Chemical stability of petrichorins
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ABSTRACT: The structure of petrichorin C1 (4) converted from petrichorin C (3) was determined by using NMR and x-ray. The
chemical stability of petrichorins A and C (1 and 3) was investigated by NMR, X-ray and calculations.

In our recent efforts to discover unique biologically active
compounds from underexploited rare actinomycetes, we identi-
fied three piperazyl cyclopeptides petrichorins A-C (1-3) (Fig. 1)
from Lentzea flaviverrucosa DSM 44664.! These compounds, es-
pecially petrichorin A (1), showed potent anti-proliferative activ-
ity with ICso values at the nanomolar level. Petrichorin A (1) is an
unsymmetrical heterodimer, and petrichorin B (2) is a symmet-
rical homodimer, while petrichorin C (3) is a hexaminoacid mon-
omer comprising one half of 1.

Fig. 1. Structures of compounds 1-4

Fig. 2. X-ray structure of compound 4.

During our analysis of compound 3? (about 5 milligram in 0.5
mL of acetone-ds with 2 drops of DMSO-ds), we observed an ob-
vious change of the 'H NMR spectrum after overweekend NMR
experiments. We found that compound 3 was almost completely
converted to a new compound (4) when NMR tubes were stored
at 4°C. Both 1D and 2D (COSY, TOCSY, HSQC, HMBC, and
NOESY) NMR data (Table S1, Fig. S1-6) of the sample were col-
lected, and the structure of compound 4 was readily determined.
Suitable crystals (0.15 x 0.06 x 0.04 m) for an X-ray crystallo-
graphic study were also obtained from aqueous methanol at room
temperature after repeated recrystallization. The final structure
and the absolute configuration of 4 were then unambiguously
confirmed by single-crystal X-ray diffraction with Flack(x)= -
0.01(2), and Hooft(y) = 0.071(16)* (Fig. 2, Fig. S7, Fig. S8, and
Tables S2-S4).

Because the mechanism behind the apparent conversion of 3
to 4 was not immediately clear to us, we decided to explore this
phenomenon further. By comparing these two compounds, we
hypothesized (Fig. 3) that an acid-catalyzed elimination (C8a-C1
bond cleavage) of 3 is followed by the nucleophilic attack of the
amide nitrogen in the Ala moiety to C8a to yield 4. To shed light
into this proposed mechanism, we carried out DFT calculations
of'3, 3a, and 4 at the ® B97XD/6-31G* level, including the effect
of the solvent (acetone) using SMD,* as implemented in Gaussian
09.5 The ®B97XD functional was developed by Head-Gordon
and co-workers, using a version of Grimme’s D2 dispersion
model, and was successfully employed in recent theoretical stud-

6 After exhaustive exploration of the conformational land-
scape with MMFF we found hundreds of conformations of each
target structure. Given the size of the system under study, we nar-
rowed down the conformational size following a workflow in-
cluding geometry optimizations at increasingly larger levels to
filter out duplicates and high-energy shapes (see SI). As shown in



Fig. 4, the calculations supported the transformation of 3 into 4.
The opening of 3 to give the corresponding imine 3a is ender-
gonic, with a AG=9.1 kcal/mol. On the other hand, the transfor-
mation of 3a into 4 by nucleophillic attack of the amide nitrogen
present in the Ala moiety is exergonic (AG=10.5 kcal/mol). Over-
all, compound 4 is 1.4 kcal/mol more stable than the precursor 3,
and the energy gap significantly increases considering only the
enthalpy (AH = -3.8 kcal/mol), consistent with the experimental
findings.

Unfortunately, the reaction intermediate 3a couldn’t be chem-
ically trapped nor isolated in our experimental setting, suggesting
that the intermediates are solvolytically very unstable. 4 was not
evaluated for its bioactivity due to lack of material after analysis.
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Fig. 3. Proposed conversion of petrichorin C (3) to petrichorin C1
(4). Rearrangement and ring expansion illustrated stepwise for
clarity.

