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IspG and IspH are proteins that are involved in isoprenoid biosynthesis in most bacteria as well as in 
malaria parasites and are important drug targets. They contain cubane-type 4Fe-4S clusters that are 
involved in unusual 2H+/2e- reductions. Here, we report the results of electron paramagnetic resonance 
spectroscopic investigations of the binding of amino- and thiolo-HMBPP (HMBPP=E-1-hydroxy-2-10 

methyl-but-2-enyl 4-diphosphate) IspH substrate-analog inhibitors to both proteins, as well as the binding 
of HMBPP and an acetylene diphosphate inhibitor, to IspG. The results show that amino-HMBPP binds 
to reduced IspH by Fe-C π-bonding with the olefinic carbons interacting with the unique 4th Fe in the 4Fe-
4S cluster, quite different to the direct Fe-N ligation seen with the oxidized protein. No such π-complex is 
observed when amino-HMBPP binds to reduced IspG. No EPR signal is observed with IspH in the 15 

presence of dithionite and thiolo-HMBPP, suggesting that the 4Fe-4S cluster is not reduced, consistent 
with the presence of a 420 nm feature in the absorption spectrum (characteristic of an oxidized cluster). 
However, with IspG, the EPR spectrum in the presence of dithionite and thiolo-HMBPP is very similar to 
that seen with HMBPP. The binding of HMBPP to IspG was studied using hyperfine sublevel correlation 
spectroscopy with 17O and 13C labeled samples: the results rule out direct Fe-O bonding and indicate π-20 

bonding. Finally, the binding to IspG of a potent acetylene diphosphate inhibitor was studied by using 
electron-nuclear double resonance spectroscopy with 13C labeled ligands: the large hyperfine couplings 
indicate strong Fe-C π-bonding with the acetylenic group. These results illustrate a remarkable diversity 
in binding behavior for HMBPP-analog inhibitors, opening up new routes to inhibitor design of interest in 
the context of anti-bacterial and anti-malarial drug discovery, as well as “cubane-type” metallo-25 

biochemistry, in general. 

Introduction 

There is currently great interest in the structure, function and 
inhibition of the enzymes involved in the 2-C-methylerythritol 4-
phosphate (MEP) or ‘non-mevalonate’ isoprenoid biosynthesis 30 

pathway.1 This pathway is present in most bacteria as well as in 
the protozoan parasite, Plasmodium falciparum, the causative 
agent of the most common and serious form of malaria.2,3 This 
pathway is not used by humans and is essential for survival and 
is, therefore, an important drug target. In addition, the MEP 35 

pathway is present in plants, making inhibitors of interest as 
potential herbicides. The last two steps in the pathway are 2H+/2e- 
reductions carried out by 4Fe-4S cluster-containing proteins 
(Scheme 1) in which there are unique 4th iron atoms in the cluster 
that are not coordinated to protein Cys residues. The penultimate 40 

protein in the pathway is IspG, 2-C-methyl-D-erythritol-2,4-
cyclo-diphosphate (1) reductase (also known as GcpE), which 
catalyzes the reduction of 1 to E-1-hydroxy-2-methyl-but-2-enyl 
4-diphosphate (HMBPP; 2). The last enzyme in the pathway is 
IspH, HMBPP reductase (also known as LytB) and catalyzes the 45 

reduction of HMBPP to isopentenyl diphosphate (IPP, 3) and 
dimethylallyl diphosphate (DMAPP, 4), in a ~ 5:1 ratio. The 
structures of both the bacterial IspG and IspH proteins are 
known.4–7 IspG contains two domains: a TIM barrel (A) involved 
in binding the diphosphate group of 1 as well as in providing H+, 50 

and a 4Fe-4S cluster containing domain (B), involved in 
reduction, and in recent work the structure of 1 bound to a 
bacterial IspG has been reported.8 The bacterial proteins function 
as “head-to-tail” dimers with the TIM (triose phosphate 
isomerase) barrel of one partner in the dimer associated with the 55 

