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ABSTRACT: Three new bromotyrosine spiroisoxazoline alkaloids,
lacunosins A and B (1 and 2) and desaminopurealin (3), were isolated
from a MeOH extract of the marine sponge Aplysina lacunosa that showed
modest a-chymotrypsin inhibitory activity. The structures of 1—3 share
the spirocyclohexadienyl-isoxazoline ring system found in purealidin-R and
several other Verongid sponge secondary metabolites. Compounds 1 and
2 are coupled to a glycine and an isoserine methyl ester, respectively.
Alkaloid 3 is linked, contiguously, to an O-l-aminopropyl 3,5-
dibromotyrosyl ether and, finally, to histamine through an amide bond.
The planar structures of all three compounds were obtained from analysis
of MS and 1D and 2D NMR data. The absolute configuration of the SIO
unit of 1—3 was assigned by electronic circular dichroism (ECD). The
isoserine amino acid residue in 2 was found to be a 1:1 mixture of epimers
using a new Marfey’s type reagent, derived from Trp-NH,. Allylic O-naphthoylation of the SIO subunit enhances the ECD spectrum
of SIOs and improves discrimination of enantiomorphs. A unifying hypothesis is proposed that links the biosynthesis of several of
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the new compounds with previously reported analogues.

mong the earliest marine natural products reported are
alkaloids and peptides containing modified bromotyr-
osine residues from marine sponges (Porifera), mainly in the
order Verongida. Approximately 300 bromotyrosine alkaloids
of marine origin have been reported in the literature to date."”
The formidable oxidative brominating capacity of Verongid
sponges is manifested in not only secondary metabolites but
also high levels of bromotyrosine amino acid residues in the
structural proteins (chitin) of Ianthella basta® and Aplysina
cavernicola." Bromotyrosine secondary metabolites from
marine sponges show a variety of biological properties,
including antibacterial,® anti—inﬂammatory,6 amtineoplastic,7
and antifungal activities that clearly demonstrate bio- and
chemodiverse repertoires. A remarkable report by Berlinck and
co-workers shows that several bromotyrosine-derived natural
products, conventionally associated with Verongid sponges, are
produced by fermentation of a Verongid sponge-derived
bacterium, Pseudovibrio denitrificans Ab134.°
In screening for protease inhibitors, we found the MeOH
extract of the marine sponge Aplysina lacunosa from the
Bahamas exhibited significant inhibition of a-chymotrypsin
activity. Here we report the structures of three new brominated
spiroisoxazoline (SIO) alkaloidal peptides, lacunosins A (1)
and B(2) and desaminopurealin (3), from an assay-guided
survey of extracts with @-chymotrypsin inhibitory activity. The
structure of alkaloid 2 includes a rare isoserine residue.
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B RESULTS AND DISCUSSION

Extracts of the sponge A. lacunosa were found to induce 100%
inhibition of a-chymotrypsin at 50 ug-mL™". The total MeOH
extract of A. lacunosa was separated by progressive solvent
partitioning into four fractions, A—D, and a-chymotrypsin
inhibitory activity was found to partition into the CH,Cl,/
MeOH-soluble “B fraction”. Further purification of the latter
by size exclusion chromatography further segregated activity
into mid-eluting and late-eluting fractions (Figure 1). HPLC
and examination by LCMS and 'H NMR delivered three new
bromotyrosine-derived metabolites (1—3) in addition to the
known compounds aeroplysinin-1,” aerophobin-1,'’ aeropho-
bin-2,"* purealiclin-N,12 purealin,13 methyl ester 4a,"* and
aplysinin-B’* (for structures, see Supporting Information). MS
analysis of 1 and 2 showed a [M + Na]* of 474.9113 and
504.9215, corresponding to molecular formulas of
C3H4Br,N,O4 and C,H;¢Br,N,O,, respectively. The iso-
topic patterns of the sodium adduct ions confirmed the
presence of two Br atoms in each of 1 and 2. Additionally,
FTIR absorptions at ~3400 and 1680—1670 cm ™" revealed the
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Figure 1. a-Chymotrypsin inhibition by fractions from size-exclusion chromatography (Sephadex LH-20, MeOH elution) of Aplysina lacunosa

solvent-partitioned extract. See Experimental Section.

Table 1. 'H and *C NMR Data for 1-3 in CD;0D

8¢, type 8y (int., mult, J, Hz)

no. 14° 2¢ 3 24 3¢
1 752, CH 74.0, CH 74.1, CH 4.08, s 411, s 4.08, s
2 1139, C 112.6, C 112.9, C
3 148.7, C 147.8, C 147.7, C
4 122.1, C 1213, C 1213, C
5 132.3, CH 130.6, CH 130.8, CH 6.41, s 6.443 [6.437°), s 642, s
6 91.9, C 91.0, C 90.9, C
7 39.9, CH, 38.7, CH, 38.7, CH, 3.76, d (18.0) 3.79, d (18.6) 3.78, d (18.6)

