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Abstract

Serlyticin-A is a secondary metabolite first isolated from a culture of Serratia ureilytica grown
using squid pen as the sole carbon/nitrogen source. A previous study by Kuo ef a/. demonstrated
that it has antioxidative and antiproliferative properties. However, the proposed chemical structure
of serlyticin-A is likely incorrect based on the thermodynamic instability of its three contiguous
heteroatom-heteroatom bonds. Here, we use quantum chemical calculations to predict 1H and 13C
chemical shifts for serlyticin-A, and demonstrate a discrepancy between the calculated and
experimental chemical shifts. We then propose several reasonable alternative structures for
serlyticin-A. Considering the known antioxidant and antiproliferative activity of hydroxamic acids
as well as their stability and prevalence in natural products of bacterial origin, we believe that
serlyticin-A is most likely 3-indolylacetohydroxamic acid (4). We provide our rationale for this
assignment as well as experimental data for pure 3-indolylacetohydroxamic acid obtained via de
novo synthesis. This study highlights the power of computational NMR shift prediction to revise
chemical structures for natural products like serlyticin-A.
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The identification of a novel natural product with antioxidant properties is highly beneficial
to both the food and pharmaceutical industries. Previous efforts in this area have utilized a
variety of organisms with plants being a major source of antioxidant compounds.1=* Despite
the fact that shellfish waste is a rich source of phenolic antioxidants, there have been
relatively few attempts to isolate novel antioxidant natural products from this source.> In
2012, serlyticin-A (1, Figure 1) was identified by Kuo and co-workers as one of the
compounds in the s. ureflytica culture using squid pen waste as carbon/nitrogen source, and
they demonstrated that it has antioxidative and antiproliferative properties.> While serlyticin-
A certainly has the potential for medicinal and food science applications, we suspect that the
reported structure is incorrect for several reasons. First, the structure contains an O-O bond,
which, based on the results of our calculations, would be prone to cleavage in solution.
Second, the characterization data reported for serlyticin-A, including 1D and 2D NMR, mass
spectrometry, UV-vis, and IR, are consistent with multiple potential structures. For example,
1D and 2D NMR data confirm the presence of an indole moiety but do not necessarily
support the assignment of the proposed N-O—O-N substructure. Moreover, the reported
mass spectrometry data do not match the exact mass of 1. While select tabulated numerical
data were provided in the original report, the actual spectra were not.” These factors coupled
with the lack of X-ray crystallography data contribute to the ambiguity in the assignment of
structure 1 to serlyticin-A. While it is an accepted practice to elucidate chemical structures
relying on information obtained from NMR, IR, and UV-Vis, it is not uncommon for
structures to be misassigned, leading to the otherwise unnecessary expenditure of additional
resources in correcting them.8-10 Here, we report the use of quantum chemical calculations
of NMR chemical shifts1113 to demonstrate that the original structure of serlyticin-A may
have been misassigned, and we provided several plausible alternative structures.

RESULT AND DISCUSSION

Our investigations began with the structural optimization of 1. We observed a long O-O
bond (~2.10 A) in all relevant conformers of 1 optimized in the gas phase and solution
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(Figure 2). Computed Wiberg bond orders for the O—-O bond were less than 0.32 for all
conformers within 3 kcal/mol of the lowest energy conformer, suggesting that 1 is prone to
fragment in both gas phase and solution. Optimization of these conformers while
constraining the O-O bond to 1.48 A (a reasonable distance for a covalent O-O bond) led to
structures that are at least 15 kcal/mol higher in free energy than their unconstrained
versions. Additionally, the calculated 13C and H NMR shifts for 1 deviate greatly from the
reported NMR shifts (Table 1, Figure 2, and Table S1). For the constrained structure of 1,
although the 13C shifts are close to the experimental shifts, several H shifts deviate greatly
from the experimental shifts (Figure 2 and Table S1). Given the accuracy of such
calculations,11-13 serlyticin-A is likely misassigned.

