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ABSTRACT

Analysis of mesophyll protoplasts and cell wall extracts of leaf discs
of Costa Rican wild lima bean (Phaseolus lunatus L.) shows that the
linamarase activity is confined to the apoplast. Its substrate linamarin,
together with the related enzyme hydroxynitrile lyase, is found inside the
cells. This compartmentation prevents cyanogenesis from occurring in
intact tissue, and suggests that linamarin has to be protected during any
translocation across the linamarase rich apoplast.

Upon hydrolysis by a 8-glycosidase cyanogenic glycosides yield
a sugar moiety and a hydroxynitrile which in turn dissociates
spontaneously or enzymically to HCN and a carbonyl compound
(aldehyde or ketone). This process, called cyanogenesis, occurs
upon crushing the tissues of cyanogenic plants. Since the cyan-
ogenic glycoside remains largely intact in the intact leaf, this
compound must be compartmentalized from its catabolic en-
Zymes.

The tissue and the cellular distribution of the enzymes involved
in the metabolism of cyanogenic glycosides are known in several
species (6, 10, 12, 18). The aim of this work was to localize the
glucoside linamarin and its degrading enzymes linamarase and
acetone cyanohydrin lyase (hydroxynitrile lyase) in lima bean.
This was approached by comparing whole leaves with mesophyll
protoplasts prepared from primary leaves. The results obtained
raise questions about the mechanism whereby linamarin appears
to be transported from the seed into the seedling during germi-
nation (5).

MATERIALS AND METHODS

Plant Material. We used the same collection of lima bean
seeds as previously (5). In 1986 the germination rate of these
seeds was 63.5% (n = 895). Seeds were germinated in vermiculite
after surface sterilization in sodium hypochlorite (0.5-1%, w/v)
for 10 min, rinsing three times in distilled water, pricking the
seed coats with a razor blade, and soaking in aereated water
overnight. The growth chamber settings were 11 h of mixed
incandescent and fluorescent light of approximately 40000 lux
at plant level and 30°C. In the dark the temperature was 18°C.
The primary leaves were collected 18 to 30 d after onset of
germination.

Mesophyll Protoplasts and Whole Leaf Extracts. The lower
epidermis of primary leaves was abraded according to Beier and
Bruening (2), and the midribs of the leaves were excised. Six
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leaves were floated on 15 ml of 250 mM sorbitol containing 2
mM CaCl,, 1 mM PEG 4000, 5 mM Mes adjusted to pH 5.5 with
NaOH (protoplast medium) supplemented with 2% (w/v) Cel-
lulysin (Calbiochem) and 0.13% (w/v) Pectolyase (Sigma) in a
plastic Petri dish (15 cm i.d.). After 2 h of incubation in a shaking
waterbath (60-80 oscillations min™") at 30°C, the protoplasts
were gently separated from the epidermis with a Pasteur pipette
and the addition of some fresh protoplast medium. The resulting
protoplast suspension was filtered through four layers of cheese-
cloth. The protoplasts were then pelleted at 50g for 5 min and
resuspended in about 4 ml protoplast medium per three leaves.
This suspension was loaded on discontinuous gradients of Percoll
(Sigma) in protoplast medium (two layers: 5 and 25% [v/v]) and
centrifuged at 200g for 2 min followed by 500g for 5 min.
Protoplasts banding at the 5/25% Percoll interface were collected,
diluted with one to two volumes of 50% Percoll in protoplast
medium, overlayered with 25% Percoll in protoplast medium
and, on top, with protoplast medium alone, and centrifuged as
above. The protoplasts at the topmost (0/25% Percoll) interface
were collected, diluted with protoplast medium, counted and
pelleted at 500g for 5 min. The protoplast pellet was dissolved
in cold Hepes-Triton X buffer (10 mm Hepes pH 7.5 [HCI]
containing 0.1% [v/v] Triton X-100, 0.5 mM phenylmethyl
sulfonyl fluoride) at a concentration of 1 ml per leaf and kept on
ice until used for the assays. Whole leaf extracts were obtained
by treating five primary leaves exactly the same way as for
protoplasts except that cellulase and pectinase were not added to
the protoplast medium. After incubation on the shaking water
bath was terminated, the Petri dish was kept at room temperature
throughout the time needed to purify the protoplasts. Then these
leaves were blotted dry, homogenized in 10 ml of cold Hepes-
Triton X buffer and placed on ice. All enzyme assays of the
protoplast and whole leaf extracts were performed the same day.