3.09, d (18.0) 3.11, d (18.6) 3.10, d (18.6)
8 1547, C 1534, C 15358, C
9 160.3, C 160.2, C 160.2, C
10 41.3, CH, 42.5, CH, 36.6, CH, 4.01,s 3.600 [3.589°], dd (13.0, 6.0, 4.8) 3.58, t (6.9)
3.600 [3.589¢], dd (13.0, 6.0, 4.8)

11 1704, C 69.1, CH 29.2, CH, 4.34, dd (6.0, 4.8) 2.10, pent (6.6)
12 172.8 70.8, CH, 4.04, t (6.0)
13 1512, C
14 1175, C
14/ 117.5, C
15 133.1, CH 7.46, s
15’ 133.1, CH 7.46, s
16 1362, C
17 27.4, CH, 3.81, s
18 150.6, C
19 1642, C
20 37.6, CH, 3.56, t (6.7)
21 24.4, CH, 2.93,t (6.7)
22 133.1, C
23 116.1, CH 7.30, s
24 133.3, CH 8.77, s (Jeu = 218 HZ)
3-OMe 60.2, CH, 58.9, CH, 59.0, CH, 3.71,s 3.75, s 372, s
11-OMe 52.3, CH, 3.72's
12-OMe 51.3, CH, 3.77, s

“1C chemical shifts were obtained indirectly from HSQC and HMBC data. 125 MHz, (CDf«,)ZCO. 500 MHz. 600 MHz. “Signal for the C-11

epimer. See text for discussion of multiplet complexity and Figure 3b for NMR simulation.

From “!3C satellite” measurements.

presence of OH/NH and amide carbonyl groups, respectively.
Comparison of the 'H and *C NMR data of 1 and 2 (Table 1)
with reported literature values for (+)-purealidin-R'> (4b,
Figure 2) demonstrated that both 1 and 2 contained the SIO
moiety with different side chains attached to the amide NH.
The 'H and "*C NMR spectra of 1 showed the characteristic
teatures of the O-Me-spiroisoxazoline ring system common to
purealidin-R (4b) and many other bromotyrosine-derived
natural products from Verongid sponges. Additionally, the 'H
and HSQC spectra of 1 revealed an extra C-11 OMe group (g

3.72, s; ¢ 52.3) and the deshielded methylene CH,-10 (5
4.01, 2H, s; 6¢ 41.3). The C-9 signal (5c 170.4) in 1 was
assigned to a carboxamide which was linked, sequentially by
HMBC correlations, to the deshielded CH,-10 (6 4.02, 2H)
and the terminal methyl ester group at dy 3.72, therefore
constituting a Gly-OMe residue. Compound 1 is the N-Gly-
OMe-extended derivative of 4b.

The 'H and HSQC spectra of 2 indicated a diastereotopic
CH, group (6y 3.64, m and 3.60, m) with a complex multiplet
structure (see Figure 3 and discussion, below), an O-CH-11
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Figure 2. COSY and HMBC correlations of (—)-3 (600 MHz,
CD,OD).
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Figure 3. (a) '"H NMR spectra of the diastereotopic 10-CH, of 2
(600 MHz, CD;0D) and (b) simulated spectrum of ABX. Line width,
1.15 Hz, 8, 3.589, ] = 13.0, 6.0, 4.8 Hz; 55 3.644, ] = 13.0, 6.0, 4.8 Hz.
Epimer: 5, 3.600, ] = 13.0, 6.0, 4.8 Hz; 55 3.652, ] = 13.0, 6.0, 4.8 Hz
(8¢ is not shown). Ref 20.

(64 4.34, dd, 6.0, 4.8), and the 13-MeO signal (8y 3.75, s; 8¢
58.9) in addition to the anticipated SIO ring. A COSY cross-
peak between the CH,-10 and CH-11 signals, together with
HMBC correlations between CH,-10 and C-9/C-11/C-12,
between CH-11 and C-11/C-12, and between C-13-MeO and
the carbonyl C-12 (§c 172.8) suggest 2 comprises an SIO
joined to an isoserine (isoSer) methyl ester residue through an
amide bond.

Compound (—)-3, with the formula C,,H,4Br,NO-, is the
desamino analogue of purealin, a potent inhibitor of myosin
and dynein ATPase isolated from an Okinawan specimen of
Psammaplysilla purea.">"*® The 'H and *C NMR spectra of 3
were almost identical with those of purealin;13 the major
differences were the presence of an imidazolyl "H NMR signal
H-23 (6 8.77, s, YJcu = 218 Hz) and other minor chemical
shift changes near the histamine group. Full 'H and *C NMR
assignment of 3 was secured through DQF-COSY, HSQC, and
HMBC (Figure 2). HMBC correlations were observed from
H-21 (8 2.93, 2H, t, 6.7) to C-23 (5 116.1) and C-24 (5
133.3). As with almost all natural products containing a-
ketoxime-bromotyrosine amides, (—)-3 has the E-oxime
conﬁguration.15 The low specific rotation ([a]p —11) and
weak Cotton effect [1 253 (Ae +0.8), 284 (+0.8)] of (—)-3
suggest this sample is nearly racemic (see below).

