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Isopentenyl diphosphate (IDP) and its isomer dimethylallyl diphosphate (DMADP) are building units for
all isoprenoids; thus, intracellular pool sizes of IDP and DMADP play important roles in living organisms.
Several methods have been used to quantify the amount of DMADP or the combined amount of IDP plus
DMADP, but measuring the DMADP/IDP ratio has been difficult. In this study, a method was developed to
measure the ratio of DMADP/IDP. Catalyzed by a recombinant IDP isomerase (IDI) together with a
recombinant isoprene synthase (IspS), IDP was converted to isoprene, which was then detected by chemi-
luminescence. With this method, the in vitro equilibrium ratio of DMADP/IDP was found to be 2.11:1. IDP
and DMADP pools were significantly increased in Escherichia coli transformed with methylerythritol
4-phosphate pathway genes; the ratio of DMADP/IDP was 3.85. An E. coli strain transformed with IspS
but no additional IDI had a lower DMADP level and a DMADP/IDP ratio of 1.05. Approximately 90% of
the IDP and DMADP pools in light-adapted kudzu leaves were light dependent and so presumably were
located in the chloroplasts; the DMADP/IDP ratios in chloroplasts and cytosol were the same as the
in vitro ratio (2.04 in the light and 2.32 in the dark).

© 2013 Elsevier Inc. All rights reserved.

Isoprenoids (also called terpenoids) are the most functionally
and structurally varied group of plant metabolites [1-3]. Based
on numbers of the five-carbon units, the isoprenoid family is clas-
sified into hemiterpenes (1), monoterpenes (2), sesquiterpenes (3),
diterpenes (4), triterpenes (6), tetraterpenes (8), and polyterpenes
(>8) [1]. The simplest isoprenoid, isoprene, contributes one-third of
the annual global emissions of volatile organic compounds, with
more than 90% from terrestrial plant foliage and the rest from mi-
crobes, animals (including humans), and aquatic organisms [4,5].

Isopentenyl diphosphate (IDP)! and its isomer dimethylallyl
diphosphate (DMADP) are the basic building blocks for all of the iso-
prenoids in living organisms [1,6] (Fig. 1). The mevalonic acid (MVA)
pathway in a few bacteria, yeast, animals, and the cytosol of plants
uses acetyl coenzyme A to synthesize IDP, which is then isomerized
to DMADP. Common products of the MVA pathway include

* Corresponding author. Fax: +1 517 353 9334.
E-mail address: tsharkey@msu.edu (T.D. Sharkey).

1 Abbreviations used: IDP, isopentenyl diphosphate; DMADP, dimethylallyl diphos-
phate; MVA, mevalonic acid; MEP, methylerythritol 4-phosphate; HMBDP, hydroxy-
methyl-butenyl 4-diphosphate; IDI, isopentenyl diphosphate isomerase; LC-MS/MS,
liquid chromatography followed by tandem mass spectrometry; IspS, isoprene
synthase; GGDP, geranylgeranyl diphosphate; HPLC, high-performance liquid chro-
matography; IPTG, isopropyl B-p-thiogalactopyranoside; Ni-NTA, nickel-nitrilotria-
cetic acid; GC, gas chromatography.

0003-2697/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ab.2013.05.028

cholesterol, sesquiterpenes, and plant cytokinins [7,8]. The
methylerythritol 4-phosphate (MEP) pathway in most bacteria,
green algae, and plant plastids synthesizes IDP and DMADP simulta-
neously from hydroxymethyl-butenyl 4-diphosphate (HMBDP).
Common products of the MEP pathway include monoterpenes and
carotenoids [9-12]. The most abundant product of the MEP pathway
is isoprene produced by many (but not all) plants. Isoprene produc-
tion can be correlated with isopentenyl diphosphate isomerase (IDI,
EC 5.3.3.2), and so the interconversion of IDP and DMADP is impor-
tant and potentially limiting, especially for isoprene synthesis
[13,14].

