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1. Introduction

Rhizoma corydalis (RC), known as ‘Yuan-hu’ in China, is
prepared from the dried tubers of Corydalis Yanhusuo W.T.
Wang. It is a traditional Chinese medicine (TCM) used for

hundreds of years to promote blood circulation, reinforce vital
energy and act as an analgesic to treat headache, chest pain,
epigastric pain, abdominal pain, backache, arthralgia and trauma'.
It has also been widely used to treat cardiovascular disease’. As a
part of the development of TCM, there is an increasing need

Table 1 LC-Q-TOE-MS data of alkaloids from RC.
No. Name RT Formula Mass (m/z) Error Structure pattern Fragmentation
(min) pattern
Calculated Observed
1 Tetrahydrocolumbamine 11.8 CyoHp3NO, 342.17 342.1724 7 Tetrahydroprotoberberine- RDA
alkaloids
2 Tetrahydrojatrorrhizine 12.5 Cy0Hx3NO, 342.17 342.1724 7 Tetrahydroprotoberberine- RDA
alkaloids
3 Protopine 14.8 Cy0H1oNOs 354.1336 354.1358 6.2  Protopine-alkaloids RDA and H,O loss
4 Allocryptopine 17.7 C,1H»3NOs 370.1649  370.1671 5.9  Protopine-alkaloids RDA and H,O loss
5 Demethyleneberberine  18.5 CoH sNOF 324.123  324.1248 5.6  Protoberberine-alkaloids CO and CHj loss
6 Tetrahydropalmatine 19.1 C,1H,5sNO, 356.1856  356.1879 6.4  Tetrahydroprotoberberine- RDA
alkaloids
7 Coptisine 20.1 CoH4NOF 320.0917 320.0934 5.3  Protoberberine-alkaloids CO loss
8 Glaucine 22.1 C,1Hy5sNO, 356.1856  356.1878 6.5  Aporphine-alkaloids NH,CHj3; loss
9 Canadine 23 CyoH,1NO4 340.1549  340.1568 5.6  Tetrahydroprotoberberine- RDA
alkaloids
10 Corydaline 24.2 Cy3H;NO, 370.2013  370.2033 5.4  Tetrahydroprotoberberine- RDA
alkaloids
11  Columbamine 25.1 CooHoNOF 338.1387 338.1414 8 Protoberberine-alkaloids CO and CHj3 loss
12 Jatrorrhizine 259 CooH,oNOF 338.1387 338.1414 8 Protoberberine-alkaloids CO and CHj; loss
13 Worenine 27.2 CooH 1 ¢NOF 334.1074 334.1089 4.5  Protoberberine-alkaloids CO loss
14 Berberine 30.1 CooH sNOF 336.123  336.1251 6.2  Protoberberine-alkaloids CO and CHj loss
15 Palmatine 324 C, H,,NOF 352.1543  352.1568 7.1  Protoberberine-alkaloids CO and CHj loss
16 Dehydrocorydaline 37.5 C,,H,,NOS 366.17 366.1723 6.3  Protoberberine-alkaloids CO and CHj; loss
17 X1 10.3 C,1H,5sNO, 356.1856  356.1877 6.4  Tetrahydroprotoberberine- RDA
alkaloids
18 X2 31.3 C,H,,NOF 352.1543  352.1568 7.1  Protoberberine-alkaloids CO and CH3 loss

Tetrahydroprotoberberine-alkaloids

Protoberberine-alkaloids

Protopine-alkaloids

Aporphine-alkaloids

Figure 1 Chemical structures of the four types of alkaloids in RC.
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to understand the mechanism of action of important therapeutic
herbs, such as RC. Previous phytochemical studies have
revealed that alkaloids are the main active components of RC, of
which 20 alkaloids have been isolated so far’™. However,
since the alkaloids are difficult to isolate and purify, a rapid
and accurate method of identification and characterization is

required for the quality control and formulation of this natural
medicine®®,

Recently liquid chromatography-tandem quadrupole time-of-
flight mass spectrometry (LC-Q-TOF-MS/MS) has been fre-
quently applied in the characterization of crude extracts of TCM
especially for the minor compounds’™'?. The technique provides
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Figure 2 Base peak currents (BPC) of the solution of standards (A) and extract of RC (B). Peak identities: 1, Tetrahydrocolumbamine; 2,
Tetrahydrojatrorrhizine; 3, Protopine; 4, Allocryptopine; 5, Demethyleneberberine; 6, Tetrahydropalmatine; 7, Coptisine; 8, Glaucine; 9, Canadine;
10, Corydaline; 11, Columbamine; 12, Jatrorrhizine; 13, Worenine; 14, Berberine; 15, Palmatine; 16, Dehydrocorydaline.
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Figure 3 MS/MS spectrum and fragmentation of tetrahydropalmatine.
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accurate mass measurement for both precursor and product ions
which gives a higher order mass identification. In this paper, LC—
Q-TOF-MS/MS was applied to the analysis of the alkaloid

