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More volatile organic carbon is lost from plants as isoprene than any other molecule. This flux of carbon to the atmosphere
affects atmospheric chemistry and can serve as a substrate for ozone production in polluted air. Isoprene synthesis may help
leaves cope with heatflecks and active oxygen species. Isoprene synthase, an enzyme related to monoterpene synthases,
converts dimethylallyl diphosphate derived from the methylerythritol 4-phosphate pathway to isoprene. We used dideu-
terated deoxyxylulose (DOX-d,) to study the regulation of the isoprene biosynthetic pathway. Exogenous DOX-d, displaced
endogenous sources of carbon for isoprene synthesis without increasing the overall rate of isoprene synthesis. However, at
higher concentrations, DOX-d, completely suppressed isoprene synthesis from endogenous sources and increased the overall
rate of isoprene synthesis. We interpret these results to indicate strong feedback control of deoxyxylulose-5-phosphate
synthase. We related the emission of labeled isoprene to the concentration of labeled dimethylallyl diphosphate in order to
estimate the in situ K| of isoprene synthase. The results confirm that isoprene synthase has a K| 10- to 100-fold higher for its

allylic diphosphate substrate than related monoterpene synthases for geranyl diphosphate.

Isoprene is emitted from many plants, including
mosses, ferns, gymnosperms, and angiosperms
(Kesselmeier and Staudt, 1999; Sharkey and Yeh, 2001).
Isoprene emission from plants is one of the most
important sources of volatile organic compounds re-
leased to the atmosphere (Fehsenfeld et al., 1992;
Guenther et al.,, 1995, 2000; Fuentes et al., 2000).
Isoprene emission has been hypothesized to provide
leaves protection from heat damage (Sharkey and
Singsaas, 1995), especially during short heatflecks
(Sharkey et al., 2001), and to protect against ozone
and other active oxygen species (Loreto and Velikova,
2001; Loreto et al., 2001; Affek and Yakir, 2002). Iso-
prene is made in chloroplasts from dimethylallyl di-
phosphate (DMAPP) by isoprene synthase (Silver and
Fall, 1991, 1995; Schnitzler et al., 1996), an enzyme
related to monoterpene synthases (Miller et al., 2001).
Monoterpene synthases have a high affinity for their
substrate, geranyl diphosphate (K, in the micromolar
range), but isoprene synthases examined to date have
a much lower affinity (K s in the millimolar range;
Wildermuth and Fall, 1996; Lehning et al., 1999).

Isoprene is made mostly from carbon previously
fixed by photosynthesis (Delwiche and Sharkey, 1993;
Karl et al., 2002; Affek and Yakir, 2003). A low but
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significant amount (10%-30%) of the carbon in iso-
prene is not rapidly labeled when “CO, is fed
to leaves, about the same proportion of carbon in
phosphoglyceric acid that is not quickly labeled
(Atkins and Canvin, 1971). Current hypotheses are
that this slowly labeling pool is pyruvate imported
into the chloroplast to be joined with glyceraldehyde
3-phosphate (GAP) in the first step of the methyl
erythritol 4-phosphate (MEP) pathway, which sup-
plies carbon for isoprene synthesis (Kreuzwieser et al.,
2002; Rosenstiel et al., 2003).

The flux of carbon through the MEP pathway re-
quired for isoprene synthesis far exceeds that required
for other purposes, such as carotenoid synthesis
(Sharkey et al., 1991). This raises the following ques-
tions: (1) How is the MEP pathway regulated to pro-
vide carbon required for isoprene synthesis, and (2) is
isoprene emission limited by MEP pathway capacity
or by isoprene synthase?