Kuo et al. reported 1H-1H COSY (correlation spectroscopy) and HMQC (heteronuclear
multiple bond coherence) correlations, that are consistent with serlyticin-A containing an
indole-3-acetic acid moiety. This led us to consider structural alternative structures
possessing this group. Our predicted 13C chemical shifts for the indole-3-acetic acid dimer
(Figure 2 and Table S1) matched the experimental shifts very well with only one calculated
13C chemical shift (C1) falling outside the acceptable range. Therefore, derivatives of this
structure were examined further. Such structures included hydrazine, 2, hydroxylamine 3,
and hydroxamic acid 4 (Figure 3). All these structures have computed chemical shifts that
are consistent with the reported shifts for serlyticin-A, though 4 is the closest match (Table
1, Figures 3-4 and Table S3). Additional structures considered that were not good matches
are described in the SI (Figure S1, Tables S5 and S6). Serlyticin-A has demonstrated
antioxidant properties in a DPPH radical scavenging assay.?> Compounds 2—4 all have the
potential to serve as effective radical scavengers due to the presence of N-O or N-N bonds.
However, we deemed 4 to be the most likely structure of serlyticin-A for several reasons.
First, to the best of our knowledge, A~amino indole natural products have not previously
been reported. Second, while A-hydroxy indole natural products are known, these are rare
and often difficult to isolate.14 Examples of notable A-hydroxyindole-containing natural
products include stephacidin B, versicoamide F, nocathiacin-1, thiazomycin, coproverdine,
notoamide G, and Athydroxy-B-carbolines.1>-23 The overwhelming majority of A
hydroxyindole-containing natural products possess substitution at the 2-position of the
indole, likely a consequence of the tendency of indoles to be oxidized at C2. Finally, 4
contains a hydroxamic acid group—a structural motif that is found in numerous natural
products of bacterial origin.24-27 Hydroxamic acids are excellent siderophores and bacteria
often produce them to sequester iron from their environment. In fact, 4 itself has been shown
to coordinate metals.28 Furthermore, many hydroxamic acids possess anti-proliferative
properties, like that observed for serlyticin-A, due to their ability to potently inhibit histone
deacetylases (HDACS).2%:30 Next, we synthesized 4 from the methy! ester of indole acetic
acid by converting the ester into the hydroxamic acid.3! We have characterized the product
and the data agree with that available from previous studies (see Sl for details).32-33 The 1H
and 13C NMR chemical shifts for synthesized 4 agree with the calculated shifts (Table 1 and
Figure 4; see Sl for additional detail). While Kuo et a/. described serlyticin-A as a yellow
powder with IR absorption bands of 3366 cm™! and 1713 cm™1 corresponding to a hydroxy
group and carbonyl moiety, respectively, we found compound 4 to be a tan powder with IR
absorption bands at 3422, 3218, 1636, and 740 cm™~1. Unfortunately, given the lack of raw
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characterization data in the original report,® we cannot be sure if these differences are
meaningful. Kuo and co-workers reported UV absorption bands (solvent not indicated) for
serlyticin-A at 244, 261, and 299 nm, implying that the molecule could contain an indole
moiety. We analyzed 4 by UV-Vis absorption in MeOH and found absorption bands at 218,
230, and 280 nm, a reasonable match to the reported values assuming different solvents were
used. Structure 1, with the molecular formula CooH16N2Og has a calculated exact mass of
380.1008. The reported ESI-MS [m + H]* m/zwas 381.2629, a difference of > 0.15 from the
calculated m/z of 1 [m + H]*. We suspect that the mass reported by Kuo and co-workers
reflected a noncovalent dimer of the natural product. This type of dimerization is commonly
detected in ESI-MS,3435 and would be anticipated for a hydroxamic acid such as 4. The
dimer of 4 has a calculated m7/z[2m + H]* of 381.1563, which is closer to the reported mass
for serlyticin-A than the calculated m7/z for 1. While our liquid chromatography mass
spectrometry (LC-MS) analysis of 4 did not identify a dimer, this is not unexpected, as

different instruments are known to yield different ionization patterns for the same molecule.
36

Overall, the chemical and biological data reported for serlyticin-A® are consistent with a
compound such as 4, but comparison with an authentic sample will be necessary to confirm
this hypothesis.” Regardless, the variety of factors described above make it highly unlikely
that 1 is the correct structure of serlyticin-A. In the field of organic chemistry, structural
misassignments are obviously problematic.2 Many such misassignments can be avoided
through judicious application of NMR chemical shifts calculations.9-1011-13 Here we have
demonstrated that the originally proposed structure for serlyticin-A is likely incorrect, a
conclusion based on (1) computations that point to the likelihood that the central O—O bond
in the proposed structure is weak, (2) deviations between the reported and calculated
chemical shifts for 1, and (3) the unprecedented nature of such an N-oxidized indole natural
product lacking substitution at C2. Furthermore, the high prevalence and known antioxidant/
antiproliferative properties of naturally occurring hydroxamic acids is consistent with our
proposal that serlyticin-A is likely 3-indolylacetohydroxamic acid (4) or a closely related
compound.

EXPERIMENTAL SECTION

Computational Methods.

