 3H), 3.36 (dd, J = 8.9, 13.8 Hz, 1H), 3.23 (dd, J = 7.0,

13.7 Hz, 1H), 2.90 (dd, J = 9.5, 13.6 Hz, 1H), 2.47 (dd, J = 8.1, 13.3 Hz, 1H), 1.31
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(s, 3H), 1.26 (s, 3H). 3C NMR (150 MHz, CHCls) 4 170. 3, 167.

1445, 136.9, 135.3, 134.4, 129.2, 126.5, 125.3, 125.1, 121.8, 120.0, 113.8, 112.3,
101.3, 80.0, 62.8, 57.0, 52.4, 41.9, 36.3, 35.9, 21.0. HRMS (ESI-TOF) m/z [M +

H]* calcd for C2sH280sNs 490.2085, found 490.2097.

Total turnover number calculation

Total turnover numbers (TTN = mol product/mol enzyme) were calculated in
triplicate for all derivatives using 250 uM substrate in 50 mM Na/K/PO4 pH 7.3,
10% glycerol, 1 mM EDTA. The OxaD concentration was 40 nM for substrates 1,
9, 39; 80 nM for substrates 41, 42; and 320 nM for substrate 40, and the reactions
were performed in 10% and 20% DMSO cosolvent. The reactions were run
overnight at room temperature and analyzed by HPLC, in which products were
resolved using a linear gradient of 5-100% CHsCN in H20 over 11 minutes
(2.5 mL/min flow rate) on an Agilent Extend C18 column (4.6x150 mm, 5 pm).
Moles of product formed in the assay were inferred by substrate consumption,
which was quantified from standard curves of the respective substrate generated

using the same separation method.
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Appendix 2A: Spectra Relevant to Chapter 2
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Supplementary Figure 2.5: *H->*N HMQC NMR (600 MHz, CDCls) Spectrum of 1
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Supplementary Figure 2.10: IR Spectrum of 17

100 S R ) Mi
B | I
96 = | f ik ==
L1 i I A | -
4 i | ] ]
g2 LI i 1 |
A AL
50 i i
L LN | |
— 86 { |
R om ’ !
82
80
b i
76 fi 1
74 1
72 i
70
4000 3500 3000 2500 2000 1500 1000 A50
cm-1

101

Spectrum Obtained on a Perkin ElImer Spectrum Two FT-IR

Peak List
_PeakNumber | X(em1) | YD |
1 3268.41 94.4
2 2961.82 87.88
3 2925.05 87.03
4 2854.79 90.51
5 1682.4 83.34
6 1384.58 82.77
7 1258.38 7911
8 1164.77 90.59
9 1091.79 73.48
10 1014.45 70.87
1 92422 95.19
12 871.54 94.26
13 794.8 72.08
14 683.41 92.99
15 665.94 92.19
16 643.3 93.83

94




cmg-ii-15N-rog-L-scale-up

7

1

"F:\NMR spectra‘\oxaD paper NMRs"

|

;Lh i]rrﬁf_rL‘_LfltL.(sfrJl

1]
| " fkfﬁ "
15N HMEC
.-
\ @]
N*H Peak (F2) [ppm] (F1) [ppm] Intensity [abs]
N* X 101 2.8879 126.9005 89909640.00
mﬂ_\* 102 2.2146 126.9005 45070800.00
\ (@] 103 6.5689 134.6699 475761408.00
0]S] HN* ™ 104 7.5864 282.2888 255015184.00
/“Z» 105 10.6837 134.6699 106063584.00
15N-17 106 7.4592 281.6414 48698872.00
T T T _ T _ T 7 T 7 T T _ T T T
10 8 6 4 2 [ppm]

[ppm]

300 200 100

400

Supplementary Figure 2.11: *H-'>®N HMBC NMR (600 MHz, DMSO-ds/CDCls) Spectrum

of 5N-17
**Signals corresponding to imidazole nitrogens not observed due to rapid tautomerization.
95



72
. o
& O]
= z
P — *
8 ~ IO O
zZ =
1 57 %
=
4 *
()
@ |
o
% — 281.6097
N
8-
i L — 135.5719
=
(=]
=
=
2

Supplementary Figure 2.12: >N NMR (600 MHz, DMSO-ds/CDCls) Spectrum of 1°N-17
**Signals corresponding to imidazole nitrogens not observed due to rapid tautomerization.

