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Abstract Dark-grown angiosperm seedlings lack chlorophylls,
but accumulate protochlorophyllide @« complexed with the light-
dependent enzyme NADPH :protochlorophyllide oxidoreductase.
Previous investigators correlated spectral heterogeneity of in vivo
protochlorophyllide forms and a shift of chlorophyllide forms
from 680 to 672 nm (Shibata shift) occurring after irradiation,
with intact membrane structures which are destroyed by
solubilization. We demonstrate here that the various protochlor-
ophyllide forms and the Shibata shift which disappear upon
solubilization are restored if the reconstituted complex is treated
with plastid lipids and 80% (w/v) glycerol. We hypothesize that
the lipids can form a cubic phase and that this is the precondition
in vitro and in vivo for the observed spectral properties before and
after irradiation. © 2000 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights re-
served.
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1. Introduction

In angiosperms, the reduction of protochlorophyllide
(Pchlide) to chlorophyllide (Chlide) is catalyzed by the light-
dependent enzyme NADPH :protochlorophyllide oxidoreduc-
tase (POR; EC 1.3.1.33) [1]. PORA, one of the two involved
isoenzymes, is predominant in dark-grown seedlings and is
essential at the beginning of greening [2]. Together with its
cosubstrates NADPH and Pchlide «, it forms a ternary com-
plex [3] which constitutes the main protein complex of the
prolamellar bodies (PLBs) of etioplasts [4]. The unusual para-
crystalline structure of this membrane system has been studied
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extensively and is reviewed in detail by Selstam and Wigge [5].
It shows a bicontinuous cubic phase organization with two
different branched and interwoven water channels, separated
by a continuous bilayer that consists mainly of monogalacto-
syl diacylglycerol (MGDG) and digalactosyl diacylglycerol
(DGDG) in a molar ratio of 1.8. The higher amount of
MGDG is considered to be an important factor for building
up the cubic phase. The POR enzyme is regarded to be more
or less peripherally associated with the membranes, probably
by anchoring of tryptophan residues to the lipid polar head
groups [6].

In vivo, the endogenous Pchlide a shows spectral heteroge-
neity, detectable by absorption and fluorescence spectroscopy
(for reviews see [7,17]). A form absorbing at around 630 nm is
regarded to be non-photoconvertible, but can act as precursor
for the photoactive forms. Two photoactive forms are detect-
able, a short-wavelength form absorbing at 638 nm
(Pchlide638) and a long-wavelength form absorbing at 650
nm (Pchlide650). Both correspond to the ternary NADPH:
Pchlide-POR complex and have high transformation rates.
Pchlide650 is believed to represent Pchlide ¢ in highly aggre-
gated complexes. Pchlide638 is thought to be present in less
aggregated, probably monomeric or dimeric complexes. Spec-
tral heterogeneity is found also for Chlide @, the product of
the light reaction. The first stable product formed upon irra-
diation under saturating light intensities has an absorption
maximum at 678 nm, which shifts within seconds to 684
nm. After subsequent incubation in the light for several min-
utes, the absorption maximum is blue shifted to 672 nm (Shi-
bata shift). If the incubation is performed in darkness, the
shift is accompanied by a regeneration of photoactive Pchlide
absorbing at 650 nm. Several explanations for the Shibata
shift, based on indirect evidence, have been offered by some
authors, but questioned by other authors (for the Shibata
shift), including esterification of newly formed Chlide a [18],
displacement of Chlide a from the POR-product complex
[14], and disaggregation of large enzyme—product aggregates
into smaller ones [16,19], possibly connected with dephos-
phorylation of the POR-product complex [15].

