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ABSTRACT

The secretion of a-amylase from single isolated (Hordeum vulgare L. cv
Himalaya) aleurone layers was studied in an automated flow-through
apparatus. The apparatus, consisting of a modified sample analyzer linked
to a chart recorder, automatically samples the flow-through medium at 1
minute intervals and assays for the presence of a-amylase. The release of
a-amylase from aleurone layers begins after 5 to 6 hours of exposure to
gibberellic acid and reaches a maximum rate after 10 to 12 hours. The
release of a-amylase shows a marked dependence on Ca2", and in the
absence of Ca2" it is only 20% of that in the presence of 10 millimolar
Ca2". Withdrawal of Ca22 from the flow-through medium results in the
immediate cessation of enzyme release and addition of Ca" causes im-
mediate resumption of the release process. The effect of Ca2" is concen-
tration-dependent, being half-maximal at 1 millimolar Ca2+ and saturated
at 10 mnllimolar Ca'+. Ruthenium red, which blocks Ca2" but not Mg2+
efflux from barley aleurone layers, renders a-amylase release insensitive
to Ca2` withdrawal. Inhibitors of respiratory metabolism cause a burst of
a-amylase release which lasts for 0.5 to 5 hours. Following this phase of
enhanced a-amylase release, the rate of release declines to zero. Pretreat-
ment of aleurone layers with HCI prior to incubation in HCN also causes
a burst of a-amylase release, indicating that the inhibitor is affecting the
secretion of a-amylase and not its movement through the cell wall. The
rapid inhibition of a-amylase release upon incubation of aleurone layers at
low temperature (5°C) or in 0.5 molar mannitol also indicates that enzyme
release is dependent on a metabolically linked process and is not diffusion-
limited. This conclusion is supported by cytochemical observations which
show that, although the cell wall matrix of aleurone layers undergoes
extensive digestion after gibberellin treatment, the innermost part of the
cell wall is not degraded and could influence enzyme release.

A characteristic of the aleurone layer of cereal seeds is its
capacity to secrete a wide spectrum of hydrolytic enzymes, which
play a role in endosperm degradation during germination. In
barley aleurone, the synthesis of many of these enzymes is con-
trolled by GA3 produced by the embryo (17). Little is known,
however, about the control of enzyme release or the cellular
mechanism ofprotein transport. The release ofhydrolytic enzymes
from aleurone cells requires transport of the enzyme across the
plasmalemma and movement through the matrix of the highly
thickened cell wall.

Varner and Mense (18) examined a-amylase release from single
aleurone layers of barley in a flow-through device and concluded
that enzyme release into the incubation medium could be resolved

'Supported by National Science Foundation Grant PCM 13286 to R.
L. J.
'To whom reprint requests should be addressed.
3Abbreviations: GA, gibberellin(s); DNP, 2,4-dinitrophenol; CCCP,

carbonyl cyanide-m-chlorophenyl-hydrazone.

into two parts, secretion and release. The process of enzyme
secretion, which they defined as transport ofcompleted a-amylase
across the plasma membrane, was an energy-dependent process,
whereas release of the completed molecule into the incubation
medium was diffusion-limited (18). Although movement of a-
amylase through the cell wall was by diffusion, these authors
suggested that this process could be regulated by the presence of
ions. The hypothesis that ions could regulate a-amylase diffusion
through the cell wall received support from the work ofJones (10),
who showed that the release of K+, Mg2+, and P043- from the
aleurone layer was dependent on the presence of GA3. By con-
trolling the release of ions, therefore, GA could exert control over
the release of a-amylase as Varner and Mense (18) proposed.
A role for the cell wall in the regulation of enzyme release from