Quantum chemical calculations were performed using Gaussian09.3" Structural
optimizations and frequency calculations were performed with both B3LYP/6-31+G(d,p)38
in the gas phase and PCM(MeOH)-B3LYP/6-31+G(d,p).3940 Both sets of optimized
structures were subjected to NMR calculations using the gauge-including atomic orbital
(GIAO) method.12 Results from both approaches are consistent with each other. Shown in
the text are the results from NMR calculations on optimizations performed with
PCM(MeOH); for gas phase results, please see Supporting Information (SI). Since the NMR
experiments reported by Kuo and co-workers were performed on a sample dissolved in
deuterated methanol, our 13C and 1H shifts were calculated with PCM(MeOH)-
mPW1PW91/6-311+G(2d,p).*1 Chemical shifts were linearly scaled using scaling factors
obtained from cheshirenmr.info (slope = —=1.0754 for 1H and —1.0399 for 13C: intercept =
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31.8463 for 1H and 186.5993 for 13C).1142 In order to sufficiently sample conformational
space, multiple systematic conformational search runs were performed on each compound
using Spartan10.*3 These conformational search runs used molecular mechanics, explicitly
the Merck Molecular Force Field (MMFF). However, all resulting conformers were
subjected to single point calculations at the B3LYP/6-31+G(d,p) level. Then, geometric
optimizations were performed on conformers within 5 kcal/mol of the lowest energy
conformer, with and without implicit solvent (i.e., PCM(MeOH)). NMR calculations were
only performed on the optimized conformers within 3 kcal/mol of the lowest energy
conformer. The geometries of all conformers for each structure were confirmed to be
minima (no imaginary frequencies). The chemical shifts of these contributing conformers
were averaged using Boltzmann-weighting. This procedure is well precedented for
computational NMR studies.11-13 In addition, an optimization constraining the fragmentable
O-0 bond of the originally proposed structure for serlyticin-A, 1 (Figure 1), was performed
to assess its thermodynamic stability. Natural Bond Orbital (NBO)** analysis calculations
were performed on all contributing conformers of 1 to obtain Wiberg bond orders.*

General Experimental Procedures.

All reagents were obtained commercially unless otherwise noted. Reactions were performed
using glassware that was oven dried (1200C) unless otherwise stated. Air- and moisture-
sensitive liquids and solutions were transferred via syringe. Organic solutions were
concentrated under reduced pressure (~5 Torr) by rotary evaporation. Solvents were purified
by passage under 12 psi N2 through activated alumina columns. Chromatography was
performed using Fisher Chemical™ Silica Gel Sorbent (230-400 Mesh, Grade 60).
Compounds purified by chromatography were typically applied to the adsorbent bed using
the indicated solvent conditions with a minimum amount of added dichloromethane as
needed for solubility. Thin layer chromatography (TLC) was performed on Merck silica gel
60 F254 plates (250 pum). Visualization of the developed chromatogram was accomplished
by fluorescence quenching or by staining with butanolic ninhydrin, or aqueous ceric
ammonium molybdate (CAM).

Nuclear magnetic resonance (NMR) spectra were acquired on either a Bruker 400 operating
at 400 and 100 MHz for 1H and 13C, respectively, and are referenced internally according to
residual solvent signals. Data for 1H NMR are recorded as follows: chemical shift (&, ppm),
multiplicity (s, singlet; br s, broad singlet; d, doublet; t, triplet; g, quartet; quint, quintet;
sext, sextet; m, multiplet), integration, and coupling constant (Hz). Data for 13C NMR are
reported in terms of chemical shift (8, ppm). Infrared spectra were recorded using a Thermo
Scientific Nicolet iS10 spectrometer with Smart iTX Accessory (diamond ATR) and are
reported in frequency of absorption. Low-resolution mass spectra were obtained using a
Waters Acuity Arc LC-MS.

Synthesis of Methyl 2-(1H-indol-3-yl)acetate.

To a solution of indole acetic acid (0.400 g, 2.28 mmol, 1.0 equiv) in MeOH (22.8 mL, 0.1
M) at room temperature was added concentrated hydrochloric acid (0.76 mL, 9.14 mmol, 4.0
equiv). The mixture was stirred overnight at 65 °C, cooled to room temperature, and then
concentrated under reduced pressure. 100 mL of saturated NaHCO3 was added and then
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extracted with Et20 (3 x 100 mL). The combined organic extracts were washed with brine
(1 x 150 mL), dried over Na2SO4, and concentrated under reduced pressure to yield a brown
oil (0.410 g, 95%). 1H NMR (CD30D, 400 MHz) & 7.51 (d, 1H, J = 8.0 Hz), 7.33 (d, 1H, J
=8.0 Hz), 7.14 (s, 1H), 7.10 (t, 1H, J = 7.5 Hz), 7.01 (t, 1H, J = 7.5 Hz), 3.75 (s, 2H), 3.66
(s, 3H) ppm; 13C NMR (CD30D, 100 MHz) & 174.81, 139.98, 128.54, 124.64, 122.47,
119.88, 119.34, 112.25, 108.50, 52.32, 31.83 ppm; IR (Smart iTX Diamond) 3404, 2952,
2683, 1719 cm-1; LC-MS (ES+) calcd for C11H11NO2 [M + H] 190.08 found 190.23.

