153dd5®03IRML 890G603®Id5MS J6M363IR0

53533001

805839, ®.3, N3, 2009

BULLETIN OF THE GEORGIAN NATIONAL ACADEMY OF SCIENCES, vol. 3, no. 3, 2009

Biochemistry, Molecular Biology

The Future of Isoprene Research

Thomas D. Sharkey

Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, Michigan, 48824 USA

(Presented by Academy Member T. Beridze)

ABSTRACT. This is the year of celebration of the 80th birthday of Academician Guivi Sanadze, the discoverer of
isoprene emission from plants. Since the initial discovery, work in his laboratory has laid the foundation of our
current understanding of many important aspects of isoprene emission. Among the most important are: the very
large temperature sensitivity of isoprene emission from plants, its dependence on light, and its close association
with photosynthesis. In this opinion paper I shall describe major understandings that have come about in the forty
years of research since the discovery of isoprene emission, several current controversies and my opinions about
them, and most importantly, the future for isoprene research. © 2009 Bull. Georg. Natl. Acad. Sci.
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EARLY MAJOR DISCOVERIES

The first reports of isoprene emission from plants
were received with significant skepticism. The mass spec-
trometry and NMR required to prove that the gas com-
ing from plants was indeed isoprene is described by
Sanadze [1]. Reinhold Rasmussen is given credit for
independently discovering isoprene emission several
years later. Rasmussen was confident that isoprene was
being emitted and in Rasmussen and Went [2] stated
that “the oak produces large amounts of a volatile ma-
terial with the same absorption characteristics as iso-
prene”. (The paper was read in 1964 and published in
1965.) He proved that isoprene was the compound emit-
ted using mass spectrometry in 1970 [3]. The early pe-
riod of isoprene research has been described in detail by
Sanadze [1] and he puts the initial discovery in the 1950s.
This work was clearly the first to describe isoprene
emission. In a second period of isoprene research (as
described by Sanadze), which I take to extend from 1970
(Rasmussen’s confirmation) to 1989 (the beginning of a
proliferation of papers), many details were added to the

major observations originally made in the Institute of
Botany (Academy of Sciences of Georgian SSR). This
period saw confirmation that isoprene emission was light
dependent, highly temperature dependent, and that the
trait is found in a number of plant species, mostly trees
but by no means in all plants. The middle period of
research was primarily carried out by Sanadze,
Rasmussen, and Tingey and their colleagues. It was
during this period that I became fascinated with this
topic as a graduate student in the mid-1970s, though it
would be 15 years between my first isoprene experi-
ments and my first publication on isoprene emission
from plants. The publication in 1989 by Monson and
Fall [4] and one year later by Sharkey and Loreto [5]
began an intensive period of research on isoprene emis-
sion from plants, which continues to this day.

CURRENT MAJOR QUESTIONS

Two major questions characterize the current re-
search on isoprene emission from plants; simply put
they are “how” and “why”.

©2009 Bull. Georg. Natl. Acad. Sci.
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How

This question can be addressed in two parts: 1. What
is the pathway of carbon for isoprene synthesis; and 2.
How is the rate of synthesis controlled? Initially it was
assumed that all terpenoids were made by the mevalonic
acid (MVA) pathway [6]. However, it had been known
for some time that, for example, carotenoids were not
easily labeled when labeled acetate (the precursor for the
MVA pathway) was fed to chloroplasts. Carotenoids could
be labeled when labeled CO, was fed so the chloroplasts
were competent to make carotenoids. Sanadze postu-
lated a second carboxylation reaction to account for this
and other anomalies (reviewed in [1]). One of the anoma-
lies was the labeling of carbons in the isoprene molecule
when 13CO2 is fed to leaves. The papers reporting on this
work were very innovative and there was a significant
analysis of mass spectrometry data [7,8]. But I was un-
able to confirm that some carbons are labeled more readily
than others [9] and I now suspect the difference is related
to whether the air continues to flow during the experi-
ment so that the leaf does not run out of CO,. However,
these anomalies were also explained by the discovery of
the methyl erythritol phosphate (MEP) pathway [10,11].
For me, it was compelling that feeding the inhibitor of
one of the enzymes in the pathway, fosmidomycin, could
almost eliminate isoprene emission without a significant
effect on the rate of photosynthesis. I take this to mean
that other carbon sources are insignificant relative to the
MEP pathway but an alternate view is discussed by
Sanadze [1].

1. The Pathway The prevailing view at present is
that glyceraldehyde 3-phosphate from the Benson-Calvin
cycle and pyruvate imported into the chloroplast as
phosphoenolpyruvate are combined in the first step of
the MEP pathway and dimethyl allyl diphosphate, the
immediate precursor of isoprene, is formed in the last
step. However, the second carboxylase theory is still put
forward [1] and has been covered recently in this jour-
nal [12].

