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ABSTRACT: IspG is a [4Fe-4S] cluster-containing protein,
and the [4Fe-4S]" species is proposed to be the catalytically
relevant species. However, attempts reported in the litera-
ture failed to detect the [4Fe-4S]" species. In this study,
using a potent reduction system, we have successfully
detected the [4Fe-4S]" species with X-band EPR spectro-
scopy. In addition, we have improved the Escherichia coli
IspG activity to 550 nmol min~' mg~', which is ~20-fold
greater than that of the NADPH—Fpr—FIdA system in the
literature.

Because of the commercial values of many isoprenoids, there is
growing interest in producing them through bioengineering (/).
An adequate supply of isoprenoid precursors, isopentenyl dipho-
sphate (IPP, 9) and its isomer dimethylallyl diphosphate
[DMAPP, 10 (Scheme 1)], is one of the limiting factors for
bioengineering-based isoprenoid production (2—5). Two path-
ways for the biosynthesis of IPP and DMAPP have been
discovered: the deoxyxylulose phosphate (DXP) pathway in
green algae, the chloroplasts of higher plants, and most
eubacteria (6—/2) and the mevalonic acid (MVA) pathway in
animals, fungi, and Archaea (13).

Studies in bacteria and plants suggest that the carbon flow
through the DXP pathway (Scheme 1) is regulated by a combina-
tion of three enzymes: the DXP synthase (DXS), the DXP
reductoisomerase (DXR), and hydroxylmethylbutenyl dipho-
sphate (HMBPP, 8) reductase (IspH) (/). The enzymes catalyzing
these earlier steps of the DXP pathway have been isolated with
specific activities of 10—500 umol min~' mg ™' (/4). Recently, we
reported an in vitro Escherichia coli IspH activity of 30.4 umol
min~' mg~' (6). However, the highest reported in vitro E. coli
IspG specific activity is 74—99 nmol min~ " mg ™', which is almost
100-fold lower than those of the other DXP pathway enzymes
(7, 8). The inconsistency between the in vivo and in vitro studies
suggests that a much greater specific activity for E. coli IspG is
expected (9, 10). In this paper, we improved the E. coli IspG
activity by ~20-fold. In addition, using EPR spectroscopy, we
demonstrated that the generation of an IspG [4Fe-4S]" species is
the key reason for such a dramatic increase in activity.

IspG catalyzes the conversion of methylerythritol cyclic dipho-
sphate (MEcPP, 7) to (E)-4-hydroxy-3-methylbut-2-enyl dipho-
sphate (HMBPP, 8) (7, 15—17). IspG is a [4Fe-4S] cluster-
containing protein (17, 12, 18, 19). Sequence analysis revealed
that IspG has three conserved Cys residues, and a mutation of
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Scheme 1: DXP Biosynthesis Pathway
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any of them leads to a decrease in activity of almost 10°-fold (7).
The IspG protein can be purified aerobically and then recon-
stituted in the presence of iron and sulfur to form its iron—sulfur
cluster. The reconstituted IspG normally has four or five iron and
sulfur atoms per IspG monomer. The E. coli IspG iron—sulfur
cluster can also be assembled in vivo with the help from the isc
operon, which is responsible for iron—sulfur cluster maturation.
With the in vivo matured iron—sulfur cluster and purified
anaerobically, IspG protein has a significantly greater activity
relative to the IspG reconstituted in vitro (7).

We coexpressed E. coli IspG with the E. coli isc operon and
purified the strep-tagged IspG protein anaerobically to near
homogeneity using streptavidin resin. The UV—visible absorp-
tion spectrum of the anaerobically purified IspG is consistent
with the presence of iron—sulfur clusters, e.g., the features at
~320 and ~410 nm (Figure 1S of the Supporting Information).
Under optimal conditions, the IspG protein with an A419/Axg0
ratio of 0.32 was normally obtained without reconstitution
(7, 11). Using the methods reported by Fish (20) and Beinert (21),
iron—sulfur analysis of the purified E. coli IspG indicated that
there are 3.9 irons and 4.3 sulfurs per monomer, respectively.

