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Different possibilities for the formation of complexes of
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organelles: chloroplasts and thylakoids

JELENA ZVEZDANOVIC, DEJAN MARKOVIC* and GORAN NIKOLIC
Faculty of Technology, 16000 Leskovac, Serbia
(Received 8 September 2006, revised 21 March 2007)

Abstract: The possibility of the formation of copper and zinc complexes with chlo-
rophyll in photosynthetic organelles (chloroplasts) and suborganelles (thylakoids)
was studied. The visible and fluorescence spectra obtained from chloroplasts and thy-
lakoids in the presence of the two metals confirmed complex formation in the case
of copper, while such possibility appears to be very minor in the case of zinc. The
reason for this distinction lies in the different type of complexes which chlorophyll
forms with the two metals: only “central” or “substitution” copper—chlorophyll com-
plexes may be formed inside the two isolated entities, while the formation of a pos-
sible zinc—chlorophyll “peripheral” type of complex is prevented for steric reasons.
The latter fact is of high biological relevance, since both complexes may cause an
irreversible impairment and damage of photosynthetic function.
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INTRODUCTION

Chlorophyll (Chl), the major photosynthesis pigment, in chemical terms is a
chlorin, a dihydroporphyrin derivative containing an isocyclic cyclopentanone ring
(fused to a pyrrole ring between C-13 and C-15 positions), where central metal Mg
atom coordinates four symmetric pyrrole rings (Fig. 1). The major function of chlo-
rophyll in photosynthesis is related to light collection and light conversion pro-
cesses. Significant progress has been made in understanding of the in vitro pro-
perties of Chl and this contributed to a better understanding of the role of Chl in
photosynthesis on the molecular level.12

Plants easily absorb many toxic heavy metals.3:4 Once absorbed, they penetra-
te to plant tissues (including leaves) and at higher concentrations, they may inhi-
bit photosynthesis.>~7 Heavy metals can replace the relatively weakly bound cen-
tral magnesium atom (Mg) of chlorophyll, to form heavy metal complexes (Chl-
—HMS).8-10 The Chl-HMS complexes may cause an impairment of photosynthetic
function, which can have fatal consequences.1! The detailed consequences of this sub-
stitution for higher plants and green algae have been discussed by Kiipper et al 812,13
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Fig. 1. Structure of chlorophyll a, with nu-
merated C-positions.
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The general reactions of Chl with heavy metals in vitroll and in vivol415
have already been reported. Early in vivo studies of Chl-HMS formation in hi-
gher plants and green algae8:12 showed that this reaction was strongly dependent
on the light intensity: in the dark, the majority of antenna Chls are accessible for
Chl-HMS formation13 (“shade reaction”), while under high light conditions, only
a small fraction of antenna Chls undergoes it (“sun reaction”).8:11,12 Chl-HMS
complexes can be prepared by heating Chls with metal salts in acid or organic so-
lutions.18 Also, acidification of Chl solutions with hydrochloric acid followed by
the addition of a heavy metals solution leads to the formation of Chl-HMS.7.8,16-18
Kipper performed experiments in vitro by adding solutions of heavy metals to
96 % ethanolic grass extracts.8

Chl-HMS shows a spectroscopic behavior different to that of Chl itself,8.17-21
qualitatively (shift of the characteristic band maxima), as well as quantitatively (dif-
ferent intensities of the corresponding bands). For example, Cu—Chl formation is
followed by a hypsochromic (“blue”) shift of the long wavelength (“red”) absorp-
tion band,8:12.17,18 with significantly lower coefficient of absorption value com-
pared to Chl itself.1” A not so expressed “blue” shift of the “red” Chl band was
observed for Zn-Chl.19.22

In this work, the possible formation of Chl-HMS complexes in isolated pho-
tosynthetic organelles, chloroplasts and their sub-units, thylakoids, with two cho-
sen heavy metals, zinc and copper, was studied. In lower concentrations, copper
is an essential micronutrient for higher plants and algae and it is even a consti-
tuent of the primary electron-donor of photosystem I, the Cu—protein, plastocya-
nin.23 However, high external Cu concentrations (and those of Zn as well) — like
the ones in this work — may produce many damaging effects. Zinc may be inclu-
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ded in the degradation of chloroplasts stromal proteins.24 Copper may affect all
kinds of photosynthetic activities, such as electron-transport and ATP production,25-28
or oxygen evolution.29

The complexes Cu-Chl and Zn—Chl were examined in this study by visible
and fluorescence spectroscopy.