Incubation of Leaf Discs with Linamarin. Discs (8§ mm o.d.,
about 18 mg fresh weight per disc) of primary leaves were rinsed
in distilled water and blotted dry. Each leaf disc was submersed
in a small dish (12 mm i.d.) containing 1 ml of 1 mm linamarin
in 50 mM Mes (pH 5.5). All dishes were placed in an dessicator
for infiltration. Vacuum was applied for 3 min followed by 3
min atmospheric pressure to allow good infiltration of the leaf
discs with buffer. Timing of the linamarase reaction was started
at the end of the infiltration procedure; incubation was at room
temperature. During min 1 of the incubation period an aliquot
of 750 ul of the infiltration buffer of each sample was removed
and discarded; this was done to decrease the volume of the
incubation buffer into which any leakage of linamarin from the
discs might occur and therefore increase the sensitivity of detect-
ing the leakage. Incubated samples were fixed at timed intervals
by adding 400 pl of chilled 0.2 M NaOH and quickly homoge-
nizing. They were then centrifuged for 3 min in a Beckman
microfuge after which aliquots of the supernatants were assayed
for HCN. As a control, an equal number of leaf discs was treated
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in exactly the same way but without the addition of linamarin
in order to monitor any cyanide produced from linamarin leak-
ing out of the cells during the infiltration procedure. Two addi-
tional series of leaf discs (one without and one with 1 mMm
linamarin) were homogenized in 250 ul of 50 mM Mes buffer
(pH 5.5) per disc directly after the infiltration period and incu-
bated similarly to the intact leaf disc samples. This permitted
determination of the maximum rates of HCN release in the
samples containing only endogenous linamarin, and samples
with added linamarin, 1 mM, respectively.

Extraction of Cell Walls. Cell walls of leaf discs (8 mm o.d.)
were extracted by the method of Terry and Bonner (21). The
leaf discs were washed in distilled water and then submerged in
2 ml of 10 mM Mes buffer (pH 5.5), containing 100 mm MgCl,
(infiltration buffer). The infiltration itself was performed as de-
scribed above. The leaf discs were blotted dry and placed in
centrifuge tubes as shown in Figure 1. The samples were spun at
1000g for 10 min. This infiltration and centrifugation procedure
was repeated with each leaf disc up to eight times. The combined
cell wall extracts of each leaf disc were made up to 100 ul with
infiltration buffer. Each leaf disc was then separately homoge-
nized in 2 ml of infiltration buffer. The extracts and homogenates
were assayed for linamarase, glucose 6-P isomerase, and NAD-
malate dehydrogenase.

Enzyme Assays. The activities of a-mannosidase and S-N-
acetylglucosaminidase were assayed using the corresponding p-
nitrophenyl substrates. Assay mixtures contained 50 ul enzyme
sample and 100 ul buffer (0.1 M citrate-phosphate (pH 4.0), for
a-mannosidase or 0.5 M Mes (pH 5.5) for 8-N-acetylglucosamin-
idase) containing 1 mg ml~' BSA and 2 mg ml™"' of the corre-
sponding substrate. The assays were incubated up to 120 min at
34°C and stopped at 30 min intervals by adding 1 ml of 0.2 M
Na,CO; to each tube. The nitrophenol released was measured
by its absorption at 400 nm. Two different blanks were prepared
for each enzyme sample: one blank lacked the enzyme and the
other lacked the substrate. The NAD-malate dehydrogenase and
glucose 6-P isomerase activities were assayed according to Kluge
and Osmond (11) and to Bergmeyer (3), respectively.

