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Abstract-Peeling away the lower epidermis and vacuum-infiltrating six-day-old primary leaves with buffered 
200 mM NaCl extracted an intercellular washing solution (IWS) containing up to 99% of the polyamine oxidase 
(PAO) activity from oats, none of the PA0 activity from barley, and no cytoplasmic glucosed-phosphate 
dehydrogenase (G6P-D) from either species. In barley, but not oats, PA0 activity was recovered from either isolated 
mesophyll protoplast or leaves from which the IWS had been extracted. We conclude that PA0 is apoplastic and 
weakly ionically bound to mesophyll cell walls of oat primary leaves, but symplastic in primary leaves of barley. 
Implications of this differential localization including the involvement of PA0 in providing hydrogen peroxide for 
lignification are considered. 

INTRODIJmION 

In the Gramineae the polyamines spermine and spermi- 
dine are oxidized by polyamine oxidase (PAO; EC 1.4.3.4) 
to produce diaminopropane, a pyrroline, and hydrogen 
peroxide. In legumes diamine oxidase (DAO; EC 1.4.3.6) 
typically oxidizes polyamines to a pyrroline, ammonia 
and hydrogen peroxide [ 11. Polyamines are ubiquitous in 
the plant kingdom Cl] and it has been suggested [23 that 
hydrogen peroxide produced by their oxidation might 
play a role in peroxidase-mediated reactions of lignific- 
ation [3] if PA0 and DA0 were present in the apoplast; 
that is, outside the plasmalemma and associated with the 
cell wall. PA0 has been reported to be apoplastic in oat 
primary leaves since activity is absent from mesophyll 
protoplast and about 80% of the total leaf activity was 
detected in the cell wall debris produced during proto: 
plast isolation [4]. Most of the DA0 activity in pea 
epicotyls could be extracted into an apoplastic intercellu- 
lar washing fluid by centrifuging buffer-infiltrated seg- 
ments [2]. In contrast, PA0 activity in young barley 
leaves was associated with a particulate fraction which 
was presumably to be nuclei [S-7] although later exper- 
iments suggested that this might be an artifact of enzyme 
preparation [S]. In this study we report the distribution 
of PA0 activity between apoplastic intercellular washing 
solutions, mesophyll protoplasts, and purified cell walls, 
in primary leaves of six-day-old oat and barley seedlings. 

RESULTS AND DISCVSSION 

Oat leaf polyamine oxidase 

PA0 with high specific activity was extracted from the 
apoplast of oat primary leaves, without contamination by 
the cytoplasmic enzyme glucosed-phosphate dehydro- 
genase (G6P-D), by peeling away the lower epidermis and 
vacuum-infiltrating with 5 mM K-Pi, pH 6.5, containing 

200 mM NaCl. Infiltration for 60 min released no detect- 
able G6P-D but extracted almost all of the PA0 activity 
from the leaf(Table 1). This suggests that our technique is 
specific for apoplastic constituents and effective for 
extracting soluble and weakly ionically bound proteins 
from leaves from which the epidermis can be peeled with 
minimal damage to the underlying mesophyll. The inter- 
cellular washing solution (IWS) obtained during the first 
12 min contained only ca 1% of the total soluble protein 
of the segment but the specific activity of PA0 in this 
fraction was 1.25 pkat/yg protein (Table 1). In contrast, 
PA0 purified from whole shoot homogenates of oats by 
precipitation and gel filtration had a specific activity of 
only 0.006 pkat/pg protein [6]. 

PA0 in the apoplast of oat leaves is poorly soluble in 
buffer alone since a preliminary infiltration for 36 min 
with 5 mM K-Pi pH 6.5 extracted only about 2.5% of the 
total peeled leaf activity (Table 2). When the segments 
were subsequently extracted with buffer containing in- 
creasing salt concentrations, 50 mM NaCl extracted 28% 
of the whole leaf activity; 100 mM NaCl, an additional 
43% of the activity; and 200 mM NaCl, 21% more of the 
activity. These four IWS fractions contained CQ 95% of 
the total PA0 activity of the leaf (Table 2). When 
segments were repeatedly infiltrated (4 x 36 min) with 
buffered 200 mM NaCl, this extracted ca 99% of the 
whole-segment PA0 activity from the leaf without con- 
tamination by G6P-D (not shown). 