The activity of an isoprene synthase was reported
by Silver and Fall [13,14]. The enzyme was first cloned
from poplar by Miller et al. [15] followed by cloning of
the genomic version from kudzu, aspen, and additional
poplars [16-18]. The enzyme is closely related to monot-
erpene synthases but shows significant diversity among
plants, and it has been suggested that the trait of iso-
prene emission may have evolved many times, perhaps
once in Quercus, once in Populus, once in the legumes
and another time in eucalypts. The gene structure of
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monoterpene synthases and isoprene synthase in an-
giosperms (six introns and reasonable conservation of
exon size and phasing) is not found in other organisms
known to emit isoprene such as gymnosperms or ferns
and so it is likely that isoprene emission in these plants
also evolved independently [17].

2. Control of the rate The rate of isoprene emission
is highly controlled. Questions that need answers are
why is isoprene emission light-dependent, why does it
respond so strongly to temperature, why does it decline
at high CO,, why does it vary through the day, why does
it vary through a season, and why is it developmentally
delayed, with little or no isoprene emission until leaves
are fully expanded? For the last question, it is clear now
that expression of the isoprene synthase gene is delayed
until full leaf expansion, although the effect is tempera-
ture-dependent [19,20]. For most of the other questions,
evidence is accumulating that the provision of substrate
(DMADP) is the most important determinant of the rate
of isoprene emission [21,22]. There is some debate about
the mechanism by which elevated CO, causes the rate
of isoprene emission to decline [12,22] and further re-
search will be required to determine the relative impor-
tance of the various mechanisms proposed. The capac-
ity for isoprene emission varies through the season and
appears to depend on the weather, mostly temperature,
of the previous few days [23-26]. Attempts to find ex-
planations in gene expression of either isoprene syn-
thase or enzymes catalyzing regulatory steps in the MEP
pathway were disappointing [27]. Variation through a
day was investigated and several possible regulatory
genes show significant circadian oscillations in expres-
sion but the gene products do not [28].

The biochemical mechanism for the two most char-
acteristic emission rate responses, temperature and light,
are still unexplained. There are several possible reasons
for lack of isoprene emission in darkness. Since one of
the substrates comes from the Benson-Calvin cycle, a
lack of Benson-Calvin cycle activity could limit isoprene
emission. The MEP pathway uses a lot of ATP and so
low ATP at night could limit isoprene emission. How-
ever, in both cases, it is expected that there should be
homeostasis so that some GAP and ATP would be present
at night (and this is generally found experimentally).
However, the supply of reducing power could become
limiting very rapidly. There are three steps in the MEP
pathway that require reducing power. One of the steps
occurs very near the end of the MEP pathway and uses
ferredoxin (hydroxymethyl butenol reductase). Rasulov
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et al. [21] assume that this step accounts for the light
dependence of isoprene emission. If so, then isoprene
made after immediately turning off the light could only
come from preexisting DMADP, making post-illumina-
tion isoprene emission a measure of the DMADP pool
available for isoprene synthesis [21].

The temperature dependence of the rate of isoprene
emission is complex. When measurements are made
slowly, isoprene emission can peak at 37.5°C but if they
are made quickly isoprene emission continues to increase
up to 40 or more °C [29]. Above 35°C the rate of iso-
prene emission can overshoot and show other complex
kinetics [30] but the metabolic basis for these effects is
not known. Significant work on the metabolism of iso-
prene synthesis is still required.

Why

To ask “why” in biology is to ask whether plants
that emit isoprene are more fit in some way, and fitness
normally means reproductive success. Photosynthesis is
often taken to be a proxy for fitness, higher photosyn-
thetic rate should allow greater reproductive success.
On the other hand, a process may be needed to correct
some other metabolic defect, for example the photores-
piration pathway is required because of the oxygenase
activity of Rubisco. It is also possible that a particular
trait is simply an evolutionary relic or metabolic mis-
take. Four hypotheses can be identified in current litera-
ture to explain why plants emit isoprene.

1. Metabolic relief valve for releasing phosphate
inadvertently stuck in DMADP [31].

2. Mechanism for dissipating energy [1].

3. Protection against ozone, singlet oxygen and other
reactive oxygen species [32-34].

4. Thermoprotection [35,36].

Each of these hypotheses has been described but I
favor thermoprotection because it is consistent with the
observations of physiology such as the large tempera-
ture dependence at several levels and the light depen-
dence. I list here my opinions about why
thermoprotection is the best explanation of “why” plants
emit isoprene and suggest interested readers consult the
cited papers for arguments for each of the alternatives.