4Fe-4S cluster-containing domain of the other molecule in the 
dimer.6–8 In plant and malaria parasite IspGs, there is also a third 
domain (A*), located between the A and B domains. The A* 
domain has essentially no sequence conservation between 
different organisms, but has been proposed to again adopt a TIM 60 

(triosephosphate isomerase) barrel fold and act in a primarily 
structural capacity, enabling the A and B domains in a monomer 
to come together and function catalytically.9 IspH is also modular 
and contains three  domains, the 4Fe-4S cluster being buried at 
the center of the trimeric structure.4,5 65 

    In previous work we reported that two classes of molecules, 
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acetylenes and pyridines,10–13 acted as modest IspH inhibitors, 
binding at or close to the 4th Fe of the 4Fe-4S cluster, with the 
acetylenes also inhibiting IspG9,11 with IC50 values as low as 0.77 
M.  More recently, the amine analog of 2, 7 as well as the thiol 
analog 8 have been reported14 to be even more potent IspH 5 

inhibitors (IC50 ~ 0.2 μM) and it was shown via Mössbauer 
spectroscopy and quantum chemical calculations that both bound 
to the oxidized ([Fe4S4]

2+) form of IspH, forming Fe-N and Fe-S 
bonds, respectively, with the 4th Fe.  Here, we report that IspG is 
likewise inhibited by these compounds. We also present the 10 

results of EPR15 and HYSCORE (hyperfine sublevel correlation 
spectroscopy16,17) investigations into the nature of the inhibition 
of both IspH as well as IspG by 7 and 8, in the presence of 
sodium dithionite; and ENDOR (electron nuclear double 
resonance16,18) spectroscopic examination of the inhibition of 15 

IspG by 5 using two selectively 13C-labeled species, and of the 
binding of 2 to IspG, using uniformly as well as three specifically 
13C-labeled ligands. 
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Scheme 1. IspG- and IspH-catalyzed reactions and their inhibitors. 20 

Results and discussion 

Binding of amine and thiol inhibitors to IspH. 

We first investigated the question of how 7 and 8 might bind to 
the reduced form of IspH, since they are known to bind via N or 
S to the oxidized ([Fe4S4]

2+) protein. Is this also the case with 25 

reduced IspH? To do this, we used EPR and HYSCORE 
spectroscopy. We began by investigating binding of the amine 
ligand 7 to Aquifex aeolicus IspH (AaIspH), Plasmodium 
falciparum IspH (PfIspH), and E. coli IspH (EcIspH). The 9.05 
GHz EPR spectrum (at 10K) of dithionite-reduced AaIspH was 30 

reported previously19 to be a mixture of an S = 1/2 and S = 3/2 
species, with the S = 1/2 species having g-values of 2.040, 1.919, 
1.849 (Table S1). 
    The g ~ 2 region in the absence of any added ligand is shown 
for reference in Figure 1A.  The spectrum is similar to that found 35 

with other 4Fe-4S proteins, such as aconitase.20 On addition of 7, 
a sharp new feature appears (having gi = 2.134, 2.006, 1.973, 
Table S1). With PfIspH and EcIspH, there is only very weak 
signal intensity in the absence of added ligands, but in both cases 
in the presence of 7 intense and sharp signals with gi ~ 2.137, 40 

2.007, 1.980, Table S1, are seen (Figure 1C,D) suggesting that 
the ligand binds at or close to the [Fe4S4]

+ cluster in all three 
IspHs.  The question then arises as to how 7 binds. There are two 
main possibilities: First, 7 binds via its NH2 group to the [Fe4S4]

+ 
cluster in basically the same manner as that proposed for binding 45 

to the oxidized cluster, i.e. by forming a Fe-N bond to the 4th 
Fe.14  Second, 7 might bind to IspH with its aminomethyl group 
“rotated-out”, away from the cluster, interacting with E126, as 
proposed earlier11 for the CH2OH group in the HMBPP substrate, 
as now seen crystallographically21 with HMBPP, and  as 50 

confirmed by 17O-HYSCORE spectroscopy.22  
 

 
Figure 1. 9.05 GHz CW-EPR spectra of IspHs.  (A) 1.3 mM AaIspH 
(reduced) + 20 eq dithionite.  (B) 1 mM AaIspH + 40 eq dithionite + 28 55 

eq 7.  (C) 1.1 mM EcIspH + 10 eq 7 + 30 eq DT.  (D) 0.5 mM PfIspH + 
20 eq 7 + 80 eq DT. Spectra acquired at 10-24 K. 

