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Following acceptance of this manuscript, the authors became aware of an article (Kazmaier, U.; Junk, L. Marine Drugs, 2021, 19,
446) reviewing the synthesis of cyclopeptide antibiotics. This led us to a second article (Cheng,Y.Y.; Tang, S. B.; Guo, Y.; Ye, T. Org.
Lett, 2018, 10, 6166-6169) that describes the synthesis of Ilamycin E1 and llamycin F. These two papers further exemplify one of the
core messages of the present article, viz the need for consolidated naming for an actively pursued chemical class. The Kazmaier and
Junk article always refers to them as “llamycina/Rufomycins”. Illamycin E1 when first described was clearly a mixture of two related
congeners. Inspection of the Sl of both ref 13 and Cheng et al’s papers indicates that their synthesis produced the major component of
the natural product isolated, but as this article points out not the claimed compound.
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Abstract

Rufomycin and ilamycin are synonymous for the same class of cyclopeptides, currently
encompassing 33 structurally characterized isolates and 9 semisynthetic derivatives. Elucidation
of new structures prioritized the consolidation of the names and established the structures of

four diastereoisomeric rufomycins with a 2-piperidinone, named rufomycins 47, including full
1H/13C NMR assignments. The characteristic HSQC cross-peak for the CH-5, the hemiaminal
carbon in amino acid #5, allows assignment of the stereocenters C-4 and C-5 within this ring.
Semisynthetic derivatives (rufomycinSS 1, 2, and 3) were prepared from a rufomycins 4 and 6
mixture to validate the structural assignments. Based on the X-ray crystal structures of rufomycins
2 and 4, considering the NMR differences of rufomycins 7 vs 4-6 compared to rufomycinSS 1 vs
2 and 3, and taking into account that two major conformers, A and B, occur in both rufomycinSS 2
and 3, structural modeling was pursued. Collectively, this paper discusses the NMR spectroscopic
differences of the stereocisomers and their possible 3D conformers and correlates these with the
anti- Mycobacterium tuberculosis activity. In addition, a look at the history prioritizes names and
numbering schemes for this group of antibiotics and leads to consolidated nomenclature for all
currently known members, natural and semisynthetic derivatives, and serves to accommodate
future discoveries.
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Graphical Abstract
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In natural product research, it is common for two, or more, different groups to discover
the same metabolite(s) and give them different names; the synonym of sophoretin for

the very common flavonoid quercetin may serve as just one example. This can lead to
muddied literature, confusion, and wrongly attributed credit. It is particularly prevalent
among microbial products, where, for example, the single active pharmaceutical ingredient
of fidaxomicin is tiacumicin B,! lipiarmycin A3,2 and clostomicin B4, the same molecule
but each produced by a different organism. This has now risen as a problem with respect
to rufomycins/ilamycins. Takeda Chemical Industry was the first to publish them as
rufomycins with a Japanese PCT filing in February 1960, supported by the production
claims from a deposited new streptomycete (Streptomyces atratus nov. sp.).>6 Almost
two years after the patent filing, the Institute for Microbial Chemistry (IMC) published
essentially the same complex, but called them ilamycins,” which came from a poorly
characterized and currently unavailable micro-organism, which they called Streptomyces
Islandicus. Three other groups working on these complexes have referred to them as
rufomycins: Eli Lilly and Company,3-10 the University of Tokyo,!1 and our Institute for
Tuberculosis Research.12 In 2017, researchers obtained, from the South China sea, an
organism that they characterized as S. atratus and which also produced these compounds;
despite this, the authors referred to them, incorrectly, as ilamycins.3

These cyclic heptapeptides, almost invariably, have an isoprenyl group attached to the

ring nitrogen of tryptophan, and this Cs residue is commonly oxidized, predominantly by
epoxidation of the olefin. The most potent (anti- Mycobacterium tuberculosis [anti- Mth])
members arise by post-NRPS oxidation of each of the diastereotopic terminal methyls

of the A-methylleucine in amino acid position 5 (AA5). At the aldehyde level, these
oxidized species interact with the nitrogen of AA6 to form hemiaminals, of which only
three have been structurally characterized and none with respect to conformation. This might
reflect challenges that arise from the fact that the configuration at the hemiaminal carbon

is interchangeable in hydroxylic solvents, whereas that at the adjacent carbon, where it
depends on from which terminal methyl the aldehyde originates, is stable. In the more

anti- Mitb active series, the present study separated all four of the resulting diastereomers to
allow for full NMR characterization. Moreover, three semisynthetic (rufomycinSS series)
n-butyl aminal derivatives were prepared, thereby locking the stereochemistry at that carbon.
While these derivatives tended to exist in multiple conformations in CD30D, this occurred
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at sufficiently different concentrations to allow for complete NMR analyses of all major
conformers.

Finally, to give appropriate credit to prior work and create a systemic nomenclature, this
study looked at a detailed history of the discovery of rufomycins, which now appear to be
available only from several strains of a single species, Streptomyces atratus. The authors
have been unable to obtain S. /slandicus or S. macrosporeus DSM-12818 from ATCC and
IMC for the former and DSMZ for the latter. Collectively, this study establishes a consistent
structural, stereochemical, and nomenclatural framework for this class of promising anti-
Mitb agents.

RESULTS AND DISCUSSION

Naming Clarifications for Rufomycins vs llamycins.

Table 1 is assembled to correlate the different names given to the rufomycin/ilamycin natural
products and to give credit to the various scientists who discovered these compounds and
elucidated their structures. There is clear realization that at the time of their initial discovery
the science and use of NMR in structure determination was not yet well developed.

Hence, many of the early structures proposed on the basis of elemental analysis, chemical
degradation and derivatization, and IR and UV spectroscopy have been revised subsequently.
The table is assembled in chronological order of groups making discoveries (in columns)
and lists the compounds discovered (in rows). In the last column, we suggest a preferred
consolidated name for what is currently believed to be the correct structure. These names
will be used throughout this article, and they should help obviate confusion in the future.
Furthermore, to minimize the ambiguity around atom numbering, especially while listing
the NMR spectral assignments, and to rationalize this key task, we thought it would be
appropriate to number the amino acids in the order they are assembled by the NRPS as AAL,
AA2, etc., and the atoms in each amino acid as per IUPAC.

Biological Significance and Chemistry.

Rufomycins comprise a family of cyclic heptapeptides, which basically contain leucine
(Leu), two A-methylleucines (MMeLeu), alanine (Ala), and three nonproteinogenic
amino acids, N-dimethylallyl(epoxy)tryptophan, tfrans-2-crotylglycine (TrcGly), and m-
nitrotyrosine (mMNO,Tyr).4-6.14-19

The first report of the anti-Mib property of rufomycins can be traced back to 1960 (US
3,655,879 citing Japanese 35/4,033, filed Feb 8, 1960).% Our previous study also revealed
that rufomycin 4 showed potent anti- Mt activity with an MIC value of ~0.020 zM.20
Rufomycin 4 represents a special type of rufomycin structure with an in-chain hydroxy-
methylpiperidinone moiety. It is one of four diastereomers that arise as tautomers of the
two aldehydes obtained by oxidation of the diastereotopic terminal methyls of leucine AA5
and are formed by nucleophilic addition of the nitrogen of leucine AAG to these carbonyls.
This type of rufomycin structure is difficult to define because (a) several conformers were
observed due to the flexible nature of the macrocycle; (b) the absolute configuration of
C-4 bearing a methyl group in AA5 can be either R or Sdepending on which of the
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diastereotopic methyl groups of AAS5 (leucine) is oxidized; (c) the hemiaminal carbon can
be either Ror S, and (d) this last feature is interchangeable due the nature of hemiaminals.
Theoretically, in analogy to the open-chain aldehyde of hexoses, ring-opened products can
also be observed, which predominantly exist as hemiacetals. As far as we know, three related
diastereomers have been reported, including rufomycin 4 (AA5, 45,5R), rufomycin 5 (AA5,
4555), and rufomycin 6 (AA5, 4R,5R).8-10.13 Crystal structures of the rufomycin 4/ClpC1-
NTD complex were obtained during our previous study,?! which not only confirmed the
absolute configuration of rufomycin 4 (syn. ilamycin C1 and rufomycin A) but also showed
a tight fit in a pocket of CIpC1-NTD with the hydroxyl-methyl-methylamidopiperidinone
functionality. Thus, this function is considered as an important part of the anti- Mtb
pharmacophore of rufomycins.

In the present study, rufomycin 4 and its related three diastereomers (rufomycins 5-7)
were isolated and extensively studied. The unreported diastereomer, rufomycin 7, with
AAS5 4R5S configuration, was identified as the most unstable diastereomer, showing quite
different NMR patterns from those of rufomycins 4-6. To further understand the reason that
such different NMR data were observed among rufomycins 4—7, a one-step reaction on a
mixture of rufomycins 4 and 6 was carried out to protect the OH group with an 7-butyl
group and hence lock the stereochemistry at the now aminal carbon. Three corresponding
semisynthetic compounds, rufomycinSS 1-3, were isolated, and their structures assigned
from 1D and 2D NMR data. Both rufomycinSS 2 and 3 showed three conformers, and the
major two conformers varied considerably in their 1H and 13C NMR data. The consistent
trends of A& and Aéy between the two conformers in rufomycinSS 2 and 3 are similar to
those seen in the spectra of rufomycins 4 and 7. The NMR differences of these compounds
are believed to be caused by conformational changes. Here, NMR differences, possible 3D
conformations, and correlated anti- Mtb activities of rufomycins and these semisynthetic
derivatives are discussed.

Rufomycin Piperidinone Diastereomerism.

The rufomycins 4-7 were identified as four diastereomers, arising from different
orientations of the hydroxyl and methyl groups in the hydroxy-methylpiperidinone moiety.
The absolute configurations of C-4 and C-5 in AA5 of rufomycins 4-7 could be

deduced from ROESY data, as the absolute configuration of AA5-C-2 was assigned as

S, corresponding to the L-AMeLeu residue based on the X-ray crystal data and biosynthetic
considerations.10-21 Rufomycin 4 was assigned the (AA5, 45,5R) absolute configuration
based on the ROESY correlations of Hz-1’/H-2 and H-5 (Figure 2) and further confirmed
by the cocrystal structures of rufomycin 4 and ClpC1-NTD.2! Thus, rufomycin 4 is the
congener previously identified as ilamycin, compound 4, and ilamycin C1.813.22 HPLC
analysis (Figure 3) showed rufomycins 4 and 5 are interconvertible, indicating rufomycin 5
to be an epimer of rufomycin 4 at the hemiaminal carbon, based on the expected property
of hemiaminals. The assigned 45,55 (AA5) absolute configuration for rufomycin 5 was
validated by the ROESY correlations (Figure 2) of H-2/H-38; of H-4/H-3a and H-5; and
of H-5/H3-1". Rufomycin 6, with the absolute configuration 4R,5R (AA5), was established
by the ROESY cross-peaks (Figure 2) of H-2/H-38and H-4 and of H-5/H3-1" and H-4.
Finally, the fourth diastereoisomer, rufomycin 7, which has not been reported previously,
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was isolated and identified in this study. Rufomycin 6 was found to convert slowly to a
small amount of rufomycin 7 (~5%) under aqueous conditions. Rufomycin 7, the most
unstable diastereomer, quickly epimerized to rufomycin 6 (~50%) during concentration.
After being purified by semipreparative HPLC, rufomycin 7 was concentrated under a
stream of forced air and freeze-drying to reduce interconversion. The 1H NMR spectra
(Figure S22-1, Supporting Information) showed the coexistence of both rufomycins 6 and
7 (~2:5). The ROESY correlations (Figure 2) between H-2 and H-4 and between H-5 and
Hs-1" and H-3a confirmed that rufomycin 7 had a 4R,5S (AA5) absolute configuration.

