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Abstract: The aim of this study was to obtain a more accurate insight into the
interaction of the major photosynthesis pigment, chlorophyll (Chl), with cop-
per(ll) and zinc(l1) in solution using flow injection analysis combined with
electrospray ionization mass spectrometry (FIA—ESI-MS), as well as combined
with ultra high performance liquid chromatography with DAD detection
(UHPLC-DAD). These interactions may potentialy, but not necessarily, lead
to the formation of Cu—Chl and Zn—Chl complexes of two different types,
which has a large number, at least, disfunctional implications in the plant
world. The results based on analysis of full-scan and MS/MS spectra, with and
without UHPLC chromatograms, confirmed the formation of a “central type”
Cu-Chl complex and a “central type” Zn—-Chl complex, as well as proved the
formation of a “peripheral” Zn—Chl complex, the latter one originating from a
very weak coordinative interaction at the edge of the Chl structure. The
employed techniques appeared to be efficient and reliable tools for studying the
formation and stability of heavy metals complexes with chlorophyll, at least in
vitro, with a considerable possibility for an assessment of real bioenvironmen-
tal behavior.
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INTRODUCTION

Plants and algae easily absorb toxic heavy metas; in the case of high metal
concentrations, plants become their hyperaccumulator, such as in the case of
cadmium and zinc! or nickel.2 In lower concentrations, many heavy metals, such
as copper and zinc, are essential micronutrients for higher plants and agae, and
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furthermore, a small Cu-protein, plastocyanin, is one of the integrative part of the
electron-transport chain (ECL) of the photosynthetic apparatus of plants, con-
necting the photosystems | and 11;3 on the other hand zinc-porphyrins are formed
during chlorophyll biosynthesis.4 However, high external concentrations of
copper and zinc may lead to many damaging effects. Zinc may be included in
degradation of stromal proteins of chloroplasts.® Copper may affect all kinds of
photosynthetic activities, such as electron transport and ATP production,5.” and
oxygen evolution.8 Other disrupting or toxic effects of zinc and copper on plants
(and other heavy metals) were reviewed by Nagajyoti et al.® In vivo experiments
showed that the substitution of the central magnesium (Mg) atom in chlorophyll
(Chl), a major photosynthesis pigment, by heavy metals (already observed in
vitro) may be one of the principal causes for their permanent damaging effects on
the photosynthesis apparatus. Thus, the formation of chlorophyll-heavy metal
complexes (ChI-HMS), even in minor proportions relative to the total Chl con-
tent, may inhibit photosynthesis completely.10 The consequences of Chl-HMS
for higher plants and green algae were discussed in details by Kiipper et al.10-13

In two previous reports, the formation of copper and zinc complexes with
chlorophyll in vitro (i.e,, Cu(l1)-Chl and Zn(I1)-Chl complexes, respectively)
was proven by Vis, FTIR and fluorescence spectroscopy,l4 as well as the for-
mation of Cu—Chl complexes in isolated photosynthetic organelles, chloroplasts,
and sub-organelles, thylakoids (ex vivo), while the formation of the Zn—Chl
counterpart was sterically prevented.1® In a recent study, the stability of these
two complexes to UV-B radiation was investigated in vitro and compared to
those obtained with pheophytin and mesoporphyrin.16 The higher stability of the
Cu—Chl (compared to Zn—Chl) obtained confirmed the conclusions from a pre-
vious report,14 i.e., that copper forms a relatively stable “central type” of com-
plex with Chl, with Cu(ll) replacing Mg(l1) in the center of the porphyrin nuc-
leus. On the other hand, based on existing FTIR data,14 the possible formation of
avery unstable Zn—Chl chelate complex in an excess of Zn(Il) ions could only be
supposed, as the consequence of Zn-coordinative interactions at the edge of the
Chl isocyclic cyclopentanone ring (Fig. 1), between the position of C-131 and
C-133. The “central” complexes are thermodynamically favored, but the “peri-
pheral step” may occur before their formation, and this is more enhanced in the
case of Zn—Chl than in the case of Cu—Chl.17

Confirmation concerning the formation of Cu—Chl and Zn—Chl complexes
are till rare. In the present study, the electrospray ionization mass spectrometry
(ESI-MS) method was employed to provide additional proof for the formation of
complexes, which should provide a deeper insight into the stabilities of the two
complexes.
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Fig. 1. Structures of some of the main chlorophyll derivatives considered in this paper.

