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Abstract
(E)-4-Hydroxy-3-methyl-but-2-enyl diphosphate reductase (IspH or LytB) catalyzes the terminal
step of the MEP/DOXP pathway where it converts (E)-4-hydroxy-3-methyl-but-2-enyl
diphosphate (HMBPP) into the two products isopentenyl diphosphate and dimethylallyl
diphosphate. The reaction involves the reductive elimination of the C4 hydroxyl group, using a
total of two electrons. Here we show that the active form of IspH contains a [4Fe-4S] cluster and
not the [3Fe-4S] form. Our studies show that the cluster is not only the direct electron source for
the reaction but that a reaction intermediate is bound directly to the cluster. This active form, has
been trapped in a state, dubbed FeSA, that was detected in EPR spectroscopy when one-electron-
reduced IspH was incubated with HMBPP. In addition, three mutants of IspH protein have been
prepared and studied, His42, His124 and Glu126 (Aquifex aeolicus numbering), with particular
attention to the effects on the cluster properties and possible reaction intermediates. None of the
mutants affected the properties of the [4Fe-4S]+ cluster significantly, but different effects were
observed when one-electron-reduced forms were incubated with HMBPP. Replacing the His42 led
to an increased Km value and much lower catalytic efficiency, confirming the role of this residue
in substrate binding. Replacing the His124 also resulted in lower catalytic efficiency. In this case,
however, enzyme showed the loss of the [4Fe-4S]+ EPR signal upon addition of HMBPP without
the subsequent formation of the FeSA signal. Instead, a radical-type signal was observed in some
of the samples indicating that this residue plays a role in the correct positioning of the substrate.
The incorrect orientation in the mutant leads to the formation of substrate-based radicals instead of
the cluster-bound-intermediate complex FeSA. Replacing the Glu126 also resulted in lower
catalytic efficiency, with yet a third type of EPR signal being detected upon incubation with
HMBPP. 31P- and 2H-ENDOR measurements on the FeSA species incubated with regular and 2H-
C4-labeled HMBPP reveal that the substrate binds to the enzyme in close proximity of the active-
site cluster with the C4 adjacent to the site of linkage between the FeS cluster and HMBPP.
Comparison of the spectroscopic properties of this intermediate to those of intermediates detected
in (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase and ferredoxin:thioredoxin reductase
suggest that HMBPP binds to the FeS cluster via its hydroxyl group instead of a side-on binding as
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previously proposed for the species detected in the inactive Glu126 variant. Consequences for the
IspH reaction mechanism are discussed.
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The (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate reductase (IspH or LytB) catalyzes the
terminal step of the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate
(MEP/DOXP) pathway, the conversion of (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate
(HMBPP) into the two products isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) (Fig. 1).1–3 IspH and other enzymes in the MEP/DOXP pathway are
currently in the spotlight since the pathway is one of two that are found in nature for the
synthesis of IPP and DMAPP. These are the building blocks for the large group of
molecules called isoprenoids or terpenes, which include biologically essential compounds
like vitamins, cholesterol, steroid hormones, carotenoids and quinines.4,5 Mammals use the
mevalonate pathway to synthesize the isoprene precursors, while eubacteria and
apicomplexan parasites use the MEP/DOXP pathway as the sole pathway for isoprene
synthesis.4 Several of these microorganisms are pathogens, causing, for example, malaria,
tuberculosis, anthrax, plague, cholera and venereal diseases.6 This makes the MEP/DOXP
pathway an attractive target for the development of new anti-infective drugs. Since this
pathway is not present in humans these inhibitors should demonstrate very low toxicity.
Fosmidomycin, an inhibitor of the enzyme DOXP reductoisomerase in the MEP/DOXP
pathway, can be used for the treatment of acute uncomplicated Plasmodium falciparum
infections (= malaria) but an overall cure rate of 95% in clinical studies was only achieved
when fosmidomycin was tested in combination with clindamycin, showing the need for
compounds with higher efficacy.7–13 Research efforts focus on finding fosmidomycin
analogs that can work as stand-alone drugs14–22 but also on finding inhibitors for the other
enzymes in the MEP/DOXP pathway, which could be used in combination with
fosmidomycin. Isoprenoids also have biotechnological applications as drugs, flavors,
pigments, perfumes or agrochemicals. Detailed knowledge of the mechanisms of the
enzymes and regulation of the pathway could or are already benefitting the biotechnological
production of commercially interesting isoprenoids, such as carotenoids,23,24 and Taxol.25

The MEP/DOXP pathway is also present in the plastids of plants and targeting this pathway
could result in the development of novel herbicides that are less harmful to humans.26,27

The IspH protein is an iron-sulfur-cluster containing enzyme. There is some confusion,
however, whether the active-site cluster is a [4Fe-4S] or a [3Fe-4S] cluster. This is mainly
due to the crystal structures of IspH proteins from Aquifex aeolicus and Escherichia coli.
The A. aeolicus enzyme was crystalized in a relatively ‘open’ form and contained a [3Fe-4S]
cluster,28 whereas the E. coli enzyme, which was crystalized under several different
conditions, exhibited ‘closed’ structures that either contained a [3Fe-4S] cluster or a
[4Fe-4S] cluster.29–31 The structural data places the substrate HMBPP and the iron-sulfur
cluster very close to each other. In light of the catalytic reaction, which involves the
reductive elimination of the hydroxyl group, the cluster is the most logical direct source of
the needed electrons. The redox potential of a 3Fe cluster, however, is too high to fulfill
such a role. More importantly the only structure that is obtained with bound HMBPP
contains a [4Fe-4S] cluster. The fourth iron in this cluster features a typical Fe-O bond
distance of 2.0 Å to the oxygen of the hydroxyl group of HMBPP. This would imply a direct
role of the 4Fe cluster in the reaction mechanism, in line with a recent proposal where the
binding of HMBPP with its hydroxyl group to the [4Fe-4S] cluster is the starting point of the
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reaction.32,33 In this hypothetical mechanism (Fig. 1), transfer of the first electron from the
cluster to bound HMBPP results in the removal of the hydroxyl group, which leaves as
water, and the formation of an allyl anion that could be stabilized by direct or indirect σ/π
interaction with the cluster. This type of interaction was proposed based on the
spectroscopic properties of a paramagnetic species detected in an IspH mutant (E126Q).32 It
was further proposed that the cluster with the bound reaction intermediate receives another
electron and the concomitant protonation results in the formation and release of either IPP or
DMAPP. The ratio of these products appears to be determined kinetically31 and can be
anywhere between 4:1 and 6:1, depending on the origin of the enzyme (A. aeolicus, E. coli,
or P. falciparum), or enzyme type (as-isolated or reconstituted).1–3,34 Electrons can be
donated by the natural flavodoxin/flavodoxin reductase/NADH system (E. coli)35–37 or
ferredoxin (P. falciparum)38, or by artificial donors including photoactivated deazaflavin39

and dithionite.1

The present paper reveals a linear dependency of WT enzyme activity and [4Fe-4S] cluster
content, confirming that protein containing this cluster type represents the active form of the
enzyme. It further reports that when a one-electron-reduced form of the WT enzyme is
incubated with HMBPP a new paramagnetic species is trapped. The properties of this
species indicate that it is an intermediate that forms as a stage on the enzyme reaction
pathway. The spectroscopic properties of this intermediate formed in WT enzyme, denoted
FeSA are different than the species detected in the E126Q mutant, and the behavior of the
species formed in the mutant enzyme suggests it may not lie along the reaction pathway.
Given the likely significance of the FeSA state, it has been studied by EPR and ENDOR
spectroscopies.