The configuration of the isoSer in 2 was addressed by a
variant of Marfey’s method.'® Total hydrolysis of 2 (6 M HCI,
110 °C, 16 h), followed by treatment of the residue with our
newly described L-FDTA reagent (5, Scheme Y gave DTA

Scheme 1. Hydrolysis of 2 and Derivatization of isoSer by L-
FDTA (5)

a. L-FDTA (5),
NaHCO,
0
6M or 4M HCI gg’i‘c"”gb i
2 Jocizn N OH ,
' OH b. 1M HCI,
iso-Ser

0 o |
L-DTA. . F NO, !
N%OH —= RP-HPLC ; NH :
H OH i |
: S g :
iso-Ser-L-DTA ' H L-FDTA (5) '

derivatives with superior resolutions on reversed-phase
HPLC."® Unexpectedly, two peaks corresponding to r-isoSer-
L-DTA (ty = 13.63 min) and p-isoSer-L-DTA (tz = 13.94 min)
were observed, suggesting the isoSer residue in 2 was a mixture
of epimers. When the hydrolysis was repeated under milder
conditions (4 M HCI, 110 °C, 12 h), followed by
derivatization by L-FDTA, HPLC revealed the same mixture.
To exclude the possibility of epimerization during acid
hydrolysis of 2, authentic L-isoSer was subjected to the latter
conditions of hydrolysis, and upon L-FDTA derivatization and
HPLC analysis, a single peak was obtained corresponding to L-
isoSer-L-DTA. Consequently, the above results confirm that 2
is a mixture of C-11 epimers (1:1).

Given the results above, the complexity of the 'H NMR
spectrum of 2, particularly the 10-CH, multiplet structure,
could now be interpreted in a different, consistent manner.
From inspection of the structure of 2, the expected multiplet
pattern of NH—CH,—CH(OH)— (Figure 3a) should be that
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of an ABX system (the couplings of OH and NH signals are
absent due to deuterium exchange in CD;OD: see DQF-
COSY, 600 MHz, Figure S6). The CH,-10 signal should,
therefore, consist of a maximum of eight lines; yet clearly 16
lines are present. The most likely interpretation is that the 'H
NMR signals for CH,-10 of the epimeric mixture 2 are two
overlapping eight-line spin systems—the AB parts of two ABX
spin systems—with virtually the same vicinal and geminal |
values, but each slightly offset in chemical shift by different
amounts (on average, A§ ~0.01, or 6.6 Hz at 600 MHz)."
Because the nearest stereocenter C-6 is six bonds away, the 10-
CH, J-splitting pattern would be expected to be similar for
each epimer, dictated only by local torsional parameters,
solvation, and hydrogen bonding. The simulated 'H NMR
spectrum”’ (Figure 3b) supports these conclusions. In short,
the deceptive spectral complexity of the 10-CH, 'H NMR
signal of 2 arises from overlapping spin systems of
diastereomers.”!

The absolute configurations of the brominated cyclo-
hexadienyl-SIOs were originally assigned by Rinehart and co-
workers, who correlated the ECD spectrum and X-ray crystal
structure of the degenerate skewed 1,3-dienes in (+)-aero-
thionin,”*** based on earlier studies of aeroplysinin-1 by
Fulmor and co-workers** and ?ioneering chiroptical studies of
skewed dienes by Moscowitz™ and others.”® The 1,3-diene in
the canonical SIO structure, verongidoic acid (4c), deviates
from planarity by approximately +17°*" (Figure 4) and is

@ (b)
#Conf.  Energy, E Torsional
(kJ.mol™) Angle, 6¢
(deg’)
6 6.6 8.9 R,
5 6.4 7.3
4 5.7 8.0 @
3 1.4 -13.9
2 1.1 17.6
1 0.0 17.2
a. 0 (H-1-C-1-C-6-H6). b. 0 ‘(H -1-C-1-C-6-H6) = 102.2 ¢

Figure 4. Energy-minimized conformers (MMFF) of (1S,6R)-
verongidoic acid methyl ester (4a). (a) The six lowest E conformers.
(b) Model of the lowest E conformer (iSpartan).

expected to manifest a positive Cotton effect (CE). In fact, two
positive CEs are observed in the C, dimer, (+)-aerothionin
(Table 2): 1 245 nm (Ae +23.7) and 284 (+21.4).”° The
optical rotations of the commonly configured (1R,6S)-SIOs are
also consistently dextrorotatory (Table 2). Similar trends are
observed in other brominated skewed 1,3-cyclohexadienes,
(—)-aeroplysillin-1 (S5) and aplysinafulvin (S8), which lack an
SIO ring system. The ECD spectra of 1—3 (Figure S14) each
showed the same positive CEs, albeit of lower magnitudes than
(+)-aerothionin. The strongest CEs were those of 1 [1 253
(Ae +5.2), 284 (+3.6)] and the weakest, those of 3. It can be
concluded that the dominant chirality of the SIO ring in 1-3 is
(1R,6S), as depicted, but 3 is nearly racemic. Further
chiroptical determination of the %ee of 1-3 is impeded by
lack of reliable standard SIOs of known %ee.**

