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RATIONALE: Sauroxine and N-demethylsauroxine are lycodine-type Lycopodium alkaloids. In recent years, Lycopodium
alkaloids have gained significant interest due to their unique skeletal characteristics as well as due to their
acetylcholinesterase activity. It is known that drugs that inhibit acetylcholinesterase can be used to treat the early stages
of Alzheimer’s disease.

METHODS: Sauroxine and N-demethylsauroxine were isolated from the aerial parts of Huperzia saururus (Lam.) Trevis.
Electron ionization mass spectrometry (EI-MS) (low resolution) and collision-induced dissociation tandem mass
spectrometry (CID-MS/MS) fragmentation was conducted using an ion trap, GCQ Plus mass spectrometer with
MS/MS. Electron ionization high-resolution mass spectrometry (EI-HRMS) was performed in a magnetic sector mass
spectrometer (Micromass VG).

RESULTS: Using GC/EI-CID-MS/MS we obtained different fragmentation routes that connect all the ionic populations.
In addition, the use of EI-HRMS allowed us to measure the exact masses of all the fragment ions, and, with all this
information gathered, we tried to establish a fragmentation scheme concordant with the ascendant and descendant
species.

CONCLUSIONS: The mass spectrometry studies presented in this work complete our mass studies of Lycopodium
alkaloids. The mass spectrometry work presented has been very useful to confirm the structures as well as to support
the biogenetic relationships between the lycodine-type Lycopodium alkaloids: sauroxine and N-demethylsauroxine.
Copyright © 2014 John Wiley & Sons, Ltd.

The Lycopodium alkaloids are a family of structurally diverse
and bioactive natural products.’! In recent years, these
alkaloids have attracted significant interest due to their
unique skeletal characteristics as well as because of their
biological activities.!*?! Taking into account the structural
characteristics and biogenetic relationships, the Lycopodium
alkaloids can be divided into four different structural classes:
the lycodine class (Fig. 1(a)), the lycopodine class (Fig. 1(b)),
the fawcettimine class (Fig. 1(c)) and the miscellaneous class
(Fig. 1(d)).

On the other hand, the most significant bioactivity that
has been elucidated in Lycopodium alkaloids is selective
and reversible acetylcholinesterase inhibition and/or
effects on memory-related phenomena.*! The inhibition of
acetylcholinesterase has been shown to improve symptoms
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in patients with Alzheimer’s disease (AD).”! 1t is known
that AD, a neurodegenerative disease of significant
socioeconomic impact, is associated with deficits in brain
neurotransmitters, especially acetylcholine. In this respect,
the discovery of new Lycopodium alkaloids possessing an
activity on learning and on memory seems to be promising
in the treatment of AD.

In previous studies, we isolated from Huperzia saururus
(Lam.) Trevis. (‘cola de quirquincho’, Lycopodiaceae)
Lycopodium alkaloids' and we reported the bioactivity of
the major alkaloids: sauroine and sauroxine (1) (Fig. 2).
Sauroine, a Lycopodium alkaloid of the lycopodine-type,
strongly enhances hippocampal long term potentiation
(LTP) as well as memory retention, demonstrated in vivo.’!
At the same time, it was not an inhibitor of the
acetylcholinesterase enzyme. On the contrary, compound 1,
a Lycopodium alkaloid of the lycodine-type, was an
acetylcholinesterase inhibitor, but had no effect on LTP.”

On the other hand, we had previously reported the mass
spectrometric study of sauroine.® In this work, we focus on
the application of mass spectrometry to support the structural
determination of the lycodine-type Lycopodium alkaloids:
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sauroxine (1) and N-demethylsauroxine (2)! (Fig. 2). We
describe and discuss the electron ionization mass
spectrometry (GC/EI-MS) (low resolution, LR) data recorded
with a QIT-MS instrument and collision-induced dissociation
tandem mass spectrometry fragmentation (CID-MS/MS) for
alkaloids 1 and 2.