constituents in RC during which 16 alkaloids were identified
and divided into four types on the basis of their fragmentation
patterns. Furthermore, based on the fragmentation patterns, an
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Figure 5 MS/MS spectrum and fragmentation pathway of protopine.
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analytical method for the identification of unknown alkaloids is
proposed.

2. Materials and methods

2.1.  Material

HPLC grade methanol and formic acid were purchased from
Merck (Germany) and ROE Scientific Inc. (USA), respectively.
Water was purchased from the Wahaha Company (China). The
Corydaline standard was purchased from Sigma (USA) and
standards of the other 15 alkaloids were purchased from Chengdu
Herbpurify Co., Ltd. (China). RC was purchased from the Tong-
Ren-Tang Pharmaceutical Company (Beijing, China).

2.2.  Sample preparation

About 5 g RC was extracted by refluxing for 2 h with 70% ethanol
(vlv, 2 x 100 mL). After filtration, solvent was removed from the
combined extract by rotary evaporation at 60 °C. The residue
(15.7 mg) was then reconstituted in 25 mL 70% methanol (v/v)
and filtered through a 0.22 pm membrane before analysis. Stock
solutions (approximately 0.4 mmol/L) of the 16 alkaloid standards

were prepared in 70% methanol (v/v) and diluted 1:100 to yield a
mixed solution 4 pmol/L in each compound.

2.3.  Chromatography

Analysis was performed using an Agilent 1200 HPLC system
(Agilent Technologies, Wilmington, USA) equipped with a binary
solvent delivery system, an on-line degasser, an autosampler, a
column temperature controller and a photodiode-array detector all
controlled by an analytical workstation. Separation was carried out
on a T3 Xselect™ column (Waters, Ireland, 100 mm x 2.1 mm,
2.5 um) maintained at 35 °C by gradient elution using water
containing 0.03% formic acid as solvent A and methanol contain-
ing 0.03% formic acid as solvent B. The linear gradient delivered
at 0.2 mL/min increased from 20% B to 40% B over 40 min.

2.4.  Mass spectrometry

MS was performed on an Agilent 6520 series TOF mass spectro-
meter equipped with a dual electrospray ionization (ESI) source
operated in the positive ion mode. Nitrogen was used as sheath
and auxiliary gas and helium as collision gas. Capillary voltage
was 3500 V. The drying gas temperature was set at 350 °C with a
flow rate of 10.0 L/min and the nebulizing pressure was 30 psi.
Mass scan data were collected in the range m/z 100-500 and
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Figure 6 MS/MS spectrum and fragmentation pathway of berberine.
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recorded in centroid. Mass spectra were internally calibrated in
real time using a solution containing two reference compounds
with m/z 922.00980 (C18H1806N3P3F24) and 121.0509 (C5H4N4)
continuously delivered by an Agilent isocratic pump into the ESI
source at approximately 0.01 mL/min. MS/MS experiments were
performed with a CID collision energy of 35 eV.

3. Results and discussion
3.1.  Fragmentation patterns of alkaloid standards

RC contains many alkaloids which are mainly responsible for its
bioactivity. Based on their basic heterocyclic nuclei, these
alkaloids can be divided into four main groups viz the proto-
berberines, tetrahydroprotoberberines, protopines and aporphines'*
(Fig. 1). Among these, the tetrahydroprotoberberines, aporphines
and protopines are tertiary alkaloids whereas the protoberberines
are quaternary alkaloids'®. Fig. 2 shows the base peak current
(BPC) profiles of the RC extract and the mixed solution of alkaloid
standards. A total of 16 alkaloids belonging to the four groups
were eventually identified in the RC extract by comparing
fragmentation patterns and chromatographic retention times with
those of the standards'>~'". Based on an analysis of the fragmenta-
tion pathway of the different alkaloids in RC, a number of
unknown alkaloids could also be identified (Table 1).

