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The study of an archived sample of crystallomycin complex using HPLC, ESI HRMS, and 2D NMR showed
that two major components of the antibiotic, compounds 1 and 2, are lipopeptides having the same pep-
tide core, Aspl-cyclo(Dab2-Pip3-MeAsp4-Asp5-Gly6-Asp7-Gly8-Dab9-VallO-Proll-), N-acylated either
with A3-iso-tetradecenoyl or A®-anteiso-pentadecenoyl that are identical to aspartocins C and B, respec-
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DOI: 10.1039/c8md00002f tively. According to the 2D NMR study, compound 2 in DMSO solution exists as a mixture of four con-
formers. The producing strain was identified as Streptomyces griseorubens. Compounds 1 and 2 have con-

rsc.li/medchemcomm siderable Ca®*-dependent activity against Gram-positive bacteria including five MRSA strains.

2. Results and discussion

2.1. Identification and activity studies

1. Introduction

Lipopeptide antibiotics were discovered in the ‘golden era’ of

1950-60s, however, their structure elucidation took several
subsequent decades." Crystallomycin was reported by Gause
and co-workers in 1957 and named after its ability to crystal-
lize from ethanol.> Two years later, a chemical study’
appeared where a conclusion was made that crystallomycin is
very similar, if not identical, to amphomycin,* discovered a
few years before. However, direct microbiological compari-
son” of crystallomycin and amphomycin showed the same ac-
tivity spectrum, but incomplete cross-resistance, thus
suggesting these two antibiotics are not identical. No further
chemical study of crystallomycin was reported. At present,
interest in amphomycin-type antibiotics re-emerged, because
they are considered to be good precursors in development of
novel therapeutic agents against multidrug resistant Gram-
positive pathogens.® Here we report the study of an archived
sample of crystallomycin.

“Gause Institute of New Antibiotics, B. Pirogovskaya 11, Moscow 119021, Russia.
E-mail: v-korshun@yandex.ru

b Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Miklukho-Maklaya
16/10, Moscow 117997, Russia. E-mail: zakhar-shenkarev@yandex.ru

¢ Department of Chemistry, Lomonosov Moscow State University, 1-3 Leninskie
Gory, Moscow 119992, Russia

dEngelhardt Institute of Molecular Biology, Vavilova 32, Moscow 119991, Russia
¢ Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences &
Peking Union Medical College, Tian Tan Xi Li 1, Beijing 100050, China

S Moscow Institute of Physics and Technology, Institutsky lane 9, Dolgoprydny,
Moscow region 141700, Russia

 Electronic supplementary information (ESI) available. See DOI: 10.1039/c8md00002f
1 Equal contribution.

This journal is © The Royal Society of Chemistry 2018

The sealed glass ampoule containing a crystallomycin sample
isolated 60 years ago was found in the antibiotic collection of
the Gause Institute of New Antibiotics (Moscow, Russia). The
sample, stored in a refrigerator at 0...+5 °C, is a loose, off-
white powder (Fig. 1). Its HPLC analysis indicated a mixture
of two major and several minor components (Fig. 2).

Both major compounds were isolated using semi-
preparative HPLC; 5.6 mg of 1 and 17.3 mg of 2 (also named
Cryst-1 and Cryst-2 in below NMR studies) were obtained. ESI

Fig. 1 The ampoule (above), its label and the antibiotic sample
(below); the label says (in Russian): “Crystallomycin 0.4 g 7/1-57".
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Fig. 2 HPLC profile of crystallomycin complex.

HRMS analysis gave the following m/z values: 1304.6731, [1 +
H]'; 1326.6550, [1 + Na]’; 1348.6373, [1 - H + 2Nal;
1318.6894, [2 + H]’; 1340.6703, [2 + Na]". The mass of 1 is
similar to that reported for aspartocin C, while the mass of 2 is
similar to that of aspartocins A and B (within 1 ppm difference).
Aspartocins are acidic antibiotics of the amphomycin family
(Fig. 3).

The cyclopeptide structure of the two main representatives
of this type of antibiotics - friulimicin B and aspartocin C -
was correctly described for the first time only in 2000 using
2D NMR techniques.’ For a long time before the revision, a
linear structure with a C-terminal diketopiperazine moiety
had been assigned to amphomycin by Bodanszky."* For some
related compounds, eg  zaomycin,"* glumamycin,'
parvulines,*® and antibiotic 33,"” described as similar to
amphomycin, the unambiguous structure is still to be deter-
mined. Tsushimycin, an antibiotic isolated from culture S.
pseudogriseolus, contains at least two different types of fatty
acid moieties.'® Nevertheless, authors of the paper'® referred
only to one component as ‘tsushimycin’. To highlight the dif-
ference, we use designations A and B in Fig. 3 for these
lipopeptides.