the aleurone layer is predicated on the assumption that the cell
wall is an impermeable barrier to these proteins. Ashford and
Jacobsen (2) have shown that the release ofacid phosphatase from
aleurone layers occurs only after cell wall digestion. They showed
that acid phosphatase accumulated between the plasma membrane
and the cell wall during incubation in H20 and that during
incubation in GA this enzyme then moved into the incubation
medium following channels that appeared during digestion of the
cell wall. Furthermore, after 24 h in GA3, acid phosphatase could
not be detected in the digested regions of the cell wall, indicating
that at this stage the wall did not offer a barrier to the release of
this enzyme (2). Because Varner and Mense (18) conducted their
experiments on enzyme release on aleurone layers incubated in
GA3 for 24 h, it is difficult to compare their observations and
conclusions concerning the role of the cell wall in regulating
enzyme release with those of Ashford and Jacobsen (2) on cell
wall degradation and the movement of an acid phosphatase
through the cell wall.
We have reinvestigated the phenomenon of enzyme release

from barley aleurone layers using an automated flow-through
apparatus which can measure the a-amylase output of a single
aleurone layer at intervals of 1 min. We have coupled our study
of the kinetics of enzyme release to cytochemical investigations of
cell wall structure at the electron microscope level.

MATERIALS AND METHODS

Preparation of Plant Material. Seeds of barley (Hordeum vul-
gare L. cv Himalaya) were deembryonated and endosperm halves
were surface sterilized as described by Chrispeels and Varner (4).
Sterilized seeds were imbibed on sterile sand moistened with
sterile distilled H20, and aleurone layers were dissected from the
starchy endosperm after 3 to 4 d imbibition (4).

Flow-Through Apparatus. a-Amylase production by single aleu-
rone layers was monitored in an automated flow-through appa-
ratus (Fig. 1). The apparatus consisted of a timer which controlled
a series of gang valves which operated air-driven pipettes and a
spectrophotometer, all salvaged from a Gilson Automatic Sample
Analyzer model 4000 (Gilson Medical Electronics, Middleton,
WI). These components were modified by the addition of a
chamber to hold a single aleurone layer and temperature-regulated
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FIG. 1. Diagram ofthe automatic flow-through apparatus. An aleurone
is placed in the flow-through chamber, and medium flows from the
selected reservoir. Pumping is by air-driven precision pipetters controlled
by a timer. Medium from the chamber is mixed with starch and incubated
at 55°C. The starch enzyme mixture is then mixed with 12KI solution and
the resultant O.D. measured and automatically recorded.

baths for sample chamber, media, and assay line, and the replace-
ment of the electronic components of the spectrophotometer with
an integrated circuit and field effect transistor-based log amplifier.
The output of the spectrophotometer was recorded on a Linear
Instruments chart recorder (model 255; Linear Instruments, Irvine,
CA). A detailed description of the construction and operation of
the flow-through apparatus and assay procedure is available in
Moll (14).

Incubation. Except for the experiment shown in Figure 2, prior
to emplacement in the flow-through sample chamber, aleurone
layers were pretreated with GA3 for 12 to 15 h in 25-ml flasks in
2 ml standard medium consisting of 10 mm CaCl2, I mm sodium
acetate (pH 4.8), and I to 10,UM GA3 (Sigma) (4).

Aleurone layers incubated in the flow-through apparatus were
exposed to the standard flow-through medium containing I to 10
tuM GA3, 1 mm KH2PO4, 200 ,LM EDTA, 50 ,UM FeSO4, 10 mM
CaCl2 (except as noted), 0.01% (v/v) Triton X-100 and 2 ,UM
chloramphenicol and adjusted to pH 5.0 with KOH. EDTA (200
,LM) was added to the medium to ensure that adjustment of
divalent cation concentrations would result in the desired shift in
cation levels even in the presence of cation release. Inasmuch as
Goodwin and Carr (8) have shown that aleurone layers of barley
do not produce appreciable a-amylase in the presence of chelators
unless iron is included in the medium, FeSO4 (50 ,UM) was added.
A detergent (Triton X-100, Rohm and Hass) and an antibiotic
(chloramphenicol) were added to the incubation medium to reduce
microbial contamination; there were no observable effects ofeither
compound on a-amylase production by aleurone layers. Micro-
scopic examination of media and aleurone layers at the end of
each experiment revealed no bacterial contamination. In some
experiments, the medium also included 2 mm DNP, 0.6 mM NaN3,
1 mm HCN, or 10 fig/ml CCCP (all from Sigma), or aleurone
layers were exposed to a pulse of ruthenium red (Sigma) as
described in the legend for Figure 5. To establish that components

