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Isoprene synthase is the enzyme responsible for the foliar emis-
sion of the hydrocarbon isoprene (2-methyl-1,3-butadiene) from
many C3 plants. Previously, thylakoid-bound and soluble forms of
isoprene synthase had been isolated separately, each from different
plant species using different procedures. Here we describe the
isolation of thylakoid-bound and soluble isoprene synthases from a
single willow (Salix discolor L.) leaf-fractionation protocol. Willow
leaf isoprene synthase appears to be plastidic, with whole-leaf and
intact chloroplast fractionations yielding approximately equal sol-
uble (i.e. stromal) and thylakoid-bound isoprene synthase activities.
Although thylakoid-bound isoprene synthase is tightly bound to the
thylakoid membrane (M.C. Wildermuth, R. Fall [1996] Plant Physiol
112: 171–182), it can be solubilized by pH 10.0 treatment. The
solubilized thylakoid-bound and stromal isoprene synthases exhibit
similar catalytic properties, and contain essential cysteine, histi-
dine, and arginine residues, as do other isoprenoid synthases. In
addition, two regulators of foliar isoprene emission, leaf age and
light, do not alter the percentage of isoprene synthase activity in the
bound or soluble form. The relationship between the isoprene syn-
thase isoforms and the implications for function and regulation of
isoprene production are discussed.

Isoprene (2-methyl-1,3-butadiene) is a volatile hydrocar-
bon emitted from the leaves of a variety of C3 plants
(Zimmerman, 1979; Guenther et al., 1994). Interest in leaf
isoprene emission spans a number of disciplines: tropo-
spheric chemistry, plant physiology, and metabolism. Bio-
genic isoprene emissions may dominate anthropogenic hy-
drocarbon emissions for a given region, altering its
tropospheric chemistry. For example, in southeastern U.S.
cities oak forest isoprene emissions are thought to contrib-
ute more to ozone formation than hydrocarbons from au-
tomobile exhaust (Chameides et al., 1988). From a physio-
logical perspective, leaf isoprene emission is intriguing in
that a significant portion of a plant’s fixed carbon, 1 to 8%,
may be emitted as isoprene (Monson and Fall, 1989), and

yet the function of isoprene production remains uncertain.
Finally, isoprenoid metabolism occurs in all living organ-
isms, yielding a vast array of important primary and sec-
ondary compounds and providing precursors for protein
prenylation (Bach, 1995; McGarvey and Croteau, 1995).
Isoprenoid metabolism is most diverse and specialized in
plants (Chappell, 1995; McGarvey and Croteau, 1995), and
the production of isoprene from DMAPP, a channeling
substrate from the plastidic isoprenoid pathway at its in-
ception, may represent a significant control point for the
plastidic pathway.

The enzyme responsible for leaf isoprene emission, iso-
prene synthase, catalyzes the conversion of DMAPP to
isoprene and pyrophosphate (Silver and Fall, 1991, 1995).
Isoprene synthase was first discovered as a soluble enzyme
from aspen leaves using a whole-leaf extraction process in
which leaves were ground in liquid nitrogen, followed by
extraction of soluble proteins in PEB (Silver and Fall, 1991).
Using this extraction procedure, soluble isoprene synthases
have also been isolated from leaves of velvet bean (Mucuna
sp.) (Kuzma and Fall, 1993) and oak (Quercus petrae)
(Schnitzler et al., 1996). In contrast, a thylakoid-bound
isoprene synthase was isolated from willow (Salix discolor
L.) using a leaf-fractionation protocol in which leaves were
homogenized in a blender and chloroplasts were isolated
and ruptured to yield thylakoids (Wildermuth and Fall,
1996). The discovery of soluble and thylakoid-bound forms
of isoprene synthase in different plant species and using
different extraction protocols led us to question whether
both soluble and thylakoid-bound forms of the enzyme
exist in vivo and what the relationship between these two
forms may be.

Here we present two procedural advances that enable us
to address these questions: a method for isolating soluble
and thylakoid-bound isoprene synthases from the same
willow leaf preparation, and a procedure for solubilizing
active thylakoid-bound isoprene synthase from willow. We
demonstrate that stromal and thylakoid-bound plastidic
isoprene synthases exist within a given leaf preparation
and present initial characterization of these isoforms. The
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implications of our findings for the function and regulation
of isoprene production are discussed.

MATERIALS AND METHODS

Willow (Salix discolor L.) branches were collected from a
naturally growing population in Boulder, Colorado, during
the summer season. Willow clones from this population
were propagated and grown in 10-gallon plastic containers
in Agro Mix No. 2 (American Clay, Denver, CO) and
fertilized weekly with Peters Professional Soluble Plant
Food–General Purpose Special (Peters Fertilizer Products,
Fogelsville, PA). These plants were grown in a greenhouse
with supplemental lighting (500 mmol m22 s21) from low-
pressure sodium vapor lamps (General Electric) for a 16-h
photoperiod. Temperatures ranged from 21°C (night) to
27°C (day). Healthy, mature willow leaves from the natu-
rally growing population were used in experiments during
the summer season, and leaves from greenhouse clones
were used the rest of the year.

Reagents

DMAPP was synthesized, purified, confirmed, and
stored as previously described (Wildermuth and Fall,
1996). Enzymes and other reagents were purchased from
Sigma unless otherwise specified.

Assays

Isoprene Synthase

Isoprene production was assayed in 4.8-mL glass vials
sealed with Teflon-lined septa. After a 10-min incubation at
35°C, 1 mL of headspace was analyzed for isoprene by GC
with a reduction gas detector, as described previously (Sil-
ver and Fall, 1991; Greenberg et al., 1993). Unless otherwise
specified, isoprene synthase activity was assayed with 10
mm DMAPP and 8 mm MgCl2. For each sample, back-
ground levels of isoprene, produced by the nonenzymatic
conversion of DMAPP to isoprene, were assessed using
buffer in place of the plant fraction. All samples were run
at least in duplicate and within a linear range of activity.

Leaf Isoprene Emission

Leaf isoprene emission was determined by incubating
0.785-cm2 leaf discs taken from the vertical center of the
leaf next to the midrib in a 4.8-mL vial (as described above)
with 1 mL of distilled H2O. After a 20-min incubation at
35°C, 1 mL of headspace was analyzed for isoprene as
described above.

Leaf Area

Leaf area was determined by tracing the leaf perimeter
onto paper, cutting out the leaf area, and weighing the leaf
area cutout. Comparison with the weight of the paper
standard areas enabled leaf-area determination.

NADP-GAPD

The chloroplast stromal marker NADP-GAPD was quan-
tified using the method of Ferri et al. (1978) as described by
Wildermuth and Fall (1996).

Chl and Protein

Chl was determined using 80 or 100% acetone, according
to Lichtenthaler (1987). Protein concentrations were deter-
mined by the Bradford assay (Bradford, 1976) with BSA as
the standard protein.