Isoprenoid synthesis makes use of allylic diphosphate chemis-
try. Removal of the diphosphate results in a highly reactive carbo-
cation that leads to a variety of reactions [15]. Isoprene is made
directly from DMADP, whereas higher isoprenoids are made by
adding IDP to DMADP, resulting in a new allylic diphosphate
(e.g., geranyl diphosphate). The ratio of DMADP/IDP required for
synthesis of isoprenoids varies from 100% DMADP (isoprene) to
nearly all IDP (e.g., rubber) [1,6,16]. Despite the importance of
DMADP and IDP, little is known about their concentrations and ra-
tios in living organisms. In plants, the situation is particularly com-
plex because the MEP pathway and the MVA pathway are in
separate cellular compartments, the plastids and cytosol. The IDP
and DMADP produced by the MEP and MVA pathways have sepa-

Please cite this article in press as: C. Zhou et al., Isopentenyl diphosphate and dimethylallyl diphosphate/isopentenyl diphosphate ratio measured with
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Polyprel;lgls PRSETA. The E. coli was grown at room temperature until the
Sty {29, rubber) ODggo Was higher than 0.6, and then 20 puM (final concentration)
(Cytosol) isopropyl B-p-thiogalactopyranoside (IPTG) was added to induce
FDp  Sesqui- gene expression. The culture was grown for another 24 h before
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Fig.1. Isomerization of IDP and DMADP and their central positions in isoprenoid
metabolism. The path from the MEP pathway to isoprene and the role of IDI are
emphasized. (Redrawn from Ref. [16]).

MEP
pathway
(Plastid)

rate functions, and so it is not only the pool sizes of IDP and
DMADP but also their locations in cells and relative ratios that
need to be known.

Several methods have been developed to measure DMADP lev-
els in organisms, including isotope labeling [17], hydrolysis with
alkaline phosphatase or acid [18-21], measuring with liquid chro-
matography followed by tandem mass spectrometry (LC-MS/MS)
[22], and indirect methods based on isoprene emission patterns
[23]. Our research group has also reported a method to detect
DMADP by using a recombinant isoprene synthase (IspS, EC
4.2.3.27) to quantitatively convert DMADP to isoprene and then
measuring the isoprene using a highly sensitive chemiluminescent
detector (Fast Isoprene Sensor) [16]. However, measurement of IDP
is more difficult. The LC-MS/MS method measures the total
amount of DMADP and IDP but cannot distinguish between them
[22]. Recently, Tong and coworkers described a method to quantify
IDP in mammalian cells [24] by catalyzing the addition of an IDP to
farnesyl diphosphate to make geranylgeranyl diphosphate (GGDP)
and then conjugating the GGDP with a fluorescence-labeled pep-
tide and quantifying by high-performance liquid chromatography
(HPLC) with a fluorescence detector. This method does not mea-
sure DMADP.

In this study, we developed a new method to measure the IDP lev-
els and the ratio of DMADP/IDP in bacteria and plant tissues. The
amount of DMADP was measured by conversion to isoprene using
IspS, and the total amount of DMADP plus IDP was measured by
including IDIin the assay mixture. IDP was then calculated as the dif-
ference between the total measurement and the DMADP measure-
ment. Escherichia coli cultures and leaves of Pueraria montana var.
lobata [Willd.] Maesen and S. Almeida (kudzu) were used to test
our methods in biological tissue. Four strains of E. coli (derived from
FM5) with heterologous MEP pathway genes (including idi) and IspS
genes were used. Kudzu is an isoprene-emitting plant that has been
long used in our lab for isoprene-relevant research [25-27]. Kudzu
contains both a light-dependent MEP pathway in the chloroplast
and a light-independent cytosolic MVA pathway [23,28]. The
DMADP and IDP pools in the cytosol and chloroplasts in kudzu leaves
were separated by analyzing the differences on the pools in light-
and dark-adapted leaves. Because flash freezing in liquid nitrogen
and subsequent extraction in acetonitrile/isopropanol/100 mM
NH4HCO3 (3:1:1) has been proven to be efficient in quenching
metabolism [16], it was assumed that the IDP and DMADP pools
we measured represent in vivo levels of living organisms. These
ratios were also compared with the ratio we found in vitro.