Using chemically synthesized IspG substrate MEcPP (8) (22),
purified IspG was assayed by 'H NMR (Figures 2S and 38 of the
Supporting Information) using the NADPH—Fpr—FIdA system
as the reducing system, which was proposed in the literature to be
the in vivo IspG reducing system (8). Purified IspG has a specific
activity of 15.6 nmol min~' mg ™", which is a few-fold lower than
the best reported activity in the literature (7). This could be due to
the fact that the "H NMR assay is an end point assay and tends to
underestimate the activity.
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In the literature, it was proposed that the [4Fe-4S]*"/* redox
pair make up the catalytically relevant states (11, 12, 18, 19, 23).
However, a [4Fe-4S]" cluster has not yet been convincingly
detected. To study the roles of the IspG iron—sulfur cluster in
catalysis, we characterized the anaerobically purified IspG pro-
tein at a concentration of 100 uM by X-band EPR spectroscopy.
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Ficure 1: X-Band EPR spectra of E. coli IspG: (A) isolated IspG
[100 uM IspG in 100 mM Tris-HCI buffer (pH 8.0)] and (B) IspG
treated with a 10-fold excess of dithionite-reduced methyl viologen
[100 uM IspG in 1.0 mM MV, 5.0 mM dithionite, and 100 mM Tris-
HCl buffer (pH 8.0)]. The dashed line is the spectrum from a sample
containing reduced methyl viologen only [1.0 mM MYV, 5.0 mM
dithionite, and 100 mM Tris-HCI buffer (pH 8.0)]. Under these
experimental conditions, the signal from the reduced methyl viologen
radical is saturated. Trace Cis the difference of the two spectra in part
B. A small radical g = 2.0035 signal on top of the g = 2.04 signal
might be due to imperfect subtraction. EPR conditions: temperature,
12 K; microwave power, 2.2 mW; modulation amplitude, 5 G.
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The as-isolated IspG is nearly EPR silent (Figure 1A), and the
loss of the unique-iron site from the [4Fe-4S]** cluster to form a
[3Fe-4S]" cluster during IspG purification was not observed.
Recent genetic studies suggest that the NADPH—Fpr—FIdA
system is the biologically relevant reduction system for E. coli
IspG (8). However, similar to the results reported by Adedeji
et al. for the Thermus thermophilus IspG studies, the reduction of
E. coli IspG from a [4Fe-4S]°" state to a [4Fe-4S]" state was not
observed when the NADPH—Fpr—FIdA system was used as the
reducing system (7, 24). The lack of IspG iron—sulfur cluster
reduction using the NADPH—Fpr—FIdA system as the reducing
system strongly suggests that an improvement in IspG activity
might be achieved if a potent reduction system is used. Recently,
we have demonstrated that this is the case for the IspH enzyme,
which catalyzes the last step of the DXP pathway. With a potent
reduction system, we improved the IspH activity by nearly
100-fold (6).

To test whether the same situation also holds true for the IspG
enzyme, we assayed IspG using dithionite as a reductant in
conjunction with alkylated bipyridinium salts as redox mediators
(Table 1). The redox potentials of these alkylated bipyridinium
salts range from —100 to —720 mV versus the normal hydrogen
electrode (NHE) (Table 1) (25). When redox mediators with
relatively high reduction potentials (greater than —300 mV) were
used, there was low to no detectable IspG activity. Using redox
mediators with reduction potentials of less than —300 mV, robust
IspG activity was observed (Table I).

The FIdA FMN cofactor oxidized—semiquinone pair and semi-
quinone—hydroquinone pair reduction potentials are —245 and
—455 mV, respectively (31). The Fpr FAD cofactor oxidized—
semiquinone pair and the semiquinone—hydroquinone pair redox
potentials are —308 and —268 mV, respectively (32). Results
from our studies using redox mediators and the relatively

Table 1: Catalytic Activities from the E. coli IspG "H NMR Assay Using Redox Mediators with Different Reduction Potentials®

R2 R?
— — — R R
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NN (CHa)y
(CHz)n R'=R%?=H,n=2 13a
R'=Me,R?2=H,n=2,13b
R=Cl,n=3,11a P R'=H,R?=Me,n=2, 13c
R=H, n=311b R'=R? = Me, 12a (MV) R'=R2=H, n=3, 13d
E:Mehr;=231,11;° R'=Me, R?=H,12b R'=Me RZ=H.n=3, 13e
R'=H,R?=Me,n =3, 13f
entry mediator conv.” (%) activity® (nmol min~' mg™") E? (mV vs NHE)
1 11a <1 nd —110 (26)
2 11b <1 nd —130(27)
3 11c <1 nd —220 (26)
4 11d <1 nd ~250 (27)
5 13a 6.8 53.0 =312 (28)
6 13b 33 257 —442 (28)
7 12a 40 312 —446 (29)
8 13¢ 36 280 —450 (28)
9 13d <1 nd =510 (28)
10 13e 17 132 —625(28)
11 13f 21 163 —649 (28)
12 12b 21 163 =720 (30)
13 NADPH-Fpr—FIdA°¢ 15.6

“The reaction was performed in 100 mM Tris-HCI (pH 8.0), 1.0 mM MEcPP, 1.0 uM IspG, 5.0 mM dithionite, and the appropriate mediator (10 mM) at
37°C for 30 min. “The conversion was estimated based on the integration of signals from the methyl groups in HMBPP and MECPP using 400 MHz 'H NMR
(see the Supporting Information). ‘Calculated from end point conversion. “Cited references. “The IspG concentration used in this assay was 5 uM.
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high redox potentials of the Fpr FAD cofactor explain why the
NADPH—-FIdA—Fpr system cannot reduce the IspG iron—
sulfur cluster.

