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Identification of Peroxisome Membrane Proteins (PMPs) in
Sunflower (Helianthus annuus L.) Cotyledons and Influence
of Light on the PMP Developmental Pattern’

Lilian W. Jiang, Jeff Bunkelmann, Leslie Towill, Stefan Kleff?, and Richard N. Trelease*
Arizona State University, Department of Botany, Tempe, Arizona 85287-1601

Boundary membranes were recovered from glyoxysomes, tran-
sition peroxisomes, and leaf-type peroxisomes purified from coty-
ledons of sunflower (Helianthus annuus L.) at three stages of
postgerminative growth. After membranes were washed in 100 mm
Na,CO; (pH 11.5), integral peroxisome membrane proteins (PMPs)
were solubilized in buffered aminocaproic acid/dodecyl maltoside
(0.63 m/1.5%) and analyzed by nondenaturing and sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis. Six prominent
nondenatured PMP complexes and 10 prominent SDS-denatured
polypeptides were identified in the membranes of the three types
of peroxisomes. A nondenatured complex of approximately 140
kD, composed mainly of 24.5-kD polypeptides, decreased tempo-
rally, independently of seedling exposure to white, blue, or red
light; only far-red light seemed to prevent its decrease. PMP com-
plexes of approximately 120 and 70 kD, in contrast, were present
at all stages and changed in polypeptide content. It remains to be
determined whether these data reflect changes within in vivo
complexes or within complexes formed following/during detergent
solubilization. Conversion of glyoxysomes to leaf-type peroxisomes
in white or red light after a 2-d dark period was accompanied by
the appearance of three SDS-denatured PMPs: 27.5, 28, and 47
kD. The former two became part of the PMP120 and 70 complexes,
as well as part of a new PMP130 complex that also possessed the
PMP47. Growth of seedlings in blue or far-red light did not promote
the appearance of PMPs 27.5 or 28. Blue light promoted the
appearance of PMP47, and far-red light seemed to prevent its
appearance. Chlorophyll likely is not the photoreceptor involved
in accumulation of PMPs because the PMP composition is distinctly
different in seedlings irradiated with red or blue light of compa-
rable fluence rates. Several lines of evidence indicate that the
synthesis and acquisition of membrane and all matrix proteins are
not coupled. The data provide evidence for a change in PMP
composition when sunflower or any other oilseed glyoxysomes are
converted to leaf-type peroxisomes and suggest that the change is
regulated by both photobiological and temporal mechanisms.

Germinated oilseeds are an excellent system in which to
study the developmental biogenesis of peroxisomes. Follow-
ing germination, oil stored in cotyledons are converted mostly
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into carbohydrates for transport to the growing shoot and
root (Trelease and Doman, 1984). Afterward, the cotyledons
emerge above ground and assume a photosynthetic role while
new leaves develop. Glyoxysomes possess enzymes of the
glyoxylate cycle and fatty acid B-oxidation and function
during the oil-mobilizing growth phase (Breidenbach and
Beevers, 1967; Cooper and Beevers, 1969). Glyoxysomes
enlarge (Kunce et al.,, 1984; Chapman and Trelease, 1992)
and are converted during a transition period into leaf-type
peroxisomes that participate in the glycolate cycle as part of
photorespiration (Tolbert et al., 1968). Three models were
proposed previously to describe the peroxisome changeover
during the transition period; the “one-population” hypothesis
(Trelease et al., 1971) is the currently accepted model (Beev-
ers, 1993) and forms the basis for interpretations in this
study.

Considerable research has been devoted to the study of
matrix proteins of eukaryotic peroxisomes (Huang et al.,
1983; van den Bosch et al., 1992; Subramani, 1993). Much
less has been accomplished relative to the composition, bio-
genesis, or function of PMPs. The identification and partial
characterization of PMPs by SDS-PAGE has been reported
for several different types of peroxisomes, e.g. mammalian
peroxisomes (Causeret et al., 1993), yeast peroxisomes (Sulter
et al., 1993), castor bean glyoxysomes (Luster et al., 1988;
Halpin et al., 1989), cotton cotyledon glyoxysomes (Chapman
and Trelease, 1992), and potato tuber peroxisomes (Struglics
et al, 1993). In none of the studies were data reported
concerning PMPs separated by nondenaturing PAGE. Yeasts
are well suited for studying PMPs because both the prolifer-
ation and enzyme composition of peroxisomes can be altered
by manipulating the growth conditions. For example, in
Hansenula polymorpha, constituent PMPs are 22, 31 (triplet),
42, 49, and 51 kD. However, PMPs 24, 29, 37, and 62 are
induced in ethanol-grown cells but not in methanol (Sulter
et al., 1990, 1993).