Materials and methods
Expression and purification of recombinant IDI

A recombinant His-tagged IDI based on the sequence in Populus
trichocarpa was expressed in E. coli BL21(DE3) pLysS with vector

cells were harvested by centrifugation at 5000g for 10 min at
4 °C. After storage at —80 °C overnight, the pellet was thawed on
ice, resuspended, and lysed with a Qiagen lysis kit according to
the manufacturer’s directions. Briefly, one complete mini ethylene-
diaminetetraacetic acid (EDTA)-free protease inhibitor tablet
(Roche Diagnostics, Mannheim, Germany) was added to every
10 ml of lysis buffer (also to the wash and elution buffers). Here,
4 ml of lysis buffer, 40 pl of lysozyme, and 4 pul of benzonase were
used per gram wet weight of cells. The mixture was transferred
into a 50-ml Falcon tube and then incubated on ice for 30 min.
Using a six-step sonication with a Branson Sonifer 250 and a
3-mm ultra high-intensity tapered micro-tip (Branson Ultrasonics,
Danbury, CT, USA), lysis was carried out by a six-step sonication of
15 pulses each followed by cooling for 30 s with ice water. Output
was set at 1 for the first four steps and at 2 for the last two steps,
with the duty cycle set to 50%. His-tagged protein was then iso-
lated using Qiagen nickel-nitrilotriacetic acid (Ni-NTA) agarose
and a Bio-Rad Poly-Prep chromatography column. The lysate-Ni-
NTA mixture was incubated for 1 h at 4 °C. After washing twice
with wash buffer containing protease inhibitor, the protein was
eluted with elution buffer containing protease inhibitor. High
levels of protein were found in all elution fractions as tested using
a modified Lowry Protein Assay (Thermo Scientific, http://
www.thermofisher.com), and IDI in fractions 3 to 5 had a purity
higher than 95% as verified by Coomassie blue staining of protein
gels (Fig. 2).

IspS was prepared according to procedures described by Weise
and coworkers [16]. Briefly, a Eucalyptus IspS with a 6x His tag was
attached to the vector pJexpress 401 and expressed in E. coli FM5
[16]. The cells were grown under the conditions described above
but induced with 400 uM IPTG. The proteins were then purified
using the same protocols as described for IDI.

Activity assay of IDI

IspS purified in our lab was tested first for catalyzing DMADP
conversion to isoprene. Activity of IDI was determined by examin-
ing isoprene emission from an IDP standard in the presence of IspS.
A series of positive and negative control reactions were designed as
in Fig. 3. The Hepes reaction buffer contained 50 mM (final concen-
tration) Hepes (pH 7.8), 20 mM KCl, 10 mM MgCl,, and 5% (v/v)
glycerol. In a 2-ml Supelco vial, 4 pl (~0.45 nmol) of IDP or DMADP
(both from Echelon Biosciences, Salt Lake City, UT, USA) and 5 pg of
IDI and/or IspS were added to some of the reactions as described.

8=
—
40 kDa

35kDa

<=IDI

M P W1W2 E1 E2 E3 E4 E5 E6

Fig.2. Recombinant IDI examined by Coomassie staining. Electrophoresis was
carried out using a 4 to 12% NuPAGE Bis-Tris Mini Gel (Novex). M, PageRuler
prestained protein ladder (Thermo Scientific); P, supernatant of cell lysate; W1 and
W2, first buffer wash and last buffer wash, respectively; E1-E6, elution buffer from
beginning (1) to end (6). The lanes were loaded with equal volumes of sample.
Elutions E3 to E5 were used in this study.
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Fig.3. Isoprene produced by negative and positive control reactions. IDP or DMADP
and IDI and/or IspS were added to the reactions as described. The reactions were
incubated at 37 °C for 1 h in sealed Supelco vials, and then the headspace gas was
sampled to test isoprene produced with a Fast Isoprene Sensor. Bars represent
standard errors (n = 3).

The total reaction volume was adjusted to 150 pl with 2 mM NH,4_
HCOs. The vial was sealed immediately after all chemicals were
added and was incubated at 37 °C for 1 h. Then, 1 ml of headspace
gas was sampled using a syringe, and the isoprene produced was
quantified with a Fast Isoprene Sensor (Hills Scientific, Boulder,
CO, USA), which uses chemiluminescence to measure the amount
of isoprene. To avoid a vacuum while removing headspace gas,
an equal volume of cold water was injected into the vial simulta-
neously. The total amount of isoprene in the vial was calculated
by summing the amount of isoprene in the gas phase with the
amount of isoprene in the reaction buffer assuming a Henry’s con-
stant of Hyc = 7780 Pa m® mol~" at 25 °C [16].