Next, crystallomycins 1 and 2 were examined using various
1D and 2D NMR techniques.'® Sequential 'H assighment was
done using a standard approach based on combination of 2D
TOCSY and NOESY spectra.>® The study revealed the identity
of compound 2 to aspartocin B (A-1437 G/tsushimycin B) and
of compound 1 to aspartocin C (A-1437 B/tsushimycin A); see
section 2.2 below.

Crystallomycin producing strain 00887 was isolated in
1955. It was stored in Gause Institute strain collection (as Ac-
tinomyces violaceoniger INA 00887). 16S rRNA gene sequence
revealed that the strain belongs to genus Streptomyces and
species S. griseorubens. The nucleotide sequence of 16S rRNA
gene of the Streptomyces griseorubens strain was submitted to
NCBI under GeneBank accession number MG200163 and
phylogenetic analysis was carried out (Fig. 4).

The HPLC-MS analysis of extract from freshly prepared fer-
mentation broth shows the presence of two peaks fully identi-
cal with 1 and 2 from authentic sample (Fig. S67).
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Antibiotic X n R Producing strain Ref.

Streptomyces griseus var.

Aspartocin A OH 8 iPr spiralis, S. violaceus 7
Aspartocin B -« 7
A-1437 G OH 7 2-Bu Actinoplanes friuliensis 8,9
Tsushimycin B S. pseudogriseolus 10,11
Aspartocin C S. griseus, S. violaceus 7
A-1437B OH 7 iPr A. friuliensis 8,9
Tsushimycin A S. pseudogriseolus 10,11
Aspartocin D OH 5 Pr S. canus 12
Aspartocin E OH 4 Pr -«- 12
Amphomycin -«- 4,12
A-1437E OH 5 2-Bu A. friuliensis 8,9
A-1437 A OH 6 iPr -«- 8,9
;r_'luzg'?" A NH 6 iPr «- 8,9
:r_'lu;g'g" B NH, 7 er - 8,9
Friulimicin C NH, 5 2-Bu “ 8.9
A-1437 F

Friulimicin D NH, 7 2-Bu “ 89
A-1437 H

Fig. 3 Antibiotics of the amphomycin family.

Compounds 1 and 2 show activity towards Gram-positive
bacteria, including methicillin- and vancomycin-resistant
strains (Table 1), and no activity towards Gram-negative bac-
teria, yeasts and fungi. Both compounds exhibit strong in-
crease of activity in calcium-adjusted media (2-8-fold de-
crease in MIC). This is a common feature of calcium-
dependent lipopeptides.

2.2. NMR studies

The samples of the major compound 2 (‘Cryst-2’) were studied
in DMSO-ds, CD;0D, and H,O + D,0. The ’N-HSQC spectra
measured in DMSO-dg¢ (Fig. 5) revealed the signals of HN-
groups, indicating that Cryst-2 has a polypeptide part. How-
ever, the observed "H-""N cross-peaks demonstrated unequal
intensities, and their number significantly exceeded the num-
ber of HN-groups expected for the peptide with MW ~1.3 kDa
(Fig. 5). Comparison of >’N-HSQC spectra measured at 20, 30,
and 45 °C showed that some of these signals became signifi-
cantly broadened (even beyond the detection limit) at elevated

This journal is © The Royal Society of Chemistry 2018
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NR_041192.1 Streptomyces labedae strain NBRC 15864 16S ribosomal RNA gene partial sequence
98 | NR_043840.1 Streptomyces variabilis strain NRRL B-3984 16S ribosomal RNA gene partial sequence

INA 00887

| |
0.0005

|NR_042290.1 Streptomyces griseoincamnatus strain LMG 19316 16S rib
s NR_042294 1 Streptomyces erythrogriseus strain LMG 19406 16S ribosomal RNA gene complete sequence

| RNA gene ¢ lete sequence

NR_041066.1 Streptomyces griseorubens strain NBRC 12780 16S ribosomal RNA gene partial sequence
NR_042291.1 Streptomyces griseoflavus strain LMG 19344 16S ribosomal RNA gene complete sequence

NR_043359.1 Streptomyces althioticus strain CSSP673 16S ribosomal RNA gene partial sequence

Fig. 4 Phylogenetic tree of strain INA 00887 on the basis of 16S rRNA gene sequence. Scale -5 nucleotide substitutions per 10 000 nucleotides.

Bootstrap values (%) were calculated from 100 trees.

temperature (Fig. 5, dotted). The observed signal doubling and
broadening arise from the conformational heterogeneity of
Cryst-2 molecule in solution (see below). Probably, the corre-
sponding conformational exchange processes take place on
ms-s time scale, thus approaching intermediate regime at 45
°C. This induces broadening of some of the resonances. An at-
tempt to shift these exchange processes to the fast regime by
increasing the NMR data acquisition temperature was unsuc-
cessful due to considerable degradation of the Cryst-2 com-
pound at 70 °C. Thus, the optimal temperature for NMR study
of Cryst-2 was 30 °C (Fig. 5).