Synthesis of N-hydroxy-2-(1H-indol-3-yl)acetamide.

To a solution of methyl 2-(1H-indol-3-yl)acetate (0.062 g, 0.33 mmol, 1.0 equiv) and NaOH
(0.066 g, 1.64 mmol, 5.0 equiv) in (1:1) MeOH/THF (1.3 mL, 0.25 M) at room temperature
was added 50% aqueous hydroxylamine (0.65 mL, 10.49 mmol, 32.0 equiv). The mixture
was stirred for 4.5 h at room temperature, and then concentrated under reduced pressure. 10
mL of 2 M HCI(aq) was added and the solution was extracted with (3 x 20 mL) EtOAc. The
combined organic extracts were washed with brine (1 x 20 mL), dried over Na2SO4, and
concentrated under reduced pressure to yield a tan solid. (0.061 g, 98%). 1H NMR (CD30D,
400 MHz) & 7.57 (d, 1H, J =8.0 Hz), 7.33 (d, 1H, J = 8.0 Hz), 7.17 (s, 1H), 7.09 (t, 1H, J =
7.4 Hz), 7.01 (t, 1H, J = 7.4 Hz), 3.57 (s, 2H) ppm; 13C NMR (CD30D, 100 MHz) &
171.66, 138.07, 128.49, 124.77, 122.50, 119.87, 119.35, 112.26, 108.88, 30.92 ppm; IR
(Smart iTX Diamond) 3422, 3218, 3057, 1636, 1544, 1081, 740 cm-1; LC-MS (ES+) calcd
for CLOH10N202 [M + H] 191.07 found 191.29.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The previously proposed structure of serlyticin-A.
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Figure 2.

Deviations between calculated 13C and H chemical shifts and the reported experimental
shifts for 1, constrained 1, and a dimer of indole-3-acetic acid. Deviations of less than 6 ppm
for 13C and less than 0.3 ppm for H shifts are considered acceptable.13-15 Deviations
exceeding these limits are bolded.
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Figure 3.

Alternative structures examined. Deviations of less than 6 ppm and less than 0.3 ppm
between experimental and computed 13C and 1H shifts, respectively, are considered
acceptable.13-15 Deviations exceeding these limits are bolded. For unsymmetrical dimers,

shifts for the two monomers were averaged.
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Figure 4.
Summary of NMR results. Deviations between calculated chemical shifts of 1 and its

reported experimental shifts (left). Deviations between calculated chemical shifts of 4 and
the previously reported experimental shifts for serlyticin-A (center) and newly determined
experimental shifts for 4 (right). Deviations of less than 6 ppm for 13C and less than 0.3 ppm
for 1H shifts are considered acceptable.13-1% Deviations exceeding these limits are bolded.
For unsymmetrical dimers, shifts for the two monomers were averaged.
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Table 1.
Summary of Computed NMR Results for 1-4
Atom Label Exp. & (p.p.m) 1 2 3 4
c1 1775 17371 18354 17533 174.74
c2 3238 3170 3250 3394 3258
c3 1245 13282 130.96 126.86 125.76
ca4 109.6 123.00 107.00 10431 108.17
Cda 128.8 130.18 12556 123.76 127.78
c5 1195 12013 1194 119.68 119.75
cé 119.7 127.62 11830 11862 118.87
c7 122.3 12595 12211 12236 122.18
c8 112.1 11371 109.64 108.70 11145
C8a 138.0 13830 137.32 134.07 13598
MAD 421 234 246 107
H2 3.68 344 344 354 378
H3 7.14 560 710 714 718
H5 7.54 715 742 752 161
H6é 6.99 718 711 716 715
H7 7.07 719 728 721 124
H8 7.33 712 756 741 740
MAD 045 016 010 010

aAbbreviation: MAD, mean absolute deviation. Deviations of less than 6 ppm for 13C and less than 0.3 ppm for H shifts are considered

acceptable.9-11 Chemical shifts exceeding the accepted deviations are bolded.

J Nat Prod. Author manuscript; available in PMC 2020 December 27.

Page 13



	Abstract
	Graphical Abstract
	RESULT AND DISCUSSION
	EXPERIMENTAL SECTION
	Computational Methods.
	General Experimental Procedures.
	Synthesis of Methyl 2-(1H-indol-3-yl)acetate.
	Synthesis of N-hydroxy-2-(1H-indol-3-yl)acetamide.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