In vitro equilibrium ratio between DMADP and IDP

To test the in vitro equilibrium ratio between DMADP and IDP
in the presence of IDI, 8 pl of IDP or DMADP (~0.9 nmol) was first
incubated with 20 pg of IDI in a total reaction volume of 292 pl in a
0.5-ml microtube for 1 h, and then IDI in the mixture was filtered
away using a 3-kDa Amicon Ultra centrifugal filter (Millipore, Bille-
rica, MA, USA). In a 2-ml Supelco vial, 146 pl of the filtrate and 4 pl
(5 pg) of IspS were sealed, incubated for another 1 h, and measured
for isoprene produced. The same volume of IDP or DMADP plus
both IDI and IspS was added in new vials simultaneously, incu-
bated for 2 h without filtration, and measured directly to quantify
the amount of IDP or DMADP that was added for each reaction. The
equilibrium was tested at both 37 and 15 °C.

DMADP and IDP pools and their ratio in E. coli

Four E. coli strains—FM5 untransformed (strain P) and trans-
formed with the MEP pathway genes (strain Q), the IspS gene
(strain R), and both (strain S)—were tested in this study. The MEP
pathway genes were deoxyxylulose 5-phosphate synthase (DXS,
EC 2.2.1.7) and deoxyxylulose 5-phosphate reductoisomerase
(DXR, EC 1.1.1.267) with promoter L, MEP cytidylyltransferase
(MCT 2.7.7.60) and 4-(cytidine 5’-diphospho)-2-C-methyl-p-eryth-
ritol kinase (CMK, EC 2.7.1.148) with promoter proC, and IDI with
promoter 15 [29]. The IspS gene used IPTG-inducible pTrc as

promoter. Seed cultures were grown on an orbital shaker at room
temperature in minimal medium containing 5 g L~! yeast extract
and the basic nutrients (100 mM 4-morpholinepropanesulfonic
acid, 38 mM (NH,4),SO4, 4 mM MgS0,4, 2.9 mM KH,PO,4, 7.1 mM
Na,HPO4, 0.9 mM CaCl,, 475 pM citric acid, 109 pM MnSOy,,
18 UM FeSOy4, 7.1 uM ZnSO4, 2 uM CuSOy4, 2.1 pM NapyMoOy,
2.1 uM CoCly, 2 mgL~! thiamine, and 5 gL' glucose). For mea-
surement, E. coli cultures were diluted and grown in minimal med-
ium containing the same basic nutrients but 1 g L™! yeast extract.
To decide the time needed for IspS expression induced by IPTG,
30 ml of diluted E. coli strain S was first incubated with 400 pM
IPTG (final concentration) for 24 h in a 250-ml stoppered flask.

Newly diluted (ODggo = 0.6) E. coli strains were equally stop-
pered and incubated for 3 h (with strains R and S fed with IPTG).
Afterward, a headspace gas sample was taken from each flask to
measure isoprene, and the cultures were measured for ODggg again
and harvested by centrifugation at 5000g at 4 °C for 20 min. Pellets
were washed with phosphate-buffered saline (pH 7.4) containing
137 mM NaCl, 10 mM Na,HPO,4, 2 mM KH,PO,4, and 2.7 mM KCl
and were stored at —80 °C overnight. The following day, 1.5 ml of
ice-cold extraction buffer (acetonitrile/isopropanol/100 mM
NH4HCO3 = 3:1:1) was added to the frozen pellet. After a brief vor-
tex, the pellet was broken up by a three-step sonication with duty
cycle being 50%, output being 2, and 15 pulses in each step. The
mixture was centrifuged at 20,000g at 4 °C for 10 min, and then
the supernatant was divided equally into two Supelco vials and
dried using a Savant AES 1010 SpeedVac. After redissolving with
basic reaction buffer, 5 pg of IDI and 5 pg of IspS were added in
one of the vials to let both IDP and DMADP convert to isoprene,
whereas only IspS was added in another vial to let DMADP react.
The amount of IDP was extrapolated by the difference of isoprene
produced in the two vials, and then the ratio between DMADP and
IDP was calculated.

To calculate the recovery rates of DMADP and IDP with our
extraction and measuring methods for E. coli, additional DMADP
and IDP were used as internal markers in separate samples. In this
case, another 500-ml culture of E. coli strain P was grown in a
1000-ml flask with minimal medium containing basic nutrients
and 5 g L~! yeast extract. The cultures were then equally divided
into nine tubes the next day, and cells were harvested. The first
three samples were directly stored at —80 °C, 4 pl of DMADP was
added to the second three samples, and 4 pl of IDP was added to
the last three samples. The samples were then extracted and de-
tected for DMADP and IDP with the same procedure as above.
Recovery ratios were 64.3% for DMADP and 59.0% for IDP.