96



HO
N

-
o =z

: T
® A

0.871 ] Z‘/
0.757>— 1
1.875
0.874:q;
0.789, |
0.850 — |
1,000 o 1
0778~
2.329 o

o

gr

A (A =

OZH

_—

0.812 Lol

N A

HOEHO
www

Neld

A —

1.644

43R

NeEg

3.578 —

—1

0

3.440 —

udd

Supplementary Figure 2.13: *H NMR (500 MHz, CDsOD) Spectrum of 16

97

[RGB SIS IS RSB G BE € e p o W4 M RE <) W) W) Wa A WSS RS IRE L R R R B
.

.737
.295
.253
.237
.221
.206
.191
.973
.958
.943
.910
.895
.359
.021
.999

.964
.886
.120
.098
.090
.055

.998
-981
.963

.415
.411
.396

.076
.952



ool i1 8 oL 091 1] 00e

08

¢JOHD

HOEHO

168.00

159.83

.19

145.05

.13
.17
.30

126,03

.96

—T—— 119.66

~ - 115.86
115,31

87

Supplementary Figure 2.14: *C NMR (125 MHz, CD3zOD) Spectrum of 16

98

.11
.24

.87

.29
.65
.63

.36
.51
.06

+32
.53



t'D_
o 8.406
© 8.130
o ] 7.875
7.703
7.401

_r
080 o] 7.388
N oz 7.320
o WZ / 7.308
— o] 7.295
%O %’ g pd / 7.290
- e 7.279
AR R S frn 7.269
Ao =

1.98 - 7.184
1047 o | % 7.181
o 7.171
- 7.160
— o ] 7.157
108 O ﬁ— —6.410
e 6.180
el 6.161
o 6.151
— 6.133
210 ] 5.673
o 5.660
—_ 5.646
24 o ] R~5.150
© 5.121
5.107
g 1.146
o 24.132
T00= 4.117
— 5] 3.732
— 3.383
282~ g 23.369

w
g 3.360
149 @ 3.346
118 - “ 3.251
&4 {: 3.240

(=]
- @) 3.228
o g 3.217
M -] = I®) 2.921
L = |5
4 2.883
2.487
N - 2.473
EEEASI o S ae
L7 f ' o X1.311
o] g, 1.256

>
b o)

o

=]

3

Supplementary Figure 2.15: *H NMR (600 MHz, CDCls) Spectrum of 38

99



R =
o —170
e : —167
> — 160
(=]
87 2 —147
£ P
- 136
B
3 135
%‘Zy 7 131
- 129
@ : v
8 126
p %125
R £ 125
E - %121
% 119
R = ~113
= § 112
N o
- Ey
w
e O
8 - = 2 — 8.
°1 §
o =
—62.
ay 4 =
z —52.
S -
N = —a1.
3 i 36
3 =~~35
» ]
o
N ] = —21.
(=]
4 i
e]
=]
S =

Supplementary Figure 2.16: *C NMR (150 MHz, CDCls) Spectrum of

100

03

75

99
36

91

.35
.87

02

38



m
m
- H
=
- a
e
| Ig
5
m
l E
If}
i K
* ] :
i &
[nd
- Iﬂ
£
1 i
m
2 b
] L :
b Sm——— &
] [
0 [ t 2
| * < £
% —
B [
. p
g
- . E: Py
- =
o — L4 = 2
. . C g
8 g
C X
| o - p—
-~ E
L [] o ( = — I
1 %, € 4
® (1] = '.&‘
- an (:: 2
» 80 (—;—- K
B ] ) g———b %
- . S
s :
1 : T
] At K
&
4 B
2
=
N | i
- =
T :
3 2
L L L LIRS N s B A B S B N N B E E B B R B !
14 12 10 8 6 4 2 F1 [ppm]

Supplementary Figure 2.17: 'H-'H COSY NMR (600 MHz, CDCIs) Spectrum of 38

101



Berlinck Lorena cycloadduct complete 200 1 "C:'\UgerdhClaire‘\Dropbox\OxaD Manuscripticyclo uct-NMR—data'Berlinck

f
,

| _,__ | a | __:

