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ABSTRACT

Etioplasts were isolated from leaves of dark-grown wheat (Triticum
aestivum L. var Starke II). Galactolipid biosynthesis was assayed in an
envelope-rich fraction and in the fraction containing the rest of the
etioplast membranes by measuring incorporation of 14C from uridine-
diphosphol'4Cgalactose into monogalactosyl diacylglycerol and diplac-
tosyl diacylglycerol. More than half of the galactolipid biosynthetic
capability was found in the fraction of inner etioplast membranes. This
fraction was subfractioned into fractions enriched in prolamellar bodies
and membrane vesicles (prothylakoids), respectively. All membrane frac-
tions obtained from etioplasts were able to carry out galactolipid biosyn-
thesis, although the activity was very low in prolamellar body-enriched
fractions. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis re-
vealed markedly different polypeptide patterns between the different
fractions. It is concluded that the capability of galactolipid biosynthesis
of etioplasts probably is not restricted to the envelope, but is also present
in the inner membranes of this plastid.

Monogalactosyl diacylglycerol (MGDG2), the major lipid class
of chloroplasts of higher plants ( 17), is synthesized in the enve-
lope ofthe chloroplasts (10) by a transfer of a galactose unit from
UDP-galactose (synthesized outside the chloroplast [2]) to a
diacylglycerol molecule (20). The newly synthesized MGDG
molecules are rapidly transported from the envelope to the
stroma and grana thylakoids (2, 21), or utilized as substrate for
synthesis of DGDG (13, 32, 38). The enzymes synthesizing
MGDG and DGDG are generally considered to be located in
the envelope of the chloroplast (13), although Williams et al.
(42) and Gillanders et al. (15) do not exclude the possibility that
galactosyl transferase activity to a minor extent also may be
present in stroma thylakoids and/or grana thylakoids.
The ultrastructural relationship between the envelope mem-

branes and the inner membranes of plastids has been extensively
studied (12, 34). During the early stages of plastid development,
invaginations occur from the inner membrane of the proplastid
envelope (I 1, 41). Later in chloroplast development, these invag-
inations become more and more rare (1 1, 41). When chloroplast
development is blocked by darkness, etioplasts are formed. In a
fully developed etioplast, part of the membrane material is
assembled in one or a few crystalline structures, PLBs, from
which lamellar membranes extend into the stroma of the plastid

'Supported by the Swedish Natural Science Research Council.
2 Abbreviations: MGDG, monogalactosyl diacylglycerol; DGDG, di-

galactosyl diacylglycerol; PLB, prolamellar body; PT, prothylakoid.

(16). The lamellar membranes, the PTs, and the inner membrane
of the envelope are frequently connected and it has been pro-
posed that the etioplast could be regarded as a continuous
membrane system (16, 39).

Isolated envelope fractions from etioplasts resemble envelope
fractions from chloroplasts both concerning their lipid compo-
sition (1) and their polypeptide pattern (8) and it is reasonable
to assume that UDP-galactos: 1,2-diacylglycerol galactosyltrans-
ferase activity is associated with the etioplast envelope. We have
investigated whether the galactosyltransferase activity is restricted
to the envelope fraction of the etioplast, or to which extent this
activity is present also in the PT and PLB fractions of this plastid.

MATERIALS AND METHODS
Plant Material. Grains of wheat (Triticum aestivum L. var

Starke II; Weibull, Sweden) were soaked overnight in aerated tap
water at 20°C and grown in darkness at 20°C, 100% RH, in a
fertilized mixture of peat and sand (Hasselfors AB, Sweden) for
7 d. Three cm long leaf segments, cut 1.5 cm below the tip of
the leaves, were used for the isolation of plastids. The harvest
was done under dim green light at 4°C.

Isolation of Purified Etioplasts. Approximately 25 g of leaf
tissue was homogenized in 210 ml of isolation medium (0.50 M
sucrose, 10 mM Hepes, 20 mM Tes, pH 7.6/KOH) in a 0.5-L
Turmix blender for 2 x 5 s at full speed. The homogenate was
filtered through eight layers of cotton gauze and one layer of
nylon cloth (mesh size 15 um and the residue was rinsed with 2
x 20 ml of isolation medium. The filtrate was centrifuged at
lOOgma,- for 6 min in a fixed angle rotor (Sorvall, SS-34). The
crude etioplast pellets were resuspended in 15 ml of isolation
medium and loaded on a discontinuous gradient made of Percoll
in isolation medium (15 ml of 25%, v/v, on top of 67%, v/v).
After centrifugation at l000gm,a (Sorvall, swinging bucket rotor
HB-4) for 20 min, etioplasts were collected from the interface
between 25 and 67% Percoll. The etioplasts were washed with
isolation medium 3 x 15 min at l000gma- (Sorvall, HB-4 rotor).