Isoprene Synthase-Extraction Protocols

Leaf-Grind Protocol

This method involves grinding whole leaves in liquid
nitrogen and extracting soluble proteins in extract buffer.
Willow leaves were harvested and used in the morning,
after a few hours of exposure to light. Leaves (30 g) were
cut and rinsed in distilled H2O, 2% (v/v) bleach, 0.05%
(v/v) Nonidet P-40 detergent solution, and again (three to
four times) in distilled H2O to remove surface microorgan-
isms and debris. Exclusion of the bleach/detergent wash
did not alter results. The leaves were then blotted dry and
ground in liquid nitrogen using a mortar and pestle. The
frozen, ground leaves were added to 300 mL of PEB con-
sisting of 50 mm Tris (pH 8.0 at 4°C), 5% glycerol, 20 mm
MgCl2, with 10% (w/v) PVP (average Mr, 40,000), 1 mm
PMSF, 1 mm Benz-HCl, and 10 mm DTT added before use.
The plant mixture was then filtered through cheesecloth
and Miracloth (Calbiochem) and centrifuged at 12,000g for
20 min. The supernatant was centrifuged at 39,000g for 20
min, and the protein of the resulting supernatant was
precipitated using either 30 or 40% PEG 3350, stirred for
1 h, and centrifuged for 20 min at 12,000g to pellet the
protein. The pellet was resuspended in approximately 7
mL of PEB (with DTT) and treated with an equal volume of
CM-Sepharose “fast-flow” resin (equilibrated with PEB/
DTT). After it was stirred for 15 min, the mixture was
centrifuged at 12,000g for 5 min to pellet the resin, and the
supernatant was collected. All procedures were performed
with prechilled buffers and at 4°C.

Concentration of the soluble protein was attempted us-
ing ammonium sulfate (25–100% saturation), soluble ab-
sorbing matrix concentration, and PEGs with a variety of
average Mrs at varying concentrations. Ammonium sulfate
precipitation was not successful because of the presence of
secondary compounds, which caused much of the protein
to be associated in a mucus-like film on top of the solution.
The responsible constituents may be phenolic compounds
such as phenolic glucosides and (1)-catechin and poly-
meric phenolics, which are common in willow (e.g.
Julkunen-Tiitto et al., 1993) and are known to preferentially
bind proteins, carbohydrates, and metal ions (see
Hemingway and Karchesy, 1988). PEG precipitation with
an average Mr of 3350 at 30 to 40% was successful in
precipitating soluble protein. The precipitated protein,
however, was very viscous. A number of methods were
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used, without success, to remove the interfering secondary
compounds and reduce the viscosity of the final protein
precipitate, including gel filtration, ultrafiltration with
membranes of various Mr cutoffs, and electroelution. A
variety of batch resin treatments were then tested in an
attempt to either (a) specifically bind isoprene synthase,
but not the viscous material, or (b) specifically bind the
viscous material, but not isoprene synthase. CM-Sepharose
batch treatment was successful in binding most of the
viscous material, whereas the isoprene synthase activity
remained exclusively in solution.

Leaf-Fractionation Protocol

In this method leaves are cut and homogenized (using a
blender) in chloroplast extract buffer, and fractionation
yields both thylakoid membranes and soluble proteins.
Willow leaves (10 g) were harvested and washed as de-
scribed for the leaf-grind protocol. They were then cut into
small pieces (of approximate area 2 cm2) using sharp scis-
sors and directly added to 100 mL of prechilled (on ice) GB.
GB consisted of 0.5 m sorbitol, 50 mm Tricine (pH 7.8), 1
mm EDTA, 5 mm MgCl2, and 1 mm DTT, 1 mm PMSF, 1 mm
Benz-HCl, and 0.1% defatted BSA (Calbiochem), which
were added just before use. All solutions and equipment
coming into contact with the plant solution were pre-
chilled, plant fractions were kept on ice, and all centrifu-
gation and other steps were performed at 4°C. The leaves
were then homogenized using a Waring Blendor with a
small volume attachment three times for 2 s each. This
solution was filtered through cheesecloth and a 202-mm
nylon filter (Tekto, Inc., Briarcliff Manor, NY).

The crude homogenate was centrifuged for 15 min at
12,000g. The supernatant (SN1) was then centrifuged at
35,000g for 20 min, yielding SN2 and P2. This pellet (P2)
was combined with the pellet from the original spin (P1),
resuspended in 17 mL of GB (no sorbitol and no BSA) to
rupture intact chloroplasts, and centrifuged at 6,000g for 10
min. This rupturing step was repeated and these superna-
tants were added to SN2. The combined supernatant frac-
tion was centrifuged at 35,000g for 30 min and the pellet
(P3, containing thylakoids and other membranes) was re-
suspended in 2 to 6 mL of GB (no sorbitol and no BSA),
depending on the experimental design. To maintain con-
sistency among similar experiments, the pellets were re-
suspended in equal volumes at comparable protein con-
centrations. Protein in the final supernatant fraction (SN3)
was precipitated using 40% PEG 3350, stirred for 1 h, and
centrifuged at 12,000g for 20 min. This pellet (SNP) was
resuspended in the same volume of GB (no sorbitol and no
BSA) that was used to resuspend P3. Typically, inclusion of
the CM-Sepharose batch treatment to reduce the viscosity
of this resuspended pellet was not necessary (see above
procedure). When larger preparations were required, 30 g
of willow leaves was used with the volumes in the protocol
described above adjusted proportionally.

This procedure allowed us to isolate total soluble and
membrane-bound isoprene synthase activities. To mini-
mize variation in extractable isoprene synthase activities,

clonal plants were used, growth conditions were standard-
ized (as above), and experiments were performed within a
2-week period (and on consecutive days when possible) for
a given set of results.

Chloroplast-Fractionation Protocol

Intact chloroplasts were prepared from 30 g of willow
leaves by homogenizing the leaves in a blender, pelleting
crude chloroplasts, and then pelleting purified, intact chlo-
roplasts (P2) using a 40% Percoll gradient. The details of
this protocol are given by Wildermuth and Fall (1996);
typical contamination of P2 by mitochondria and peroxi-
somes as a percentage of their total enzyme marker activity
was 2 and 10%, respectively. Recoveries of the plastidic
markers Chl and NADP-GAPD in the P2 fraction were
typically 30% of total activity. Intactness was $ 60%, esti-
mated visually at 10003 using a microscope.

The intact chloroplast pellet (P2) was then ruptured by
resuspending it in 50 mL of GB (no sorbitol) and was
centrifuged at 12,000g for 10 min. This rupturing procedure
was repeated and the supernatants were pooled. Protein in
the supernatant was precipitated using 40% PEG as de-
scribed above, and the pellet was resuspended in approx-
imately 2 mL of GB (no sorbitol). The thylakoid pellet was
also resuspended in approximately 2 mL of GB (no sorbi-
tol). The inclusion of defatted BSA in the rupturing buffer
facilitated the precipitation of active stromal isoprene syn-
thase. Ultracentrifugation of the pooled supernatants at
100,000g for 60 min (to ensure that no residual membrane
fragments were in the supernatant) did not alter the results.
All procedures were performed with prechilled buffers and
at 4°C.