A third topic investigated is the effects of site-directed mutagenesis on protein activity and
cluster properties. From the crystal structures it can be deduced which amino acids probably
play a role in the binding of substrate and in the reaction mechanism. The IspH structure is
quite flat and displays a cloverleaf motif built up of α/β domains that surround a central
iron-sulfur cluster. In the ‘open’ A. aeolicus structure,28 there is a pronounced cavity, ca. 10
Å × 20 Å, located at the front side. The [3Fe-4S] cluster is found at the bottom of the
crevice. Computational studies, with a 4Fe cluster instead of the detected 3Fe cluster,
indicated that the diphosphate group of HMBPP is most likely coordinated by His42 and
His124 (A. aeolicus numbering) (Fig. 2A).28 The highly conserved Glu126 seemed to be the
only candidate to be able to participate in acid-base chemistry. The studies indicated a
possible interaction of the hydroxyl group of HMBPP with the unique iron of the active-site
cluster. The E. coli structure with bound HMBPP showed a slightly different picture (Fig
2B).30 In this case the enzyme is in the closed conformation and HMBPP is trapped inside.
Most of the conserved amino acids do not change position in comparison to the open form,
except for His42 (His41 in E. coli) which is shifted about 4 Å.30 In this structure HMBPP
has an almost cyclic form and the orientation of the diphosphate group is different from that
in the A. aeolicus model by 180°. As mentioned, the hydroxyl group is bound to the fourth
iron of the iron-sulfur cluster. The structure also shows a possible relay system where the
proton for the last reaction step would come from a water molecule present in most
structures that is hydrogen bonded to Glu126, which in turn can pass the proton to Tyr167,
which is in a better position to donate a proton to the allyl anion intermediate.

Confirmation of the assigned roles of these amino acids in the binding of HMBPP and in the
reaction mechanism has to come from site-directed mutagenesis studies. Some of these sites
have been probed in this fashion,29,32 but those studies lack detailed information about the
kinetic and spectroscopic properties of the produced mutants. Here we present studies of the
enzymatic function of IspH mutated at the His42, His124, or Glu126 positions. The
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characteristics of ‘reaction intermediates’ induced when the one-electron-reduced mutant
enzyme is incubated with HMBPP are also discussed.

From the comparison of the catalytic properties of WT and mutant IspH and of the
spectroscopic studies of the paramagnetic species formed upon incubation of the one-
electron-reduced forms of WT and mutant enzyme with HMBPP a clearer picture arises of
the role of the three amino acids on cluster properties, substrate binding, and the reaction
mechanism of IspH.

MATERIALS AND METHODS
Materials

Elemental 57Fe (95 % enrichment) was from WEB Research Co. 57FeCl3 was prepared by
reacting solid 57Fe in 37% HCl. After all iron reacted the pH was adjusted to 4–5 with
NaOH. 2H-labelled HMBPP was donated by the group of Dr. Eric Oldfield at the University
of Illinois, Urbana-Champaign, IL, USA. Dithionite was from Fisher Scientific. All gases
and gas mixtures were from Airgas.

Anaerobic conditions are required for all experiments. This was achieved by performing all
purification steps, sample handling and experiments in a glove box (Coy Laboratory
Products, Inc.) with an atmosphere of 95% N2 and 5% H2. All buffers and solutions used in
the procedures were degassed by boiling them under a nitrogen atmosphere and subsequent
cooling down under vacuum for 2 to 12 hours.

Expression and Purification
The expression plasmids for WT IspH from A. aeolicus and P. falciparum were also
provided by the group of Dr. Hassan Jomaa from the Justus-Liebig University at Giessen,
Germany. The expression plasmid for WT IspH from E. coli was provided by the group of
Dr. Michael Groll from the Technical University Munich, Germany. Plasmids with site-
directed mutants of IspH from A. aeolicus were provided by the group of Dr. Eric Oldfield.
Wild-type IspH protein (from A. aeolicus, E. coli, and P. falciparum) and mutated IspH
proteins from A. aeolicus were overexpressed successfully in E. coli XL-1 blue cells. All
IspH proteins contained a His6-tag and were purified by immobilized nickel affinity
chromatography.

The cell cultures were started with a single colony from an LB-Amp plate that was
transferred into SOC medium containing 100 mg/L ampicillin and 300 μM FeCl3. The
cultures were incubated at 37 °C under shaking. For 57Fe-isotope-enriched protein, 57e Cl3
was used. For IspH from A. aeolicus (both wild type and mutants) and P. falciparum,
anhydrotetracycline was used as inducer. For IspH from E. coli IPTG was used as an
inducer. The cells were harvested by centrifugation at 5,500 rpm for 30 minutes (Sorvall
RC-5B Refrigerated Superspeed Centrifuge, Sorvall GS-3 Rotor, Du Pont Instrument). The
cell pellets were stored at −80 °C until needed.

The purification and subsequent sample handling steps were performed in the Coy box.
Buffer containing 50 mM Tris-HCl, 100 mM NaCl, pH 8.0, was used to re-suspend the cell
pellets. The cells were disintegrated by sonication, followed by centrifugation at 35,000 rpm
for 30 minutes (Beckman XL-70 Ultracentrifuge, YPE 45 Ti Rotor, Beckman Coulter, Inc.).
The A. aeolicus cell extract was subsequently incubated at 65 °C in a water bath for 30
minutes, followed by a second centrifugation step after which the supernatant was loaded on
the HisTrap Affinity column (Pharmacia, GE Healthcare). The heat treatment was skipped
for the P. falciparum and E. coli enzymes. Protein was eluted with increasing amounts of
imidazole in the buffer. Enzyme eluted at an imidazole concentration of ±250 mM. The
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main fractions were collected and used freshly. Unless indicated, all experiments were
performed in 50 mM Tris-HCl, 100 mM NaCl, pH 8.0. The protein samples were judged to
be pure (> 95%) based on SDS-PAGE (not shown).

Determination of protein and iron
The enzyme concentration was determined by the Bradford method40 or directly based on
the absorbance at 280 nm depending on Tyr and Trp content: ε = 26,930 M−1cm−1 for A.
aeolicus (32 kDa), ε = 20,190 M−1cm−1 for E. coli (35 kDa), and ε = 41,260 M−1cm−1 for P.
falciparum (37 kDa). The iron determination was carried out with a rapid ferrozine-based
colorimetric method.41 Adventitiously bound iron was removed by running the protein
samples over a chelex 100 column (Biorad).

Reconstitution
Most of the IspH samples showed substoichiometric amounts of the active-site [4Fe-4S]
cluster. Reconstitution of the cluster was achieved by incubation over night with
dithiothreitol (at least 5 mM), FeCl3 (5x protein concentration), and Na2S (5x protein
concentration) in 50 mM TrisHCl, pH 8.0. The samples were centrifuged in an Eppendorf
centrifuge (4500 rpm for 5 min) to remove black iron-containing precipitate. The
supernatant was desalted by running it over a PD 10 column. The eluted protein was used
directly.