Isolation of Envelope Membranes. Purified etioplasts from
approximately 200 g of dark-grown wheat leaves were used for
isolation of envelope membranes on a discontinuous sucrose
gradient as described by Douce and Joyard ( 12).

Isolation of Prolamellar Bodies and Prothylakoids. The pro-
cedure, which is partly based on procedures described by Well-
burn (40), Lutz (29), and Ryberg and Sundqvist (35), is sum-
marized in Figure 1. A pellet of purified etioplasts from 100 to
150 g of leaf tissue was resuspended in 0.5 ml of 0.50 M sucrose
in suspension buffer (10 mm Hepes, 20 mM Tes, 1.0 mM MgCl2,
1.0 mm EDTA, pH 7.6/KOH) and diluted to 0.05 M sucrose
with addition ofsuspension buffer. After 10 up-and-down strokes
in a Ten-Broek glass and Teflon homogenizer, the suspension
was centrifuged at 7700gmx-, (Sorvall, SS-34 rotor) for 15 min.
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FIG. 1. Isolation of membrane fractions from purified etioplasts, iso-
lated from dark-grown wheat leaves. dis, Discarded supernatant.

The supematant (containing mainly membrane vesicles) was
pelleted at 92,500g,na. for 60 min in a fixed angle rotor (Beck-
mann, 70 Ti). The 7700g pellet, PELL (containing PLBs and
membrane vesicles), was resuspended in 6 ml of 1.46 M sucrose
in suspension buffer and divided into four aliquots that each was
loaded at the bottom of a continuous sucrose gradient, made
from equal volumes of 0.50 M sucrose and 1.40 M sucrose in
suspension buffer. The gradients were centrifuged at 25,000gm,
(Sorvall, SS-34 rotor) for 60 min. A band approximately 2.5 cm
from the bottom, Ao (containing mainly PLBs with attached
membrane vesicles), and the bottom 2 to 3 ml, Bo (containing
mainly membrane vesicles), were separately removed. The
pooled Bo fractions were pelleted at 92,000g,",a (Beckman, 70 Ti
rotor) for 60 min. The pooled Ao fractions were pelleted at
1 2,000gm, v (Sorvall, SS-34 rotor) for 15 min, resuspended in 6
ml of 1.46 M sucrose in suspension buffer, and sonicated in a

Branson Sonifer B-30, equipped with a microtip. Three ml of
the suspension was sonicated for 3 x 5 s with the output control
set at 1 (sonl, weaker force) and 3 ml for 3 x 5 s with the output
control set at 3 (son3, stronger force). The sonications were done
in round-bottomed test tubes (i.d., 15.4 mm). Each sonicated
suspension was loaded at the bottom of two sucrose gradients
and centrifuged as described above. The PLB fractions, sonlpLB

and son3PLB, were collected as described for Ao and separately
pelleted at 40,000g,,,, (Sorvall, SS-34 rotor) for 60 min. The
membrane vesicle fractions, sonlPT and son3pT, were collected
and pelleted as described for B0. Pelleted fractions were resus-

pended in known volumes of assay medium (0.30M sucrose, 10
mM Tricine, 4.0 mM MgC92, pH 7.6/KOH) and samples were

removed for analyses as described below. In cases of SDS-PAGE,
the membrane fractions were suspended in sucrose-free medium.

Except for sucrose gradient runs, suspensions of subplastid
fractions were always diluted to 0.5 M sucrose before centrifuga-
tion. All steps in the isolations of etioplasts and subplastid
fractions were carried out under dim green light at 0 to 4°C.