3.1.1.  Tetrahydroprotoberberine alkaloids

The retro-Diels—Alder (RDA) reaction is a characteristic fragmen-
tation pathway of the tetrahydroprotoberberine and protopine
alkaloids. In the MS/MS spectrum of the tetrahydroprotoberberine
alkaloid, tetrahydropalmatine (Fig. 3), the predominant ions at m/z
192.1013 and 165.0887 result from RDA C-ring opening to form
tetrahydroisoquinoline fragment ions. Fragment ions arising from
elimination of the methyl radical from the two predominant ions
could also be observed at m/z 177.0771 and m/z 150.0677
respectively but with lower abundance.

Furthermore, it can be seen that if the substituent at position-13
is a methyl group, the RDA reaction generates ions by a different
fragmentation pathway. For example, in the MS/MS spectrum of
corydaline (Fig. 4), ions at m/z 192.1027 and 179.1061 are formed
by the same RDA reaction as for tetrahydropalmatine but the ions
at m/z 205.1112 and 165.0914 are not. It was first considered that
these ions were formed by the RDA reaction of the B ring, but,
based on high resolution MS/MS data, they are more likely formed
by the RDA reaction of a compound produced by a rearrangement
of the C ring in one or several steps to a new seven membered ring
structure (Fig. 4). It is noteworthy that this tetrahydroisoquinoline
fragment ion is not only characteristic but also provides structural
information about this type of alkaloid. It is always the most
abundant product ion in the MS/MS spectra of these alkaloids and
probably reflects the substitution pattern in the A ring. For
example, the product ion with m/z 192, the most abundant ion
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Figure 7 MS/MS spectrum (A) and fragmentation pathway (B) of Coptisine.
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in both tetrahydropalmatine and corydaline, is indicative of two
methoxy substituents in the A ring.

3.1.2.  Protopine alkaloids

The protopine alkaloids can fragment by the RDA reaction, and in
comparison with the tetrahydroberberine alkaloids, it also can undergo
another characteristic fragmentation pathway. Selecting protopine as an
example, fragment ion at m/z 206.0823 and 149.0603 in the MS/MS
spectrum are generated by RDA C ring opening (Fig. 5), but given the
presence of hydroxyl groups, the product ions at m/z 336.1209 and m/z
188.0721 are probably formed by loss of H,O from the molecular ion
and from the m/z 206.0823 ion. This loss of H,O fragmentation
pathway could be used to distinguish between the protopine and
tetrahydroprotoberberine alkaloids.

3.1.3.  Protoberberine alkaloids

The protoberberines are benzyltetrahydroisoquinoline alkaloids
and their conjugated planar C ring does not undergo the RDA
reaction'®'”. In the MS/MS spectrum of berberine (Fig. 6), the
major product ions appear at m/z 320.0930 and 321.0978 and
correspond to elimination of the methyl radical and CH, respec-

tively from the methoxy substituent. The ion at m/z 306.0778 is
formed by continuous elimination of two methyl radicals and the
ion at m/z 304.0952 is formed by loss of CH3;0H from the
precursor ion. The ions at m/z 292.0988 and 278.0797 are then
formed by loss of CO from the ions at m/z 320.0930 and m/z
306.0778, respectively, and this sequential loss of a methyl radical
and CO is the characteristic fragmentation pathway of this kind of
alkaloid. This fragmentation behavior also occurs in other proto-
berberine alkaloids such as palmatine, jatrorrhizine, dehydrocor-
ydaline and demethyleneberberine. The results demonstrate that if
methoxy groups are present at C-9, C-10 or C4, CS5, this
fragmentation pathway is quite characteristic.

When there are no methoxy groups present in the alkaloid as in
coptisine and worenine, the fragmentation pathway is different
from that of other protoberberine alkaloids. Thus, in the MS/MS
spectrum of coptisine (Fig. 7), the base product ion at m/z
292.0966 is formed by loss of CO from the precursor ion while
in other protoberberine alkaloids, the base ion is formed by loss of
CH, from the precursor ion. The ion at m/z 277.0744 is then
formed by loss of CHj from the base product ion at m/z 292.0966
and the ion at m/z 249.0800 is formed by loss of CO from the ion
at m/z 277.0744. The ion at m/z 262.0877 is formed by the loss of
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Figure 8 MS/MS spectrum and fragmentation pathway of Glaucine.
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2H and one CO from the ion at m/z 292.0966. The fragmentation
pathway of worenine is similar to that of coptisine with the only
difference being the loss of the CH; fragment at position 13.