of the medium were not interfering with the starch-iodine assay
for a-amylase, the incubation medium was tested with the starch
and I2KI reagents prior to introduction of the aleurone layer. The
flow-through medium was aerated by bubbling with compressed
air and was cooled to 0°C and maintained at this temperature
except in the sample chamber, where the temperature was regu-
lated at 27°C.
The flow-through medium was cycled through the sample

chamber at I to 2 min intervals. During each cycle, 100 ,l of
medium was pumped past the aleurone layer. Inasmuch as the
volume of the flow-through chamber was approximately 50 ,ul
greater than that of the aleurone layer, complete replacement of
the medium was ensured.
Enzyme Assay. a-Amylase was automatically assayed by the

flow-through apparatus using a modification of the standard
starch-iodine procedure (4). To increase the sensitivity, assays
were performed at 55°C for 10 to 20 min (depending on the flow
rate of the system), using starch, and subsequently l2KI, at 4 times
the standard concentrations. The starch was maintained at 0°C
prior to use. To allow prolonged starch digestion, the assay line
had a volume sufficient to hold 10 samples, that is, 10 cycles.
Inasmuch as there was no sample-to-sample separation in the
assay line, mixing could affect the time resolution of the flow-
through experiments. When a sample of barley a-amylase was
introduced into the sample chamber without an aleurone layer, a
square-wave output of enzyme activity was observed, indicating
that assay conditions did not limit the time resolution.
Data for secretion of a-amylase are presented as a-amylase

release rate in relative units, one unit being approximately equal
to one standard a-amylase unit per aleurone per h. All experiments
reported in this paper were repeated at least 4 times, and the data
presented are representative of the results obtained.

Electron Microscopy. Cell wall polysaccharides were localized
in GA-treated aleurone layers by the periodic acid-silver methe-
namine technique (15). Ultra-thin sections ofglutaraldehyde-fixed
aleurone layers (12) were mounted on gold grids, oxidized for 20
min on 1% (w/v) periodic acid and stained with silver methena-
mine for two periods of 30 min each. Stained sections were washed
in 5% (w/v) sodium thiosulfate for 5 min followed by rinsing in
H20 and examination in an electron microscope.

RESULTS

Incubation Conditions. Incubation of GA3-pretreated aleurone
layers in a flow-through medium containing only CaCl2 (10 mM)
and GA3 (1-10 ,uM) as in the standard flask medium resulted in a
gradual decline in the output of a-amylase. Addition of 1 mM
KH2PO4 to the flow-through medium, however, increased a-am-
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FIG. 2. The induction of a-amylase release by a single aleurone in the

flow-through apparatus. GA3 (10 ,UM) was added at time 0 in the standard
flow-through medium. The aleurone was not preincubated in GA3 me-

dium.
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FIG. 3. The long-term, low-Ca2" inhibition of a-amylase release by a

single aleurone and the rapid response to high Ca2" as measured in the
flow-through apparatus.

ylase output and resulted in the production of enzyme at a rate
comparable to that observed by using conventional methods of
aleurone incubation (4, 10). Therefore, KH2PO4 (1 mm) was
included in all flow-through experiments.
GA3 Promotion of a-Amylase Release. The time course of GA3-

enhanced a-amylase release in the flow-through apparatus is
shown in Figure 2. There was a lag of 5 to 6 h before the rate of
release into the medium changed, and the maximum rate of a-

amylase release was not achieved until after 10 to 12 h of incu-
bation. The effect of GA3 was to stimulate the rate of a-amylase
release by a factor of 20 to 30 (Fig. 2). Although it is clear that the
enhancement of a-amylase synthesis and release by GA3 can be
demonstrated in the flow-through apparatus, for convenience
aleurones were usually pretreated in GA3 for 12 to 15 h under
standard incubation conditions in 25-ml Erlenmeyer flasks prior
to their introduction into the flow-through apparatus.