Analysis of the 2D TOCSY, COSY, *C-HSQC, and 3D
TOCSY-"*C-HSQC spectra revealed the set of the narrow sig-
nals corresponding to the fatty acid residue (FA). This FA
contains 15 carbon atoms, 14 of which have attached protons
(Fig. 6, Table 2). The cross-peak between 2-CH,-group of FA
and HN-group of Asp1l residue observed in the NOESY spec-
trum revealed a connection between the peptide and lipid
parts of Cryst-2, indicating that the compound is a
lipopeptide. The multiplicity edited *C-HSQC spectrum
allowed to distinguish signals of CH and CH, groups. The
two CH groups having chemical shifts typical to substituted
alkenes (5.47/123.5 and 5.46/132.2 ppm, Ju/dc, respectively)
were assigned to the positions 3 and 4 of FA (Fig. 6A,
Table 2). Another CH group is located at the position 12 of
FA (Fig. 6B), where an attached methyl-group (Me-12) corre-

Table 1 Minimum inhibitory concentrations (MIC) of crystallomycins 1
and 2 against Gram-positive bacteria, pg mL™

Antimicrobial®

Microorganism Cub  1(Ca®) 1 2(Ca®™) 2
S. aureus ATCC 29213 0.5 4 16 2 4-8
MRSA 86 1 4 16 2 8
MRSA 88 0.5-1 4 16 2 8
MRSA 71001 05-1 4 16 2 8
MRSA 20450 1 2 16 1-2 8
MRSA 17 2 4 nd® 4 8
S. epidermidis C2001 (MR) 1 4 16 2 4-8
S. epidermidis 004-T1 (MR) 1 4 32 4 16
S. epidermidis 20459 (MR) 1 4 nd 4 nd
E. faecalis ATCC 29212 4 8 nd 8 16
E. gallinarum VP4147 8 4-8 nd 4-8 16

“ Cub - cubicin (daptomycin); (Ca®*) - in the presence of calcium
ions (1.25 mM). ? nd - not determined.

This journal is © The Royal Society of Chemistry 2018

sponds to the branching in the fatty chain. Two methyl
groups of FA (Me-12 and Me-13) having chemical shifts of
0.83/11.7 and 0.82/19.6 ppm (du/dc, respectively) display char-
acteristic pattern of overlapped quartet and triplet in the 1D
'H spectrum (Fig. 6C, inset). Thus, FA moiety in the Cryst-2
lipopeptide has one double bond and two methyl-groups.
Such FA residue had previously been identified in the
aspartocin B antibiotic.” One set of NMR signals was ob-
served for the majority of the FA groups. At the same time,
the resonances of 2-CH,, 3-CH, and 4-CH groups were split
into several parts (see Fig. 6A). Thus, the conformational
heterogeneity of Cryst-2 molecule in DMSO solution origi-
nates from the exchange processes taking place in the pep-
tide part of the antibiotic.

To investigate the structure of the peptide moiety of
Cryst-2, the spin-systems of individual residues were iden-
tified in the 2D TOCSY and COSY spectra. The sequential
connections were established via HN;;-HN;, HC%-HN;
and/or HCP,,-HN; cross-peaks in the NOESY spectra. The
observed broadening and splitting of the signals signifi-
cantly complicated the analysis of "*C-HMBC spectra. This
made it impossible to establish unambiguous sequential
connectivities through '>C resonance frequencies. The
obtained NMR data revealed that the peptide part of
Cryst-2 is identical to the peptide parts of aspartocin anti-
biotics and represents the 11-residue peptide cyclized
through the B-amino group of 2,3-diaminobutiric acid
(Dab2).” Thus the major component of Crystalomicin anti-
biotic coincides with the aspartocin B lipopeptide. The
close correspondence observed between *C-HSQC spectra
of Cryst-2 and aspartocin B’ in CD;OD solution (Fig. S17)
together with the high-resolution mass spectrometry data
(m/z 1318.6889) confirms the identity of these antibiotics.

