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ABSTRACT: (E)+Hydroxy-3-methylbut-2-enyl diphosphate reductase, or 
"Fe-ENDOR lspH (formerly known as LytB ), catalyzes the terminal step of the bacterial 

methylerythritol phosphate (MEP) pathway for isoprene synthesis. This step 
converts (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) into one of 
two possible isomeric products, either isopentenyl diphosphate (IPP) or 
dirnethylallyl diphosphate (DMAPP). This reaction involves the removal of the 
C4 hydroxyl group of HMBPP and addition of two electrons. lspH contains a 
[ 4Fe-4S] cluster in its active site, and multiple cluster-based paramagnetic 
species of uncertain redox and ligation states can be detected after incubation 
with reductant, addition of a ligand, or during catalysis. To characterize the 
clusters in these species, 57Fe-labeled samples of lspH were prepared and 
studied by electron paramagnetic resonance (EPR), 57Fe electron-nuclear 
double resonance (ENDOR), and Mossbauer spectroscopies. Notably, this 

� 
"Fe-Mossbaue, 

/spH-lnt 

ENDOR study provides a rarely reported, complete determination of the 57Fe hyperfine tensors for all four Fe ions in a [ 4Fe-4S] 
cluster. The resting state of the enzyme ( Ox) has a diamagnetic [ 4Fe-4S]2+ cluster. Reduction generates [ 4Fe-4S]+ (Red) with both 
S = 1/2 and S = 3/2 spin ground states. When the reduced enzyme is incubated with substrate, a transient paramagnetic reaction 
intermediate is detected (Int) which is thought to contain a cluster-bound substrate-derived species. The EPR properties of Int are 
indicative of a 3+ iron-sulfur cluster oxidation state, and the Mossbauer spectra presented here confirm this. Incubation of reduced 
enzyme with the product IPP induced yet another paramagnetic [ 4Fe-4S]+ species (Red+P) with S = 1/2. However, the g-tensor of 
this state is commonly associated with a 3+ oxidation state, while Mossbauer parameters show features typical for 2+ clusters. 
Implications of these complicated results are discussed. 

In this paper we provide new insight into the electronic and 
magnetic properties of the active site [ 4Fe-4S] cluster in (E)+ 
hydroxy-3-methylbut-2-enyl diphosphate reductase or lspH 
(formerly known as LytB ). These results are of importance, as 
the enzyme is a target for drug development. The results 
support the proposed organometallic type reaction mechanism 
and highlight unique properties of the [ 4Fe-4S] cluster which is 
directly involved in substrate binding and catalysis. There are 
only a few types of 4Fe cluster-containing enzymes known that 
do a similar type of catalysis, but this family appears to be 
growing, and here we provide both simple and more advanced 
spectroscopic methods to quickly recognize these types of 

1-6 enzymes. 

lspH catalyzes the terminal step of the bacterial methyler­
ythritol phosphate (MEP) pathway for isoprene synthesis.7 
This pathway is utilized exclusively by a group of eubacteria 
and apicomplexan parasites, 8 so development of inhibitors for 
the MEP pathway could result in treatment, for example, for 
malaria, tuberculosis (TB), anthrax, plague, cholera, venereal 

diseases, and enteric infections.9-IS lsoprenoid synthesis in
humans proceeds via the Mevalonate pathway and is therefore 
unlikely to be affected by drugs that target the MEP pathway. 
Such drug development requires a full understanding of the 
enzyme properties and mechanism. 