The linamarase assay contained 100 ul 0.1 M linamarin, 500
ul enzyme sample, and 400 ul 0.5 M Mes buffer (pH 5.5),
containing 2 mg mi~' BSA. Incubation was at 25°C; at timed
intervals, aliquots of 20 to 50 ul were withdrawn from the assay
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FiG. 1. Centrifugation of leaf discs. This simple arrangement allowed
the extraction of buffer soluble cell wall constituents of vacuum infiltrated
leaf discs by centrifugation at 1000g for 10 min.
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mixture and immediately ejected into 180 to 150 ul of 0.2 M
NaOH. Cyanide was then determined as described below. Con-
trols were performed similarly but with the addition of water
instead of linamarin.

The hydroxynitrile lyase activity was determined by modifying
slightly the method of Selmar (18). Prior to use, the substrate
(acetone cyanohydrin, Aldrich Chemical Co., Inc.) was stored
overnight in a dessicator containing solid sodium hydroxide to
remove any residual HCN. A freshly prepared solution of 10%
(v/v) cyanohydrin in 0.1 M citric acid was used in the assay
which contained 200 ul enzyme sample and 790 ul 0.1 M phos-
phate-citrate buffer (pH 5.5). The reaction (at room temperature)
was started with the addition of 10 ul of the 10% substrate
solution. At timed intervals, typically, 0, 5, 10, 15, and 20 min,
a 20 ul aliquot of the assay was withdrawn and ejected into a
mixture of 50 ul 1 M acetic acid, and 1.25 ml of the succinimide/
N-chlorosuccinimide reagent used in the cyanide assay. HCN
was then determined as described below. The rate of spontaneous
decomposition of the substrate, determined in a control assay
with water instead of enzyme sample, was used to calculate the
enzymic release of HCN.

Estimations. The cyanide potential (HCN-p) of a sample was
determined in a sealed vial containing 500 ul sample, 0.5 IU
linamarase (BDH Chemicals Ltd.), 300 l 0.1 M phosphate buffer
(pH 6.8), and, in a center well, 300 ul 0.2 M NaOH to trap the
HCN released over night at 34°C. Aliquots of the center well
were made up to 200 ul with 0.1 M NaOH and the cyanide
therein determined.

Cyanide was determined by the Lambert method (13) with the
following modifications: Fifty ul of 1 M acetic acid and 1 ml of
the succinimide/N-chlorosuccinimide reagent were added se-
quentially to a sample containing 0 to 25 nmol of cyanide in
200 ul of 0.1 to 0.2 M NaOH and mixed; then 200 ul of the
barbituric acid/pyridine reagent was added, mixed, and the
absorbtion at 580 nm was read after about 10 min. Calibration
curves were linear up to 30 nmol HCN per assay.

Chl was estimated by the method of Arnon (1).

Sugars and glycosides were determined by gas-liquid chroma-
tography as described by Frehner et al. (7) with the following
modifications. The vials containing mixtures of the hydroxyl-
amine reagent and samples were sonicated for 7 min prior to
incubation at 75°C for 7 min; no further heating occurred for
the final derivatization step. The gas chromatograph was a Pack-
ard model 417 (Becker). Helium at a flow rate of 60 ml min™!
and a temperature program from 150 to 320°C at a rate of 15°C
min~! with a final hold of 3 min were used.

The osmotic pressure of leaves was determined with a Wescor
model 5100 C vapor pressure osmometer. Leaves were squeezed
out in a 1 ml disposable syringe, and the resulting sap was used
for osmometry.