Detailed analysis of NMR spectra permitted to identify at
least four sets of signals for the majority of residues in the
peptide part of Cryst-2 (Table 2). It suggests that the mole-
cule adopts at least four different conformations in solu-
tion. These forms denoted as a, b, ¢, d have the relative
population of about 100:70:65:30 (Fig. 5B and 6C). The
system of intra-conformer cross-peaks observed in the
NOESY and ROESY spectra (Fig. 7A and S2 and S3f1) indi-
cated that these structural states of Cryst-2 are inter-
connected by conformational exchange processes. Using
intensities of the diagonal and exchange -cross-peaks

Med. Chem. Commun., 2018, 9, 667-675 | 669
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Fig. 5 2D 'H,>*N-HSQC spectra of Cryst-2 in DMSO-dg at 20 °C (A), 30 °C (B) and 45 °C (C). The spectra on the panels A and C were measured
and processed using identical parameters. The longer measurement time was used for the spectrum on the panel B; and, therefore, this spectrum
is drawn with a lower threshold. The obtained resonance assignment of HN-groups is shown on the panel B. Signals of the four different Cryst-2
conformational states are marked using lowercase letters (a, b, c, d). The HN cross-peaks of MeAsp4, Gly6, and Vall0 in the a, b, and ¢ conformers
are connected by lines. The resonances that became broadened at 45 °C are marked by dotted circles. It should be noted that not all expected
HN cross-peaks for the four structural forms of Cryst-2 were identified in the spectra. Some resonances are under the drawing threshold. The
unassigned resonances are shown by asterisks. These resonances could belong to the unidentified atoms of the Cryst-2 conformers or originated
from impurities in the sample.

Cryst-2, DMSO, 30°C, 13C-HSQC Cryst-1, MeOH, 20°C, 13C-HSQC
g A {1 — B| ,]C Me-13 FA et 124 D
1244 3FA o5 A0EA y-MeAspda -
b y-MeAsp4c 7 ® -
& J 8FA 13FA 14 == y-Dab%b 14 <
4 7 FA; y-MeAspab === y-Dab9a = < g
1264 30 - 6 FA 4 <> 7-Dabdoc E ‘b?
£ 9FA y-Dab9d
S J g
S - i 16 16
& <= y-Dab2c S .
21287 1 ) < -
e 324 y
184 7-Dab2b yivaion | o = o,
- ] y-Dab2a~"" ) val10b—mm. & - 4 -
1-Va|10ai%ﬁ'va"°° Q T =
— ) 2Valoar o Y:['Va”od 1 -
344 _ 12FA 20- y2-Va|10c’/— Me-12 FA
i y2-Val10d
4FA
132 = 36 11 FA 294
L) L) T ) T 1 L) L) L} L} T T
5.5 5.4 1.2 1.0 H, ppm 1.2 1.0 0.8 1.4 1.2 1.0 0.8

Fig. 6 The fragments of 2D H,**C-HSQC spectra of Cryst-2 (DMSO-dg, 30 °C) and Cryst-1 (CDzOH, 20 °C). The obtained resonance assignment
of Cryst-2 is shown. Signals of different Cryst-2 conformational states are marked by lowercase letters (a, b, ¢, d). (A and B) Assignment of the fatty
acid moiety (FA) in Cryst-2. (C) Methyl region of the Cryst-2 spectrum showing terminal signals of FA, and resonances of MeAsp4, Dab2, Dab9 and
Vall0 residues. The cross-peaks of MeAsp4 in the different structural forms are connected by lines. The unassigned resonances are shown by as-
terisks. These resonances could belong to additional structural states of Cryst-2 or to the sample impurities. (D) Methyl region of the Cryst-1 spec-
trum. The signal of the terminal isopropyl group of FA is shown. The lower insets on the panels C and D show corresponding fragments of the 1D
H spectra.

observed for the "H* proton of Pip3 (Fig. 7A) we estimated  exchange b — ¢ and b — d (characteristic times ~3 s).
the characteristic time of corresponding processes.'”” The  The slowest exchange process was observed between con-
exchange processes between conformer a and conformers b,  formers ¢ and d (time ~8 s). Therefore the corresponding
¢, and d are going faster (characteristic times ~1.5 s) than  cross-peaks have lowest amplitude (Fig. 7A).

670 | Med. Chem. Commun., 2018, 9, 667-675 This journal is © The Royal Society of Chemistry 2018
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Table 2 H, ¥*C and **N chemical shifts (ppm) of the four different conformational states of Cryst-2 lipopeptide (2) in DMSO solution at 30 °C“

