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As one of the largest classes of natural products, isoprenoids are
characterized by their structural diversity. Starting from two C5 isoprene
building blocks, isopentenyl diphosphate (IPP, 2) and its isomer
dimethylallyl diphosphate (DMAPP, 3, Scheme 1), plants alone
produce more than 30 000 isoprenoids.1,2 For several decades, it was
believed that the mevalonate (MVA) pathway elucidated by Bloch,
Cornforth, and Lynen was the only pathway for IPP and DMAPP
biosynthesis.1,3,4 Based on the pioneering work from Arigoni and
Rhomer’s laboratories, the collaborative efforts from several labora-
tories in the past decade led to the identification of genes and
intermediates involved in a second isoprenoid biosynthetic pathway,
the deoxyxylulose phosphate (DXP) pathway.5-11 The DXP pathway
is found in most eubacteria, green algae, and chloroplasts of higher
plants as well as the malaria parasite Plasmodium faciparum, whereas
the MVA pathway is present in animals, fungi, and archaebacteria.7

The end product of the MVA pathway is IPP, which is isomerized to
DMAPP by isopentenyl diphosphate isomerase.12-15 In contrast, the
IspH enzyme in the DXP pathway catalyzes the formation of both
IPP and DMAPP. To date, IspH activities have been measured under
many different conditions, and in most cases, the activity is low. In
this work, on the basis of a systematic examiniation of the effect of
redox dyes with different redox potentials on IspH activity, an
Escherichia coli IspH specific activity of 30.4 µmol min-1 mg-1 (kcat

of 1125 min-1) was achieved; this is 97-fold higher than that for the
previously reported NADPH-flavodoxin reductase (Fpr)-flavodoxin
(FldA) reducing system.16-18

IspH in the DXP pathway catalyzes the reductive dehydration of
(E)-4-hydroxy-3-methyl-2-butenyl diphosphate (HMBPP, 1) to form
both 2 and 3.16,17,19-26 IspH is a protein containing an iron-sulfur
cluster, and this cluster plays a critical role in the catalysis.17,21,24,27

The E. coli IspH, a 36 kDa protein, has three conserved Cys residues
(C12, C96, and C197). Replacing any of the three conserved cysteine
residues reduced the catalytic activity by a factor of more than 70 000.17

The IspH iron-sulfur cluster has been assembled in vitro by iron and
sulfur reconstitution24,28 and in vivo by coexpression with the E. coli
isc operon,17 which is responsible for the assembly and insertion of
iron-sulfur clusters into iron-sulfur cluster-containing proteins.29

Recent EPR studies suggested that the isolated IspH, which initially
contains a [4Fe-4S]2+ cluster,24 can lose its unique iron-site iron during
purification to form a [3Fe-4S]+ cluster.17 Reduction of the iron-sulfur
cluster of reconstituted IspH using a 50-fold excess of dithionite (DT)
relative to IspH resulted in the formation of [4Fe-4S]+, which is
believed to be the catalytic species in the IspH-catalyzed reactions.24

To provide further evidence to support the role of the [4Fe-4S]
cluster in IspH-catalyzed reactions, we overexpressed and purified 57Fe-
labeled strep-tagged IspH using streptavidin resin (IBA Inc.) using a
slight modification of our previously reported IspH purification protocol
[see the Supporting Information (SI)].16 Iron and sulfur analyses using
the methods reported by Fish30 and Beinert31 indicated that the isolated
IspH has 3.7 iron ions and 3.8 sulfur atoms per IspH monomer. The
isolated 57Fe-loaded IspH was then characterized using Mössbauer
spectroscopy. Figure 1 shows the Mössbauer spectrum at 4.2 K with
a 0.1 T magnetic field applied perpendicular to the γ-ray beam. The
spectrum was simulated with three quadruple doublets with the
parameters listed in Table 1. The parameters of doublet A, which
accounts for ∼53% of the total iron, are consistent with a [4Fe-4S]2+

cluster. The isomer shift of doublet B is consistent with a tetrahedral
high-spin ferric site comprising sulfur ligands. The behavior of B as
a function of temperature and magnetic field is consistent with either
a diamagnetic species or a species with an integer spin. The value of
quadruple splitting for doublet B is too large to be attributed to a
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Scheme 1. IspH Reaction

Figure 1. Mössbauer spectrum from isolated IspH at 4.2 K with an external
magnetic field of 0.1 T applied perpendicular to the γ-ray beam. Solid lines
are theoretical simulations assuming three different doublets, as described in
Table 1.