RESULTS

The only detailed study on the subcellular organization of
cyanogenesis has been done on Sorghum by Kojima et al. (12).
Experiments with lima beans in this laboratory suggested that,
in contrast to Sorghum, the -glucosidase in this species may be
associated with the cell wall (E Wurtele, unpublished results).
We therefore decided to investigate the subcellular localization
of cyanogenesis in wild lima bean by comparing protoplasts and
whole leaf extracts. To obtain protoplasts from primary leaves
of lima bean, the protocol of Martinoia et al. (14) was followed
except that Cellulysin was substituted for the Onozuka cellulase.
It was impossible to strip off the lower epidermis of lima bean
leaves, but the abrasion method of Beier and Bruening (2) proved
to be successful. The optimum concentration (300 mM) of the
sorbitol osmoticum was slightly higher than the osmolarity of
the press sap of leaves (around 280 mOsmol kg™'). Microscopic
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examination of the protoplasts released during incubation re-
vealed that all the intact protoplasts contained chloroplasts and
thus that their origin was the leaf mesophyll. It has not been
possible to obtain epidermal protoplasts to allow a comparison
of two different tissues of leaves of lima bean as was possible
with Sorghum (12, 23).

This procedure resulted in ylelds of Chl as great as 58% of that
in the leaves (Table I); this figure is taken as the protoplast yield.
Two enzymes of primary metabolism, NAD-malate dehydrogen-
ase and glucose 6-P isomerase, nearly paralleled this high yield
of Chl with 40 and 52%, respectively (Table I). On the other
hand, the yield of the vacuolar enzymes a-mannosidase and (-
N-acetylglucosaminidase (4) were low (7-19%, Table I), probably
due to an uneven distribution of the enzymes among different
cell types present in the leaf. The carbohydrates sucrose and
glucose had recoveries of 21 to 42% and 17 to 40%, respectively.
These values, intermediate between the two groups of enzyme
described above, demonstrate the integrity of the protoplast
membranes in retaining small molecules.

The amount of hydroxynitrile lyase that catalyzes the rapid
release of HCN in cyanogenesis, recovered in the mesophyll
protoplasts was only 6 to 7% of that of the leaf (Table I). Since
this is similar to that of the a-mannosidase and of 8-N-acetylglu-
cosaminidase (7-19% and 8-16%, respectively, Table I), the
hydroxynitrile lyase is also considered to be an intracellular,
possibly vacuolar, enzyme. The recovery of linamarin, measured
as HCN-p or as linamarin, was also low (5-19%, Table I) and
similar to those of the vacuolar enzymes. These findings suggest
the main tissue localization of linamarin to be elsewhere, possibly
in the epidermis as in the case of dhurrin in Sorghum leaves (12).

Most surprising was the finding that linamarin g-glucosidase
was absent in mesophyll protoplasts of lima beans (0%, Table I).
This indicates an extracellular localization and contrasts with the
situation in Sorghum. The presence of linamarase in the apoplast
is supported by the ability of leaf discs to hydrolyze externally
supplied linamarin (Fig. 2a). Controls show that the infiltration
method used did not affect the integrity of the cell membranes;
without the addition of linamarin, no HCN was released by
intact leaf discs (Fig. 2a). On the other hand, a homogenate of
leaf discs released HCN very efficiently, both with and without
added linamarin (Fig. 2b). The relatively lower rate of production
of HCN from leaf discs infiltrated with linamarin (Fig. 2a) as
compared to the rate of homogenized leaves (Fig. 2b) is probably
due to the incomplete and uneven infiltration of the cell wall
space. This obviously affects the amount of enzyme reached by
the substrate linamarin. In addition the infiltrated linamarin will
be diluted by an unknown factor in the extracellular fluid. Both
effects lead to a lower HCN production (Fig. 2a, linamarin added)
than expected from the control experiments (Fig. 2b).

