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bstract

A method for simultaneous analysis of lipids extracted from photosystem I complex was developed with high performance liquid chromatogra-
hy/electrospray ionization mass spectrometry. The photosystem I complex was firstly solubilized and separated using deoxycholate polyacrylamide
el electrophoresis method after ultrasonic treatment of the sample (leaves of pea, Pisum sativum L.). The Photosystem I complexes were elec-
rophoretically eluted from the deoxycholate polyacrylamide gel electrophoresis bands containing them, and the electron transport activity of
he eluent measured as confirmation. Lipids, which were isolated from the complex having photosystem I activity, were separated and char-
cterized with high performance liquid chromatography/electrospray ionization mass spectrometry. Five lipids, monogalactosyldiacylglycerol,
igalactosyldiacylglycerol, phosphatidylglycerol, sulphoquinovosyldiacylglycerol and phosphaditylcholine were found combining with photo-
ystem I complex. Different species of these lipids were found in the ESI mass spectra and the compositions of the acyl groups in them were
etermined.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Photosynthesis is a biological process taking place in pho-
osynthetic organisms, by which the light energy irradiated on
hese organisms is transformed into chemical energy [1]. The
nergy-converting process is carried through on the photosyn-
hetic membranes (the thylakoid membranes) of chloroplast of
he photosynthetic organisms [2]. The multiple functions carried
ut by thylakoid membranes are supported by a very complex
rray of proteins, lipids and pigments. Photosystem I (PSI) is
ne of the two pigment-containing reaction centers of oxy-

∗ Corresponding author. Tel.: +8610 82802014.
E-mail address: xbjhfl@263.net (B. Xu).

genic photosynthesis. It catalyzes the transfer of electrons from
lumenal plastocyanin to stromal ferredoxin, using the energy of
absorbed photons. In this process the interactions among pro-
tein molecules and among protein and lipid molecules play a
significant role [3].

In comparison with other biological membranes, the thy-
lakoid membrane is unique in its composition. It is well estab-
lished that it is composed of only five categories of lipids: non-
polar monogalactosyldiacylglycerol (MGDG) and digalactosyl-
diacylglycerol (DGDG); as well as the polar phosphatidylglyc-
erol (PG), sulphoquinovosyldiacylglycerol (SQDG) and phos-
phaditylcholine (PC) [4]. The structures of the thylakoid lipids
are shown in Fig. 1.

Besides being the structural components of the thylakoid
membrane and PSI complex, thylakoid lipids are commonly
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Fig. 1. The structures of lipids in thylakoid membrane.

involved in the photochemical reaction and the maintenance of
the structural integrity and stability of PSI complex. While there
is an in-depth understanding on the role of thylakoid proteins and
pigments in the assembly and functioning of the photosynthetic
apparatus, the compositions and functions of the thylakoid lipids
combined in PSI complex remain to be thoroughly investigated
[5].

At present, researchers pay increasing attention to the lipid
composition of the thylakoid membrane. While a variety of
TLC and HPLC methods have been established for lipid anal-
ysis [6], RP-HPLC is mainly used for phospholipids analy-
sis [7,8], however, the studies on the glycolipids using the
same technique are not as abundant [9]. HPLC–MS tech-
nique is in rapid progress, with which lipids of unknown
composition can be separated, quantified as well as identi-
fied on-line [10–12]. It is the development of soft-ionization
techniques (such as electrospray ionization, ESI) in mass
spectrometry that make possible the analysis of macromolecules
extracted from plants, such as lipids [13]. As a result, a
number of ESI-MS protocols for lipid analysis have been
worked out [14,15]. Phospholipids have been successfully
analyzed by HPLC–MS backed by powerful data-processing
software [16–18]. Nevertheless, there are fewer reports on
MS analysis of glycolipid after reversed-phase separation
[19,20].