Concern was raised about the relatively lower magnitude
CEs observed in 1—3. Given that Ae is a molar quantity, the
magnitude of the CE should be relatively invariant across all
similar SIOs that lack additional stereogenic centers,” yet this
is not the case. For example, the magnitudes of the CE at A

~250 nm observed in samples of fistularin-3 (S2) range from
Ae +16 to +32.1 (Table 2). We were left to consider the
possibility that 1—3 are not homochiral; that is, the SIO ring
system is formed with imperfect stereofidelity.”® There is
precedence for this phenomenon; for example, ianthesine-A
(S14) and -B—D, from an Australian Ianthella sp.,”" purealidin
B (S15) from an Okinawan Psammaplysilla purea,”> and
pseudoceratinines A and C (S16 and $17) from P. verrucosa>
have SIO rings of the antipodal (15,6R) configuration. Capon
and co-workers isolated (+)-purealin (S18) from Southern
Australian specimens of Pseudoceratina spp. and convincingly
demonstrated that coisolated (—)-pseudoceratinine A (S16)
and (—)-aerophobin-2 were partial racemates after conversion
(R-MTPA, DCC) to a mixture of their respective diastereo-
meric R-Mosher’s esters (dr 2:1).”* From a sample of P.
verrucosa collected in Dampier, Western Australia, Karuso and
co-workers found the (—)-enantiomer of (+)-purpuroceratic
acid B (8b)*>*® along with other antipodal SIO compounds.®”
Finally, the curious case of 4c offers an even more interesting
study: The EC of 4c (Table 2) is of lower magnitude and
opposite in sign to that of fistularin-3 (S2), both isolated from
the same specimen of Pseudoceratina sp. from the Bahamas.*®

The 1,3-diene twist of SIOs gives rise to a modest CE, which
becomes difficult to detect in “near racemic” samples. In order
to enhance the ECD signal in SIOs and provide an
independent indicator of chirality, we exploited the useful
cyclic allzflic benzoate method developed by Nakanishi and co-
workers.”” The exciton coupling (EC) observed between the
two nondegenerate chromophores—a benzoyloxy group and
the adjacent C=C bond—gives rise to a split Cotton effect, of
which the sign of the longer wavelength component is
determined reliably from the helicity. When extended to
acyclic 1,3-dienyl naphthoate esters, the magnitude of the EC
is enhanced significantly. From energy-minimized models of 4a
(Figure 4), it is apparent the diene helicity (6 (H-1-C-1-C-
6—H6 = 17.2°) and allylic helicity (8 (H-1-C-1—-C-6—H6) =
102.2°) are of the same sign. We reasoned that the
superposition of CEs arising from helicities of the 1,3-diene
and 1,3-dienyl naphthoate moieties would reinforce the
magnitude of the CE.

Treatment of synthetic (+)-4a'*® with 6-methoxy-2-naph-
thoyl chloride (6)*° (Et;N, DMAP, CH,Cl,, Scheme 2) gave
naphthoate ester (—)-7. The ECD spectrum of naphthoate
ester (—)-7 (Figure 5) showed additional complexity not seen
in the ECD spectrum of the parent SIO including a red-shifted
positive Cotton effect (4 310 nm, Ae +7.6) corresponding to
the forbidden R-band (n — z*) of the naphthoate
chromophore. Although the magnitude of the CE in (—)-7 is
no greater than native SIOs, the “fingerprint” CE of similar 6-
methoxy-2-naphthoate esters may be useful for fine-scale
chiroptical analyses where longer wavelength features are
preferable.

Brominated SIOs arise from bromination—oxidation of
tyrosine, as shown by Rinehart and co-workers using '*C-
labeling.*” Much speculation has appeared on the biosynthesis
of the SIO and subsequent transformation, the consensus
being that the SIO ring system arises from oxidation of a 3,5-
Br,Tyr-a-ketoxime to an 1,2-arene epoxide followed by
intramolecular Sy2 attack—ring opening by the C=NOH
group. The dominance of (+)-(1R,6S)-SIO stereoisomers in
Nature attests to re-facial selectivity of the putative arene
epoxidase, with the less common (—)-(15,6R) enantiomorphs
arising from variant enzymes exhibiting preferential si-facial
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Table 2. Chiroptical Data ([a]p, ECD) for Three Chemotypes (A—C) of Dibromocyclohexa-1,3-dienes

OMe OMe OMe
Br Br Br. Br Br
Hoj@/ A Hojq B C Spiroisoxazoline
HO" “CN HO' R' = NH,,
NH-alkyl, R2 R2=0H, OMe
R0 ote NH,, NH-alkyl-COOR', etc