Solubilization of Thylakoid-Bound Isoprene Synthase by
pH 10.0 Treatment

Willow thylakoids were isolated from 10 g of leaves, as
described by Wildermuth and Fall (1996). The thylakoids
were then washed with 17 mL of 2 m NaBr solution (2 m
NaBr, 50 mm Tricine [pH 7.8], 1 mm PMSF, 1 mm Benz-HCl,
1 mm DTT, and 1% PEG 400) and stirred for 10 min on ice
to remove peripheral membrane proteins. Centrifugation
at 6,000g for 10 min followed, with resuspension of the
washed thylakoids in 3 mL of pH 10.0 solubilization buffer
(100 mm 2-[N-cyclohexylamino]ethanesulfonic acid [pH
10.0], 8.8 mm MgCl2, 1 mm Benz-HCl, 1 mm DTT, and 1%
PEG 400), stirring for 10 min on ice, and centrifugation at
35,000g for 20 min. This final spin was sufficient to pellet all
membranous material, since ultracentrifugation at 100,000g
for 60 min did not alter the solubilized isoprene synthase
recovery. Typically, the supernatant was then adjusted to
approximately pH 8 with Tricine (1 m, pH 8.0). Often the
adjusted supernatant would then be concentrated using
ammonium sulfate precipitation (70% saturation) and dia-
lyzed against GB or another appropriate buffer.
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Biochemical Characterization of Isoprene Synthases

Mg21 Dependence

Concentrated, solubilized thylakoid-bound isoprene
synthase was resuspended in PEB/5 mm DTT, and then
dialyzed extensively against PEB (without Mg21) before
use. Leaf soluble isoprene synthase was prepared as de-
scribed above, except that PEB had 1 mm Mg21, not 20 mm
Mg21; for the leaf-soluble experiments, the Mg21 profile
started at 1 mm Mg21. Isoprene synthase activity was
assayed using 100 mL of enzyme preparation, 10 mm
DMAPP, and increasing concentrations of Mg21 (0–25 mm).

pH Dependence

The solubilized thylakoid-bound isoprene synthase was
extensively diafiltrated (10,000 Mr cutoff, Filtron Technol-
ogy Corp., Northborough, MA) into an equivalent final
volume of 5 mm Tricine (pH 7.8), 10 mm MgCl2, 1 mm DTT,
1% PEG 400, and 1 mm Benz-HCl. Isoprene production was
determined using 100 mL of diafiltrated solution, 100 mm of
the specified pH buffer, 8 mm MgCl2, and 10 mm DMAPP.
One hundred microliters of leaf-soluble and stromal iso-
prene synthases (from leaf-grind and -fractionation proto-
cols, respectively), was assayed with 100 mm of the speci-
fied pH buffers, 16 mm MgCl2, and 10 mm DMAPP. The
buffers used were: Mes, pH 5.0, 6.0, and 7.0; Tricine, pH 7.0,
8.0, and 9.0; 2-(N-cyclohexylamino)ethanesulfonic acid, pH
9.0 and 10.0; and 3-(cyclohexylamino)-1-propanesulfonic
acid, pH 11.0.

Apparent Km

Fifty microliters of concentrated, solubilized thylakoid-
bound isoprene synthase in PEB/5 mm DTT was assayed
for isoprene synthase activity with 16 mm MgCl2 and vary-
ing concentrations of DMAPP (0–20 mm). Leaf-soluble
isoprene synthase (100 mL) was also assayed with 16 mm
MgCl2 and varying concentrations of DMAPP (0–20 mm).

Inhibition Experiments

Solubilized thylakoid-bound and leaf-soluble isoprene
synthases were isolated as detailed above in the solubilized
thylakoid-bound isoprene synthase and the leaf-grind pro-
tocols, with the pellets resuspended as necessary for each
experiment.

For the Pi and pyrophosphate experiments, 100 mL of
plant extract resuspended in PEB/5 mm DTT was incu-
bated with 10 mL of inhibition solution or double-distilled
H2O and 12 mL of 100 mm DMAPP, and assayed for iso-
prene production as described above. A few of these ex-
periments were performed with 50 mL of plant extract and
one-half of the other reaction components. The addition of
the sodium phosphate or pyrophosphate solutions (pH 8.0)
did not result in observable precipitate. These experiments
were performed similarly to those done with soluble aspen
(Populus tremuloides Michx.) leaf isoprene synthase (Silver,
1994).

Experiments involving the covalent modification of Cys,
His, and Arg residues of isoprene synthase were modeled
on those by Rajaonarivony et al. (1992b) and Savage et al.
(1995), with technical tips taken from Lundblad (1991). For
cysteinyl-directed inhibition experiments using NEM, the
plant extracts (stored as aliquots resuspended in PEB/5
mm DTT) were diluted 1:3 into 50 mm Tricine (pH 7.8) with
5% glycerol and then dialyzed against that solution for 1 to
2 h to remove Mg21 and DTT. DTT can prevent the cova-
lent modification of proteins by NEM. NEM was prepared
in 50 mm Tricine (pH 7.8). Ten microliters of NEM or
Tricine/glycerol buffer was added to 100 mL of plant ex-
tract and incubated at 35°C for 0, 10, or 20 min. Two
microliters of 1 m DTT, 2 mL of 1 m MgCl2, and 12 mL of 100
mm DMAPP were then added and isoprene production
was assessed. For the substrate-protection experiments, the
MgCl2 and DMAPP were first incubated with the plant
extract for 5 or 10 min before the NEM was added for the
specified incubation time.

For the histidyl-directed inhibition experiments using
DEPC, the plant extract was diluted 1:3 in 50 mm Tricine
(pH 7.0) with 5% glycerol and dialyzed against this buffer
with 1 mm DTT for 1 to 2 h. Tricine buffer at pH 7.0 was
used because Tris buffers react with DEPC, and pH 7.0
increases the specificity of DEPC for histidyl residues. Im-
mediately before use DEPC was diluted into anhydrous
ethanol and kept on ice throughout the experiment. One
hundred microliters of plant extract was incubated with 2
mL of DEPC solution or anhydrous ethanol and 3 mL of the
Tricine/glycerol buffer for 0 to 30 min at room tempera-
ture, followed by the addition of 2 mL of 100 mm MgCl2
and 12 mL of 100 mm DMAPP for the isoprene synthase
assay. The substrate-protection experiments were per-
formed in an analogous manner to that detailed above. In
addition, to confirm that DEPC was covalently modifying
His residues, resulting in inactivation, 3 mL of His solution
(4.4 mm final) was incubated with the plant extract for 10
min at room temperature before the addition of DEPC.

For the arginyl-directed inhibition experiments using
PG, the plant extract was diluted into 50 mm Tricine (pH
7.8) with 5% glycerol and then dialyzed against that buffer
with 5 mm DTT. Fifty microliters of plant extract was
treated with 11 mL of phenylglyoxal or buffer solution for
30 min at room temperature, transferred to a vial, and
incubated for 10 min at 35°C with 7 mL of 100 mm DMAPP
and 1.1 mL of 1 m MgCl2. For the substrate-protection
experiments, the DMAPP and MgCl2 were first added to
the plant extract, incubated for 10 min at 35°C, and then
treated with PG. In all experiments, a final concentration of
50 mm PG was used for the 30-min treatment.

RESULTS

Isolation of Soluble and Thylakoid-Bound Isoprene
Synthases from Intact Chloroplasts and Leaves of Willow

As described in the introduction, soluble and thylakoid-
bound isoprene synthases have been isolated and charac-
terized from different plant species using different extrac-
tion techniques. To determine whether both soluble and
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bound forms of the enzyme exist in vivo, it was first
necessary to determine whether the two enzyme forms
could be detected in one protocol. Wildermuth and Fall
(1996) localized enzymatic isoprene biosynthesis to the
chloroplast using intact chloroplasts from willow. In addi-
tion, a thylakoid-bound isoprene synthase was discovered
and characterized. However, the possibility of a soluble
isoprene synthase either of plastidic or cytosolic origin
could not be discounted.