So far, Pchlide650 and the Shibata shift have only been
observed in intact leaves, in isolated etioplasts or in mem-
brane fractions containing PLBs or at least PLB fragments.
Partial solubilization with low concentrations of dodecylmal-
toside yielded inter alia a 1000-kDa photoactive complex of
Pchlide650, which still contained carotenoids and membrane
components. Higher concentrations of this detergent resulted
in a mixture of photoactive and non-photoactive Pchlide ab-
sorbing at 643 nm [12]. Complete solubilization of non-irra-
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Fig. 1. Absorption maxima of solubilized etioplasts in the presence
of 30% (w/v) and 80% (w/v) glycerol. By dialysis of an etioplast
preparation in 30% (w/v) glycerol against 80% (w/v) glycerol the ab-
sorption maximum of Pchlide @ (4.15 nmol ml~') at 643 nm is red-
shifted to 650 nm.

diated membranes with octylglucoside yielded only the short-
wavelength Pchlide absorbing at 641 nm, and solubilization of
both the Chlide684 and the Chlide672 forms obtained by ir-
radiation of the membrane resulted only in the short-wave-
length form Chlide672 [11]. The authors stated that the long-
wavelength form, “the dominating form in vivo, was not ob-
tainable in solubilized form™.

Recently, we reported a simple and rapid method for the
preparation of highly active POR apoprotein from oat etio-
plasts, which was purified to homogeneity and was depleted of
Pchlide, carotinoides and lipids [8]. In the present study, we
describe conditions for the in vitro transition of soluble
Pchlide638 into Pchlide650. Furthermore, we demonstrate
the reconstitution of a long-wavelength form of the pig-
ment-POR complex in a solubilized form starting from the
individual components. Whereas reconstitution of the POR
apoenzyme with NADPH and the zinc analog of Pchlide a
yielded the photoactive short-wavelength form, the transition
to the photoactive long-wavelength form was achieved by ad-
dition of plastid lipids and by high concentrations of glycerol.
The reconstituted long-wavelength complex shows the typical
properties of the in vivo complex including the Shibata shift.
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2. Materials and methods

Etioplasts were prepared from 8-day-old etiolated oat seedlings
(Avena sativa L. cv. Pirol, var. Irlbad) according to [8].

The isolation of lipids was based on a method described in [9]. All
organic solvents were chilled and saturated with nitrogen. The proce-
dure was carried out under dim green light. 9.5x 10° etioplasts were
resuspended with 30 ml of resuspension buffer (50 mM NaH,PO,, 300
mM sucrose, 100 mM KCI, pH 7.2) and incubated on ice for 30 min.
The lipids were extracted with 300 ml of CH,Cly/methanol (1:2). The
extract was filtrated and the residue was extracted once more with 100
ml of CH,Cl,. The combined organic phase was washed with 150 ml
of 100 mM NacCl and the solvent was removed by evaporation. The
different lipid classes were separated by column chromatography on
silicic acid Si60 (Merck, Darmstadt). The column (19 mm o.d.) con-
taining 28 g of silicic acid was equilibrated with CH,Cl, and a step
gradient was applied with CH,Cl,, CH,Cly/acetone (2:1), CH,Cl,/
acetone (1:2), acetone, and mixtures, of acetone/methanol (4:1), ace-
tone/methanol (3:1), acetone/methanol (2:1), and acetone/methanol
(1:1). The fractions were analyzed by thin layer chromatography for
MGDG and DGDG according to [10]. Lipid—pigment mixtures were
prepared for the enzyme assay with purified POR obtained as de-
scribed below as follows: MGDG and DGDG were mixed in a ratio
of nearly 1:1. A portion (8 mg) of this mixture was solubilized with
6 ul of DMSO, and 6 nmol of Zn-Protopheide @ in 3 ul DMSO was
added. Three microliters of this mixture was used per nmol of POR in
1 ml of buffer 1 (10 mM Tricine, 10 mM HEPES/KOH pH 7.2, 0.3
mM Nay-EDTA, 0.3 mM MgCl,, 14.25 mM n-octyl-B-p-glucoside,
30% (w/v) glycerol, | mM NADPH).