lspH converts (E)-4-hydroxy-3-methylbut-2-enyl diphos­
phate (HMBPP) into one of two possible isomeric products, 
either isopentenyl diphosphate (IPP) or dimethylallyl 
diphosphate (DMAPP) in a ratio of 5:1 (Figure 1).7 This 
reaction involves the removal of the C4 hydroxyl group of 
HMBPP and addition of two electrons. The [ 4Fe-4S] cluster is 
essential for this process. Three of the Fe ions in the cluster are 
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Figure 1. Reaction catalyzed by lspH and the proposed [4Fe-4S]3•-allyl anion/Ir intermediate (Int) formed during the reaction mechanism. 
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Figure 2. Proposed structures for different states of lspH observed during different reaction conditions. lspH has a unique (atypical) iron that in 
the Ox state ([ 4Fe-4S]2•) has an octahedral geometry with a first coordination sphere consisting of three sulfur atoms (inorganic sulfides) and 
three oxygen atoms from three water or hydroxide molecules/ions.32 The cysteinyl ligands to each of the other (typical) iron sites are indicated by 
lines. In the proposed organometallic model for the reaction of IspH with HMBPP, the substrate binds via its hydroxyl group to the Ox state 
forming the Ox+S state (step a). Upon reduction of the cluster, a ,r. or ,,2-complex is formed, and the hydroxyl group swings away from the cluster 
forming the Red+S state (step b ). Proximity of the hydroxyl group to a Glu residue (EI26) in the active site allows protonation of its hydroxyl 
group and release as a water molecule, forming the reaction intermediate species Int (step c). The transfer of an additional electron from an 
external source is needed for the reaction to go to completeness and form IPP and DMAPP (step d). In the studies described here the Red state is 
first formed by the addition of dithionite ( step e); this is then reacted with HMBPP and produces the same reaction intermediate species Int, 
presumably via the Red+S form (steps f and c) but that species was not observed and might be too short-lived. It is also possible to add IPP to the 
Red form inducin§ a different species: Red+P (step g). The cluster coordination sphere in the different states is based on 2H-, 31P-, 13C-, and 170-
Jabeling studies.5•1 -t9.34 It is not dear what non-Cys ligand(s) (if any) is present in the Red state. In this state IPP might bind to the cluster in a 
similar way as HMBPP in the Red+S state but there is no evidence available for this. The assignment of the oxidation states for the [ 4Fe-4S] 
clusters, in particular the Int and Red+P states, is discussed in the text. 



















describe these spectra is not unique and inspection of Table S3
shows that this set of Red parameters is similar to those
derived for other [4Fe-4S]+, S = 1/2 and S = 3/2 clusters.
HMBPP-Incubated Reduced IspH (Int). To probe the

electronic structure of the paramagnetic HMBPP-induced
intermediate Int, one-electron-reduced Red state of 57Fe
labeled wild type enzyme (E. coli) was incubated with HMBPP
for 30 s and the reaction was stopped by freezing the sample in
liquid nitrogen.
The sample incorporated two magnetically distinct [4Fe-4S]

cluster types, one paramagnetic and another with an S = 0
ground state. The latter species accounted for about half of the
iron content. This led to Mössbauer spectra that had a lower
resolution than those of other samples investigated in this
study. In addition, this sample also contained an unidentified
iron species with an associated subspectrum, which accounted
for ∼5% of the total spectral area. The most prominent feature
of this spectral component is an essentially featureless°absorp-
tion observed in the high energy range, 2.8−4.0°mm/s, of the
high-temperature zero-field and of the 1−2 T spectra recorded
at 4.2 K. Inspection of Figures 8 and S19 shows that the

contribution of the S = 0 clusters is well reproduced using the
parameters determined for the as-isolated IspH incubated with
HMBPP (Ox+S), see Table 2. Raising the temperature leads to
the collapse of the magnetic hyperfine splitting pattern of the
paramagnetic species into a broad quadrupole doublet. The
broadening is due to the persistence of unresolved magnetic
hyperfine interactions and is traced to the onset of an
intermediate relaxation regime of the electronic spin. Because
the paramagnetic species failed to reach a fast relaxation

regime, even at 180 K, their zero-field Mössbauer parameters, δ
and ΔEQ, have been determined from the analysis of the low-
temperature, field-dependent data. However, our simulations
of the 150 K, 0 T spectrum such as those presented in Figure
8, obtained by capping line widths at 0.45 mm/s, corroborate
the values we derived from the low temperature spectra.
The observation of a component with an unquenched

magnetic hyperfine splitting at low temperature in zero field is
indicative for the presence of a Kramers system with a slow
relaxation regime. Inspection of Figures 9 and S19−S20 shows