EXPERIMENTAL

The Chl-HMS formation may occur under low light (“shade reaction”) and under high light
conditions (“sun reaction™).13 Since just a minority of antenna chlorophylls (in vivo) is accessible to
Chl-HMS formation under high light conditions,13 the experimental part of this work was perfor-
med under shade conditions as much as possible.

Isolation of intact chloroplasts

Intact chloroplasts from spinach were prepared using a described procedure.39 Healthy, intact
spinach leaves floating in a basin of water were exposed to bright light for 30 min, before removing the
midribs. The plant material (50 g) was immersed in 200 cm? of grinding medium, which had pre-
viously been brought to a consistency of melting snow. The grinding was done in a couple of seconds.
The suspension was then squeezed through two layers of muslin and filtered through 8 layers of mu-
slin and a layer of cotton-wool. The chloroplasts were quickly separated from the supernatant by
centrifugation in four tubes at 4000 rpm for 100 s. The supernatant was decanted and the pellet, re-
suspended in about 80 cm? of grinding medium, was recentrifuged in two tubes at 4000 rpm for 100 s.

A low cation medium was employed as the grinding and resuspending medium.3%:32 It con-
tained 12.035 g of sorbitol, 2 cm3 of 1 M KCI, 0.8 cm3 of 0.25 M EDTA, 95 cm3 of water and
2.383 g of Hepes (4-(2-hydroxyethyl)-1-piperazine ethanesulphonic acid) buffer, pH 7.8. The grin-
ding medium was prepared daily by mixing about 6 cm3 of the low cation medium with 18 g sorbitol
and 276 cm? of water.

The clean, final pellet of chloroplasts was resuspended in 0.5-1.0 cm3 of resuspending medi-
um, containing 5 cm? of the low-cation medium, 0.02 cm? of 1 M MgCl,, 0.02 cm3 of 1 M MnCl,,
0.1 g of serum albumin and 5 cm3 of water.

The chlorophyll content (Chla — Chib) in the suspension of chloroplasts was calculated as
reported (2.2x10°3 M).33

Content of intact chloroplasts in the suspension of chloroplasts

The content was calculated by comparing the reduction of KzFe(CN)g in a suspension of in-
tact chloroplasts and broken chloroplasts (spectrophotometrically). The mixture contained 10x10-3 cm?
of chloroplasts suspension, 1 cm? of the low-cation medium, 1 cm? of water, 20x1073 cm® of 1 M MgCl,,
and 40x10-3 cmd of a solution containing 164 mg of K3Fe(CN)g dissolved in 1 cmd of water. The
absorbance of the mixture was measured at 420 nm (following a 1 min exposure to bright light) and
then upon the subsequent addition of 10x10- cm3 of 1 M NH,CI. The same procedure was also
applied to broken chloroplasts (the chloroplasts were broken by hard mixing in an excess of water).
Calculated content of intact chloroplasts was 65 %.

Incubation of chloroplasts and thylakoids with zinc and copper

The reaction mixture containing 1.5 cm3 of the low-cation medium, 20x10-3 cm3 of chloro-
plasts or thylakoids suspension, 1.25 cm3 of water and 0.25 cm3 of 0.05 M aqueous solution of
ZnS0O, or CuSO, was prepared. After the incubation period (tj,c = 3 h— 7 d), the copper or zinc com-
plexes with chlorophyll from the incubated chloroplasts or thylakoids were extracted by adding
acetone (4 cm3), and then cyclohexane (5 cm3) in 2 cm3 of the reaction mixture. The acetone relea-
ses the chlorophyll from the incubated chloroplasts and thylakoids (making them “disorganized”)
and increases their solubility in the cyclohexane phase, in which the complex formation is stopped.®
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Finally, the Vis spectra of the complexes were recorded in cyclohexane using the Vis spectrophoto-
metric method for in vitro conditions.22

Vis spectroscopy

The Vis spectra of “disorganized” Cu-Chl and Zn—Chl complexes (obtained from the incuba-
ted chloroplasts and thylakoids) were recorded on a Varian Cary-100 spectrophotometer in the wa-
velength range of 350 to 750 nm with a constant concentration of ions (Cu%* or Zn?*), after diffe-
rent tj periods.