In plants, SDS-denatured PMPs have been identified
mostly in seedling glyoxysomes. Six major PMPs were ob-
served in membranes of enlarging glyoxysomes in cotyledons
of cotton seedlings; no function was attributed to any of these
polypeptides (Chapman and Trelease, 1992). Mn-superoxide
dismutase activity was reported to be associated with an 82-

Abbreviations: HPR, hydroxypyruvate reductase; MS, malate syn-
thase; PMP, peroxisome membrane protein; TIP, tonoplast intrinsic
protein.
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kD polypeptide in glyoxysomal membranes of watermelon
cotyledons (Sandalio and Del Rio, 1987, 1988). Donaldson’s
group (Hicks and Donaldson, 1982; Donaldson and Fang,
1987; Fang et al., 1987) demonstrated that Cyt bs, Cyt P-450,
NADH:ferricyanide reductase, NADH:Cyt ¢ reductase, and
NADPH:Cyt ¢ reductase were present in glyoxysomal and
ER membranes of castor bean endosperm. These activities
co-purified with a glyoxysomal 32-kD membrane protein
(Luster et al., 1988; Bowditch and Donaldson, 1990). Alani
et al. (1990) showed that redox activities increased in endo-
sperm following germination of castor bean. They pro-
posed that the membrane of the ER and glyoxysomes were
being enriched with redox proteins during glyoxysome
proliferation.

Although the acquisition and composition of lipids (Chap-
man and Trelease, 1991) and proteins (Chapman and Tre-
lease, 1992) have been examined in membranes of enlarging
glyoxysomes in dark-grown cotton seedlings, no data have
been reported concerning the composition of membrane pro-
teins in differentiating oilseed peroxisomes relative to light
exposure. In this study, we identified six prominent nonden-
atured PMP complexes and 10 SDS-denatured PMPs from
the cotyledons of sunflower (Helianthus annuus L.) seedlings
in glyoxysomes, transition peroxisomes, and leaf-type per-
oxisomes. Our studies showed that exposure of seedlings to
varied qualities of light affects the change in developmental
pattern of PMPs that occurs when sunflower glyoxysomes
are converted to leaf-type peroxisomes.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Sunflower seeds (Helianthus annuus L. cv large grey) were
purchased at Tempe Feed & Tack (Tempe, AZ). Sunflower
achenes were soaked for 12 h (30°C) in distilled water with
aeration and then scrolled in a double layer of Whatman No.
1 sheets. They were germinated and grown in the paper
scrolls at 30°C for 1 d. Afterward, the seedlings were selected
for uniform size and individually transferred under a dim
green fluorescent light to distilled water-saturated vermiculite
in trays. Seedlings were placed in a chamber at 30°C in
continuous darkness or light for various numbers of days
depending on the experiments.

Light Conditions

Fluorescent bulbs (eight, 40 W, cool-white) with a fluence
rate of 150 umol m~? s™! (Quantum Sensor; Li-Cor, Lincoln,
NE) were the white light source. A series of cheesecloth
screens were used to decrease fluence rates to 33, 15, or 1.5
umol m~2 57!, The same fluorescent bulbs, which emit little
far-red light, were used with blue and red acetate filters in
the lighted chamber, giving fluence rates of 23 and 29 umol
m™2 57}, respectively. Incandescent bulbs (four, 100 W) to-
gether with the eight fluorescent bulbs and the combined
blue and red filters were used to produce far-red light with a
fluence rate of 45 W m™ (YSI Radiometer; Yellow Springs
Instruments, Yellow Springs, OH) The lighted chamber was
kept at 30°C with a cooling system. Figure 1 shows the
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Figure 1. Transmission characteristics of blue only, red only, and
blue plus red acetate filters determined with a spectrophotometer.
These filters were used in a growth chamber to test the effect of
light quality and intensity on changes in relative amcunts of PMPs
during the glyoxysome/peroxisome changeover in sunflower
seedlings.

transmission characteristics of the acetate filters. The peak
transmission of light with blue acetate filter was at 480 nm,
and 0% transmission was apparent between 580 and 720
nm. Because of the nature of the acetate filter, light also was
transmitted in the 800-nm region, but without the incandes-
cent bulbs on in the lighted chamber, only light in the blue
region was transmitted. The red filter allowed transmission
of light from about 600 to 800 nm but not between 400 and
560 nm. When the blue and red filter were combined, light
was transmitted only in the far-red region (>720 nm).

Preparation of Crude Extracts

Sunflower cotyledons harvested at different times were
frozen in liquid N, and then stored at —80°C. Cotyledons to
be assayed for MS (EC 4.1.3.2) and HPR (EC 1.1.1.81)
activities were homogenized in homogenizing buffer contain-
ing 87.5 mm Tris-HCl, 7 mm MgCl,, 1.75 mm EDTA, pH 7.7,
1 mM PMSF, and 2 mm DTT (did not interfere with the assay
for MS activity). Triplicate homogenizations were done for
each time period. Ten frozen cotyledon pairs per replicate
were ground to a powder in a pre-chilled mortar with a
pestle, and the powder was suspended in 3 mL of homoge-
nizing buffer. Homogenization was performed with a motor-
driven Teflon pestle in a glass vessel at 4°C. Homogenates
were centrifuged for 30 min at 27,0008 in a Beckman JA-20
rotor at 4°C. The supernatants were used for enzyme assays;
activities were measured at room temperature (22°C) in a
DU-64 spectrophotometer (Beckman, Fullerton, CA).