Kinetic Studies
The kinetic studies for WT and mutant IspH were performed at RT with the reaction mixture
containing dithionite, methyl viologen, and substrate. The activity of IspH was determined
by monitoring the oxidation of dithionite-reduced methyl viologen at 732 nm (ε732 = 2,200
M−1cm−1) or at 603 nm (ε603 = 13,600 M−1cm−1). The concentration of substrate HMBPP
was varied from 0 μM to 500 μM.

UV-vis absorption spectra were obtained under anaerobic conditions using an Ocean Optics
USB 2000 miniature fiber optic spectrometer inside the glove box or using stoppered
cuvettes in a HP 8451A UV-visible Spectrophotometer or an Agilent 8453 UV-visible
Spectrophotometer.

Circular Dichroism (CD) Spectroscopy
CD spectroscopy was carried out to check proper folding of the mutant enzymes. As-
isolated enzyme was washed with 5 mM phosphate buffer (pH 8.0) to remove both
imidazole and the Tris buffer. An aliquot was transferred into a 0.1 mm cuvette which was
capped inside the glove box. All CD data were collected on a J-810 Spectropolarimeter
(Jasco).

EPR Spectroscopy
The 4Fe cluster in IspH can be reduced by the addition of dithionite. Incubation with both
dithionite and the substrate HMBPP does not result in the detection of an intermediate signal
under the conditions used. An ‘intermediate signal’ was induced by incubating the enzyme
with an excess of dithionite and subsequently removing the excess by running the sample
over a desalting PD10 column. The cluster stays reduced after this procedure and this
represents the ‘one-electron-reduced’ form of the enzyme. Addition of HMBPP to this form
induced the disappearance of the cluster signal and the formation of a new EPR signal,
which for convenience is called FeSA.
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CW EPR spectra were measured at X-band (9 GHz) frequency on a Bruker EMX
spectrometer, fitted with the ER-4119-HS high sensitivity perpendicular-mode cavity.
General EPR conditions were: microwave frequency, 9.385 GHz; field modulation
frequency, 100 kHz; field modulation amplitude, 0.6 mT. Sample specific conditions are
indicated in the figure legends. The Oxford Instrument ESR 900 flow cryostat in
combination with the ITC4 temperature controller was used for measurements in the 4 K to
300 K range using a helium flow. Measurements at 77 K were performed by fitting the
cavity with a liquid nitrogen finger Dewar.

A copper perchlorate standard (10 mM CuSO4, 2 mM NaClO4, 10 mM HCl) was used for
spin quantifications on spectra measured under non-saturating conditions by comparison of
the double integral of the signal from the samples with that from the standard. Signal
intensities are presented as amount of spin, which is the fraction of the amount of EPR
signal detected over the amount of [4Fe-4S] cluster present in the sample.

Pulsed EPR and ENDOR data (35 GHz and 2 K) were obtained with an instrument
described earlier.42,43

RESULTS
Relationship between cluster type and enzyme activity

The purified A. aeolicus enzyme shows the typical 420 nm band characteristic for cuboidal
iron-sulfur-cluster-containing proteins (Fig. 3, black line). There is a small shoulder at 320
nm that can be assigned to bound single-iron ions (see below). The 420 nm band can be due
to either [4Fe-4S]2+ or [3Fe-4S]+ clusters or a mixture of these cluster types. Typically,
these clusters can be reduced to the [4Fe-4S]1+ or [3Fe-4S]0 forms by dithionite. This is also
the case here, as detected by the bleaching of the 420 nm band upon addition of dithionite
(Fig. 3, gray line). The increase in absorbance at around 330 nm is due to dithionite. Similar
spectra of as-isolated and reduced proteins were obtained for WT enzyme from E. coli and
P. falciparum (Figs. S1 and S2).

Comparison of the as-isolated and the dithionite reduced IspH enzymes in EPR spectroscopy
show that only for the A. aeolicus enzyme an EPR signal from a [3Fe-4S]1+ cluster was
detected (Fig. S3, trace A). That signal, however, represents less than 1% of the total cluster
content. The P. falciparum and the E. coli enzymes do not show 3Fe cluster signals in the as-
isolated forms (not shown). Instead, Figure 4, shows strong [4Fe-4S]+ signals from the IspH
enzyme of the three different organisms. The data thus show that the main cluster type
present in all three enzymes is the 4Fe cluster. The 3Fe cluster content in IspH from all three
sources can be increased by exposing any of these enzymes to air (not shown). The 3Fe
clusters, however, do not accumulate to significant levels but are an intermediate form on
the way to complete cluster breakdown.

Figure 5, shows the relationship between cluster content and enzymatic activity for IspH
enzyme from P. falciparum. This enzyme was chosen since it displayed the highest
(reconstituted) cluster content of all three IspH enzymes studied. Different samples were
prepared for this plot. The first type was as-isolated enzyme (±15% cluster content), the
second type was enzyme that was reconstituted (60 or 86% cluster content), and the third
type was enzyme that was exposed to air for a prolonged time (0% cluster content). All
types were run over a 5-ml column containing Chelex 100 resin to remove non-bound and
adventitiously bound iron. In the case of WT enzyme, the 420 nm band is not affected to a
great extent by the Chelex treatment, but the shoulder at 320 nm is (Fig. S4). Therefore this
band is assigned to single iron ions coordinated to one or more of the Cys residues present in
the active site. The cluster content was determined after the Chelex treatment. Control EPR
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measurements showed that either no or very low-intensity 3Fe cluster signals were present
in the samples, confirming that all clusters that are present have the 4Fe form. The cluster
content was calculated based on the iron determination. Figure 5 shows that there is a linear
relationship between [4Fe-4S] cluster content (plotted as %) and enzyme activity (plotted as
Vmax/[E]).

For completeness is must be noted that the EPR spectrum of the dithionite-reduced A.
aeolicus enzyme shows a feature, at around 100–150 mT that can be attributed to a form of
the [4Fe-4S]1+ species with a spin S = 3/2, in addition to the signal from a form with S = ½
between 300 and 350 mT 44 (Fig. S3, trace B). Addition of ethylene glycol enhances the S =
1/2 contribution and sharpens its EPR signal to one with g123 = 2.035, 1.916, and 1.841 (Fig.
S3, trace C and Fig. 4, trace A).

Detection and characterization of reaction intermediates in WT enzyme
Based on the fact that the [4Fe-4S] cluster can only donate one electron at-a-time and the
reaction requires two electrons it could be expected that there would be a short lived one-
electron-reduced HMBPP species during the reaction. The incubation of reduced enzyme in
the presence of excess HMBPP and excess dithionite resulted in the disappearance of the
[4Fe-4S]1+ signal (Fig. S5, traces A and B) indicating that the enzyme was being oxidized
by the addition of substrate. No other signals were detected, however, within a time interval
of 6 sec to 5 min (not shown). This indicates that under normal steady-state conditions no
intermediate is accumulated to any high extent.