Galactolipid Biosynthesis. Fifty,ul of suspended subplastid
fraction (containing up to 300,ug protein) was added to 360 ul
of assay medium containing 0.50 mm UDP-galactose and 37.
103 Bq UDP-['4C]galactose. After different incubation times at

25°C, aliquots were removed and added to l-ml portions of
chloroform:methanol 1:2 (v/v). The lipids were extracted accord-
ing to Bligh and Dyer (3) and separated by TLC on silica gel
plates (0.5 mm, made from Merck Silica gel 60H) with the
solvent system chloroform:methanol:acetic acid: water
(85:15:10:3.5, by volume [31]). In this system, UDP-galactose
remained at the application point. After development, the plates
were exposed to iodine vapor to locate MGDG and DGDG.
When the iodine had evaporated, silica gel areas containing these
lipids were separately scraped off the plates into counting vials,
10 ml of scintillation cocktail (Packard Insta-Gel II) were added,
and the radioactivity was monitored in a Packard Tri-Carb 460
CD Liquid Scintillation system.

Lipid Analyses. Lipids were extracted (3) and the acyl groups
of the lipids were methylated with 14% BF3 in methanol (30).
The methyl esters of the acyl groups were separated by GC on a
0.13- (i.d.) x 180-cm glass column packed with 10% SP-2330 on
Chromosorb W/AW 100/120 mesh (Supelco) in a temperature
program from 140 to 185°C. The flow of carrier gas, N2, was 20
ml min-'. A Varian 3200 gas chromatograph with a flame
ionization detector was used. Heptadecanoic acid methyl ester
was used as internal standard and a Hewlett-Packard 3390 inte-
grator was used for quantification.
Pigment Analyses. Pigments were extracted with acetone:water

85:15 (v/v) and PChlide was determined according to Koski and
Smith (23). After addition of water to the pigment extract,
carotenoids were extracted with petrol fraction (bp 40-60°C).
Total carotenoids, dissolved in petrol fraction (bp 40-
60°C):acetone (98:2, v/v), were determined spectrophotometri-
cally at 440 nm using the extinction coefficient e = 253 g-' cm-'.

Protein Analyses. Proteins were solubilized in 0.08 M KOH at
4°C overnight and determined by a color reaction using Coo-
massie Brilliant Blue G-250 (33). Bovine serum albumin (essen-
tially fatty acid free) in assay medium with 0.08 M KOH was
used as standard.
SDS-PAGE. Polypeptides, precipitated from the different etio-

plast membrane fractions with acetone, were separated by SDS-
PAGE according to Laemmli (24). The stacking gel was made of
5% (w/v) acrylamide. The separating gel (0.8 mm thick, 18 cm
long) was made of a linear gradient of acrylamide (10-20%, w/
v) and glycerol (1.5-6.5%, v/v) or of 12% acrylamide. The
proteins of the membrane fractions were solubilized for 30 min
at 40°C in a SDS-buffer with a SDS to protein ratio of 7.5:1 (w/
v). After separation of the polypeptides, the gels were fixed for 2
h in acetic acid:methanol:water (5:20:75, by volume), stained for
2 h with 0.04% (w/v) Coomassie Brilliant Blue G-250 in
HCl04:methanol:water (3.5:20:76.5, by volume), and destained
in acetic acid:water (5:95, v/v).
Mol wt of the major polypeptide bands were estimated by

comparing RF values with those of reference proteins: phospho-
rylase b (mol wt 94,000), albumin (67,000), ovalbumin (43,000),
carbonic anhydrase (30,000), trypsin inhibitor (20,100), and a-
lactalbumin (14,400; LMV Calibration Kit, Pharmacia Fine
Chemicals, Sweden).

Electron Microscopy. Isolated plastids and subplastid fractions
were fixed in glutaraldehyde, embedded in agar, and postfixed
inOSO4 as described by Ryberg and Sundqvist (35) and further
prepared for electron microscopy as described by Sundqvist and
Ryberg (37).

All chemicals were of analytical grade. BF3 (14%) in methanol
and UDP-galactose were obtained from Sigma; Coomassie Bril-
liant Blue G-250 from Serva, F.R.G; methyl heptadecanoate
from Supelco Inc.: Percoll (density 1.129 g ml-') from Pharmacia
Fine Chemicals, Sweden; and UDP-['4C]galactose (11.43 x 1012
Bq mol-') from The Radiochemical Center, Amersham, Eng-
land. Chloroform, methanol, and petrol fraction (bp 40-60°C)
were distilled, and acetic acid, acetone, and heptane were pro
analysis (Merck, F.R.G.).
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RESULTS

Electron micrographs of purified etioplast fractions revealed
that the presence of mitochondria was negligible (Fig. 2). The
purified etioplasts represented I to 3% of the plastids of the leaf
segments used. This estimation is based on carotenoid measure-
ments.