compound type origin species [alp A/nm (Ae)® A/nm (Ag)“ ref
1 C Bahamas Ap. lacunosa® +71.8 253 (+5.2) 284 (+3.6) ‘
2 C Bahamas Ap. lacunosa® +32 253 (+3.1) 284 (+2.8) €
3 C Bahamas Ap. lacunosa® —11 253 (+0.8) 289 (+0.8) <
(+)-aerothionin (S1) C Mexico Ap. fistularis® +210° 245 (+23.7) 284 (+21.4) 22
fistularin-3 (S2) C Belize Ai. crassa’ 273 (+32.1) 287 (+27.6) Sc
araplysillin III (S3b) C Belize Ai. crassd’ +96.3% Sc
hexadellin C (S4) C Belize Ai. crassd’ +102" Sc
(=)-aeroplysinin-1 (S5) A Caribbean Ia. ardis” —198* 282 (—15) 24
(+)-aeroplysinin-1 (S6) A Bahamas Ia. sp. +182F 24
“verongidoic acid” (4c) C Bahamas Ds. crassa” 245 (—9.1) 284 (—6.4) 48
S2 C Virgin Islands Ap. f. fulva™ +104.27 41
S2 C Bahamas Ps. crassa™ 245 (+16) 284 (+15) 48
S2 C Brazil Ap. cauliformis’ 252 (+19.7) 286 (+19.7) 52
S2 C Bahamas ‘Ap. fulva 251 (+19.0) 285 (+17.8) 52
11-epi-fisturalin-37 (S7) C Australia Ag. oroides” +65.2° 248 (+23.7) 284 (+20.6) 42
aplysinafulvin (S8) B Brazil Ap. fulva' +130“ 251 (+1.63) 285 (+0.79) 43
(128)-hydroxy-11-oxo-aerothionin (S9) C Bahamas Ap. fistularis” +152.5 250 (+18.2) 288 (+15.2) 44
(12R)-hydroxy-11-oxo-aerothionin (S10) C Bahamas Ap. fistularisd +162.7 251 (+18.3) 288 (+15.0) 44
11-hydroxyaerothionin (S11) C Brazil Ap. caissara” +178" 248 (+24) 284 (+24) 45
Caissarine C (S12) C Brazil Ap. caissara” +175% 248 (+26) 290 (+27) 45
N-sulfatoaraplysillin 1 (S13) C Bahamas ‘Ap. fulva™ +100” 244 (+8.3) 285 (+8.0) 50
(+)-purpuroceratic acid B (8b) C Bahamas ‘Ap. fulva’® +140° 243 (+7.0) 289 (+5.2) 50
(—)-purpuroceratic acid B (8b) Australia Ps. verr™® -9t 37
ianthesine A (S14)“¢ C Australia Ianthella sp. —1187° 248 (—10.2) 285 (—9.94) 31
purealdin B (S15)“¢ C Japan Psa. pur.*¢ —4.5Y 252 (=2.5) 290 (—2.4) 32
pseudoceratinine A (S§16)° C New Caledonia Ps. verr.*” —158%¢ 248 (—9.66) 290 (—8.48) 33
(—)-purealin (S18)~ C Japan Psa. pur.“¢ —85°" 245 (—9.51) 284 (—9.15) 13
(+)-purealin (S18) C Australia Ps. sp “ 34
subereamolline A (S19a) C Egypt Suberea mollis +156.5Y 46
subereamolline A (S19a) C Egypt Suberea mollis +22.99% 46

“MeOH. Literature values of molar ellipticities, [0], are normalized: Ae = 3300[0]. See Supporting Information for the structures S1—S19b.
bAplysina lacunosa. “This work. See Experimental Section. dAplysina fistularis. °(c 1.0, MeOH).fAiolochroia crassa. (c 0.19, MeOH). h(c 0.067,
MeOH). ‘Renamed Aiolochroia crassa. ‘Ianthella ardis. “(c 0.5, acetone). ‘Pseudoceratina crassa. " Pseudovibrio denitrificans Ab134 isolated from the
sponge Arenosclera braziliensis. " Aplysina forma fulva. °Aplysina cauliformis. ¥ Originally identified as Aplysina fulva, but upon review, it is more likely
Aplysina fistularis. 9The configuration at C-11 is variable.>* "Agelas oroides. *(c 1.04, acetone). ‘Aplysina fulva. “(c 0.002, MeOH). *Aplysina caissara.
*(c 0.0014, MeOH). *(c 0.0021, MeOH). *(c 0.06, MeOH). =(c 0.04, MeOH). ““Pseudoceratina verrucosa. “*(c 0.4, MeOH). ““Less common
(1S,6R) configuration. (¢ 1,02, MeOH). “*Psammaplysilla purea (likely P. purpurea). “(c 1.3, MeOH). *¢(¢ 1, MeOH). “"(c 2.1, MeOH). “/No

chiroptical data; presumably “0”. /(¢ 0.55, MeOH). “*(¢ 6.25, CH,CL,).

Scheme 2. Naphthoate Ester (—)-7 from Acylation of (+)-4a

0
(+)-4a,
OO Cl ProNEt, DMAP
MeO CHyCl,

selectivity or even nonselectivity in the cases of near-racemic
SIOs. Another way to view this outcome is imperfect
desymmetrization by O atom addition to the aryl ring of the
3,5-Br, Tyr-a-ketoxime precursor.