that, indeed, the spectroscopic behavior of the paramagnetic
[4Fe-4S] clusters is well rationalized by an S = 1/2 spin state
such as that revealed by the EPR and ENDOR studies.
Moreover, these clusters exhibit two spectral components with
essentially equal areas, one characterized by positive and the
other by negative hyperfine coupling constants. Because of its
inward moving resonances, the latter component is largely
obscured by the contribution of the S = 0 clusters in the high-
field spectra. Furthermore, at low fields the two spectral
components overlap such that their outer resonances are
differentiated only for B ≥ 4 T. Due to these factors there are a
limited number of spectral features that can be unambiguously
assigned to the component characterized by negative A values.
However, regardless of its oxidation state, an S = 1/2 [4Fe-4S]
cluster such as that observed here is expected to incorporate at
least one S = 9/2 mixed-valence [Fe2.5+]2 pair. As a
consequence of its large value, the spin of this mixed valence
pair is dominant and its associated spectral component is
described by negative hyperfine coupling constants. Therefore,
we favored solutions that yielded, for this component, zero-
field Mössbauer parameters similar to those observed for the
delocalized [Fe2.5+]2 mixed-valent pairs of [4Fe-4S]2+ IspH
clusters, see Table 2. Interestingly, the isomer shift derived for
the component characterized by positive A values is smaller
than that of [Fe2.5+]2 sites which suggests that it originates
from [Fe3+]2 sites and that we observe a [4Fe-4S]3+ cluster

Figure 8. Zero-field temperature-dependent spectra recorded at 4.2
(1) and 150 K (2) for the Mössbauer sample associated with the
intermediate (Int) signal. The solid brown traces drawn above (1)
and (2) are theoretical spectra of the S = 0 clusters. While the solid
orange curves drawn above (2) and over (3) account for the
contribution of the S = 1/2 clusters, the gray trace overlaid on the
experimental spectrum (2) accounts for contribution of both cluster
types. The 150 K, 0 T experimental spectrum of the Int species (3)
was obtained by subtracting the contribution of the S = 0 clusters.
Shown in red is the contribution of the (Fe2.5+)2 mixed valence sites
and in blue, drawn above (3), that of the (Fe3+)2 sites. The sum of
these subspectra is shown in orange above (2) and over (3). Enzyme
from E. coli.

Figure 9. Field-dependent Mössbauer spectra of the [4Fe-4S]3+
intermediate (Int) generated by incubating the one-electron reduced
57Fe enriched E. coli IspH with HMBPP recorded at (1) 4.2 K, 1 T
and (2) 4.2 K, 8T. The hatched and solid gray lines are the
experimental data and simulation, respectively. The experimental
spectra were obtained by removing the contribution of the S = 0 [4Fe-
4S]2+ clusters, see text. Shown in red is the spectral component
associated with (Fe2.5+)2 and in blue that of the (Fe3+)2 subclusters.
Enzyme from E. coli.



such as those of HiPIP enzymes (Table S1).74,75 Unlike for
ENDOR, the analysis of the Mössbauer data did not allow us
to differentiate the individual spectra of all four iron sites.
Instead, we could distinguish only two spectral components
each accounting for two iron sites, vide supra. However, our
simulations of the field dependent Mössbauer spectra provided
solutions, which, irrespective of the model used, were
consistent with those derived from ENDOR, see Table S6
and Figure S20. For example, the theoretical spectra of Figure
9 and S19 and the corresponding parameters listed in Table 2
were obtained using a least-squares fitting procedure for which
the individual A tensor components were limited to the range
bracketed by the corresponding ENDOR-derived A values.
While in this case we obtained axial A tensors with Aiso values
that differed by 4−15% from the analogous ENDOR
quantities, listed in Table 1, the observed differences are not
due to intrinsic discrepancies between the two experimental
methods but rather are traced to the lower resolution of the A
tensors as obtained from Mössbauer. Regardless of these
difficulties, an important result of our analysis is that the
average isomer shift measured for the [4Fe-4S] clusters of Int,
δave = 0.40(2) mm/s, is considerably lower than those observed
for the [4Fe-4S]2+ clusters of IspH, δave = 0.47−0.54 mm/s.
This observation, like the EPR spectrum itself (see above), is
more characteristic of a [4Fe-4S]3+ cluster. However, the δave
of the Int signal is somewhat larger than the typical average
isomer shift observed at 4.2 K for [4Fe-4S]3+ clusters of HiPIP
proteins, δave = 0.31(3) mm/s. Undoubtedly, this difference
may be traced to the influences of the bonding in the
heteroleptic coordination of the atypical iron site of IspH, as
pictured in Figures 1−2.
Product Incubated Reduced IspH (Red+P). The spectra