) (I
A A f\.(_ﬁrk,rt\:r SNV

—

|

i

s
[

o
[ ]

AL ‘LLI

F2 [ppm]

150 100 50 F1 [ppm]

200

Supplementary Figure 2.18: 'H-1*C HSQC NMR (600 MHz, CDCls) Spectrum of 38

102



Berlinck Lerena_cycloadduct complete 300 1 "C:\Ugper

|

v f
N U W NN WA

(R N

Claire'Dropbox’OxaD Manugeript'cyclogdduct{NMR-data’Berlinck

HMECGP

F2 [ppm]

150 100 50 F1 [ppm]

200

Supplementary Figure 2.19: 'H-1*C HMBC NMR (600 MHz, CDCls) Spectrum of 38

103



B *
\
1
U . " — P
i E "
B
\ € #
4 %
BT iwm
' " : (T3
5.
3 ' <, . a
59
| 4 Is
x =Y v
- ,.
| 3 : & L L]
1 i & ]
- a
[ ] '
| s.
LI . - ey
— - o ¥
. P

Supplementary Figure 2.20: *H-*H NOESY NMR (600 MHz, CDCls) Spectrum of 38

104



€l

B

L

01

J

==
o ;||
W o) | &

it
&
L

ot

-
o
o

| §

i

wdd

V-

¢IOHD

11.674

7.629
7.236
7.118
7.104
7.073
7.058
7.043
6.727
6.712
6.698
6.628
6.571
6.556
5.948
5.936
5.914
5.617
5.091
5.069
5.063
5.028
4.051
4.040
4,029
4.017
2.551
2.540
2.527
2.516
2.447
2.424
2.400
1.098
0.985

o
o
~J
o

AN A A

//

Supplementary Figure 2.21: *H NMR (500 MHz, CDCls) Spectrum of 9

105



ov 09 08 001l ocl 1] 48 091 08l ooe

oe

wdd

€[OHD

|

\

A

165.

158.
150.

78

61
59.

41
37

23.
22

Supplementary Figure 2.22: *C NMR (125 MHz, CDCls) Spectrum of 9

106

868

505

542
.625
.866
.760
.098
.895
.162
.300
.961
.204
.698
.202
.787

.085

.742

208

.068
.403

068

.596



cl €l 14!

L

ol

wdd

A
7 IT= F
L
T
=z
© o0 0
=
/ T
=
/3
] =
I
1 B
] LY &
- a "
.'Q %
-] -
HEARARELE RARRALRARN BAALAREEY EERRRAERY BN [ | [ A [ T ] [
-t - - -t s -
=Y [ N — o (-] -~J [+7] [4) ] -y () N — 'g

Supplementary Figure 2.23: *H-'H COSY NMR (500 MHz, CDCls) Spectrum of 9

107



wdd

ol -
0cl -
001 -
08

Iz F
IZ L
© o0 0
=
/ T
=
[
=
I
o =
: =
[ [ [ -
3 8 S El

Supplementary Figure 2.24: *H-1¥C HSQC NMR (500 MHz, CDCl3) Spectrum of 9
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Supplementary Figure 2.33: 'H-'H COSY NMR (500 MHz, CDCls) Spectrum of 40
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Supplementary Figure 2.34: 'H NMR (500 MHz, CDCIs) Spectrum of 41
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Supplementary Figure 2.35: *C NMR (125 MHz, CDCls) Spectrum of 41
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Supplementary Figure 2.36: 'H-'H COSY NMR (500 MHz, CDCls) Spectrum of 41
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Supplementary Figure 2.37: 'H-*C HSQC NMR (500 MHz, CDCls) Spectrum of 41
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Supplementary Figure 2.38: *H-1*C HMBC NMR (500 MHz, CDClIs) Spectrum of 41
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Supplementary Figure 2.39: *H NMR (500 MHz, CDCls) Spectrum of 43
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Supplementary Figure 2.40: *C NMR (125 MHz, CDCls) Spectrum of 43
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Supplementary Figure 2.41: 'H-*C HSQC NMR (500 MHz, CDCls) Spectrum of 43
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Supplementary Figure 2.42: 'H NMR (500 MHz, CDCls) Spectrum of 44
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Supplementary Figure 2.43: *C NMR (125 MHz, CDCls) Spectrum of 44
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