In this report, our interest was on the origin of isoSer, a rare
nonproteinogenic amino acid observed in 2 and the first time
in an SIO. Although it is possible that isoSer derives from an
independent, discrete biosynthetic pathway like most other
AAs, the rac-modification seen in 2 suggests an alternative
explanation: a postassembly oxidation of the SIO-containing
compound (Scheme 3). Condensation of 4c (reported from
Pseudoceratina sp.** and as a fermentation product of
Pseudovibrio denitrificans Ab1348* and given the name
“verongidoic acid”) with f-alanine would give purpuroceratic
acid A (8a),° a likely intermediate also found with
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Figure 5. UV—vis and ECD spectra (c2.49 X 10~° M, MeOH, 23 °C)
of 6’-methoxy-2'-naphthoate ester (—)-7 derived from (+)-4a.

Scheme 3. Biosynthetic Hypothesis for 1, 2, and 4b
3,5-dibromo-Tyr

|

OMe
Br Br

COOH COOH

8a:n=

1
8b:n=2

homologues (e.g.,, purpuroceratic acid B, 8b), in at least two
other Verongid sponges.'**° Compound 8a would then suffer
stereorandom a-hydroxylation by a monooxygenase enzyme
(Scheme 3), giving carboxylic acid i; the corresponding methyl
ester 2 arises as an artifact of adventitious Fischer—Speier
esterification during extraction with MeOH.”" Earlier observa-

tions of nonspecific hydroxylation of spiroisoxazolines from
Aplysina sp. support the notion that such “biotransformations”
may be commonplace in the biosyntheses of brominated
SIOs.” Finally, a unifying hypothesis comes to mind. The
structure of purealidin-R (4b), itself, may arise from a well-
known pathway to C-terminal primary amides:” a-hydrox-
ylation of the terminal Gly residue of ii (again, 1 arises from ii
by adventitious methylation of ii) to give the carbinolamine iii
followed by hydrolytic loss of glyoxylic acid to give 4b.

Several peptides with isoSer residues have been shown to be
protease inhibitors. For example, a series of synthetic isoSer-
containing p_e4ptides showed significant inhibition of amino-
peptidase-N.>* Upon assay, none of the new compounds 1—3
or the other seven known secondary metabolites from the
active extract of A. lacunosa showed inhibition of a-
chymotrypsin at concentrations up to 25 ug-mL™", suggesting
the chemical entity responsible for inhibitory activity is a very
minor, potent congener that escaped detection or decomposed
during purification.

In conclusion, three new brominated spiroisoxazoline
alkaloids (1—3) were isolated from extracts of Aplysina
lacunosa, and their structures determined by integrated analysis
of MS, NMR, and ECD data. The rare amino acid (+)-isoSer
was found as a residue in 2, a 1:1 mixture of epimers.
Configurational heterogeneity is noted in spiroisoxazolines,
both in ECD and the range of magnitude of the Cotton effects
(Ag) and preparation of diastereomeric amides from 4c. None
of the new or known compounds were responsible for activity
in the a-chymotrypsin inhibition assay.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a JASCO P-2000 polarimeter at the D-double emission
line of Na. UV—vis spectra were measured on a JASCO V-630
spectrometer. ECD spectra were measured on a JASCO J-810
spectropolarimeter at 23 °C in quartz cells of 1, 2, or S mm path
length. FTIR spectra were collected from thin film samples using a
JASCO FTIR-4100 fitted with an ATR ZnSe plate. 1D and 2D NMR
spectra were measured on a JEOL ECA (S00 MHz) spectrometer,
equipped with a 5 mm "H{"3*C} room-temperature probe, or a Bruker
Avance III (600 MHz) NMR spectrometer with a 1.7 mm 'H-
{C/"*N} microcryoprobe (23 °C). Chemical shifts were referenced
to internal solvent or residual 'H signals (CDCly, 8y 7.26 ppm; ¢
77.16. CD;0D, &y 3.31; 6c 49.00). LC-MS measurements were
performed with a Thermoelectron Surveyor UHPLC coupled to an
MSD single-quadrupole detector. HR-ESI-TOF mass spectroscopy
analyses were conducted on an Agilent 1200 HPLC connected to an
Agilent 6350 TOF-MS at the Small Molecule Mass Spectrometry
Facility at the Department of Chemistry and Biochemistry at UCSD.
Preparative, semipreparative, and analytical HPLC purifications were
carried out on a JASCO system consisting of a UV—vis detector (UV-
2075), dual pumps (PU-2086 Plus), and a dynamic mixer (MX-2080-
32).

Biological Material. The sponge Aplysina lacunosa (11-14-018)
was collected in 2011 from Little San Salvador Island in the Bahamas
(lat. 24° 35.242' N, long. 75° 58.495' W) at a depth of —23 m using
scuba and kept frozen (—20 °C) until needed. A type sample
(MeOH) is archived in the Department of Chemistry and
Biochemistry, UCSD.

Extraction and Isolation. A sample of A. lacunosa (11-14-018)
was lyophilized (dry wt 24.0 g) and extracted twice with MeOH (2 X
400 mL). The combined, filtered extracts were concentrated under
reduced pressure to yield an extract (5.17 g), which was dissolved in
MeOH/H,0 (9:1, 400 mL) before repeated partitioning against
hexanes (3 X 400 mL) to provide the hexane-soluble “A” fraction
(0.2517 g). The MeOH/H,O solution (6:4, 600 mL) was adjusted to
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40% v/v H,0O, and the mixture repeatedly partitioned against CH,Cl,
(2 X 400 mL). The combined CH,Cl, layers were concentrated to
deliver the CH,Cl,-soluble “B-fraction” (0.8412 g) after removal of
volatiles. The MeOH/H,O layer was concentrated under reduced
pressure, and the residual aqueous layer extracted with n-BuOH (2 X
300 mL) to yield the n-BuOH-soluble “C” layer (1.2460 g) and H,O-
soluble “D” layer (2.8300 g) after removal of volatiles.