DMADP and IDP pools and their ratio in kudzu

Kudzu plants were grown in a Conviron growth chamber with a
12:12-h light regime, with a light level of 400 pumol photons
m~2s~! and 24 °C in daytime and 20 °C at night. Light-adapted
leaves at the top of the canopy were sampled with a lab-designed
freeze clamp after the whole plant had been exposed to light for
approximately 3 h. The leaves were harvested by clamping in be-
tween two pressurized copper blocks cooled in liquid nitrogen
and were then transferred into liquid nitrogen immediately after
clamping. Each leaf sample was divided into two halves and
ground directly into 2-ml tubes using a Retsch Mill three times
at a frequency of 30 Hz for 30 s each time. The powder was then
extracted with ice-cold extraction buffer (acetonitrile/isopropa-
nol/100 mM NH4HCOs = 3:1:1) and centrifuged at 4 °C for 15 min.
Supernatants were transferred into Supelco vials for drying, and
DMADP and IDP were measured as above. For the test of recovery,
4 pl of DMADP and IDP was added to the other half of the leaf sam-
ple as internal standards and followed with the same extraction
and testing procedure as described above for bacterial samples.
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Because DMADP and IDP levels in dark-adapted leaves were very
low, each whole leaf was treated as one sample. Dark-adapted
leaves were analyzed with the same procedure as for the light-
adapted samples.

Results
Activity of IDI

To test the activity of the recombinant IDI, a series of positive
and negative control reactions were carried out (Fig. 3). When
IDP was incubated with no enzyme, with IDI alone, or with IspS
alone, only negligible amounts of isoprene were detected. When
IDP was incubated with both IDI and IspS, there was conversion
of IDP to the expected amount of isoprene. Incubation of DMADP
with no enzyme or with IDI alone resulted in negligible amounts
of isoprene. Incubation of DMADP with IspS resulted in the ex-
pected conversion of DMADP to isoprene.

In vitro equilibrium between IDP and DMADP

Regardless of whether IDP or DMADP is the starting material,
the ratio of DMADP to IDP should be the same once equilibrium
is reached given adequate enzyme and time. Equilibrium was first
tested at 37 °C. Regardless of whether the reaction was started
with IDP and IDI to let part of the IDP turn into DMADP or with
DMADP and IDI to let part of the DMADP turn into IDP, the ratio
of DMADP to IDP was exactly the same, that is, 2.11 (Fig. 4). Equi-
librium was also tested at 15 °C, and the same ratio of DMADP to
IDP was found (data not shown).

IDP and DMADP in untransformed and transformed E. coli

In addition to the MEP pathway genes that were constitutively
overexpressed in E. coli strains Q and S, IspS in E. coli strains R and S
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Fig.4. In vitro equilibrium between IDP and DMADP catalyzed by IDI at 37 °C. For
equilibrium tests (second and fourth reactions), IDP or DMADP and IDI were
incubated for 1 h before IDI was removed by a 3-kDa filter, and then IspS was added
into the filtrate and incubated for another 1 h to let DMADP convert to isoprene. To
quantify the total amount of IDP or DMADP used (first and third reactions), the step
of filtration was skipped. Bars represent the means * standard errors (n=6 for
DMADP formed or remaining after equilibrium; n =3 for total IDP and DMADP).
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Fig.5. Isoprene emission from E. coli (strain S) transformed with MEP pathway and
IspS. Beginning with an ODgg of 0.6, 30 pl of cells was induced by 400 uM IPTG and
incubated in a 250-ml flask at room temperature. Data shown were isoprene
accumulated in headspace of the flask tested using a Fast Isoprene Sensor. Bars
represent the means * standard errors (n = 3).

was designed to be induced by IPTG. However, it was only the
E. coli strain S that contained both MEP pathway genes (including
idi) and IspS that emitted massive amounts of isoprene. Using stop-
pered flasks, isoprene in the headspace was monitored with a fixed
time schedule. Significant accumulation of isoprene in headspace
was detected 2 h after the IPTG was added to E. coli strain S, and
the accumulation rate was nearly linear for 24 h (Fig. 5). We con-
cluded that 3 h was enough time for IspS induction.