After the IWS was extracted, samples were homogen- 
ized in 50 mM K-Pi pH 6.5, centrifuged, and the super- 
natant assayed for symplastic (cytosolic plus vacuolar) 
activity. The supernatant contained all of the G6P-D 
activity of the segment but only cu 4% of the PA0 
activity (Table 2). From our earlier experiments we 
consider that the low level of PA0 activity recovered 
from the symplastic compartment was void-volume apo- 
plastic enzyme not eluted from the leaf during a single 
36 min infiltration wash. Only traces of PA0 activity 
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Table 1. Effect of iniiltration time on polyamine oxidase activity washed from the 
apoplast of six-day-old oat primary leaves 

12 

Apoplastic activity extracted 
Iniihration time (mm) 

24 36 48 60 

Symplastic activity 
(retained in leaf 
after60minof 
extraction 

Polyamine oxidase (Irkat H,Os) 
per segment 

6.9 9.2 10.3 11.5 13.9 0.91 
*0.4 kO.6 io.2 rto.5 f 0.9 *0.18 
per pg protein 

1.25 1.16 1.08 1.07 1.24 0.002 

Glucose-6-phosphate dehydrogenase (nkat NADP/segment) 
nd* nd nd nd nd 0.50 

f 0.02 

Soluble protein (&segment) 
5.5 7.9 9.5 10.8 11.2 530.0 

*0.7 io.7 *0.2 *0.9 *to.7 k26.7 

The lower epidermis was peeled from the leaf, 4 cm segments vacuum infiltrated 
with 5 mM K-Pi pH 6.5 containing 2tXl mM NaCI, and aliquots of the solution 
removed at times indicated. After 60 min, segments were removed, homogenized in 
5OmM K-Pi pH 6.5, centrifuged, and the supematant used as a source of 
symplastic (cytoplasmic plus vacuolar) enzymes. Values are means f s.e. 

*Not detected but the lower limit of detection was ca 0.005 &at/segment. 

Table 2. Sequential extraction of apoplastic and symplastic polyamine oxidase activity from six- 
day-old oat primary leaves 

Fraction 

. . 
Polyamme oxtdase bkat H,O,) Soluble protein @g) 

per per % of per % of 
segment pg protein total segment total 

IWS extracted by: 
buffer alone 

+ 50 mM NaCl 

+ 100 mM NaCl 

+200 mM NaCl 

Ionically bound 
in cell wall 

Covalentaly bound in cell wall 

Symplastic 

0.41 
*0.05 

4.53 
*0.04 

7.00 
fO.10 

3.40 
kO.27 

0.15 
+ 0.02 

<O.Ol 

0.67 
fO.ll 

0.08 2.5% 5.3 1.0% 
*1.0 

1.42 28.0% 3.2 0.6% 
*0.8 

2.41 43.3% 2.9 0.5 
*0.5 

1.36 21.0% 2.5 0.5% 
kO.5 

0.03 0.9% 4.8 0.5% 
*0.2 

* <O.Ol% * 

0.001 4.1% 517.3 96.5% 
f 5.7 

Segments were prepared as in Table 1. Intercellular washing solutions (IWS) were sequentially 
extracted by infiltration for 36 mitt with 5 mM K-Pi bu5er, then for additional 36 min periods 
with buffer plus NaCl as shown. After the final 200 mM NaCl IWS was extracted, segments were 
removed, homogenized in 50 mM buffer, centrifuged, and the supematant used as a source of 
symplastic activity. The pellet was washed with 1% (v/v) Triton X-100, then with b&r, and 
suspended in buffer containing 1 M NaCl to solubilixe enzymes ionically-bound to the cell wall. 
Salt-extracted cell waU pellets were assayed for covalently bound activity. Values are means f w. 

*Protein could not be determined in these Cellulysindigests. 