Galactolipid Biosynthesis. Different subplastid membrane
fractions were isolated from osmotically and mechanically rup-
tured etioplasts. The isolation procedure is presented in Figure 1
and electron micrographs of the fractions obtained are presented
in Figure 3. Each step of the isolation procedure resulted in a 10
to 50% loss of material as measured by carotenoid content.
The first step removed a fraction of membrane vesicles (PS

fraction, containing most of the envelope material) from the
inner membranes of the etioplasts (PELL fraction). The distri-
bution of UDP-galactose galactosyltransferase activity between
the PS and PELL fractions is shown in Table I, and time course
studies of UDP-galactose incorporation into the fractions are
shown in Figure 4.
The PELL fraction was loaded at the bottom of a continuous

sucrose gradient. After centrifugation, membrane vesicles were
found at the bottom of the gradient (fraction BO) while the
osmotically nonactive PLBs had moved up the gradient during
the centrifugation. This PLB fraction (Ao) also contained mem-
brane vesicles, probably connected with the PLBs. UDP-galac-
tose galactosyltransferase activity was present in both fractions
(AO, BO), derived from the PELL fraction (Table II; Fig. 5a).
PChlide was detected in all fractions (PS, PELL, Ao, Bo).
The Ao fraction, containing PLBs with attached PTs, was

sonicated with the purpose of separating the PTs from the PLBs.
Two forces of sonication were used. The weaker force (sonl)
released a portion ofthe membrane vesicles (PTs) from the PLBs
without fragmentating the PLBs to any greater extent. The
stronger force of sonication (son3) resulted in a PLB fraction
with few membrane vesicles, while the membrane vesicle fraction
obtained was heavily contaminated with PLB fragments. Thus,
weak sonication force yielded the least contaminated PT fraction
(sonYIv, Fig. 3e), while strong sonication force yielded the purest
PLB fraction (son3pLB, Fig. 30. UDP-galactose galactosyltrans-
ferase activity was present in all fractions obtained from sonicated
Ao fraction (Fig. 5, b and c). The initial linear rate of MGDG
synthesis was lowest in the fractions enriched in PLBs (son1PLB,
son3pLB). The total MGDG synthesis during the linear stage was

-----------
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FIG. 2. Electron micrograph of a fraction of purified etioplasts, iso-
lated from dark-grown wheat leaves. The bar represents 3 zm.
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FIG. 3. Electron micrographs of membrane fractions, isolated from
dark-grown wheat leaves. (a) PS fraction; (b) Ao fraction; (c) Bo fraction;
(d) sonlpLB fraction; (e) sonlpT fraction; (f) son3pLB fraction; (g) son3pT
fraction. For an explanation of abbreviations, see Figure 1. The bars
represent 1 zm.
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Table 1. Distribution o?f UDP-Galactos*vI Transferase Activity and
Proteins between the PS and PELL Fractions Isolatedfrom Etioplasts

ofDark-Grown Wheat
UDP-galactosyl transferase activity was measured as the initial, linear

rate of incorporation of 14C from UDP-['4C]galactose into MGDG.
Results from three independent experiments are shown. For explanation
of abbreviations, see Figures I and 3.

Distribution of Distribution of
MGDG syn- Proteinsthesis

PS PELL PS PELL

Exp I 45 52 26 74
Exp 11 47 53 22 78
Exp III 48 52 28 72

Table II. Distribution of UDP-Galactosvl Transferase Activity between
the Ao and Bo Fractions Derivedfrom a Fraction ofEtioplast Inner

Membrane.s (PELL)
Ao + Bo

rec, recovery = PELL otherwise as in Table I.

Distribution of Distribution of Pro-
MGDG Synthesis teins

Ao Bo (rec) Ao Bo (rec)

Exp 1 52 48 (0.65) 54 46 (0.85)
Exp II 19 81 (0.70) 47 53 (0.35)
Exp III 12 88 (0.90) 47 53 (0.85)

lower in son3pLB + son3pT than in sonlpLB + sonlpT.
In all membrane fractions of all experiments, the rate of

MGDG synthesis was linear for less than 2.5 min (Figs. 4 and
5). The rate of DGDG synthesis was linear for between 10 and
60 min, the time differing between different experiments.
Between 95% and 98% of the radioactivity incorporated into

galactolipids from UDP-['4C]galactose during the 1st min of the
assay was found in MGDG. The remainder was found in DGDG.
The ratio ofMGDG to DGDG synthesized was similar between
all membrane fractions obtained from an individual subfraction-
ation ofetioplasts. No radioactive trigalactosyl diacylglycerol and
tetragalactosyl diacylglycerol could be detected.