Recently, the employment of the ESI-MS method for a study of the inter-
actions of chromium(l11) with a series of O-donor humic ligands in solution was
reported as informative and proved the advantages of this method for investi-
gations of metal-igand interactions.18 Pursuing this goal, in the present study an
attempt was made to obtain deeper insight into the formation and stability of
Cu—Chl and Zn—Chl complexes using the same method.

EXPERIMENTAL

The formation of heavy metal complexes of chlorophyll, Chl-HMS, may occur under
low light (*“shade reaction”) and under high light conditions (“sun reaction”).13 Since only just
a minority of antenna chlorophylls (in vivo) is accessible to Chl-HMS formation under high
light conditions,13 the experimental procedure described below was performed under shade
conditions as much as possible, inside vessels and equipment covered with aluminum foil or
black cloth.19

Isolation of chlorophylls

Extraction of plant pigments from spinach leaves, Spinacia oleracea L. (from the local
market), was performed using a previously published method,?° by extraction with a mixture
of methanol and petroleum ether in a 2;1 volume ratio, and a petroleum ether and diethyl ether
(2:1 volume ratio) mixture used for re-extraction. The final extract was a mixture of pigments
containing large amounts of various chlorophyll forms, as well as accessory pigments and
carotenoids (carotenes and xanthophylls).2® The chlorophyll fraction, a purified mixture of
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various chlorophyll forms (predominantly Chla and Chlb), was isolated from the pigment
extract using open column chromatography with silica gel as the adsorbent (silica gel 60,
Merck, 0.063-0.200 mm) and an n-hexane/acetone mixture as the eluent.2! The chlorophyll
fraction eluted at an eluent composition of 10:1 (n-hexane/acetone, v/v, respectively).2! The
total Chl content (Chla + Chlb) in the isolated Chl-fraction was cal cul ated as reported.??
Copper and zinc interaction with chlorophyll — preparation of the complexes

(Cu—Chl and Zn—Chl)

Heavy metal complexes with chlorophyll, HMS-Chl (Cu-Chl and Zn—Chl), were pre-
pared using an already published method.1® The solvent was removed from the Chl-fraction at
room temperature and the remaining solid was dissolved in ethanol/water mixture (95:5
volume ratio), to which a solution of CuSOy, or ZnSO,4, was added. The final reaction mix-
ture, Cu-treated or Zn-treated chlorophyll fraction, contained 5.0 mM of CuSO,, or ZnSO,,
respectively, and 5 uM of chlorophylls (Chla and Chlb). The reaction of the Chl molecules
with Zn(I1), or Cu(I1) was performed by heating the reaction mixture in a reflux apparatus for
1 h at 40 °C, followed by 24 h at room temperature. The Cu-treated and Zn-treated Chl-
-fractions as the fina solutions contained Cu—-Chl and Zn—Chl complexes, as well as remain-
ing chlorophylls and degradation products of the chlorophyll.12 These solutions were used for
the analyses following the hereinafter described procedures. The chlorophyll-fraction was
analyzed in acetonitrile solution.

Flow injection electrospray ionization mass spectrometry analysis

Flow injection ESI-MS and MS/IM S experiments were performed on an LCQ Deca ion
trap mass spectrometer (Thermo Finnigan, USA) operating in the positive ion mode by
introducing the samples directly into the ion source via a syringe pump using the following
conditions: applied flow rate, 5 pl min'; capillary voltage, 24 V; capillary temperature, 200
°C; tube lens voltage, 15 V; sheath gas flow (N,), 18 (arbitrary units). The MS-spectra were
acquired by full range covering the scale m/z 100-1000. For the fragmentation study, MSMS
experiments were performed by deploying collision-induced dissociation (CID) with the nor-
malized collision energy of the collision-induced dissociation set at 30 and 35 eV.