Chromatographic Characteristics.—The HPLC chromatograms (Figure 3A) of
rufomycins 4 and 5 showed three major peaks, of which peaks 1-3 were assigned, in their
elution order, as follows: First is the hemiaminal ring-opened intermediate (rufomycin 3
hydrate), followed by rufomycin 5 and rufomycin 4. Reinjection of each of the materials
collected as those three single peaks showed the same three peaks again (Figure 3A),
indicating that the underlying three molecular species form a thermodynamic equilibrium.
This equilibration slightly favors rufomycin 4 (third peak). Similar to the mutarotatory
property of glucose, it involves the two major pyranoid forms, two minor furanoid forms,
and traces (0.02%) of the open-chain form (see masterorganicchemistry.com/2017/08/17/
mutarotation). The hemiaminal of the rufomycins displays analogous equilibration behavior
and forms with a higher likelihood of its open-chain forms (free aldehyde and/or hydrate).
Figure 4 summarizes how these rufomycins interconvert between open- and ring-forms by
forming a hemiaminal, an aldehyde, and an aldehyde hydrate (under aqueous conditions) or
hemiacetals in alcohols. The HSQC spectra of the materials from LC peaks 1-3 (Figure 5),
acquired in CD30D, clearly showed the signals of two molecular species (64 4.26, d, J=
5.3 Hz; &¢c 103.3; and &y 4.35, d, J= 4.2 Hz; 6c 102.8). This was indicative of the presence
of two ring-opened species and can be explained by the presence of two diastereomeric
trideuteromethyl hemiacetals formed by reaction of the aldehyde function with both protons
and deuterons present in the NMR solvent, CD30D, with residual HDO.

In HPLC, rufomycins 6 and 7 behaved similarly to rufomycins 4 and 5. Three peaks
representing the hemiaminals and ring-opened products, rufomycin 7 and rufomycin 6,
were observed (Figure 3B). The HSQC spectra (Figure S50, Supporting Information) of
rufomycins 6 and 7 also showed two signals (64 4.28, d, /=5.8 Hz; &c 103.4; and &y 4.37,
d, J=4.7 Hz; & 102.8) for the ring-opened products. Compared to rufomycin 7, rufomycin
6 was identified as the more stable epimer that predominates in equilibrium.

NMR Spectroscopic Characteristics of Rufomycins 4-7.—Comparison of the 1H
and 13C NMR data of rufomycins 47 revealed that major differences were found around the
hemiaminal (hydroxy-methylpiperidinone) moiety (Figures 6 and 7). The 1H and 13C NMR
data of rufomycins 4-6 varied within a reasonable range; however, those of rufomycin 7
were distinctly different. The three most different carbon signals C-2 (AA6), C-5 (AA5), and
MCH3 (AA5) showed 10.2, 9.5, and 7.7 ppm differences, respectively, from corresponding
carbons in the spectrum of rufomycin 4 (Figure 6). Two hydrogens of rufomycin 7 showed
dramatic differences from corresponding hydrogens in the spectrum of rufomycin 4 with

a Aéy value of 1.5 and 1.8 ppm for H-2 (AA6) and H-2 (AA5) (Figure 7). Comparison
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of the 13C NMR data revealed that the four diastereoisomers rufomycins 4—7 varied at

the characteristic carbon C-5 (AA5). The HSQC cross-peaks for CH-5 (AA5) occurring in
distinctly separate regions may be useful to assign the configurations of two stereocenters at
C-4 and C-5 of the AA5 residue.

The Case of llamycins E1 (Rufomycin 21) and E2 (Rufomycin 22): Need for
Revisions.—Comparing the NMR signals of AA5-CH-5 of the purported analogues
rufomycins 4-7 with those of ilamycins E1 and E2 revealed that the data reported for
ilamycin E1 did not match those of rufomycin 4. The configurations at AA5 C-4 and C-5
of ilamycin E1 (C-32 and C-33 per ref 13) were deduced by comparing their chemical
shifts with those of ilamycin C1 (rufomycin 4).5~" However, this led to the observation

that the chemical shifts were inconsistent and that the NMR spectra were also acquired

in different solvents. Subsequent close examination of the IH NMR and HSQC spectra of
ilamycin E1 (Figures 55 and 58 in the Supporting Information of ref 13) revealed that the
analyte was a mixture of at least two different molecules. While the major compound, whose
NMR spectral data were tabulated in the publication (AA5 CH-5: &c 79.4 and &4 4.80 in
Supplementary Table 2 of ref 13), is most comparable with rufomycin 6 (AA5 CH-5: &¢
79.4 and & 4.76), the minor compound, with an HSQC cross-peak at &c ~82/6y 4.7 ppm,
tallies well with rufomycin 4, which exhibits an HSQC cross-peak at 6c 81.7 and & 4.76
(*H NMR: br d, J= 3.7 Hz) assigned to CH-5 in AA5. This led to the conclusion that
ilamycin E1 as reported recently is in fact a mixture of two cyclopeptides that exhibit the
same configurations at C-4 and C-5 in AA5 as rufomycin 6 (therefore assigned as the major
component in “ilamycin E1”) and rufomycin 4 (the minor component).

In the present study, rufomycin 21 was isolated and showed identical 1H and 13C NMR data
(Figures S51 and S52, Supporting Information) with those reported for ilamycin E1 in ref
13. Our HSQC spectra of rufomycin 21 showed a distinct cross-peak (6c 79.4 and &4 4.76,
br d, J= 2.6 Hz) for CH-5 in the AA5 residue, which is nearly identical to that observed in
the spectrum of rufomycin 6 (6c 79.4 and &4 4.76, br d, J= 2.1 Hz; Chart S2, Supporting
Information). Thus, the structure assigned to ilamycin E1 in ref 13 should be revised to
contain a 4R,5R absolute configuration in AA5. This revision can be further corroborated by
the obvious NOESY correlation of H-2/H-4 in AA5 (Figure S57, Supporting Information)
in rufomycin 21. Originally, the presumed mutarotation of the hydroxy-methylpiperidinone
moiety was assigned in ref 13 by comparison of HPLC profiles of the interconverting
species (compounds 6 and 7 in Supplementary Figures S34 and S21 in ref 13), designated as
ilamycins E1 and E2.

The authors of ref 13 did describe the phenomenon of interconversion between ilamycins E1
and E2, which suggests ilamycin E1 should have a 4R,55 absolute configuration. However,
based on our experience, rufomycins 4 and 6 are difficult to separate. Thus, the “peaks”

for ilamycin E1 (compound 6 in Supplementary Figures S34 and S21 in ref 13) may not
only contain the interconverted component from ilamycin E2 (4/R,55) but also the main
component with (4R,5F), a compound analogous to rufomycin 6. Hence, its occurrence, as
evidenced by NMR spectra, is not surprising.

J Nat Prod. Author manuscript; available in PMC 2022 February 23.
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Despite this need for revision, the configurations at C-4 and C-5 (AAS5) of ilamycin E2
(rufomycin 22) remain unchanged (45, 55, equivalent to 5-OH, 5-CHs, as per the drawing).
The HSQC data of ilamycin E2 (&¢ 82.5 and 64 4.65, br d, /= 1.6 Hz, CH-5 in AAD5; see
Table 2 and Figure S56 of the Supporting Information of ref 13) concur with rufomycin 5
(6¢c 82.5 and 64 4.63, br d, J= 2.6 Hz) and are indicative of identical configurations at C-4
and C-5 of AA5 in both ilamycin E2 and rufomycin 5.

Structural Identification of the Semisynthetic Derivatives RufomycinSS 1-3.
—The interconvertible property of rufomycins 4—7 makes the assignment of NMR data
challenging; thus, OH-protected compounds rufomycinSS 1-3 were semi-synthesized from
a rufomycins 4 and 6 mixture. Treatment of this mixture with catalytic HCI in 7+butanol
afforded rufomycinSS 1-3. The molecular formula CsgHgsCINgO15, for rufomycinSS 1
was assigned by the (+)-HRMS (ESI) ion at /7/21134.6032 [M + H]* (calcd 1134.6001).
O-Alkylation and epoxide opening reactions took place on the HO-5 group in the AA5
residue and the epoxide moiety of AA1. The opened epoxide moiety with chloride attached
at AA1-C-3” was verified by the HMBC correlations (Figure S33, Supporting Information)
from both AA1-Hz-1” (64 1.62, s) and AA1-H3z-1"" (84 1.75, s) to AAL-C-2” (&¢ 76.5)
and from AA1-H,-3" (64 2.86, dd, /= -11.3, 2.0 Hz; &4 3.30, dd, J=-11.3,9.8 Hz) to
AA1-C-1" (&c 63.2) and AA1-C-2” (&c 76.5). The HO group at AA5 C-5 was substituted
by an n-butyl group, and this was verified by the HMBC from H-5 (&4 4.44,d, /J=8.1

Hz) to the assigned a-carbon (C-1") of the butyl group (8¢ 65.5). The similar coupling
constant of 8.1 Hz between AA5-H-4 and -H-5 of rufomycinSS 1 to the corresponding one
in rufomycin 7 (J= 7.9 Hz) suggested a 4R,55 absolute configuration for rufomycinSS 1.
The assignment was further validated by the ROESY correlations of H-2 and H»-1"/H-4 and
of H-5/H3-1" (Figure 2). RufomycinSS 2, sharing the molecular formula C5gHgsCINgO1,
with that of rufomycinSS 1, was verified by the (+)-HRMS (ESI) and 13C NMR data (Table
4). RufomycinSS 2 was assigned the same planar structure as that of rufomycinSS 1 by
TOCSY and HMBC cross-peaks (Figures S38 and S40, Supporting Information).