The first intermediate of the MEP pathway is deoxy-
xylulose 5-phosphate (DXP). The nonphosphory-
lated, free deoxyxylulose obtained according to Jux
and Boland (1999) can be fed to leaves and is rapidly
incorporated into the products of the MEP pathway
(Arigoni et al., 1997; Schwender et al., 1997; Sagner
et al., 1998). Isoprene derived from dideuterated
deoxyxylulose (DOX-d,) can be detected and differ-
entiated from unlabeled isoprene originating from
endogenous sources by laser photoacoustics (Dahnke
etal., 2000; Kithnemann et al., 2002). We used this tech-
nique to study the biochemical regulation of isoprene
emission (Wolfertz et al., 2003). We found that feeding
DOX stimulated the rate of isoprene emission only
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when leaves became starved for carbon. We also
found that a large and variable proportion of the total
DMAPP in leaves is located outside the chloroplast
and is, thus, not available for isoprene emission.
DOX-d, was used to investigate properties of iso-
prene synthase, especially the affinity of isoprene
synthase for its substrate DMAPP. In addition, we
studied the regulation of the MEP pathway and its
ability to supply a regulated amount of DMAPP for
isoprene synthesis during and after heatflecks.

RESULTS
Effect of Feeding DOX-d,

Feeding DOX-d, (2.94 mm) caused the emitted iso-
prene to become labeled with deuterium (Fig. 1). The
first deuterium-labeled isoprene was emitted approx-
imately 10 to 15 min after the onset of feeding, and the
degree of labeling increased continuously over the
next 2 h until a rather constant level was reached (Fig.
1). When the DOX-d, solution was replaced with water,
the degree of deuterium labeling of isoprene decreased
after about 20 min and was further reduced to low
levels in about 2 h (Fig. 1). The addition of DOX-d, did
not significantly affect the total (labeled plus un-
labeled) rate of isoprene emission. The deuterium-
labeled isoprene displaced unlabeled isoprene, but the
total emission rate of isoprene remained fairly con-
stant even as the source of precursors was changed
from primarily endogenous (unlabeled) to primarily
exogenous (deuterium labeled) and back again. Pho-
tosynthesis was largely unaffected by administration
of 2.94 mm DOX-d,.
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Figure 1. Time course of isoprene emission and photosynthesis rate of
a leaf fed with DOX-d,. The light was turned on at point 1 (1,000 umol
m~2 s, and DOX- d (2.94 mm) was added to the water fed to the
petiole of the leaf at point 2. At point 3, the solution feeding the petiole
was replaced with water. Green triangles represent total isoprene
emission, black squares represent isoprene not labeled with deuterium,
red circles represent deuterium-labeled isoprene, and blue inverted
triangles represent photosynthetic rate. The solid gray line represents
leaf temperature.

1940

50
40
30
20
10

10.0

-2

umolm™s

M I T T

CO2 Assimilation

Isoprene emission
2 -1
nmolm~s
N v N
©Su;n owm

Before After

Figure 2. Isoprene emission and CO, assimilation before and 45 min
after feeding DOX-d, (36.25 mm). The white bar is emission of
unlabeled isoprene, the black bar is deuterated isoprene, and the gray
bar is CO, assimilation (right scale). Values are means * sg, n = 3.

In most experiments, feeding 2.94 mm DOX-d,
resulted in half or more of the emitted isoprene to be
labeled. The average proportion after 90 min of feed-
ing was 56 * 5% (average * SE, n = 8). The total
isoprene emission rate (labeled plus unlabeled) 90 min
after feeding was 108 * 11% (average * sg, n = 8) of
the rate observed before feeding.

At higher concentration (36.25 mm) DOX-d,, iso-
prene became completely labeled within 45 min (Fig.
2). In addition, the total rate of isoprene emission
increased while photosynthesis was decreased. The
relatively high sk of the isoprene emission rates reflects
leaf-to-leaf variation. The rate of isoprene emission
from DOX-d, was 35% * 10% (average * SE, n = 3)
more than the total isoprene emission before feeding,
and the increase occurred in all three trials. The
inhibition of photosynthesis was always less than the
inhibition of unlabeled isoprene (Fig. 3).

