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Abstract

Carotenoid importance for membrane organization of NADPH protochlorophyllide oxidoreductase (POR) was studied by comparing
interaction of two membrane fluorescent probes with proteins in prolamellar bodies isolated from norflurazon-treated wheat plants (cdPLBs) to
those isolated form plants with normal carotenoid amount (0PLBs). The tryptophan fluorescence quenching by 1-anilino-8-naphthalene sulfonate
(attached to the surface of membrane lipid phase) and pyrene (situated deep into the fatty acid region of membrane lipids) was used to locate the
position of POR molecules toward lipid phase, to analyze their supramolecular organization and the light-induced structural transitions. Our results
showed that the pigment—protein complexes of cdPLBs were larger than those of oPLBs. Upon flash irradiation the aggregates of both types of
PLB dissociated into smaller units but in cdPLBs this process was accompanied by reorientation of the POR molecules closer to the lipid surface
and/or dissociation from the lipids. These results revealed that carotenoid deficiency led to a looser attachment of POR to the lipid phase and its
early (in comparison with oPLBs) dissociation from the membranes during the light-induced transformation of cdPLBs. This might be one of the

reasons for the inability of carotenoid-deficient plants to form functional plastids.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In the absence of light angiosperms accumulate, instead of
chlorophyll (Chl), mainly its immediate precursor-protochlor-
ophyllide (Pchlide). In many plants, the predominant part of
Pchlide molecules forms a ternary complex with the enzyme
NADPH-protochlorophyllide oxidoreductase (POR, EC
1.3.1.33) [1-3] catalyzing Pchlide photoreduction and
NADPH as a cofactor. POR—Pchlide—NADPH complexes
are highly organized in a three dimensional netlike membrane
structure—the prolamellar body (PLB) [4—6]. POR can
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constitute as much as 90% of the PLB protein content. Within
PLB the ternary complexes are organized in large aggregates
[7—10] which, besides mediating Pchlide reduction, also play a
role in PLB assembly and protection against photo-oxidative
damages [11—13]. Pchlide within the large aggregates has a
fluorescence emission peak at 656 nm and can be photoreduced
by a short (ms) light flash. As a result of photoreduction,
Pchlide transforms to chlorophyllide (Chlide) which subse-
quently is esterified to Chl [4—6]. Simultaneously, the large
POR aggregates dissociate into smaller units [5,14].

Some recently obtained results indicate that the other big
group of plastid pigments—carotenoids, also plays role in
PLBs formation and disassembly; particularly, zeaxanthin and
violaxanthin molecules might be associated to photoactive
POR—Pchlide—NADPH complexes [15].

The identification of carotenoid and chloroplast regulation
(ccr) mutants in Arabidopsis has made it possible to show the
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specific function of certain carotenoids in the formation of the
PLBs [16]. The accumulation of prolycopene in dark-grown
ccr mutants caused an inhibition of PLB formation. A similar
effect was also found after treatment of barley leaves with
amitrole [17,18]. It was suggested that lutein could be inserted
in the membranes and oriented both in vertical and in parallel
to them [19], while a similar orientation of prolycopene was
regarded as not favouring the curvature of the PLB membrane
to the same extent [16]. The membrane lipid composition and
curvature [20], as well as the lutein presence, can all be factors
important for the proper attachment of POR in the PLBs. In
addition, the surface charge densities, which were known to be
altered by Norflurazon [21], might influence POR attachment
too.

Earlier, we reported that after flash irradiation dark-grown
plants with norflurazon-induced carotenoid deficiency accu-
mulated more Chlide than plants with normal carotenoid
content [22]. When etiolated plants were grown at room
temperature the norflurazon-induced carotenoid deficiency did
not cause aberrations in ultrastructure of PLB as seen by
electron microscopy [23,18]. However, under increased tem-
perature (30 °C), such plants demonstrated less ordered PLB
[18], supporting the idea of Havaux that polar carotenoids are
required for plastid membrane stability [24]. Still, the
carotenoid importance for POR organization and functioning
as well as for the light-induced transitions in PLB remains
unclear.