Table 1. Mössbauer Parameters for Simulating the Spectrum in
Figure 1

doublet δ (mm/s)a ∆EQ (mm/s)b area (%)c,d

A 0.48 1.16 53.4
B 0.30 1.02 19.0
C 0.83 2.04 17.6

a Uncertainty of (0.02 mm/s. b Uncertainty of (0.03 mm/s.
c Uncertainty of (5%. d The remaining 10% is most likely from a
[3Fe-4S]+ species (see the SI).
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[2Fe-2S]2+ cluster or the ferric site of a [3Fe-4S]0 one.32,33 The
parameters of doublet C are more consistent with a tetrahedral high-
spin ferrous site. The assignment of doublets B and C is not clear at
the moment. Interestingly, the A/B and A/C ratios are close to 3:1,
the value expected for a [4Fe-4S]2+ cluster with a unique iron site
(having either localized ferric or ferrous character). Such differentiated
sites have been observed in Fe-S enzymes and synthetic clusters
containing the [4Fe-4S]2+ core.34,35 A definite determination of the
nature of doublets B and C requires more experiments, which are in
progress. More detailed analysis also indicates the presence of roughly
10% [3Fe-4S]+ species, which is consistent with the EPR results (see
the SI).24 In conclusion, the present Mössbauer spectroscopic results
indicate that in the isolated 57Fe-loaded IspH, at least 53% of the total
iron is found in an [4Fe-4S]2+ form, verifying earlier studies that
invoked the presence of an Fe-S cluster in IspH.

Surprisingly, when 57Fe-loaded IspH was incubated with NADPH-
Fpr-FldA, which is proposed to be the in vivo IspH reducing
system,17,25 no noticeable difference in the Mössbauer spectrum was
observed, and almost the same IspH Mössbauer spectrum was obtained
with or without NADPH-Fpr-FldA (see the SI). Because the IspH-
catalyzed reaction is a reductive dehydration process, the [4Fe-4S]+

is proposed to be the catalytic species.24 Our results suggested that
under the current conditions, when IspH is reduced by the NADPH-
Fpr-FldA system from the [4Fe-4S]2+ state to the [4Fe-4S]+ state,
the [4Fe-4S]+ cluster is present in only a very small portion. This is
consistent with the relatively low activity when NADPH-Fpr-FldA
is used as the reduction system and the wide range of IspH activities
under different conditions reported in the literature (see Table 3).

To examine whether the redox potential difference of different redox
systems reported in literature is the reason for the wide range of
reported IspH activities, three series of diquaternary salts, involving
1,10-phenanthroline (4a-d), 4,4′-bipyridine (5a-e), and 2,2′-bipyri-
dine (6a-f), were either obtained from commercial sources (5a, 5d)
or synthesized chemically in our laboratory according to reported
literature procedures (Figure 2; also see the SI).42 These redox
mediators have a broad range of redox potentials, from -100 to -
720 mV (vs NHE).43

Once these redox mediators were obtained, they were used as
mediators to transfer electrons from an artificial reductant, DT, to the
IspH iron-sulfur cluster. The redox potential for DT is -600 mV at
pH 8.0.39 When IspH activities were assayed by direct 1H NMR
monitoring of its product formation, as reported in our previous
studies,16,26 a clear trend was observed (Table 2). When the redox
potential (E°) of the redox mediator is higher than -250 mV, there is
almost no detectable IPP or DMAPP formation (Table 2, entries 1-4).
When the redox potential of the redox mediator is further decreased,
the IspH catalytic activity increases (Table 2, entries 5-9); the highest
activity (∼400 min-1) was observed for the redox mediator 6,7-
dihydro-2,11-dimethyldipyrido[1,2-a:2,1-c]pyrazinium dibromide (MDQ,
6c) (E° )-450 mV). When the redox potential of the redox mediator
is further decreased, the IspH activity begins to decrease again (Table
2, entries 10-15).