Next it was investigated what would happen if only one electron was available for the
reaction. “One-electron-reduced” protein can be obtained by incubating IspH with dithionite
and removing the excess dithionite anaerobically with a PD10 desalting column. Optical
spectroscopy (Fig. S6, dashed trace) shows that after this treatment the cluster stays reduced
since the 420 nm is still absent and nearly all dithionite has been removed since only a small
band is still present at 330 nm. (This band can be completely removed when the procedure is
repeated.) The cluster was still present as [4Fe-4S]+ as shown by EPR spectroscopy (Fig. S5,
trace C). The incubation of the one-electron-reduced A. aeolicus protein with HMBPP
resulted in the formation of a new paramagnetic species (Fig. 6, trace A/black line and Fig
S5, trace D). This species is not an isolated organic radical, indicated by the large spread in
g values: g123 = 2.173, 2.013, and 1.997. EPR samples that were made with 57Fe-enriched
WT A. aeolicus IspH showed a significant broadening of the EPR signal (Fig. 6, trace A/
gray line). The broadening from the nuclear spin of 57Fe, shows that the signal is iron-sulfur
based. For the discussion here we will call this signal FeSA. For completeness, the
experiments with one-electron-reduced enzyme were performed for the E. coli and P.
falciparum enzymes. In both cases a new EPR signal was detected with properties almost
identical to that of A. aeolicus enzyme (Fig. 6, traces B and C). When additional dithionite
was added to one-electron reduced IspH incubated with HMBPP the FeSA signal
disappeared again showing it is probably not a dead-end product.

It was noted that several of the samples contained an additional EPR signal due to Mn2+

ions. In a study by Rohdich and coworkers it was found that the activity of the IspH enzyme
in E. coli cell extracts was significantly higher in the presence of divalent metal ions like
Co2+ and Mn2+.45 None of the crystal structures, however, showed the presence of
additional metal ions. The specroscopic behavior of all three enzymes in our studies was
identical whether the Mn2+ signal was present or not, suggesting that this ion does not play a
direct role in catalysis.

For completeness, the temperature dependence of the EPR signals and their amplitudes were
measured for both the [4Fe-4S]1+ and the FeSA species. The [4Fe-4S]1+ state shows
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representative behavior for such a cluster: above 20 K, the signal starts to broaden (Fig. S7,
panel A). Conversely, the FeSA signal can be observed up to 75 K without shifts or
extensive broadening (Fig. S7, panel A).

Figure 7, shows 35 GHz CW EPR and 31P-Mims ENDOR spectra from FeSA prepared from
P. falciparium IspH and HMBPP. The ENDOR spectra show a doublet centered at the 31P
Larmor frequency with a small, highly anisotropic hyperfine splitting with a maximum
coupling of Amax = 0.17 MHz. Simulations show the maximum dipolar coupling is 2Tmax ≈
Amax, with a negligible isotropic coupling (not shown). The observation of this signal
indicates the presence of a substrate 31P-nucleus in proximity to the cluster spin, while the
small coupling means that the phosphate group is not directly bound to the cluster. Detailed
information about spin coupling within the cluster would permit a reliable estimate of the
distance from 31P to the cluster. However, for heuristic purposes, we may assume the cluster
to act as a point spin on a single nearby Fe ion of the FeS cluster, 2Tmax ~ 2gβgnβn/r3 = 0.17
MHz, gives a representative Fe-31P distance of r ~ 7 Å.

Figure 8, shows a 2D field-frequency 2H ENDOR spectra comprised of spectra collected
across the EPR envelope of FeSA prepared by incubating reduced enzyme with HMBPP
labeled with deuterium at the C4 position. Labeled compound was synthesized as a racemate
mixture. From the perspective of an ENDOR measurement an intermediate prepared with
such a mixture is equivalent to a preparation with 50% of the di-deutero compound, and will
be discussed as such. The spectra exhibit ν+/ν− branches centered at the 2H Larmor
frequency and separated by the 2H hyperfine coupling; each branch is further broadened
and/or split by 2H quadrupole interactions. The hyperfine splitting is considerably
anisotropic, with maximum coupling of Amax ~ 1.4 MHz at g2. The presence of two
magnetically inequivalent deuterons whose hyperfine couplings may differ and whose
hyperfine and quadrupole tensor orientations in general will differ, leads to the broad and
poorly defined ν+/ν− branches other than in the vicinity of g3, where the spectrum is most
highly resolved. At g3, a set of four lines can be seen which almost certainly correspond to
the quadrupole-split doublet of a single deuteron 2H1 with an observed quadrupole coupling
3P = 0.13 MHz, and hyperfine coupling A = 0.54 MHz. Two weaker peaks observed in the
g3 spectrum are then assigned to 2H2, with a smaller hyperfine coupling at g3.

Although ENDOR transitions arising from 2H2 undoubtedly contribute across the entire
pattern, the majority of the 2D pattern can be reasonably well described in terms of a
dominant contribution from 2H1. One begins by assigning Amax to 2H1, and recognizing that
the value of the quadrupole splitting for 3P(2H1) at g3 suggests that this is likely to be
associated with the ‘perpendicular’ component (3Pζ) of the axial C-H quadrupole
interaction. A series of simulations (not shown) then allows an estimate of the hyperfine
tensor components for 2H1, A ~ [0.5, 1.4, 0.5] MHz, with an isotropic contribution of
aiso(2H1) ~ 0.8 MHz, corresponding to aiso(1H1) ~ 5 MHz. A heuristic distance calculation,
similar to that performed for the 31P above, furnishes an Fe-D distance to C4-deuterium of
3.4 Å, undoubtedly an underestimate because it ignores any local anisotropic contribution.
The presence of such a large isotropic interaction requires that FeSA contains HMBPP or a
product of its reaction that is bound to the paramagnetic cluster. The size of aiso further
suggests that C4 is adjacent to the site coordinated to the metal ion, consistent with binding
of the hydroxyl group to the unique Fe of the cluster, as seen in the E. coli crystal structure
showing that substrate binds to the oxidized cluster.

To further explore substrate binding to A. aeolicus IspH, circular dichroism spectroscopy
was utilized. The oxidized cluster present in the reconstituted protein only shows a broad
feature at around 350 nm (Fig. S8, black trace). The spectrum changes significantly in the
presence of one equivalent of HMBPP (Fig. S8, gray trace). Additional equivalents of
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HMBPP caused no further change. This finding is consistent with binding of the HMBPP
hydroxyl to the [4Fe-4S]2+ cluster. Analogous results were obtained by monitoring changes
in the Mössbauer spectra of the [4Fe-4S]2+ induced by treatment with HMBPP.46

Studies with mutant IspH
Based on computer modeling studies with A. aeolicus enzyme and the E. coli structure with
bound HMBPP, residues His42, His124, and Glu126 (A. aeolicus numbering) are predicted
to have important roles in the binding of HMBPP and/or the reaction itself. To test this, two
mutations were made at each of the three positions, 42, 124, and 126: H42A and H42F;
H124A and H124F; E126A and E126Q.