Here, we present results of experiments aimed to elucidate
whether the POR-pigment complexes of carotenoid-deficient
plants differ from those of plants with normal carotenoid
content in their organization and behavior before and after flash
irradiation. To achieve our goal, we used a non-destructive
method based on energy transfer between the tryptophan (Trp)
residues of PLB membrane proteins and two fluorescent probes
with different membrane localization-1-anilino-8-naphthalene
sulfonate (ANS) and pyrene [25—27]. In wheat, the main PLB
protein-POR contains four highly conserved Trp residues: Trp
113, Trp 363, Trp 365 and Trp 390 [6]. The proper membrane
association of POR strongly depends on the intactness of C-
terminus [28], where three of the Trp (Trp 363, Trp 365 and
Trp 390) are located. They are exposed on the protein surface
[29] which enables them to interact with the membrane. Birve
and co-workers [30] have also suggested that either a 3-sheet
or an a-helical region containing Trp residues is involved in
POR anchoring to membrane. Of the three tryptophans—
Trp363, Trp365 and Trp390, located on the C-terminus of
POR, Trp363 is a part of a p-sheet and Trp390 is a part of an a-
helix. It is also possible for Trp365 to be involved in membrane
anchoring since it is located close to a B-sheet. The fluorescent
probe ANS localizes at the level of polar heads of membrane
lipids and interacts with membrane proteins [31]; the non-polar
hydrophobic probe pyrene accumulates in the fatty acid region
of the membranes [32]. The energy transfer between POR
tryptophans and probes can only occur on distances close to the
average size of a lipid monolayer [25—27]. That enabled us to
study POR organization and its localization toward the lipid
phase of PLB membranes.

2. Material and methods

Seeds of wheat (Triticum aestivum L., cv. Kosack) were soaked for 24 h in
water (control plants) or in 10 pmol 1™ norflurazon (Sandoz Ltd., Switzerland).
Plants were grown in darkness for 7 days in a mixture of peat and sand at 25 °C
[33]. PLBs were isolated according to Ryberg and Sundqvist [4]. The isolated
PLB were pelleted by centrifugation and resuspended in sucrose-free TES—
HEPES buffer (1 mmol 1" MgCl,, 1 mmol 1" EDTA, 20 mmol 1! TES, 10
mmol 1-" HEPES, adjusted to pH 7.2 with KOH).

Total membrane protein was determined by a color reaction with
Coomassie Brilliant Blue G250 [34]. SDS-PAGE of proteins extracted from
PLBs was performed according to Santel and Apel [35]. The gel was
stained with Coomassie Brilliant Blue R-250 [4]. Molecular masses of PLBs
proteins were determined using molecular weight kit 14—70 kDa (SIGMA
MW-SDS-70L).

Pchlide, Chlide and carotenoids were extracted in 85% acetone. Pchlide
amount was calculated using the molar extinction coefficients of Kahn [36]
while carotenoid amount was determined according to MacKinney [37].

Low temperature (77 K) fluorescence spectra were recorded from PLB
suspensions with and without probes using a SLM 800 °C fluorescence
spectrophotometer upgraded with a SLM 8100 motherboard (SLM Aminco,
Urbana, IL, USA) and the accompanying software. Fluorescence emission was
measured between 600 and 780 nm with an excitation wavelength of 440 nm.
Excitation and emission bandwidths were 4 nm, and the integration time was
0.1 s. All spectra were smoothed 10 times (using a fixed bandwidth, sharp cut-
off, three point and low pass digital filter) and corrected for variations in the
sensitivity of the photomultiplier.

To cause phototransformation of Pchlide to Chlide, the PLBs were
irradiated with 3 flashes of “white light” from a photographic flash (Braun F
800) at a distance of 10 cm (impulse energy 120 J).