    To help distinguish between these two possibilities, we 
obtained the HYSCORE spectra of 7 bound to AaIspH, Figure 
2A, as well as to PfIspH and EcIspH, Figures S1 and S2. To 60 

distinguish any 14N hyperfine interaction with the protein 
backbone from that with the ligand 7, we also obtained the 
HYSCORE spectrum of 7 bound to 15N-labeled AaIspH, Figure 
2B. If there were a Fe-N bond present in the complex, we would 
expect a sizeable 14N hyperfine coupling since there would be a 65 

strong metal-ligand orbital overlap facilitating spin density 
transfer from the metal to the ligand. For example, with the 
pyridine inhibitor 9 bound to IspH,13 as shown in Figure 2C, the 
14N hyperfine interaction Aiso (

14N) is ~ 8 MHz and we previously 
noted that, on average, Aiso (14N) values were ~ 6 MHz for a 70 

series of proteins containing Fe-N bonds. Given that there is no 
large hyperfine coupling observed (Figure 2A, B), we conclude 
that there is no direct Fe-N bond in the reduced IspH + 7 
complex. In addition, the gi, giso and ∆g values for IspH + 7 are 
essentially identical to those we find with HMBPP (2) bound to 75 

both E. coli and A. aeolicus IspH mutants (Table S1, shown 
graphically in Figure 3), supporting similar binding of both 2 and 
7. Plus, the spectrum of the pyridine inhibitor 9 bound to IspH is 
very broad, quite different to the sharp spectrum found with 7. 
We thus propose that 7 binds to IspH in basically the same 80 

manner as does HMBPP (2), and a model based on the “rotated-
out” HMBPP X-ray structure21 in which the HMBPP ligand’s OH 
group is replaced by an NH3

+ group is shown in Figure 2D.  As 
can be seen in this (HMBPP X-ray based) structural model, the 
ligand’s CH2NH3

+ group can interact with the E126 carboxylate, 85 

providing strong Coulombic interactions that may help account 
for its potent IspH inhibition (where assays are carried out under 
reducing conditions).  
    As we reported previously22, there are three major clusters in 
this (Figure 3) and related Δg/giso plots22: classic [4Fe−4S]+ 90 

clusters where giso < ge, from proteins such as ferredoxins, 
aconitase, and ligand-free IspH/IspG; oxidized HiPIPs and 
synthetic [4Fe−4S]3+ models with giso > ge and [4Fe−4S]+ clusters 
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with alkene or alkyne ligands where giso > ge but where the giso-
values are generally smaller than those of typical HiPIPs. Clearly, 
the amine inhibitor 7 falls in the “ligand free” region discussed 
earlier, that is, the nitrogen does not bind directly to Fe. 
  5 

 

 
Figure 2. HYSCORE spectra of IspH with nitrogen-containing inhibitors, 
and a model for the AaIspH + 7 complex.  (A) AaIspH + 7.  T = 15 K, ν = 
9.706 GHz, magnetic field = 3455 G, sum spectrum of  = 136, 168, 200 10 

and 256 ns. (B) 15N-labeled AaIspH + 7.  T = 15 K, ν = 9.712 GHz, 
magnetic field = 3460 G, sum spectrum of  = 136, 168, 200 and 256 ns. 

(C) AaIspH + 9 (adapted from Wang et al.12). T = 8 K, ν = 9.66 GHz, 
magnetic field = 3600 G,  = 136 ns. (D) Model for binding of 7 
(protonated, ammonium form) based on the X-ray structure of IspH + 2 15 

(PDB ID 3KE8 and 3SZU, Span et al.21) 

 
Figure 3.  Plot of Δg versus giso for IspH and IspG. Points to the left are 
proposed to originate from proteins in the absence of exogenous ligands 
bound to the cluster and are all broad; points on the right are all from 20 

sharp spectra and are proposed to originate from / or HiPIP-like 
complexes. 