recorded for the Red+P sample exhibit magnetic hyperfine
splitting patterns irrespective of the temperature and the field
at which they were obtained; see Figures 10 and S21−S23.
Such zero-field spectra are typically observed at low temper-
ature for Kramers systems in a slow spin relaxation regime,

which exhibit an electronic spin flip rate lower than 1/τ = 106
s−1. This behavior is consistent with the S = 1/2 spin state
derived from the EPR and ENDOR measurements. Increasing
the temperature boosts the relaxation rate and typically leads
to the onset of a fast relaxation regime (1/τ > 108 s−1) such
that in zero-field the magnetic hyperfine interactions are
averaged out and only quadrupole doublets are observed. In
contrast, in this case, a slow relaxation regime is still in effect
even at 80 K, see Figure 10. Raising the temperature further,
up to 220 K, which is the highest temperature at which the
EPR signal of Red+P persists, leads to spectra with unresolved
features and broad tails which are characteristic of an
intermediate relaxation regime, see Figures S21−S22. Because
of this behavior the δ and ΔEQ values could be determined
only from the spectra recorded at low temperatures.
The field-dependent spectra recorded at 4.2 K for Red+P

are well reproduced considering an S = 1/2 ground spin state,
see Figures 10 and S23. Moreover, fields larger than 2 T induce
the splitting of the low-field spectra in two essentially
equivalent spectral components, but which have opposite
sign of hyperfine couplings. The isotropic hyperfine coupling
constants, Apositive = 26(3) MHz and Anegative = −36(1) MHz,
derived from spectral simulations which considered only two
components compare quite well with the analogous average
values derived from the ENDOR spectra, 24.0 and −36.4 MHz
respectively, see Tables 1 and S7. The hyperfine coupling
constants determined at 80 K appear to be ∼5% smaller than
those observed at 4.2 K, which suggests that perhaps one, or
more low-lying excited spin states might be thermally
accessible. A surprising feature of these simulations is that
they provide similar isomer shift values for the individual
spectral components and that these values are comparable to
those of delocalized mixed-valence sites such as those observed
for the [Fe2.5+]2 subclusters of the [4Fe-4S]2+ S = 0 clusters
described above. The simulated spectra presented in Figures
10 and S23 were obtained using the hyperfine coupling
constants derived from ENDOR. To validate these simulations,
we have used a stepwise strategy to analyze the experimental
data we collected for this sample. Some of the alternative
models considered are summarized in Table S7 and the
corresponding simulations are presented in Figure S24. Due to
their similitude and relatively small anisotropy, the two
negative A tensors obtained from ENDOR were combined
into a single unit by taking the average of their individual
tensor components to generate a subspectrum, which
accounted for half of the spectral area. This component is
ascribed to a valence delocalized [Fe2.5+]2 subcluster with an S
= 9/2 ground spin state. Inspection of the ENDOR-provided
positive A tensors shows that while one of them is quasi-axial
the other is not only rhombic but also exhibits considerable
anisotropy. Since these tensors are reminiscent of those
observed for high-spin ferric and ferrous sites, respectively, we
focused on spectral simulations which provided a smaller
isomer shift for the first site and a larger value for the latter, see
Table 2. Consequently, we assigned the corresponding spectral
components to quasi-localized Fe2+ and Fe3+ sites, respectively.
Interestingly, these assignments lead not only to a 2:1:1 pattern
of spectral area as observed for the Ox and Ox+S samples, but
also to parameters similar to that of 4Fe clusters with a 2+
oxidation state.
The S = 1/2 state of Red+P is doubly anomalous, in that the

formally [4Fe-4S]+ cluster has an EPR signal suggestive of a
[4Fe-4S]3+ cluster (i.e., g⊥ ≳ ge), yet has features in its

Figure 10. Selected field- and temperature-dependent Mössbauer
spectra recorded for the product incubated reduced IspH sample
(Red+P), where (1) 4.2 K, 0.1 T, (2) 4.2 K, 8 T and (3) 80 K, 8 T.
The experimental data are shown using vertical error bars and the
theoretical spectra are shown as solid gray traces. The individual
spectral components were obtained using the parameters listed in
Table 1 and were used to generate the theoretical spectra overlaid
over the experimental data. Shown in red is the contribution of the
(Fe2.5+)2 subcluster; blue and green represent the localized Fe3+ and
Fe2+ sites, respectively. Enzyme from E. coli.