To determine the energy transfer from Trp to ANS and pyrene, the PLB
samples containing 100 mg 17" protein were mixed with different amounts of
probes. Mg-ANS (Serva) was taken from a 1 mmol 1! stock solution (in nano-
pure water) and added to the membranes to final concentrations of 5, 7.5 or 10
pmol 17!, Pyrene (Serva) was added from a 1 mmol ™! stock solution (in 95%
ethanol) in small portions (1 pmol per min) as described by Dobretsov [25] to
final concentrations of 2.5, 5 or 7.5 umol 17", In order to achieve a good
integration in the membranes, all samples were incubated with probes on ice for
1 h.

The energy transfer between the Trp of PLB proteins and probes was
calculated by Trp fluorescence quenching at 330 nm after excitation at 290 nm.
Fluorescence emission spectra were recorded between 300 and 500 nm at room
temperature using the fluorescence spectrophotometer described above.

Energy transfer occurs if the distance between Trp and probe is less than 1.2
times the Forster radius (R,), which was equal to 2.6 nm for ANS and to 2.8 nm
for pyrene. R, values ware calculated by Forster’s equation:

Ry = 979(K2n*04J)""° (1)

where Qg is donors quantum yield, , is refractive index of the medium, & is
the orientation factor, J is the overlap of the emission spectrum of donor with
absorption spectrum of the acceptor. k> was determined according to Dale et al.
[38,39]. According to Eftink and Ghiron [40], the Trp residues of PLB proteins
could be divided into two parts depending on the distance to probes—
accessible for quenching () and non-accessible for quenching (1-3). A method
for calculating @ has been described by Eftink and Ghiron [40] and further
adapted by Dobretsov [25,41,42]:

p=a/[Fy/(Fo — F)|min. (2)

where: a is a constant equal either to 0.75 for pyrene or to 0.65 for ANS
[25,38,39]; Fo is Trp fluorescence in the absence of probes; F is Trp
fluorescence in the presence of probes. The values [ Fo/( Fo— F)] min were
found by using the modified Stern—Folmer plot [43] and represent the
maximum possible quenching of Trp fluorescence by an infinite large
concentration of the acceptor (the probe).

The decay time of Trp fluorescence was measured by a PRA-System 3000
multichannel equipment (Photochemical Research Association Inc., Canada) by
pulse-decay counting method. Hydrogen/nitrogen impulse light source was
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Fig. 1. SDS-PAGE protein profile of PLB isolated from 7 days old etiolated
plants with normal carotenoid content (o0PLB) and with carotenoid deficiency
(cdPLB). The location of POR is indicated.

used producing 1.8 ns long single impulses of excitation light with frequency
15 kHz. Time-dependent photon counting was performed by multichannel
analyzer Northarn Tracar TN-1750 upgraded with computer hardware and
software by Photochemical Research Association Inc., Canada.

The means of 5 measurements were given for all experiments. All the
results were statistically processed and the values of standard deviation and P
were calculated. Only results with P less than 0.01 are discussed below.

3. Results

The PLB (carotenoid deficient PLB, cdPLB) isolated from
norflurazon-treated wheat had much lower caroteniod content:
2.46 mg g ' protein than that of the control PLB isolated
from non-treated leaves: 14.4 mg g~ ' protein.(original PLB,
oPLB). The Pchlide amount was 1.53 and 1.49 mg g '
protein in cdPLB and oPLBs, respectively, SDS-PAGE
showed that in cdPLB the main protein was POR (Fig. 1)
as it was shown earlier for norflurazon-treated barley plants
by Moro et al. [18].

To estimate the potential influence of fluorescence probes
on the activity of ternary POR—Pchlide—-NADPH complex,
the low temperature fluorescence spectra (77 K) of non-
irradiated oPLBs and cdPLBs, either in the absence or in the
presence of probes, were recorded. In the probe absence, the
spectra showed two fluorescence maxima—one at 657 nm
corresponding to phototransformable Pchlide and another one
at 633 nm originating from non-phototransformable Pchlide
(Fig. 2A, B). The presence of 10 pmol 17" ANS did not
cause any changes in the pigment spectral forms. In the
presence of 7.5 umol 17" pyrene, a small decrease in the
amplitude ratio of Pchlide 657 to Pchlide 633 was observed
(Fig. 2A, B). This effect was likely due to the presence of
0.75% ethanol (pyrene was added from 1 mmol 1"" ethanol
stock solution) because there was no substantial difference
between samples with pyrene and those with the same
amount of ethanol (Fig. 2A). However, the ethanol concen-
tration in pyrene-containing samples was quite low and did
not affect POR enzymatic activity, i.e., Pchlide—Chlide
photoreduction (Table 1).