    Interestingly, there is a small feature centered close to (-1.5, 
1.5) MHz in all three AaIspH+7, PfIspH+7 and EcIspH+7 spectra 
that has not been seen previously with any other ligands. It did 25 

not change when 15N-labeled AaIspH protein was used instead of 
natural abundance AaIspH (Figure 2B), so it does not arise from a 
14N hyperfine coupling with the protein backbone. The feature 
can be simulated with a 14N hyperfine interaction having Ai = 
[1.85, 1.25, 3.70] MHz, Aiso = 2.33 MHz, e2qQ/h = 0.8 MHz, η = 30 

0.2 (Figure S2). The quadrupole coupling constant is consistent 
with that expected for an alkyl ammonium23 group (e2qQ/h ~ 0 – 
1 MHz) and the hyperfine coupling anisotropy suggests close 
proximity to the paramagnetic center, consistent again with the 
“rotated-out” model proposed above.     35 

    We next investigated binding of the thiol ligand 8, to EcIspH.  
The IC50 values for 7 and 8 in inhibiting EcIspH are very similar 
and both bind to the oxidized protein, forming Fe-N and Fe-S 
bonds, respectively, with the 4th Fe in the cluster.14 However, the 
electronic structure of the complex with 8 is spin-delocalized 40 

while that with 7 is spin-localized, suggesting that there might be 
significant differences in electronic structure between 7 and 8 
when bound to reduced IspH. 
    The EPR spectrum of AaIspH in the presence of sodium 
dithionite is shown in Figure S3A (in blue) and is 45 

characteristically broad, as is the case without the substrate. 
However, essentially no signal is seen in the g ~ 2 region (or at 
lower field, Figure S3A inset) for a sample incubated with 
dithionite in the presence of the thiol ligand 8 (Figure S3A, in 
red), unlike the situation with 7.  This suggested to us the 50 

possibility that in the presence of the thiol ligand, the cluster 
might not be reduced, that is, it remains in the oxidized, S = 0 
state. This appears to be the case, as illustrated in the UV-VIS 
spectra shown in Figure S3B. The spectrum of oxidized 
([Fe4S4]

2+) IspH (blue trace) shows a characteristic peak at ~ 420 55 
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nm, which disappears on dithionite reduction (green trace).  The 
spectrum of oxidized IspH + 8 (red trace) is similar to that of the 
oxidized protein in the absence of 8; however, addition of 
dithionite minimally changes the spectrum; the shoulder at ~ 420 
nm is still seen with IspH + 8 + dithionite.  We also find that 5 

addition of 8 to dithionite-reduced IspH generates the 420 nm 
shoulder (superimposed on the large dithionite background peak), 
suggesting that reduced IspH+8 is relatively unstable, consistent 
with the lack of any EPR signal for this system, Figure S3A.   

 10 

Figure 4.  9.05 GHz CW-EPR spectra (black) and spectral simulations 
(green) of E. coli (A, D), P. aeruginosa (B, E), and Arabidopsis thaliana 
(C, F) IspG in the presence of 8 (A-C) or 2 (D-F).  T = 8K, Power = 5 
mW. 500-600 M IspG + 80 eq dithionite + 20-40 eq 8 or 2. 