Mössbauer spectra characteristic of an S = 0 state. One can try
to invoke a situation where the unpaired electron is transferred
to and localized over the cluster-bound substrate. This would
be similar to covalently linked exchange coupled chromo-
phores reported for the coupled chromophores of [4Fe-4S]2+-
siroheme of sulfite reductase from E. coli, [4Fe-4S]2+-[Fe2] of
Desufovibrio vulgaris hydrogenase, or for the reduced CO
treated Ni-activated carbon monoxide dehydrogenase (Ared-
CO of CODH) from Clostridium thermoaceticum.76,77,66,78

However, that assignment is ruled out by the characteristics of
this state showing it contains a paramagnetic cluster, as
opposed to the near-isotropic g-values and substantial 1H
hyperfine splittings expected for a radical. Moreover, a
comparison of spectra of the Int and Red+P EPR signals
signal from enzyme purified from cells grown with natural
abundance Fe or enriched in 57Fe show very similar 57Fe
broadening (Figure 11). Although the Curie behavior of these

signals (Figure 3, panel C) is unlike that of regular ferredoxin
type [4Fe-4S]+ clusters, the amount of 57Fe broadening places
a significant amount of the electron density on the clusters
which would argue against a [4Fe-4S]2+-product•− explanation
for the Red+P state.

EPR, ENDOR, and Mössbauer data were presented on
different states in the catalytic cycle of the enzyme IspH.
The two oxidized cluster ([4Fe-4S]2+) forms, as isolated (Ox)
and with added substrate (Ox+S), have been previously
investigated60,63,64 and our results agree with those studies.
The [4Fe-4S]2+ form incorporates not only sulfur-coordinated,
tetrahedral iron sites including a valence-delocalized (Fe2.5+)2
pair and a high spin Fe3+ site, but also a high-spin Fe2+ ion that
is, in addition to the three bridging sulfides, ligated by
nonsulfur ligands. NRVS measurements showed that this iron
has an octahedral geometry with a first coordination sphere
consisting of three sulfur atoms and three oxygen atoms from
three water molecules.32 Upon addition of substrate (HMBPP)

only the properties of this high-spin Fe2+ ion are significantly
modified. The changed isomer shift is characteristic of a
valence-trapped Fe2+ site supported by a nonsulfur ligand,
most likely the hydroxyl oxygen of HMBPP.19 The field-
dependent Mössbauer spectra as well as the lack of an EPR
signal for both species demonstrate an S = 0 ground spin state
for the [4Fe-4S]2+ clusters in both Ox and Ox+S.
Addition of reducing agent, dithionite ion, to Ox generates

the Red state which incorporates [4Fe-4S]+ clusters with both
S = 1/2 and 3/2 ground spin states.67 The ENDOR-derived
hyperfine coupling tensors were used to rationalize the spectral
components of the Mössbauer spectra associated with the S =
1/2 cluster. The analysis of the X-band EPR spectra suggested
that the S = 3/2 cluster has a ZFS tensor characterized by a
relatively large and negative ZFS parameter D ≈ − 7 cm−1 as
well as a large rhombicity, |E/D| ∼ 0.19. To reduce the number
of parameters considered, the subspectra of the S = 3/2 species
were reproduced using isotropic A tensors. Regardless, the δ
and ΔEQ values determined for these species are in line with a
1+ oxidation state for the cluster, as expected.
Our main goal here was to determine the redox state of the