Ultra high performance liquid chromatography-diode array-electrospray ionization mass
spectrometry analysis

The liquid chromatography (ultra high performance chromatography — UHPLC) runs
were redlized using a Dionex Ultimate 3000 UHPLC+ system equipped with a diode array
(DAD) detector and connected with LCQ Fleet lon Trap Mass Spectrometer, Thermo Fisher
Scientific, Germany. The separations were performed on a Hypersil gold C18 column (50x2.1
mm, 1.9 um) from the same producer, at a 25 °C temperature. The mobile phase consisted of
(A) methanol and (B) acetonitrile. A linear gradient program at a flow rate of 0.200 ml min-1
consisting of 0-0.75 min from 10 to 40 % (B), followed by 0.75-1.5 min to 50 % (B), 56
min from 50 to 10 % (B) and finishing with 10 % (B) for 4 min. An injection volume of 5 pl
was used.

UV—Vis spectra were recorded on DAD-detector (with total range between 200 and 800
nm), set at two detection wavelengths, A4, 430 and 660 nm, simultaneously. The mass spec-
trometric analysis was performed using a LCQ 3D-ion trap mass spectrometer with electro-
spray ionization (ESI) operating in positive ion mode as the method of identification. The
ESl-source parameters were as follows: source voltage, 4 kV; capillary voltage, 37 V; tube
lens voltage, 110 V; capillary temperature, 200 °C; sheath and auxiliary gas flow (N,), 18 and
8 (arbitrary units), respectively. The MS-spectra were acquired by full range acquisition in the
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m/z range 100-1000. For fragmentation study, a data dependant scan was performed deploy-
ing collision-induced dissociation (CID). The normalized collision energy of the CID cell was
setat 35€V.

The cone voltage, applied to the source, can have a considerable impact on the frag-
mentation pattern of an ionized molecule; common ESI-M S findings of sodium (Na) or potas-
sium (K) ion adducts with the molecules, giving shift in the corresponding peaks by 23 or 39
units, respectively, were observed together with the major fragmentation ions.2324 It is also
common to see addition of one or more protons to the molecular ions and the corresponding
Na or K adducts.23 In some reports on fast atom bombardment (FAB) in combination with
MS/MS investigations, the same effects were observed.2®

Complexes of chlorophyll with copper and zinc were identified according to their mass
spectra, and characteristic ion fragmentation within selected peaks from the corresponding
UHPLC chromatogram. Xcalibur software (version 2.1) was used for instrument control, data
acquisition and data analysis, as well as for the simulation of some MS spectra.

All solvents used in the experiments were of HPLC or LC-MS grade. Methanol and
acetonitrile used in UHPLC-MS experiments (LC-MS grade) were purchased from Baker,
The Netherlands and Fisher Scientific, UK, respectively. Crystalline copper(ll) sulfate penta-
hydrate and zinc sulfate heptahydrate were purchased from Sigma-Aldrich, Germany.

RESULTS AND DISCUSSION

The full scan mass spectra (obtained by the flow injection technique) of the
investigated Chl-fraction, and the Cu- and the Zn-treated Chl-fractions are shown
in Fig. 2a, b and c, respectively; the full list of the main compounds found in the
chlorophyll, Cu- and Zn-treated Chl-fractions with their assignments, as well as
the MS/MS spectraare givenin Tablell.

Chromatogram of the Cu-treated Chl-fraction, obtained from the DAD signal
at a detection wavelength, get. = 430 nm, is shown in Fig. 3a; the corresponding
Vis spectrum of the main observed peak in the chromatogram, assigned as the
“central” Cu—Chla complex is shown in Fig. 3b. The MS/MS spectrum of the
peak belonging to the anticipated “central” Cu—Chla complex, with a retention
time, tyg. = 4.77 min, is shown in Fig. 3c; the proposed fragmentation pattern for
this complex is shown in Fig. 4.

The chromatogram of the Zn-treated Chl-fraction, obtained from the DAD
signal at a detection wavelength, Aget. = 430 nm, isshown in Fig. 5.

The main identified Chl-derivatives with their full chromatographic (ty),
Vis spectroscopic (Amax) and MS (m/z) parameters found using UHPLC-DAD-
-MS/MS dataarelisted in Table I1. The information from the spectral data agrees
basically with the published data (givenin Table l1).