The highest activity was found when MDQ (6c) was used as the
redox mediator; this activity was at least 60-fold higher than that using
NADPH-Fpr-FldA as the reducing system, as determined by the 1H
NMR assay (Table 2, entries 9 and 16). The 1H NMR assay was an
end-point assay, and the substrate conversion was analyzed after 30
min of reaction. To confirm the high activity result, kinetic analyses
were carried out using reduced methyl viologen (MV, 5a; ε734 ) 2.665
mM-1 cm-1, ε604 ) 13.600 mM-1 cm-1)39 and MDQ (ε760 ) 2.90
mM-1 cm-1)37 as the reductant. The kinetic analysis results (kcat )
604 min-1 and Km ) 19.7 ( 2.4 µM using MV; kcat ) 1125 min-1

and Km ) 31.6 ( 2.2 µM using MDQ) are consistent with the end-
point 1H NMR assay results. The Km values for HMBPP are close to
that reported earlier using NADPH-Fpr-FldA as the reducing system.
However, the kcat values for IspH are 52- and 97-fold larger with the
use of reduced MV and MDQ, respectively, as the reductant (see the

Figure 2. Redox mediators used in the IspH activity assay.

Table 2. Catalytic Activities of IspH Using Redox Mediators with
Different Redox Potentialsa

entry mediator conversion (%)b activity (min-1)c E° (mV vs NHE)d

1 4a <1 n.d. -11036

2 4b <1 n.d. -13037

3 4c <1 n.d. -22036

4 4d <1 n.d. -25037

5 6a 20 133 -31238

6e 5d ∼5 33 -36037

7 6b 40 266 -44238

8 5a 50 333 -44639

9 6c 60 400 -45038

10 5b 41 273 -48040

11 5c 24 160 -49540

12 6d 10 67 -51038

13 6e ∼5 33 -62538

14 6f 30 200 -64938

15 5e <1 n.d. -72041

16 NADPH-FldA-Fpr 6.67f

a Reactions were performed in 100 mM Tris-HCl (pH 8.0) containing
1.0 mM HMBPP, 50 nM IspH, 5.0 mM DT, and 1.0 mM mediator at 37
°C for 30 min. b Estimated on the basis of the integration of the 400
MHz 1H NMR signals from the methyl groups in the products and
substrate (see the SI). c Calculated from end-point conversion.
d Superscripts give the references from which the data were obtained.
e The assay was performed at pH 6.5 to avoid the precipitation that
occurs at higher pH. f Data from ref 16.

Table 3. Reported IspH Activities under Different Conditions

sourceref reductant system A410/A280

activity
(µmol min-1 mg-1) Km (µM)

E. coli21 NADPH-Fpr-FldAa 0.12b 0.003c n.d.
DAFd 0.12b 0.4c n.d.

E. coli24 NADPH-Fpr-FldAa 0.14e 0.002f n.d.
DAFd 0.14e 0.011f n.d.
NADPH-Fpr-FldAa 0.53e,g 0.044f n.d.
DAFd 0.53e,g 0.030f n.d.

E. coli17 NADPH-Fpr-FldAa 0.38i 0.38c n.d.
NADPH-Fpr-FldAa,h 0.38i 0.7,c 0.66,j

0.55k
30

NADH-Fpr-FldAl,h 0.38i 0.49c n.d.
NADPH-Fdr-FldAm,h 0.38i 0.52c n.d.
NADPH-Fdr-Fdxn,h 0.38i 0.032c n.d.
DAFd 0.38i 3.4c n.d.
DTo 0.38i <1.5 × 10-5c

or 0
n.d.