Fluorescence spectroscopy
The fluorescence spectra of the chloroplasts and thylakoids in the resuspension medium were re-
corded on a Fluorolog Jobin Yvon Horiba spectrofluorimeter. The excitation wavelength was 430 nm.
RESULTS

Before the addition of any metal ions to the chloroplasts and thylakoids, a con-
trol experiment was performed in order to assign all possible absorption changes
in the absorption of Chl to factors other than the formation of the complexes. The
control was performed over a period of one week. A hardly detectable change oc-
curred just at the end of this period (not shown). This means that changes in the
Vis spectra of “disorganized chlorophylls” and the fluorescent spectra of treated
chloroplasts and thylakoids occurring in a period of less than one week, shown in
Figs. 2—4 could be assigned only to the formation of the complexes.
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Fig. 2. Vis spectra of “disorganized chlorophylls” obtained from isolated intact chloroplasts (65 %)
incubated for two time periods (tj,c.) with (A) copper and (B) zinc. The Chl concentration in the
chloroplasts was Chl,, = 0.015 mmol dm3, while the two concentrations
ratio was n(Cu?*,Zn2*)/n(Chl,y,) = 3000:1.

The Vis spectra of “disorganized chlorophylls” obtained from chloroplasts in-
cubated with zinc and copper ions for several different periods of time are shown
in Figs. 2A and 2B, respectively. The spectra of “disorganized chlorophylls” ob-
tained from non-incubated chloroplasts serve as blanks. The Q or “red band” is
an exclusive (“diagnostic”) characteristic of chlorophyll and its derivatives,2:34.35
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thus eventual changes in its intensity or position should be attributed only to Chl
and not to any other pigment (such as for Soret or the B (“blue”)-band, where ac-
cessory pigments, carotenoids, can make a significant contribution).

Fluorescence spectra obtained from isolated photosynthetic organelles, chlo-
roplasts, and sub-organelles, thylakoids, incubated with copper ions for two dif-
ferent periods of time, are shown in Figs. 3a and 3b, respectively. The fluores-
cence of non-incubated chloroplasts again plays the role of the “blank”. While
the position of the fluorescence maximum (Fax) barely shows any change du-
ring the incubation, the intensity of the Fyax shows a huge drop (> 75 %).
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Fig. 3. The chlorophyll Q-band fluorescence spectra of (a) chloroplasts, and (b) thylakoids in the re-
suspended medium in the presence of copper for two different time periods following the beginning
of the formation of the complexes (t;,c). Clearly, a very similar type of change can be seen. The fluo-
rescence (cps — counts per second) from non-incubated chloroplasts served as the blank.

The completely opposite behavior was observed with the chloroplasts and thy-
lakoids incubated with Zn2* ions (Figs. 4a and 4b, respectively), i.e., the intensity
of Fmax of the chloroplasts did not change significantly even after 2 days of incu-
bation (Fig. 4a), or even a certain rise was evidenced after 5 days of incubation of
the thylakoids (Fig. 4b).

DISCUSSION
Vis spectra

The Vis spectra of isolated chloroplasts incubated with copper, and then con-
verted into disorganized chlorophylls, clearly proved the formation of the Cu com-
plex. The hypsochromic (“blue”) shift of 9 nm after 7 days of incubation (follo-
wed by a hypochromic effect, fall of the intensity) is clearly visible (Fig. 2A). The
same effect was detected with the isolated thylakoids (shown in the Appendix).
The results shown in Fig. 2A were obtained with an about 10 times higher con-
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centration of Cu2* ions, compared to that used for recording the fluorescent spec-
tra; an additional experiment performed with a comparable Cu2* concentration also
expressed a “blue” shift (a concentration effect, in addition to the hypsochromic ef-
fect, shown in Appendix), although two times smaller than the one shown in
Fig. 2A. On the other hand, isolated chloroplasts incubated with zinc, and then also
converted in disorganized chlorophylls, did not prove the formation of a Zn com-
plex (Fig. 2B), at least not one of the same type as the one formed with Cu, since a
hypsochromic shift was hardly visible. This is in good agreement with the results
found in a study of isolated Chl fractions,22 where a clear and significant hypso-
chromic effect (also followed by a hypochromic effect, proving the instability of
complexes) was found for the Chl fractions incubated with copper, confirming *“cen-
tral” complex formation (in which the central Mg atom of chlorophyll was repla-
ced by copper); at the same time, the “peripheral” complex (6-membered chelate
cycle fused at the periphery of the Chl structure) was not clearly confirmed in the
case of Cu—Chl, but was in the case of Zn—-Chl.22
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Fig. 4. The chlorophyll Q-band fluorescence spectra of (a) chloroplasts, and (b) thylakoids in the
resuspended medium in the presence of zinc for two different time periods following the beginning
of the formation of the complexes (t;,c). Clearly, while a very similar type of change can be seen
(a—b), the behavior is quite the opposite compared to that shown in Figs. 3a and 3b (copper effect).

The fluorescence (cps — counts per second) from non-incubated chloroplasts served as the blank.