The Chl derivatives containing magnesium, zinc, copper could be mutually
distinguished by molecular weight and by the isotope pattern of the molecular
ions. If no metal was present, the molecular weight was lower and the isotope
pattern was simpler than that of the derivatives containing metals. As copper has
two natural isotopes, 3Cu (69.17 %) and 65Cu (30.83 %) and magnesium has
three natural isotopes, 24Mg (79.0 %), 25Mg (10.0 %), and 26Mg (11.0 %), whereas
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Fig. 2. Full scan MS spectra of the Chl-fraction (a), the Cu-treated Chl-fraction (b) and the
Zn-treated Chl-fraction (c) obtained in the flow injection ESI-M S experiments. The main
observed peaks correspond to molecular ions assigned as various Chl-derivatives. Molecular
ions representing adduct-ions of Chla with Naand K (at m/z 915 and 931, labeled as* and **,
respectively) were observed in the full scan M S spectrum of the Chl-fraction (a); a similar
situation was also observed in the Cu-treated Chl-fraction (b). A full list of the corresponding
ESI-MS/M S data chosen for some of the main peaks found in the full scan MS
arelisted in Tablel.
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TABLE I. Flow injection ESI-MS/MS data of the main compounds found in the Chl-fraction,
and the Cu- and Zn-treated Chl-fraction in ethanol

[M]* MI* Main observed
Compound fragment-ions Proposed structure of the
Found  Average calculated 2 fragment-ions?
MW/(m/2) MW/(m/2)2
Chlorophyll a 893.47 893.50 615 [M—278]* [M—CygHazg]*
(100 %) 555 [M—338]* [M—CyoH39CO,CH3*
Pheophytin a 871.20 871.21 839 [M-32]* [M—CH3OH]*
(100 %) 811 [M—60]* [M—HCO,CH4]*
593 [M—-278]* [M—CyoHazg]*
533 [M—338]* [M—CyyH39CO,CH4*
Pheophorbide b 606.39 606.67 574 [M—-32]* [M—CH30OH]*
(100 %) 548 [MH-59]* [MH-CO,CH3]*
“Central” Cu— 932.33 932.74 900 [M-32]* [M—CH30OH]*
Chla 654 [M—278]* [M—CyoHagg]*
(100 %)
593 [M—339]" [M—CygH39CO,CHzH]*
521 [M—411]* [M—C20H39CO2CH2CH2—
—CO-HOCHjg]*
»Centra“ Zn— 934.13 934.58 902 [M-32]* [M—CH30H]*
Chla 656 [M—278]* [M—CyoHagg]*
(100 %)
» Peripheral 958.60 957.875 900 [M—59]* [M—CO,CH3]*
Zn—-Chla (100 %)
681 [M—278]* [M—CygHazg]*

@The calculated molecular masses are average values bearing in mind the isotopic abundances of each element
in the proposed formula; btructures of the proposed fragments obtained from the literature. 2532

there are five isotopes of zinc, 64Zn (48.6 % ), 66Zn (27.9 % ), 67Zn (4.1 %),
68Zn (18.8 %) and 70Zn (0.6 %), the molecular ion (M*) of Zn—Chl derivatives
was significantly broader than those of the corresponding Cu- or Mg- deri-
vatives.26 Software simulated spectra were compared with the experimental spec-
tra to confirm, relativize or to reject the isotope distribution of the M* peaks in
the full-MS experimental spectra, both flow injection and UHPLC-MS. Good
agreement was found for al the investigated compounds (not shown). For
example, for Mt of “central” Cu—Chla complex, a mass distribution in the nvz
range 931.48 to 936.49 was found by simulation, and in flow injection MS/MS
experiment, an M ion at m/z 932.33 was detected.