Effects of Ca2' and Ruthenium Red on Amylase Release. The
release of a-amylase from GA-treated aleurone layers shows a
marked dependence on Ca2?. In the absence of Ca +, the rate of
a-amylase release was 20% to 30%o of the rate observed in the
presence of 10 mm Ca2+ (Figs. 3 and 4). The effect of Ca2+ was
not transient, although withdrawal of the cation from the medium
resulted in inhibition which lasted for the duration of the with-
drawal period (Fig. 3). Recovery of the rate of a-amylase release
following addition of Ca2+ was rapid even after an extended
period of withdrawal (Fig. 3). Both the recovery of a-amylase
release from the effect of Ca2+ withdrawal and the onset of the
inhibitory effects of Ca2' had half-times on the order of 10 min

(Figs. 3 and 4).
The rate of a-amylase release from GA3-treated aleurone layers

incubated in the flow-through apparatus varied according to the
Ca2 concentration (Fig. 4). The response to Ca2+ was half-maxi-
mal at I mM and saturated at 10 mm (Fig. 4 and unreported data).
The responsiveness of an aleurone layer to Ca2' addition and
withdrawal was routinely used as a measure of the capacity of the
aleurone layer to produce a-amylase at a constant rate for 8 to 12
h. To accomplish this, aleurone layers were introduced into the
flow-through apparatus and allowed to secrete a-amylase in the
presence of 5 or 10 mm CaCl2 for 1 to 2 h. After a shift to medium
with no Ca2 , the layers were returned to high Ca2+ and the rate

of a-amylase release was monitored. Only those layers showing
recovery of maximal a-amylase release rates after the Ca2+ shift
were selected for further experimentation (Figs. 4-7).
Ruthenium red is known to block Ca2+ transport (9, 19), and
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FIG. 4. The response of an aleurone to different concentrations of Ca2"
as measured in the flow-through apparatus.
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FIG. 5. The effect of ruthenium red on a-amylase release by an aleu-

rone in the flow-through apparatus. The sensitivity of a-amylase release to
Ca"+ was verified by a switch to 0 Ca2" and return to high Ca2". The
aleurone layer was exposed to a I to 2 min pulse of ruthenium red (5 mg
ml-') by immersion of the flow-through chamber in this solution. A
subsequent switch to 0 Ca"+ did not result in a decrease in a-amylase
release rate.

we investigated the effect of this compound on Ca2' efflux and
Ca2+-stimulated a-amylase release by barley aleurone layers. That
ruthenium red inhibits Ca2' efflux from GA-treated aleurone
layers is shown by the following experiment. Aleurone layers (100)
were incubated in flasks in 1 AM GA3 and 10 mM Ca2+ for 12 h
then transferred to medium without Ca2e for 3.5 h. Samples of the
medium (1 ml) were withdrawn at 30-min intervals and diluted
with 1 ml 1 N HC1 containing 0.1 M MnCl2, and the Ca2' and
Mg2+ contents were measured in an Atomic Absorption Spectro-
photometer (model 290; Perkin Elmer, Mountain View, CA). After
seven consecutive samples, aleurone layers were exposed to ruthe-
nium red (200 pg ml-) for 5 min, washed briefly with H20 and
placed in Ca2+-free medium. The medium was sampled at 30 min
intervals for 2 h. Ruthenium red reduced Ca2+ release by the
aleurone layers by about 60o, but it had no effect on the efflux of
Mg2+ from this tissue (data not shown). The effect of ruthenium
red on a-amylase release by a single aleurone layer in a flow-
through experiment is shown in Figure 5. The data show that
following exposure to ruthenium red, a-amylase release was un-
affected by a switch of the flow-through medium from 10 mm to
0 mM Ca2+.