Cryst-2 conformer

a b c d
On 0c(dn) On dc(dn) On 0c(dn) On 0c(dn)
Asp1 HY 8.12 120.6 8.07 120.2 7.99 120.0 8.28 119.0
o 4.63 50.0 4.68 50.0 4.62 49.8 4.66 50.2
B 2.67/2.48 36.8 2.66/2.49 36.9 2.68/2.50 36.5 2.82/2.54 36.4
Dab2 HY 7.89 112.3 7.95 113.4 8.06 115.6 8.22 —
o 4.91 53.0 4.92 52.9 4.66 52.4 4.82 53.4
B 4.26 46.0 4.26 46.1 4.00 46.5 4.07 46.4
Y 0.99 17.8 1.01 17.7 1.05 16.7 1.04 18.2
B-HN 7.34 — 7.61 119.5 7.46 120.0 7.47 —
Pip3 o 4.96 53.6 5.02 53.1 4.79 56.7 5.10 52.8
B 2.00/1.68 27.0 2.01/1.51 25.4 2.11/1.55 28.0 2.10/1.99 31.8
Y 1.35/1.47 20.5 1.23/1.48 21.0 1.39 20.6 1.54/1.37 20.6
5 1.55/1.58 24.6 1.53/1.66 24.7 1.20 24.7 1.60/1.48 24.8
g 3.80/3.30 43.6 3.03/3.81 44.0 4.26/2.74 40.4 3.93 43.8
MeAsp4 HY 7.59 109.9 8.59 114.4 8.29 112.5 7.68 —
a 4.64 54.4 4.12 56.3 4.69 55.0 4.66 54.3
B 2.95 40.8 2.76 41.8 2.94 40.9 2.89 41.0
Y 0.93 12.5 1.24 14.2 0.92 13.1 0.97 12.9
Asp5 HY 8.44 — — — — — — —
o 4.32 51.1 5.00 49.8 5.00 49.7 — —
B 2.74/2.58 35.5 3.18/2.67 33.3 2.59/3.10 34.0 — —
Gly6 HY 8.26 106.0 7.78 101.9 7.82 104.9 — —
o 3.68/3.75 42.9 3.60/3.88 41.9 3.90/3.68 42.9 — —
Asp7 HY 8.12 116.2 7.98 116.7 — — — —
o 4.46 50.3 4.66 — — — — —
B 2.59/2.47 36.3 2.74/2.58 36.8 — — — —
Gly8 HY 8.02 105.2 8.03 105.7 — — 8.09 105.7
o 3.80/3.68 42.9 3.88 43.3 3.90/3.64 42.8 3.73/3.87 43.2
Dab9 HY 8.45 108.6 7.86 107.0 8.19 107.5 8.33 109.4
o 4.71 53.9 4.82 54.0 4.60 53.8 4.72 54.1
B 3.61 48.1 3.66 49.5 3.57 48.3 3.58 48.2
Y 1.10 14.5 1.11 13.8 1.10 14.7 1.16 15.0
val10 H" 7.65 120.7 8.41 120.5 8.21 121.4 8.14 120.3
o 4.25 56.9 4.38 55.7 4.25 56.9 4.41 56.3
B 2.02 30.2 1.91 32.1 2.06 29.9 2.15 29.5
1 0.98 19.4 0.82 18.4 0.94 19.6 0.93 19.8
2 0.86 19.0 0.82 18.1 0.86 19.1 0.84 19.4
Pro11 a 4.15 60.1 4.14 60.0 4.09 60.7 4.47 60.9
B 1.70/2.08 30.0 1.70/2.08 29.9 1.79/2.05 29.9 2.09/1.99 32.1
Y 1.92/1.82 25.1 1.90/1.81 25.1 1.96/1.80 25.0 1.89/1.70 21.8
5 3.74/3.55 47.6 3.71/3.49 47.6 3.79/3.57 47.8 3.55/3.32 47.0
FA 1 170.1 HO. ZC Asp-S MeAsp-4
2 2.93 34.4
3 5.47 123.5 H
4 5.46 132.2 Gly-6 (& % o
5 1.99 27.4 PO
6 1.30 29.4 HN HO,C ¥ fo)
7 1.26 29.4 g/pa
8 1.25 29.2 HO2C. 8 .. < 0 HaC'
2 HZN \/Y o 3!
9 1.24/1.22 29.8 Asp-7 Y
10 1.26/1.21 26.9 &J\ : \Q)J\
oL o N
11 1.25/1.07  36.5 /\n/ Y
12 1.29 34.2 Gly-8 B 5
(0] B Fatty acid (FA)
13 1.10/1.28  29.4 Dab-s = Ny E
14 0.83 11.7 VALt
Me-12 0.82 19.6

“ The four structural forms of Cryst-2 are denoted as a, b, ¢, d. Inset: structure of Cryst-2 (2).