Binding of amino, thiol inhibitors and HMBPP to IspG.  15 

We next investigated the inhibition of IspG (GcpE) by 7 and 8.  
As can be seen in Supporting Information Figure S4, 7 and 8 both 
inhibit IspG. The IC50 values are in the range 0.8-2.5 M 
(Supporting Information Table S2). The EPR spectra of the thiol 
8 bound to the (two-domain) bacterial IspGs (from E. coli and P. 20 

aeruginosa) are shown, together with their spectral simulations 
and data for the three domain Arabidopsis thaliana IspG, in 
Figure 4A-C. All three spectra have very similar gi (Table S1) 
and hence, giso (~ 2.03) and ∆g (~ 0.13) values (Figure 3), 
indicating little inter-species variability, as well as no differences 25 

between the 2- and 3-domain proteins. Very similar results are 
found with 2 (HMBPP, containing an OH group) bound to the 
same proteins, Figure 4D-F, although on average the giso and ∆g 
values found with 2 are slightly smaller, Table S1. It might be 
assumed that both 2 and 8 would bind to the unique 4th iron in the 30 

same way, via Fe-O or Fe-S bonds. However, it is also possible 
that there are no direct Fe-O or Fe-S bonds arising from these 
ligands, in reduced IspG. Of course, strong EPR signals are seen 
with e.g. 4Fe-4S ferredoxins, but there, g-values are rather 
different, on average g3 = 1.91, giso = 1.97 and ∆g (= g1 – g3) ~ 35 

0.15,22,24 to be compared with the average values of g3 ~ 1.98, giso 

= 2.03 and ∆g ~ 0.12 for 2 and 8 bound to the IspGs, Table S1.  

 
Figure 5. 9.66 GHz HYSCORE spectra of (A) [1-17O]-2 (HMBPP) bound 
to PaIspG. T = 10 K, magnetic field = 3435 G,  = 136 ns. (B) 40 

HYSCORE of [2,3-17O]-2 epoxide bound (as the ferraoxetane “X”) to 
TtIspG (adapted from Wang et al.10). T = 18 K, magnetic field = 3420 G,  
= 136 ns.   (C) HYSCORE of 7 bound to PaIspG. T = 8 K, magnetic field 
= 3660 G,  = 136 ns. 

    To investigate HMBPP binding in more detail, we synthesized 45 

the [1-17O] analog of 2, labeled at the terminal (1-CH2OH) group, 
and obtained a HYSCORE spectrum, Figure 5A. (For more 
spectra acquired at different field positions and τ values, see 
Figure S5) There is no evidence for any 17O HYSCORE signal, 
suggesting that there is no direct Fe-O bond to the ligand, 2. For 50 

purposes of comparison, the HYSCORE spectrum of the 17O-
labeled IspG reactive intermediate “X”, shown in Figure 5B, 
exhibits an intense signal (data from Wang et al.10), proposed 
earlier to arise from a ferraoxetane species (i.e. a species 
containing an Fe-O bond). We thus propose that since we see no 55 

evidence for any 17O hyperfine coupling that 2 (HMBPP) binds to 
the 4Fe-4S cluster by another mechanism, e.g. -bonding. This 
would be similar to the mechanism proposed earlier for the 
isomer of HMBPP (10) binding to the EcIspH E126Q mutant22 in 
which the g-values are essentially identical (with g1 ~ 2.09; giso ~ 60 

2.03, ∆g ~ 0.10) to those seen with 2 bound to EcIspG (g1 ~2.09, 
giso = 2.03, ∆g ~ 0.12, Table S1). The strong similarity in the EPR 
spectra of 2 and 8 bound to IspG would then suggest that the thiol 
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ligand binds in a similar manner, consistent with the observation 
that these spectra are quite unlike those of reduced ferredoxins.24  
To investigate the interaction between HMBPP carbon atoms and 
the IspG [4Fe-4S] cluster, we obtained HYSCORE spectra of [U-
13C], [1-13C], [2-13C], and [3-13C] HMBPPs bound to reduced 5 

IspG, Figure 6. There were no large hyperfine couplings observed 
with the [U-13C] labeled ligand, Figure 6A, unlike the ~17 MHz 
hyperfine coupling seen for 1 bound to IspG.25 To assign the 
resonances that were observed we next investigated the three 

selectively 13C-labeled HMBPPs: spectra are shown in Figure 6B-10 

D. The results of spectral simulations (Figures S5-S9) using 
EasySpin26,27 yielded the hyperfine coupling tensors shown in SI 
Table S3: [1-13C], Aii = [-0.7, -0.9, 2.2] MHz; [2-13C], Aii = [0.5, 
0.7, 4.9] MHz; [3-13C], Aii = [3.9, -0.3, -0.1] MHz. Clearly, all 
three hyperfine interactions are quite small, although those for the 15 

2 and 3-positions (the double bond) are larger than for C-1, 
consistent again with a weak π-interaction. 