Analysis of the H and 13C NMR data (Figures S36 and S58, Supporting Information)
showed that rufomycinSS 2 possesses three conformers in the ratio ~11:7:2. The two major
conformers had major differences in the 1H and 13C NMR data, which were fully assigned
from 2D NMR data. The minor conformer was not assigned due to the low amount. The two
major conformers varied mostly at AA6-CH-2 (¢ 54.8 and 64 5.28, dd, /=12.0, 4.1 Hz
for conformer A; ¢ 69.6 and &y 3.74, dd, J=7.5, 7.5 Hz for conformer B), AA5-CH-5 (¢
88.9 and &y 4.41, br s for conformer A; 6c 95.9 and 84 4.33, br s for conformer B), and
AA5-MCH3 (8¢ 38.3 and &y 3.22, s for conformer A; &¢ 30.4 and &4 2.73, s for conformer
B). Both of the major conformers showed clear ROESY correlation cross-peaks (Figure 2)
of AA5-H3-1" (&4 1.12 for conformer A; &y 1.14 for conformer B)/AA5-H-2 (84 3.85 for
conformer A; &y 5.45 for conformer B) and AA5-H-5 and of AA5-H,-1" (84 3.46 and
3.53 for conformer A; &y 3.52 and 3.72 for conformer B)/AA5-H-4 (64 2.44 for conformer
A; 6y 2.37 for conformer B), verifying a 45,5R absolute configuration for rufomycinSS 2.
RufomycinSS 3, another diastereoisomer of rufomycinSS 1 and 2, showed similar NMR
patterns with three conformers (~5:2:1, Figures S43 and S58) to those of rufomycinSS 2.
The two major conformers varied mainly at AA6-C-2, AA5-C-5, and —MCH3 with Aéc
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of 15.1, 6.9, and 7.9 ppm, respectively, similar to those of rufomycinSS 2. The ROESY
cross-peaks (Figure 2) of H-2 and H-5/H-4 and Hs-1'/H,-1" (AAS5) in both conformers of
rufomycinSS 3 were assigned a 4R,5R absolute configuration. The A&c and Aéy between
two major conformers in rufomycinSS 2 and 3 are similar, both showing the highest A&
values at AAB-C-2 (ASc ~15 ppm), AA5-C-5 (A ~7 ppm), and —AMCH3 (ASc ~8 ppm) and
the most variant Asy values at AA6-H-2 (A ~1.6 ppm) and AA5-H-2 (Asy ~1.6 ppm),
exhibiting similar property trends to those between rufomycins 4 and 7 (Figures 6-8).

Possible Conformers of Rufomycins.—Based on this information, when C-4 and C-5
of AA5 ring are S,R (rufomycin 4 and rufomycinSS 2, respectively), &, R (rufomycin 6

and rufomycinSS 3, respectively), or S,S (rufomycin 5), the corresponding structures prefer
conformation A over B, which exhibit dramatic differences in their NMR spectra. However,
rufomycin 7 and rufomycinSS 1 belonging to the R, S series of C-4/5 diastereomers

prefer conformation B and show special NMR resonance patterns when compared to the
other three diastereoisomers. The crystal structures of rufomycins 421 and 513 provided
some indication of the possible main conformation: both revealed that two of the seven
carbonyl groups, those of AA4 and AA7, are pointed inward, toward the center of the
macrocycle. Transannular hydrogen bonds between AA7-CO and the —NH groups of the
Ala and m-NO,Tyr residues and between AA4-CO with the NH group of AA7 residue were
predicted based on their close spatial distance, suggesting a high potential for the low-energy
conformer A. The in-chain piperidinone moiety lies orthogonally below the macrocycle,
sandwiched between two bulky groups (the side chains of AA6 and AAT). Comparison of
the NMR data of conformers A and B showed obvious differences of the resonance from
AA5-MCHg;. This shielded methyl in conformer B (A& 0.5 and Aéc 8 ppm) as compared to
those in conformer A turned out to have similar chemical shifts (64 ~2.7 and 6¢c ~30 ppm) to
those of rufomycins without a piperidinone.13:23

Thus, despite the flexibility differences between the solid state (crystals) and solution, the
X-ray diffraction studies of these rufomycins provided valuable information. The crystal
structures of ilamycins B2, D, and F13 (rufomycins 1, 9, and 23, respectively) and rufomycin
11,23 which do not contain a piperidinone, all showed a similar conformation of the
macrocycle. For these compounds the carbonyl of AA3 rather than that of AA4 lies inside
the ring. Thus, conformer B for rufomycinSS 2 and 3, similar to the major conformer for
rufomycin 7 and rufomycinSS 1, was proposed as drawn (Figure 9). Compared to conformer
A, several distinctly different geometries of conformer B were observed, explaining dramatic
NMR differences between conformers A and B. In conformer B, AA4 carbonyl and AA5-
MCH3 were cis-oriented. This A-methyl group was thus placed in the shielding region of

the aromatic ring of the 7-NO,Tyr residue, resulting in its high frequency of both 1H

and 13C NMR signals in conformer B compared to corresponding signals in conformer

A. The NOESY correlations (Figure 9, Figure S34, Supporting Information) of AA5-H-2/
AA5-MCH3 and AA4-H-2, of AA4-H-2/AA5-H-3, and of AA5-MCH3/AAB-H3-5 and -H3-6
in conformer B differ from the NOESY correlations between AA5-MCH3/-H-2, AA4-H-2,
and -Hs-3 in conformer A, validating the geometric relationships of conformers A and

B. Another obvious difference observed was the different spatial relationship between

the piperidinone ring and the macrocycle. In conformer A, the piperidinone is lying
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orthogonally below the macrocycle and is close to two bulky groups (AA6 and AA7).

The 21-membered macrocyclic ring is not flat but shaped like two butterfly wings that

bend symmetrically around an axis crossing AA4-NH-AA7-C-2. The inside space of the
macrocycle is highly crowded with strong steric effects. In conformer B, the orientation

of the piperidinone was flipped, now lying on the inside of the macrocycle “butterfly”.

The spatial environments of AA6-H-2, AA5-H-2, and AA4-H-2 were thus varied between
conformers A and B. In conformer A, AA6-H-2 was placed in the valley of the macrocycle,
getting strong steric effects from the crowded environment. Conversely, this hydrogen in
conformer B was placed outside that valley, and AA5-H-2 and AA4-H-2 in conformer B

are turned to the crowded environment, resulting in upfield frequency shifted AA5-C-2,
AA4-C-2, and AA6-H-2 and low-field frequency shifted AA6-C-2, AA5-H-2, and AA4-H-2
as fitting the observed differences between conformers A and B in rufomycinSS 2 and 3.
Flipping the piperidinone also releases its steric hindrance between the bulky groups of AA6
and AA7, and it may explain the lower frequencies of AA7-C-3, AA6-C-3, and AA5-C-5 in
conformer B as compared to those in conformer A.

Anti-Mycobacterium tuberculosis Bioactivity Profiles and Structure—Activity Relationship
(SAR) Considerations.

Anti- Mtbh activities and binding affinities (Kp) with both caseinolytic protein C1 (ClpC1)
N-terminal domain and the full-length protein by surface plasmon resonance of rufomycins
4-7 and rufomycinSS 1-3 were measured (Table 5). Based on the nature of hemiaminal,
rufomycins 4 and 5 and rufomycins 6 and 7 are supposed to be similar mixtures of
corresponding epimers in the test medium. Similar Kp and MIC values for rufomycins 4
and 5 and for rufomycins 6 and 7 supported this presumption and suggested that rufomycins
with an S configuration at C-4 in AA5 are preferred for anti- Mtb activity. Surprisingly,
rufomycinSS 1-3 varied considerably in their anti- Mtb activities, and the MICs support our
hypothesis that an S configuration at C-4 in the AAS5 residue is preferred. RufomycinSS 2
showed strong anti-Mib activity with an MIC value of 48 nM, similar to that of rufomycins
4-7. However, rufomycinSS 1 showed only moderate anti- Mtb activity, with an MIC value
of 769 nM, and rufomycinSS 3 was less active, with an MIC value of 4.3 M. The Kp
values for rufomycinSS 1 and 2, representing their weak and strong bond affinities with

the ClpC1 target, are consistent with their high and low MIC values, respectively. However,
the favorable Kp value (211 nM for NTD) for rufomycinSS 3 was not reflected in its high
MIC value (4.3 ¢M) in anti- Mtb susceptibility testing, thereby indicating that permeability
or other molecular properties are sources of complexity in the overall SAR of rufomycins.

In this study, four diastereoisomers, rufomycins 4—7, and three semisynthetic rufomycins,
rufomycinSS 1-3, were characterized, their 'H and 13C NMR were fully assigned, and their
anti- Mitb activity was evaluated. The 2-piperidone played an important role in their potency,
and this was related to their preferred conformation. Two major conformations, A and B,
were assigned based on crystal structures and NMR data. Different configurations of the
hydroxy and methyl groups in the 2-piperidone varied the preference for conformations and
are related to their anti- Mitb activities. As a conclusion, the Sconfiguration at C-4 in amino
acid 5 provided a better anti- Mtb activity than the R configuration.
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Early History and Naming Priority.

Around 1960, two Japanese groups, Takeda Chemical Industries (Takeda) and the Institute
for Microbial Chemistry (IMC), independently discovered the same antimycobacterial
antibiotics. The former obtained the substances from a Streptomycete isolated from a soil
sample collected at the Kinokawa riverside in Wakayama Prefecture® and called them
rufomycins. The IMC group obtained the antibiotics from a Streptomycete isolated from a
sample collected on Oshima island and called them ilamycins.’

The first available public disclosure was the filing of Japanese patent application number
35/4,033 on February 8, 1960, and this was quoted as priority for the United States filing

on February 7, 1961, issued as US 3,655,879 assigned to Takeda Chemical Industries

Ltd., claiming rufomycins A and B (rufomycins 2 and 1, respectively) and processes for
producing them from Streptomyces atratus nov. sp.* The antibiotics were characterized

in this filing by their physical appearance, solubility in several solvents, reaction with
various test reagents, elemental analyses, infrared and UV spectra, and optical rotations.

No structure or partial structure was assigned at that time. The biology describing the S.
atratus source was that published in ref 6, and the strain was deposited in the Institute

for Fermentation, Osaka, as IFO-3897, as well as in the ATCC in Washington, DC,

as ATCC-14046 as the type culture for this novel species. The chemical description of
rufomycins was published in a sequential paper, which also notes that the rufomycins were
studied in a mouse tuberculosis model, and they were almost as efficacious as streptomycin.
This experiment was the first to demonstrate in vivo activity of these compounds and, hence,
their antituberculosis efficacy rather than in vitro anti- Mtb activity. Furthermore, ilamycins
were subsequently compared, and it was commented that “their properties closely resembled
those of the rufomycins”.®

Early Efforts in Structure Determination.

Three structural features gave early workers major problems. The exact structures of the

two different isoprenyl groups attached to tryptophan were sorted out from IR evidence not
until the 11th publication on structures in November 1964.24 The diastereotopic nature of
the two terminal methyl groups of leucine AA5 and the tautomeric hemiaminals from the
oxygenation of each of these methyls to the aldehydes did not become apparent until two
decades later, although by May 1965 three isomers here were assigned as a hemiaminal
(without stereochemistry) and two aldehydes only differing in a hydrogen bond.22 The first
NMR study, 60 MHz, published in May 1964 was incorrectly interpreted,® and it was

not until 1971 that a high-field NMR was obtained on the unoxidized rufomycin 1 (syn.
ilamycin B4, rufomycin B). This was followed in 1974 by an X-ray crystallographic analysis
of a derivative of the same compound.1#16 The configuration of the epoxide of rufomycin 2
(syn. rufomycin A, ilamycin B,) was not elucidated until 2017.13 This leads to two entries
in Table 1 for most compounds with the epoxide, initial ones with undefined stereochemistry
for this substructure and then a later one with the currently accepted stereochemistry
including absolute configurations.

Both groups, Takeda and IMC, were clearly aware of the near-coincident discoveries, and
despite the fact that they each made presentations at the same meetings (Symposium on
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the Chemistry of Natural Products at Tokyo University, October 1963; Japan Antibiotic
Research Association, 127th, 128th, 129t 135th, and 139th meetings from January 1962

to mid 1964), the publications on ilamycins from IMC gave only vague hints of identity
between the ilamycins and rufomycins, or perhaps more importantly of the producing
strains. In refs 7, 19, and 25 they named the ilamycins producer as Streptomyces islandicus,
but they do not appear to have deposited this culture nor to have described it thoroughly. In
his 1962 article, Shibata says that the description Takita gives of S. isfandicus “resembles”
that of S. atratus® but “it is incomplete and therefore is impossible to compare the strain with
S. atratus in detail”. ATCC, in response to a query, said that they did not know of, nor could
they find a source for, Streptomyces islandicus.