Positive mode MS-fragmentation of the chlorophylls —a general pattern

The most abundant fragment ions in the positive mode MS/M S spectra of the
different Chls usually originated from fragmentation at the C-17 and C-13 posi-
tions (Fig. 1). The former one results either in aloss of a phytyl chain (the phy-
tadiene structure, CogHag) or in the loss of the whole CogH3gCO>CH3 group, which
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Fig. 3. Chromatogram of the Cu-treated Chl-fraction obtained from the UHPLC-DAD signal
at 430 nm (a). The corresponding UV—-Vis spectrum (taken from the DAD-signal (b) and the
MS/MSS spectrum (obtained from the UHPL C-ESI/M S measurements) by CID fragmentation
of the main product, t, =4.77 min, assigned as the “ central” Cu—Chla complex (c). The
corresponding structure assignments are shown in Fig. 1. A possible scheme of the
fragmentation pattern (linked to Fig. 3c) is shown in Fig. 4. The remaining chromatographic,
UV—Visand MS dataare given in Tablell.
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Fig 4. A proposed fragmentation pattern for the main observed compound in the Cu-treated
Chl-fraction assigned as the “central” Cu—Chla complex (Cu-Chla and Cu—Chla’), found at
tret. = 4.77 and 5.01 min, respectively, in the UHPLC chromatogram, based on DAD and
MS/MS data. * The molecular-ion and the peaks of the fragment-ions correspond to adducts of
Chla with K (the corresponding masses are 39 mass units higher).
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Fig 4. (Continued) A proposed fragmentation pattern for the main observed compound in the
Cu-treated Chl-fraction assigned as the “ central” Cu—Chla complex (Cu—Chla and Cu-Chla’),
found at t,¢ = 4.77 and 5.01 min, respectively, in the UHPLC chromatogram, based on DAD
and MS/M S data. * The molecular-ion and the peaks of the fragment-ions correspond to
adducts of Chla with K (the corresponding masses are 39 mass units higher).

appears in the MS/IMS spectrum at myz values corresponding to [M—CogHzg]* =
= [M=278]* and [M—CyoH39CO>CH3]* = [M—338]*, respectively.2” The latter
one (C-13 position) is result of aloss of CH30H (in the C-133 position) or, of the
whole ester-group (COOCH3 in the C-132 position, Fig.1), which appears in the
spectrum at m/z values corresponding to [M—CH3OH]* = [M-32]" and [M—
COOCHg3]* = [M-59]*, respectively.28 The list of the obtained data presented in
Tables | and I, includes, among al, the peaks resulting from a loss of 278, 338,
32 and 59 fragments.

Flow injection ES-MSMS spectra of Chl-, Cu- and Zn-treated Chl-fraction

Peaks at the m/z values corresponding to the molecular weights of the dif-
ferent Chls, such as chlorophyll a (Chla, at 893.47) and pheophytin a (Pheoa, at
871.20), were observed in the full-M S spectra of all three samples, Chl-fraction,
Cu-treated and Zn-treated Chl-fraction, as shown in Fig. 2a—c, respectively;
pheophorbide b (Pheidb, at 607.13) was observed in the Chl-fraction and the Cu-
treated Chl-fraction, as shown in Fig. 2a and b, respectively. On the other hand,
several other peaks were also observed at myz 858.97, 887.27, 932.33 in the
Cu-treated, and at m/z 933.07, 958.93 in the Zn-treated Chl-fraction (Fig. 2b and
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¢, respectively). These peaks belong to hydroxy-Pheoa (887.27) and the “central”
Cu—Chla complex (932.33) in the Cu-treated Chl-fraction; the peak at m/z 858.97
(not assigned) belongs to an unknown compound (Fig. 2b). Peaks at nm/z 933.07
and 958.93 found in the Zn-treated Chl-fraction (Fig. 2c) could belong to the
“central” and “peripheral” chelate Zn—Chla complexes, respectively. The peaks
at 915 (Fig. 2aand b) and m/z 931 (Fig. 2a) are assigned as “cluster” or “adduct”
ion peaks, i.e, M* peaks of Chla with metals such as Na and K, respecti-
vely.23.24

Pheoa

4.58
“peripheral
10000 Zn-Chla
585

9000 Chilg
220

8000

Chl-like chlp
AO00 unknawn

central
Zn-Chla

7000 2.80

camp.

mAU

Phead’ Chl-like
Chi b’ 5.08 8.65 unknawn
356 carmp.

A go 430 nm
T

R e o e e e e e g AL At At s A Mt M et e et s et e |
3 4 5 6 7 8 ] 10
Time {min)

Fig. 5. Chromatogram of the Zn-treated Chl-fraction, obtained from the UHPLC-DAD signal
at 430 nm. The remaining chromatographic, UV—Visand MS dataare listed in Table 1.