The fractions for enzyme assays were prepared as follows: 2.4 X 10°
etioplasts (fraction ET) were resuspended in 6 ml of buffer 2 (10 mM
Tricine, 10 mM HEPES/KOH pH 7.2, 1| mM Na,-EDTA, 1 mM
MgCl,, 15 mM n-octyl-B-p-glucoside, 30% (w/v) glycerol, 1 mM
NADPH). The preparation of partly purified, but solubilized POR
in fraction S3 and the isolation of pigment-free pure POR in fraction
EL was performed as described in [8], with the modification, that the
concentration of NADPH in S3 was increased from 0.3 to 1 mM.

For dialysis, 3 ml aliquots were added to a dialysis cassette (Type
66380, Pierce). The samples were dialyzed against 500 ml of buffer 3
(10 mM Tricine, 10 mM HEPES/KOH pH 7.2, 0.3 mM Na,-EDTA,
0.3 mM MgCl,, 80% (w/v) glycerol) during a time period of 14 h at
4°C.

UV/Vis spectra were recorded at room temperature on a double
beam spectrophotometer (UV 2401 PC, Shimadzu) equipped with
an Ulbricht globe for collection of scattered light.

3. Results

Three fractions obtained from the isolation of POR from
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Fig. 2. Monitoring the photoconversion of Pchlide650 in the presence of 80% (w/v) glycerol (the same sample as described in Fig. 1). (a) Ab-

sorption spectra recorded after 0, 5, 10, 20, 40, 60, 90, 150 and 270 s irradiation (3.6 uE m~2
spectra. Dashed arrows indicate the decrease and increase of absorption.

s71). (b) Corresponding difference absorption
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Fig. 3. Spectral shifts after addition of exogenous Zn-Protopheide a
to the fully photoconverted sample shown in Fig. 1 and subsequent
phototransformation. (1) Difference absorption spectrum after addi-
tion of Zn-Protopheide a (absorption maximum 628 nm) and incu-
bation in darkness for 45 min (positive peaks at 628 and 646 nm).
(2) Difference absorption spectrum caused by subsequent irradiation
resulting in the formation of Zn-Pheide @ (678 nm) from Zn-Proto-
pheide a (646 nm).

etiolated oat seedlings, by the procedure described in [8], were
used to create spectral shifts corresponding to those occurring
in vivo. These fractions were the solubilized etioplasts, the
partially purified pigment-POR complex (fraction S3), and
pigment-free POR (fraction EL).

At first, we examined the spectral shifts in solubilized etio-
plasts at different glycerol concentrations. In 30% (w/v) glyc-
erol (buffer 2), Pchlide was characterized by an absorption
maximum at 643 nm. This confirms the finding of a pigment
complex absorbing at 641 nm in similar preparations [11].
Upon dialysis against 80% (w/v) glycerol (buffer 3), this max-
imum shifted to 650 nm (Fig. 1). If this long wavelength
maximum corresponds to the phototransformable form in
vivo, then a long wavelength maximum at around 680 nm,
due to Chlide, should arise upon irradiation with saturating
quantities of white light.

Exposure of the sample for different periods of time to light
intensities at 3.6 uE m~2 s~! yielded Chlide a with an absorp-
tion maximum at 680 nm (Fig. 2a). The corresponding differ-
ence spectrum (Fig. 2b) of the monitored phototransforma-
tion showed two isosbestic points at 630 and 660 nm,
indicating a monomolecular reaction type. Predominantly,
the Pchlide absorbing at 650 nm was photoconverted, whereas
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the non-photoconvertible Pchlide631 remained unchanged
during the test. The position of the maximum at 680 nm
did not change over a long period of observation (15016
min) if the sample was stored in the dark. Only a minimal
blue-shift of about 1 nm was detectable.

Addition of Zn-Protopheide a (628 nm) had two effects
which were strictly coupled to each other. A shift of Chlide685
to Chlide666, corresponding to the Shibata shift, was initiated
immediately after the addition of Zn-Protopheide a. At the
same time, a long wavelength (646 nm) phototransformable
adduct was formed. Both processes were completed in dark-
ness within 45 min (Fig. 3).