In several smaller communications on ilamycins that appeared from 1962 through
1965,7:18.19.22,24-28 the chronologically second was a note on the fermentation yields

and monitoring these by a susceptible organism designated Sarcina X.26 Most of the
following articles described chemical degradative steps toward the structure determination
of ilamycins. The first degradation was to isolate AA-5 with an oxidized terminal methyl,
incorrectly named L-y~formyl-A~methyl-norvaline.1® By September 1963,27 structures were
proposed for ilamycin and ilamycin B, but lacked the isoprenyl group on the tryptophan, and
the authors did not appreciate the hemiaminal interaction between the aldehydic carbonyl
described in a previous paper!® and the adjacent amide nitrogen.

Next came an identification of the unusual amino acid L-2-amino-4-hexenoic acid.?8 Then
came the appreciation that ilamycin B was, in fact, two compounds and the presence

of a five-carbon unit on the tryptophan moiety. Unfortunately, the proposed structure for
ilamycin B, was incorrect.18 In the following month’s issue of the Journal of Antibiotics,
the group proposed new structures of ilamycin B, (rufomycin 2) and ilamycin as containing
leucine and an oxidized terminal methyl (aldehyde) of leucine in position 5, respectively.
These structures shared yet another and incorrect version of the tryptophan A-alkyl group.2®
This was corrected for ilamycin B, (rufomycin 1) with a little help from the Takeda group
(see later) to formulate ilamycin B as having an unoxidized isoprenyl at the tryptophan
ring nitrogen and having the olefin of this group oxidized to an epoxide in both ilamycin
(rufomycin 22) and ilamycin B,. Both ilamycins B, and B, have the fifth amino acid
simply as leucine, whereas ilamycin is formulated with one of the terminal methyls of

that leucine as oxidized to an aldehyde. There was still no appreciation of its hemiaminal
interaction with the adjacent amide nitrogen.24 This oversight was corrected by the isolation
of two more minor ilamycins, C1 and C2 (rufomycins 4 and 5): both of these seemed to
closely resemble ilamycin, with differences associated with the aldehyde function, which
was explained by formulating ilamycin as a hemiaminal.22 Several years passed before

a 300 MHz NMR study confirmed the structure of ilamycin B1.24 The final coup de

grace in the structure of ilamycin By came in 1974 with an X-ray diffraction study of the
p-bromobenzoate ester located at the 7-nitrotyrosine phenol.16

The Takeda group had followed up on their initial patent application with a second

filed in Japan as 36/3,150 on January 31, 1961 (priority cited in ref 29 claiming “water-
soluble derivatives of rufomycin” and outlining preparation of the sodium hemisuccinate
of rufomycin A, the sodium hemisulfate of rufomycin A, and the ammonium, sodium, and
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potassium salts of the phosphates of both rufomycins A and B (rufomycins 2 and 1). More
impressively, the authors reported on an efficacy study in Mtb Ha7Rvi.v. infected mice, with
daily s.c. administered rufomycins A and B ammonium phosphates and dihydrostreptomycin
as control. The rufomycin A salt was comparably as effective as dihydrostreptomycin, and
the rufomycin B salt was slightly less effective.

As part of their structure elucidation effort, the Takeda group reduced the pseudoaldehyde
function with sodium borohydride, and they were able to selectively cleave the cyclic
peptide at that amino acid, eventually proposing a structure for rufomycin A (rufomycin 2),
which as in the IMC? is identical to that proposed for ilamycin: both cases simply point to
the isoprenyl group.1” Later that year, the Takeda group published the correct structure for
rufomycin B (rufomycin 1) and commented that “rufomycin A and rufomycin B resemble
ilamycin and ilamycin B1, respectively”.1®> Only one other publication on rufomycins seems
to have come out of the Takeda group: in 1968, a study on the effects of feeding p,L-leucine
to the producing organism was made by Eiji Higashide, and although new compounds were
produced, they were not fully characterized.3°

Almost Three Decades Later.

The compounds next sprung into the literature with three Eli Lilly patents, all filed in

the U.S. on June 21, 1999. In all cases, although they call them rufomycin factors,

the text refers to individual “factors” as compounds 1, 2, 3, etc. The smaller of these
patents, entitled “Process for the isolation of rufomycin factors”, describes the discovery
of a new producer of rufomycins, Streptomyces macrosporeus, which had been deposited
in the Deutsche Sammlung von Mikroorganismen and Zellkulturen GmbH (Mascheroder
Weg 1b, D-38124 Braunschweig, Germany) with the accession number DSM-12818. This
application8 described the discovery of rufomycins 1 and 2, both with unoxidized leucine
in position 5 and with the olefin and the epoxide in the isoprenyl group, respectively

(i.e., identical to Takeda’s rufomycins B and A, respectively). It very pointedly disclaims
any aldehyde, but does describe three diastereomeric hemiaminals from the aldehydes
derived from rufomycin 2. (These corresponded to rufomycins 4-6 described above.)
Several derivatives of two of these hemiaminals were prepared, and the carboxylic acid
corresponding to oxidation of the aldehyde was isolated from the fermentation. A Plackett—
Burman analysis of the fermentation conditions led to an optimized 150 L yield of >600
mg/L total rufomycins. This application specifically claimed the pH conditions used in the
isolation process.

Another Eli Lilly patent® claims the use of rufomycins for the treatment of multidrug-
resistant diseases, specifically cancer and malaria. All compounds mentioned in Lambooy’s
patent application,8 both natural products and semisynthetics, are included with the same
exclusion of the aldehyde. Comprehensive hydrogen and carbon NMR assignments are

listed for 13 such compounds. In addition, a theoretical set of 160 further derivatives is
claimed. The third Eli Lilly patent© is almost identical to their second application but claims
these compounds as antituberculosis agents.
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Almost Six Decades after the Initial Discovery.

The next relevant publication of the rufomycins came from the University of Tokyo,
published on August 3, 2017.11 It described the cytochrome P450 involved in the
biosynthesis of m-nitrotyrosine in rufomycins. It also speculated on the biosynthesis of

the 2-amino hexenoic acid after identifying the rufomycin biosynthetic locus in S. atratus
ATCC-14046. A sophisticated mutation and in vitro biochemical study concluded that in this
organism nitration occurs prior to NRPS synthesis of the heptapeptide.

An almost coincidentally published article of August 30, 2017, on the biosynthesis of
ilamycins with anti- Mtb properties states that the compounds came from a strain of

S. atratus. 13 The reported biosynthetic analysis was similar to a prior study!! and was
augmented with labeled substrate feeding to various orfknockouts. In these two papers, the
labeling of the orfsin the biosynthetic gene cluster was alphabetical, and in each case orfs K
and L are transporter genes but differed by the NRPS gene, which is labeled S in this paper
and T in Tomita’s. The different depictions of the biosynthetic gene cluster do not allow
defining how this difference occurs. However, source organism and compound naming in ref
13 contained several inconsistencies.

First, while the likely existence of minor congeners can justify giving otherwise identical
microbial metabolites from different species different names, application of this naming
convention would have required a demonstration that S. atratus was different from S.
fslandicus. Such evidence could conceivably only have been provided by the IMC. However,
as rufomycin remained the priority name based on the patent filing on February 8, 1960,
and considering that an S. atratus strain was used, the study?2 should have described the
compounds as rufomycins. Second, the 2017 publication!3 generated further confusion by
stating that the ilamycins were isolated from several Strepfomyces in the early 1960s to
1970s, citing three references, all to S. 7s/andicus, whereas only two such strains had been
described, and designation of S. islandicus as a distinct species was already questionable.
Third, by referring to three Eli Lilly patents and stating that the ilamycins were reisolated in
2000 as rufomycins from another S. macrosporeus (DSM-12818), the 2017 report!3 implied
that the Eli Lilly group was the initial discoverers of the rufomycins, which is not the case.
Strikingly, the investigated strain of S. atratus'3 was not from a soil but from a deep-sea
sediment sample collected below 3500 m depth at a very different location.

Next, in a 2019 paper, our group reported studies on rufomycin from yet another strain of S.
atratus, strain MJM3502 from the Myongji University ECUM collection.12 Further studies
greatly increased the recognized importance of these compounds by determining their mode
of action at a recently discovered and unutilized target in killing both M. tuberculosis

and M. abscessus.20 Examination of rufomycin-resistant strains showed that it binds to

the N-terminal domain of CIpC1 and, thereby, shuts down critical protein degradation
processes within the mycobacterial cell. Two other 2019 papers31:32 reported on the action
of “ilamycins” against triplenegative breast cancer. One of the reports32 links “ilamycin

C” to both S. atratus and S. islandicus as producers and, by referring to the 2017 paper,13
potentially implies the discovery of anti-TB/- Mtb activity that had been known for a long
time (see ref 4 and introduction). The claim in the same report!3 that the bioactive “ilamycin
C” was 97.8% pure is puzzling, as there is no “ilamycin C”, but ilamycins C1 and C2 that
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were separated in 196522 and as rufomycins (compounds 4 and 5) by the Eli Lilly group.8-10
The analogous problem exists in the other paper on “ilamycin E”,3! where the previously
described two compounds, ilamycins E1 and E2, are postulated as differing from C1 and C2,
respectively, in that the former pair have an olefin in the isoprenyl group, whereas the latter
have an epoxide. No purity of “ilamycin E” is claimed. As the structure of “ilamycin E1”
claimed in ref 13 has to be revised based on evidence from the present study, this raises a
major question as to exactly what compound or compounds were used in this study.

Most recently, in 2020, our group reported on more studies of MIM3502 as the source of
eight new rufomycins, as well as five known ones in a comprehensive isolation, structural
elucidation, and biological activity study.23 This study revealed that, at least in this producer,
the oxidation of the diastereotopic methyls of AA5 is not stereospecific, as the two
diastereomeric oxidation products were obtained and separated. Several of these rufomycins
had lower MICs against M. abscessus than rufomycins 4/6. Moreover they also showed
potential for anti-TB activity with a good selectivity of >100 (anti- Mtbl/cytotocity (Vero
cells)).23

A recent reference to ilamycins33 concerns the isolation of 12 compounds from a 200 L
fermentation of an S. atratus strain, where the gene immediately prior to the NRPS gene
was knocked out. While not providing references, this report perpetuates the aforementioned
misconceptions about (a) the S. atratus ATCC 14046 vs S. islandicus origins in the 1960s,
despite referencing IMC publications, and (b) seven rufomycins including the ilamycins B1,
B2, A, C1, C2, and D as being isolated from S. macrosporeus DSM-12818. In addition, the
allegedly new anti-TB activity of the cyclopeptides and new mechanistic claims described

in the study33 had previously been published in detail,2° including evidence for a then novel
anti-TB mode of action of the rufomycins acting at CIpC1.

Conclusions at the Interface of Nomenclature, Structural Rigor, and Drug Discovery.