The metabolic relief valve hypothesis is that plants
are unable to control the production of DMADP and so
need to make and release isoprene to recover the phos-
phate in DMADP. Phosphate imbalance in chloroplasts
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has been demonstrated. At high CO, and low tempera-
ture too little phosphate is released by starch and su-
crose synthesis [37,38]. Isoprene emission is low under
these conditions so it is ill suited as a phosphate release
mechanism. In addition, the MEP pathway has been
shown to be under very strict feedback control, limiting
carbon entry into the pathway when the DMADP con-
centration is sufficient for the plant’s needs [39]. The
relief valve hypothesis is that DMADP production is
part of a futile cycle in which energy is consumed with
no net usefulness to the plant. Generally, plants avoid
futile cycles and we should resort to postulating futile
cycles only in the absence of other compelling possibili-
ties.

The dissipation of energy can be considered at two
levels. First, in very broad terms, living organisms op-
erate by using energy gradients in nature. Use of energy
gradients can allow the low entropy situation of living
beings and still allow for generally increasing entropy
of the universe. This argument is laid out by Sanadze
[1]. However, while it is true that life in general re-
quires dissipative mechanisms, individuals are favored
by energy efficiency, since a more energy-efficient indi-
vidual is likely to have more resources for reproduction
than inefficient individuals. Another aspect of the en-
ergy dissipation argument is that leaves can be subjected
to sunlight intensity greater than can be used in photo-
synthetic reactions. If isoprene were a mechanism for
coping with this kind of stress, then it would be ex-
pected that isoprene emission would be suppressed at
low light and increase only once photosynthesis was
saturated with light. Instead, the rate of isoprene emis-
sion follows photosynthetic rate and generally saturates
at about the same level as photosynthesis. In addition,
the amount of energy that can be dissipated by iso-
prene synthesis is small relative to the amount that
needs to be dissipated and the amount that is routinely
dissipated by energy dependent quenching mechanisms
in photosystem II. For example, consider a plant that
does not emit isoprene in which photosynthesis satu-
rates with light at 500 wmol m”s " of light. In full sun-
light (=2000 umol m~ s™), 1500 umol m™ s of light
energy will be dissipated, primarily by the zeaxanthin-
and energy-dependent quenching mechanisms. As long
as some other stress is not present, plants generally can
dissipate this much energy with no damage. Isoprene
emission, at a high rate of 100 nmol m” s and assum-
ing as much as 20 umol photons m’s’ per carbon emit-
ted (allowing for the extra reduction of isoprene relative
to sugar and some cycling in photorespiration) would
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dissipate 2 umol m’s’ compared to the 1500 wmol m’s’
dissipated by energy dependent quenching. Therefore,
while it is true that isoprene emission will dissipate en-
ergy, the amount of energy dissipated this way is so
low as to be meaningless. Finally, photoinhibition caused
by excess light is generally a problem at low tempera-
ture while isoprene emission is greatest at high tempera-
ture. So, once again, like the phosphate release story,
the characteristics of isoprene emission are not consis-
tent with the dissipation hypothesis.

Isoprene protects against reactive oxygen species.
Ozone causes cell death and collapse and isoprene can
prevent this. It is not clear why some plants would use
this antioxidant mechanism while others do not, espe-
cially in light of the universal and substantial antioxi-
dant systems in chloroplasts and mitochondria. Surpris-
ingly, isoprene emission is reduced in plants exposed to
ozone for extended periods [40,41]. The antioxidant
properties of isoprene have been suggested as a univer-
sal mechanism of action of isoprene to explain both
antioxidant properties and thermoprotection [42]. I shall
suggest below that membrane stability is a better candi-
date for a universal mechanism of action, if such exists.

Thermotolerance, especially tolerance of heat spikes
that can occur in leaves at the tops of trees exposed to
sunlight, remains the most attractive hypothesis to me
for “why” plants emit isoprene. It is clearly consistent
with the strong temperature response, the light response
and other responses such as the four-fold difference in
isoprene emission capacity between the top and bottom
of a tree [43]. It has been shown using exogenous iso-
prene with species that do not emit isoprene and it has
been shown by suppressing isoprene emission using
fosmidomycin [36]. Some have worried about the use of
a poison like fosmidomycin. For this reason the proper
control experiment was done in which isoprene emis-
sion was suppressed by fosmidomycin, then isoprene
was added in the airstream and thermotolerance was
restored. With this control, the fosmidomycin data are
very strong support for the thermotolerance hypothesis.
Thermotolerance has been found by many other groups
now, often using transgenic plants either knocking down
isoprene emission in poplars or adding isoprene emis-
sion to plants that normally do not make it [44,45].
Another kind of thermotolerance has been reported in
which extended high temperature that leads to cellular
collapse can be counteracted in transgenic Arabidopsis
plants transformed with an isoprene synthase gene [46].
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The protection against short high temperature epi-
sodes could be explained by increased membrane stabil-
ity. Model calculations indicate that membranes can be
stabilized at high temperature [47] by intercalation of
isoprene and recent data indicate that membrane leaki-
ness can be a problem in short high temperature experi-
ments [48]. Can the cell death and collapse of extended
heat stress and oxidative stress also be explained by
membrane stability? I think it can. Programmed cell
death occurs in animals, the best-known pathway being
apoptosis. The critical event in apoptosis is the
permeabilization of the mitochondrial membrane. This
converts the mitochondrion from an oxidant sink to an
oxidant source. There is a mutual reinforcement of
membrane permeability and ROS leakage from the mi-
tochondria and it is possible that either reducing the
permeability or quenching the ROS will stop pro-
grammed cell death. Much less is known about pro-
grammed cell death in plants than in animals but this is
an important area for future research.