In comparing the four E. coli strains after incubation for 3 h
(with IPTG for strains S and R), the isoprene emission rate from
strain S was 18 to 32 times the rates from the rest of the strains
(data not shown). The isoprene emission rate from E. coli strain R
(having only IspS) was also a little higher than the rates from
untransformed strain P (P < 0.05) and transformed strain Q with
simply the MEP pathway (P > 0.05).

The E. coli cells were also harvested and analyzed for DMADP
and IDP after incubation for 3 h. As expected, significantly higher
amounts of DMADP and IDP were found in E. coli strains Q and S
that contained the transformed MEP pathway (Fig. 6). DMADP in
E. coli strains Q and S were 9 and 8 times that in untransformed
strain P (P < 0.001), and IDP in E. coli strains Q and S were 7 and
5 times that in strain P (P < 0.05). DMADP in E. coli strain R trans-
formed with IspS was a little lower than that in strain P, and IDP in
strain R was a little higher; however, such differences were not sta-
tistically significant (P > 0.05).

The in vivo ratio of DMADP to IDP in E. coli FM5 was found to be
2.80, which was 33% higher than the ratio found in vitro (Fig. 6).
Such ratios in strains Q and S overexpressing the MEP pathway
were even higher, that is, 83 and 123% times higher, respectively,
than the ratio in vitro. On the other hand, the ratio in strain R, with
IspS but no additional idi, was visibly decreased at only 50% of the
ratio in vitro.

IDP and DMADRP in light- and dark-adapted kudzu leaves

After plants were acclimated in darkness overnight, DMADP and
IDP levels in kudzu leaves decreased significantly (Fig. 7) to only 11
and 8%, respectively, of the levels found in light-adapted leaves
(P<0.001). In other words, the plastidic DMADP and IDP from
the MEP pathway contributed to approximately 90% of the total
pools in kudzu leaves, whereas only approximately 10% of the
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Fig. 7. DMADP and IDP levels and their ratios in light- and dark-adapted kudzu
leaves. Light-adapted leaves were sampled after plants were acclimated in light for
approximately 3 h. Dark-adapted leaves were sampled early in the morning before
light was on. IDP and DMADP extracted from leaves were converted to isoprene
with IDI and/or IspS and quantified using a Fast Isoprene Sensor. Bars represent the
means + standard errors (n=6). Compared between light- and dark-adapted
samples: ***P <0.001 (analyzed with one-way analysis of variance). Ratios of the
mean values of DMADP and IDP are listed.

pools were from the MVA pathway in cytosol. The in vivo ratios of
DMADP/IDP in light- and dark-adapted kudzu leaves were 2.04 and
2.32, respectively, which were very close to the ratio found in vitro.

Discussion

The isomerization between IDP and DMADP catalyzed by IDI is
important for production of the building units of all isoprenoids in
living organisms [1,30]. For example, isoprene emission from oak
trees and engineering of carotenoid synthesis in E. coli require high
levels of IDI [13,14]. Purification and characterization of IDI has
been widely reported from sources of plants as well as E. coli, yeast,
and animals [30-33]. Here, we succeeded in expressing and

purifying a poplar IDI in E. coli BL21(DE3) pLysS. The recombinant
IDI had high activity and was highly specific in the isomerization of
IDP and DMADP in our experiment.

A wide range of equilibrium ratios of DMADP/IDP have been re-
ported. Earlier records include 13.3 reported by Agranoff and
coworkers in 1960, tested by labeling IDP with '“C and measuring
the remaining radioactivity after DMADP formed was destroyed by
adding acid [34]. A value of 3 was reported by Koyama and
coworkers in 1983. IDP was isomerized in deuterium oxide, and
after treatment with alkaline phosphatase, IDP and DMADP were
analyzed by gas chromatography (GC)-MS [19]. Another value of
3.1 was reported by Liitzow and Beyer in 1988, tested by treatment
with alkaline phosphatase and analysis of the liberated alcohols
with GC [20]. In this study, we found an in vitro ratio of DMADP/
IDP as 2.11. The equilibrium was established using a recombinant
IDI, and DMADP and IDP in the mixture were quantified by analyz-
ing the enzymatically derived isoprene with chemiluminescence.
The ratio we found is a little lower compared with what has been
reported before. The isoprene measurement by chemilumines-
cence is highly reliable and has a very large dynamic range of
detection. Our limit of quantitation (defined as the signal at which
the signal-to-noise ratio was 10 or higher) was 10 pmol. The effi-
ciency of conversion of DMADP to isoprene by our recombinant
IspS has been tested in our previous work [16]. In this work, we
showed that without IDI, the auto-isomerization between IDP
and DMADP is negligible over 1 h in our reaction condition given
that almost no isoprene was detected directly from an IDP source.
Previous studies of DMADP and the DMADP/IDP ratio often relied
on acid hydrolysis of DMADP [19,20,34], which requires complete
destruction of DMADP. Conversion of DMADP to isoprene by acid
hydrolysis is not quantitative [16], although it may be that DMADP
is completely destroyed.