The data taken from corresponding MS/M S spectra of the compounds found
by the flow injection ESI-MS in the full scan MS spectra (given in Table I)
implies fragmentation which is in agreement with the loss of groups from the C-
17 and C-13 positions in the basic Chl structure shown in Fig. 1.26-30 For
example the MS/MS spectrum of m/z 893.47 (M*) yielded fragments at 615 and
555, among the most abundant ones (Table 1). The two peaks correspond to the
fragmentation of the Chla molecule in the C-17 position (shown in Fig. 1) with
the loss of CygHsg ([M—278]") and CygH39COoCH3 ([M—338]"), respectively,
which is in agreement with other reports.2’ On the other hand, the peak at m/z
932.33 from the Cu-treated Chl-fraction gave as the most abundant fragment in
the MS/MS spectrum an ion at m/z 654 (Table I): the loss of 278 units corres-
ponds to phytadiene, CogH3g, in the C-173 position of the “central” Cu-Chl com-
plex (structure shown in Fig. 1a), proving its formation in the fraction. In addi-
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tion, asimilar group of fragments was previously found, but in the negative mode
MS/MS spectrum, originating from the molecular ion M— at m/z 931.5, assigned
as the “central” Cu—Chla complex, in the extract of bright green table olives
(which is called “ Cu—pheophytin a”).2°

The peaks at m/z 933.07 and 958.93 found in Zn-treated Chl-fraction were
assigned as the “centra” and “periphera” Zn—Chla complexes (full-MS
spectrum is given in Fig. 2c). The corresponding MS/MS fragments of the peak
at m/z 934.13 (the “central” Zn—Chla), 902 ([M-32]* = [M—CH30H]") and, as
the most abundant, at 656 ([M—278]" = [M—CygHa3g]*), as shown in Table I, are
similar to the one found (for the Zn—Chla complex) in Chl solutions subjected to
FAB (fast atom bombardment)26 as well as to APCI (atmospheric pressure che-
mical) ionization combined with collision activation and tandem mass spectro-
metry,30 (marked as Zn—pheophytin a in the related papers).26:30 On the other
hand, the corresponding MS/M S fragments of the peak at m/z 958.60 (the “ peri-
pheral” Zn—Chla complex) were found at m/z 900 ([M-59]* = [M—CO,CH3]"),
the most abundant one, and at m/z 681 ([M—278]* = [M—CogH3g]*) (Table ). No
supporting MS-report was found to date that deals with MS and/or MS/MS frag-
mentation patterns that could be related to the “peripheral” heavy metal com-
plexes of chlorophyll. However, the possibility for the formation of “periphera”
HMS complexes was aready proven in other, not MS-related reports with mag-
nesiumy’ and zinc,14 based on FTIR data.

UHPLC-DAD-ES-MSMS experiments

Results of chromatographic analysis (coupled with UV-Vis and MS/IMS
detection systems) of the investigated samples (Chl-fraction, Cu- and Zn-treated
Chl-fractions) generally confirmed the results obtained by above discussed, flow
injection ESI-MS/MS analysis (the chromatogram of Cu-treated Chl-fraction
shown in Fig. 3a and the other data shown in Table Il). The interactions of
chlorophyll with zinc and copper were clearly proven.

The most intense peaks in the chromatogram of the Chl-fraction belong to
Chla (tre = 2.20 min), and to Chla’ (Epimer*, te, = 2.37 min). The corres-
ponding data from the MS/MS and UV-Vis spectra are presented in Table I1. On
the other hand, the most intense peaks in the chromatogram of the Cu-treated
Chl-fraction (shown in Fig. 3a) found at t;¢, = 4.77 and 5.01 min, were assigned
to the “centra” Cu—Chla and Cu—Chla’ complexes**. The corresponding Vis

* Epimers of chlorophylls (Chls') are amost always present in preparations of chlorophyll and its
derivatives and they are naturally present in small amounts in photosynthetic organisms.2233 On
the other hand, chlorophylls can be, in small amount, converted to the 13%-epimers (Chls, Fig. 1a)
during the extraction processes.333> Epimers of chlorophylls showed almost identical UV-Vis
absorption as well as MS spectral behavior; they could be only separated by chromatography and
then identified.33