 
Figure 6. 9.7 GHz HYSCORE spectra of 13C labeled 2 bound to PaIspG. (A) [U-13C]-2 + PaIspG.  Magnetic field = 3315 G,  = 136 ns. (B) [1-13C]-2 + 
PaIspG.  Magnetic field = 3480 G,  = 136 ns.  (C) [2-13C]-2 + PaIspG.  Magnetic field = 3435 G,   = 136 ns.  (D) [3-13C]-2 + PaIspG.  Magnetic field = 20 

3315 G,  = 136 ns.  1-1.7 mM PaIspG + 40 eq dithionite + 16-20 eq 13C labeled 2.  T = 10 K. 

    In sharp contrast to the results with 2 and 8, with the amine 
ligand 7 binding to EcIspG we find a very broad spectrum 
(Figure S10A) that has similar gi, giso and ∆g values to those 
found with the “un-liganded” protein (Figure S10B, Table S1) - 25 

in which of course OH, H2O or a protein ligand might be bound 
to the 4th Fe. We see no evidence for a Fe-N interaction in the 
HYSCORE spectrum, Figure 5C (also at 3 other fields, Figure 
S11), plus, we find that the amine ligand 7 displaces HMBPP (2) 
from PaIspG on a tens-of-seconds timescale, as shown in Figure 30 

S10C,D. Here, the HMBPP signals (red arrows, Figure S10C) 
arise from adventitiously bound HMBPP that co-purified with the 
PaIspG protein.   
   What is surprising about the results with IspG is how different 
they are to those found with IspH, given that both proteins have 35 

similar 4Fe-4S clusters with unique 4th Fe atoms, and both carry 
out 2H+/2e- reductions. Specifically, with IspH, the amine ligand 
7 binds to the reduced protein; the resulting EPR spectrum is very 
similar to that found with the IspH substrate HMBPP (2) bound 
to an E126Q mutant; and there is no large 14N HYSCORE signal 40 

– all suggesting π-bonding of a “rotated-out” –CH2NH3
+ species, 

while with the thiol inhibitor 8, the IspH 4Fe-4S cluster is not 
reduced, so inhibition is due to binding to oxidized protein.  With 
IspG, the cluster can be reduced in the presence of 2, 7, or 8.  The 
EPR spectra of 2 (HMBPP) and 8 (the thiol ligand) bound to IspG 45 

are very similar to each other, but there is no 17O hyperfine 
coupling (or it is very small), suggesting no direct Fe-O bonding 
(or Fe-S bonding, with 8). Plus, there are only weak interactions 
between the π-bond in 2 and the cluster, based on the 13C 
HYSCORE results. With the amine-ligand 7, the EPR spectrum is 50 

similar to that seen with ligand-free protein (and the Δg, giso 
values cluster in the “ligand-free region” in Figure 3), and there is 
no evidence for Fe-N bonding, in which case it seems likely that 
water or protein ligands (or both) bind to the 4th Fe. These results 
are also supported by the observation that spectra of 2 + PaIspG 55 

can be seen at both 10 and 20 K, Figure S12A, but only at 8 K 
with 7, Figure S12B. That is, the HMBPP-bound spectrum, as 
with other HiPIP-like spectra, is sharp and does not broaden at 
higher temperatures, while the spectrum of 7 bound to IspG is 
broad and has almost disappeared at 20K, as seen in conventional 60 

-complexes. 
    Based on computational docking (with AutoDock Vina28) we 
find that the ligand NH2 group can interact (in the NH3