In order to identify the lipids in PSI complex, we establish a
m
p
q
c

2. Experimental

2.1. Reagents and materials

The reagents for DOC-PAGE were obtained from Amresco
(Solon, Ohio USA); 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), dichlorophenolindophenol (DCPIP) and 1,1′-
dimethyl-4,4-bipyridinium dichloride (methyl viologen, Mv)
from Sigma(St. Louis, MO, USA). HPLC reagents were
purchased from Fisher (Fair Lawn, NJ, USA). Digitonin
was purchased from China National Pharmaceutical Industry
Corporation.

Mature pea leaves (Pisum sativum L.) were collected after
hydro-cultured for 20 days in greenhouse. The freshly picked
leaves were stored at 4 ◦C after rinsing and removing the surface
water, until further treatment.

2.2. Preparation of the PSI complex

PSI complex was prepared essentially as described by Oku et
al. [21–23], with modifications. Pre-cooled leaves were ground
in the extract buffer into slurry (for ca. 1 min). After centrifu-
gation, the precipitation was re-suspended in suspension buffer.
After measurement of chlorophyll content of the suspension,
digitonin (the amount of which depended on the content of the
chlorophyll in the mixture, generally 100 times that of the lat-
t
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ethod for the separation of PSI complex using deoxycholate
olyacrylamide gel electrophoresis (DOC-PAGE) and subse-
uent analysis of lipids extracted from the complex using on-line
oupled RP-HPLC–MS (ESI).
er) was added, thoroughly mixed up and treated in ice bath with
RTEK300 Ultrasonic cell homogenizer for 2 min (instead of
24 h solubilization on the shaking table at 4 ◦C [23]). After

tanding still at 4 ◦C for 30 min, the mixture was subject to
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Fig. 2. A homemade elution device for PAGE gel particles. 1, 10: Electrode slot;
2, 9: electrode buffer; 5: outer-tube; 6: inner-tuber; 3: seam between outer tube,
4: seal between the outer and inner tube; 7: collection solution at the bottom of
the outer tube; 8: dialysis membrane; 11: DOC-PAGE gel particles + 0.5% (w/v)
agarose.

centrifugation (20,000 × g) at 0 ◦C for 20 min. The supernatant
was separated with DOC-PAGE immediately. The concentra-
tion of gel and its corresponding buffer systems were prepared
as described by Picaud [23]. Electrophoresis was carried out at
0–5 ◦C.

2.3. Measurement of PSI complex activity

After DOC-PAGE separation, the solutes contained in the
bands were individually eluted and their activities measured to
ensure the correct selection of the PSI. However, it was found that
it took too much time to elute the PSI with the instruments avail-
able. Moreover, the PSI solutions thereby derived were severely
diluted owing to too large a volume of the collection liquid.
Therefore we built up a new device for our purpose (Fig. 2). The
electron transport activity of PSI (as measured by PSI-mediated
electron transfer from reduced DCPIP to Mv) was measured at
25 ◦C with an oxygen electrode unit (Hansatech Ltd., England)
and a light source. The reaction medium was prepared according
to Hsu and Chien [24].

2.4. Lipid extraction

Lipids were extracted according to Folch et al. [25], with
modifications. The first green DOC-PAGE band was carefully
c
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vent was evaporated under nitrogen stream, and the residue was
stored at −20 ◦C before analysis.

2.5. Analysis of the lipids with RP-HPLC

The HPLC Series 1100 system used for the analysis of
the lipids was composed of a binary pump, a column tem-
perature stabilizer and a diode array detector (Agilent, Wald-
bronn, Germany). Agilent ChemStation software was used
for instrument control and data processing. The UV detec-
tion was set at 205 nm. A Waters 3.9 mm × 300 mm col-
umn packed with �-Bondapak C18 125 Å 10 �m packing
(Waters, Milford, MA USA) was used for separation with
the mobile phase flow rate set at 1 ml/min. Several mobile
phase systems, including acetonitrile–water, methanol–water,
acetonitrile–methanol–water and n-hexane–iso-propanol–water
were tested. Finally, water and acetonitrile were respectively
chosen as solvent A and B. The gradient used was as follows:
before injection, the column was rinsed with 95% A- and 5% B
solvents for 5 min. After injection, B increased linearly to 65%
in 8 min, and to 95% in 7 min, and remained at that for 10 min.