Chloroplast Levels of DMAPP-d,

We hypothesize that DOX-d, is converted to
DMAPP-d, inside the chloroplast and that no
DMAPP-d, derived from DOX-d, occurs in the cyto-
sol. Attempts to feed DMAPP-d, were unsuccessful, as
expected. This confirms that the Cs-diphosphates do
not cross membranes to reach the chloroplasts in
sufficient amounts to be detected by isoprene emis-
sion. In addition, we note that one of the xylulose
kinases in the Arabidopsis genome is predicted to
have a transit sequence. Therefore, all DMAPP-d,
derived from the exogenous precursor should be in
the chloroplast, although the cytosol has substantial
amounts of DMAPP resulting from the MVA path-
way. By measuring the DMAPP-d, we could relate
isoprene-d, emission to its substrate independent of
the cytosolic DMAPP.

The rate of emission of isoprene-d, was correlated
with the amount of DMAPP-d, measured in the leaf
(Fig. 4). Using a Hanes—Wolff plot we calculated a K|
of 139 nmol g ! fresh weight and V,__ of 71 nmol
m s~ To relate the K__ to a concentration, the plastid
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Figure 3. Inhibition of unlabeled isoprene emission versus inhibition of
photosynthesis (CO, uptake). A 1:1 line is shown. All points lie above
this line, indicating greater inhibition of isoprene emission than
photosynthesis in all cases. The data are drawn from all experiments
and include feedings of three different DOX feedings.

volume of Eucalyptus globulus was assumed to be about
15% of the leaf fresh weight (i.e. 0.15 mL/g fresh
weight) and the leaves about 90% liquid volume (based
on data from Winter et al. [1993, 1994] for spinach and
barley), then the K, is calculated to be 0.97 mm.

139 nmol
gram fresh weight

gram fresh weight
0.9 g leaf liquid

gram leaf liquid

- +
0.15 mL stroma 0.97=0.61 mu

If the Eucalyptus leaves had a higher dry weight to
fresh weight ratio compared with spinach and barley,
then the K, would be higher, thus this calculation is
conservative and likely underestimates the K.

Effect of Heating

Leaves emitting roughly equal amounts of labeled
and unlabeled isoprene at 30°C were heated to leaf
temperatures between 45°C and 50°C. In Figure 5A,
a representative example with the rate and extent of
heating is shown. Initially, the total isoprene emission
rate increased substantially, but the majority of the
increased emission was derived from endogenous
sources (i.e. was unlabeled; Fig. 5). Photosynthesis
was eventually inhibited by the heat treatment and did
not recover immediately after returning the leaf tem-
perature to 30°C. Following the heat treatment, the
total rate of isoprene emission was severely depressed.
DOX-d,-dependent isoprene emission decreased im-
mediately after the heatfleck but recovered beyond
prestress levels within 2 h, while the isoprene derived
from endogenous sources decreased to zero after the
heatfleck and did not significantly increase after pho-
tosynthesis began to recover 2 h later (Fig. 5). For the
experiment shown in Figure 5 (one of three), endog-
enous isoprene production was 19.8 nmol m ™ *s ™' and
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isoprene-d, production was 15.9 nmol m s ™" at 30°C
prior to the heatfleck (time 291 min).

DISCUSSION
Pathways of Isoprene Synthesis

Isoprene can be made from endogenous carbon
sources, especially from the Calvin cycle (Sharkey and
Yeh, 2001) or from exogenous DOX (Arigoni et al.,
1997; Schwender et al., 1997; Fig. 6). The pathway for
incorporating exogenous DOX into plastid isopre-
noids has a surprisingly high capacity. Rates of
isoprene-d, emission as high as 60 nmol m *s™ ' were
observed. Because the label in DOX-d, appeared in
isoprene rather rapidly and faded out with a similar
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Figure 4. Isoprene-d, emission versus DMAPP-d, concentration in the
leaf. The fitted line in the top section assumed Michalis-Menten
kinetics. The bottom section is a Hanes-Woolf plot (S/V is substrate
concentration/velocity of the reaction) that gave an estimated V,,, of
71 nmol m™?s™"and K, of 375 nmol g~ fresh weight. The line had an