The experiments with etioplasts were performed in the pres-
ence of 15 mM octylglucoside which should completely solu-
bilize the Pchlide-POR complex [8]. However, we could not
exclude the possibility that the described results depend on
membrane components which were still present in the prepa-
ration. Therefore we repeated the experiments with the
Pchlide-POR complex after removal of most of the contam-
inating proteins and membrane components by ultracentrifu-
gation (fraction S3, see [8]). The completeness of solubiliza-
tion and the absence of membrane fragments were tested by
an additional ultracentrifugation step, at 200000 g for 1 h,
of the fraction S3. Even when the concentrations of detergent
and glycerol were lowered, no pelleted membranes or spectral
shifts in the supernatant were obtained (data not shown).

We obtained basically the same results with fraction S3 as
with the solubilized etioplast fraction. In 30% (w/v) glycerol
the Pchlide in fraction S3 absorbs at 641 nm. If the sample
was exposed to irradiation (3.6 pE m~2 s~!) for 20, 60, 120
and 150 s, Chlide absorption maxima detected by difference
spectra at 672, 675, 678 to 680 nm arose from respective
Pchlide forms at around 635, 637, 640 and 642 nm (data
not shown). In an unirradiated sample, which was dialyzed
against 80% (w/v) glycerol, an absorption maximum at 649
nm developed with the loss of absorption at 641 nm. This
shift is highly similar to the observed spectral shift in the
etioplast fraction (Fig. 1). Exposure to white light resulted
in the appearance of an absorption maximum at 680 nm.
Since the photoconversion in this case was only about 50%,
the peak shifted to 672 nm within 90 min without the neces-
sity of adding exogenous pigment.

Fig. 4a shows this shift during dark incubation periods of
15, 30, 45 and 90 min in a sample after partial phototransfor-

666

0.01 =

0.005 o
0 -
-0.005
683
-0.01 T T T 1
550 600 650 700 750

Wavelength (nm)

Fig. 4. Monitoring the short wavelength shift (680 nm @& 672 nm) of Chlide @ and the simultaneous regeneration of Pchlide a absorbing at 649
nm in a partially (50%) photoconverted sample of the fraction S3 (8) in 80% (w/v) glycerol. (a) Absorption spectra obtained by incubation in
darkness for 0 min (curve 1), 15, 30, 45 and 90 min (curves 2-5). (b) Corresponding difference spectra to a, showing the regeneration of Pchlide
a at 653 nm from endogenous Pchlide a at 630 nm and the simultaneous shift of Chlide683 to Chlide666.
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0.08 439 of carotenoids, the separately purified MGDG (monogalacto-
syl diacylglycerol) and DGDG (digalactosyl diacylglycerol)
] were mixed in a molar ratio of about 1:1. Zn-Protopheide «
© was added and the mixture was applied to the pigment-free
g POR.
"é 0.04 4 Immediately after mixing, we detected an absorption max-
2 imum for Zn-Protopheide a at 627 nm. The resulting spectrum
<« 628 668 after dialysis against 80% (w/v) glycerol is shown in Fig. 6a. A
maximum at 646 nm had arisen which disappeared upon ir-
’/M radiation. The new absorption peak at 678 nm indicated the
0 r — g > . . formation of long-wavelength Zn-Pheide ¢. Within 30 min of
400 450 500 550 600 650 700 750 incubation in darkness at room temperature, a blue shift to
Wavelength (nm) 668 nm corresponding to the Shibata shift took place, result-
Fig. 5. The phototransformation of Zn-Protopheide a with pigment- ing in a short-wavelength Zn-Pheide a species, which absorbs
free purified POR (fraction EL, (8)) in 30% (w/v) glycerol. The irra- at 662 nm according to the difference spectrum (Fig. 6b).
diation of the sample with 15 uE m™2 s™! (60 s) resulted in the for-
mation of short-wavelength Zn-Pheide a (668 nm) from short-wave- 4. Discussion

length educt (628 nm).