Due to signal broadening and overlap, some of the reso-
nances from Asp5-Asp7 fragment were not reliably identified
in the NMR spectra. For example, the "H" resonance of Asp5
was observed only for the conformer a in the 'H TOCSY and
NOESY spectra, but the corresponding HN cross-peak was not

This journal is © The Royal Society of Chemistry 2018

identified in the '"N-HSQC. Nevertheless, we successfully
obtained the 'H, "N and "C resonance assignment for the
four structural forms of Asp1-MeAsp4 and Gly8-Prol11 frag-
ments (Table 2). The connections between these fragments
were established via NOE contacts between HN” of Dab2 and

Med. Chem. Commun., 2018, 9, 667-675 | 671
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B Cryst-2, DMSO, 30°C, 13C-HSQC
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Fig. 7 NMR data reveal exchange processes between the four conformational sates of Cryst-2 in DMSO-dg solution and cis-trans isomerization of
Dab2-Pip3 peptide bond. (A) The fragment of 2D *H,*H-NOESY spectrum (t,, = 400 ms). The assignment of *H* resonances of the Pip3 residue in
the a, b, ¢, and d conformers is shown. The exchange originated (inter-conformer) cross-peaks are marked by crosses. The unassigned resonances
probably belong to additional structural states of Cryst-2 or to impurities. (B) Fragment of 2D *H,*C-HSQC spectrum of Cryst-2. Signals of CH,
groups are connected by dotted lines. The assignment of HC® resonances of Pip3 residue is shown. Characteristic upfield shift of **C resonance in
the conformer c confirmed that the corresponding Dab2-Pip3 peptide bond is in the cis configuration. According to chemical shift data, the other

conformers (a, b, d) of Cryst-2 have trans Dab2-Pip3 bonds.

HC™® of Pro11. The mapping of the assigned fragments to the
specific structural forms of Cryst-2 was also supported by the
relative cross-peaks intensity in the ">C-HSQC spectra. Due to
significant exchange contribution to the relaxation rates of
the nuclei within "H'’N-groups, the comparison of signal
intensity in the >N-HSQC spectra was found less reliable.

The observed exchange processes could involve cis-trans
isomerization of the tertiary amide bonds in the peptide part
of Cryst-2. The molecule contains two such bonds Dab2-Pip3
and Val10-Pro11l. The configuration of Xxx-Pro peptide
bonds could be distinguished either using characteristic pat-
terns of NOE cross-peaks (HC“i,l—HCSi for trans isomer and
HC%.,-HCY% for cis),*° or using the difference in the chemical
shifts of **CP and "*C" nuclei of the Pro residue.?' The corre-
sponding chemical shifts observed in the characteristic re-
gions around 30 and 25 ppm (Table 2), respectively, revealed
the trans configuration of the Val10-Pro11 bond in the a, b
and ¢ conformers (ASC* ~ 5.1 ppm). On the other hand, the
13cP and *C" chemical shifts of the d conformer (32.1 and
21.8 ppm, respectively, ASC* of 10.3 ppm) were consistent
only with the cis configuration.” The observation of the
strong NOE contacts between HC” of Val10 and HC® of Pro11
confirmed trans configuration of the Val10-Pro1l bond in
the conformers a and c. Crowding in the corresponding spec-
tral region did not permit to use NOE data for analysis of
configuration of the b and d conformers.

The same approach could be applied to the determination
of the geometry of Xxx-Pip peptide bonds. Indeed, we ob-
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served strong NOE contacts between HC* of Dab2 and HC® of
Pip3 in the conformers a, b and d, while the conformer c
demonstrated strong NOE between HC* of Dab2 and HC” of
Pip3. This indicated that only the conformer ¢ adopts cis con-
figuration of the Dab2-Pip3 peptide bond. The comparison
of *C chemical shifts for Pip3 residue of Cryst-2 with the
values reported previously for the cis- and trans-isomers of
pipecolic acid in the ring-opened degradation product of
rapamycin®® also supported this conclusion. The chemical
shifts of *C* and **C® nuclei in the conformers a, b and d
were observed in the spectral regions around 53 and 44 ppm,
respectively (mean difference 9.4 ppm), while the same atoms
in the conformer c resonate at 56.7 and 40.4 ppm (difference
16.3 ppm). These values nicely correspond to the *C* and
3C® chemical shifts observed in the ring-opened rapamycin
(50.7 and 43.8 ppm for the trans-isomer, and 55.7 and 38.1
ppm for the cis-isomer, respectively).>* Interestingly the con-
formers ¢ and d, having cis-configuration of the different
bonds, are connected with the slowest (among observed) ex-
change process.