+ form) 
with D87 in IspG, similar to the proposed E126/NH3

+ interaction 
for IspH (based on the X-ray structure of the rotated-out 65 

conformer), as illustrated in Figure 7A. To help test this 
hypothesis we used a D87A Thermus thermophilus IspG mutant. 
With this mutant there is essentially no EPR signal observed in 
the absence of any ligand, Figure S13A and only a very weak 
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signal in the presence of 7, Figure S13). However, in the presence 
of HMBPP (2) the spectrum (Figure S13C) is essentially the same 
as that seen with the other, wild-type proteins, suggesting that 
D87 is involved in binding of the amino-HMBPP (7), but not 
HMBPP itself. With HMBPP and the thiol ligand 8, we therefore 5 

propose that both bind as weak π-complexes to the 4th Fe, as 
illustrated for 2 in Figure 7B. 
 

 
Figure 7.  Proposed binding of (A) 7 and (B) 2 to IspG (T. thermophilus 10 

residue numbering).  The nature of L in (A) is unknown. 

Binding of acetylene inhibitors to IspG. 
Finally, we investigated the EPR and ENDOR spectra of the two 
specifically 13C-labeled acetylene inhibitors, 5.  We show the 
EPR spectra of 5 bound to EcIspG in Figure 8A, B, as well as the 15 

Davies ENDOR spectra of [3-13C]-5 and [4-13C]-5 bound to 
EcIspG, in Figure 8C, D. The g-values found (by spectral 
simulation) for 5 bound to EcIspG are 2.087, 2.012 and 2.003, 
leading to giso = 2.034 and ∆g = 0.085, Table S1 and Figure 3. 
These values are similar to those found with the reactive 20 

intermediate “X” bound to both EcIspG as well as T. 
thermophilus IspG, shown in Table S1 (g1 ~2.09, g2 ~2.02; g3 = 
2.00; giso = 2.04; ∆g ~0.09) and Figure 3. In previous work22 we 
proposed that “X” arose from a [Fe4S4]

3+ S = 1/2 HiPIP-like 
cluster and, based on these g-values, extensive charge transfer to 25 

the acetylene 5 due to metal-alkyne π interactions seems likely. 
We also find sizeable 13C hyperfine couplings, and from field 
dependence and spectral simulation results (Figure 8, green) we 
determined the principal components of the two hyperfine 
tensors. For [4-13C]-5 (i.e. labeled at the terminal carbon), we 30 

obtain Aii = [5.4 1.5 3.8] MHz, and for [3-13C]-5, we find Aii = 
[4.5 3.0 10] MHz, Figure 8C, D.  These tensors indicate close 
proximity of the acetylene group to the reduced 4Fe-4S cluster, 
facilitating, we propose, a strong pi interaction. To obtain 
estimates of the distances involved, we employed the point dipole 35 

approximation.29 Using the largest diagonal component of the 
anisotropic hyperfine tensor together with previously reported 
spin-projection coefficients for aconitase29 leads to Fe-C3 
distances in the range 2.0-2.6 Å, and Fe-C4 distances in the range 
2.6-3.2 Å. Since the sum of the Fe and C van der Waals radii is ~ 40 

3.5 Å,30 these distances are indicative of Fe-C bonding. For 
HMBPP, the Fe-C2 and Fe-C3 distances are in the range ~2.3-2.9 

Å, Table S3, again consistent with a weak pi interaction. 

 
Figure 8.  9.7 GHz (A) CW-EPR and (B) swept-spin echo spectrum of 45 

EcIspG + 5, T = 15 K. Simulation of spectrum in (A) yields gi = [2.003, 
2.012, 2.087]. Microwave frequency = 9.729 GHz for (A) and 9.758 for 
(B). Arrows indicate the magnetic fields at which the ENDOR spectra in 
(C) and (D) were obtained.  (C) 9.7 GHz 13C Davies ENDOR spectra of 
EcIspG + [4-13C]-5. The principal components of the 13C hyperfine 50 

coupling tensor are Aii (4-13C) = [5.4 1.5 3.8] MHz. Euler angles are  = 
32,  =  = 0. (D) 9.7 GHz 13C Davies ENDOR of EcIspG + [3-13C]-5. 
Aii (3-13C) = [4.5 3.0 10] MHz and Euler angles are  = 80,  = 30 and  
= 60. Simulations are in green. 