In another experiment, cell walls of leaf discs were extracted
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in vivo by infiltrating the tissue with buffer and recovering the
extracellular fluid by centrifugation as suggested by Terry and
Bonner (21). Up to 32% of the linamarin g-glucosidase activity
present in the leaf discs was extracted in eight infiltration and
centrifugation sequences (Fig. 3). However, only negligible
amounts of the intracellular marker enzymes glucose 6-P isom-
erase (<0.5%) and NAD-malate dehydrogenase (<0.3%) were
extracted by this technique.

DISCUSSION

Protoplasts in plant physiology have become a popular tool to
investigate the compartmentation of metabolites and metabolic
pathways within cells and tissues (22). We attempted to localize
the main cyanogenic glucoside linamarin and its catabolic en-
zymes in leaves of the Costa Rican wild lima bean (Phaseolus
lunatus L.). The method used to obtain protoplasts involved
common cell wall degrading enzymes (Cellulysin and Pectolyase
Y-23). Preliminary tests showed that these preparations con-
tained enzymes capable of hydrolyzing linamarin, thereby resem-
bling linamarase, one of the enzymes we wanted to localize. But
the two gradients used after obtaining the protoplasts purified
them very efficiently since no linamarase activity was detected
in the resulting protoplast fraction. Their content of small mol-
ecules and various enzymes proved the protoplasts to be intact
and viable (Table I). Microscopic examination showed that all
protoplasts were intact and contained chloroplasts, demonstrat-
ing their origin from the mesophyll tissue of the primary leaves.

Since there was no linamarase activity associated with the
protoplasts it was important to compare the mesophyll proto-
plasts with extract of whole leaves (Table I) even though such
extracts contained the components of other tissues with distinct
physiological functions and metabolism. After correction for the
protoplast yield (27-58% of Chl), such comparison shows that
the mesophyll protoplasts contain only 19 to 36% of the lina-
marin (Table I), as compared to glucose 6-P isomerase (68-89%)
or to Chl (100%). It is unlikely that this low value is due to the
storage of linamarin in the extracellular space since the linamar-
ase located there would inevitably hydrolyze any accessible lin-
amarin (see below). An extremely fast metabolism of linamarin
during the protoplast isolation procedure which would lower the
linamarin content is not very likely as the leaves which the
protoplasts are compared with (Table I) have been stressed in a
similar way: incubation buffer, osmoticum, temperature, and
duration of these possible stress factors were the same for both
the protoplasts and the homogenized leaves, the only difference
being the cell wall digesting enzymes. Such results suggest that,
as in the case of Sorghum (12), the linamarin concentration in
the epidermal cells of the lima bean leaf may be much hlgher
than in the mesophyll cells.

It is not obvious that the same conclusion can be drawn for

Table 1. Comparison of Mesophyll Protoplasts and Whole Leaf Extract of Primary Leaves of Lima Bean

A-N-  NADH- o i ce Linamarase Hydroxy-
a-Manno- Acetyl- Malate yaroxy Lina- Glu- Proto-
Chl . 6-P (B8-Glu- nitrile HCN-p . Sucrose
sidase glucos- Dehydro- R marin cose plasts
. Isomerase cosidase) Lyase
aminidase genase
ug milliunits nmol No.
Extract® 113 43.8 50.2 344 148 254 648 1171 961 88.6 597 ND*°
Protoplast fraction®  59.5 6.05 8.23 139 60.0 0.08 444 181 183 345 241 8.79-10°
Recovery in proto- 27-58% 7-19%  8-16% 23-40% 18-52% 0% 6-7%  5-15% 5-19%° 21-42% 17-40% 4.54-10°-
plast fraction® 8.79-10°
In protoplasts™¢ 100% 26-33% 28-31% 54-83% 68-89% 0-1% 11-25% 14-29% 19-36%° 72-76% 54-17% ND

® Absolute figures of only one experiment as example; amounts per leaf.

only. ¢ Corrected for Chl content.  © Not determined.