Effects of Sonication. The possibility that sonication could
have altered the membrane composition and the activity ofUDP-
galactose galactosyltransferase was tested by comparing mem-
brane fractions (PS, Ao, BO) before and after sonication. The
strong force of sonication (son3) led to a 20 to 30% decrease and
the weak force of sonication (sonl) to a less than 10% decrease
in the protein to lipid content of lamellar membrane fractions
(PS, Bo), while this ratio was unaffected in the mainly crystalline
fraction (Ao). The total fatty acid composition was not altered
by sonication, nor were the polypeptide patterns as analyzed by
SDS-PAGE. In all fractions (PS, Ao, Bo) sonication led to a 30
to 60% decrease in the activity ofUDP-galactose galactosyltrans-
ferase.

Polypeptide Composition. The SDS-PAGE of the proteins of
etioplast membrane fractions separated approximately 35 to 40
polypeptides of the envelope fraction, 30 to 35 polypeptides of
the PS fraction, 20 to 25 polypeptides of the Bo fraction, and 15
to 20 polypeptides of the A( fraction (Fig. 6). The envelope and
PS fractions had five major polypeptides in common. These had
mol wt of 51, 36, 29, 24, and 16- I03, respectively. Other prom-
inent bands in the envelope fraction had mol wt of 114, 65, 42,
and 32. 103 and, in the PS fraction, 100, 56, 33, and 18. 103. The
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FIG. 4. Time course studies of UDP-galactose (UDP-gal) incorpora-
tion into MGDG (@) and DGDG (0) of (a) the PS fraction and (b) the
PELL fraction, isolated from etioplasts of dark-grown wheat leaves. For
an explanation of abbreviations, see Figures 1 and 3.

contribution ofthe 5 1 and 16.* 03 bands varied between different
isolations. The major polypeptides ofthe AO and Bo fractions had
mol wt of 56 and 35. 103. Some of the minor polypeptides of the
Ao and Bo fractions had similar mol wt to polypeptides of the
envelope and PS fractions.

DISCUSSION

Galactolipid biosynthetic capability was found in all fractions
isolated from etioplasts of wheat (Tables I and II; Figs. 4 and 5).
The activity was lower in the PLB than in the PT fractions. If
the effects of sonication on membrane composition and enzyme
activity are taken into account, the difference in activity between
the PLB and PT fractions should have been still greater for the
son3 fractions than for the sonl fractions than what is evident in
Figure 5, b and c. This indicates that the capability ofgalactolipid
biosynthesis is not associated with PLBs. In order to settle this
issue, however, a purer PLB fraction than the son3PLB fraction
would be needed.
The ratio ofMGDG to DGDG synthesized during the initial

linear stage did not differ significantly between the different
membrane fractions ofan experiment. This shows that the same
enzyme system was active in all membrane fractions. DGDG
synthesis by interlipid galactosyl transfer (18, 38) probably did
not occur since the ratio ofDGDG toMGDG synthesized (initial
linear synthesis) was low. Also, the rate of MGDG synthesis
declined after only a few minutes (Figs. 4 and 5) while the
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DGDG synthesis rate remained linear for 10 to 60 min. The
decline in MGDG synthesis was probably due to lack ofavailable
diacylglycerol since less than 5% of the UDP-galactose adminis-
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FIG. 5. Time course studies of UDP-galactose (UDP-gal) incorpora-

tion into MGDG of different subtractions of inner membranes of etio-
plasts of dark-grown wheat. (a) The Ao and Bo fractions derived from the
PELL fraction; (b) the sonlPLB and sonl r fractions derived from an

aliquot of the Ao fraction that had been subjected to a weak force of
sonication; (c) the son3pLB and son3,r fractions derived from an aliquot
of the AD fraction that had been subjected to a strong force of sonication.
In a to c, data calculated for the whole Ao fraction prior to sonication
are shown. In b and c, the data for the fractions derived from the A0
fraction have been calculated to show the recovery. For an explanation
of abbreviations, see Figures I and 3. Figures 4 and 5 present data from
the same experiment.
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FIG. 6. Electrophoretic separation of acetone-extracted polypeptides
of membrane fractions isolated from etioplasts of dark-grown wheat
leaves. (a) Envelope fraction. The separating gel contained 12% (w/v)
acrylamide. (b) PS, Ao, Bo, and PELL fractions. The separating gel was

made from a linear gradient of acrylamide (10-20%, w/v). Mol wt of the
reference proteins (RP) are indicated, as are the mol wt estimations of
the major polypeptides of the fractions (mol wt x 10-3 are shown). For
an explanation of abbreviations, see Figures I and 3.