R? of 0.66.
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Figure 5. Time course of isoprene emission and photosynthesis rate of
a leaf fed with DOX-d,. The light was turned on at point 1 (1,000 umol
m~? s7"), and DOX-d, was added to the water (2.94 mm) fed to the
petiole of the leaf at point 2. Symbols are described in Figure 1.

kinetics after consumption, it is likely that labeled
isoprene emission is indicative of the rate of phos-
phorylation of DOX. One may speculate that plants
have an endogenous capacity to phosphorylate DOX
since the latter may act as a transport molecule in the
plant. The phosphorylation is assumed to be catalyzed
by xylulose kinase, and there are two genes for this
enzyme in Arabidopsis. In Escherichia coli this enzyme
confers the ability for the bacterium to utilize the sugar
lyxose, an epimer of Xyl (Sanchez et al., 1994).

High concentrations of DOX (>3 mm) caused an
inhibition of photosynthesis. This could be related to
imbalance in phosphate inside the chloroplast as the
DOX became phosphorylated since low levels of
phosphate can occur when phosphorylation substrates
are fed to leaves (Sharkey and Vanderveer, 1989). Since
each DMAPP sequesters two phosphates, this can
reduce the phosphate available for ATP synthesis
and in so doing limit the rate of photosynthesis
(Sharkey, 1990). The decline in photosynthesis was
associated with a clear decrease in the synthesis of
unlabeled isoprene, even though total rate of isoprene
synthesis was increased. This shows that the ability of
leaves to convert DXP to isoprene was unaffected by
DOX feeding, even though photosynthesis was. In
all experiments, the extent of the inhibition of the
photosynthesis was less than that of the production
of unlabeled isoprene. In previous work we saw that
only when the photosynthetic Calvin cycle was limited
by removing both CO, and O, from the airstream
flowing over a leaf was isoprene emission limited by
carbon availability (Loreto and Sharkey, 1993). This
indicates that the reduction of unlabeled isoprene in
response to feeding DOX was not the result of the
effects of DOX on photosynthesis.

Kinetic Parameters of Isoprene Synthase

To determine the in vivo K, for isoprene synthesis,
we assayed DMAPP-d, and assumed that this entire
compound was in the plastid compartment. A signif-

1942

icant amount of the total DMAPP in leaves is out-
side of chloroplasts (Rosenstiel et al., 2002; Wolfertz
et al., 2003) and, hence, whole-leaf measurements of
DMAPP do not give reliable information on the
amount of DMAPP that is available to isoprene syn-
thase in the plastid. There is evidence for DOX-d,
contributing to sesquiterpene synthesis (Piel et al.,
1998) but little evidence that the diphosphates can
readily cross the chloroplast envelope. Other cases of
cross-talk between the isoprenoid pathways normally
involve long time periods (Laule et al., 2003). The very
large fluxes of carbon needed for isoprene synthesis, as
much as 100 times the MEP pathway flux needed to
make other isoprenoids in plastids (Sharkey et al.,
1991), and the nearly complete elimination of isoprene
synthesis in fosmidomycin-fed leaves (Zeidler et al.,
1998; Loreto and Velikova, 2001; Sharkey et al., 2001)
indicate that DMAPP cannot cross into the chloroplast
at rates that are significant for isoprene synthesis in the
species tested so far (Phragmites australis, Platanus x
acerifolia, Populus nigra, Pureria montana, and Quercus
rubm) Thus, we assumed that all DMAPP-d, was
in the chloroplasts. Loreto et al. (2004) measured the
3C-labeled pool of DMAPP in a similar way to distin-
guish the Plastld DMAPP (quickly labeled when plants
were fed ) and cytosolic DMAPP.