We are now able to detect both thylakoid-bound and
stromal isoprene synthase activities from intact willow
chloroplasts. Concentration of the stromal willow chloro-
plast fraction by 40% PEG 3350 precipitation facilitated the
detection of the stromal isoform. Previous attempts to de-
tect enzyme activity in the willow stroma concentrated by
ammonium sulfate precipitation or microconcentration had
been unsuccessful (Wildermuth and Fall, 1996). As shown
in Figure 1 (left), willow chloroplast fractionation yielded
approximately equal soluble and thylakoid-bound iso-
prene synthase activities. NADP-GAPD activity in the wil-
low chloroplasts was similarly distributed. The significant
proportion of NADP-GAPD associated with the thylakoids
was surprising at first because NADP-GAPD has been
considered to be a stromal enzyme. However, recent re-
ports indicate that roughly one-half of plastidic NADP-
GAPD is associated with the thylakoids (e.g. Adler et al.,
1993; Anderson et al., 1996).

Whole-leaf fractionations were then performed to sepa-
rate membrane-associated (thylakoid) and soluble enzy-
matic activities, as shown in Figure 1 (right). These exper-

iments also resulted in about equal soluble and thylakoid-
bound isoprene synthase and NADP-GAPD activities. The
increased variability of isoprene synthase activity from leaf
fractionations compared with chloroplast fractionations is
likely the result of differences in the fractionation proto-
cols. In particular, increased exposure of the thylakoid and
soluble fractions to extraplastidic enzymes occurs during
the leaf-fractionation procedure.

The similar distribution of thylakoid-bound and soluble
isoprene synthase activities from the fractionation of whole
willow leaves and from willow chloroplasts suggests that,
like NADP-GAPD, isoprene synthase is plastidic. Support
for this conclusion includes the plastidic-localization ex-
periments of Wildermuth and Fall (1996) and the plastidic
origin of DMAPP, the substrate for isoprene synthase, via
the glyceraldehyde-3-phosphate/pyruvate pathway (Zeid-
ler et al., 1997). The 20-fold difference in total isoprene
synthase activity from the leaf versus the intact chloroplast
fractionation is somewhat disturbing. It is likely the result
of (a) differences in leaf-growth environments for the two
sets of experiments and (b) differences in the enzyme-
isolation protocols. The leaf-fractionation experiments were
performed with leaves grown during the summer months,
whereas the chloroplast fractionations used winter-grown
leaves. As much as 10-fold variability has been observed in
total isoprene synthase activity extracted from leaves in
experiments performed many months apart. To ascertain
whether the leaf-growth environment could account for the
majority of this 20-fold difference, a chloroplast fractionation
was performed just subsequent to the leaf-fractionation ex-
periments of Figure 1. In this experiment total isoprene
synthase activity from the chloroplast fractionations ac-
counted for 25% of the leaf-fractionation totals (a 4-fold
difference). Because the typical variation in total isoprene
synthase activity isolated using a given protocol varies ap-
proximately 2-fold for experiments performed within a
2-week period (see Table I), the 4-fold discrepancy in totals
observed for the chloroplast- versus leaf-fractionation pro-
tocols is reasonable. Finally, differences in the enzyme-
isolation protocols (leaf versus intact chloroplast fraction-
ation) may influence the activation states of the isoprene
synthases or the recovery of isoprene synthase activity.

The increased variability in the percentage of total iso-
prene synthase activity associated with the thylakoids in
the leaf-fractionation experiments led us to question
whether nonphysiological proteolysis of thylakoid-bound
isoprene synthase might occur. For example, when
thylakoid-bound Cyt f is extracted from charlock or turnip
leaves, proteolytic cleavage of a C-terminal domain essen-
tial for anchoring solubilizes the enzyme (Gray et al., 1994).
The isoprenoid enzyme squalene synthase may also be
artificially solubilized when exposed to proteases during
extraction (Shechter et al., 1992). Therefore, we tried to
inhibit proteolysis by using an array of protease inhibitors
that are active on many classes of proteases (5 mm amino-
N-caproic acid, 1 mm antipain, 1 mm Benz-HCl, 1 mm
p-hydroxymercuribenzoate, 1 mm leupeptin, 10 mm pepsta-
tin A, and 1 mm PMSF; Gegenheimer, 1990). These protease
inhibitors included those used to prevent cleavage of
squalene synthase from rat hepatic microsomal membranes

Figure 1. Percentage of total isoprene synthase and NADP-GAPD
activities associated with thylakoid membranes or as soluble en-
zymes isolated from intact willow chloroplasts (left) and whole wil-
low leaves (right). Intact chloroplast- and leaf-fractionation protocols
and enzymatic assays are detailed in “Materials and Methods.” Val-
ues presented for the chloroplast fractionations are an average of two
separate experiments performed on consecutive days; total isoprene
synthase and NADP-GAPD activities are 220 6 37 pmol isoprene
min21 and 1.70 6 0.31 mmol NADP converted min21, respectively.
Total values are given for a 10-g leaf preparation with adjustment of
the chloroplast results by 3.3-fold to reflect the 30% recovery of
intact chloroplasts from whole leaves on a Chl and NADP-GAPD
basis. Values presented for leaf fractionations (10 g) are from three
separate experiments performed on consecutive days; total isoprene
synthase and NADP-GAPD activities are 4630 6 1990 pmol iso-
prene min21 and 7.46 6 1.81 mmol NADP converted min21, respec-
tively. IS, Isoprene synthase.
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(Shechter et al., 1992). Willow leaf fractionations were per-
formed in parallel using the standard buffers, which in-
cluded 1 mm PMSF and 1 mm Benz-HCl, and the standard
buffer with additional protease inhibitors (see above). Total
thylakoid-bound and soluble isoprene synthase activities
were obtained and the ratio of thylakoid-bound to soluble
activity was determined; neither was significantly altered
by the inclusion of any of the protease inhibitors (data not
shown). In addition, the substitution of 10 mm EGTA for 1
mm EDTA did not influence isoprene synthase activities.

We then sought to promote the putative proteolysis of
the thylakoid-bound isoprene synthase into a soluble en-
zyme using exposure experiments. Exposure of thylakoid-
bound isoprene synthase to the leaf-fractionation superna-
tant fraction (isolated as usual or without PMSF, Benz-HCl,
and EDTA) during the course of 2 h did not result in the
solubilization of active thylakoid-bound isoprene synthase
or in the loss of thylakoid-bound isoprene synthase activ-
ity. Because neither inhibition nor promotion of proteolysis
altered the activities of the two enzyme forms, it appears
that proteolytic cleavage of thylakoid-bound isoprene syn-
thase during the extraction process is not responsible for
the presence of the soluble enzyme.

Irreversible Solubilization of Thylakoid-Bound Isoprene
Synthase Suggests the Involvement of a Lipid Tail in
Membrane Association

Numerous previous attempts at solubilizing active
thylakoid-bound isoprene synthase from willow were un-
successful (Wildermuth and Fall, 1996). However, we have
now developed two methods of solubilizing active
thylakoid-bound isoprene synthase: pH 10.0 solubilization
and 1.0% (w/v) octanoyl-N-methyl glucamide detergent
treatment (data not shown). The pH 10.0 solubilization
procedure was used throughout the experiments described
here, since it avoids the complications associated with the
inclusion of detergent.

Solubilization of the enzyme at pH 10.0 occurred rapidly,
typically with 60% of the thylakoid-bound activity in sol-
uble form after a 10-min exposure. Centrifugation at
100,000g for 1 h did not sediment this form of the enzyme,
confirming its solubility. The combined activity of the solu-
bilized thylakoid-bound isoprene synthase and the remain-

ing bound isoprene synthase may be up to 4-fold greater
than the original thylakoid-bound activity (data not shown).