2.6. Liquid chromatography/electrospray mass
spectrometry

The on-line HPLC separation was performed using Agilent
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ut off, shredded, and put into a mixture of 4 ml water, 5 ml
hloroform and 10 ml methanol. After full mixing and standing
or 30 min, another 5 ml of chloroform was added into the mix-
ure and shaken up. After extraction (1 min), 5 ml more water
as added into the mixture, shaken up (1 min), and filtered. The
ltrate was then subject to centrifugation. The lower phase was
ollected and filtered with 0.45 �m filter membrane, the sol-
100 system. The mobile phase gradient (apart from a few drop
f ammonium acetate added into the solvent A to enhance the
onization), the flow rate and the reversed-phase column were the
ame as above. A part of the eluent from a split valve, 100 �l/min
f flow-rate, was introduced into the ion source of the mass spec-
rometer. The mass spectra were obtained using a Finnigan LCQ
on trap mass spectrometer (Thermo electron, San Jose, CA,
SA) equipped with an electrospray ionization source (Spec-

ronex AG, Basel, Switzerland). The spray voltage was 3.5 kV.
he heated capillary was kept at 275 ◦C. The scan range was
et from m/z 300 to 2000. After electrospray ionization, tan-
em MS (MS/MS) function was performed in data dependent
ode, by collisional activating of the solute molecules collid-

ng with argon gas [26]. The collision energy value was set at
5–45%.

. Results and discussion

.1. DOC-PAGE separation of photosystem I

The preparation procedure of thylakoid membrane was first
ut forward by Oku and Tomita [21] We slightly modified
he method by applying ultrasonic homogenization, in order to
ncrease the PSI complex yields in much less time (40 min rather
han 24 h) and to obtain thylakoid membrane samples of fairly
igh purity.

The result of the DOC-PAGE separation of the PSI complex
s shown in Fig. 3. The complex was eluted with agarose elec-
rophoretic method using the homemade device shown in Fig. 2.
ue to the shorter electrophoretic pathway of this device, the PSI

omplex elution can be finished rapidly. The PSI derived is also
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Fig. 3. DOC-PAGE separation of PSI complex. For DOC-PAGE conditions see
separation of PSI complexes with DOC-PAGE, experimental section 1 is the
band cut for extracting lipids.

more concentrated since only small amount of collection solu-
tion is needed. The PSI activity of the eluent was measured to be
3.52 �mol mg(chl)−1 min−1 of oxygen absorption, this proved
that the material extracted was indeed PSI complex.

3.2. RP-HPLC separation of lipids

Given that the lipids extracted from PSI complex were mix-
tures composed of substances of a very wide range of polarity,
it would be difficult to separate all its ingredients using isocratic
elution system. By carefully selecting the appropriate packing
material and optimizing the LC parameters for the separation,
satisfactory results were achieved on a reversed phase column
(Waters, �-Bondapak C18 125 Å 10 �m). Among the differ-
ent mobile phases studied, an acetonitrile/water gradient elution
turned out to be the most effective. The result obtained from the
optimized chromatographic system is illustrated in Fig. 4. Anal-
ysis of the UV spectra of five major peaks (RT = 9.48, 12.56,
16.50, 19.67, 21.13) suggested that they might all be lipids.
Coincidently there are five categories of lipids in thylakoids
membrane [4], as suggested by the authors. Further identifica-
tion of the compounds using HPLC–MS(ESI) was subsequently
carried out.