[4Fe-4S] cluster of the Int species, generated by addition of
the substrate HMBPP to Red. EPR, ENDOR, and Mössbauer
data are characteristic of a [4Fe-4S]3+ cluster with an S = 1/2
spin state. The Mössbauer spectra were rationalized using two
components, one with δ = 0.46 mm/s and ΔEQ = 1.3 mm/s,
and another with δ = 0.37 mm/s and ΔEQ = 0.8 mm/s. The
first set of parameters are fairly typical of valence-delocalized
(Fe2.5+)2 iron−sulfur subclusters with tetrahedral metal sites.
The second component is ascribed to a (Fe3+)2 pair. The only
known cluster state that can be used for comparison is the one
detected in N-ethylmaleimide (NEM) modified Ftr.25,28 The
spectra recorded for the different NEM-modified Ftr enzymes
have three components with an intensity ratio of 1:1:2 (Table
S1). The dominant spectral component originates from a
valence delocalized (Fe2.5+)2 subcluster. The other two
components are due to the ferric sites, consistent with the
[4Fe-4S]3+ assignment. In the [4Fe-4S]3+ clusters in HiPIP
enzymes the two ferric ions are indistinguishable, as they have
nearly identical geometries (Table S1), with all Fe sites
coordinated by single cysteinyl thiolate. Coordination of the
additional cysteine thiol in Ftr makes the two ferric ions
distinct. One ferric ion has a lower δ value, 0.29 mm/s, which
is consistent with ferric sites with tetrahedral sulfur
coordination.67,79−82 The larger δ value, 0.32 mm/s,
determined for the other ferric site was used as evidence of a
higher coordination number. In contrast, the two ferric ions of
the IspH Int species not belonging to the mixed-valence
subcluster could be distinguished only by ENDOR but not by
Mössbauer spectroscopy. This would indicate that the
proposed η3-binding of the bound intermediate does not
change the electronic and magnetic properties of the unique
Fe3+ ion which could still resemble a distorted tetrahedron.
A final species studied is that formed upon addition of

product, in this case IPP, to Red which generates a new
paramagnetic species Red+P. Analysis of the EPR and field
dependent Mössbauer spectra indicates that this is a pure S =
1/2 species, in contrast to Red with its S = 3/2 component.
The Mössbauer spectra of Red+P were thus simulated using S
= 1/2 and the hyperfine tensors for all four cluster Fe sites
derived by ENDOR. This analysis yielded δ and ΔEQ for the
dominant spectral component parameters, corresponding to
two Fe sites that were typical of a sulfur-supported valence-

Figure 11. X-band EPR spectra of the Int and Red+P species
prepared with natural abundance Fe and enriched in 57Fe. The
intensity of the spectra in each set has been normalized for
comparison. Enzyme from E. coli.

DISCUSSION



 

delocalized (Fe2.5+)2 subcluster with tetrahedral iron, as found 
in [ 4Fe-4S]2+, namely in an Ox type cluster. We also identified
a high-spin Fe2+ ion supported by nonsulfur ligands with 
parameters similar to those determined for the atypical site of 
the IspH Ox and Ox+S clusters. Lastly, we obtain for the
remaining iron site an isomer shift typical of high spin Fe3+ 

sites supported by sulfur ligands but with a quadrupole 
splitting that is unusually large for such species and is more
commonly encountered for Fe2+ sites. 

The presence of a 2+ state, which would have S = O, is 
unambiguously contradicted by the cluster spin of S = 1/2, 
while a canonical 1 + cluster oxidation state relies solely on 
assigning a definite oxidation state to this site, making the 
interpretation of the Mossbauer measurements a chal­
lenge.76•77•83 Although there is some discussion related to the
2+ interpretation in the literature,76

•
77

'83 the situation here is
unique. The Ftr signal was initially thought to be due to a 2+ 
cluster and a sulfur radical. Mossbauer, however, showed it to 
be a 3+ cluster. Likewise, a corresponding interpretation as a 
[4Fe-4S]2+-product•- complex for the Red+P form can be 
discounted. The 57Fe ENDOR (Figure S4) and correlated
broadening of the EPR signal in the presence of 57Fe (Figure
11) contradict such an assignment for Red+P. In addition, and 
equally, if not more telling, an organic radical would have near­
isotropic g-values and give larger 1,2H and 13C (and if possible/
appropriate 15N and 170), hyperfine couplings observable in
EPR and detected by ENDOR/HYSCORE in the suitable 
isotopologs, than observed for (E)-4-hydroxy-3-methylbut-2-
enyl diphosphate synthase (IspG) or IspH with bound
inhibitors (e.g., 0.2 MHz::; a;so(13C)::; 3.6 MHz). 18 A helpful 
summary of aiso values for selected atoms for the different 
proposed reaction intermediates in IspH and IspG is given in 
Xu et al.;'6 in only one case, for IspG with bound substrate
( 2-13C-methylerythritol-cyclo-2,4-diphosphate, 13C2-MEcPP)
is the 13C coupling appreciable, a;so(13C) = 17.7 MHz,5 and 
even this value is far less than would be exhibited by a carbon­
centered radical.84'