2258 Z.-C.LI and J. W. MCCLURE 

Table 4. Polyamine oxidase activity extractable from apoplastic and symplastic compartments of six-day-old 
oat and barley primary leaves. 

Activity in apoplastic/symplastic fractions Wholasegmcnt activity 

Apoplastic: Apoplastic: Symplastic: 
extracted in 1MNaCl in supematant Supematant of peeled 
200 mM NaCl soluble after IWS had segments homogenized 
IWS from wall been extracted in 1 M NaCl* 

Barley (&at H,OJsegment 
ndt 6.1 (4%) 

Oat bkat H,O,/segment) 
13.89 (85%) 0.57 (3%) 

119.9 (87%) 137.6 (100%) 

0.55 (3%) 16.43 (100%) 

I-eaves were peeled and vacuum-inliltrated for 36 mitt with 5 mM K-Pi pH 6.5 containing 200 mM NaCl to 
extract an IWS containing soluble and weakly ionically bound apoplastic activity, then homogenized in 50 mM 
K-pi pH 6.5 and centriluged to obtain a supematant containmg soluble symplastic activity. The pellet was 
washed with 1% Triton X-100, then with buffer, and the puritied wall pellet extracted with 1 M NaCl to 
solubilize strongly ionically-bound apoplastic activity. Whole-segment activity was determined by homogen- 
izing peeled leaves in buffer plus 1 M NaCl, centrifuging, and the supematant used as a source of whole-segment 
enzyme activity. Values (nkat for barley, pkat for oats) are means of three or more replicates. 

*Values from Table 3. 
tNot detected, less than 3.0 nkat/segment. 

solutions sometimes bind to membranes during dialysis 
[6, 123. This may be a general problem when working 
with weakly ionically bound enzymes from the apoplast. 
For example, apoplastic oat PA0 is poorly soluble in 
5 mM/K-Pi buffer alone (Table 1) and when the 200 mM 
NaCl IWS from oats was dialysed against distilled water, 
about 40% of its PA0 activity was lost, presumably by 
binding onto the dialysis membrane (not shown). 

Colrparison of PA0 distribution between the apoplast 
and the symplast of oat and barley primary leaves. We 
determined the relative distribution of PA0 activity in 
the a&plast and symplast of barley and oat leaves by the 
sequential processes ok (i) extracting soluble and weakly 
ioniqly bound apoplastic activity into the 200mM 
Nat&containing IWS, followed by (ii) removing the 
segments from the IWS and homogenizing them in 
50 m&I K-Pi pH 6.5 and centrifuging to obtain a super- 
natant containing symplastic activity and finally (iii) 
releasing strongly ionically bound PA0 activity from 
washed cell wall pellets by extracting the walls with 
buffered 1 M NaCl. The PA0 activity recovered in these 
three fractions was more than 90% of that recovered in 
the supematant of freshly peeled segments homogenized 
in 1 M NaCl (Table 4). The missing PA0 activity from 
these three fractions was presumably in the void volume 
of the cell wall pellet, plus a fraction bound to disrupted 
cytoplasmic constituents in the pellet, which would be 
lost into the Triton X-100 and buffer washes used to 
purify the final wall pellet. All of these results lead us to 
conclude that polyamine oxidase in primary leaves is 
apoplastic in oats but symplastic in barley. 

CONCLUSIONS 

It has been suggested that if PA0 is a cell wall-associated 
enzyme, one could presume that its substrates would be 
located there [4]. Goldberg and Perdrixet [ 133 found that 
most of the polyamines of mung-bean hypocotyls were 
localized in the cytoplasm of young cells, but bound to 

pectic materials in the cell wags in older tissues. Prelimi- 
nary results from this laboratory indicate that the IWS of 
oats contains polyamines and their oxidation products 
(Liu and McClure, in preparation). Federico and Angelini 
[Z] suggested that hydrogen peroxide produced in the cell 
wall. when polyamines are oxidized by PA0 or DA0 
might be used in the peroxidative activation of cinnamoyl 
alcohols for ligniiica~ion. The source of apoplastic hy- 
drogen peroxide is controversial. Gross et al. [14] pro. 
posed that hydrogen peroxide could be produced in the 
cell wag by a NADHdriven reversal of the general 
peroxidase reaction using cell wag-bound malate dehy- 
drogenase coupled with a malate-oxaloacetate shuttle 
across the plasmalemma. Malate dehydrogenase has been 
found in cell wags [ 143 but there is no conclusive evidyce 
for NAD(H) in cell walls [lS]. 