The above systematic analysis of the literature plus the collective analytical evidence for
known and four newly presented cyclopeptides led to three key conclusions about the
nomenclature of these compounds, discussed in the following:

. The naming priority is clearly established based on both the timeline and
the identity of the producing organism including taxonomic evidence. When
isolated from Streptomyces atratus or S. macrosporeus, these heptapeptides are
rufomycins.

. The confusion generated by subsequent authors not doing a careful check of
the history of these antibiotics leads to an unnecessary fragmentation and undue
shortage of credit to the authors of the priority report.

. Proper reference to all applicable literature and respect of their priority is of the
essence in both scientific conduct and intellectual property protection.

The fact that S. atratus is currently the only available species known to produce these
compounds and that the type strain of this Streptomycete was deposited by Takeda reinforce
their claim as the priority discoverers of the compounds. Thus, rufomycin is the valid
priority name of the discussed class of cyclopeptide antibiotics. This claim is based on the
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priority of the first public disclosure and most specifically for the public availability of the
producing strain. There is no valid availability of S. /s/andicus and hence no valid source
today of ilamycins. These heptapeptides have been isolated only from S. afratusand S.
macrosporeus and at IMC from a poorly described and unavailable Streptomycete.

The rufomycin/ilamycin paradox is a prototypical example of several aspects that have

to come together to advance natural product based drug discovery: (i) specific naming,
including the proper use of the priority producing organism; (ii) full attention to complex
stereochemistry, including isomeric equilibria such as [hemi]aminals and conformation;
(iii) rigor of analytical characterization including purity and structure. All three are
concurrently necessary for the development of valid SAR, rigorous structure elucidation,
and correct intellectual property claims. In fact, unless all nomenclature, analytical, purity,
and documentation elements work together productively, an otherwise promising class of
hit compounds might well fail to develop into a valid drug lead and further translation

into efficacious therapy. Rigorously characterized and defined rufomycins are integral to the
ongoing collaborative NIAID-funded Center of Excellence in Translational Research and
continue to hold promise as candidates for translation into early stage clinical trials.

EXPERIMENTAL SECTION

General Experimental Procedures.

UV spectra were either extracted from a Shimadzu SPD-M20A PDA detector on UHPLC
or acquired on a Cary 5000 UV-vis—NIR spectrophotometer. IR spectra were acquired on
a Thermo Scientific Nicolet 6700 with an ATR probe. ESIMS/MS spectra were carried out
by using a Bruker Impact 11 quadrupole time-of-flight (g-TOF) equipped with a Shimadzu
UHPLC (Kyoto, Japan). The ion source was operated in the positive electrospray ionization
mode using a capillary voltage of 4.0 kV; nebulizer and drying gas (N5) at 0.4 bar and 4.0
L/min, respectively; drying temperature of 225 °C; and mass scan range set from /m/z50 to
2000. The separation was performed on a CORTECS C4g (100 x 3.0 mm, 2.7 ym) UPLC
column. Data were collected and processed by the Data Analysis 4.4 software (Bruker
Daltonik GmbH, Germany). All 1D/2D NMR spectra were acquired on a JEOL (JEOL
Resonance Inc., Peabody, MA, USA) ECZ 400 MHz or Bruker Ultrashield 600 Plus with
an AVANCE 11 console 600 MHz spectrometer (Bruker, Billerica, MA, USA). The acquired
spectra were processed using the Mnova NMR software package (v.12.0.4, MestReLab
Research S.L., A Corufia, Spain). Sephadex LH-20 (Pharmacia, Uppsala, Sweden) and
silica gel (ICN EcoChrom 32-63, 60 A) were used for column chromatography (CC).
Semipreparative HPLC was performed on a Shimadzu HPLC (Kyoto, Japan) connected to
a PDA detector (Shimadzu, model SPD-20A) and equipped with a Kinetex EVOC;g (250
x 10 mm, &5, 100 A) column. TLC was analyzed by a UV detector and vanillin—sulfuric
acid spray (3 g vanillin, 95 mL ethanol, and 1.5 mL sulfuric acid). All solvents used were
obtained from Fisher Scientific (Fair Lawn, NJ, USA) or Sigma-Aldrich (St. Louis, MO,
USA).
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Strain Material.

The strain MJM3502 was obtained from the Extract Collection of Useful Microorganisms
(ECUM) at Myongji University, Republic of Korea. The Streptomyces strain MIM3502 was
shown to be 99% identical to Streptomyces atratus (NRRL B-16927; identical to the ATCC
strain) through classification using the 16S rDNA sequence and phylogenetic analysis.12:23
Strain MIJM3502 showed similar morphology to S. afratus NRRL: B-16927 with gray to
pale yellow aerial mycelium on 1ISP2-1SP4 medium, and the growth was robust. However, in
ISP5 medium, the growth was poor compared to S. afratus NRRL-B-16927.

Extraction and Isolation.

MJM3502 whole broth (300 L) was treated the same way as previously reported,23 affording
the 3502 ethyl acetate (3502 EA) fraction. A rufomycin-enriched fraction (28 g) was
obtained from the 3502 EA extract by silica gel CC with 7-hexane/EA (5:5) and ethyl
acetate as eluent. The rufomycin-enriched fraction was further chromatographed on silica
gel using a gradient elution of /-hexane/acetone, 6:1, 5:1-4:1, 3:1-2:1, 1:1, 1:2, and 1:5) to
give six fractions (A-F). About 6 g of rufomycin 4 and 6 mixtures was enriched from
fraction C (10 g) by a series of columns packed with silica gel (CHCI3/MeOH) and
Sephadex LH-20 (MeOH or EtOH), and rufomycins 4—7 and 21 (10 mg) were obtained

by semipreparative HPLC (60% ACN in H,0, 2.5 mL/min) from the remaining material of
fraction C.

Rufomycin 4: pale yellow, amorphous solid; UV (MeOH) Anax 220, 282, 358 nm; IR
(ATR) vinax 3251, 2950, 2361, 2092, 1627, 1539, 1456, 1314, 1180, 966, 741 cm™1; 1H
(600 MHz, CD30D) and 13C NMR (150 MHz, CD30D) see Table 2; (+)-HRESIMS miz
1042.5632 [M + H]* (calcd for C54H76NgO15*, 1042.5608).

Rufomycin 5: pale yellow, amorphous solid; UV (MeOH) Ayax 223, 282, 359 nm; IR
(ATR) Vinax 3273, 2956, 2359, 2085, 1628, 1539, 1456, 1314, 1250, 966, 740 cm™1; 1H
(600 MHz, CD30D) and 13C NMR (150 MHz, CD30D) see Table 2; (+)-HRESIMS mlz
1042.5606 [M + H]+ (calcd for C54H76N9012+, 1042.5608).

Rufomycin 6: pale yellow, amorphous solid; UV (MeOH) Anax 225, 282, 360 nm; IR
(ATR) vimax 3292, 2957, 2359, 1628, 1538, 1456, 1314, 1256, 1208, 1082, 835, 740 cm™1;
1H (600 MHz, CD30D) and 13C NMR (150 MHz, CD30D) see Table 2; (+)-HRESIMS milz
1042.5601 [M + H]* (calcd for CgaH76NgO15™, 1042.5608).

Rufomycin 7: pale yellow, amorphous solid; UV (MeOH) Amax 220, 282, 358 nm; 1H
(600 MHz, CD30D) and 13C NMR (150 MHz, CD30D) see Table 2; (+)-HRESIMS mlz
1042.5599 [M + H]* (calcd for C54H76NgO1,*, 1042.5608).

Semisynthesis of RufomycinSS 1-3.

A mixture of rufomycins 4 and 6 (50 mg, 0.048 mmol) was dissolved in 4 mL of 7+butanol.
To this solution was added 20 zL of 12 M hydrogen chloride, and the reaction mixture was
stirred at room temperature for 12 h. The reaction solvent was then removed under reduced
pressure, and the residue was purified by semipreparative HPLC (68% ACN in H,0, 2.5

J Nat Prod. Author manuscript; available in PMC 2022 February 23.
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min/mL) to give rufomycinSS 1 (6.1 mg, 11.0%, 19 min), rufomycinSS 2 (4.9 mg, 9.0%, 27
min), and rufomycinSS 3 (15.0 mg, 27.5%, 28 min).

RufomycinSS 1: pale yellow, amorphous solid; UV (MeOH) A4« (l0g €) 211 (4.1),
269 (3.8), 357 (1.5) nm; IR (ATR) vimax 2956, 2330, 2087, 1626, 1538, 1456, 1254, 1173,
1080, 966, 737 cm™L; 1H NMR (CD30D, 600 MHz), see Table 3; 13C NMR (CD30D, 150
MHz), see Table 4; (+)-HRESIMS [M + H]* m/z1134.6032 (calcd for Cs5gHgsCINgO15™,
1134.6001).

RufomycinSS 2: pale yellow, amorphous solid; UV (MeOH) Anax (l0og &) 215 (4.0),
288 (4.1), 356 (1.7) nm; IR (ATR) vimax 2956, 2353, 2104, 1627, 1538, 1424, 1314, 1256,
1077, 966, 738 cm™1; 1H NMR (CD30D, 600 MHz), see Table 3; 13C NMR (CD30D, 150
MHz), see Table 4; (+)-HRESIMS [M + H]* /m/z1134.6004 (calcd for CsgHgsCINgO15™,
1134.6001).

RufomycinSS 3: pale yellow, amorphous solid; UV (MeOH) Anax (log &) 214 (3.9),
265 (3.5), 357 (0.2) nm; IR (ATR) vinax 2956, 2372, 2088, 1624, 1537, 1423, 1319, 1255,
1059, 964, 737 cm~1; IH NMR (CD30D, 600 MHz), see Table 3; 13C NMR (CD30D, 150
MHz), see Table 4; (+)-HRESIMS [M + H]* m/z1134.6036 (calcd for C5gHg5CINgO15™,
1134.6001).

MICs against M. tuberculosis.

The MIC was defined as the minimum concentration of the compound required to achieve
a reduction in fluorescence by 90% relative to the untreated bacterial controls. The anti-TB
activity was determined by the microplate Alamar Blue assay as previously described.20

Analysis of Binding Affinity to Mycobacterial ClpC1-NTD and FL by Surface Plasmon
Resonance (SPR).

These binding assays were performed using a previously reported method.2921 Kinetic rate
constants (4, and ky) were determined by fitting the double-reference data globally to the 1:1
Langmuir model embedded in the Biacore T200 evaluation software (v3.0). Kp values were
then calculated from the two rate constants (Kp = ky/4z). Smaller Kp values represent tighter
binding affinities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
General structure of the rufomycins with consolidated numbering scheme. Individual amino

acids are labeled by their NRPS loading sequence. Within each amino acid, atom labels
follow ITUPAC schemes.
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Figure 2.
ROESY correlations within the 2-piperidinone of rufomycins 4-7 and rufomycinSS 1-3.
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Figure 3.