Enzyme, Chl a, and Protein Assays

Enzymes used as organelle markers were assayed for MS
according to the method of Trelease et al. (1987) for glyoxy-
somes, HPR was measured using the method of Titus et al.
(1983) for leaf-type peroxisomes, and catalase (EC 1.11.1.6)
was measured according to the method of Ni et al. (1990) for
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both organelles. Cyt ¢ oxidase (EC 1.9.3.1) assayed according
to the method of Tolbert et al. (1968) marked mitochondria.
Chl a content was measured in the Suc gradient fractions. To
prepare a standard curve, Chl from 10 sunflower cotyledon
pairs (2 d in dark plus 3 d in white light) were extracted into
6 mL of 80% acetone, and total Chl concentration (mg/mL)
was determined from the A at 652.5 nm divided by 34.5
(Vernon, 1960) using a Beckman DU-64 spectrophotometer.
These Chl samples were diluted in 80% acetone to a range
of 0 to 0.4 ug Chl mL™'. Chl a fluorescence at 438 nm was
measured with a Spex FluoroMax (DM 3000 software) fluo-
rescence spectrophotometer. Gradient fraction samples (5-20
uL) were dissolved into 3 mL of 80% acetone, and the amount
of Chl 2 was calculated from the standard curve values in
the range of 0.05 to 0.25 ug Chl mL™". The amount of protein
in gradient fractions was measured by the method of Brad-
ford (1976) in the range of 0.2 to 20 ug of protein with bovine
y-globulin (Bio-Rad) as standard. The amount of PMP was
measured by the bicinchoninic acid method as described in
the Pierce instruction pamphlet (1991) with BSA in 42 mm
Tris-HCl, 0.6 M aminocaproic acid, pH 7.2, and 1.6% (w/v)
dodecyl maltoside (Calbiochem) as standard.

Isolation of Peroxisomes

Peroxisomes were isolated from cotyledons of sunflower
seedlings grown for different times and under different light
conditions by essentially the same procedure described by
Eising and Gerhardt (1986). All operations were performed
at 4°C. Cotyledons (amounts given in Table I) were homog-
enized with a mortar and pestle in 30 mL of 1.0 M Suc, 170
mM Tricine, 10 mm KCl, 1 mm MgCl,, 1 mm EDTA, 0.9%
(w/v) BSA, pH 7.5, 14.7 mM B-mercaptoethanol (10 uL of
stock per 10 mL of medium), and 1 mm PMSF. The homog-
enate was filtered through three layers of cheesecloth and
centrifuged in two 30-mL tubes for 10 min at 15008 in a
Beckman JA-20 rotor. The supernatant was centrifuged for
20 min at 14,000g in the same rotor to obtain peroxisome-
enriched pellets. The pellets were gently suspended with a
camel hair brush in 11 mL of homogenizing medium. A 5.5-
mL suspension of organelles was applied on top of each step
Suc gradient composed of 4 mL of 60% (w/w), 5 mL of 57%,
7 mL of 51%, 5 mL of 47%, 5 mL of 42%, and 4 mL of 35%
Suc. Suc solutions were prepared in 1 mm EDTA, pH 7.5.
Fifty-one percent Suc was substituted for the 52.5% Suc
prescribed by Eising and Gerhardt (1986). The gradients were
centrifuged for 1.5 h at 70,000¢ with a Beckman SW 28 rotor
in a Beckman XL-80 ultracentrifuge at settings of No. 5
acceleration and No. 5 deceleration. After centrifugation,
three gradient fractions were collected with a large bore
Pasteur pipet from the following interphases: 42 to 47%, 47
to 51%, and 51 to 57%.

Preparation of PMPs

PMPs were prepared using the methods described by Fang
et al. (1987) with minor modifications. Peroxisomes were
burst by hypotonic shock in 2 volumes of 100 mm K phos-

phate, 3 mm MgCl,, 2 mm EDTA, pH 7.2, 1 mm PMSF, and
2 mM DTT. The suspension was mixed and held at 4°C for
30 min and then centrifuged for 45 min at 100,000g with a
Beckman 70.1Ti rotor to sediment peroxisomal membranes.
The membrane pellets were completely resuspended in 4 mL
of 100 mm Na,CO;, pH 11.5, by repeated mixing in a pipet
tip, and the mixture was incubated on ice for 30 min before
centrifugation for another 45 min at 100,000g. The mem-
branes were resuspended in a solution made by adding 56
uL of 10% dodecyl maltoside to 300 uxL of 50 mm Tris-HCl
and 0.75 M aminocaproic acid, pH 7.2. By mixing in a pipet
tip, the membrane proteins were solubilized in the detergents.
The mixture was centrifuged for 30 min at 100,000g, and the
pellet was treated again as described above with 237 uL
(same ratio) of detergent solution. The supernatants, contain-
ing aminocaproic acid/dodecyl maltoside-solubilized PMPs,
were combined for further analyses.

Electrophoresis

Nondenatured PMP complexes were separated by modifi-
cations of the methods described by Schagger and von Jagow
(1991). Taurodeoxycholate (4 uL of 2% per 50 pL of sample)
was added to create a charge shift on the proteins. Tris-HCl
was substituted for Bis-Tris in the native gel buffer. Electro-
phoresis in 5 to 10% gradient gels (Protean II, 20-cm plates,
Bio-Rad) was for 15 h at constant voltage (70 V), followed
by 1 h at 200 V (constant voltage). Jack bean urease and BSA
from Sigma were used as high molecular mass standards to
assign estimated kD values to nondenatured protein com-
plexes. PMP subunits were separated by SDS-PAGE using a
discontinuous buffer system (Laemmli, 1970). The aminoca-
proic acid/dodecyl maltoside-solubilized membrane proteins
were added to an equal volume of 2X SDS treatment buffer
(0.125 M Tris-HCl [pH 6.8], 4% SDS, and 20% glycerol), and
10 mMm DTT (final concentration) was added from a 0.5 M
DTT stock. The samples were heated (not boiled) at 45°C for
15 min and then applied to 10 to 15% gradient gels. Electro-
phoresis (Protean II, 20-cm plates, Bio-Rad) was for 1 h at a
constant current (15 mA), followed by 8 h at 20 mA constant
current. Low molecular mass standards from Bio-Rad were
used for estimation of molecular mass.