EXPERIMENTAL

Compounds 1 and 2 were previously isolated from the aerial
parts of Huperzia saururus (Lam.) Trevis.!*”! The EI-HRMS
measurements were obtained from a Micromass VG
AutoSpec (Manchester, UK), at the Instituto Universitario de

Bioorgénica (Universidad de La Laguna), at a resolution of
E 5000 (5% valley definition), by 70 eV electron ionization, at

Figure 1. Lycopodium alkaloids: lycodine class (a), lycopodine
class (b), fawcettimine class (c) and miscellaneous class (d).

an accelerating voltage of 8 kV. EI-LRMS was performed

N N using an ion trap, GCQ Plus, with MS/MS (Finnigan,
é . Thermo-Quest, Austin, TX, USA), operated at fundamental
1R Me rf-drive of 1.03 MHz. EI spectra were obtained at an average

2R=H

electron energy of 70 eV. Helium was used as the damping
Figure 2. Structure of sauroxine (1) and N-demethylsauroxine (2). gas at an uncorrected gauge reading of 6 x 10> Torr. For the
analysis of (CID) product ions, the precursor was selected
using a MS/MS standard function, with 0.5-1.0 Da peak

Table 1. Accurate mass measurements and elemental width for the precursor ion, and dynamically programmed

formulae of the main abundant ionic species of compound scans. The supplementary voltage was in the range

1 obtained by GC/EI-HRMS 0.5-1.0 V, as described previously.'**!]

Mass Calc. Mass ppm Formula

274,2050 274,2045 1.8 C17H26N,0 RESULTS AND DISCUSSION

232,1692 232,1701 -39 C15H2NO - ,

232,1563 232,1576 56 C14H0N,O Compounds 1 and 2 exhibited molecular ions at m/z 274

231,1633 231,1623 43 Cy5sH,;NO and m/z 260 corresponding to the molecular formulas

231,1505 231,1497 35 C14H10N,0 C17H26N,0 and Ci6H»4N0O, respectively.[6'9] In addition, the

218,1408 218,1419 -5 C13HsN,O use of EI-HRMS enables us to describe in detail the

217,1457 217,1467 —4.6 C14HoNO fragmentation pathways. Tables 1-4 present the proposed

217,1337 217,1341 -1.8 Ci3H17N>0 elemental compositions of the main fragments obtained by

203,1296 203,1310 —6.9 C13Hi7NO EI-HRMS and the identities of the major ions, obtained by

203,1165 203,184 —9.4 C12H15N,0 gas chromatography (GC)/EI-CIDMS/MS for 1 and 2,

189,1146 189,1154 —4.2 C12H15sNO . .

189,1024 189,1028 21 CyHpN,O respectively. Th? general proposed fragmentation Patterr'ls

175,1007 175,0997 5.7 CyHysNO (S)f; and ?, gbtamed by GC/EI-CID-MS/MS, are depicted in
chemes 1-3.

Table 2. Collision spectra of the main abundant ionic species of compound 1 obtained by GC/EI-CID-MS/MS

Precursor ions Product ions (scan used MS?)

selected by EI-MS

m/z (%) m/z (%) m/z (%) m/z (%) m/z (%) m/z (%) m/z (%)

231 (56.1) 216 (5.4) 215 (4.7) 203 (7.8) 201 (8.7) 189 (100.0) 174 (12.6)
172 (8.4) 161 (26.4) 160 (26.6) 146 15.3) 134 (8.9)

218 (3.1) 203 (69.6) 202 (7.3) 190 (100.0) 189 (18.1) 175 (6.8) 164 (6.7)
162 (3.2) 161 (3.0) 162 (3.2) 161 (3.0)

217 (3.1) 202 (2.7) 189 (100.0) 175 (3.1) 174 (3.0) 161 (0.7) 148 (1.0)
147 (1.3)

203 (41.2) 201 (6.2) 188 (21.9) 186 (26.7) 185 (10.4) 175 (19.5) 161 (100.0)
159 (30.6) 148 (38.4) 147 (54.7) 146 (18.3) 132 (23.9) 159 (30.6)

189 (31.7) 174 (100.0) 146 (46.3) 145 (13.3) 133 (8.3) 132 (9.0) 119 (13.4)
118 (11.5) 106 (10.3) 118 (11.5) 106 (10.3) 118 (11.5) 106 (10.3)