3.1.4.  Aporphine alkaloids

Aporphine alkaloids are not highly represented in RC but glaucine
is present with high abundance. The major structural feature of this
kind of alkaloid is the distribution of the C and B rings. They do
not undergo the RDA reaction and are thus easily distinguished
from the protopine and tetrahydroprotopine alkaloids. Although
similar in structure, the fragmentation pathways of the protober-
berine alkaloids also show differences with that of glaucine. Thus
in the MS/MS spectrum of glaucine (Fig. 8), an important product
ion at m/z 325.1430 was observed which was thought to be formed
by loss of a methoxy radical®™'. However, based on high
resolution MS/MS data, the ion is actually generated by loss of
NH,CH,'"’, since the ion formed by loss of a methoxy radical
would be at m/z 325.1672. This characteristic ion represents a
unique fragmentation pathway and gives rise to most of the other
product ions of glaucine. The ion at m/z 294.1269 is formed by
loss of the methoxy radical from the ion at m/z 325.1408 which
can also lose one or two methyl radicals to generate the ions at m/z
310.1204 and m/z 295.0986, respectively. The ion at m/z 310.1204
can lose a methoxy radical to form an m/z 279.1025 ion which
could further lose CO to form the m/z 251.1064 ion. The ion at m/z
267.1060 is formed by loss of CO from the ion at m/z 295.0986.

3.2.  Investigation of unknown alkaloids in RC

Based on analysis of fragmentation pathways, the structural character-
ization of unknown alkaloids in RC was investigated'™'”*>. The
procedure can be divided into three main steps. First, the RDA
fragmentation pathway was used to distinguish the tetrahydroprober-
berine and protopinealkaloids. Second, the protopine alkaloids were
distinguished from the tetrahydroproberberine alkaloids by the presence
of fragments due to loss of H,O. Moreover, the sequential loss of CH3
and CO or the loss of NH,CHj; can be used to discriminate between
the protoberberine and aporphine alkaloids. Finally, based on the
literature™'+'>17  the substituents in alkaloids exhibit some character-
istics. The main substitution sites at positions 2, 3, 9, 10 and 13 are
occupied mainly by methylenedioxy, hydroxy, methoxy and methyl
groups and, based on the mass of the substituents and product ions, the
identities of some unknown alkaloids could be tentatively assigned.
For example, in the MS/MS spectrum of the ion at m/z 356.1877
(Fig. 9A), the product ions at m/z 192.1036 and 165.0900 were
obviously formed by the RDA reaction and no fragment due to loss
of H,O was observed. Therefore the compound could be identified
as a tetrahydroprotoberberine alkaloid. Comparison with the MS/
MS spectrum of tetrahydropalmatine, it could be shown that
compound X1 was an isomer with similar structure. As mentioned
above, for the most abundant ion at m/z 192.1036, the substituents
in the A ring should be the same as in tetrahydropalmatine. It could
then be inferred that two methoxy groups are present at positions
2,3 respectively and one methyl group is present at the 13 position.
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Moreover, hydroxyl and methoxyl groups should be present at
positions 9 and 10 of the D ring, respectively. Fig. 9A shows one
possible structure of X1 but the actual structure may be an isomer
with a different distribution of substituents.

In the MS/MS spectrum of the ion at m/z 352.1568 (Fig. 9B), the
sequential loss of a methyl radical and CO could be observed which is
the characteristic fragmentation of a proberberine alkaloid. The alkaloid
X2 was identified as a proberberine alkaloid and isomer of palmatine.
Based on the structure of palmaltine, it could be inferred that X2
contains a methyl group at position13 and a hydroxyl group in the A or
D ring. Fig. 9B shows one possible structure of X2.

The differentiation of isomers is a major challenge in deducing
the actual structures of unknown alkaloids in RC by this method.
The major problem is that the same substituents can be ortho to
each other at different sites in the molecule. The product ions of
structures containing such substituents have the same molecular
weight and determination of structure then depends on the
fragmentation pattern alone”. Thus the definite identification of
these alkaloids by LC-MS requires further study.

4. Conclusions

This paper reports the fragmentation pathways of alkaloids in RC
determined using LC-Q-TOF-MS/MS. A total of 16 alkaloids
were identified and classified into four types based on their
heterocyclic nuclei. The fragmentation pathways of each type
were elucidated and their differences evaluated. Furthermore, a
strategy to identify unknown alkaloids in RC was proposed. LC—
Q-TOF-MS/MS provides a rapid and accurate method to identify
and characterize the alkaloids in RC which could be useful in its
quality control and in the search for new alkaloids.
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