Effects of Metabolic Inhibitors and Low Temperature. Sodium
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FIG. 6. The response of an aleurone layer to a 15-min pulse of 1 mm

HCN in the flow-through apparatus following determination of low and
high Ca2+ rates. The release spike was off scale on the recorder.
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FIG. 8. The effect of low temperature on a-amylase release from an

aleurone in the flow-through apparatus. Following determination of low
and high Ca2+ steady-state rates, the flow-through chamber was immersed
in a 50C bath.
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FIG. 7. The response of an aleurone layer to 2 mm DNP in the flow-
through apparatus. Following determination of responsiveness to Ca2",
the aleurone was treated with I mm HCI.

azide, HCN, DNP, and CCCP were used to determine the secre-
tory response of the aleurone layer to inhibitors of respiratory
metabolism. In all cases, addition of these inhibitors resulted in
an increase in the rate of a-amylase release above that found with
10 num Ca2'. This burst of a-amylase release lasted for 0.5 to 5 h
and was followed by a decline in enzyme release reaching zero
activity after several hours. When aleurone layers were exposed to
a 15-min pulse of I mm HCN following establishment of a low
secretory rate in the absence of Ca2e, there was a characteristic
spike of a-amylase release reaching a level considerably above the
high Ca2" rate of a-amylase release (Fig. 6). When the medium
was maintained at 0 Ca2e following the HCN pulse, the rate of
a-amylase release declined to the rate established prior to HCN
treatment (Fig. 6), and a subsequent shift in the Ca2e concentration
to 10 mm resulted in elevation of the rate of a-amylase release.

In an effort to determine whether the a-amylase released from
aleurone layers in response to metabolic inhibitors came from a
cytoplasmic compartment or from the cell wall, aleurone layers
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FIG. 9. Rapid inhibition of a-amylase release from an aleurone incu-

bated in 10 mM Ca2" in the flow-through apparatus by 0.5 M mannitol and
its reversal by return to 0 mannitol.

were exposed to 1 mm HC1 to denature extra-cytoplasmic a-

amylase (18) prior to exposure to DNP (Fig. 7). After demonstrat-
ing the Ca2" sensitivity ofthe layer, the medium was then switched
to one containing DNP without Ca2", resulting in a characteristic
spike of a-amylase release (Fig. 7). Replacement of DNP with a
medium containing no Ca2+ caused the rate of a-amylase release
to decline gradually to zero (Fig. 7).
To distinguish between the involvement of metabolism and

diffusion in the release of a-amylase from the aleurone layer,
enzyme release was measured at low temperature (Fig. 8). A
decrease in temperature of the medium from 25°C to 5°C caused
a rapid cessation of a-amylase release from the aleurone layer.
This response was detected within minutes, and the rate ofenzyme
release decayed as rapidly as it did when Ca2+ was withdrawn
(Fig. 8). Low temperature, however, caused the enzyme release
rate to fall to near zero, whereas Ca2+ withdrawal resulted in a
rate of a-amylase release which was 30%o of the high Ca2' rate
(Fig. 8).

Effects of Osmotica. Osmotica are known to inhibit the pro-
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FIG. 10. Electron micrographs of periodic acid silver-methenamine stained sections of aleurone tissue after 18 h incubation in 10 jLM GA3 showing
digestion of the cell wall matrix. DW, digested areas of cell wall; ML, middle lamella; SC, seed coat; RW resistant wall; WM, wall matrix. All X 54,000.
Bars all represent 0.5 ,um.
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duction of a-amylase by barley aleurone layers (1, 3, 11). Mannitol
(0.5 M) inhibited a-amylase release within minutes after applica-
tion (Fig. 9). Recovery of the rate of a-amylase release following
treatment with mannitol had two interesting features. First, the
time from osmotic inhibition to the onset of recovery depended
on the duration of exposure to mannitol. Thus, after a 15-min
exposure to mannitol, recovery was initiated within 10 min,
whereas after a 1-h exposure to mannitol, recovery did not begin
until 90 min after removal of the mannitol solution (Fig. 9).
Second, during recovery from osmotic inhibition, the rate of a-
amylase release showed a large overshoot before returning to the
normal high Ca2+ level.