** Epimers of Cu-chlorophyll showed identical UV—Vis absorption and M S spectra (Table I1).
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spectrum of the compound at tyer,=4.77 min is shown in Fig. 3b, which is sup-
ported by the available reports.36-38 A notable hypsochromic effect of the
Qy-band belonging to the “central” Cu—Chla complex (Agy-max. = 652 nm, Table
[1) can be compared to the same band observed for Chla (Aqy-max. = 665 nm,
Table 11) already documented in earlier papers.14-16:39 |n addition, the MSMS
spectrum of the compound found at tyeg = 4.77 min with mass found at vz 970.27
(“central” Cu—Chla complex, the M*-adduct with potassium, K) is shown in Fig.
3c. The assignment of the fragments as well as a proposed pattern of MS/IMS
collision-induced fragmentation is shown in Fig. 4. The labels a+f in Fig. 3c
correspond to the same labels of different fragmentation steps shown in Fig. 4. It
is important to stress the presence of K in both molecular ions as well as in the
corresponding fragments peaks in the MS/M S spectrum (Figs. 3c and 4). A mgjor
fragment at m/z 692 ([M—278+K]"), corresponds to the loss of the phytyl moiety,
CooHsg (Fig. 4a— fragmentation, Fig. 3c — MS/MS).26:30 The second fragment at
m'z 674 ([M—296+K]*), represents phytyl chain loss at C-173 — in a form of
phytol, CogH3gOH (Fig. 4b — fragmentation, Fig. 3c — MS/MS). The next two
fragments (e, m/z 642 and f, m/z 598) are formed through a rearrangement of
fragment b followed by aloss of CH30H and CH30H+CO,, respectively (Fig. 4e
and f, Fig. 3c — MS/IMS spectrum). The fragment at m/z 632 ([M—-338+K]")
belongs to the loss of the phytyl chain, CogHsg, and CH3COOH from the C-171
position (Fig. 4c). The fragment at m/z 618 ([M—352+K]*), corresponds to loss of
CooH3zg and CoHsCOOH from the C-17 position (Fig. 4d — fragmentation, Fig. 3c
—MS/MS). The fragments are also presented in Table 1.

The peaks at trg, = 2.20, 2.80, 3.36, 3.66, 4.58, 5.06 and 5.85 min, belonging
to Chla, the “central” Zn—Chla complex, Chib, Chlb’, Pheoa, Pheoa’ and the
“peripheral” Zn—Chla complex, respectively, are found in the chromatogram
obtained from the Zn-treated Chl-fraction (Fig. 5). The three most abundant
peaks at m/z 933.33, 955.25 and 970.50 dominate in the full scan MS spectrum
obtained from the peak at tg. = 2.80 min; they are assigned to the “central”
Zn—Chla complex, [M]*, the [M+Na]*-adduct and [M-2H,0]* peaks, respecti-
vely. The presence of m/z 933 and 970 peaksistypical for the “central” Zn—Chla
and Zn—Chla-dihydrate complexes, respectively (marked as Zn—pheophytin a and
Zn—pheophytin a dihydrate in the paper by Nurhayati and Suendo.40 The inten-
sity of the m/z 970.50 peak is higher than that of the m/z 933.33 peak, probably
due to more preferable existence of the “central” Zn—Chla-dihydrate with coordi-
nation number 6, compared to the “central” Zn—Chla complex with coordination
number 4.40 The corresponding MS/MS spectrum of the [M+Na]* adduct (m/z
955.25) is related to the peak with te. = 2.80 min, and consisted of fragments
characterized by the loss of the phytyl chain from the C-173 position (Table I1,
Fig. 18). On the other hand, the MS/M S spectrum of the anticipated “ peripheral”
Zn—Chla complex,1417 with an M* of myz 957.95, found at t,¢ = 5.85 min,
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consisted of two peaks, one at 679 [M—279]*, the most abundant one, and at nvz
603 [M—-355]* (Table I1). The former one obviously originates from separation of
aphytyl tail.