The presence of conformational heterogeneity had previously
been noted in the NMR study of aspartocin lipopeptides
conducted in the DMSO, methanol and acetonitrile/water mix-
tures,”” but the resonance assignment and structural characteri-
zation had been done only for the major isomers of aspartocin
A and B. The presently obtained results agree with the previous
finding that the configuration of Dab2-Pip3 and Val10-Proil1l
bonds is all ¢rans in the major structural form of aspartocin B.
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The obtained results permit to conclude that the two most
populated conformers of the Cryst-2 in DMSO solution (a and
b) have identical all-trans configuration of the tertiary amide
bonds. Thus the difference in their structures could be asso-
ciated with the more complex structural transition(s), e.g.
with the fluctuations in the overall conformation of the cyclic
part of the molecule. These fluctuations should be suffi-
ciently slow to provide two distinct sets of NMR resonances
and, thus, the a and b states should be separated by the rela-
tively large energetic/enthalpy barrier associated with rupture
of several hydrogen bonds or an ionic bond (salt-bridge). Tak-
ing into account that the largest changes in the chemical
shifts between a and b conformers were observed in MeAsp4-
Val10 fragment and especially at MeAsp4 residue (see Fig. 5B
and 6C and Table 2), we could propose that one of these con-
formers is stabilized by ionic interaction between oppositely
charged side chain groups of MeAsp4 and Dab9 residues.
The other structural forms of the Cryst-2 in DMSO solution
also could be stabilized by ionic interactions involving the
amino-group of Dab9 and acidic groups of the other residues
(e.g. Asp1, Asp5 or Asp7).

The Cryst-2 was also directly solubilized in water (+5%
D,0). The obtained sample was optically clear, but the 1D 'H
NMR spectra measured at pH in range from 3 to 7 demon-
strated very broad lines (Fig. 8). This implies the formation
of micelle-like aggregates by the Cryst-2 molecule in water so-
lutions and is consistent with the lipopeptide structure of the
compound.**

The minor component of the antibiotic, compound 1
(“Cryst-1) was studied by NMR in CD;OH. The 2D *C-HSQC
spectrum revealed the narrow intense signal of methyl group
at 0.89/21.7 ppm (du/dc, respectively, Fig. 6D). This signal
corresponded to doublet in the 1D "H spectrum (Fig. 6D, inset)
and therefore belongs to the two overlapped methyl reso-
nances of the isopropyl group. Such FA residues terminating
by isopropyl-like moiety (iso-FA) had previously been identi-
fied in the aspartocin A and C antibiotics.” Taking into ac-
count the result of HRMS analysis (m/z 1304.6733), we could
conclude that the Cryst-1 compound is identical to aspartocin

H20 DMSO

Cryst-2, DMSO, 30°C

Cryst-2, H20 , 45°C, pH 6.0

J -

5 4 3 2 1
TH, ppm

Fig. 8 Comparison of the 1D *H spectra of Cryst-2 in DMSO-dg and in
H,O (5% D,0). The positions of the residual solvent signals are indi-
cated. In the lower spectrum the strong water signal is suppressed by
WATERGATE.
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C lipopeptide. As compared to aspartocin B (Cryst-2), this
antibiotic contains an identical peptide part, but the FA is
different (A*-iso-14:1 vs. A*-anteiso-15:1). The FA residue of
aspartocin C is shorter by one CH, group and has a different
arrangement of two methyl groups. The presence of the addi-
tional set of weak signals in the "*C-HSQC spectrum of Cryst-
1 (Fig. 6D) indicated that this lipopeptide also inhere confor-
mational heterogeneity in solution.

The observed conformational heterogeneity significantly
complicated NMR analysis of Cryst-1 and -2 lipopeptides. For
further structural studies the careful screening of solvent
composition is needed to find the experimental conditions
where exchange processes are suppressed or slowed down.
The membrane mimicking media of detergent micelles or
lipid-detergent bicelles could provide such environment.

3. Conclusions

In summary, we found that the crystallomycin antibiotic
reported in 1957 indeed is similar to compounds of
amphomycin lipopeptide family, and contains two major
components (identical to aspartocins B and C) along with
several minor compounds. The producing strain INA 00887
was cultivated and identified as Streptomyces griseorubens.
NMR studies of compound 2 (Cryst-2, aspartocin B) in DMSO
revealed four major conformers, probably corresponding to
the set of (Dab2)-Pip3 and (Val10)-Prol1l rotamers on pep-
tide bonds. Both crystallomycins showed pronounced
calcium-dependent activity against Gram-positive bacteria, in-
cluding several MRSA strains.

4. Experimental
4.1. HPLC

Analytical HPLC separations were performed in the following
conditions: 20 pL of sample (solution of crystallomycin 2 mg
mL™ in 50% ethanol), column - Waters Sunfire C18 5 pm 4.6
x 250 mm, detection at 210 nm, flow rate 1 mL min*, eluent
A - 0.1% TFA in water, B - 0.1% TFA in acetonitrile, linear
gradient of B, % (time, min): 30(0) — 60(25) — 75(26) —
75(30). Semi-preparative HPLC separations were performed
in the following conditions: 200 pL of sample (contains 10.9
mg of crystallomycin complex in 50% ethanol), column - Wa-
ters XBridge Prep C18 5 um OBD 19 x 150 mm, detection at
210 nm, flow rate 6 mL min ", eluent - 45% acetonitrile/wa-
ter + 0.1% TFA (isocratic). After analytical re-runs of obtained
fractions, the selected fractions with 95+%-content of 1 or 2
were combined. Organic solvent was evaporated under vac-
uum (bath temp. 30 °C), water residue was lyophilized. Com-
pounds 1 (2.0 mg) and 2 (6.8 mg) were obtained as white
amorphous powders.