Two-dimensional gel separations were accomplished with
essentially the same results by two different methods. For
the first method, PMP complexes (20 pg of protein/lane)
were separated in 1.0-mm-thick nondenatured gradient gels
described above. One of the duplicate lanes was silver stained
(see below) to visualize relative migrations of the complexes,
and the other excised lane was incubated in 1X SDS buffer
without DTT at 45°C for 45 min. The gel lane (slice) was
carefully placed on the top of a 10 to 15% SDS gel (1.5 mm
thick), and electrophoresis was conducted as described for
SDS-PAGE. SDS-denatured polypeptides contained within
each nondenatured complex were visualized in a vertical row
after silver staining; figures illustrating these results are not
shown. For the second method, nondenatured PMP com-
plexes were separated in four lanes (20 ug of protein/lane)
for each stage (12 lanes total) in 1.5-mm-thick nondenaturing
gradient gels as described above. Gels were stained with a
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Figure 2. Time course of MS (glyoxysome) and HPR (leaf-type
peroxisome) activities in cotyledons of sunflower seedlings grown
in the dark for 2 d and then transferred to continuous white light.
The periods established for stages I, U, and il are indicated by
vertical dashed lines. The solid arrows indicate the times when
seedlings were harvested.

low concentration of Coomassie blue (0.003% Coomassie
brilliant blue R-250 in 30% ethanol and 10% acetic acid) for
about 4 h and not destained (Chen et al., 1993). This proce-
dure revealed all of the prominent bands observed with silver
staining. The same prominent molecular mass bands from
each of four lanes for each stage were cut out and mixed
with 100 gL of 2X SDS treatment buffer and 4 pL of 500 mMm
DTT in 2.5-mL microfuge tubes. The excised bands (four per
tube) were homogenized with a tapered Teflon pestle by
hand and then incubated at 45°C for 15 min. After centrif-
ugation at about 13,000g for 10 min, the supernatants were
applied to lanes in a 10 to 15% (1.0 mm thick) SDS gel
without measuring the amount of protein per sample (be-
cause of low concentration and limited sample volume). Data
from these experiments are included in Figure 5. ,

Silver staining of SDS-denaturing and nondenaturing gels
was done by modifications of the method described by Heu-
keshoven and Dernick (1985). Each gel was placed in a glass
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tray containing 100 mL of 30% (v/v) ethanol and 10% (v/v)
acetic acid and gently agitated for 3 h. Afterward, the gel
was neutralized with repeated rinses in water and placed in
an aqueous reducing solution (15 min) containirg 1% (w/v)
K ferricyanide and 1.6% (w/v) sodium thiosulfate. The yellow
color of the reducer was completely rinsed out of the gel with
water before the gel was immersed in 0.1% (w/v) silver
nitrate. After 30 min, the silver nitrate solution was discarded,
and 50 mL of developer solution (0.3 M sodiurn carbonate
and 0.02% formaldehyde) was poured over the gel. The
resulting dark brown precipitate was quickly discarded, and
an additional 100 mL of developer were added to the gel.
When the desired protein staining was attained, th.e developer
was discarded and the precipitation reaction was stopped
with 100 mL of 3% (v/v) glacial acetic acid.

RESULTS

Time Course of Glyoxysomal and Leaf-Type Peroxisomal
Enzyme Activities

Figure 2 illustrates the results of measuring MS and HPR
activities in cotyledons of sunflower seedlings. Three stages
were defined during germination and seedling growth. Dur-
ing stage I (2 d in the dark), the glyoxysomal enzyme activity
increased substantially to a peak from d 0, whereas the leaf-
type peroxisomal activity remained undetectable for 1 d and
then increased during the next day. Transfer of the seedlings
after 2 d of darkness to white light initiated stage II, in which
the transition occurred between glyoxysomes and leaf-type
peroxisomes. The activity of MS declined to less than one-
fourth of the maximal activity, whereas HPR activity in-
creased continuously to near peak activity. Early in stage III,
HPR activity reached a peak and then declined slowly,
whereas the low activity of MS continuously declined to zero.
Leaf-type peroxisomes became the predominant type of per-
oxisomes. For analyses of PMPs, seedlings were harvested at
d 2, 3, or 5 to obtain cotyledons representative of the three
stages.

Isolation of Peroxisomes in Suc Gradients

Table I shows the distribution of proteins, Chl a contents,
and marker enzymes in the major fractions recovered from

Table I. Enzyme-specific activities and Chl fluorescence in step Suc gradient fractions obtained from sunflower cotyledons harvested at three

stages of growth

Data for stage | are from pooled samples from two Suc gradients, and those for stage Il and Il were from four Suc gradients. Starting
material for stage | was 15 g (105 cotyledon pairs) per gradient and was 13 g for both stages 1l and Hl (72 cotyledon pairs for stage 1l and 43

cotyledon pairs for stage Ill) per gradient. ND, Not determined.