Trp fluorescence spectra of both cdPLB and oPLB contain-
ing samples had a maximum at about 330 nm which indicated
relatively high polarity of the Trp surrounding [40]. The
position of maxima was not affected by probes presence (Figs.
3, 4). After flash irradiation, the fluorescence intensity
increased rapidly reaching plateau after the first 15—20 min.
The increase in fluorescence intensity of cdPLBs without
probes was twice as big as that in the oPLBs (Figs. 3A, 4A).
The samples with probes had much lower intensity of Trp
fluorescence than those without probes (Figs. 3 and 4). The
average decay times (7) of Trp fluorescence in the presence of
both, 5 pmol I”' ANS and 5 pmol 1! pyrene, were 1.6 ns and
1.7 ns for oPLBs and cdPLBs, respectively, while in the
samples without probes T was much higher 2.7 ns. These
results were considered as a good proof that the Trp
fluorescence quenching was due to the effective energy transfer
from Trp to the probes.

The proportion of pyrene bound to the membranes was
estimated by testing the quenching of its fluorescence after
addition of iodine ions. An equimolar amount of KI was added

oPLB without probes
8 ——— oPLB with 10uM ANS

Relative fluorescence

---- oPLB with 7,5uM pyren
-------- oPLB with 0,75% ethanol

—— cdPLB without probes

---- cdPLB with 7,5.M pyren
-------- cdPLB with 10uM ANS

0
600 650 700

Wavelength (nm)

750 600

650 700 750
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Fig. 2. Fluorescence emission spectra at 77 °K of isolated oPLB (A) and ¢cdPLB (B). The samples were incubated in darkness, on ice for 1 h with or without
fluorescence probes. The excitation wavelength was 440 nm. The spectra were corrected for the sensitivity of the photomultiplier and normalized at 657 nm.



100 LD. Denev et al. / Biochimica et Biophysica Acta 1716 (2005) 97—103

Table 1

Flash irradiation-induced reduction of Pchlide in samples containing isolated PLB with and without probes

PLB type No probes Fluorescence probes 0.75% ethanol
ANS (10 pmol 11 Pyrene (7.5 pmol 17" Both probes

oPLB 76+1.2 76+1.4 75+2.1 74+1.8 75+2.0

cdPLB 82£2.6 81£1.8 81£1.6 81£2.3 81£2.9

Aliquots were taken from different samples before and immediately after irradiation and extracted with acetone to determine amounts of Pchlide. The photoreduction
was calculated in percentage according to the formula: 100 x ( P, — Pp)/Pp, where Pp, and Py were the amounts of Pchlide (in mg g~ protein) before and after

irradiation respectively.

to a sample containing 5 pmol 17! pyrene. The absence of any
significant quenching of pyrene fluorescence (results not
shown) indicated that most of the pyrene molecules were
embedded in the lipid phase of the PLBs and they could not be
reached by the iodine ions [25].

The concentration of ANS bound to PLB was calculated
taking into account that the bound probe absorbs at 390 nm and
has a fluorescence emission in the region of 460—480 nm
[25,31]. We determined that in non-irradiated oPLBs contain-
ing 10 pmol 1=! ANS (total concentration), 1.84 umol of probe
was bound. The amount increased to 2.39 pumol 10 min after
irradiation, and reached 2.57 pmol at the end of the experiment
(30 min) (Fig. 5). In the non-irradiated cdPLBs containing 10
pmol 17" ANS (total concentration), 1.46 pmol were bound.
Within the first 5 min after irradiation the amount of bound
probe raised to 3.46 pmol. For the rest of the experimental
period (30 min), the increase in bound ANS reached 4.1 umol
(Fig. 5).