®Total variation of three experiments. ¢ Two experiments
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FiG. 2. Evolution of HCN in leaf discs.
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leaves were infiltrated with buffer con-
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buffer alone (OJ). a) Intact leaf discs; b)
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FIG. 3. Activity of linamarase (left scale), glucose 6-P isomerase and
NAD-malate dehydrogenase (right scale) recovered in cell wall extracts.
Discs (about 18 mg each) of primary leaves of lima bean were repeatedly
vacuum infiltrated with buffer and extracted by centrifugation at 1000g
for 10 min. Each set of infiltration and centrifugation represents a single
leaf disc. Enzyme activities are in relative units: whole leaf disc (sum of
total extracted and total residual activity) = 100%.

the hydroxynitrile lyase. The hydroxynitrile lyase assay is not
very accurate for the low activity observed in protoplast extracts
because there are relatively large values for the nonenzymic
dissociation (in this case up to 85% of the apparent activity)
which have to be subtracted from the apparent enzyme activity
(18). Nontheless we suggest that the hydroxynitrile lyase is lo-
cated within cells, most likely in the epidermis cells.

The presence of linamarase in the cell wall is not unequivocally
proven by the experiments with the protoplasts (Table I). Two
complementary experiments positively support the cell wall site
of the linamarase: (a) the linamarase is freely accessible by
linamarin introduced into the cell wall space by infiltration (Fig.
2a), and (b) linamarase activity can be extracted by simply
‘flushing’ the cell walls with a buffer (Fig. 3).

Although none of the experiments performed (Table I; Fig. 2,
3) permit one to conclude that the linamarase activity is exclu-
sively confined to the apoplast, it seems unlikely that any signif-

100 0

20 40 60
TIME [min]

icant amount of linamarase is intracellular: (a) we expect lina-
marin to be a component of the vacuole (15, 17). (b) intracellular
B-glucosidase activity is usually found in the vacuole (4). As both
the linamarin and the g-glucosidase (linamarase) are incompati-
ble in the same compartment, we suggest that the linamarase in
lima bean is associated exclusively with the cell walls. Kakes (10)
found the linamarin B-glucosidase located in the cell walls of
thin section of Trifolium leaves using immunofluorescence. Ris-
sler and Millar (16) found the linamarin B-glucosidase, both
intracellular and extracellular in leaves of Lotus corniculatus.
Selmar (18) found the S-glucosidase in the apoplast of Hevea as
he was able to wash this enzyme off the intact leaves.

Clegg et al. (5) have suggested that linamarin might be trans-
ported from the cotyledons to the growing seedling during ger-
mination of lima beans. Any such transport presumably would
involve movement of the glycoside from inside a cell into the
apoplast (containing linamarase activity) and then into another
cell. One of the long distance transport systems in plants is the
xylem stream which is part of the apoplast. The other possible
transport system is the phloem which is symplastic. It is generally
agreed that solutes have to cross the apoplast at the site of phloem
loading and/or at the site of phloem unloading (8, 9, 20, 24).
Neither of these two common transport mechanisms seem to be
likely for linamarin, unless it is protected from the action of the
apoplastic B-glucosidase. Recently Selmar (18) proposed a mech-
anism that allows linamarin to be transported and then degraded
in Hevea. He found in Hevea the diglucoside of linamarin
(linustatin) which is resistant to hydrolysis by the S-glucosidase
in that species (19). He proposed that linamarin is glucosylated
to linustatin prior to crossing the apoplast and being loaded into
the phloem for transport to the target tissue (18). That tissue, in
turn, contains a special glycosidase which converts the linustatin
to gentiobiose and acetone cyanohydrin.

Our results are compatible with the transport mechanism of
Selmar (18): we found high amounts of linamarase in cell walls
and, in a preliminary experiment, a leaf homogenate of lima
beans containing high linamarase activities failed to hydrolyze
linustatin. Further experiments to elucidate the transport of
linamarin in lima beans, including the identification of its trans-
port form, are planned.
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