Stage | Stage Il Stage Il
42-47% 47-51% 51-57% 42-47% 47-51% 51-57% 42-47% 47-51% 51-57%
Protein (mg) 1.09 0.63 1.56 3.08 2.53 4.20 3.22 0.73 0.21
Catalase (umol min™" mg™) 1,650 3,810 22,190 7,100 6,700 30,900 6,300 9,900 11,800
MS (nmol min™" mg™) 4,340 4,590 15,640 986 756 1,479 84 718 713
HPR (nmol min™" mg™) Trace Trace Trace 29 36 73 180 407 356
Cyt c oxidase (nmol min™' mg™) 159 49 42 187 35 6 357 35 17
Chl (ug) ND ND ND 140 10 2 29 4 3




Peroxisome Membrane Proteins in Sunflower Cotyledons 297

Dark Light
kDa i kDa
545=»
S <260
«150
140~
1 gg-o v 130
«120
«70

66= i

Figure 3. Nondenaturing PAGE (5-10% linear gradient) separations
of PMP complexes extracted from glyoxysomes, transition, and leaf-
type peroxisomes collected in the 51 to 57% gradient fractions.
Ten micrograms of protein were applied to each lane. Thin arrows
mark positions of PMP complexes; thick arrows mark positions of
molecular mass standards (in kD: jack bean urease, 545; BSA
tetramer, 272; BSA dimer, 132; BSA monomer, 66). Lanes: a, 2 d
dark; b, 3 d dark; c, 1 d dark, 1 d light; d, 2 d dark, 1 d light; e, 2d
dark, 3 d light.

Suc gradients. It is apparent that peroxisomes were recovered
in all three fractions at all three stages. Those in the 42 to
47% step from all three stages were mixed with substantial
amounts of mitochondria (Cyt ¢ oxidase) and with plastids
(stages II and III). The 42 to 47% fractions always were
visibly green, whereas the 47 to 51% fractions usually were
pale green, and the 51 to 57% fraction was colorless. These
observations are substantiated by the very low Chl a contents,
especially in the 51 to 57% fractions/ The amount of peroxi-
some protein recovered in the 51 to 57% fraction was at least
20-fold lower per gradient at stage III than at stage I or IL
Specific enzyme activities also indicate that peroxisomes in
the 51 to 57% fractions were the most highly purified at all
three stages. The data for stage III, however, indicate that
peroxisomes were highly purified in both the 47 to 51% and
51 to 57% fractions at this stage. Banding patterns in SDS
gels of PMPs recovered from these two fractions substantiate
these data (Fig. 7).

Nondenatured PMP Complexes

Figure 3 shows the results of electrophoresing PMPs solu-
bilized from peroxisomes isolated from dark- and dark/light-
grown seedlings in nondenaturing gels. Six bands (Fig. 3,
thin arrows) were apparent in the gels containing samples
from all three stages. When results from seedlings grown in
2 or 3 d of darkness (lanes a and b) were compared, the
relative amount of the PMP120 complex remained essentially
constant, whereas the amount of PMP140 complex decreased
after 3 d of darkness (lane b). When the seedlings were

exposed to white light (lanes c-e), the amount of PMP120
complex still remained relatively constant, whereas the
PMP140 complex decreased with time until it was not visible
at stage III (lane e). The banding patterns of samples from 2
d in darkness and from 1 d in darkness and then 1 d in light
(cf. lanes a and c) were essentially the same, indicating that
light did not promote the disappearance of the PMP140
complex. Comparisons of lanes b (3 d dark) and d (2 d dark,
1 d light) revealed similar patterns for the relative abundance
of PMPs 120 and 140, again indicating that light did not
cause the disappearance of PMP140. Rather, the decrease of
the PMP140 complex seemed to be time dependent. After 3
d of light (lane e), at least two new major complexes became
apparent, i.e. PMP complexes 260 and 130. The PMP130
complex consistently appeared at a position lower than the
PMP140 complex in adjacent lanes. The compositional dif-
ference between these two complexes was determined by
two-dimensional gel analyses (Fig. 5). The “PMP70 complex,”
a designated area constituting approximately a 1-cm-wide
region of the gels in the vicinity of 70-kD proteins, consist-
ently became more prominent in the region of gels below the
PMP120 complex at stage III.