_____________________________________________________________________________________________________________|]
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Table 3. Accurate mass measurements and elemental
formulae of the main abundant ionic species of compound
2 obtained by GC/EI-HRMS

Mass Calc. mass ppm Formula
260,1896 260,1889 2.7 C16H24N-O
218,1428 218,1419 4.1 C13H 15N, O
217,1357 217,1341 74 C13H17N,O
203,1183 203,1184 -0.5 C1o,Hi5N,O
189,1163 189,1154 4.8 C,H5sNO
189,1041 189,1028 6.9 C11H13N,O
175,0878 175,0871 4 C10H11N-O

Using GC/EI-CID-MS/MS, we obtained the different
fragmentation routes that connect all the ionic populations.
The use of GC/EI-HRMS allowed us to measure the
exact masses of all the fragment ions, and, with all this
data gathered, we tried to establish a fragmentation
scheme concordant with the ascendant and descendant
species.

In Scheme 1, the CID-MS/MS fragmentation of the molecular
ion of 1 (M"™ m/z 274) afforded the fragments: [C;sH,;NO]"
at m/z 231 by the loss of N-methylenemethanamine
(—C2H5N, —43 Da) and [CllleNO]' * at m/z 174 via the
elimination of the isobutyl bridge (—C4Hy, —57 Da) (route a).
Also, in the CID-fragmentation route b, the precursor radical

Precursor ions
selected by EI-MS

Table 4. Collision spectra of the main abundant ionic species of compound 2 obtained by GC/EI-CID-MS/MS

Product ions (scan used MS?)

m/z (%) m/z (%) m/z (%) m/z (%) m/z (%) m/z (%) m/z (%)
217 (89.6) 203 (55.2) 201 (24.0) 189 (42.7) 175 (100.0) 174 (30.2) 161 (22.9)
144 (31.2) 133 (27.1)
203 (7.0) 202 (0.7) 188 (1.2) 175 (100.0) 161 (1.8) 160 (1.5) 157 (5.3)
147 (3.2) 133 (0.9)
189 (20.5) 174 (22.2) 171 (11.6) 154 (18.4) 147 (100.0) 135 (12.5) 133 (20.8)
132 (10.9) 108 (15.4)
o
miz 174 ,
m/z 189 m/z 174
C1aH1sNO™ C“Hg C11Hq2NO*
Ny ° -
miz 147 \ > s 231 mIz 203
m/z 146 C by NO™ / CyoHq5N,0*
CzH N CHg
. N o
g ( b,
C3H6 NH -C4HgN IT NH - -CoHy
o 0o N
miz 161 miz 203 X Cy7H26N20 miz 218 by miz 190
CZH4 CiaHNO™ M* miz 274.2045 ST CoHiN,0™
-C3H;N H
* d, l N N o)
. LT
o N|
miz 175.+ T | R miz 189
C11H13No CSHB miz 217 CZH4 C‘HH13N20+
m/z 186 CiaH1gNO™ NH
o o
miz 175 m/z 189
C11H13NO™ CigH1sNO™

Scheme 1. Molecular ion fragmentation pattern by GC/EI-MS/MS of 1.
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Scheme 2. Molecular ion fragmentation pattern by GC/EI-MS/MS of 2.

ion can lose an isobutylene group (—C4Hs, —56 Da) to
produce the radical cation [Ci3H;sN,O]" at m/z 218.
Sequentially, the latter fragment can eliminate a methyl
radical (—CHj;, —15 Da), an ethylene molecule (—C,H,,
—28 Da) or an ethyl radical (—C,Hs, —29 Da), to form the

+

(N NH = N NH NZ
! E ! % .
[¢] [e]