E. coli16 NADPH-Fpr-FldAa 0.40p 0.31k <15

E. coli (this work) DT-MV 0.40 16.3 19.7
DT-MDQ 0.40 30.4 31.6

A. aeolicus28 DT-MVq,r n.d. 6.6s 590
P. falciparum44 DT-MVq n.d. 2.1s 39

NADPH-Fd-FNRt n.d. 10.3k n.d.

a-t Detailed reaction conditions are listed in the SI.
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SI). The IPP and DMAPP produced were also isolated and character-
ized (see the SI).16

From experiments using IspH from various sources along with
iron-sulfur clusters assembled by either in vitro iron-sulfur recon-
stitution or in vivo isc operon-mediated maturation, a wide range of
activities (2.0 nmol min-1 mg-1 to 10.3 µmol min-1 mg-1) have been
reported in the literature in the past decade (Table 3). The reduction
systems used include NAD(P)H-FldA-Fpr, NADPH-ferredoxin
(Fdx)-ferredoxin reductase (Fdr), photoreduced deazaflavin (DAF),
and DT alone or with MV as the electron shuttle. In the literature, the
highest reported activity was for IspH from the malaria parasite
Plasmodium falciparum with ferredoxin (Fd) and ferredoxin-NADP+

reductase (FNR) from the same organism as the reduction system and
NADPH as the electron source.44 For E. coli IspH, Gräwert et al.17

reported an activity of 0.7 µmol min-1 mg-1 at 37 °C using NADPH-
Fpr-FldA as the reduction system. Using photoreduced deazaflavin
as the reductant, they reported an activity of 3.4 µmol min-1 mg-1.
However, they could not detect enzymatic activity using DT as the
reducing agent.

For such a wide range of activities reported in the literature, the
activity assays were carried out under different conditions. At least
three parameters were different for the various studies: the organism
from which the IspH was obtained, the way the iron-sulfur cluster
was incorporated, and the redox system used to reduce the IspH. The
widely different conditions used in those studies prevent a direct
comparison of the activities and a determination of the key factor
responsible for such a dramatic difference in the IspH activities. In
this work, using E. coli IspH as the enzyme and DT as the ultimate
electron source, we systematically examined the role of redox mediators
in IspH activity. Our results not only indicate the importance of a proper
redox mediator but also show a 97-fold improvement in the E. coli
IspH activity relative to that for the E. coli NADPH-Fpr-FldA system.

The NADH-Fpr-FldA system is proposed to be the natural electron
source for E. coli IspH.16,17,21,25 Using an E. coli strain harboring the
plasmid for the MVA pathway genes, Puan et al.25 identified fldA as
an essential gene on the basis of random transposon mutagenesis. It is
believed that the reduced FldA provides electrons to reduce the
[4Fe-4S]2+ in IspG and IspH to [4Fe-4S]+, which is then used to
mediate the reductive dehydration reactions. From the results listed in
Table 3, high IspH activities were obtained with redox mediators
having redox potentials lower than -300 mV. The redox potentials
for the FldA FMN cofactor oxidized/semiquinone pair and semi-
quinone/hydroquinone pair are -245 and -455 mV, respectively.45

The redox potentials for the oxidized/semiquinone pair and the
semiquinone/hydroquinone pair of the Fpr FAD cofactor are -308
and -268 mV, respectively.46 The relatively high redox potentials of
the Fpr FAD cofactor explain why there is a nearly 97-fold difference
in the IspH activities using NADPH-Fpr-FldA and DT-MDQ as the
reducing systems. On the basis of these results, it is tempting to suggest
that IspH activity is regulated in vivo by modulation of the redox
potential of its iron-sulfur cluster. Alternatively, IspH could use a
redox system other than NADPH-Fpr-FldA in vivo. Our inability to
reduce IspH from [4Fe-4S]2+ to [4Fe-4S]+ using NADPH-
Fpr-FldA, as revealed by Mössbauer studies, also supports this
hypothesis. These options are under investigation.
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