3.3. HPLC–ESI-MS

Phospholipids analysis by HPLC–MS(ESI) is rapidly becom-
ing an established technique [27,28], yet up to now few reports
have been published on the identification of individual lipids of
plant chloroplasts [29]. Plant chloroplasts have glycolipids (i.e.
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Fig. 4. RP-HPLC chromatogram of lipids extract from PSI complex. HPLC cond
GDG, DGDG and SQDG) as well as phospholipids (i.e. PG
nd PC) as their ingredients. MGDG and DGDG are uncharged
pecies, whereas SQDG is negatively charged at neutral pH. It
as reported that MGDG and DGDG were positively charged
uring MS analysis. Molecular ions, sodium adducts and proto-
ated molecular ions were easily observed with strong respective
ignals [29]. SQDG and all the phospholipids could also be ana-
yzed in positive-ion mode [16–18].

The total ion current (TIC) of lipids extracted from PSI pro-
ein complex is shown in Fig. 5. MGDG, DGDG, SQDG, PG
nd PC were the unique lipids in thylakoids membrane [4], the
xtracted ion chromatogram (EIC) of [M + Na]+or [M + H]+ ion
f these lipids was used to characterize their structure. Fig. 6
hows EIC of MGDG, DGDG, SQDG, PG and PC from PSI
omplex extracted with Folch technique [25], using the reversed
hase HPLC coupled with ESI-MS in the positive-ion mode.
t can be seen in Fig. 6 (which show the intensities of the
trongest ion currents that can be extracted from the respec-

itions and gradient of mobile phase of acetonitrile–water, see Section 2.5.
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Fig. 5. Positive ion mode TIC of lipids extract from PSI protein complex
separated by RP-HPLC–ESI-MS. For HPLC–MS conditions, see Section 2.6;
gradient of mobile phase of acetonitrile–water, see Section 2.5.

tive lipid peaks), that the strengths of extracted ion currents
was in the following order: those from MGDG, DGDG and
SQDG (very strong, as shown in Fig. 6a–c), that from PG (rather
strong, Fig. 6d), and PC (very weak, Fig. 6e). The last one barely
exceeded the background noise. Judging from the weak signal
of PC, it appeared that PC did exist in our samples, as evidenced
by the relevant peak in the chromatogram as well as the mass
spectrogram.

ESI mass spectra of MGDG, DGDG, SQDG, PG and PC are
shown in Fig. 7. The major peaks identified in the spectra were
assigned to the protonated molecular ions [M + H]+ [M + Na]+

or [M + 2Na]++ of individual MGDG, DGDG, SQDG, PG, PC
molecular species. Ion m/z with 777.3 in Fig. 7a shows [M + Na]+

of MGDG with acyl composition of C34:2. [M + Na]+ of DGDG
and PC were shown in Fig. 7b and f with acyl composition of
C34:3 and C34:4, respectively. [M + Na]+ and protonated molec-
ular ion of SQDG were found in one ESI mass spectra in Fig. 7c
and d. m/z 863.2 and 837.4 were [M + Na]+ of SQDG with acyl
composition of C34:2 and C32:1 with their protonated molecu-
lar ion m/z 819 and 793, respectively. [M + 2Na]+ and [M + Na]+

Table 1
Molecular species and fatty acid compositions of lipids isolated from PSI protein
complex

Lipid
class

Species MW [M + H]+ [M + Na]+ or
[M + 2Na]+

Composition
of fatty acid

MGDG M1 752.6 775.5 C34:3
M2 754.6 777.3 C34:2
M3 756.6 779.5 C34:1

DGDG M1 914.6 937.5 C34:3
SQDG M1 792.5 793.0 837.4 C32:1

M2 818.5 819.5 863.2 C34:2

PG M1 750.5 796.7 C34:2
M2 791.5 817.6 C36:3

PC M1 781.6 804.6 C36:4
M2 783.6 806.6 C36:3
M3 787.6 810.3 C36:1

of PG with acyl composition of C34:3 also found in the same
ESI mass spectra in Fig. 7e.