Fluorescence spectra

Bearing in mind that Chl fluorescence represents an intrinsic probe of photo-
synthesis,36 it was reasonable to expect another proof for Chl-HMS formation
from fluorescence spectra (in vitro). Generally, it is well known that Chl-HMS
formation leads to a decrease of the intensity of the fluorescence emission, indi-
cating the formation of an unstable first excitation state, which relaxes to a grea-
ter extent thermally.13 Considering that chlorophyll fluorescence emission and ki-
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netics in vivo are influenced by toxic heavy metals, including copper and zinc,12:37
and bearing in mind the high complexity of the involved isolated photosynthetic
organelles and sub-organelles, it is to be expected that the fluorescent spectra of
chloroplasts and thylakoids would also be affected by the action of toxic metals.
This is clearly seen with copper through a rough observation of the magnitude of
the change in AFax Obtained with chloroplasts and thylakoids, compared to non-
incubated chloroplasts and thylakoids (Figs. 3a and 3b) (Fmax of Chl fluorescence
in chloroplasts and thylakoids was red-shifted, to 681 nm, compared to isolated
Chls due to the aggregation of the Chl molecules in the antennas).2 The fluo-
rescence emission was greatly suppressed in Cu-treated chloroplasts and thyla-
koids: the organization of the antennas of the photosystems favors the formation
of non-fluorescent “central complexes”, even after 3 h (thylakoids — Fig. 3b) or 6 h
(chloroplasts — Fig. 3a). Prolongation of the incubation period (tj,c) up to 2 days
(chloroplasts — Fig. 3a) or to 5 days (thylakoids — Fig. 3b) did not change the si-
tuation very much, even the almost negligible “red shift” of Fpyax (681 nm for
non-incubated chloroplasts and thylakoids vs. 682 nm for the complex) remains
the same. This remarkable decrease of fluorescence intensity (>75 %) induced by
the action of copper is in accordance with copper-induced suppression of fluore-
scence induction in spinach chloroplasts,® or the induction kinetics in isolated
thylakoids.38 It is also necessary to note that the great similarity of the fluores-
cence spectra obtained from the chloroplasts and thylakoids (Figs. 3a and 3b)
proves a predominance of the Cu—Chl interaction inside the photosynthetic an-
tennas compared to the potential Cu interactions with the stromal lipo-protein
matrix of the chloroplasts.

On the other hand, the fluorescence spectra of the chloroplasts and thyla-
koids exposed to the action of Zn2*+ exhibited the completely opposite behavior
(Figs. 4a and 4b). The magnitude of Fyax decreased just a little after 6 h, and ano-
ther few percents after 48 h, compared to the non-incubated chloroplasts (Fig. 4a).
On the other hand the magnitude of the change in Fyax for the thylakoids was of
a higher magnitude but in the opposite direction (more than 20 % after 5 days,
Fig. 4b). There is no clear explanation for this distinction, although Zn—-Chl com-
plexes have been reported to fluoresce at least as much as Chl itself in benzene and
diethyl ether.3® However, Zn—-Chl can not replace Chl in higher plants and green
algae — comparable systems to chloroplasts and thylakoids — because its “blue-shif-
ted” absorbance detected in solutions3® could reduce the spectral overlap of fluo-
rescence/absorbance bands required for excitation transfer to the reaction centers
of the photosynthetic apparatus of plants.13 Therefore, in both cases — chloro-
plasts and thylakoids — there is not an extremely large drop in the Chl fluores-
cence intensity, as is the case with copper (Figs. 3a and 3b). A possible explana-
tion could come from a nature of aggregated antennas structures. Chl molecules in-
side photosynthetic antennas are aggregated most probably through (C-131) =
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= O---Mg interaction and this could potentially be the key factor preventing the
formation of Zn-Chl “peripheral” complexes,22 rather than a possible interaction
with the stromal lipo-protein matrix (otherwise copper would react in a similar man-
ner); the formation of “central” complexes in the case of zinc is certainly excluded.