Although the presence of apoplastic PA0 in oats 
[4, this paper] and apoplastic DA0 in peas [2] supports 
the suggestion that these enxymes might produce hy- 
drogen peroxide for lign8cation, PA0 appears to be 
totally symplastic in six-day-old barley primary leaves 
(Tables 3 and 4) This diffe nce suggests that the localii- 
ation of PAO, DA0 an f their substrates should be 
examined in a range of lignifying tissues and that alter- 
nate mechanisms for the formation of hydrogen peroxide 
in the cell wag [14, 161 should be considered. 

IIXPEIIIMENTAL 

Plant material. Barley (Hordeum m&are cv Atlas 68) and oat 
(Acene satiua cv Victory) seedlings were grown on vermiculite at 
23” under a 16 hr light (165 pE/m’/sec from cool-white fluor- 
escent lamps) 8 hr dark photoperiod and irrigated daily with l/3 
strength Hoagland’s nutrient soln. primary leaves were harves- 
ted on the sixth day after planting, 10 hr after the onset of light. 

Extraction of intercellular washing solution. A transverse cut 
was made with a singleuiged raxor blade through the upper 
epidermis and mcsophyll, ca 1 cm below the tip of the pv 
leaf, and the lower epidermis peeled away. The peeled leaves were 
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immersed in cold H,O and gently agitated by hand for cu 45 set NaOAc pH 5.5 (barley, see results) or 100 mM K-Pi pH 6.5 (oat), 
to remove cytoplasmic contaminants of damaged cells. Apical 0.05 ml of 25 mM guaiacol, 0.05 ml horseradish peroxidase (10 
4cm segments were cut and 5 (oats) or 10 (barley) segments units, Sigma type II), 0.1 ml of enxyme and 0.02 ml of 25 mM 
pIaccd in a cold lSx95mm test tube. 5ml of cold de-gassed spermine (barley [ll]k or spermidine (oats [4]). Polyamines 
5 mM K-Pi, pH 6.5, containing NaCI as indicated (normally were omitted from the reference. Reaction mixtures were pre- 
200 mM) was added to the tube and the segments were vacuum- incubated at 30” for 2 min, reactions initiated by adding poly- 
infiltrated at 91 kPa on ice for 36 min (unless otherwise indi- amine, and enzyme activity detected by the increase in A470 nm. 
cated), breaking and re-establishing the vacuum every three to PA0 activity was calculated by using an extinction coefficient of 
five min to facilitate infiltration and washing. The IWS extracted 4370/M HsOJcm [18]. For confirmation of these results PA0 
by this technique is free from symplastic contamination [17j. activity was occasionally determined by the oxygen electrode 
The IWS was used as a source of soluble and weakly ionically assay described in ref. [lo]. G6P-D was assayed by the method 
bound apoplastic enzymes. of ref. [193, protein by ref. [20]. 

Soluble cytoplasmic enzymes. Unless otherwise indicated, all 
subsequent fractionations were done at 4”. After the IWS was 
extracted, segments were homogenized in 5 ml 50 mM K-Pi pH 
6.5, centrifuged at 27 000 g for 15 min at 4”, and the supematant 
used as a source of soluble cytoplasmic enxymes. 

Jonicully-bound cell wall enzymes. The cell wall pellet was 
washed twice by centrifuging in 50 mM K-Pi pH 6.5 bu&r plus 
1% (v/v) T&on-X 100 and x 3 with buifer alone to remove 
traces of contaminating cytoplasmic enzymes. The washed pellet 
was resuspended in 2 ml of buffered 1 M NaCI, stirred on ice for 
30 min. centrifuged at 27000 8 for 15 min. and the supematant 
used as a source of enzymes strongly ionically bound to the 
cell wall. 
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