These data were used to calculate the amount of the Trp
residues accessible for quenching (). The results showed that
in non-irradiated cdPLBs 10% of the Trp were available for
quenching by pyrene, 20%—by ANS (Fig. 6A) and in
samples containing both probes 3 was 27%. After a flash
irradiation the Trp quenching accessibility for both probes

rapidly increased and 5 min later reached 52% for pyrene,
43% for ANS and 77% for the two probes. After 10 min, a
decrease in the Trp accessibility for pyrene was observed and
continued until the end of the experiment (30 min). The
values of {3 increased up to 81% in the ANS-containing
samples and up to 89% in the samples with the two probes
(Fig. 6A).

In non-irradiated oPLB, 58% of the fluorescent Trp residues
were accessible for quenching by pyrene, 52% — by ANS and
86% — when the probes were added together (Fig. 6B). After
irradiation, the quenching by pyrene increased to 82%, by ANS
to about 72% and by both probes up to 92% (Fig. 6B).

4. Discussion

As it was described in the introduction, the tryptophan
residues of POR were involved in protein membrane anchor-
ing. We used distance-dependent Trp fluorescence quenching
by one fluorescence probe localized on the membrane surface
and one solubilized in lipid in order to determine the relative
position of Trp residues toward the lipid phase of PLB.
Although this method does not allow recognition of particular
Trp residues, it can be used to draw conclusions about the
relative position of POR molecules in the membrane lipids.
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Fig. 3. Changes in tryptophan fluorescence of isolated oPLB and its quenching by the probes. Samples were taken from oPLB incubated in darkness on ice for 1 h.
The membranes presented in panels B and C were incubated with 5 pmol 1=" ANS or 5 umol 17! pyrene respectively. After recording the spectra of non-irradiated
oPLB, they were irradiated with 3 flashes of white light and kept in darkness on ice. Fluorescence was recorded every 5 min during the following 30 min. Because
the fluorescence reached plateau after 15 min, the spectra registered between 20 and 30 min are represented by the spectrum recorded at 30 min. The excitation

wavelength was 290 nm.
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Fig. 4. Changes in tryptophan fluorescence of isolated cdPLB and its quenching by the probes. Samples were taken from cdPLB incubated in darkness on ice for 1 h.
The membranes, presented in panels B and C were incubated with 5 ymol 1-' ANS or 5 pmol 17! pyrene, respectively. After recording the spectra of non-irradiated
cdPLB, the samples were irradiated with 3 flashes of white light and kept in darkness on ice (C). Fluorescence was recorded every 5 min during the following 30
min. Because the fluorescence reached plateau after 20 min, the spectra registered between 20 and 30 min are represented by the spectrum recorded at 30 min. The

excitation wavelength was 290 nm.

According to our results before irradiation 58% of Trp residues
in oPLBs were accessible to the lipid-buried pyrene. After
irradiation, the accessibility increased to 82% of the Trp
residues, which suggests that they were localized within the
lipid phase. On the other hand, about 52% of Trp residues in
non-irradiated oPLB and 72% of them in irradiated once were
accessible to the surface-localized ANS, This might be only
possible if the predominant part of Trp residues had been
situated on the level of polar heads making them accessible to
both probes.

After irradiation, the Trp fluorescence intensity in oPLB
samples without probes increased with about 20%, which could
be explained if more Trp residues emit fluorescence. This fact
is especially interesting when we take in account that the light-
induced increase in Trp residues accessibility for quenching is
in the same magnitude. One can ask where were these Trp
residues situated in non-irradiated oPLB? We think that both
changes were due to changes in aggregational state of POR
protein. It is known that POR, together with Pchlide and
NADPH, is organized in large aggregates in PLB membranes
[6—10,15]. Within the complexes, the assembled POR mole-
cules were tightly attached to each other and Trp residues in the
inner part of the complexes are partially overshadowed from
excitation light and do not emit fluorescence. On the other
hand, 20% of emitting Trp residues of these complexes were
also located beyond the distance which allows energy transfer
from Trp to the probes. Upon irradiation POR, aggregates
dissociated into smaller units [5,6,14] which significantly
decreased overshadowing and made more emitting Trp
accessible for quenching. These conclusions are also supported
by the dynamic of light-induced increase of concentration of
binding sites for ANS (Fig. 5) [27].