The “B-fraction” (0.7342 g) was separated by size-exclusion
chromatography (Sephadex LH-20, MeOH), and the eluate grouped
into 16 fractions by TLC profiling (9:1 of CH,Cl,/MeOH, UV-
activity, p-anisaldehyde stain). The tenth fraction (18.5 mg) was
further purified by reversed-phase preparative HPLC (Phenomenex
Cys column, 150 X 21.2 mm, S ym, under gradient elution: initial
conditions 10% CH;CN/H,0—0.1% TFA for 3 min to 60% CH;CN/
H,0-0.1% TFA over 20 min, 13 mL-min~' flow rate) to yield
lacunosin A (1, 3.2 mg) eluting at t = 17.19 min. The 11th fraction
(10.0 mg) was also purified by reversed-phase semipreparative HPLC
(Phenomenex C,g column, 250 X 10 mm, S ym, step gradients, initial
conditions: 30% CH;CN/H,0-0.1% TFA for S min to 75%
CH,;CN/H,0—-0.1% TFA for an additional 25 min, 2.5 mL-min~*
flow rate) to yield 13 fractions. Fraction 6 (0.3 mg) contained
lacunosin B (2) eluting at t; = 18.95 min. Fraction 9 (0.2 mg), which
eluted at t; = 21.38 min, was further purified by reverse-phase
analytical HPLC (Synergi Hydro-RP column, 150 X 4.6 mm, 4 um,
step gradients, initial conditions 20% CH;CN/H,0—0.1% TFA for 3
min to 70% CH;CN/H,0—0.1% TFA for 32 min, 0.7 mL-min~! flow
rate) to yield desaminopurealin 3 (0.1 mg), which eluted at t; = 24.50
min. An additional 0.7 mg of compound 3 was purified from the 12th
fraction (11.7 mg) of the LH-20 column under similar semi-
preparative HPLC conditions as the 11th fraction. Additional
repeated HPLC separations delivered aeroplysinin-1,” aerophobin-
1, aerophobin—Z,ll purealidin—N,12 methyl ester 4a,'*" and
aplysinin-B’* and whose identities were confirmed by MS and 'H
NMR.

Lacunosin A, 1: pale yellow solid; [a]*%, +71.8 (¢ 1.00, MeOH);
ECD (¢ 3.93 X 107* M, MeOH) 1., (Ag) 214 (—1.8), 227 (0), 253
(+5.08), 282 (+3.7) nm; UV (MeOH) A, (log £) 194 (3.48), 230
(3.37), and 282 (3.09); FTIR (ATR, film, ZnSe) v 3353, 1744, 1671,
1599, 1541, 1438, 1205, 1133, 1047, 1025, 988, 916, 837, 801, 766,
and 722 cm™!; 'H and *C NMR data, Table 1; HRMS (ESI-TOF)
m/z 474.9113 [M + Na'] (calcd for C;3H;,Br,N,O4Na*, 474.9111).

Lacunosin A, 2: white solid; [a]*?, +31.8 (c 0.15, MeOH); UV
(MeOH) 4, (log &) 194 (3.68), 225 (3.48), and 281 (3.15) nm;
ECD (c 3.56 X 10* M, MeOH) A,., 214 (Ae —1.4), 227 (0), 251
(+3.1), and 282 (+2.7) nm; FTIR (ATR, film, ZnSe) v 3427, 168S,
1207, 1141, 805, and 724 cm™; 'H and *C NMR data, Table 1;
HRMS (ESI-TOF) m/z 504.9215 [M + Nal]* (caled for
C4H,¢Br,N,0,Na*, 504.9216).

Desaminopurealin, 3: white solid; [a]**, —10.5 (¢ 0.13, MeOH);
UV (MeOH) 4,,,,, (log €) 205 (3.88), 221 (4.56), and 275 (3.04) nm;
ECD (c 4.63 X 107* M, MeOH) A, (A¢) 214 (—0.34), 227 (0), 251
(+0.8), and 282 (+0.7); FTIR (ATR, film, ZnSe) v 3405, 1684, 1207,
1142, 804, and 722 cm™%; 'H and *C NMR data, Table 1; HRMS
(ESI-TOF) m/z 864.8828 [M + H]' (caled for C,,H,4Br,N,O,",
864.8826).