tered was utilized.
Joyard et al. (22) showed that the polypeptide pattern of

envelope membranes of spinach chloroplasts is very different
from that of the stroma or the thylakoids. The envelope fraction
of etioplasts (Fig. 6a) resembled chloroplast envelope fractions
of spinach (22, 36) and pea (7) in containing some polypeptides
of mol wt over 100 - 03 and in having polypeptides of mol wt of
72, 65, 50-54 (ribulose-1,5-bisphosphate carboxylase, large sub-
unit [36]), 42, 36, 29 (phosphate translocator [14]), and 24. 103.
The fraction ofetioplast envelopes differed from chloroplast ones
(7, 22, 36) in having polypeptides of mol wt between 14 and 24-
103 and in that phosphate translocator was not one of the major
polypeptides. The PS fraction (Fig. 6b) contained most of the
polypeptides present in the envelope fraction, together with some
polypeptides of inner membrane origin, as those of mol wt of 56
and 33. 101. The polypeptide pattern of the PELL fraction and
of the Ao and Bo fractions derived from the PELL fraction were

dominated by the 56 and 35 - 103 polypeptides (Fig. 6b). The 56.
103 polypeptide was found in the envelope fraction, but not the
35. 103 one. Some polypeptides were common between the en-

velope fraction (Fig. 6a, and the Ao and Bo fractions (Fig. 6b).
The findings of polypeptides common between an envelope

fraction and the inner membranes of etioplasts and the presence
of galactolipid biosynthetic capability in all membrane fractions
of etioplasts could be caused by the presence of envelope vesicles
in the different etioplast membrane fractions. However, ultra-
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structural studies have led to the suggestion that the inner mem-
branes of plastids are derived from invagination of the inner
membrane of the envelope (12, 34), and it is possible that the
inner membranes of etioplasts have retained certain proteins and
enzyme activities of the envelope membrane. Also, in chromo-
plasts of Narcissus (26, 27) and Tropaeolum (28) galactolipid
biosynthesis has been shown to occur both in the envelope
fraction and in the fraction containing the inner membranes that
had been formed from the envelope. Thus, a functional relation-
ship concerning galactolipid biosynthesis has been shown to exist
between the envelope and plastid inner membranes for three
different non-green plastids.

It is not yet established in which of the envelope membranes
the enzymes synthesizing MGDG and DGDG from UDP-galac-
tose are located. Cline et al. (7) using pea chloroplasts, Dome et
al. (9) and Block et al. (4) using spinach chloroplasts, reported
the separation of the inner and outer envelope membranes. Cline
and Keegstra (6) proposed that the galactolipids are synthesized
in the outer membrane of the envelope, while Dorne et al. (9)
and Block et al. (5) found galactolipid biosynthesis to be located
in the inner membrane of the envelope. Our results show that
the galactolipid biosynthetic capability of etioplasts of wheat is
not only localized in the envelope, but also in membranes that
probably have originated from the inner envelope membrane.

All data on galactolipid biosynthetic capability (Tables I and
II; Figs. 4 and 5) were obtained using isolated subplastid fractions.
From these data, it cannot be decided whether the enzymes
synthesizing galactolipids that are located in the PT membranes
are active in situ. UDP-galactose is synthesized in the cytoplasm
(2, 25) and it has been concluded that the inner membrane of
the chloroplast envelope is not permeable to this molecule (19).
If this is the case also for the inner envelope of etioplasts,
galactolipids could be synthesized in the PT membranes in situ
only if the inner envelope membrane and the PT membranes
form a continuous membrane system.

Acknowledgments-The authors wish to thank L. T6yra for skillful electron
microscopic work and Dr. C. Liljenberg for stimulating discussions.