All IspH mutants were expressed at similar levels as seen for WT IspH. Circular dichroism
spectra measured for WT and mutant proteins all are very similar, indicating that the
proteins are folded properly (Fig. S9). Absorption spectroscopy (not shown) showed that all
mutants contained 4Fe clusters. The cluster content was in the range of 10% to 20%. Several
of the mutants also displayed a more intense 320 nm band in absorption spectroscopy due to
bound iron. Running the samples over a Chelex column greatly reduced the intensity of the
320 nm band (not shown). The cluster content could be increased to 40 to 50% for the
different mutants by the cluster reconstitution procedure (Table 1). Activity assays were
performed for all six protein variants, as well as the wild-type enzyme (Table 1). The values
in Table 1 are similar to those reported in the literature.32 Comparison of the specific
activities shows that all mutants, except the H42F mutant, have greatly diminished activity
in the range of 5–10% of that of the WT enzyme. The H42F has about 50% WT activity left.
Due to the low activity present in most of the mutants it was difficult to obtain the data and
small changes in Km and catalytic efficiency should not be over interpreted. A clear
difference in catalytic efficiency, however, is found for the H42F and H124F mutants. The
Phe residue in the H42F mutant seems to be able to rescue the loss of activity observed in
the H42A mutant, but at the same time the Km value increases to 144 μM causing a large
decrease in catalytic efficiency. A similar effect is found for the H124F mutant. This
indicates that the N-atoms in the His imidazole ring play an important role in the binding of
HMBPP.

EPR spectra collected from as-isolated and cluster-reconstituted mutant proteins are
equivalent, except that signal-to-noise ratios were much better in the reconstituted enzyme.
Representative samples of each type were used to make the figures. As-isolated mutated
proteins show at most only small amounts of [3Fe-4S]1+ cluster; WT and H42A show only
radical-type species of unknown origin, not to 3Fe clusters (Fig. S10, panel A). After
addition of dithionite to the mutant proteins, the [4Fe-4S]1+ cluster EPR signal was detected
in all mutants (Fig. S10, panel B), with an intensity much higher than the intensity of the
[3Fe-4S] signals (if any). Hence, it can be concluded that for that mutants the main cluster
type present again is the [4Fe-4S] cluster, and the similar g-values show the clusters are no
more than minimally perturbed. However, small differences with the WT enzyme can be
observed upon addition of 20% EG. This results in different ratios of S = 1/2 and S = 3/2
species for the different mutants. In case of the Glu126 mutants no conversion to the S = 1/2
form was observed. When 33–40% EG was added, however, all mutants showed some S =
1/2 signal in the g = 2 region (not shown).

When one-electron-reduced mutant enzymes were prepared and incubated with HMBPP,
several new signals were detected (Fig. 9). Some were similar to the WT FeSA species, but
showed differences in temperature behavior. Consider first the H42 mutants. Figure 9, panel
A, shows the temperature variation of spectra from the H42A mutant. At 10–20 K an EPR
signal due to the [4Fe-4S]1+ can be detected. At higher temperatures the FeSA species can be
detected but the signal intensity is very low (0.03 spin). As this mutant has low activity, it
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can be concluded that not much reaction is taking place. Different results were obtained for
the H42F mutant (Fig. 9, panel B). At lower temperatures (from 5 K to 20 K) a mixture of
the [4Fe-4S]+ signal and the FeSA signal is present. At 50 K only the FeSA signal is
detectable. Whereas the H42A mutant shows low activity and its 4Fe cluster stays reduced
upon addition of HMBPP, when HMBPP is added to the H42F mutant a partial oxidation of
the 4Fe cluster was detected and the FeSA species was formed. This is in line with the
activity data that show that this mutant is still active, although lower activity is observed.
When the temperature is increased from 50 K to 70 K, the intensity of the H42F-FeSA signal
decreases due to relaxation broadening. This differs from the very wide temperature range
over which the WT-FeSA signal can be detected.

Next consider the H124 mutants. Neither of the H124A or H124F mutants shows significant
activity (Table 1), so it might be expected that they would show the same behavior as the
H42 mutants. This is not true, however. Addition of substrate to the H124A or H124F
mutants causes the loss of the EPR signal due to the [4Fe-4S]+ cluster (Figure 9, panel C)
which indicates that the cluster becomes oxidized upon addition of substrate. This oxidation,
however, is accompanied by the formation of only very low levels of the FeSA species (<
0.01 spin). The FeSA species found in these mutants also showed temperature broadening at
70 K, unlike the WT signal.

There could be several reasons that the cluster in the H124A/F mutants seems to get
oxidized, with the formation of little or no FeSA. In some samples other radical-like signals
were observed with g123 = 2.041, 2.034, and 2.015 (Fig. 10, panel A). This suggests that the
binding of HMBPP is affected in such a way that electron transfer results in an alternative
radical species that is not stabilized by interaction with the cluster. Several samples also
showed broad EPR signals (Fig. 10, panel B). From the g values it can be concluded that the
signal is due to a paramagnet with S = 3/2. This signal is different than that detected in the
reduced enzyme (see Figs. 4 and S3). The H124 spectra have peaks at g = 4.69 and 3.33
which corresponds to an E/D value of 0.11. Since the latter signal is detected in the presence
of HMBPP it could also be due to a cluster-HMBPP complex. The binding, however,
appears to be unproductive, not resulting in the formation of the FeSA species.

Finally, consider the E126A and Q variants, Figure 9, panels E and F. When the two one-
electron-reduced enzymes are treated with substrate, both show a signal, with g123 = 2.120,
2.002, and 1.965. These values are identical to those for the species described by Wang et
al.32 The signal remains sharp up to 10 K and 20 K, but broadens at higher temperatures.
Studies with excess dithionite (not shown) showed that this species, in opposition to the
FeSA-like species detected in the other mutants, is not an intermediate whose signal is lost
upon further reaction, but accumulated over time. The E126Q mutant also shows an
additional species at around 332 mT. It was not possible to obtain a clean EPR signal for this
species by subtraction because the main species in these samples showed additional
temperature broadening in each spectrum, which induced additional features in the
difference spectra.

DISCUSSION
In this paper we have shown that the active form of the IspH enzyme contains a [4Fe-4S]
cluster. The EPR signal of this cluster disappears when the enzyme undergoes catalytic
turnover with the substrate HMBPP in the presence of excess dithionite, and no new EPR
signals appear. The conversion of HMBPP into IPP or DMAPP requires two electrons.
Therefore the one-electron-reduced form of the enzyme was prepared with the aim of
trapping a reaction intermediate. This strategy was successful, and incubation of the reduced
enzyme with HMBPP resulted in the disappearance of the [4Fe-4S]+ signal and the
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appearance of a new signal. Labeling studies with 57Fe isotope showed that the signal is
associated with the [4Fe-4S] cluster, so it was dubbed FeSA. The EPR properties of the
FeSA signal, in particular its temperature response, are very different than those of regular
4Fe clusters of proteins involved in electron transport.47 They are, however, very similar to
those of intermediates detected in two other [4Fe-4S]-cluster containing enzymes, (E)-4-
hydroxy-3-methylbut-2-enyl diphosphate synthase (IspG/GcpE), the penultimate enzyme in
the DOXP/MEP pathway, and ferredoxin:thioredoxin reductase (FTR), an enzyme present in
oxygenic photosynthetic organisms.48–52 In those two cases there is evidence that the
reaction mechanisms involve the attachment of a substrate (IspG) or an additional amino
acid (FTR) to the 4Fe cluster. In the recently proposed IspH mechanism I,32,33 HMBPP first
coordinates to the cluster through the oxygen of the hydroxyl group at the C4 position (Fig.
1). Subsequent electron transfer results in the formation of a π (or π/σ) complex. Before
discussing the properties of the cluster-bound reaction intermediate in more detail, a
discussion of the mutagenesis studies is important because the model in Figure 1 is based on
a signal detected in the E126A mutant that differs from the FeSA signal detected in WT
IspH.