Compound 4a: white solid; [a]**, +145 (c 0.44, MeOH), lit.'*
[a]*"?, +165.5 (¢ 0.325, C4Hy); ECD (1.07 x 107> M, MeOH) A
(Ag) 222 (4.48), 252 (12.58), and 289 (—4.83) nm; 'H NMR and
HRMS of 4a were consistent with literature values.'*>*

Acid Hydrolysis of 2. A sample of 2 (0.1 mg, 0.2 umol) was
dissolved in 4 M HCI (100 L, 400 umol) and stirred in a sealed vial
at 110 °C for 12 h. The solution was cooled to room temperature,
dried under a stream of N,, and derivatized with L-FDTA (5)"” to
yield the isoSer-DLT derivatives of 2 for LC-MS analysis (see below).

Absolute Configuration of isoSer in Compound 2. To the acid
hydrolysate of 2 in H,0 (50 L) were added 1 M NaHCO; (50 uL,
50 pmol) and 1-FDTA'” (5, 0.25 mg, 0.65 pmol) in acetone (75 uL).
The reaction was stirred at 85 °C for 30 min, cooled, and neutralized
with 1 M HCI (50 uL, 50 umol). The derivatized hydrolysate (20 uL)
was diluted with MeOH (80 uL), centrifuged, and analyzed by LC-

MS (Hypersil Gold, C;3 column, SO X 2.1 mm, 1.9 um, linear
gradient, initial conditions 15—45% CH,CN/H,0-0.1% HCOOH
over 25 min, 0.5 mL-min~" flow rate). L-DTA derivatives of authentic
standards of L- and DL-isoSer eluted gave peaks at t = 13.63 and 13.94
min, respectively. The LC-MS analysis of the L-DTA derivative of the
acid hydrolysate of 2 gave both L-isoSer-L.-DTA and p-isoSer-L-DTA
(ratio ~1:1).

6’-Methoxy-2'-naphthoate Ester (+)-7. A solution of (+)-4a
(1.0 mg, 2.5 umol) in CH,Cl, (0.2 mL) was treated sequentially with
6-methoxy-2-naphthoyl chloride (0.55 mg, 10 gmol, prepared from
the corresponding carboxylic acid and oxalyl chloride), Et;N (1.0 mg,
10 ymol), and DMAP (~0.5 mg) at 0 °C, then stirred for 16 h at 23
°C. The mixture was concentrated, applied to a preparative TLC plate
(silica, 20 X 20 X 0.1 cm), and the plate eluted (40:60 EtOAc/
hexanes) to give a nonpolar UV-active fraction (1.4 mg) containing
(£)-7 (Rj = 0.26, 35:65 EtOAc/hexanes). The latter was further
purified by HPLC (normal phase, Rainin Dynamax 10 X 250 mm, §
#, 35% EtOAc/hexanes, 4.0 mL-min~") to give (+)-7 as a straw-
yellow solid (0.73 mg, 49%): UV—vis (MeOH) 4,,,, 209 nm (log,, &
4.16), 241 (4.17), 255 (4.18), 310 (3.48); 'H NMR (500 MHz,
CDCl,) 6 8.49 (1H,5),7.97 (1H, dd, ] = 8.4, 1.2 Hz), 7.85 (1H, d, ] =
9.0 Hz), 7.77 (1H d, ] = 8.4 Hz), 7.21 (1H, dd, ] = 9.0, 2.4 Hz), 7.16
(1H, d, ] = 2.4 Hz), 6.40 (1H, 5), 6.18 (1H, s), 3.96 (3H, 5, 6'-OMe),
3.85% (3H, s, 3-OMe), 3.82* (3H, s, COOMe), 3.61 (1H, d, ] = 18.6
Hz, H-7b), 3.10 (1H, d, ] = 18.6 Hz, H-7a); HRMS (ESI-TOF) m/z
601.9418 [M + Na]* (calcd for C;4H;¢Br,N,0-Na*, 601.9420).

(1R,65)-6"-Methoxy-2'-naphthoate Ester (1R,6S)-7). A sample of
(£)4a (42 mg) was separated by semipreparative chiral-phase
HPLC (Phenomenex, Amylose-2, 10 X 250 mm, 30:70 CH;CN/
H,0, 4.0 mL-min™") to give pure (+)-4a (tg = 18.2 min, 1.5 mg) and
(—)-4a (tx = 30.6 min, 1.5 mg). A sample of (+)-4a (0.78 mg, 2.0
umol) was acylated with freshly prepared 6-methoxy-2-naphthoyl
chloride (7.9 ymoL) and Et;N (7.9 umol) in CH,Cl, (80 uL) to give
(1R,6S)-7a (0.29 mg) after purification by HPLC (normal phase,
Rainin Dynamax 10 X 250 mm, S y, 35% EtOAc/hexanes, 4.0 mL-
min~! ; = 7.4 min). (1R,6S)-7: colorless solid; [a]*y, —21 (c 0.058,
MeOH); UV—vis (MeOH) 4,,,, (log;, ) 210 (4.11), 237 (4.37), 253
(4.20), and 310 (3.82) nm; ECD (2.49 X 10> M, MeOH) 1 (Ae)
217 (=5.7), 267 (+4.7), and 310 (+7.6) nm; 'H NMR (600 MHz),
identical with that of (+)-7; HRMS (ESI-TOF) m/z 596.9860 [M +
NH,]" (caled for C,,H,4Br,N,0,", 596.9867).

l4c
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