LITERATURE CITED

1. BAHLJ, B FRANCKE, R MONEGER 1976 Lipid composition of envelopes,
prolamellar bodies and other plastid membranes in etiolated, green and
greening wheat leaves. Planta 129: 193-201

2. BERTRAMS M, K WRANGE, E HEINZ 1981 Lipid labelling in intact chloroplasts
from exogenous nucleotide precursors. Z Naturforsch 36: 62-70

3. BLIGH EG, WJ DYER 1959 A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37: 911-917

4. BLOCK MA, A-J DORNE, J JOYARD, R DOUCE 1983 Preparation and character-
ization of membrane fractions enriched in outer and inner envelope mem-

branes from spinach chloroplasts. 1. Electrophoretic and immunochemical
analyses. J Biol Chem 258: 13273-13280

5. BLOCK MA, A-J DORNE, J JOYARD, R DOUCE 1983 Preparation and character-
ization of membrane fractions enriched in outer and inner envelope mem-
branes from spinach chloroplasts. II. Biochemical characterization. J Biol
Chem 258: 13281-13286

6. CLINE K, K KEEGSTRA 1983 Galactosyltransferases involved in galactolipid
biosynthesis are located in the outer membrane of pea chloroplast envelopes.
Plant Physiol 71: 366-372

7. CLINEK, J ANDREWS, B MERSEY, EH NEWCOMB, K KEEGSTRA 1981 Separation
and characterization of inner and outer envelope membrane of pea chloro-
plasts. Proc NatI Acad Sci USA 78: 3595-3599

8. COBB AH, AR WELLBURN 1974 Changes in plastid envelope-polypeptides
during chloroplast development. Planta 121: 273-282

9. DORNE A-J. MA BLOCK, J JOYARD, RDOUCE 1982 Studies on the localization
of enzymes involved ingalactolipid metabolism in chloroplast envelope
membranes. In JFGM Wintermans, PJC Kuiper, eds, Biochemistry and
Metabolism of Plant Lipids. Elsevier Biomedical Press, Amsterdam, pp 153-
164.

10. DOUCE R 1974 Site of biosynthesis of galactolipids in spinach chloroplasts.
Science 183: 852-853

1 1.DOUCER, J JOYARD 1978 Importance of the envelope in chloroplast biogenesis.
In G Akoyunoglou, JH Argyroudi-Akoyunoglou, eds, Chloroplast Develop-
ment.Elsevier/North-Holland Biomedical Press, Amsterdam, pp 283-296

12. DOUCE R, J JOYARD 1979 Structure and function of the plastid evnvelope. Adv
Bot Res 7: 1-116

13. DOUCE R, J JOYARD 1980 Plant galactolipids. In PR Stumpf, ed, The Biochem-
istry of Plants, Vol 4. Academic Press, New York, pp 321-362

14. FLUGGE U-I, HW HELDT 1977 Specific labelling of a protein involved in
phosphate transport of chloroplasts by pyridoxal-5'-phosphate. FEBS Lett
82: 29-33

15. GILLANDERS B, JA TAYLOR, RO MACKENDER 1982 UDP-galactosyl-1.2-dia-
cylglycerol galactosyltransferase activity in developing oat leaf plastids. In
JFGM Wintermans, PJC Kuiper, eds, Biochemistry and Metabolism of Plant
Lipids. Elsevier Biomedical Press, Amsterdam, pp 191-196

16. GUNNING BES 1965 The greening process in plastids. I. The structure of the
prolamellar body. Protoplasma 60: 111-130

17. HARWOOD JL 1980 Fatty acid synthesis. In P Mazliak et al., eds, Biogenesis
and Function of Plant Lipids. Elsevier/North-Holland Biomedical Press,
Amsterdam, pp 143-152

18. HEEMSKERK JWM, G B6GEMANN, JFGM WINTERMANS 1982 Some observa-
tions on the biosynthesis of galactolipids by intact chloroplasts. In JFGM
Wintermans, PJC Kuiper, eds, Biochemistry and Metabolism of Plant Lipids.
Elsevier Biomedical Press, Amsterdam, pp 197-200

19. HEINZ E 1977 Enzymatic reactions in galactolipid biosynthesis. In M Tevini,
HK Lichtenthaler, eds, Lipid and Lipid Polymers in Higher Plants. Springer-
Verlag, Berlin, pp 102-120

20. JOYARD J, R DOUCE 1976 Mise en evidence et role des diacylglycerols de
l'envelope des chloroplasted d'epinard. Biochim Biophys Acta 424:125-131