HPLC chromatograms (RP-18; 55% ACN/H,0, 2.8 mL/min for the anomers and their
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Time (min)

corresponding ring-opened forms (aldehyde hydrate) of rufomycins 4/5 (A) and rufomycins

6/7 (B).
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Figure 4.
Putative mechanisms for the interconversion between the hemiaminal, aldehyde-amide, and

(deuterated) hydrate forms of the rufomycins 4-7.
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Figure 5.
IH NMR (A) and HSQC (B) spectra of the three related LC peaks (Figure 3) of the

mutarotatory rufomycins 4 and 5.
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Figure 6.
13C NMR chemical shift differences (A&c) between the anomeric compound pairs of

rufomycins 4/5, 4/6, and 4/7 in selected regions. The X- and Y-axes represent the carbon
number and the Aé¢ values (in ppm), respectively.
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Figure 7.
1H NMR chemical shift differences (A&) between the compound pairs of rufomycins 4/5,

4/6, and 4/7 in selected regions. The X- and Y-axes represent the proton number and A&y
values (in ppm), respectively.
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CH4

A&y and Aéc values between conformers A and B of rufomycinSS 2 and 3 in selected
regions. The X- and Y-axes represent the nuclei number and A& values (left Y-axis for Ay

and right Y-axis for Aéc in ppm), respectively.
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Figure 9.
Plausible 3D structures for conformers A and B of rufomycinSS 2, along with selected

ROESY correlations. The conformers were drawn based on reported X-ray crystallographic
structures of the rufomycins, and the observed ROESY correlations were fitted into these
structures.

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Table 1.

Zhou et al.

J Nat Prod. Author manuscript; available in PMC 2022 February 23.

Page 30



Page 31

Zhou et al.

By m [T
uorenbyuod z-o
. 0} ar C a4 y
Jesjoun 0} anp 0z\dNY 8 428 utoAwey H ngosj HO ZON €HD
UOI}PUBLILIODBI punoduwiod uraAwoyni _/
ou o.
S\ve] . . ; ) -
dll ‘O1eas | Az QNI epayel N o u Ny m

awe
e N

parep1josuoD
paJJagedd

$80UaJa)eY pue sdnodo) yaseasay Bulianodsiq

Y

N R
N *HD
£ H
vY « N
| |

g N((

“H

i

ailable in PMC 2022 February

O

- ©

Author Manuscript

,53p1dadoaAD Jo AjiwreS uIDAWOINY 8L JO SAUIBN P3JePI|OSUOD PaLIdjald PUe ‘SoUBIBJaY UMM SBWeN paysiian

Author Manuscript

Author Manuscript

Author Manuscript



Page 32

Zhou et al.

T 1 .
er'd sl 8z 1zszvee @ 5vd ngos ¢ ¢
T urdAwoyni eZTT uiokwep | punodwod UroAWE]! utokwogni H g0s]| HO ON HO
AN La
H<
SV At epae 9 § v ¢ ¢
A1l ‘0ISDS 1n1n3 NI paxeL d o o o d
GPWeN
paIepIosU0D seoualajey pue sdnodo yoaeasay Bulianoasiq
pauiayeid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 33

Zhou et al.

Hu
uoneinBiuoo, z-0

€

WV
o 5 v PRIRIL | R H HO 2ON eHO
c%w_mmm%_w_oaw 1 punodwop | FE upAwoyn _/
ou ~ . 3
*H QC o)
| Seds | Aua oI epaxjeL o oy N N N

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 34

Zhou et al.

ﬁ Z*HD
n<< H O -.W‘(
. _N ¥
N

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

z :
oAy L
LAY

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 35

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 36

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 37

Zhou et al.

mm _am ul _ _ Oo O
uoreInblyud z-0 m%m_w__> )
1eajaun o) ahp A ::%QEoo H HO 20N €HO
UOI1EPUALILIODA) H\m P —/
ou urdAWoNI m O o
dll oras | Az oI epayeL oy N ry &y 2y

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 38

Zhou et al.

Hu

uoneInBuod  z-0

Jesjoun 0} anp 0z/\l 4NA H ngos| HO 20N H
uolepusLIWodal 7
ou O\
SYO 9 [ I3 3 z
A1l ‘01505 A3 NI epaxel <] | S| o ]
sweN

e

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 39

Zhou et al.

z
er°d ngos [4 g
Z unAwoyni 20T uroAuwe) H g0s| HO ON HO —/
o)
VO | g enose 0 s y £ ¢
A1l ‘0ISDS 1n1n3 NI paxeL o o o o d
g2WeN
paYepIjosUoD) s30UIa)ay pue sdnoao) yaaessay Bullsnodsiq
pauiayeid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 40

Zhou et al.

45 Ul I . g HO 2N o A_U/\
EHOV'S
" ‘v
£ |
d TR O'H
ﬁ Z*H)
)
‘vv H p W
. _N N S
| _

e
palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

O
™~
1 4
-
<
4uscr|pt available in P

jVat Prod. Author
-

z ,
v

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript



Page 41

Zhou et al.

SVO

Ll ‘01SDS A3 DI epaxel oY 5y Yy 2t o
mmvEmZ
paYepI|osuoD S30U13)8Y pue sdnoaD yaaeasay bBulianodsiq
paluagaad

Author Manuscript Author Manuscript Author Manuscript Author Manuscript




SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 42

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 43

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 44

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 45

Zhou et al.

uroAwoyni
%w ! 1l

OHO

HO

‘ON

EHO

SYO
‘0IS2s

oLl Az

OWNI

epayel

et

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 46

Zhou et al.

. HOOD . .
6 uaAwoyni uokure H HO ON HO —/
HO™ o)
svo | « enoe o ; . e 2
dll ‘0ISDS 1n1n3a JINI paxeL d o o o o
GPWEN
PaTEPINOSUOD S90UI9)9Y pue sdnoiD yoaesssy Bulianodsig
pauiayeid

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 47

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 48

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 49

Zhou et al.

zeerd HOOD
£z uaAwoyni uAUe) H HO ‘ON €HO
€ e AN Le
HO H<
SVO 9 5 v £ z
A1l ‘0ISDS A3 NI epaxeL d o o o d

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 50

Zhou et al.

ezVZ9aN
uroAwoyni

ezl A 4Ny

TS uoAwoyni

ngos|

HO

®HD

CHZ

ol

SYO
‘0IS2s

Az

OWNI

epayel

et

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 51

Zhou et al.

25 upAwoyni

¢z9Z4dN
uroAwoyni

ngos|

HO

‘ON

SYO
‘0IS2s

Ll A3 DI epaxel

et

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 52

Zhou et al.

TT uRAwoyni

¢z1Z9N
uroAwoyni

HO

‘ON

EHO

SYO
‘0IS2s

Ll A3 DI epaxel

et

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 53

Zhou et al.

0T utoAwoyni

¢z¢ZAN
uroAwoyn.

HO

‘ON

®HD

SYO
‘0IS2s

Ll A3 DI epaxel

et

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 54

Zhou et al.

H HO ‘ON HO
~ O/M/

£25ZaN
2T uAwoyn uroAwoyni —/
' 8
\
ull _%MWm IRLE] NI epasel oy N ry N 2y

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

O
™~
1 4
-
<
4uscr|pt available in P

jVat Prod. Author
-

z \
! ‘vv

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 55

Zhou et al.

2 uAwoyni

¢z€Z49N
uroAwoyni

HO

‘ON

EHO

2H

SYO
‘0IS2s

Ll A3 DI epaxel

et

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 56

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



o (

SvO I o

9 Ej ¥ €; 4
ol ‘01505 Az OWNI epsxel <] <] o o <]

Page 57

Zhou et al.

Qm N<<
nm /\

| . Jv

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
paJisjaid

mIo

“HO

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 58

Zhou et al.

2 uroAwoyni

ez€T

ngos|

HO

‘ON

®HD

SYO
‘0IS2s

Ll A3 DI epaxel

et

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



g9
£ uaAwoni UKy H HO ‘ON €HO HO.
-
m_ _Oa,

SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 59

Zhou et al.

ﬁ Z*HD
n<< H O -.W‘(
. _N ¥
N

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

z :
oAy L
LAY

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 60

Zhou et al.

52 urokwoyns . H HO “ON 240
-
—|_ O ...pr CH
ull _%MWm IRLE] NI epasel oy N ry N 2y

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 61

Zhou et al.

9z uoAwoyni

eel
uroAwey

H HO 0N 4O
_I_O/ W

CHZ

ol

SYO
‘0IS2s

Az

OWNI

epayel

et 5y Yy 2t o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

O
™~
1 4
-
<
4uscr|pt available in P

jVat Prod. Author
-

z ,
v

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 62

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SVO

9 g 4 € z
‘01505 A OWNI epsxel S| | <! o d

ol

Page 63

Zhou et al.

g2WeN _ _

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

z :
wo Ay oy X
LA

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 64

Zhou et al.

v upAwoyn c_om\ﬂm__ H I OOOVH/} HO °ON tHO HO
ull _%MWm IRLE] NI epasel % 5y ry £y 2y

awe
e2WEN

payepijosuod
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 65

Zhou et al.

o '
—l— ~
A eclN Ny Z g
/2 upAwoyni urokwreyy H - Jﬂﬂ- HO ON HO
AN La
SVO 9 S ¥ 3 z
ol ‘0ISDS Az OWNI epaxel o o o o <]

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 66

Zhou et al.

eeN

£G uroAwogni urouwe H HO OHO-HN €HO
AR Le
eHO™ 5

ull _%MWm IRLE] NI epasel oy Y ry N 2y

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

9

4uscript; available in P

B

jVat Prod. Author
.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 67

Zhou et al.

ecO
5 upAwoyn uroKwEy! H HO H €HO
AR La
m— — OI v H<
ull _%MWm IRLE] NI epasel oy Y ry N 2y

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

O
™~
1 4
-
<
4uscr|pt available in P

B

N
oA

jVat Prod. Author
.

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 68

Zhou et al.

£ ¢
mIow -%{(

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig

e Nm HN
I

4uscript; available in P

™
0 o=
O
7

“HO

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 69

Zhou et al.

62 UdAwoyni

mmo

uroAwey

H w \/\’ HO 20N 240

ZH

ol

SYO
‘0IS2s

Az

OWNI

epayel

et 5y Yy 2t o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

O
™~
1 4
-
<
4uscr|pt available in P

jVat Prod. Author
-

z ,
v

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript



Page 70

Zhou et al.

urdAwejl

°HO

LA

°HC

SVO

dll ‘0108

Az

OWNI

epayel

et

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

"
ﬂm/\.

H

mIo

~<<

u,

“HO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



(SSu19AWwogni) sanleALIap d1BYIUASILIBS

SVO

9 Ej ¥ €; 4
ol ‘01505 Az OWNI epsxel <] <] o o <]

Page 71

Zhou et al.

Qm N<<
nm /\

| - Jv

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
paJisjaid

mIo

“HO

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 72

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SYO
‘0IS2s

Ll A3 DI epaxel oY 5y Yy 2t o

Page 73

Zhou et al.

mwc._mZ _ —

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

N ,

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SVO

9 g 4 € z
‘01505 A OWNI epsxel S| | <! o d

ol

Page 74

Zhou et al.

g2WeN _ _

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

z :
wo Ay oy X
LA

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SVO

9 g 4 € z
‘01505 A OWNI epsxel S| | <! o d

ol

Page 75

Zhou et al.

g2WeN _ _

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

z :
wo Ay oy X
LA

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



7 10O9Y Y

 HD

9 Ej ¥ €; 4
ol ‘01505 Az OWNI epsxel <] <] o o <]

Page 76

Zhou et al.

Qm N<<
nm /\

| . Jv

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
paJisjaid

mIo

“HO

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



SVO

9 g 4 € z
‘01505 A OWNI epsxel S| | <! o d

ol

Page 77

Zhou et al.

g2WeN _ _

paTepINosU0D seoUBIajey pue sdnodo yoaessay Bulianodsig
O 2zy HN

z :
wo Ay oy X
LA

4uscript; available in P

jVat Prod. Author
r/ ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 78

Zhou et al.