4.2. HRMS

High resolution mass spectra (HRMS) were registered on a
Bruker Daltonics micrOTOF-Q II instrument using electro-
spray ionization (ESI). The measurements were acquired in a
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positive ion mode with the following parameters: interface
capillary voltage 4500 V; mass range from m/z 50 to 3000; ex-
ternal calibration (Electrospray Calibrant Solution, Fluka);
nebulizer pressure 0.4 bar; flow rate 3 uL min’; nitrogen was
applied as a dry gas (6 L min'); interface temperature was
set at 180 °C. Observed m/z values: 1304.6731 for 1 (calc.
1304.6733 for [CsoHosNy30,0 + H]') (Fig. S41); 1318.6894 for 2
(calc. 1318.6889 for [CeoHosN130,, + H]') (Fig. S57).

4.3. Cultivation and extraction

Strain INA 00887 from Gause Institute strain collection was
cultivated as described earlier.> Fermentation broth (0.25 L)
was separated by centrifugation and filtration into culture fil-
trate and mycelium. The culture filtrate was acidified by aq.
HCI to pH = 3.0 and extracted with n-butanol (2 x 100 mL),
the extracts were combined, concentrated in vacuo to dryness.
The residue was taken up in 1 mL of methanol and then fil-
tered (precipitate discarded). Preliminary antibacterial assay
of obtained extract was performed by agar disc (d = 6 mm)
diffusion method as following: 50 pL of the methanol sample
was dripped onto each disk, and 50 pL methanol was used as
the negative control. The indicator pathogens used for anti-
microbial assay were: Staphyloccocus aureus (ATCC 29213),
Escherichia coli (ATCC 25922), Aspergillus niger (ATCC 16404),
Candida albicans (ATCC 14053). The inhibition activity was
detected only against S. aureus strain. The HPLC-MS analysis
of obtained extract showed the presence of two peaks fully
identical with 1 and 2 from authentic sample (Fig. S67).

4.4. NMR

NMR experiments were carried out on Avance-III-800 and
Avance-1II-600 spectrometers (Bruker) equipped with 5 mm
triple-resonance (*H, **C, '°N) CryoProbes. The Cryst-2 sam-
ples contained about 10 mM of the compound in DMSO-dj,
CD;OH, or in H,O + 5% D,0. The Cryst-1 sample contained
about 4.5 mM of the compound in CD;OH. Spectra were
measured in the temperature range from 20 to 45 °C. The fol-
lowing 2D NMR spectra were measured for Cryst-2 in DMSO-
ds using standard gradient-enhanced pulse sequences:"
DQF-COSY, TOCSY (7, = 80 ms), NOESY (z,, = 100, 200, and
400 ms), ROESY (7, = 100 and 200 ms) ’N-HSQC, *C-HSQC,
multiplicity edited **C-HSQC (**C-HSQC-ed), **C-HMBC, and
3D TOCSY-"*C-HSQC (r, = 80 ms). The 'H chemical shifts
were referenced to the residual CD,H signals of CD;OH and
DMSO-d; at 3.33 and 2.50 ppm, respectively. Chemical shifts
of »*C and "N were referenced indirectly relative to tetra-
methylsilane (TMS) and liquid NH;. To estimate rates of ex-
change processes, intensities of the diagonal and exchange
cross-peaks in NOESY spectrum were fitted to solution of the
Bloch-McConnell equations in the Mathematica program
(ver. 7, Wolfram Research). The six rates for forward reac-
tions were treated as variables. The backward rates were cal-
culated from equilibrium populations of the states and for-
ward rates assuming microscopic reversibility. R1 relaxation
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rates were estimated from 1D inversion recovery experiment
(~0.55 s7') and assumed to be equal for different states.

4.5. Antibacterial activity

MICs were determined by broth microdilution according to
CLSI guidelines®® with or without Ca** ions. A total of ten
clinical isolates such as methicillin-resistant Staphylococcus
spp- (MRSA and MRSE) and vancomycin-resistant Enterococ-
cus spp. were used in this study. Staphylococcus aureus ATCC
29213 and E. faecalis ATCC 29212 were used as standard
microorganisms for quality control of the tests. These strains
were obtained from the State collection of pathogenic micro-
organisms of Tarasevich State Research Institution of Stan-
dardization and Control of Biological Medicines. The clinical
isolates were obtained from The Russia Research Institute for
Antibiotics Culture Collection.
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