The estlmated K., was 0.97 mm and may have been
higher. This is an indirect measure that may have more
uncertainty than in vitro measurements, but this esti-
mate is important because it reflects the enzyme kinet-
ics in situ. We did not measure the K, directly in this
work, but our estimated in vivo K., corresponds very
well with the high in vitro estimates of the K of
isoprene synthase (Silver and Fall, 1995; Schnitzleretal.,
1996; Wildermuth and Fall, 1998; Lehning et al., 1999;

Endogenous source

Exogenous GAP + Pyruvate
SOUrce  ATP ADP DXS |
b
DOX—dz DXP-d, -
Xylulose NADPH
kinase I [ DXR
NADP
MEP-d,
; ‘
DMAPP dy
soprene
/ \nmhasa

Isoprene-d, Isoprene

Figure 6. Pathway for isoprene synthesis from either endogenous
sources (GAP + pyruvate) or exogenous DOX-d,. Dotted lines indicate
hypothesized feedback loops. DXR, DXP reductoisomerase.
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Table I. Hypothesized effects of DOX-d, teeding and a heatfleck on isoprene emission and related parameters

[DXP] DXS Activity

Xylulose Kinase Activity Isoprene Synthase Activity

DOX-d, feeding Remains Reduced to compensate

(2.94 mm) constant for DXP from DOX
DOX-d, feeding Increases Nearly zero as DMAPP and
(36.25 mm) DXP levels above set points
Heatfleck Decreases Increases, reduced
feedback
Post heatfleck Decreases Substrate limited

Constant, as the DMAPP
level is constant

Increased because [DMAPP]
is no longer regulated

Increased by the heat

Activity dependent on
DOX arrival

Can exceed the regulated
rate of DXP synthesis

Little affected (substrate
limited)

Not affected Substrate limited

Miller et al., 2001). Related monoterpene synthases
have K s for their substrate, geranyl diphosphate,
between 10 and 100 um (Fischbach et al., 2000) and
sometimes as low as 2.6 um (Alonso and Croteau, 1991).
The results presented here show that in situ the K, for
the allylic diphosphate substrate is much higher for
isoprene synthase than for the related monoterpene
synthases.

Regulation of the MEP Pathway

Using DOX-d, we were able to examine the regula-
tion of the early steps of the isoprene biosynthetic
pathway. When 2.9 (e.g. Fig. 1) or 7.5 mm (data not
shown) DOX-d, was fed, the exogenous DXP displaced
the endogenous supply, but the overall rate of isoprene
emission remained constant and presumably so did the
concentrations of DMAPP and DXP in the plastid. This
could be achieved by a negative feedback loop from
DXP, DMAPP, or other intermediates of the pathway
modulating the activity of DXP synthase (DXS) to keep
the supply of DMAPP constant. If the regulation of the
rate of DMAPP synthesis would be localized down-
stream of DXP, we would not expect exogenous DXP
(from administration of DOX-d,) to displace the en-
dogenous source of DMAPP precursors. The fact that
the overall rate of isoprene emission changed very little
until the endogenous isoprene was reduced nearly
to zero indicates that the feedback loop is very effec-
tive. Very high levels of DOX-d, can overcome the
regulation.

When leaves were heated, isoprene synthase,
known to be highly temperature dependent (Monson
et al., 1992; Lehning et al., 1999), increased in activity.
This would relieve the feedback on DXS, and so
substantially more carbon was diverted to isoprene
through DXS. Heat also likely increased the activity of
xylulose kinase and may have increased the rate of
arrival of DOX-d, through effects on transpiration.
However, these effects were much smaller than the
relief of feedback inhibition on DXS, and so heat stimu-
lated production of unlabeled isoprene more than
of labeled isoprene. However, following the heating,
leaves had a net negative carbon balance and, pre-
sumably, GAP and pyruvate were in limited supply.
Labeled isoprene was emitted at about the rate it was
before the heatfleck, showing that the regulation of
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isoprene emission following a heatfleck depends on
availability of substrate rather than changes in isoprene
synthase activity. Even heat stress severe enough
to eliminate photosynthesis does not appear to affect
the capacity to convert DOX to isoprene. Draining
pools of intermediates at temperatures above 35°C
may account for the reduction in isoprene emission
seen when leaves are above 35°C for more than 15 min
(Singsaas and Sharkey, 1998).