Denatured PMPs

Figure 4 shows the results of electrophoresing five samples
similar to those shown in Figure 3 in SDS gels. Ten denatured
PMP polypeptides were identified (Figs. 4 and 5, thin arrows)
in samples from all three stages. When gel separations of
PMPs from seedlings grown in dark and dark/light conditions
were compared, three PMPs (57, 49, and 31) consistently
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Figure 4. SDS-PAGE (10-15% linear gradient) separations of PMP
subunits extracted from glyoxysomes, transition, and leaf-type per-
oxisomes collected in the 51 to 57% gradient fractions. Ten micro-
grams of protein were applied to each lane. Thin arrows mark
positions of polypeptides; thick arrows mark positions of molecular
mass standards. Lanes: a, 2 d dark; b, 3 d dark; ¢, 1 d dark, 1 d
light; d, 2 d dark, 1 d light; e, 2 d dark, 3 d light.
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Figure 5. SDS-PAGE (10-15% linear gradient) separations of poly-
peptides in PMP complexes excised from nondenaturing gels (see
Fig. 3). Four lanes of PMPs from each stage (20 ug of protein in
each lane) were separated in the nondenaturing gels. Each promi-
nent nondenatured PMP complex (from four lanes) was cut from
the gel and homogenized (four bands), and supernatants were
applied to SDS gels. Total PMPs from each stage were applied to
wells (lanes a, e, and h) to provide a reference for PMP migrations.
Lanes: a, stage | PMPs; b, stage | 140-kD complex; c, stage | 120
kD; d, stage | 70 kD; e, stage || PMPs; f, stage 11 120 kD; g, stage I
70 kD; h, stage 11l PMPs; i, stage Ill 260 kD; j, stage 11l 130 kD; k,
stage Il 120 kD; |, stage 111 70 kD.

were recovered from all types of peroxisomes (Fig. 4, lanes
a—e; Fig. 5, lanes a, e, and h). PMP31 appeared to be relatively
more abundant after 1 d in darkness and then 1 d in light
(Fig. 4, lane c). In seedlings grown in 2 or 3 d of darkness
(Fig. 4, lanes a and b), four prominent PMPs (57, 49, 31, and
24.5) were identified; only the PMP24.5 decreased in relative
amount at 3 d of darkness (Fig. 4, lane b). When the seedlings
were exposed to white light (Fig. 4, lanes c-e), the amount of
PMP24.5 after 1 d of darkness and 1 d light (Fig. 4, lane c)
was essentially the same as after 2 d of darkness (Fig. 4, lane
a), whereas this PMP decreased after 3 d whether the seed-
lings were in darkness (Fig. 4, lane b) or exposed to light (Fig.
4, lanes d and e). In most of our experiments, the amount of
PMP24.5 decreased to the extent that it was barely detected
(cf. lanes a, e, and h in Fig. 5). In concert with the appearance
of nondenatured complexes after light exposure (Fig. 3), four
new denatured PMPs (53, 47 [difficult to see in Fig. 4], 28,
and 27.5) appeared after exposure to light. PMP28 appeared
after only 1 d of darkness followed by 1 d of light (Fig. 4,
lane c), whereas PMP27.5 appeared after 2 d of darkness
followed by either 1 d of light (Fig. 4, lane d) or 3 d of light
(Fig. 4, lane e). PMP53 appeared only after 3 d of light (Fig.
4, lane e; Fig. 5, lanes h, j, and k).

Polypeptide Composition of PMP Complexes

Figure 5 shows the SDS-denatured polypeptide composi-
tion of the major PMP complexes identified in Figure 3.
Visibility of the PMP140 complex was sufficient for excision
only from stage I gels. It was composed mostly of a 24.5-kD
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polypeptide (lane b), which was not found within any other
PMP complex (the weak band in lane d is from lateral
diffusion of an adjacent band, not shown, from a PMP140
sample). Recently, Bunkelmann and Trelease (1993) and Bun-
kelmann et al. (1994) came to the conclusion that a prominent
low molecular mass polypeptide recovered from glyoxysome
membranes of four different oilseed species, including the
24.5-kD protein in sunflower, was a protein body membrane
protein. They discovered that an antibody to bean TIP (John-
son et al., 1989) cross-reacted on western blots with a low
molecular polypeptide specific to each oilseed, including the
sunflower 24.5-kD polypeptide. Only this polypeptide was
found to be a contaminant.

The PMP120 complex was composed of 21- and 57-kD
polypeptides in glyoxysomes (stage I) and transition peroxi-
somes (stage II) (lanes c¢ and f), whereas it was composed
mostly of light-induced PMPs 27.5, 28, and 53 in leaf-type
peroxisomes (stage III, lane k). The prominent PMPs 27.5
and 28 also constituted a major portion of PMP130 and
PMP70 complexes (lanes j and 1) in leaf-type peroxisomes
and were in the PMP120 and PMP70 complexes of transition
peroxisomes (lanes f and g). They were not within any of the
glyoxysome complexes. As mentioned before, the PMPs 130
and 140 complexes consistently migrated differently in ad-
jacent lanes; they also were composed of different polypep-
tides (cf. lanes b and j). The PMP70 complex from glyoxy-
somes and transition peroxisomes (lanes d and g) possessed
mainly PMPs 49 and 31. These polypeptides also were in the
stage 1Il PMP70 complex but were less prominent because of
the accumulation of PMPs 27.5 and 28.

Influence of Light Quality and Intensity on PMPs

When making comparisons with the 3-d dark-grown seed-
lings, only PMP49 was not affected by either light quality or
light intensity (Figs. 6). Exposure of seedlings to red, blue, or
far-red light seemed to increase the relative amount of
PMP57. The response of PMP31 to light was difficult to
ascertain because it was not sharply defined in all gels (Fig.
6). Red or white light exposure promoted the appearance of
PMPs 47, 28, and 27.5. Seedlings exposed to blue light did
not promote the appearance of PMPs 28 or 27.5 but promoted
the appearance of PMP47. Far-red light seemed to prevent
the appearance of the PMP47 and the temporal decrease of
PMP24.5 (lane c). PMPs 28 or 27.5 also did not appear after
exposure to far-red light.