To provide further evidence to substantiate the conclusion
given above, the formation of an IspG [4Fe-4S]" species was
studied via X-band EPR spectroscopy (Figure 1B,C) using
dithionite as the reductant and methyl viologen as the redox
mediator because methyl viologen has a reduction potential of
—446 mV (29). Reduced methyl viologen is a cation radical species
(Figure 1B, dashed line) as characterized by the g = 2.0035 EPR
signal (AH,, = 16 G), which is consistent with the data in the
literature(33). After IspG was treated with a 10-fold molar excess
of reduced methyl viologen, besides the signal from the excess
reduced methyl viologen, new features developed (Figure 1B,
solid line). Subtracting signals from reduced methyl viologen
revealed a new axial signal (Figure 1C) comprising a g ~ 2.04
absorption peak and a g ~ 1.90 derivative feature. The tempera-
ture dependence and the saturation properties are consistent with
that of a [4Fe-4S]" species. Spin quantitation of this species
suggested that ~0.3—0.4 spin per IspG monomer was formed
when E. coli IspG was reduced by reduced methyl viologen. In
contrast to previous studies, in which reduction of the IspG
iron—sulfur cluster was difficult to achieve (7, 24), the results from
this work clearly indicate that the IspG iron—sulfur cluster can be
reduced to the [4Fe-4S]" state if a potent reduction system is used.

Because the [4Fe-4S]" cluster is proposed to be a catalytically
relevant species (11, 12, 18, 19, 23), with the successful detection
of the [4Fe-4S]" state, we expected that significantly higher IspG
activity should be achieved under our new assay condition. This
hypothesis has been proven to be true. We measured IspG
activity by monitoring the consumption of the reduced methyl
viologen at 734 nm using its known extinction coefficients
(6734 = 2665 mM ' ecm™', and eg4 = 13600 mM ™' cm™')
(6, 29). The kinetic parameters for IspG-catalyzed conversion
of MECPP (7) to HMBPP (8) are as follows: ke = 23.7 min™ "
(550 nmol min~" mg "), and K,,, = 311 4 21 uM for 7 (Figure 58
of the Supporting Information). So far, this activity (550 nmol
min~ ' mg ") is significantly greater than all previous reports on
E. coli IspG studies (Table 2S of the Supporting Information). In
our hands, the new IspG activity is more than 20-fold greater
than that of the NADPH—FIdA—Fpr system. The production of
8 under these assay conditions was also confirmed by 'H NMR
and high-resolution mass spectrometry after being isolated
(Figure 6S of the Supporting Information). The identity of the
product was supported by comparison with the spectroscopic
properties of synthetic HMBPP (8) standard.

Recently, Adedeji et al. reported EPR characterization of IspG
from a thermophile, T. thermophilus (24). When IspG from
T. thermophilus was treated with dithionite, no signals corre-
sponding to the [4Fe-4S]" cluster were detected, which suggests
that dithionite alone does not reduce the IspG iron—sulfur cluster
from a [4Fe-4S]*" state to a [4Fe-4S]" state. Interestingly, under
steady-state conditions using dithionite as the reductant, rhombic
EPR signals with g values of 2.087, 2.019, and 2.000 were
detected. The authors suggested that the shape of the EPR signal
is similar to that of a [4Fe-4S]*" species (24, 34, 35). Under
steady-state conditions, the species can reach a level of 0.6 spin
per IspG monomer. The authors also noticed that the behavior of
this species does not match with that of the HiPiP [4Fe-4S]*"
species reported in the literature (24).

Results from our studies clearly suggest that a redox mediator
with a reduction potential of less than —300 mV is needed to
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achieve high IspG activity. Whether the [4Fe-4S]*" cluster
suggested by Adedeji et al. for the T. thermophilus enzyme exists
for E. coli IspG is still under investigation. In addition, the E. coli
IspG activity from our studies is the best activity obtained so far,
yet this activity is still at least 1 order of magnitude lower than
those of the other enzymes of the DXP pathway. If indeed IspG is
not the rate-limiting step in the DXP pathway, it may be that
some other factors absent from our in vitro assay system are
required to achieve maximal IspG activity. This issue is also
currently under investigation.

SUPPORTING INFORMATION AVAILABLE

Additional references and results. This material is available
free of charge via the Internet at http://pubs.acs.org.
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