Electron Microscopy. Incubation of aleurone layers in GA for
18 h caused pronounced changes in cell wall structure (Fig. 10).
With the exception of the innermost part of the cell wall, the
resistant wall (16), there is considerable cell wall breakdown
resulting in the formation of wide channels in the cell wall matrix
(Fig. 10). Wall breakdown can be extensive and result in the
digestion of all of the cell wall lying between the resistant walls of
adjacent cells. There is no evidence that the resistant wall breaks
down (Fig. 10). Indeed, even after 72 h of incubation in GA when
cell contents and cell wall matrix have disappeared, the resistant
wall remains (not shown).

DISCUSSION

Using a flow-through apparatus to monitor a-amylase produc-
tion at 1-min intervals from aleurone layers of barley we have
shown that the release of this enzyme is dependent on metabolic
level and temperature and can be controlled by the divalent cation
concentration of the surrounding medium. Our kinetic data sup-
port the hypothesis that when a steady rate of a-amylase secretion
has been established after 12 to 14 h of GA treatment, the
regulation of enzyme transport from this tissue is exerted at the
plasma membrane and not by limitation of diffusion through the
cell wall, as proposed by Varner and Mense (18). Our electron
microscopic observations, however, point to a resistant cell wall
which apparently remains intact even after prolonged GA3 treat-
ment and could thus play some role in the control of a-amylase
release.
Our experiments with Ca2", low temperature and mannitol

allow us to distinguish between diffusion-limited processes and
transport at the plasma membrane. If diffusion of a-amylase from
a large cell wall pool were the rate-limiting process controlling the
rate of a-amylase release, we would expect low temperature and
osmoticum to have very little immediate effect on the rate of
enzyme release. Our results clearly show that effects of tempera-
ture and osmotica are rapid and dramatic (Figs. 8 and 9) and are
unlikely to be mediated via effects on diffusion from a cell wall
pool of a-amylase. Rather, these results are consistent with the
hypothesis that the rate of a-amylase release is set at the plasma
membrane.
The effect of Ca2+ in increasing a-amylase release (Figs. 3 and

4) could be interpreted as an ion exchange phenomenon in the
cell wall rather than an effect on secretion at the plasma mem-
brane. Were this the case, we would expect Ca2+ to have transient
effects, permitting diffusion out of the cell wall in its presence, or
loading of the wall pool in its absence. Neither the former (Fig. 4)
nor the latter (B. Moll, unpublished) was the case. Inasmuch as
Ca2+ clearly affects steady-state rates as well as transient ones, it
must be affecting more than the mobility of the a-amylase in the
cell wall. The specificity of the secretory response to Ca2" is also
illustrated by the effect of other cations on this process. Ca2+can
be substituted in this role by Sr2" and to a lesser degree by Ba2+
and Mg2+, whereas other divalent and monovalent ions tested do
not promote a-amylase release (unpublished data).

Experiments with ruthenium red also provide convincing evi-
dence that the effects of Ca2" are on the secretory process. This

compound has been shown to be a potent inhibitor of Ca2" uptake
and efflux by animal cells and mitochondria (9, 19). Ruthenium
red also interferes with Ca2' efflux from aleurone layers of barley,
although it is without effect on the release of Mg2+ from this
tissue. Following exposure to ruthenium red, the secretion of a-
amylase from aleurone layers is independent of the presence of
Ca" (Fig. 5). Based on the known mechanism of ruthenium red
action in animal and plant cells, the most likely explanation of its
effect on a-amylase release involves its role in the regulation of
cytoplasmic Ca2+ concentration. The control of the secretion of
a-amylase by the regulation of Ca2+ levels has been demonstrated
in parotid exocrine cells (13). Agents which stimulate Ca2+ uptake
by the cell or inhibit Ca2+ sequestration by mitochondria promote
a-amylase release (13). By inhibiting Ca release at the plasma-
lemma, or preventing Ca2+ uptake by mitochondria, ruthenium
red could maintain high cytoplasmic levels of Ca2' even when the
external Ca2+ supply is withdrawn (as in our experiment shown in
Fig. 5). It is clear that the maintenance ofhigh levels of a-amylase
release which accompanies Ca2+ withdrawal in ruthenium red-
treated tissues cannot be attributed to the leaching of the enzyme
from the cell wall by cations. The dependence of a-amylase release
by aleurone cells on Ca2+ is reminiscent of the control of release
of a wide spectrum of secretory products in animals. It is widely
accepted that Ca2+ plays a central role in stimulus-secretion cou-
pling and that the process of exocytosis is directly dependent on
Ca2+ (6, 7, 13).
Our experiments with uncouplers and inhibitors of oxidative