THE FUTURE OF ISOPRENE RESEARCH

The future of isoprene research should see signifi-
cant advances in understanding the mechanism of ac-
tion of isoprene within plants. There are likely to be
major improvements of our understanding of the regu-
lation of DMADP synthesis. This will have implica-
tions for other areas of biology to the degree that new
regulatory mechanisms are discovered in the MEP path-
way. Because the MEP pathway is so recently discov-
ered there is significant opportunity for discovery.

The enzyme responsible for isoprene synthesis in
species other than among the flowering plants will sig-
nificantly advance our understanding of the evolution
of isoprene emission among land plants. The relation-
ship between terpene synthases and isoprene synthase
in these other lineages will help in understanding how
isoprene emission can evolve independently so often. It
is almost certain that very different isoprene synthases
will be found, especially considering that isoprene is
emitted from humans and bacteria, for which the entire
gene sequence is known and which do not have any
gene resembling the flowering-plant isoprene synthase.

In addition to the controversies above that will be
solved by future research, there is another major direc-
tion of isoprene research. Isoprene has potential as a
biofuel. This has significantly accelerated interest in
isoprene synthase research as metabolic engineers race
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to improve the enzyme for use in fermentative organ-
isms. Ethanol has been used as a biofuel for many years,
with the country of Brazil being a notable success story.
However, ethanol has a lower energy density and must
be distilled from the fermentation broth, requiring sig-
nificant energy. Isoprene could be made instead and
collected from the gas phase of the fermentor, eliminat-
ing the need for distillation. Isoprene has a higher en-
ergy density than ethanol and does not absorb water and
so should be less corrosive when used in automobiles.
Isoprene could be made from the same inputs currently
used to make ethanol. Starch from Zea mays grain is
currently a major starting point in the ethanol industry
in the US and this is generally considered unsustain-
able. As alternate inputs are developed there is no rea-
son that those inputs could not be converted to isoprene
instead of ethanol. On the other hand, isoprene emis-
sion is closely associated with photosynthesis so photo-
synthetic organisms engineered to make high levels of
isoprene can also be envisioned for the future.

It may be some time before isoprene production is
economically competitive, but in the meantime, there is
a high value market for isoprene for making rubber and
other products. There is a very large market for isoprene
for rubber manufacture and at present this isoprene comes
from petroleum. Biologically derived isoprene could
substitute for petroleum-derived isoprene. The company
Genencor delivered the first biologically derived iso-
prene to Goodyear Rubber Company in 2009. Genecor
used several isoprene synthase genes that have been
cloned and donated to public databases during the course
of isoprene physiology research [49] including those of
kudzu [17], Populus alba [16] and hybrid poplar [18].
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(www.biofuelsdigest.com/blog2/2009/10/26/genencor-50-
hottest-companies-in-bioenergy-candidate-profile) (ac-
cessed October 26, 2009).

Another promising compound very closely related
to isoprene is 2-methyl-3-buten-2-ol (MBO)(isoprene
with water across one of the double bonds). This com-
pound is made by a limited number of pine species from
the western United States [50]. This compound has al-
most identical light and temperature responses as iso-
prene and is made from the same precursor [51-53].
Despite its very limited distribution, it may prove a very
useful compound in biobased products and biofuels.

In summary, it has been 50 years since Sanadze’s
discovery of isoprene emission from plants. The first 30
years of research on isoprene involved a very limited
number of investigators but laid the groundwork for our
current understanding of isoprene emission from plants.
The past 20 years has seen much more intensive re-
search but a number of questions remain open. The next
phase of isoprene research is likely to be even more
intense as the commercial prospects for isoprene (and
MBO) biological production are explored. There remain
many very interesting unanswered questions for the fu-
ture of isoprene research. This year we can look back
and celebrate the tremendous achievement of the Aca-
demician Sanadze’s discovery of isoprene emission from
plants and look forward to the future of isoprene re-
search.
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