IspH Mutants
Examination of the crystal structures of IspH protein from A. aeolicus and E. coli mutants
led to the construction of pairs of mutants at three sites: H42A and H42F; H124A and
H124F, E126A and E126Q. Absorption, CD, and EPR measurements show that the mutant
enzymes are properly folded and contain 4Fe clusters. As the cluster content was low,
reconstitution of the clusters was performed. Analysis of the enzymatic activity of the
mutants thus prepared showed that only the H42F mutant shows relatively high activity
(Table 1).

His42 was chosen as a mutation site because it was proposed to participate in the interaction
with one of the diphosphate oxygens of HMBPP. Replacement of His42 with Ala caused a
90 % decrease in activity. The incubation of one-electron-reduced H42A with substrate does
not result in oxidation of the 4Fe cluster or the formation of the FeSA species in significant
amounts. The mutation of His42 into Phe resulted in an enzyme that still showed partial
activity and formed the FeSA species. The observed Vmax is about half of that of WT
enzyme at comparable cluster occupancies. Since the His42 residue is too far away from the
HMBPP hydroxyl group to be directly involved in the reaction and it is not involved in
coordination of one of the ‘conserved’ water molecules detected in the crystal structures, the
mutation must have an effect on the binding of substrate and/or the conformation of the
active site. Having a Phe residue on this position instead of an Ala residue appears to rescue
some of the activity. The loss of activity could have been due to a structural effect and by
having a Phe instead of a Ala the local conformation is less perturbed by the conservation of
the ring structure. At the same time, however, the absence of the N-atoms causes a large
increase in Km value and a large decrease in catalytic efficiency. This confirms the role of
H42 in binding of HMBPP.

His124 was proposed to participate in the interaction with one of the diphosphate oxygens of
HMBPP. Both His124 mutants show the loss of the [4Fe-4S]+ signal upon addition of
HMBPP but hardly any formation of the FeSA signal. In some samples an additional
paramagnetic species was detected (Fig. 10, trace A). The g values of this species (g123 =
2.041, 2.034, 2.015) are more in line with a carbon-based radical species. At the same time
some of the samples show a new S = 3/2 signal upon addition of HMBPP (Fig. 10, trace B).
The best way to interpret the data is to assume that an alternative cluster-HMBPP complex is
formed or that HMBPP binds to the active site in close proximity to the cluster. In both
cases the position of HMBPP is such that electron transfer to HMBPP still takes place but
that upon transfer a free-standing radical species is formed instead of the FeSA species. As a
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result the enzyme becomes mostly inactive. Thus, the His124 residue is indeed important for
HMBPP binding, in particular for the correct orientation of HMBPP in the active site. This
result also gives a possible lead in finding inhibitors for this enzyme. Any HMBPP analogs
that cause radical formation instead of the formation of the FeSA species could potentially
knock out the enzyme and block the MEP/DOXP pathway.

Glu126 was proposed to participate in acid/base chemistry at the active site, and to have an
important function in the reaction mechanism, either directly or through a hydrogen-bonded
water molecule. The low activity in the Glu126 mutants supports this proposal. Upon
addition of HMBPP to both E126A and E126Q the [4Fe-4S]+ signal disappears and a new
paramagnetic species is formed that is different from FeSA detected in the WT and the other
IspH mutants. Its EPR signal is identical to that detected for the E126Q species in previous
work by Wang et al.32 A further discussion of this species is presented below.

In summary, the mutagenesis data supports the proposed roles of the three residues, His42,
His124, and Glu126, in the binding and positioning of the substrate and in catalysis. In all
cases studied here, addition of substrate to the mutant enzyme with reduced cluster caused
loss of the cluster signal, demonstrating the interaction between substrate and cluster in the
presence of the mutations. This is the first time that these effects are described in detail.29,32

The crystal structures of IspH show that there is an extensive hydrogen bond network
between the enzyme, HMBPP and several water molecules that are present in most of the
structures.29 In particular the HMBPP diphosphate group in IspH from E. coli is bonded by
7 amino acid residues: H74, H41, S269, S225, N227, S226, and H124. The H41Q and H74Q
mutants were still active,29 while the H124N, S225C, and N227Q mutants were not,29 while
H41A, H74A and H124A mutants afforded insoluble protein.29 With so many hydrogen
bonds available, a single mutation might not be expected to have a severe effect on the
binding of HMBPP. Instead, however, some of the mutants show very low levels of activity
or the inability to fold properly, indicating the importance of these few residues in
maintaining the local protein structure. Previous studies did not allow a conclusion as to
whether the loss of activity in properly folded mutants is due to diminished binding of
HMBPP or changes to the active-site structure. The present studies of the spectroscopic
properties of the mutant enzyme, and in particular the [4Fe-4S] cluster provide a more in-
depth understanding of the role of the (mutated) amino acid residues His42, His124, and
Glu126.

Mechanistic Implications
The paramagnetic center detected in the catalytically inactive E126Q mutant incubated with
dithionite and HMBPP was the first possible intermediate state of IspH to be fully
characterized by EPR and ENDOR spectroscopy.32,53 13C-ENDOR studies on the E126Q
species incubated with u-13C-HMBPP showed the presence of two pairs of peaks which
were attributed to two different carbon atoms with couplings of 1.7 and 0.8 MHz (Table 2).
Based on analogy to the bio-organometallic center characterized during reduction of alkynes
by nitrogenase,54 a side-on binding of the double bond of HMBPP to the unique iron in IspH
was proposed. Although the coupling values are relatively large, larger 13C couplings have
been found for substrates where the 13C is not bound to the metal ion, for example in the
formaldehyde-inhibited form of the molybdo-enzyme, xanthine oxidase,55 where a 13C
coupling of aiso(13C)= 43 MHz was determined for a 13C derived from formaldehyde that is
not directly bonded to the metal ion. Thus, a more in depth, joint analysis of the 13C
and 1,2H ENDOR would be welcome confirmation. Acetylenic diphosphate compounds,
however, were shown to be very strong inhibitors of IspH. But-3-ynyl diphosphate, for
example, has an IC50 of 0.45 μM. In keeping with the proposed structure for the HMBPP
product, these were proposed to bind side on. Hypothetical IspH mechanism II which is
based on this side-on binding model is shown in Figure 11. It was proposed that the initial
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interaction of HMBPP with the cluster is via the oxygen of the hydroxyl group at the C4
position. Subsequent electron transfer from an outside electron donor results in the
formation of a π-complex. Deoxygenation of substrate generates a water molecule and an
η1-allyl complex by protonation (via Glu126) to the reduced complex. The second electron
transfer yields a η3-allyl complex.