Conclusions 55 

In summary: the results we have presented here are of interest for 
several reasons. First, we find that in addition to inhibiting IspH, 
both the amine (7) and thiol (8) ligands inhibit IspG, with IC50 
values in the 0.8-2.5 µM range. Second, we find that the EPR 
spectra of 7 bound to IspH as well as 2 or 8 bound to IspG are 60 

indicative of π-bonding, with the amino/hydroxyl/thiol groups not 
directly bonded to Fe. The absence of a large 14N hyperfine 
coupling for 7 bound to reduced IspH as well as the absence of a 
large 17O hyperfine coupling for [1-17O]-2 bound to reduced IspG 
are consistent with these bonding proposals.  Third, we find that 65 

the g-values for the acetylene inhibitor 5 bound to IspG suggest a 
-interaction between Fe and the alkyne group,33,34 and the 13C 
hyperfine tensors for both carbons in the acetylene group of 5 in 
the complex with IspG also indicate Fe-C bonding. Fourth, the 
binding of 7 to IspG (see Figure S12) as well as of 8 to IspH did 70 

not result in any -interaction type EPR spectra, and with 8 it 
appears that the 4Fe-4S cluster in IspH is not reduced by 
dithionite. These results show, then, an unexpected diversity in 
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spectroscopic behavior – and hence binding modes – for three 
IspG/IspH inhibitors, results that are of interest in the context of 
anti-infective drug design targeting isoprenoid biosynthesis. In 
particular, the possibility of developing leads that inhibit both 
IspG as well as IspH is likely to be of importance in decreasing 5 

resistance, as well as reducing the pro-inflammatory effects of 2 
in acute infections35 that would be expected to occur with solely 
IspH inhibition. 

Experimental 

Chemical Synthesis.  10 

The NH2- (7) and SH- (8) analogs of HMBPP, as well as [1-13C], 
[2-13C], and [3-13C]-HMBPP, were from the batches described 
previously.31,32 In addition, in order to investigate bonding of the 
acetylene 5, we synthesized both [3-13C]-5 and [4-13C]-5, as 
described in the Supporting Information, in order to 15 

unambiguously determine the hyperfine coupling tensor 
elements, Aii, for each site.   

CW-EPR/ENDOR/HYSCORE spectroscopy.  

All CW (continuous wave)-EPR experiments were performed on 
a Varian E-line 122 X-band spectrometer with an Air Products 20 

helium cryostat. Typical data acquisition parameters were: 
microwave frequency = 9.05 GHz; field center = 3250 G; field 
sweep = 1000 G; modulation frequency = 100 kHz; modulation 
amplitude = 5 Gauss; time constant = 32 ms; temperature = 8 - 20 
K.  25 

    Pulsed ENDOR/HYSCORE spectra were obtained on a Bruker 
ElexSys E-580-10 FT-EPR EPR spectrometer equipped with an 
Oxford Instruments CF935 cryostat.  A Bruker RF amplifier (150 
watts, 100 kHz -250 MHz) was used for ENDOR experiments.  
Davies ENDOR used a three-pulse sequence mw – t - /2mw –  – 30 

mw -  - echo; /2mw = 96 ns, with RF (10 s, 3 dB attenuation) 
applied during t.  HYSCORE used a four-pulse sequence /2mw – 
 - /2 mw – t1 – mw – t2 – /2mw – echo; /2mw = 16 ns and πmw = 
32 ns, 128 points for both t1 and t2, each using 24 ns steps. Time-
domain data were baseline corrected using a 3rd order 35 

polynomial, and then Hamming windowed, followed by zero-
filling, and 2D-Fourier transformation and symmetrization. 
Parameters were typically: microwave frequency = 9.65 – 9.72 
GHz, temperature = 8 – 15 K, microwave power attenuation = 6.5 
– 9 dB. 40 
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