metabolism also indicate membrane regulation of a-amylase
release (Figs. 6 and 7). These data are similar to those obtained by
Varner and Mense (18), who also demonstrated that treatment of
aleurone layers with DNP resulted in an increase in the rate of
a-amylase release (see Figs. 2 and 4 of Ref. 18). The inability of
DNP to inhibit the release of a-amylase was interpreted as evi-
dence favoring the presence of a pool of enzyme which was
diffusing through the wall. It was also argued that the wall pool
of a-amylase should be readily denatured by 1 mm HC1 and that
if HCI treatment preceded the addition of DNP, there should be
no release of a-amylase from the aleurone layer. Neither Varner
and Mense (Fig. 4 of Ref. 18) nor we found this to be so
experimentally. Even when the putative cell wall pool of a-amy-
lase was denatured by 1 mm HCI, subsequent incubation in DNP
led to a spike of a-amylase release which decayed with time to
zero (Fig. 7). One possible explanation of our data and those of
Varner and Mense (18) would be that the transport of a-amylase
across the plasmalemma has no immediate dependence on energy
metabolism. Consequently, inhibition of metabolism would favor
the movement of a-amylase from a pool inside the cell to the
outside. It is of interest to note in this context that changes in
respiratory metabolism also affect the release of ions from aleu-
rone layers. The addition of uncouplers or inhibitors of respiration
to barley aleurone layers results in a rapid efflux of ions into the
incubation medium (10). The possibility that the rapid release of
ions in response to inhibitor treatments promotes a-amylase
release from the cell wall cannot be overlooked.

Following the addition of Ca2' after a period of Ca2+ with-
drawal, the aleurone in the flow-through apparatus typically shows
a transient overshoot in the rate of a-amylase secretion, usually
lasting 15 to 20 min. These kinetics suggest a small presecretory
pool of a-amylase which does not respond to stimuli as rapidly as
does secretion. Thus, when a stimulus which results in inhibition
of a-amylase release is given, the effect on secretion is rapid as
measured by the immediate cessation of a-amylase release,
whereas loading of a presecretory pool continues for a time
proportional to the size of the subsequent recovery overshoot
(Figs. 3 and 9). The size of this proposed presecretory pool is only
a fraction of the total internal a-amylase pool, which is large
enough to maintain a-amylase secretion at the maximum rate for
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3 to 4 h (14, 18). Treatment with cycloheximide also shows that a
large pool of synthesized a-amylase exists in the aleurone layer.
Our data (14) and those of Varner and Mense (18) show that
cycloheximide does not affect secretion of a-amylase until after
several hours of exposure. Inasmuch as cycloheximide strongly
inhibits protein synthesis in the aleurone layer (5), it follows that
the aleurone cells possess a pool of a-amylase the release of which
is independent of new protein synthesis.
Our kinetic evidence supports the idea that under our experi-

mental conditions regulation of a-amylase release is largely
through control of a secretory process, not modification of diffu-
sion kinetics. Cytologic evidence of considerable wall breakdown
also supports this view, although it should be noted that the
resistant wall does not undergo digestion (Fig. 10) and could be a
site for a diffusion-limited step if one exists.

In spite of our observations of the existence of a resistant cell
wall even after prolonged incubation in GA3, we must conclude
that our experimental evidence supports the hypothesis that a-
amylase release from the barley aleurone is controlled principally
by the plasma membrane not the cell wall. We have shown that
release of a-amylase from aleurone layers in the flow-through
apparatus is inhibited by low temperature and inhibitors of respi-
ratory metabolism and that it is strongly dependent on the level
of Ca2+ in the incubation medium.
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