Ayl

ol

SVO

‘0IS2s

Az

OWNI

epayel

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

mIo

“HO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 79

Zhou et al.

aylL <.\\O\- -alc

€HD

) s
dl1l Osns | s NI epayjeL ]

5y

Yy

2t

o

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Qm N<<

ﬂm/\.

/mw

mIo

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript



Page 80

Zhou et al.

C oo+ IvIIVAMglIA

:::::::

SYO
‘0IS2s

Ll A3 DI epaxel

awe
e2WEN

palepIjosuoD
paJJagedd

$30UB43J9Y pue sdnoas) yoessay Bulianodsig

Author Manuscript Author Manuscript Author Manuscript Author Manuscript




Page 81

Zhou et al.

"0€ UIDAWO)NI 104 9sed ay) aq Aew awes ay] mm.ugmmmm:m Se UoI1e|0SI 8y} JO 1oBjIMe

ue Jay1ed 1ng 1onpoud [eanyeu e jou Ajgegoid si 2T UIDAWONY IGNOp Ul 10U SI 90UB]SIXa AlolIsuel] J1ay ‘ajqejiene way) 4o) erep 21doosoioads Aue aie Jou ‘pare|osi Usag 10U aAey spunodwod asaly) w__;>>%
‘sanayuAsiwas uo paysijgnd usaq aney Jeyr sdnob Ajuo ayy dnoib Ajj17 113 ayp 01 Buipiodde pue sn Aq

palaquinu usaq aney (SSuIdAwognl) soNsLYIUASILSS aYl ‘SdYN aU BIA Ajquasse ay) apadald 1ey) saburyd BUIAJOAUI SJUBLIBA 10 0G 8A0QR pue ‘dnoJf SIU1 JO SUONEBPIXO JaL10 10} 0G—T# ‘sulsajo Buipuodsallod
3y} 40} Ov—TZ slaquinu ‘T Jo dnoib jAuaidosi ayy uo sapixoda J0) Panlasal Uaaq aAey Oz 01 dn siaquinu sy} ‘paziisioeseyd Ajjeinionils aq 01 Ajiley 8yl JO 1Sl 8Y1 SeM YDIYM ‘Ulys[o Ue ‘T uroAwosnl jo
uondaaxa ay) yupn sepndadeiday Jo Ajiwey siy) 4o siaquuinu JuediIubIS 81epion|a A|[einioniis pue JaA0ISIP 03 1S dU) 1M OUM SISIIUBIOS AJJ1T7 113 8yl JO 1ey) Ag paALIap usaq sey pasn Bullaquinu m;¢m

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

; available in PMC 2022 February 23.

J Nat Prod. Author manuscript



Page 82

Zhou et al.

w99y

S'eT'e

(99) p'8e0
(99)p'sTO

w ‘660

w ‘9°0-

T

(ze'oTT) PP 'OV

$'99'T

$'I6T

(T '9'v-) PP '98°C
(92 '9v-) PP ‘18T
92TV PP 'VTE

WL
weT’L
w 'y0'L
W 'eg',

SUTL
w'eze
w ‘96

(zH urr) Ynw He

vs
[ A7A"
c¢'6e
g€
¢Te
§'Ge

L'LE
009
0'0L1
0'se
¢'ee

09y
685
765
TLET
LvTT
9zz1
§0ZT
S6TT
9'0eT
0'60T
L'szT
762
STS
0vLT
o9

w99y

$'ve'T
(99)p'2vo

(99) p'60°0

w ‘g6°0

w ‘6y°0-

w 0§t

(9e'goT) PP ‘L2Y

S'Y9'T

S'6Y'T

(Tv'9v-) PP '58'C
(Lz'9v-) PP '18°C
(9z'TV) PP €T

(58)pig gL
wTTL
w'p0'L

(62)p1a'15°L

S UT'L
w'zz'e
(6'5°2'6) PP ‘18Y

(zH ur £) YW ‘He

0.5
9TLT
¥'6¢
gee
v'1e
§'Se

L'LE
9’69
8'691
0'Ge
c'ee

09y
685
T65
0L€T
S¥TT
9221
§02T
8'6TT
9'0eT
0'60T
8'5zT
z62
9715
AN
o9

w 'g9y

s'0e'T

(99) p'ge0
(99)p'200

w 'v6°0

w ‘9°0-

w'ogT

(ze'z1n) PP 'IEY

$'G9'T

S'6r'T

(Tv'9v-) PP '58'C
(9z'9v-) PP 08T
(9z'TV) PP '€ETE

w'gLL
w'eT’,
w ‘90’2
w TG,

S'ST'L
wgee
w ‘06"

(zH ur r) Ynw He

8'99
9TLT
€'6¢
v'ee
€1¢
§'6e

9'LE
§'6S
8'691
0'Ge
cee

09y
685
z65
0L€T
9¥TT
92zt
§02T
86Tl
S0€eT
0'60T
8'szT
162
615
€vLT
o9

w99y

S'Ye'T
(99)p2vo
(99)p'oT0

w 'v6°0

w ‘150~

w'TgT

(8e'LoT) PP LTV

$'99'T

S'I8'T

(T'v'9v-) PP ‘58'C
(L2'9v-) PP ‘18T
(Lz2'T¥v)pp'vee

(58)pug ‘oL s
wzrL
w90,

(6'2)pag'essL

S‘8T°L
w'zz'e
(59'c6) pp ‘181

(zH urr) Ynw He

T.S 4
L'TLT  T-EVvV
¥'6¢ SNV
€€ 9
S1¢ S
9'Ge 14
ge
JAVAS eg
965 4
6'69T T-¢VV
0°G¢ s ul
(44 4T
q,e
09y eg
6°8S ,C
'6S T
TLET 7
9VIT 0T
9'cet 6
§0cT 8
8'6TT L
9'0€T 9
T'60T S
6'GCT 14
¢'6¢ €
L'1§ 4
il T IVVY
OS¢ ‘ou

/ upAwognua

9 uRAwoyna

G uRAwoyn.

# U1oAwoyn.

Author Manuscript

doeao ur /- surnkwony Jo ereq (ZHW 009) YN Hy Pue (ZHIN 0ST) HIAN Ogp

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



Page 83

Zhou et al.

w 'ye'g w'z9g w‘09'e wz9e
w'v9z €6 w'elz  TSE w'sez 9 w'gLz €6
w'oly  TES w'eoy €S w'sLy  veS wIgy  €vS
€eLT €eLT €EeLT 7'ELT
(S9)p'660 cCe€T (S9)p'10T  6€C (S9)p'L60 8€C (S9)p'10T  6€C
(S9)p's60 9ce (S9)p'o60  €TC (S9)p'se0 8Tz (S9)p‘e60 €12
w'TeT  T9e w'eET 85T wZeT  §ST WwIsT 95T
w'ez'e w967 w'se'T (€7 '8°0T ‘6'7T-) PPP ‘96T
wIsT 66 Ww'eeT  8'GE w'esT  9/€ (9€'6TT'6YI-)PPP ‘68T  8'GE
(To'sT6)pp'L6e  2S9  (WS'TIDPPYZS TGS (TV'OTIPP'OYS 695 (Ev'6TT)PP'YCS  0'GS
vrLT TELT 62LT v'ELT
ST 90€ s'vge  ¥'8e s‘ece 88 s'yge €8¢
(89)p'ozT 8LT (89)p'80T  §IT (L9)p'ge0  vLT (op'orT €9t
eDpia‘vey 216 (9 pia‘eLy  v6L (92 pig'egy S8 (or€)pia‘eLy  L18
w'eeT  TLE w'9eT  TYE Ww'egz L€ w'zze TS
w'o6'T w'eg'T w‘oe'z W8T
w'oeT  02€ w'zz 892 WTLT  8TE (6€'TOT'VEI-)PPP'SST  ¥'9C
w'o9s  v09 (TLTTILPPLLE  TE9 (0e)p'18€  T'09 (TL'66)pp28€ 209
9TLT 6'TLT 7'0LT €TLT
(99)p'seT 61T (99)p'LzT 81T (99)p'6T  8LT (99)p'8zT 6.1
(99 b'v0s  Lvy (99)b'eLy Ly (99)b'osy  8Lv (99)b‘ogy  6LF
VLT Gt GELT LT
(zz'98)Pp'9g’L  0'6ET (zz'98)pp'8e’L  6'8€ET (zz'98)pp'9g’L  8'8ET (zz'98)pp'8E’L  6'8ET
(98)p'e0. 80zt (98)p'90L TTCT (98)p'90L €TCT (98)p'90L zTET
T'7ST €'rST 7'¥ST 7'7ST
G'GET G'GeT 7'GET G'GET
(cadp'zeL L9zt (co)p'egL voeT (cap'LrL 99zt (cap'egL voet
A1 T'0€T 6'6¢T T'0ET
w8 w8 w ‘98z w8z
w'eTe  T6E (6GTYT-)PP'BOE  78E (8'G TYI-)PP'90E  G8E (Ls'Tyi-)pp L0 €8¢
(zHurp) ynwHe 29 (zHurp) ynwHe 29  (zHuip) UnwHe 29 (zH ur ) Wnw e °9
/ udAwognua 9 uRAwoyna G upAwogna ¥ u1pAwoyna

ge
123

A4

ge
BE

T-9VvV
ANV

vE

T-Svv

T-vvv

< 0O © N~ 0o o

qe
BE

ou

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2022 February 23.

J Nat Prod. Author manuscript



Page 84

Zhou et al.

w'T9't 8T w's9'T 7’81 w ‘69T S'8T w's9'T €81 9
w'ze's  €0eT w'e9's  ¥'6¢T w'z9s  €6cT W'T9s  ¥'6eT S
wgy's L 9eT wes gt w'zos gt w'es's  LLeT 14
(zHurp) unwHe OS¢  (ZHurp) YnwHe OS¢  (zHuir) YnwiHe O (zH urc) ynw ‘He o9 ‘ou
/ upAwogna 9 uRAwoyNa G upAwogna ¥ upAwoyna

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



Page 85

Zhou et al.