Non-irradiated etioplast preparations treated with 15 mM

mation of Pchlide. The corresponding difference spectra octylglucoside and 30% (w/v) glycerol show the main absor-
shown in Fig. 4b demonstrate the strict time correlation be- bance maximum of Pchlide at 643 nm, which indicates that
tween the shift and the regeneration of the long wavelength such samples contain a mixture of the photoactive pigments
Pchlide from endogenous short wavelength Pchlide absorbing Pchlide638 and Pchlide650. An absorption maximum at 641
at 630 nm. nm has been observed earlier by the treatment of a PLB

Pigment-free, highly active and pure POR can be isolated preparation with 10 mM OG without glycerol [11]. The au-
from fraction S3 by DEAE-cellulose chromatography [8]. In thors considered this to be due to the short-wavelength form
30% (w/v) glycerol (buffer 1) this pigment-free POR shows in of photoactive Pchlide, especially since photoconversion
30% glycerol (buffer 1) only a short wavelength form of added yielded only the short-wavelength Chlide form, and further-
Zn-Protopheide a absorbing at 628 nm which is rapidly pho- more discussed that such short-wavelength forms which they
totransformed into short-wavelength Zn-Pheide a absorbing considered as non-aggregated pigment—protein complexes are
at 668 nm (Fig. 5). No further shift was observed upon in- always obtained by solubilization with detergents. We have
cubation in darkness. The enzyme activity was completely now found that dialysis of our sample against 80% (w/v) glyc-
destroyed by dialysis against 80% (w/v) glycerol. This obser- erol shifted the absorption maximum towards 650 nm (Fig. 1).
vation raised the question of whether the loss of cofactors This shift occurred with the Pchlide-POR complex in a solu-
which were present before the chromatographic step are re- bilized form, as shown by ultracentrifugation of the partially
sponsible for the capability to form photoactive long-wave- purified complex (fraction S3 [8], Fig. 4). The shift of
length complexes. For all the experiments with this fraction, Pchlide638 to Pchlide650 included the bulk of Pchlide in the
we added Zn-Protopheide a instead of Pchlide a for two rea- preparation, and hence has to be considered as being basically
sons. (1) It has been shown that a long-wavelength form at different from results obtained by fractionation of etioplast
646 nm, comparable to the 650 nm form of Pchlide, can be membranes with the aim of preserving the naturally occurring
produced (Fig. 3, spectrum 1). (2) Zn-Protopheide a does not long-wavelength Pchlide form during partial solubilization
form aggregates in solution, whereas Pchlide does. We iso- [12]. The photoconversion of the etioplast (Fig. 2) and the

lated and analyzed the lipids from etioplasts. After depletion S3 fraction (Fig. 3) in 80% (w/v) glycerol led to a Chlide

0.08 = 0.05 =
644 a b
0.04 4
© o 0.03 678
2 51
g g
= 0.04 < 0024
E 678 §
< 646 < 0.014
L 627
0~
0 T T T T T T \ -0.01 T T T T T T 1
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Fig. 6. The phototransformation of Zn-Protopheide a with pigment-free purified POR (fraction EL, (8)), supplied with lipids from etioplasts, in
80% (w/v) glycerol and the subsequent short-wavelength shift of Zn-Pheide a. (a) The irradiation of the sample with 7.5 uE m=2 s=! (120 s) re-
sulted in the formation of long-wavelength Zn-Pheide @ absorbing at 678 nm from long-wavelength educt absorbing at 646 nm. The short-
wavelength absorbing part of the educt was not photoconverted. (b) the short-wavelength shift of Zn-Pheide a (678 nm O 668 nm) after incu-
bation in darkness for 30 min. In the corresponding difference spectrum, the shift is observed from 679 to 662 nm (dotted line).
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maximum at 680 nm. Upon complete photoconversion, this
maximum remained stable during a following long dark incu-
bation, a result which agrees with an earlier observed inhib-
itory influence of glycerol on the Shibata shift [13]. The addi-
tion of exogenous pigment (Zn-Protopheide @) caused not
only an immediate blue shift, but also a simultaneous red shift
of the substrate-enzyme adduct (Fig. 3). The replacement of
POR-bound endogenous Chlide « in etioplast membranes by
exogenous Pchlide ¢ had been shown before [14]. The occur-
rence of the Shibata shift became obvious in the S3 fraction
after partial photoconversion (Fig. 4). In contrast to the case
with the etioplast fraction, it was not necessary to add exog-
enous pigment to induce the shift, most probably because of
the presence of non-photoconvertible Pchlide630, which was
restored to Pchlide650 simultaneously to the shift of
Chlide680 to Chlide672.