Once pH 10.0 solubilization was discovered, we used it
to probe the nature of the thylakoid-bound isoprene syn-
thase membrane association. This solubilization could re-
sult from the disruption of ionic and hydrogen-bonding
interactions required for membrane association (e.g. Hager
and Holocher, 1994), or cleavage of an acyl tail responsible
for anchoring (e.g. Linder et al., 1993), or both. To examine
these possibilities, solubilization of thylakoid-bound iso-
prene synthase at pH 10.0, adjustment to pH 7.8, and
rebinding to thylakoids at pH 7.8 was undertaken. The
experimental design was based on the pH-dependent re-
binding experiments of Hager and Holocher (1994) for
violaxanthin de-epoxidase. As shown in Figure 2, pH 10.0-
solubilized thylakoid-bound isoprene synthase did not re-
associate with the thylakoid membranes at pH 7.8. The
exclusion of 1% PEG 400 in the solubilization solution, in
case it preferentially stabilized the solubilized enzyme, did
not alter this result. Therefore, it is possible that isoprene
synthase protein interactions with the thylakoid membrane
and its component enzymes may not be fully responsible
for the tightly associated thylakoid-bound isoprene syn-
thase. Perhaps an alkaline-sensitive lipid tail is involved in
this membrane association. Thioester linkages (such as
those used in palmitoylation) are labile at pH 10.0 (Linder
et al., 1993). To determine whether a thioester-linked acyl
tail was involved, hydroxylamine treatment of willow
thylakoid-bound isoprene synthase at neutral pH was un-
dertaken at 4 and 37°C (as described by Pepperberg et al.,
1995; Zeng and Weigel, 1996). These experiments were
inconclusive, however, since hydroxylamine inhibited iso-
prene synthase activity, and we were only capable of as-
saying active enzyme.

Thylakoid-Bound, Solubilized Thylakoid-Bound, and
Stromal Isoprene Synthases Have Similar
Catalytic Properties

Stromal and thylakoid-bound isoprene synthases may
differ only in their ability to associate with the thylakoid
membrane. If this were the case, we would expect solubi-
lized thylakoid-bound isoprene synthase and soluble iso-
prene synthase to have similar or identical catalytic prop-

Table I. Thylakoid-bound and soluble isoprene synthase activity from leaf fractionations performed
within a 2-week period

Mature willow leaves (10 g) were fractionated into total thylakoid-bound and soluble isoprene
synthase activities, as described in “Materials and Methods.” Each value is the average of duplicate
samples.

Experiment
Isoprene Synthase Activity

Thylakoid bound Percent Soluble Percent Total Percent

pmol isoprene min21 pmol isoprene min21 pmol isoprene min21

1 1146 45 1418 55 2564 100
2 740 47 821 53 1561 100
3 1368 44 1742 56 3110 100
4 840 25 2583 75 3423 100
Average 1024 40 1641 60 2665 100
SD 287 11 735 11 817
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erties, such as pH optima, Mg21 optima, and Km for
DMAPP.

The solubilization of thylakoid-bound isoprene synthase
by pH 10.0 treatment shifted the optimal activity of the
enzyme from pH 10.0 to 8.0, as depicted in Figure 3A. In
fact, the pH optimum for the thylakoid-bound enzyme is
likely to be 8.0. At pH 10.0, a portion of the thylakoid-
bound enzyme would be solubilized. Because pH 10.0 sol-
ubilization increases isoprene synthase activity, it could
account for the nonphysiological pH optimum of 10.0 for
the thylakoid-bound enzyme. As detailed by Wildermuth
and Fall (1996), the pH 10.0 optimum for the thylakoid-
bound isoprene synthase was confirmed using two differ-
ent buffers and two separate pH-treatment protocols. The
lack of activity exhibited by the bound and solubilized
forms at pH 11.0 is probably the result of denaturation of
the enzyme, thus accounting for the rapid decline in
thylakoid-bound isoprene synthase activity.

The solubilized thylakoid-bound isoform exhibited a pH
optimum and profile similar to that of soluble isoprene
synthase from willow leaf fractionations (i.e. “stromal”
isoprene synthase) and from willow leaf grinds (i.e. “leaf-
soluble” isoprene synthase), as shown in Figure 3B. The
comparison with leaf-soluble isoprene synthase is signifi-
cant in that previously isolated, soluble isoprene synthases
(aspen and velvet bean [Mucuna sp.]) were obtained using
this method, extracting soluble proteins after leaves were
ground in liquid nitrogen. Previous attempts at isolating
leaf-soluble isoprene synthase from willow using the leaf-
grind protocol were unsuccessful because secondary com-

pounds in willow leaves prevented ammonium sulfate pre-
cipitation of the enzyme; the use of 40% PEG 3350
precipitation followed by CM-Sepharose batch treatment
enabled willow leaf-soluble isoprene synthase to be iso-
lated in a manner similar to aspen and other leaf-soluble
isoprene synthases, but with a different concentration step.
The similarities between the solubilized thylakoid-bound
isoprene synthase, stromal isoprene synthase, and leaf-
soluble isoprene synthase pH profiles and optima suggest
that solubilized thylakoid-bound isoprene synthase is rep-
resentative of soluble isoprene synthase from willow. In
addition, the stromal and leaf-soluble results from willow

Figure 2. Attempts to rebind solubilized isoprene synthase to thyla-
koid membranes. Washed willow thylakoid membranes underwent
pH 10.0 solubilization to release active isoprene synthase. This
solubilized isoprene synthase was then adjusted to approximately pH
8 and dialyzed against the pH 7.8 solution to obtain the “Before”
supernatant fraction. Addition of this fraction to the willow thylakoid
membrane fraction, followed by centrifugation to separate the super-
natant and pellet, resulted in the “After” supernatant and pellet
fractions. The Before pellet fraction was obtained in a similar manner
to the After pellet fraction, but instead of solubilized enzyme, only
the pH 7.8 buffer was used. Both pellets were resuspended in pH 7.8
solution. All volumes were kept constant throughout. Shown is the
result of a typical experiment, repeated several times. A logarithmic
scale was used to present the supernatant and pellet isoprene syn-
thase activities within the same graph.

Figure 3. pH dependence of different forms of isoprene synthase
with activity normalized to maximal activity. A, Profiles for
thylakoid-bound isoprene synthase and solubilized thylakoid-bound
isoprene synthase. The maximal isoprene synthase-specific activities
for the thylakoid-bound and solubilized thylakoid-bound isoprene
synthases are 30.8 and 209 pmol isoprene min21 mg21, respectively.
B, pH curves for soluble isoprene synthase from a willow leaf-
fractionation experiment (stromal) and for leaf-soluble isoprene syn-
thase (obtained by grinding whole leaves in liquid nitrogen). The
maximal isoprene synthase-specific activities for these samples are
75.3 and 166 pmol isoprene min21 mg21 for the stromal and leaf
soluble isoprene synthases, respectively. Details for the thylakoid-
bound isoprene synthase pH experiments are given in Wildermuth
and Fall (1996). pH profiles for the other isoprene synthases were
conducted similarly, as described in “Materials and Methods.” Re-
sults above are from a typical experiment, repeated several times.
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correspond with those of soluble isoprene synthases from
aspen and velvet bean leaves (Silver and Fall, 1991; Kuzma
and Fall, 1993).