(99)p'veT

(99) b ‘66

(z'2'9'8) PP '6€°L

(98)p'L0L

(ca)p'veL

w'e0’e

w'sT'e

w9y

$'9T'Z

(L9)p'gro

(L9)p'620

w'eTT

W ‘Te0-

w'ggT

(Tv'zoT) PP LSV

S'ULT

$°29T

(8'6 '€'TT-) PP '0E'E

(0z'€TT-) PP '98'C

(0z'g6)pp 'Ly

(5'8)pug ‘99,

w'sT'L

w ‘80",

(1) paa'ssL

S'6T'L

wgr'e

(6'9'9'8) PP '90°S
(zH ur ) ynw He

(99)p'8eT
(99)b'12v
(zz'9'8)pp '8,
(98)p'L0°L
(c2)p'sgL
w'ige
w'e0’e
w'eLy
s'1€°T
(L9)p w0
(L9)p'oT0
w '66°0
w ‘6g°0-
w'sgT
(8'€'9'0T) PP '6EV
s'9LT
$'G9'T
(8'6 '€'TT-) PP '0E'E
(8T'€TT-) PP '€6'C
(8'1°8'6) PP 6V
(5'8) pug'sy’L
weT’,
w90,
(6'2)pug'ss,
S'IT'L
W'tz
w'sgy

(zH urc) Unw He

(99)p'seT
(99)b 26
(zz'98)pp 2L
(98) p'90°L
(z2)p'96L
w ‘90'e
wsT'e
w ‘99
$'9T'Z
(L9)p ‘050
(L9)p've0
wieTT
w ‘00°0-
w'9gT
w oLy
S0
$'99'T
(86 '€'TT-) PP ‘'0E'E
(0z'eT1T-) PP 28T
(0z'L6)pp 6y
(5'8)pug ‘99,
w'sT'L
w ‘g0°L
(62 paa‘lsL
S'6T'L
W 0z'e ‘W 'ET’E
nvees

(zH ur £) Ynw ‘He

(99)p'LeT
(99)b'oLy
(z'2'9'8) PP '6€°L
(98)p'80°L
(c2)p'sgL
wz8'e

w z0'e

w'oLy

S've'T
(L9)p'syo
(L9)p'LT0

w ‘66°0

W ‘e 0-

w'9gT

(Tv'90oT) PP 'LEY
$‘ULT

$'99'T

(86 '€'TT-) PP '62°€
(8T'€TT-) PP '€6'C
(6'1'8'6) PP '8Y'Y
(5'8)pug ‘99,
w'sT'L

w'90°L
(6'2)pag'ss,
STl

W'tz

w ‘ggy

(zH urp) Ynw He

(99)p'seT

(99) b'v0's
(zz'9'8) pp 5L
(98)p'v0'L
(c2)po6L

(91T '0'YT-) PP ‘28T
(6'€‘0vT-) PP 2T'E
(6'€'9'TT) PP 'S9'Y
SNAN4

(L9)p'se0
(z9)pITO

w 'v6°0

w'yL0-

w oyt

w‘ey'y

S'GLT

$°29'T

(86 '€'TT-) PP '0E'E
(0z'eT1-) PP '98°C
(0z'ge)pp Lry
(58) P Ja ‘992

w ST,

w ‘g0’L

@1 pia'tsL
$'90°2

W ‘zZee-8T'e
(T'5'9'0T) PP '06'V

(zH ur g) Unw ‘He

g 18WI04u0d € SSUIdAWOoNI

W J8WI0JU0d € SSUIoAWOoNI

g 18WI0ju09 g SSuIdAwoyna

W 18WI0JU02 g SSUIdAwon

T SSuIPAwoyN.

v

qe

eg
C-EVV
3NNV

ge

eg

A A4
4.7

q,e
e,

0t

™M <~ 0o o

¢V

‘ou

Author Manuscript

dofao ut e-T ssurdAwoyny 4o ered (ZHIN 009) HINN Hy

‘€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



Page 86

Zhou et al.

w'se'T
W ‘g6’
w 0g°g
w9z
w'ez
wzLy
(9°9) P '66'0
(59)p'L60
wz9T
w ez
wezLT
wLLe
w ‘s6'0
wiTy'T
W 'p9'T ‘W ‘65T
w‘9g'e
w'eLe
$'2LT
(c9)pITT
$1q 95y
w'TTE
wieLT
w60z
w ‘ge’g

(zH ur p) ‘Ynw e

w st
we9’g
w 0g°g
w'0€
weye
W'ty
(L9)p 20t
(59)p'16°0
w oyt
w g6t
wgT
(Sv'L'TT) PP '6E'S
W 'v6'0
w6t
W 'p9'T ‘W ‘ee'T
wzLe
wzge
s'zee
(89)P'ST'T
$10°05¥
w66’
WLt
w'Teg
w'gLe
(zH ur p) ‘Wnw e

wgs'T
w'zs's

w ‘gy’s

w g9’z
w‘9gg
w69’y
(99)p'26'0
(59) p'96°0
w'e9'T

w g0z

w g0z
(CPARE 7K
w ‘s6'0
wiTy'T

W ‘y9'T-09'T
W ‘6G'e
w'eg'e
$'€LT
()P vTT
$1q'egy
w'/eg
w'sg'T
w'eeg

W 'sy's

(zH ur r) Ynw He

W'yt

w09

w ‘gy's

wzoe

were

w'y9y

(L9)p'e0T

(59) p'v6°0

w gyt

w6t

w'oLT

(Tv'0eT) Pp'8C'S

w ‘s6'0

w6t

W ‘9 T-09'T

W 'ege

wop'e

s'zee

(89)p 21T

$10 Tr'y

W'z

w'sg'T

w ‘6z

(99 ‘T'eT) PP 'S8°E
(zH ur p) ynw He

19T
‘S5°S
‘67'S
‘59°Z
e
woLy

(59)p 260

(59) p ‘660

w'T9'T

(8'5'6'8 ''v1-) PPP '8T'C
W g8t

(L'9'5'8) pp 's8°¢

‘20T

E E E E E

T

‘85°€

‘8e°E

$'2LT
(99)p'8T'T
(T8)p vy
w'6zZ

w'gg'T

w'ze'T

(6'5'S°TT) PP '89'S

w
w
W et
w
w

(zH urp) Ynw Ho

g 13WI0JU02 § SSUIDAWOYN

W J3W10JU02 § SSUIDAWONA

g 13W.04U0d Z SSuIoAWOoN

V/ 43WI0JU02 Z SSUIDAWOYN

T SSuldAwoyna

qe
eg
[A7AA4

ag

eg
z-9vY
Y
CH),€
(H),c
a,T
e,T

3NV

og
¢-SvVv

‘ou

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



Page 87

Zhou et al.

LSTET
vi'8e
05'vS
WrTLT
S767
Se€T
29T
0.5z
vLLE
1665
Z50.T
8292
20°€T
00°Ly
89l
LT€9
1G9€T
81T
99221
S5°02T
88'6TT
¥6'0€T
TE€'60T
LT92T
v.82
AR
0T¥.T
o9

L1621
206
1248

29TLT
€262
zzee
1STC
55°5C
098
AN

€8'69T
S92
e
€69
25°9L
ST'E9
659€T
08%TT

99221

95'02T

00'02T
88'0€T
8T'60T

61921
0062
0975

0T¥LT

o9

89'TET
098¢
0L'vS
09°TLT
ST'6C
vT'ee
€612
vL'Se
v8'LE
865
06'69T
S92
07€Z
00y
95°9L
9T'€9
G9'9€T
9LvTT
29721
61021
66'6TT
60'TET
S5'60T
26'52T
N4
860G
SEVLT
o9

06'62T
68'8€
0€'.8
08TLT
€262
0z'€z
v9'1Z
€952
v9'L€
1865
66'69T
S92
0z'€T
€69
859/
12°€9
¥9'9€T
€8¥TT
19721
85027
50027
96'0€T
€2'60T
TATAN
€062
651G
6T LT
o9

8T'TET 14
TC'6€ €
(4% 4
6C'TLT T-EvVv
T¢'6¢ 3NNV
LE'EC 9
T¢Te S
¥5'G¢ 14
L€ €
1865 [4
§6'69T T-cvv
19'9¢ ”
00'€e ”
18'9% ,
0§59 ,
0c'e9 ,
79°9€T T
€0'9TT 0t
gLect
€9°0¢T
69'6TT
98'0€T
ST'60T
6T'9¢T
26'8¢
7’18
00'7LT T-TvV

N M < 10 © N~ 0 o

OS¢ ‘ou

g J8WI0JU0D € SSUIDAWOINI 7/ JBWI0JU0D € SSUIDAWON

g 18WI0Ju0d g SSUIoAwon

W 18WI0JU0d g SSUIoAwoN

T SSuIdAwoyn.

Author Manuscript

‘v alqeL

Author Manuscript

Adotao u g-T sSutdAwoiny 4o ered (ZHW 0ST) HIAIN gt

Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



Page 88

Zhou et al.

ST0ET
£6'921
89'8E
90'es
ST'ELT
£8'€e
€72
5792
1807
8569
V6241
eevT
9’0z
05'€e
YA 7A
ze0e
1841
0056
TLVE
v.'82
0165
26'0L1
16'L1
8Ly
ZE VLT
£0'6€T
62021
10%ST
05'SET
99921
o9

1¥'62T
Tawra)
S0°GE
19'€S
8r'elT
£6'€C
e
0,52
99'6e
z57S
£r'ZLT
vt
1202
05'ee
65°€L
1Z'8¢
051
z1'88
£8'vE
v6'92
9r'e9
YTt
641
S0'8y
SE'ZLT
Z6'8€T
LT'TCT
62751
95'GET
8e921
°9

zzoet
£8'921
06'8€
20'es
0T'ELT
0z'€e
0922
v1'92
SO TV
09'69
6E°€LT
0Z¥1
502
vTee
169
vioe
66T
6856
0,62
95'92
ST'LS
0,041
€641
vLvy
SZYLT
80'6€T
z8°021
TTbST
1S'SET
TL'9¢T
°9

SE'621
08221
08'vE
06'€S
8r'elT
v6'€T
8112
L'z
08'E
0875
0821
LCVT
1502
lzee
9z'69
8z'8¢
85'ST
688
T0°0€
IR74
0009
8TTLT
9.1
v1'8y
et
16'8€T
T¢'1¢T
SEPST
T9'SET
Zr9et
°9

82°0€T S
L11°9¢T 1%
92'6¢ €
00°€9 4
00°€LT IWAA4
90°€¢ 9
6.°¢¢ S
9T'9¢ 1%
00y €
799 4
007.LT T-9vV
€9vT M4
¢€0¢ #€
€L°¢E #C
€9'99 "
G.°0€ ANV
T6°LT T
€6 S
v'ee 1%
{43 €
1209 [4
00°€LT A4
98°LT €
897y [4
08'v.LT T-vvv
668€T 6
98°0¢T 8
€ISt L
¢S'GET 9
0.9¢T S
O¢ o]

g 18WJ0JU02 § SSUIDAWONA

W 13W10JU02 § SSUIDAWONA

g 13W.04U02 Z SSUIdAWOoN

V/ J3W10JU02 Z SSUDAWOINI T SSuIdAwona

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



Page 89

Zhou et al.

9T'8T Sv'8T
o9 o9

[AX:1
o¢

8£'8T
o¢

8T'8T 9

O¢ o]

g 18WJ0JU0D € SSUIDAWIOINI 7/ J3WI0JU0D § SSUIDAWONA

g 13WI0JU0D Z SSUIDAWIOINI W/ 13WI0JUO0D Z SSUIdAWoNa T SSUIDAWONA

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Nat Prod. Author manuscript; available in PMC 2022 February 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Zhou et al.

Table 5.

Page 90

Anti- Mth Activities (MICgg, nM) and Surface Plasmon Resonance (SPR) Data (Kp, nM) of Rufomycins 4-7

and RufomycinSS 1-3°

compound
rufomycin 4
rufomycin 5
rufomycin 6
rufomycin 7
rufomycinSS 1
rufomycinSS 2
rufomycinSS 3
RMP
INH

MICgo
21

12

46

47
769
48
4300
28
463

Ko NTD KpFL

32
29
183
186
602
27
211
NT
NT

31
27
178
209
724
29
171
NT
NT

aNT = not tested; RMP = rifampin; INH = isoniazid; NTD = A-terminal domain; FL = full-length.
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