21. JOYARD J, R DoUCE, HP SIEBERTZ, E HEINZ 1980 Distribution of radioactive
lipids between envelopes and thylakoids from chloroplasts labelled in vivo.
EurJ Biochem 108: 171-176

22. JOYARD J, A GROSSMAN, SG BARTLETT, R DOUCE, N-H CHUA 1982 Charac-
terization of envelope membrane polypeptides from spinach chloroplasts. J
Biol Chem 257: 1095-1101

23. KOSKI VM, JHC SMITH 1948 The isolation and spectral absorption properties
of protochlorophyllide from etiolated barley seedlings. J Am Chem Soc 70:
3558-3562

24. LAEMMLI VK 1970 Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227: 680-685

25. LEECH RM, DJ MURPHY 1976 The cooperative function of chloroplasts in the
biosynthesis of small molecules. In J Barber, ed, The Intact Chloroplast.
Elsevier/North-Holland Biomedical Press, Amsterdam, pp 365-401

26. LIEDVOGEL B, H KLEINIG 1976 Galactolipid synthesis in chromoplast internal
membranes of the daffodil, Planta 129: 19-21

27. LIEDVOGEL B, H KLEINIG 1977 Lipid metabolism in chromoplast membranes
from the daffodil: glycosylation and acylation. Planta 133: 249-253

28. LIEDVOGEL B, H KLEINIG, JA THOMPSON, H FALK 1978 Chromoplasts of
Tropaeolum majus L.: Lipid synthesis in whole organelles and subfractions.
Planta 141: 303-309

29. LUTZ C 1978 Separation and comparison of prolamellar bodies and prothyla-
koids of etioplasts from Avena sativa L. In G Akoyunoglou, JH Argyroudi-
Akoyunoglou, eds, Chloroplast Development. Elsevier/North-Holland, Am-
sterdam, pp 481-488

30. MORRISON WR, LM SMITH 1964 Preparation of fatty acid methyl esters and
dimethylacetates from lipids with boronfluoride-methanol. J Lipid Res 5:
600-608

31. NICHOLS BW, RV HARRIS, AT JAMES 1965 The lipid metabolism of blue-green
algae. Biochem Biophys Res Commun 20: 256-262

32. ONGUN A, JB MUDD 1968 Biosynthesis of galactolipids in plants. J Biol Chem
243: 1558-1566

33. READ SM, DH NORTHCOTE 1981 Minimization of variation in the response to
different proteins of the Coomassie Brilliant Blue G dye-binding assay for
protein. Anal Biochem116: 53-64

34. RoSINSKI J, WG ROSEN 1972 Chloroplast development: fine structure and
chlorophyll synthesis. Q Rev Biol 47: 160-191

35. RYBERG M, C SUNDQVIST 1982 Characterization of prolameliar bodies and
prothylakoids fractionated from wheat etioplasts. Physiol Plant 56: 125-132

36. SIEGENTHALER P-A, TD NGUYEN 1983 Proteins and polypeptides of envelope
membranes from spinach chloroplasts. I. Isoelectric focusing and sodium
dodecyl sulfate polyacrylamide gel electrophoresis separations. Biochim Bio-
phys Acta 722: 226-233

37. SUNDQVIST C, M RYBERG 1979 Structure of protochlorophyll-containingplas-
tids in the inner seed coat of pumpkin seeds (Cucurbita pepo). Physiol Plant
47: 124-128

38. VAN BEsow A, JFGM WINTERMANS 1978 Galactolipid formation in chloro-
plast envelopes. I. Evidence for two mechanisms in galactosylation. Biochim
Biophys Acta. 529: 44-53

39. WEIER TE, DL BROWN 1970 Formation of the prolamellar body in 8-day,
dark-grown seedlings. Am J Bot 57: 267-275

40. WELLBURN AR, R HAMPP 1979 Appearance of photochemical function in
prothylakoids during plastid development. Biochim Biophys Acta 547: 380-
397

41. WHATLEY JM 1974 Chloroplast development in primary leaves of Phaseolus
vulgaris. New Phytol 73: 1097-1110

42. WILLIAMS JP, EE SIMPSON, DJ CHAPMAN. 1979 Galactolipid synthesis in Vicia
faba leaves. III. Site(s) of galactosyl transferase activity. Plant Physiol 63:669-673

1046 Plant Physiol. Vol. 76, 1984