A comparison of the additional catalytic properties and
Km and Mg21 optima for the various forms of willow
isoprene synthase (Table II) also supports the hypothesis
that the solubilized thylakoid-bound and soluble forms of
isoprene synthase are catalytically similar. Each form of
isoprene synthase required Mg21 for activity and exhibited
optimal activity at 10 to 20 mm MgCl2, similar to previ-
ously reported results for soluble isoprene synthases from
aspen and velvet bean (Silver and Fall, 1991; Kuzma and
Fall, 1993). The apparent Km for DMAPP of the willow
thylakoid-bound, solubilized thylakoid-bound, and soluble
isoprene synthases were all in the 1 to 8 mm range, and
were similar to the Km values of the aspen and velvet bean
enzymes (Kuzma, 1995; Silver and Fall, 1995). The variation
in Km values reported for a given isoprene synthase form is
due to slightly different results obtained for experiments
performed months apart. This variation is not the result of
any difference in DMAPP preparation, quality, or storage.
A similar variation in Km values (1–9 mm) was found for
velvet bean leaf-soluble isoprene synthase (Kuzma, 1995).
We are not yet able to explain the range of Km values
obtained for different experiments but propose that it re-
flects slight changes in the activation state of the enzyme
caused by unknown factors.

Solubilized Thylakoid-Bound and Stromal Isoprene
Synthases Exhibit Similar Inhibition by Small Molecules

To further examine whether solubilized thylakoid-bound
and soluble isoprene synthases are similar, product-based
inhibition and amino acid-directed inhibition were per-
formed. Table III presents these results, which are best
compared qualitatively, because the experiments were per-
formed using partially purified enzymes. Product-based
inhibitors were chosen based on the work of Silver (1994) in
which pyrophosphate, a reaction product, but not phos-
phate was shown to inhibit soluble isoprene synthase from
aspen. Solubilized thylakoid-bound and soluble isoprene
synthases from willow were similarly inhibited by up to 69
to 100% by pyrophosphate, but not by phosphate.

Amino acid-directed inhibitors against Cys, His, and Arg
were used because these residues are essential for a variety

of isoprenoid synthases (Rajaonarivony et al., 1992b; Sav-
age et al., 1995). Treatment of the isoprene synthases with
1.1 mm NEM for 10 min resulted in complete inactivation,
similar to the finding for leaf-soluble isoprene synthase
from aspen (Silver and Fall, 1995) and for various mono-
terpene synthases (Savage et al., 1995). Preincubation with
DMAPP and Mg21 afforded significant protection of enzy-
matic activities (51–55%), suggesting that catalytically im-
portant cysteinyl residues reside at a substrate-protectable
site of the enzymes. This finding is in agreement with those
using monoterpene synthases from angiosperms (Savage et
al., 1995).

Incubation of the isoprene synthases with 1.1 mm DEPC
for 10 min resulted in 34 to 59% inhibition of activity, with
longer incubations resulting in increased inhibition (data
not shown). Incubation and assay conditions for His-
directed inhibition with DEPC were chosen to favor reac-
tion with His, not Cys (Lundblad, 1991; Rajaonarivony et
al., 1992b). Preincubation with 4.4 mm His prevented inac-
tivation of isoprene synthase activity (data not shown),
confirming that histidyl residues are essential for activity.
This is in agreement with the findings of Rajaonarivony et
al. (1992b), who found evidence for an essential histidyl
residue in limonene synthase and a variety of other terpene
cyclases. We noted the difference in response to preincu-
bation with DMAPP and Mg21, with no protection of the
solubilized thylakoid-bound isoform and complete protec-
tion of the stromal enzyme.

Treatment of the willow isoprene synthases with 50 mm
phenylglyoxal for 30 min resulted in complete inactivation
of the enzymes, with DMAPP and Mg21 offering some
protection (31–40%) in each case. Similarly, monoterpene
synthases from both conifers and angiosperms appear to
have catalytically important arginyl residues, although
they differ in whether these residues appear to be located
in the active site (Savage et al., 1995).

Ratios of Thylakoid-Bound to Stromal Isoprene Synthase
Activities Do Not Change with Leaf Age or
Leaf Illumination

Another means of comparing two enzyme forms is to
examine whether their activities are differentially regu-
lated. Willow leaf fractionations were used to examine
regulation of thylakoid-bound and stromal isoprene syn-

Table II. Comparison of catalytic properties for thylakoid-bound, solubilized thylakoid-bound, and
soluble isoprene synthases from willow leaves

Thylakoid-bound and leaf-soluble isoprene synthase were prepared as described in “Materials and
Methods.” pH 10.0 Solubilization of thylakoid-bound isoprene synthase followed by ammonium sulfate
precipitation and dialysis into the appropriate buffer yielded solubilized thylakoid-bound isoprene
synthase. Assays of catalytic properties are detailed in “Materials and Methods.” Results for thylakoid-
bound isoprene synthase are from Wildermuth and Fall (1996), with the exception of the Km value of
1 mM obtained in a subsequent experiment.

Catalytic Property
Thylakoid-Bound
Isoprene Synthase

Solubilized
Thylakoid-Bound
Isoprene Synthase

Soluble (Stromal)
Isoprene Synthase

Mg21 optimum 10–20 mM 10–15 mM 15–20 mM

pH optimum 10 8 8
Km (DMAPP) 1 and 8 mM 1 mM 1 and 4 mM
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thases by the foliar regulators leaf age and light. Foliar
isoprene emission and soluble isoprene synthase activity
have been shown to be dependent on leaf age, with induc-
tion as leaves mature (Kuzma and Fall, 1993). In the exper-
iments shown in Figure 4, we first confirmed these findings
for willow leaves. Willow foliar isoprene emission also
demonstrated a developmental dependence (Fig. 4A), with
full leaf expansion (Fig. 4B) required for maximal leaf
isoprene emission. Willow leaves from node 6 were then
chosen to represent young leaves because they were the
youngest leaves to emit detectable levels of isoprene, and
leaves from node 12 were chosen to represent mature
leaves because they emitted maximal isoprene and were
fully expanded. As shown in Figure 4C, leaf discs from
pools of mature willow leaves (node 12) emitted 4.5-fold
more isoprene than did those from young willow leaves
(node 6), and pooled mature leaves had 3.4-fold higher
total extractable isoprene synthase activity than did young
leaves on a gram fresh weight basis. When the total iso-
prene synthase activity was expressed on a leaf-area basis
for direct comparison with leaf-disc emission, mature
leaves contained 3.9-fold more total isoprene synthase ac-
tivity than did young leaves. Kuzma (1995) also found that,
although leaf isoprene emission and isoprene synthase ac-
tivity were tightly correlated with leaf development, leaf
isoprene emission increased more than soluble isoprene
synthase activity on a leaf-area basis. Figure 4D indicates
that although total isoprene synthase activities changed
dramatically with development, the percentage of activity

in thylakoid-bound and stromal forms (approximately 25
and 75%, respectively, for these experiments) did not
change significantly with leaf age.

Because foliar isoprene production is light dependent,
light could modulate the ratio of thylakoid-bound and
stromal isoprene synthase activities. Light is a known stim-
ulant of palmitoylation (e.g. D1 polypeptide; Mattoo et al.,
1993), which may be sufficient for membrane anchoring
(Bhatnagar and Gordon, 1997). As illustrated in Figure 5,
the percentage of isoprene synthase activity in each form
(35% bound and 65% soluble) was independent of leaf
light-extraction conditions. In addition, total enzyme activ-
ity did not change significantly with leaf light-extraction
conditions, similar to results obtained with leaf-soluble
isoprene synthase from velvet bean (M. Wildermuth, un-
published data).