CONCLUSIONS

The in vitro formation of Cu— and Zn—Chla complexes of both types (the
“central” as well as the “periphera”) was confirmed by the UHPLC-ESI-MS
method. This is a significant step forward because the formation of “central”
Zn—Chl complexes could not be proven by Vis and FTIR spectrometry in earlier
reports.14.1539 |t should not be forgotten that the formation and stability of these
complexes under in vitro circumstances certainly differs from those existing inin
vivo plants and algae environments. From this point of view, the probability for
the formation of “periphera” Zn—Chl complexes seems amost negligible, taking
into account the aggregated “network” of Chl molecules (both Chla and Chib)
inside the antennas of the two photosystems, PSII and PSI.33 Still, the reliability
and high sensitivity of this method makes it an efficient tool to detect not only
the formation and existence of complexes but aso to study other related pro-
cesses (stahility, dynamics, thermodynamics, etc).

Acknowledgements. This work was supported under Projects of the Ministry of Edu-
cation, Science and Technological development of the Republic of Serbia, Projects No.
TR-34012 and OI-172044.

H3BOJ
EJIEKTPOCITIPEJ JOHU3AIITMOHA MACEHA CIIEKTPOMETPHJA KOMBUHOBAHA CA
TEUHOM XPOMATOI'PA®HUIJOM BUCOKHNX MOTYRHOCTHU Y AHAJIU3U ®OPMUPABA
KOMIUIEKCA XJIOPO®UJIA CA BAKPOM U IUHKOM, IN VITRO

JEJIEHA B. 3BE3HAHOBI/I'F11, CAbA M. HETPOBI/IT11, JEJAH 3. MAPKOBI/I'Bi, TATJAHA II. AH'F;EIII(OBI/IEZ
u JAPKO X. AHBETIKOBUR’

1YHueep3uu76m y Huwy, Texnonowxu ¢axyniiein, Bynesap Ocrnodoherwa 124, Jleckosay, ZYHusepsuL_uem y
Huuwy, IIpupogno—matmemaitiuuku Qaxynitedii, Ogcex 3a xemujy, Buweipagcka 33, Huw u
3jkm Haucyc,Knetuwe Jbyduue 1/1, Huw

Llwsb oBOT paja je mocTu3amwe Hosber yBuaa y uHTepakuuje xnopodwuia (Chl), HajBaxxHU-
jer oTocUHTETCKOT MUTMEHTa, ca dakpom (II) u unnkom (I1), y pactBopy, kopucrehu metony
jOHM3aLlMOHE MaceHe CIeKTPOMETpHje KOMOWHOBaHE ca METONOM TEeUHe XpomaTorpaduje
BUCOKUX MoryhHoctu ca UV-Vis nerexnujom (UHPLC-DAD). OBe HHTEpaknyje MOTY MOTEH-
LMjaiHo, alny He W HY’KHO, JOBECTH 1o ¢hopMHpama JBa Pas3IM4YMTa THUIA KOMIUIEKCA XJIOpPO-
¢wuna ca dakpom u nuHKOM, Cu—Chl u Zn—Chl, penom, xoje noBome 1o 6pojHUX TUCHYHKIIHja
y OuwpHOM cBeTy. Pe3ynTaty oBor pana (dasupaHu Ha aHaIU3M ClEKTapa JOOUjeHUX METOOM
MaceHe cnektpometpuje, ca mpumeHom UHPLC xpomarorpaduje u de3 we) notsphyjy ¢op-
mupawe ,ueHtpanHor tuma“ Cu—Chl xommnnexca, kao u “nentpanHor tuma” Zn—Chl xom-
IieKca, 3ajeoHo ca Joka3om o (opmupamy U “nepudepsor tuna” Zn—Chl xommnexca, koju
NoTHYe 0 BeoMa cnade KOODOMHATHBHE WHTepaKiHje Ha 0001y CTPYKType MOJeKyJsia XJI0po-
¢una. IIpuMermeH MeTOA ce N0Ka3ao Kao MOY3[aHO CPeICTBO 3a NMpoy4yaBawe (OopMHUpama U
cTabMIHOCTH KOMIUIEKCA TEIIKUX MeTaja ca XJIOpoUIoM, IIpe CBera in vitro, alnu M ca 3Ha-
yajHoM MoryhHoirhy mpumMeHe y peasHUM yCI0BUMa OH0-0KpYXKemba.
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