In 30% (w/v) glycerol, our preparation of pigment-free, ac-
tive and pure POR protein showed only the short-wavelength
form of Pchlide and after photoconversion only the short-
wavelength form of Chlide. In contrast, no long-wavelength
substrate-enzyme adducts nor any photoreduction of added
substrates were observed in 80% (w/v) glycerol. The situation
changed dramatically, however, if MGDG and DGDG were
applied before dialysis against 80% (w/v) glycerol. After dial-
ysis, the sample behaved like the etioplast sample or fraction
S3. We found not only the formation of a long-wavelength
absorbing substrate-enzyme adduct, but also a blue-shift of
the product after irradiation and incubation in darkness (Fig.
6). This result provides strong evidence for the participation
of the two lipids in the formation of phototransformable,
long-wavelength absorbing Pchlide in vitro and probably
also in vivo.

The molecular basis for the long-wavelength shift of Pchlide
and Chlide is still under discussion. Most authors favor ag-
gregation of the pigment-POR complex as the reason for the
long-wavelength absorption and consequently disaggregation
as the reason for the hypsochromic shift (Shibata shift) [16].
Indirect evidence was obtained for the connection of batho-
chromic/hypsochromic shifts, interpreted as aggregation/dis-
aggregation, with protein phosphorylation/dephosphorylation
in vivo [15]. Even if these reactions are coupled in vivo, our
results demonstrate that such biochemical reactions are not an
obligatory prerequisite for the spectral shifts, but rather that
the shifts are inherent properties of the pigment—POR com-
plexes in the presence of lipids from the plastid membranes.
Lipids had been present in the preparations of previous au-
thors, but their essential significance for the spectral shifts was
only detected now with our lipid- and pigment-free prepara-
tion of the POR apoprotein [8]. One can hypothesize that the
lipids allow aggregation of the Pchlide-POR complex but not
of the Chlide-POR complex, so that the photoconversion
leads to spontaneous disaggregation. Besides the possibility
of influencing the aggregation state of pigment-POR com-
plexes, one should consider that the lipid mixture of about
equal amounts of MGDG and DGDG is a well-known can-
didate for phase transitions. In such a mixture, a lamellar
liquid phase is formed at high water content and a liquid
bicontinuous cubic phase is found at low water content in

H. Klement et al.IFEBS Letters 480 (2000) 306-310

vitro [5]. The paracrystalline structure of PLBs has been iden-
tified as such a cubic phase containing two independent and
interwoven branched water channels [5]. We propose now that
reduction of the water potential by high glycerol concentra-
tions leads to formation of cubic phases similar to the PLB
structure. Furthermore, we propose that the Pchlide-POR
complex has a preference for the lipid surface towards the
‘inner’ water channel, thus coming close to neighboring
Pchlide-POR complexes, which causes the long-wavelength
shift of the absorption, and that the Chlide-POR complex
has either a preference for the opposite lipid surface towards
the ‘outer’ water channel or induces a phase transition from
the cubic to a lamellar phase. In either case, the relocation of
the Chlide-POR complex would result in the Shibata shift.
Although these proposals are speculative, they are able to
explain all observations described so far. Furthermore, they
allow new predictions which can be tested experimentally and
thus open up new perspectives for research on molecular
changes occurring during the early stages of greening in higher
plants, in particular on the transition of etioplasts to chloro-
plasts.
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