Here we describe the formation of the FeSA species in one-electron-reduced catalytically
active enzyme upon incubation with HMBPP. The ENDOR data presented for FeSA show a
weak coupling from 31P of the diphosphate group, with a maximum of 0.17 MHz (Table 2).
An approximate point dipole calculation gave an effective distance between the FeS cluster
and the 31P of ~7 Å. The lack of any significant isotropic contribution, and the large distance
indicate that the phosphate group is in the vicinity of the cluster, but not directly bound to it.

The ENDOR studies using HMBPP labeled with deuterium at the C4 position show the
presence of 2H-peaks corresponding to the two deuterium positions of the racemate mixture.
Simulations give an excellent estimate for the hyperfine tensor of the more strongly coupled
deuteron, assuming that it is H1. The isotropic 2H1 coupling is equivalent to a 1H1 coupling
of, aiso = 5.2 MHz and an effective H1-to-cluster distance of ~3.4 Å, indicative that C4 is
adjacent to the site of linkage between the FeS cluster and HMBPP, or its reaction product
(Table 2). It is not possible to determine the precise hyperfine and quadrupole interaction
tensors for the second deuterium. However, all these findings are consistent with an HMBPP
bound to the cluster not through phosphate, but via attachment through the hydroxyl group
or as a π-complex.

How can we explain the differences between the FeSA species and the species detected in
the E126Q mutant, considering both the different g-values and the observed coupling
constants (Table 2)? It is possible that both represent a reaction intermediate at different
points in the reaction cycle. Given that the Glu126 mutation is catalytically inactive, it is
also possible, however, that the Glu126 mutation resulted in the formation of a dead-end
product not directly related to the reaction mechanism. More studies are needed to discern
between these two options.

Where would we place the FeSA species in IspH mechanism II (Fig. 11)? It might be just the
complex formed by binding the hydroxyl of HMBPP to the reduced 4Fe cluster. However,
with all the ingredients present for the conversion of HMBPP there is no obvious reason
why the reaction would not proceed from there all the way to the η1-complex. This complex,
however, is not paramagnetic and therefore cannot be the FeSA species. This puzzle, along
with the finding that the E126Q mutant is not active and that the putative side-on bound
state might not represent a catalytic intermediate, leads us to next explore other mechanistic
models.

Alternative Models
As mentioned earlier there are two other enzymes that show EPR signals from catalytic
intermediates that are very similar to the FeSA signal observed in WT IspH. The first
enzyme is FTR. This enzyme functions as a 1e−/2e− switch, using single electrons donated
by ferredoxin for a two electron reduction of a disulfide bond present on the substrate
enzyme thioredoxin. The active site of FTR contains the unique combination of a [4Fe-4S]
cluster in close proximity to an active-site disulfide.56 Transfer of the first electron from the
[4Fe-4S]+ cluster to the disulfide would theoretically cause the formation of a thiolate and a
thiyl radical. The formation of the radical species, however, is prevented by forming a bond
between this sulfur atom and an iron atom of the 4Fe cluster.48,49,57 The unique iron site
ends up being coordinated by two cysteinates. This species is best described as a [4Fe-4S]3+

cluster. The other enzyme is IspG. This enzyme is the penultimate enzyme in the MEP/
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DOXP pathway and converts 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcPP) into
HMBPP (Fig. 12). MEcPP is a cyclic compound and the reaction involves the opening of the
ring and removal of the C3 hydroxyl group consuming the total of two electrons. The
enzyme contains a single [4Fe-4S] cluster in its active site.

In a recent study on IspG 58 we showed that several paramagnetic species could be observed
in steady-state and pre-steady-state kinetic experiments. One of these signals was from a
transient species that was dubbed FeSA, which displayed a rhombic EPR signal with g123 =
2.087, 2.019, and 2.000. It is because the g-values for FeSA of IspH reported here are so
similar to those for IspG, g123 = 2.173, 2.013, and 1.997, that the signal induced in one-
electron-reduced IspH incubated with HMBPP was also dubbed FeSA. 31P-ENDOR
measurements on the IspG-FeSA species, like IspH-FeSA, showed a weak 31P coupling
which is in line with binding of the substrate to the enzyme in close proximity of the active-
site cluster.58 Based on EPR/ENDOR measurements it was proposed that the substrate binds
directly to the [4Fe-4S] cluster during the reaction. Parallel to this, labeling studies by Wang
et al.33 with the alternative substrate [2,3-17O]-HMBPP epoxide showed that there is a Fe-O
bond, in line with binding models for MEcPP via one of its hydroxyl groups or the
formation of a more tightly bound ferraoxetane complex (Table 2). Thus we inferred that the
iron-sulfur cluster is directly involved in a reductive elimination of a hydroxyl group in
IspG, which thus suggests the same for IspH.

IspH and IspG catalyze a very similar reaction, the reductive elimination of a hydroxyl
group. In both cases a very similar paramagnetic species, thus denoted FeSA, is formed
during the reaction mechanism. We propose that in both enzymes the FeSA species represent
a reaction intermediate that is bound to the 4Fe cluster via a hydroxyl group. Based on the
similarities with the EPR signal detected in FTR we also propose that the FeSA signals are
due to an [4Fe-4S]3+ species. This is supported by the fact that the FeSA signals have an
average g value > ge, which is strongly indicative of a [4Fe-4S]3+ species.59,60

Key to proposing any reaction mechanism for IspH is that a completely radical based
mechanism should be avoided, because the carbon-oxygen bond connecting the diphosphate
group to the rest of the molecule is more labile than the one connecting the hydroxyl group
and would therefore have a higher chance of being broken in such a mechanism. IspH
mechanism II (Fig. 11) does avoid such a situation, but binding of the hydroxyl group to the
cluster would make it a much better leaving group, favoring removal of the cluster-bound
hydroxyl group. The IspG mechanism I which we recently proposed is shown in Figure 12.
In this case the substrate MEcPP starts by binding to the cluster via the hydroxyl group that
is ultimately eliminated. Protonation of MEcPP results in ring opening and the formation of
a carbocation. Internal electron transfer from the cluster to the substrate results in the
formation of a carbon radical. There are several possibilities of how the cluster can stabilize
this radical species. One option would be the transfer of an additional electron, making the
cluster formally 3+ (reaction I). However, this would create a carbanion species that could
be very reactive. The ferraoxetane structure as proposed by Wang et al.61 would provide a
way to stabilize the carbanion (and even the radical species in the previous step) by forming
an additional bond to the unique iron (via reaction III). At this point it is not clear, however,
if there is a direct bond between the C3 carbon and the unique iron. As an alternative
(reaction II) a π/η-type complex can be proposed, perhaps accompanied by interaction with
the hydroxyl oxygen. In either case, transfer of the second electron from the outside electron
donor to the active-site cluster results in the release of the hydroxyl group and double bond
formation. The hydroxyl group can stay bound to the cluster and comes off later since it is
only weakly bound as shown for example for aconitase.62
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A similar approach is followed in the IspH mechanism III (Fig. 13). HMBPP can bind to
either the [4Fe-4S]2+ or [4Fe-4S]+ forms of the enzyme. Transfer of two electrons from the
cluster to the bound substrate results in the formation of a carbanion (reaction I). This could
be stabilized by an additional interaction with the unique Fe of the cluster. In the most
extreme case there could be a direct bond between the iron and the C3-carbon (reaction II),
similar to the ferraoxetane species proposed for IspG. Rereduction of the cluster to the 2+
state by an outside electron donor causes the cleavage of the C-O(H) bond and the formation
of either IPP or DMAPP.