Finally, the question is how much this in vitro behavior of the Chl-HMS
complexes can mimic the expected in vivo situation, where plants and algae ab-
sorb copper and zinc from the surrounding environment, permitting the pene-
tration within photosynthetic apparatus and the formation of Zn- and Cu-Chl
complexes within it. One of the main limiting factors is the sensitivity of chloro-
phyll: Chl can undergo “light” and “dark” reactions. The first ones are mostly
photo-oxidation reactions involving the chlorin structures, resulting in different
porphyrin modifications.40 The other ones involve the periphery of the chlorin
structure but do not change the chlorin nucleus.1® While the first ones can be
prevented by simply keeping chlorophyll in the dark, the second ones can not be
avoided and potentially, they can influence chelate formation.22 The peripheral
chelate formation is especially sensitive to oxidation reaction at the C-132 po-
sition (the allomerization reaction — see Fig. 1) yielding several derivatives inca-
pable of enolization at the isocyclic ring.16 Structures of the allomer products
may exclude any possibility for the chelate formation (“peripheral complexes”).
Generally, allomerization products are less abundant in fresh spinach samples
than in the older ones; in the latter case, prolonged senescence may lead to chlo-
rophyll breakdown and the appearance of monopyrrolic compounds.41

However, from a biological point of view, the formation of either type of
complex, “central” or “peripheral”, has pathological consequences on the functi-
oning of chloroplasts and thylakoids, ranging from irreversible impairment (in
the “light phase™) to complete breakdown of photosynthesis, a fatal end for the
plants.8.11 The two complexes are selectively connected to particular steps in this
pathological process. Thus while “central” complexes are generally related to pri-
mary photosynthesis photochemistry,13 “peripheral” complexes certainly affect
the process of photon transfer inside the photosynthesis antennas, by widening
the gap in the spectral overlapping between neighboring Chl molecules.12

CONCLUSIONS

Of the studied metals, only copper forms complexes with Chl inside the
photosynthetic antennas of isolated chloroplasts and thylakoids. The complexes
are of “central” or “substitution” type. Zinc cannot form this type of complex and
the other, “peripheral” type of Zn—-Chl complex is not possible in chloroplasts
and thylakoids for steric reasons.
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APPENDIX
Cu-incubated thylakoids, Cu”"/Chl=250:1

Cu-Incubated thylakoids, Cu**/Chl=3000:1
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Al nm Incubation of isolated thylakoids by Cu2* ions:

Incubation of isolated thylakoids by Cu2* ions:

the effect on A, position of disorganized
chlorophylls’ Q (“red”) band. The Cu2*/Chl
ratio the same as for Fig. 2A (3000:1).

the effect on A,y position of disorganized
chlorophylls’ Q (“red”) band. The Cu2*/Chl

ratio is an order of magnitude smaller (250:1)

than the one for Fig. 2A.

U3BOJ

PA3JIMYUTE MOI'YRHOCTHU 3A ®OPMUPAE KOMITJIIEKCA BAKPA 1 [IMHKA
CA XJIOPOOHIIOM Y ®OTOCUHTETUYHUM OPTI'AHEJIAMA:
XJIOPOIUTACTUMA U TUWJIAKOUJANMA

JEJIEHA 3BE3JIAHOBUR, IEJAH MAPKOBWH u TOPAH HUKOJIUNh
Texnoaowku gaxyaitieit, 16000 /Ieckosay

VY oBoM pany cy ucnutHBaHe MoryhHocTH 3a (opMupame KOMIUICKca 0akpa M IMHKa ca
XIOpOoGHHIOM Y POTOCHHTETHIHUM OpraHesnama (XJIOpoIIacTimMa) U cyb-opranenama (THIaKOUIN-
Ma). DIyOopecHeHTHH CIeKTPH AOOHMjeHH M3 XJIOPOIUIaCTa M THIAKOMAA y IPHUCYCTBY [Ba MeTana
MOTBPAXIH Cy GpopMHpae KOMILIEKCa Y ciy4ajy 6akpa, oK je y clly4ajy [HMHKa Ta MOryhHOCT MH-
HOpHA. Pa3nor 3a oBakBy pa3IMUYHTOCT j€ y PA3NIMYUTUM THIOBHMAa KOMIUIEKCA KOje XJIOpodmi
¢dopmMupa ca oBa J{Ba MeTana: caMo “HEHTPAIHN WIN “CyNCTUTYIHOHH” Oakap—XIopo(IIHI KOM-
IUIEKCH MOTY OWTH ()OpPMUpaHU YHYyTap JBa M30JI0BaHA EHTUTETA, JOK je (OpMHUpPAE TUHK—XJIOPO-
¢unHOr “nepudepHOr” TUMa KOMIUIEKCa CIPEYeHO M3 CTepHUX pasinora. [locientha dumbeHUIa je
0]] BEJMKE OMOJIOIIKE BaKHOCTH MOIUTO 00a THIA KOMIUIEKCA MOTY IPOY3POKOBATH HEHOBPATHY
nmuchyHKOHjy u omreheme (OTOCHHTETHIKOT Iporieca.

(Ilpumsseno 8. cenrembpa 2006, pesuaupano 21. mapra 2007)
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