DISCUSSION

Detection of Plastidic Stromal and Thylakoid-Bound
Forms of Isoprene Synthase

Here we report the detection of soluble and thylakoid-
bound isoprene synthase activities from willow leaves and
intact chloroplasts. Soluble isoprene synthase activity ac-
counts for 50 to 75% of total activity, with thylakoid-bound
isoprene synthase activity representing 25 to 50% of total
activity. As discussed in “Results,” these activities appear
to be plastidic in origin. However, the existence of a cyto-

Table III. Comparison of product-based and amino acid-directed inhibition of solubilized thylakoid-
bound and soluble isoprene synthases from willow leaves

Inhibition results are displayed as percentages of inhibition of isoprene synthase activity relative to
the corresponding uninhibited control set at 100. Isoprene production for the uninhibited controls
ranged from 11.1 to 28.9 pmol isoprene min21. Substrate protection experiments include a preincu-
bation with 10 mM DMAPP and 8 mM Mg21 before inhibition. Solubilized thylakoid-bound and soluble
isoprene synthase-extraction protocols are given in “Materials and Methods.” Inhibition experiments
are also detailed in “Materials and Methods.” Values presented are the average of two to three inhibition
assays.

Inhibition

Inhibition of Isoprene Synthase Activity

Solubilized
thylakoid-bound

isoprene synthase

Soluble (stromal)
isoprene synthase

%

Product-based inhibition
1 mM NaPi 3 0
2.5 mM NaPi 3 naa

1 mM NaPPi 23 76
2.5 mM NaPPi 69 100

Amino acid-directed inhibition
Cys

1.1 mM NEM 100 100
Substrate protected 45 49

His
1.1 mM DEPC 59 34
Substrate protected 71 0

Arg
50 mM PG 100 100
Substrate protected 60 69

a na, Not assayed.
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solic isoprene synthase has not been specifically disproved.
Both soluble and thylakoid-bound activities are enzymatic,
because they are protease and heat sensitive and are inhib-
ited by small molecules that covalently interact with spe-
cific amino acids (see Table III).

In vivo occurrence of the stromal and thylakoid-bound
isoprene synthases was examined from two vantage points.
First, we wanted to establish that the two enzyme activities
were also present in other isoprene-emitting species and
not due to the false activity of another enzyme (e.g. pre-
nyltransferase) capable of converting DMAPP to isoprene
when exposed to nonphysiological levels of DMAPP. Us-
ing the protocol we developed for willow, we were able to
detect soluble and thylakoid-bound isoprene synthase ac-
tivities in aspen leaves (M. Wildermuth and R. Fall, unpub-
lished data). Therefore, the presence of the soluble and
bound forms is not a species-specific result limited to wil-
low. In addition, fractionation of spinach leaves (which do
not emit isoprene) did not result in detectable soluble or
bound isoprene synthase activities.

Second, we wanted to determine if the two isoprene
synthase forms are artifacts of the extraction process. The
stromal or thylakoid-bound isoprene synthase activity
could result from an alteration of normal hydrogen bond-
ing or ionic interactions. Either false dissociation of the
thylakoid-bound isoprene synthase, yielding a soluble ac-
tivity, or artificial association of the soluble enzyme, result-
ing in bound activity, may occur. For example, if solely
thylakoid-bound isoprene synthase exists in vivo, soluble
activity could result from dissociation of the thylakoid-
bound form under the ionic/pH conditions of the isolation.
A number of isoprenoid enzymes are weakly associated
with membranes and may be released during the isolation
process. For example, DMAPP:umbelliferone dimethyl-
allyltransferase is released from membranes at low ionic
strengths (Dhillon and Brown, 1976). Alternatively,

Figure 5. Percentage of total isoprene synthase activity in thylakoid-
bound and stromal forms from whole-leaf isolations performed with
10 g of willow leaves left in the dark overnight (DARK) and fraction-
ated in the dark, or leaves exposed to 800 mmol m22 s21 for 2 h
(LIGHT) and fractionated under low light (50–100 mmol m22 s21).
Details are given in “Materials and Methods.” Shown is an average of
two separate experiments performed on consecutive days. Average
total isoprene synthase activities for the DARK and LIGHT leaf frac-
tionations are 909 6 381 and 1635 6 278 pmol isoprene min21,
respectively.

Figure 4. Effects of willow leaf age on isoprene emission and iso-
prene synthase isoforms. A, Foliar isoprene emission as a function of
nodal position (leaf age), average of duplicate samples. B, Leaf area
as a function of nodal position, average of duplicate samples. Leaves
from node 6 (YOUNG) and node 12 (MATURE) from different willow
stems were then pooled. Foliar isoprene emission and total isoprene
synthase activity for these pooled samples (of 10 g fresh weight) are
portrayed in C. The percentages of total isoprene synthase activity in
thylakoid-bound and soluble forms for these pooled samples are
shown in D. Results shown in C and D are averages of three separate
experiments performed on consecutive days. Leaf isoprene emission
rates are shown for leaves at PAR of 100 mmol m22 s21. Additional
experiments (not shown) utilized PAR of 1000 mmol m22 s21 and
obtained a similar profile to A with increased emission rates. Further
details are given in “Materials and Methods.”
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thylakoid-bound enzymes may be part of a bound multien-
zyme complex, which can be solubilized at high ionic
strength (e.g. Calvin-cycle enzymes; Suss et al., 1993). Fi-
nally, the association of soluble Rubisco with thylakoids
has been correlated with the pH and ionic strength of the
chloroplast lysate buffer; however, under conditions of
maximal binding, only 8% of Rubisco activity was thyla-
koid bound (Makino and Osmond, 1991). Thylakoid-bound
isoprene synthase accounts for approximately one-half of
total isoprene synthase activity and is tightly bound to the
membrane. It is not released by low- or high-ionic-strength
treatments or a variety of other solubilization protocols
(Wildermuth and Fall, 1996). Therefore, it is unlikely that
either the stromal or the thylakoid-bound isoform results
from an artificial dissociation or association. As discussed
in “Results,” during the leaf-extraction process, nonphysi-
ological proteolysis may result in a thylakoid-bound en-
zyme being artificially solubilized. Attempts to inhibit or
promote proteolysis of thylakoid-bound isoprene synthase
were unsuccessful, suggesting that nonphysiological pro-
teolysis of thylakoid-bound isoprene synthase is not re-
sponsible for the soluble isoform.

Biochemical Characterization of Stromal and
Thylakoid-Bound Isoprene Synthases

Are stromal and thylakoid-bound isoprene synthases
similar or nearly identical enzymes? To address this ques-
tion, biochemical characterization of the enzyme forms was
undertaken. Experiments were focused on catalytic prop-
erties because differences in catalytic properties can aid in
identifying the degree of similarity between two enzymes.
As shown in Table II, soluble and thylakoid-bound iso-
prene synthases have similar Mg21 optima and Km values
for DMAPP, but differ in their pH optima. However, as
discussed earlier, it is likely that the pH optimum (10.0) for
thylakoid-bound isoprene synthase is the result of solubi-
lization of the enzyme into a more active form.