IspH mechanism III (Fig. 13) is a working model that includes the following assumptions: a
direct Fe-O bond; a 3+ oxidation state for the cluster. These will be tested through a series of
labeling studies with 13C, 17O, and 57Fe, using a combination of ENDOR and Mössbauer
spectroscopy. IspH mechanism III also does not explain why (E)-3-(fluoromethyl)-2-butenyl
diphosphate (C4-F instead of C4-OH) is a substrate for this enzyme, as this compound has
no hydroxyl group.39 It is well known that enzymes can employ different reaction
mechanisms for substrates with different properties and the possibility that this compound
reacts via a different reaction mechanism will be tested by examining the EPR signals
induced by incubation of one-electron reduced WT or E126A/Q IspH with (E)-3-
(fluoromethyl)-2-butenyl diphosphate.

Summary
This paper presents evidence for the important role of a [4Fe-4S] cluster in the reaction
mechanism of the IspH enzyme. The cluster is involved in direct binding of HMBPP which
stays bound during the subsequent catalysis. A paramagnetic reaction intermediate, denoted
FeSA, is generated upon the incubation of one-electron-reduced enzyme with HMBPP, with
EPR and ENDOR studies revealing that it contains an HMBPP-derived intermediate bound
to the cluster. Similarities of this species with other paramagnetic intermediates associated
with [4Fe-4S]-containing enzymes, in particular a very similar species in the previous
enzyme in the MEP/DOXP pathway, IspG, indicates an association via the C4-(hydroxyl)
oxygen. Studies with mutant enzyme confirmed the roles of His42 and His124 in binding of
HMBPP and the role of Glu126 in the reaction mechanism. The role of His124 is
particularly interesting since it appears to play a role in keeping the substrate HMBPP in the
correct orientation so that the stable HMBPP-cluster complex can be formed. Mutating this
residue resulted in the formation of a HMBPP-based radical instead.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HMBPP (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate

IPP isopentenyl diphosphate

DMAPP dimethylallyl diphosphate

FTR ferredoxin:thioredoxin reductase

MEcPP 2-C-methyl-D-erythritol-2,4-cyclodiphosphate
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Figure 1. IspH Mechanism I
Reaction mechanism for the conversion of HMBPP by IspH. See text for details.
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Figure 2. Binding of HMBPP in the active site of IspH
(A) Modulation of HMBPP in the ‘open’ site of A. aeolicus IspH. (B) HMBPP bound in the
crystal structure of E. coli IspH. Note that the numbering is different for the enzymes from
both organisms.
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Figure 3. UV-visible absorption of as-isolated (—) and dithionite-reduced (—) IspH protein from
A. aeolicus
The peak at 330 nm is due to dithionite.
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Figure 4. EPR spectra of the [4Fe-4S]+ cluster in IspH protein from A. aeolicus (A), P.
falciparum (B), and E. coli (C)
The signal intensities have been adjusted for easy comparison. EPR conditions: Microwave
power, 0.2 mW.
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Figure 5. Relationship between enzyme activity and [4Fe-4S] cluster content
The plot was prepared with P. falciparum IspH. The cluster content was calculated from the
protein iron content.
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Figure 6. EPR signals of the FeSA species detected in IspH from A. aeolicus (A), P. falciparum
(B), and E. coli (C)
The spectra for the A. aeolicus IspH are from enzyme from cells grown on natural
abundance iron containing medium (—) and from cell grown on 57Fe-enriched medium
(—). EPR conditions: Microwave power, 2 mW.
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Figure 7. 35 GHz CW EPR and pulsed ENDOR spectra of the FeSA species
A: Pulsed 31P ENDOR spectra. Spectra were collected at the positions indicated on the
pulse-echo detected EPR spectra shown on the right of the panel. ENDOR spectra are
normalized to a fixed intensity for clarity. Sample contained 1.7 mM one-electron-reduced
IspH from P. falciparum and 33 mM HMBPP. Sample was incubated for 25 s at RT before
freezing. Conditions: Mims pulse sequence: microwave pulse length, 30 ns; RF pulse
length, 20 μs; repetition rate, 20 ms; τ = 800 n; microwave frequency, 34.871 GHz;
temperature, 2 K.
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Figure 8. Pulsed 2H-ENDOR spectra of the FeSA species
Spectra were collected at the field positions indicated. Sample contained 1.2 mM one-
electron-reduced IspH from P. falciparum and 33 mM 2H-HMBPP. Sample was incubated
for 25 s at RT before freezing. Conditions: Mims pulse sequence: microwave pulse length,
30 ns; RF pulse length, 20 μs; repetition rate, 20 ms; τ = 800 n; microwave frequency,
34.871 GHz; temperature, 2 K.
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Figure 9. Temperature behavior studies of FeSA with reconstituted mutant enzymes from A.
aeolicus
Spectra are presented as an overlay using normalized spectra. All spectra are corrected for
differences in gain, temperature and power. A, D and E: Data for enzyme as-isolated. B, C,
and F: Data for the reconstituted form of the enzyme.
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Figure 10. Additional paramagnetic species detected in some of the mutant IspH enzymes from
A. aeolicus
(A) Possible organic radical observed in one-electron reduced H124A-IspH after addition of
HMBPP and incubation for 20 sec. (B) S = 3/2 EPR signal observed in one-electron reduced
H124F-IspH after addition of HMBPP and incubation for 20 sec. The signal in the 300–350
mT region is the FeSA EPR signal.
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Figure 11. IspH Mechanism II
Hypothetical reaction mechanism II for the conversion of HMBPP by IspH. Adapted from
[32]. See text for details.
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Figure 12. IspG Mechanism I
Hypothetical reaction mechanism for the conversion of MEcPP by IspG. See text for details.
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Figure 13. IspH Mechanism III
Hypothetical reaction mechanism III for the conversion of HMBPP by IspH. See text for
details.
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Table 1

Comparison of the properties of Wt and mutant A. aeolicus IspH.

Reconstituted Enzyme Cluster Content (%) Specific Activity after Correction for Cluster Content
(μmol·min−1·mg−1)

KM (μM) kcat/KM

WT 42.9 1.95 6.4 0.30

H42A 29.9 0.20 1.7 0.12

H42F 45.9 1.09 144 0.008

H124A 33.2 0.14 1.2 0.12

H124F 35.6 0.20 33.6 0.006

E126A 41 0.19 2.4 0.08

E126Q 29.6 0.20 0.4 0.50
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Table 2

Comparison of the coupling constants of selected atoms for the different proposed reaction intermediates.

IspH E126Q (‘species X’) Atom aiso (MHz) ref

D4 0.4 32

13C2,3 1.7 and 0.8 32

31P <0.1 32

IspH WT-FeSA

H4 (D4) 5.2 (0.8) This study

31P 0.17 This study

IspH WT-FeSA

H2′(D2′) 12 (1.8) 33, 58, 61

13C2 17.7 33, 61

13C3 3.0 33, 61

17O n.d. 33, 61

n.d., not determined
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