Singly charged ions of MGDG, DGDG, SQDG, PG and PC
were found in the ESI mass spectra of individual components.
Even the same type of lipids extracted from plants may contain
many different species because of the different sizes of fatty acyl
groups in their molecules and the different numbers of double
bonds (as well as their position) in the acyl groups [30]. For
instance, in our work MGDG ions (m/z 773, 775 and 779) were
found in the mass spectra, indicating that MGDG species might
have the following acyl groups: C34:3, C34:2 and C34:1, respec-
tively. The same results were found in other lipid components
(see Table 1).

F IC of
( gradie
ig. 6. Positive ion mode EIC of lipids. (a) EIC of m/z = 777.3 (MGDG); (b) E
PG); (e) EIC of m/z = 806.5 (PC). For HPLC–MS conditions, see Section 2.6;
m/z = 937.6 (DGDG); (c) EIC of m/z = 793.0 (SQDG); (d) EIC of m/z = 817.5
nt of mobile phase of acetonitrile–water, see Section 2.5.
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Fig. 7. Positive ion mode ESI-MS spectrum of lipids extracted from PSI. (a) MS spectrum at RT = 9.48 (MGDG, m/z 777.3); (b) MS spectrum at RT = 12.95 (DGDG,
m/z 937.5); (c) MS spectrum at RT = 16.37(SQDG, m/z 819.0,863.2); (d) MS spectrum at RT = 16.53 (SQDG, m/z 793.0, 837.4); (e) MS spectrum at RT = 19.22 (PG,
m/z 817.6); (f) MS spectrum at RT = 22.22 (PC, m/z 806.9). For HPLC-MS conditions, see Section 2.6; gradient of mobile phase of acetonitrile–water, see Section
2.5.

Palsdottir and Hunte [32] pointed out that “the acyl chains of
lipid are usually refined as fully saturated, although it is often
evident from the density that one or more double bonds would
be energetically more feasible to produce the extreme bend-
ing angles that are frequently observed”. The existence of acyl
groups with one or more of the double bonds was supported by
our mass spectrometric evidence obtained.

We tried to study further the collision-induced dissociation
MS/MS spectra of lipid molecular ions. MS/MS spectrum of
sodium-adducted molecular ion of MGDG was shown in Fig. 8.
Product ions at m/z 243, the characteristic MS/MS ion of head
group of MGDG, from MGDG + Na precursors had an m/z value
consistent with the chemical formula C9H16O6Na, which is
consistent with the fragment structure proposed by Kim et al.
[19,30]. However, MS/MS spectrum of MGDG was the only

F

case in which a rational formula could be derived; for other
lipids, DGDG, SQDG, PG and PC, although their characteristic
primary ions reported by Ruth et al. [19,29,30] were confirmed
by our observations, it was difficult to further derive the struc-
tures of the acyl groups from MS/MS spectra. It should be
noticed that Ruth et al. used FAB to study the standard lipid sam-
ples, whereas in our case ions from the first stage of LC–MS/MS
were further dissociated in a collision-induced process.

4. Conclusions

A more efficient method of thylakoid membranes protein
complex solubilization and a useful homemade elution device
for DOC-PAGE separation of photosystem I were introduced
in this research. Further analysis showed that MS technique
makes possible quick and simple fragmentation of lipid head
groups, thereby determining the m/z values of the most impor-
tant acyl substitution groups in each type of lipids. This clearly
demonstrates the advantage of ESI/MS over traditional analyti-
cal methods for the study of the constituents and distribution of
lipids of thylakoid [11,31].

In our work, three glycolipids (MGDG, DGDG, SQDG) and
two phospholipids (PG, PC) were found in the PSI complex,
and the acyl groups they contained determined. The method
developed in this work could be used for the separation of indi-
vidual lipids in the thylakoid and other related phospholipids
a
ig. 8. MS/MS spectrum of MGDG. For MS/MS conditions, see Section 3.3.
 nd glycolipids compounds, as well as for the identification of
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the constituent acyl groups contained in these lipids. On the
basis of the above-mentioned information, the distribution and
functioning of lipids in thylakoid membrane, and further, the
photosynthesis process, might be better understood.
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