NH
ions [(:]2H]51\T2()]Jr at m/z 203, [C11H14N20]'+ at m/z 190
X R ° and [C1H3N,O1™ at m/z 189, respectively (Scheme 1, routes
Mf 17:7:";704_(;3 5 0'113’:1172:1;0 C:/:*i’;lgo b;1-bs3). In the same scheme, route ¢ involves the elimination
of CGGH;N (—57 Da) to yield the ion [Ci14H1oNO]™ at
. m/z 217. This fragment gave the radical cations [C;;H;3NO]™*
at m/z 175 and [C;oHisNOJ™ at m/z 189 via removal of
(N - 7 N " propylene and eth.ylene molecules, C3Hg (—42 Da) e}nd CoHy
H H (—28 Da), respectively (routes c; and c;). Alternatively, the
o °© 0 precursor ion at m/z 274,can lose C4HoN (—71 Da) to afford
C1gH24N20 (2) CiaHisN20" C1oH11N20" the fragment [C13H;,NO] " at m/z 203 (route d). Then, in routes

M* mi/z 260.1896 m/z 203 miz 175

d;—dy, the latter fragment produces the following four ions:
m/z 147, m/z 161, involving the loss of a molecule of propene

Scheme 3. Molecular ion fragmentation pattern by GC/EI-
(—CsHg, —42 Da), [C11HsNOJ™ at m/z 175 via elimination of

MS/MS of 1 and 2.
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ethylene (—C,H,, —28 Da) and the fragment 11/z 186. Finally, in
route e (Scheme 1), the molecular precursor at m/z 274
is fragmented to form the radical cation [C;,HisNOJ™ at
m/z 189. This fragment undergoes further rearrangements and
affords the ions at m/z 174 and m/z 146, respectively (Scheme 1,
routes e; and e,).

In Scheme 2, the CID-MS/MS of the molecular radical ion
of 2 at m/z 260 afforded the product ion at m/z 245 by
elimination of a methyl radical (route f). Rearrangement of
the precursor radical ion at m/z 260, followed by the loss of
the propyl radical (—~C3;Hy, —43 Da) afforded the product
ion [Cy13H17NL,O]" at m/z 217 (route g). Alternatively, the
precursor radical ion may lose a propyl radical (—CzHj,
—43 Da), in another position, to give the product ion
[Ci13H7;N,O]" at m/z 217 (Scheme 2, route h). This latter
product ion can further rearrange by losing a molecule of
ethylene (—C,H,s, —28 Da) to form the secondary product
ion [C11H3N,O]" at m/z 189 (route hy). The product ion at
m/z 217 fragments via route h, (Scheme 2) by a concomitant
rearrangement and elimination of the n-propyl radical
(—CsH;, —43 Da) to form the secondary product ion
[C10H11N,O]" at m/z 175. Alternatively, the precursor ion at
m/z 260 can lose a molecule of propene (—C3Hs, —42 Da)
and the -CH,NH group (—29 Da) to form the radical cation
[C12HsNOJ™ at m/z 189 (Scheme 2, route i). Sequentially in
route i;, the product radical ion at m/z 189 produces the
product ion at m/z 174 by loss of a methyl radical. Route i,
involves the fragmentation of m/z 189 via consecutive
rearrangement involving the loss of a molecule of ketene
(—42 Da), ethenone, to afford the ion at m/z 147. Similarly,
the ion at m/z 189 can fragment via consecutive
rearrangement followed by loss of a butadiene molecule
(—C4Hs, —54 Da) to afford the radical cation at m/z 135
(Scheme 2, route i3). Finally, the fragment [C;,H;sNOJ™
yields the radical cations at m/z 130 and m/z 171, through
further rearrangements and elimination of ethanamide
(—C,HsNO, —47 Da) and water, respectively (Scheme 2,
routes iy and is).

In Scheme 3, the fragmentations of alkaloids 1 and 2 show a
similar behavior, involving the loss of the isobutyl bridge
followed by ethylene to produce the ions: [C13H;7N,O]" at
m/z 217 and [C1,H 13N,0]" at m/z 189, in the CID-MS/MS of
sauroxine (1) or the ions [Ci,H;sN,O]* at m/z 203 and
[CioH;1N, O]F at m/z 175 in the mass spectrum of N-
demethylsauroxine (2).

In conclusion, the mass spectrometry studies presented in
this paper have been very useful to confirm the structures
as well as to support the biogenetic relationships between
lycodine-type Lycopodium alkaloids sauroxine (1) and
N-demethylsauroxine (2).
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