To do the experiments described above, sufficient quan-
tites of PMP samples often were difficult to obtain per
experiment, especially for analyses of stage III PMPs. Figure
7 shows that the SDS polypeptide patterns are the same for
fractions collected from the 47 to 51% step as those collected
from the 51 to 57% step at all three stages. Lanes b and e
containing stage II samples are presented together to show
the identity of banding patterns. These data allowed us to
select organelles in either or both gradient steps for analyzing
polypeptide patterns, especially for the experiments on light
quality and intensity.
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Figure 6. Influence of light quality (A, lanes a-d) or light intensity
(B, lanes e-h) on the relative amount of stage Il PMP subunits. The
seedlings were kept in the dark for 2 d and then transferred to the
varied light conditions for 1 d. Comparisons are made relative to
the PMPs in 3-d dark-grown seedlings (lane Dk). Peroxisomes were
collected in the 51 to 57% gradient fractions. Ten micrograms of
protein were applied to each lane.

DISCUSSION

Sunflower seedlings were kept in complete darkness for 2
d and then transferred to continuous white light for several
days to experimentally emphasize the transition from glyox-
ysomes to leaf-type peroxisomes in a relatively short growth
period (Fig. 2). Eising and Gerhardt (1987) grew sunflower
seedlings similarly and set up their three stages based on data
with three different peroxisomal enzymes (catalase, isocitrate
lyase, and glycolate oxidase). For their stage I, seedlings were
kept in darkness for 2.5 d. However, activity peaks of isocit-
rate lyase and glycolate oxidase occurred at 2 and 5 d,
respectively, as were the peaks of MS and HPR shown in
Figure 2. Their stage II also was defined as 2.5 d of light after
2.5 d of darkness. The declining HPR activity observed during
stage III (Fig. 2) likely was not indicative of cotyledon senes-
cence for the reasons documented by Eising and Gerhardt
(1987), i.e. activities of other peroxisomal enzymes involved
in photorespiration, activities of Calvin cycle enzymes, Chl
content, and photosynthetic capacity of the cotyledons were
nearly constant during stage III.

The data in Table I show that peroxisomes isolated from
dark- and light-grown cotyledons were highly purified. The
Suc gradient method was designed and perfected by Eising
and Gerhardt (1986), who were interested in measuring
changes in catalase-specific activity and hematin content
during the peroxisome changeover. Continuous Suc gradients
typically are used for peroxisome isolation because they
produce high-resolution separations of glyoxysomes from
contaminants such as protein bodies and etioplasts and sep-

aration of thylakoids/plastids from leaf-type peroxisomes
(Vigil, 1983). However, for resuspended sunflower cotyledon
organelles, the steps designed by Eising and Gerhardt accom-
plished separations from contaminants, especially in the 52.5
to 57% step. We changed one of their steps slightly (51 for
52.5%) because we often observed a diffuse distribution of
organelles between the 47 and 52.5% and 52.5 and 57%
interphases with our variety of sunflower seeds. The results
shown in Figure 7 are especially relevant to this study because
integral membrane proteins, other than those found in the
organelles from the 52.5 to 57% step, were not found in
samples from the 47 to 52.5% step. Hence, we could,
and sometimes did, use samples from both steps for our
experiments.

The change in distribution and amount of PMPs during
the transition from glyoxysomes to peroxisomes also was
addressed in an ultrastructural study. Vigil and Fahimi (1990)
did a quantitative freeze-fracture investigation of intramem-
branous particles in peroxisomes of watermelon cotyledons.
They found that the number of integral membrane proteins
per um? in protoplasmic and ectoplasmic faces of leaf-type
peroxisomes decreased by 32 and 40%, respectively, from
those in corresponding faces of glyoxysomal membranes.
This implies that the composition of membrane proteins is
less complex in leaf-type peroxisomes. From our results, the
amount of nondenatured PMP120 complex remained rela-
tively constant throughout all three stages, whereas PMP140
complex decreased temporally (independently of light
exposure).

As stated in “Results,” however, we have data that indicate
that the PMP140 complex, composed almost exclusively of
24.5-kD polypeptide, is a protein body membrane protein or
TIP. This complex, not associated with any detergent re-
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Figure 7. SDS gel comparisons of PMP patterns from peroxisomes
collected in the 47 to 51% or 51 to 57% steps of Suc gradients.
Samples were either from stage |, 11, or 11l sunflower seedlings. Ten
micrograms of protein were applied to each lane.
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associated PMPs, apparently was derived from protein body
vesicles possessing an extraordinary concentration of the TIP
(Bunkelmann et al., 1994). The other three PMP complexes,
260, 130, and 70 kD, however, appeared (or became more
prominent, i.e. PMP70) when sunflower seedlings were ex-
posed to light for 3 d. The PMP260 complex possessed 57-
and 31-kD polypeptides that were identified in glyoxysomes
and transition peroxisomes, but it also possessed some lower
molecular mass polypeptides (Fig. 5, lane i) that were not
observed in membrane preparations of the other peroxi-
somes. The 27.5- and 28-kD polypeptides were associated
with three different complexes (PMPs 130, 120, and 70). We
do not currently believe that the complexes observed by
nondenaturing PAGE are functional in vivo entities. Rather,
our belief is that these complexes formed as a consequence
of hydrophobic membrane proteins associations that sepa-
rated in nondenaturing gels by charge differences because of
bound taurodeoxycholate (Schagger et al., 1994). Neverthe-
less, our data indicate a net increase in different integral
membrane proteins in leaf-type peroxisomes. This seems
inconsistent with interpretations of the freeze-fracture data
for watermelon. However, until one can determine which
proteins are associated with membrane protein complexes in
vivo, comparisons of changes in gel patterns with changing
numbers of complexes observed with freeze-fracture must be
guarded.