In addition to the similar catalytic properties discussed
above, the two enzyme forms are comparably inhibited by
product-based and amino acid-directed compounds. As
shown in Table III, stromal and solubilized thylakoid-
bound isoprene synthases are inhibited by the reaction
product pyrophosphate, but not by phosphate, similar to
leaf soluble isoprene synthase (Silver, 1994). Amino acid-
directed inhibitors indicated that both soluble and solubi-
lized thylakoid-bound isoprene synthase contain essential
Cys, His, and Arg residues, as do other isoprenoid syn-
thases (Rajaonarivony et al., 1992b; Savage et al., 1995). The
partial substrate protection afforded to the isoprene syn-
thases for arginyl-directed reagents implicates an essential
Arg residue(s) in the active site of the enzyme. Isoprenoid
synthases characterized to date contain a conserved
DDXXD sequence and essential Arg implicated in binding
the isoprenyl diphosphate/Mg21 complexes (Chen et al.,
1994; Tarshis et al., 1994; Savage et al., 1995). Similar to
monoterpene synthases from angiosperms (Savage et al.,
1995), both forms of willow isoprene synthase are sensitive
to the sulfhydryl reagent NEM, implicating a Cys residue
in catalysis. The variation in response to substrate protec-

tion for the histidyl-directed reagent DEPC suggests that
the solubilized thylakoid-bound isoprene synthase is not
identical to the stromal enzyme. Perhaps the solubilized
thylakoid-bound isoprene synthase has a slightly altered
conformation as a result of solubilization or it is a mono-
mer, whereas the soluble isoform is a dimer.

Coordinate Regulation of Stromal and
Thylakoid-Bound Isoforms

The ratio of bound to soluble isoprene synthase activity
was independent of two regulators of foliar isoprene emis-
sion: leaf age and light. Leaf age regulates the capacity of a
leaf to emit isoprene (i.e. its basal emission rate). Because
extractable isoprene synthase activity correlated with foliar
isoprene emission during leaf development, our extraction
and assay conditions appear to adequately represent in
vivo changes in the basal emission rate. Changes in the
ratio of bound to soluble isoprene synthase activity might
indicate that the two enzymes were differentially ex-
pressed. In addition, one protein may be developmentally
regulated with respect to the presence of a lipid modifica-
tion. Cleavage of a phosphatidylinositol lipid membrane
anchor has been shown to be developmentally controlled,
resulting in differing soluble-to-bound ratios as a function
of development (Hortsch and Goodman, 1990), and plant
protein isoprenylation appears to be developmentally reg-
ulated in some cases (e.g. Morehead et al., 1995).

Light modulates instantaneous leaf isoprene emission,
and light-dependent dynamic regulation of isoprene pro-
duction may occur by a number of mechanisms (see Wil-
dermuth and Fall, 1996). Although we found no difference
in the ratio of stromal to thylakoid-bound isoprene syn-
thase activities when dark- or light-exposed leaves were
extracted in the dark or light, respectively, this result may
only account for nondynamic changes in anchoring. In
special cases, such as that of the D1 polypeptide of PSII,
light-dependent dynamic anchoring is rapidly reversible
(Mattoo et al., 1989). In addition, because total extractable
activity did not change with light/dark extraction condi-
tions, either we did not capture the full light activation of
the isoprene synthases or, conversely, we artificially rep-
resented the light activation of the enzymes by assaying for
isoprene synthase activity at pH 8.0 and 8 mm Mg21,
conditions similar to those of the plastid stroma in the light.
The high Km values for DMAPP (1–8 mm) for both
thylakoid-bound and stromal forms of isoprene synthase
suggests that we did not assay the isoprene synthases in
their light-activated states, which presumably would have
lower Km values than the dark-inactive enzymes. In addi-
tion, the light-activated states of the thylakoid-bound and
stromal isoprene synthases may differ as they do for stro-
mal and thylakoid light-harvesting complex II phosphatase
activities (Hammer et al., 1995). For example, a thylakoid-
bound protein may exclusively activate thylakoid-bound
isoprene synthase in the light.

Attempts to activate thylakoid-bound isoprene synthase
(via phosphorylation or the Fd/thioredoxin system) using
an in vitro willow thylakoid system with conditions similar
to those described by Elich et al. (1992) and Queiroz-Claret
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and Meunier (1995) have not yet resulted in activation. The
Km values for prenyldiphosphate-utilizing plastidic en-
zymes are typically 1 to 10 mm, e.g. limonene synthase has
a Km for geranyl diphosphate of 1.8 mm (Rajaonarivony et
al., 1992a). Unless plastidic DMAPP levels increase greater
than an order of magnitude in the light, it is unlikely that
the isoprene synthases truly have such high Km values in
vivo. Methods for quantitating DMAPP levels in leaves and
plastids need to be developed, perhaps based on the work of
McCaskill and Croteau (1993), to measure light-dependent
changes in plastidic DMAPP levels and to ascertain the
validity of the in vitro Km values we have measured.

Implications for the Regulation and the Role of
Isoprene Formation

The existence of stromal and thylakoid-bound isoforms
of isoprene synthase may provide insight into the regula-
tion and the possible function(s) of isoprene production.
Recent studies report that light-activated plastidic enzymes
(such as the Calvin-cycle enzymes sedoheptulose bisphos-
phatase, phosphoribulokinase, NADP-GAPD, and Fru
bisphosphatase) are present in the stroma and are bound to
thylakoids (Hermoso et al., 1989, 1992; Adler et al., 1993;
Suss et al., 1993; Anderson et al., 1996). As Anderson et al.
(1996) discuss, perhaps this thylakoid association promotes
the efficient use of coupling-factor-1-generated ATP by phos-
phoribulokinase; Pi (generated by sedoheptulose bisphos-
phatase and Fru bisphosphatase) by coupling factor 1 to
produce ATP; and NADPH (produced by Fd-NADP reduc-
tase) by NADP-GAPD. In addition, reductive light modu-
lation of a redox-sensitive disulfide on a thylakoid-bound
enzyme by thioredoxin would be facilitated. In this sce-
nario, the thylakoid-bound enzymes are most active in
vivo, with the soluble forms using excess substrate or
cofactor. Isoprene biosynthesis is light dependent (e.g.
Monson and Fall, 1989), and elucidation of the mechanisms
responsible for the light activation of isoprene synthase
may support a specific regulatory role for its thylakoid
association. In addition, the conversion of DMAPP to iso-
prene results in the production of pyrophosphate (Silver
and Fall, 1995). Hydrolysis by a thylakoid-bound pyro-
phosphatase (e.g. Jiang et al., 1997) may facilitate isoprene
biosynthesis by removing inhibitory inorganic pyrophos-
phate; the Pi produced could also then be available to
coupling factor 1 for the production of ATP.

Perhaps the stromal and thylakoid-bound isoprene syn-
thases serve a protective function in chloroplasts, and the
isoforms act similar to the stromal and thylakoid-bound
ascorbate peroxidases. Miyake and Asada (1992) proposed
that thylakoid-bound ascorbate peroxidase is the primary
scavenger of hydrogen peroxide photoproduced at the thy-
lakoids, and that stromal ascorbate peroxidase acts as a
secondary scavenging system for any additional nonre-
duced hydrogen peroxide. If isoprene acts to stabilize plant
membranes against thermal damage, as postulated by
Sharkey and Singsaas (1995), it would be beneficial to
produce isoprene at the thylakoids for direct partitioning
of this nonpolar hydrocarbon into the thylakoid bilayer.
The production of isoprene in the stroma by the stromal

isoform would presumably allow isoprene to partition into
other plant membranes as it exits from the plastid stroma
out of the leaf. It is not yet known if exposure of leaves
grown at low temperature to high temperature, a stress
that is known to increase the isoprene emission rate from
zero to high levels in kudzu (Sharkey and Loreto, 1993) and
aspen (Monson et al., 1994) leaves, will lead to the coordi-
nate expression of both the stromal and thylakoid-bound
isoforms of isoprene synthase. Determining whether iso-
prene synthase isoforms are encoded by one or two genes,
and characterizing these genes, will help to unravel the
complexity of plastidic isoprene biosynthesis.
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