There are also studies of the initial ratios of DMADP/IDP in di-
rect reduction products from HMBDP in the MEP pathway. A mu-
tant form of the hydroxymethylbutenyl diphosphate reductase
(also known as ispH or lytB) may produce only DMADP [35], but
for the wild-type enzyme the in vitro ratio of DMADP/IDP is re-
ported to be 1:5 or 1:6, tested by acid hydrolysis and measuring
the corresponding alcohols [17], isotope labeling, and nuclear mag-
netic resonance spectroscopy [36,37] or anion exchange HPLC [38].
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The in vivo ratio of DMADP/IDP tested by isotope labeling is re-
ported to be 15:85 [39]. Because large differences in estimates of
DMADP/IDP ratios exist between initial products and an equilib-
rium mixture, IDI is considered to play an important role in main-
taining the equilibrium of the two compounds. The method
reported here could be used to get additional estimates of the ratio
of DMADP to IDP produced in this reaction.

As expected, IDP and DMADP pools in transformed E. coli strains
Q and S with additional MEP pathway genes were significantly
higher than those in the untransformed E. coli stain P, indicating
that the additional MEP pathway genes are functional. Because
E. coli strain S also contained a transformed IspS, a very large emis-
sion of isoprene was found. However, such emission showed little
effect on the IDP and DMADP pool sizes. This is consistent with
negative feedback on the MEP pathway [40], such that the amount
of DMADP is reasonably constant despite a wide range of fluxes.
The in vivo ratio of DMADP/IDP in untransformed E. coli strain P
was found to be closer to the value obtained in vitro, but the ratios
of the transformed E. coli strains Q and S were higher. It might be
that the equilibrium between IDP and DMADP is different in the
internal environment of E. coli, perhaps because of ionic concentra-
tion or protein concentration making DMADP more stable. The
E. coli strain R, which contained IspS but no additional idi, had a
lower DMADP/IDP ratio than was found in vitro, which is reason-
able because part of DMADP was converted into isoprene and the
DMADP pool was reduced.

Plants have the MEP pathway in plastids and the MVA path-
way in their cytosol, both of which produce IDP and DMADP. Be-
cause the MEP pathway in chloroplasts is light dependent,
whereas the MVA pathway in cytosol is light independent
[23,28], the two pools can be distinguished by measuring light-
adapted leaves for the total amounts and measuring dark-
adapted leaves for only cytosolic pools and calculating the differ-
ence of the two for the plastidic pools. With this method, we
found that approximately 90% of the total IDP and DMADP in
light-adapted kudzu leaves comes from the MEP pathway in
chloroplasts; such results are in accord with what was reported
by Li and Sharkey [22].

Similar diurnal and nocturnal differences of DMADP pools in
other isoprene-emitting and non-emitting plants have also been
reported [41,42]. The in vivo ratios of DAMDP/IDP were detected
to be 2.04 and 2.32 in light- and dark-adapted kudzu leaves,
respectively, being quite similar to what was found in vitro, indi-
cating that DAMDP and IDP are in isomerase equilibrium in both
chloroplasts and cytosol.

In conclusion, a new method for measuring the DMADP/IDP ra-
tio was reported, and the in vitro ratio was found to be 2.11 regard-
less of whether IDP conversion to DMADP or DMADP conversion to
IDP was followed. The method is effective in measuring DMADP,
IDP, and their ratio in biological material, which can be of benefit
to studies of isoprene emission from plants and engineering organ-
isms for production of isoprenoids.
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