Fig. 4. Free energy reaction profile computed for the transfor-
mation of 3 into 4 at the SMD/wB97X-D/6-31G* level. The
global minima structures found for each compound are shown and
the energies are given in kcal/mol.

Compared with 3, the symmetric homodimer, petrichorin B
(2), was relatively stable. We believe that the left hemisphere (5,
not detected') of compound 1, which is exactly the same as the
right and left hemispheres of 2, is stable.

Petrichorin C (3) makes up the right hemisphere of
petrichorin A (1), and because of this we surmised that 1 might
suffer innate instability stemming from 3. However, we failed
observe an obvious change of 1 when routinely stored at -20 °C
for chemical analysis and bioassay evaluation. Therefore, we
surmised that while compound 1 could undergo similar conver-
sion as 3 (Fig. 5), the dimeric 1 seemed more kinetically stable.
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Fig. 5. Proposed conversion of 1 into 6.

To model the stability of compound 1, we performed DFT cal-
culations at the SMD/ ® B97X-D/6-31G* level following the
same computational procedure discussed above. We started by
computing the Gibbs free energy difference between 1 (a hetero-
dimer of 5 and 3) and 6 (a heterodimer of 5 and 4). The results
showed a AG value of 5.4 kcal/mol, indicating that 6 is thermo-
dynamically more stable than 1 (Fig. 6). This gap is larger than
that found for 3 and 4 (1.4 kcal/mol), suggesting that the 16
conversion should be more favored. However, since 6 has not
been isolated nor identified, we suspected that the isomerization
might kinetically slowed. To validate our hypothesis, we com-
puted the energy of 1a, the right hemispheres of which are the
equivalent heterodimers of intermediates 3a (Fig. 6). Our calcu-
lations demonstrated that the 1/1a gap (A G=11.6 kcal/mol) is in-
deed considerably larger than that of 3/3a (A G=9.1 kcal/mol),
possibly accounting for the kinetic stability of 1, consistent with
our observations while previously working with the compound.
Although 6 is thermodynamically more stable than 1, the higher
energy barrier between 1 and 1a than that between 3 and 3a makes
the conversion from 1 to 6 kinetically harder and slower than that
from 3 to 4.

Another possible conversion mechanism is the epoxide for-
mation at C3a-C8a in the tryptophan unit with the amide nitrogen
(position-1) as a leaving group to form the intermiediate 3a’ or
1a’, followed by the attack of the other amide nitrogen in the Ala
moiety to C8a to produce 4 or 6. Our calculations showed that this
path has much higher barriers (AG=17.4 kcal/mol for 3a’ and 13.5
kcal/mol for 1a”) than those calculated for the iminie intermdiates
3a or 1a. In addition, compound 1a’ derived from the dimer (1)
is 3.9 kcal/mol more stable than the corresponding epoxide (com-
pound 3a”) derived from monomer 3 (Fig. S9-S12), which is in-
consistent with our experimental observation.
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Fig. 6. Free energy reaction profile computed for the transfor-
mation of 1 into 6 at the SMD/@B97X-D/6-31G* level. The
global minima structures found for each compound are shown and
the energies are given in kcal/mol.

A third possible conversion mechanism could be that 3 or 1
opens at the amide bond between the hydroxyhexahydro-
pyrrolo[2,3-b]indole-2-carboxamide (HPIC) and Ala moieties to
yield 3a” or 1a”, which might be catalyzed by the aqueous formic
acid residue from the HPLC separation. The Ala amine subse-
quently nucleophilically attacked the electron-poor atom C-8a of
HPIC, which is flanked by two nitrogen atoms with higher elec-
tronegativity than C-8a, to generate 3b” or 1b”. The same amino
group in 3b” or 1b” would react with the carboxylic acid group
at the 2-position of HPIC to produce the unexpected compound 4.
Although the energy barrier between 3 (or 1) and 3a”/3b” (or
1a”/1b”) is lower than that between 3 (or 1) and 3a (or 1a) (Fig.
S13-S16), the opening and closing of the macrocyclic peptide ap-
peared to be unlikely.
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(3) X-ray Crystallography of compound 4 (CCDC number: 2005096,
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