85 Very recently, Hoffman, Suess and co­
workers showed that a [ 4Fe-4S]+ model compound with a 
bound methyl group, i.e., the simplest such, directl

lc 
a-bonded

organometallic species, gives a;.o(13C) = S.S MHz. 6 

■ CONCLUSIONS

The present EPR/ENDOR/Mossbauer studies on multiple 
states of IspH showed unique properties for the Red, Int, and 
Red+P samples, including the display of relaxation regime that 
complicated the analysis. The measurements, however, 
conclusively show the reaction intermediate (Int) to be in a 
3+ oxidation state. The signal induced by binding of the 
product IPP to the reduced cluster (Red+P) was more 
challenging. This cluster species would be assigned a 2+ state 
based solely on Mossbauer measurements, but its S = 1/2 state 
with large g-shifts, plus 57Fe hyperfine couplings and small
couplings to bound organic moieties as revealed by EPR/ 
ENDOR, rules out such an assignment and favors a l+ 
oxidation state. It is possible that the overlap between 
Mossbauer parameters for 1 + and 2+ species is much larger 
than previously expected, but it is more likely, however, that 
the situation for the Red+P species is unique. Here theoretical 
studies are called for to examine the exact distribution of 
electron density, as has been very recently done for 
bioorganometallic radical SAM enzyme intermediates.87 

DFT /SCRF computations have already been applied on the 
first steps in the reaction mechanism in Figure 2, indicating 

that reduction of the active-site clusters results in the 172-bound
state.38 The information in the present study can thus guide
future computational investigations. 

Beside the insights into the unique cluster redox chemistry 
there are also implications for further drug development 
targeting IspH. It is important to realize that compounds will 
bind differently to the oxidized or the reduced cluster, and it is 
not clear what redox state should be targeted in the living cell 
to have the largest inhibitory effect. The buildup of the Red+ P 
species in activity assays indicates that compounds that 
resemble IPP and DMAPP alkenes could be potential 
inhibitors, consistent with the strongest known IspH inhibitors 
that contain double and triple bonds, 39 although none of these
are suitable drug candidates due to the highly charged 
phosphate groups. The most powerful inhibitors should be 
able to bind to both oxidized and reduced clusters and 
preferably trap the cluster in the 3+ state. 
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■ ABBREVIATIONS

BSL, baseline signal level; dB, decibel; CODH, carbon 
monoxide dehydrogenase; CW, continuous wave; D, axial 
zero-field splitting parameter; DFT /SCRF, density functional 
theory/ self-consistent reaction field; DMAPP, dimethylallyl 
diphosphate; DRL, dynamic reference level; EID, rhombic 
zero-field splitting parameter ratio; EFG, electric field gradient; 
ENDOR, electron-nuclear double resonance; EPR, electron 
paramagnetic resonance; Fd, ferredoxin; Ftr, ferredoxin:thior­
edoxin reductase; HiPIP, high-potential iron-sulfur protein; 
HMBPP, (E)+hydroxy-3-methylbut-2-enyl diphosphate; 
HYSCORE, hyperfine sublevel correlation; Int, lspH showing 
the intermediate EPR signal; lspG, (E)+hydroxy-3-methyl­
but-2-enyl diphosphate synthase; lspH, (E)-4-hydroxy-3-
methylbut-2-enyl diphosphate reductase; IPP, isopentenyl 
diphosphate; LB agar, Luria-Bertani agar; mT, milli Tesla; 
MV, methyl viologen; NEM-modified, N-ethylmaleimide­
modified; NRVS, nuclear resonance vibrational spectroscopy; 
Ox, lspH in the oxidized (as purified) form; Ox+S, lspH in the 
oxidized (as purified) form in the presence of HMBPP; PD-10 
column, desalting Sephadex G-25 column; PESTRE protocol, 
Pulse-Endor-SaTuration-REcovery protocol; Red, lspH in the 
dithionite reduced form; Red+P, lspH in the dithionite 
reduced form in the presence of IPP and/or DMAPP; RF, 
radio frequency; RF(t rapid freeze-quench; SOC medium, 
super optimal medium with catabolic repressor medium; ZFS, 
zero-field splitting. 
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