Many authors consider the aggregation of POR molecules
in membranes containing high percentage of nonbilayer lipids

as a prerequisite for PLB formation [8,12,44—47]. Since the
ultrastructure [18,23] and Pchlide spectral properties accord-
ing to Moro et al. [18] and our data (Fig. 2B) of cdPLB are
similar to that in oPLB, we can assume that POR in non-
irradiated cdPLB, exactly like in oPLB, is organized in large
aggregates. Judged by Trp residues accessibility for quench-
ing, the organization of POR aggregates in non-irradiated
cdPLB differed significantly from that in oPLB because in
cdPLB samples even in the presence of both probes about
70% of the Trp (vs. 20% in oPLB) were not accessible for
quenching (Fig. 6A). Such effect is possible if the POR
aggregates in cdPLB are larger (build of more tightly attached
to each other POR molecules) and hence contain more
emitting Trp located beyond the distance, which allows
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Fig. 5. Binding of ANS to isolated oPLB and cd PLB before and after
irradiation. Samples were incubated on ice in darkness for 1 h with 5 umol
I"' ANS. The samples (without the control) were irradiated with 3 flashes of
white light and kept in darkness on ice. The fluorescence was measured at
470 nm with the excitation wavelength 390 nm every 5 min during the
following 30 min.
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probes. The quenching of tryptophan fluorescence at 330 nm (excitation 290 nm) in the presence of different concentration of fluorescent probes was used to

calculate quenching accessibility of tryptophan residues.

transfer to the probes. The alternative could be that the
inaccessible Trp residues belong to the POR molecules
situated in inner regions of cdPLB which have not still been
reached by probes. But this is quite unlikely since the samples
were incubated with probes for 1 h before the start of
measurement and pyrene molecules were shown to have high
lateral mobility of at least 3 x 10™° cm s~ ' [48].

Flash irradiation of cdPLB caused a rapid increase of Trp
fluorescence which in samples without probes was with 50%
(Fig. 4). As we mentioned above, we think that reason for these
changes was partial overshadowing of the Trp within the
aggregates. The fact that in cdPLBs the increase of Trp
fluorescence was twice as big as that in oPLBs supports the
assumption that POR aggregates of cdPLB are larger, i.c.,
before irradiation more Trp residues were shadowed within the
aggregates.

The light-induced processes in cdPLB followed similar
pattern to that in oPLB but were much more intensive. We
assume that in the absence of carotenoids the separation of
POR molecules to smaller units proceed faster. This was seen
mainly by rapid increase (within 5 min) of Trp accessibility for
quenching with 42% for pyrene and 23% for ANS. In the
samples containing both probes, the Trp quenching accessibil-
ity reached a level similar to that in irradiated oPLB. The
concentration of binding sites for ANS also increased
dramatically within 5 min with 57% (Fig. 5).

However, after the first 5 min ongoing changes in
accessibility of Trp for quenching started to differ again
from those in oPLB. After the 10th min (after the flash
irradiation), the Trp accessibility for pyrene started to
decrease and at the end of the experiment it was reduced
to 21% while the accessibility for ANS increased signifi-
cantly to 81% (Fig. 6A). Such significant decrease of Trp
accessibility for the lipid-localized pyrene, accompanied by
increase of accessibility for the water-soluble ANS, can be
only explained by a substantial portion of Trp residues
moving on the membrane surface and/or even leaving the
lipid phase.

The presented results reveal that carotenoid deficiency
results in looser attachment of POR to the lipids phase which
is in agreement with recent findings of Moro and co-workers

[18] and its premature (in comparison with oPLBs) dissocia-
tion from the membranes during the light-induced transforma-
tion of cdPLBs. That might be one of the reasons for the
inability of carotenoid-deficient plants to form functional
plastids [17].
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