The concurrent appearance of PMP polypeptides 27.5, 28,
and 47 and the substantial increase in HPR activity during
the 24-h, continuous, white-light exposure of 2-d dark-grown
seedlings (Figs. 2 and 4) suggest a coupled accumulation of
membrane and matrix proteins within enlarging transition
peroxisomes. Some HPR, however, was acquired by glyoxy-
somes in the dark after a 24-h dark period (Fig. 2) without
the detectable appearance of any of the above-mentioned
PMP polypeptides. Occurrence of low levels of HPR (and
glycolate oxidase) activities is well documented for cotyledon
glyoxysomes of dark-grown oil seedlings (Schnarrenberger et
al, 1971; Huang et al., 1983; Titus et al., 1983). We also
found that the appearance of these PMPs after exposure of
seedlings to light varied with the duration of the prior dark
period, i.e. PMP28 appeared when HPR activity increased
" after 1 d of darkness but without the appearance of either
PMP27.5 or PMP47 (Fig. 4).

We attempted to correlate developmental changes in MS
and HPR activities with the appearance/nonappearance of
PMPs in relation to the varied quality of light exposures (Fig.
5) to help assess the coupled accumulation of matrix and
membrane proteins. In the case of MS activities, interpreta-
tions were quite simple because none of the light regimes
(white, blue, red, far-red) imposed during a 4-d growth period
(after 2 d in darkness) had any perceptible effect on the
decline in MS activity (data not shown). In the case of HPR,
its activity increased for at least 2 d under all of the imposed
light regions (data not shown), even when the PMPs did not
appear (e.g. in blue and far-red light, Fig. 6). Hence, we were
unable to make any definitive correlations between acquisi-
tion (or lack thereof) of PMPs with differentiation (matrix
enzyme accumulation) of the leaf-type peroxisomes. Also,
several lines of evidence indicate that the synthesis and
acquisition of all matrix and membrane proteins are not
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coupled, e.g. the temporal separation of an increase in HPR
activity and PMP appearance, the dark-period dependence
of PMP appearance, and the negative correlation between
the appearance of certain PMPs and the increase in HPR
activity.

The white-light stimulation of the developmenital increase
in HPR (Fig. 2) and other matrix enzymes in leaf-type per-
oxisomes is well documented, e.g. in mustard (Schopfer et
al., 1976; Hong and Schopfer, 1981), watermelon (Kagawa
et al, 1973; Kagawa and Beevers, 1975), and cucumber
seedlings (Becker et al., 1978). Hondred et al. (1987) sug-
gested that the increase in peroxisomal enzyme activities
depended on an increase in translatable mRNAs for these
enzymes and that they were regulated at a pretranslational
level, most likely involving transcription of new mRNA.
Continuous blue, red, and far-red irradiation were shown to
be effective in stimulating HPR activities in etiolated wheat
leaves (Feierabend, 1975) and etiolated cotyledons of Phat-
bitis nil (Tchang et al., 1984a, 1984b).

From our results, continuous blue, red and far-red irradia-
tion also influenced the appearance of PMPs 27.5, 28, and
47. Chl likely is not the photoreceptor involved in the accu-
mulation of PMPs 27.5 and 28 because distinctly different
gel patterns were observed after irradiation of seedlings with
red and blue irradiations. Tchang et al. (1984a, 1984b) also
concluded that Chl was not the photoreceptor for stimulation
of HPR activity in etiolated P. nil seedlings in red and blue
light. Rather, they suggested that it was a blue-absorbing
pigment plus phytochrome. However, Chl might be involved
in accumulation of PMP47 because the same gel pattern was
apparent after exposure of light in both red and blue regions
and because far-red light did not promote its appearance.
The proportion of red spectrum in white light seems to be
the component that promotes the appearance of PMPs 27.5,
28, and 47 because the gel pattern of the proteins from
seedlings exposed to red and white light is the same. How-
ever, far-red light prevented the appearance of PMPs 27.5,
28, and 47. van Poucke and Barthe (1970), Schopfer et al.
(1976), and Feierabend (1975) reported that phytochrome
may play a role in the response of peroxisomal matrix en-
zymes to light. Bertoni and Becker (1993) demonstrated that
phytochrome was involved in regulation of the levels of
mRNA encoding HPR in cucumber cotyledons. In our case,
phytochrome might be involved in the red and far-red effects,
but more data are needed to further demonstrate phyto-
chrome-mediated effects on PMPs.

To our knowledge, the results reported here provide the
first evidence for a change in PMP composition when glyox-
ysomes are converted to leaf-type peroxisomes and also
indicate that the differentiation of peroxisomes in sunflower
cotyledons during seedling growth involves both. photobiol-
ogical and temporal regulatory mechanisms. However, spe-
cific functions for these PMPs remains to be discovered.
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