The hypothesized regulation of the MEP pathway in
response to the various treatments is summarized in
Table I. Assuming a high gain feedback loop, we make
the following interpretations. When 2.94 mm DOX-d,
is fed to leaves, the rate of arrival and conversion to
DXP is less than the rate of use of DXP, and DXS is
perfectly regulated to compensate for the exogenous
carbon source, keeping the DXP and DMAPP concen-
trations constant (and, therefore, isoprene emission
rate stays constant). When 36.25 mm DOX is fed, the
exogenous source exceeds the steady-state consump-
tion, and so even with essentially no endogenous pro-
duction of DXP, the DMAPP concentration increases,
resulting in an increase in the rate of isoprene emis-
sion. This could only occur if the steady-state rate of
DMAPP was not substantially above the K of iso-
prene synthase for DMAPP. From the discussion
above, we believe that the very high K s (in the
millimolar range) reported for the isolated enzyme
also are true for the enzyme in situ, making it possible
for exogenous DOX to increase the rate of isoprene
emission by increasing the concentration of DMAPP.

In earlier work, we found that high emission rates of
isoprene were correlated with low chloroplastic pools
of DMAPP (Wolfertz et al., 2003). This indicates that
the set point for DMAPP concentration may be dif-
ferent in different plants and would require very
large variations in the amount of isoprene synthase
in leaves. Both the substrate concentration inside
chloroplasts and the amount of isoprene synthase
(Schnitzler et al.,, 1997) have effects on the rate of
isoprene emission. In future work, we plan to measure
DMAPP concentration and isoprene synthase amount
and activity in response to changes known to influence
isoprene emission rates, including development
(Harley et al., 1994; Monson et al., 1994) and weather
(Sharkey et al., 1999; Hanson and Sharkey, 2001; Pétron
et al., 2001).
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MATERIALS AND METHODS
Plant Culture

Leaves were taken from a Eucalyptus globulus tree kept in a greenhouse of
the Institute of Plant Pathology at the University of Bonn. During summer, the
tree stood outside in the garden of the institute. Leaves were cut under water
and held in water for the whole measurements. Measurements were done
between July and September 2003.

Gas Exchange, Leaf Sampling, and DMAPP Assay

Gas exchange measurements were carried out as described in Kithnemann
et al. (2002) but using a leaf chamber with temperature control plus a fan to
reduce the boundary layer resistance to heat transfer. We found that that
Eucalyptus emits isoprene in the ppmv level, dominating the spectral
absorption of the photoacoustic spectrometer. Given the selectivity and
sensitivity of the photoacoustic spectrometer for isoprene and isoprene-d,,
other monoterpene emissions of Eucalyptus leaves can be neglected. Isoprene,
isoprene-d, and CO, levels were continuously determined with a 12CO,-laser-
photoacoustic spectrometer. The data were analyzed by a least squares fit
described by Gébler (1998), and the error bars on the photoacoustic data give
the uncertainty of the fit. All measurements were made at 30°C (except for
heatfleck measurements) and 1,000 umol m~?s " light. After turning on light,
basal isoprene emission rate was determined before adding exogenous
DOX-d,. After isoprene-d, reached its constant level, leaves were removed
from the chamber and quickly frozen in liquid nitrogen and stored in liquid
nitrogen (covered by aluminum foil) until they were used for DMAPP assays.

For determining the DMAPP amount, we used the method of Fisher et al.
(2001); briefly, leaf tissue was ground in liquid nitrogen and afterward
distilled water was added. The samples were then centrifuged in a microfuge
for 15 min at 4°C. The supernatant was injected into a glass vial already filled
with sulfuric acid (8 m), flushed with gaseous nitrogen, and sealed. After
incubating for 45 min in a water bath at 50°C, the assay vial was flushed again
with nitrogen and the headspace gas passed through a cooling trap at —90°C
before entering the photoacoustic spectrometer in order to determine
isoprene-d, concentration. This method converts 5% of the DMAPP to iso-
prene as determined by Wolfertz et al. (2003), and this correction was used to
calculate the DMAPP-d, from the isorpene-d, measurement.

Received March 29, 2004; returned for revision May 25, 2004; accepted May 26,
2004.
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