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Abstract: (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate synthase (GcpE/IspG) converts 2-C-methyl-p-
erythritol-2,4-cyclodiphosphate (MEcPP) into (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP) in
the penultimate step of the methyl-erythritol phosphate (MEP) pathway for isoprene biosynthesis. MEcPP
is a cyclic compound and the reaction involves the opening of the ring and removal of the C3 hydroxyl
group consuming a total of two electrons. The enzyme contains a single [4Fe-4S] cluster in its active site.
Several paramagnetic species are observed in steady-state and pre-steady-state kinetic studies. The first
signal detected is from a transient species that displays a rhombic electron paramagnetic resonance (EPR)
signal with g,,, = 2.000, 2.019, and 2.087 (FeS,). A second set of EPR signals (FeSg) accumulated during
the reaction. Labeling studies with 5"Fe showed that all species observed are iron—sulfur-based. :P-ENDOR
measurements on the FeS, species showed a weak 3P coupling which is in line with binding of the substrate
to the enzyme in close proximity of the active-site cluster. On the basis of the EPR/ENDOR measurements,
we propose a direct binding of the substrate to the [4Fe—4S] cluster during the reaction, and therefore that
the iron—sulfur cluster is directly involved in a reductive elimination of a hydroxyl group. The FeSg signal
also showed 3'P coupling; in this case, however, it could be shown that the signal is due to the binding of
the reaction product HMBPP to the active site cluster.

Introduction

In nature, there are two pathways found for the synthesis of
the precursors isopenteny! pyrophosphate (IPP) and dimethyl-
allyl pyrophosphate (DMAPP), which are the building blocks
for the large group of essential biological molecules called
isoprenoids, which include vitamins, cholesterol, steroid hor-
mones, carotenoids, and quinones.>? Mammals use the meva-
lonate pathway to synthesize the isoprene precursors, while
eubacteria and apicomplexan parasites use the methyl-erythritol
phosphate (MEP) pathway as the sole pathway for isoprene
synthesis.* Several of the microorganisms that depend on the
MEP pathway are pathogens, causing, for example, malaria,
tuberculosis, anthrax, plague, gastrointestinal ulcers, and vene-
real diseases.® This makes the MEP 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.
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Fosmidomycin and its derivatives are the only known
compounds that target the MEP pathway by inhibition of the
enzyme 1-deoxy-D-xylulose 5-phosphate reductoisomerase (Fig-
ure 1).*~7 Patients suffering from acute uncomplicated Plas-
modium falciparum infections could be successfully treated with
fosmidomycin, but an overall curerate of 95% in clinical studies
was only achieved when fosmidomycin was tested in combina-
tion with clindamycin.*># 9 Research efforts focus on finding
fosmidomycin analogues that can work as stand-alone drugst**°
but aso on finding inhibitors for the other enzymesin the MEP
pathway, which when used in combination with fosmidomycin
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Figure 1. The MEP pathway for isoprene synthesis (P = phosphate).

are expected to show a pronounced synergistic increase in
efficacy. Since many isoprenoids have biotechnologica ap-
plications as drugs, flavors, pigments, perfumes, or agrochemi-
cals, detailed knowledge of the mechanisms of the enzymes and
regulation of the pathway could benefit the biotechnological
production of commercialy interesting isoprenoids, such as
carotenoids.?*?* The MEP 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.?%23
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(E)-4-Hydroxy-3-methylbut-2-enyl diphosphate synthase (also
caled GcpE or IspG) (Figure 1) is the enzyme that catalyzes
the penultimate step in the MEP pathway, the conversion of
2-C-methyl-p-erythritol-2,4-cyclodiphosphate (MECPP) into (E)-
4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP).2* 28 The
reaction requires two electrons which can be provided in vitro
by the artificial reductant dithionite.?>2°

GCpE is an iron—sulfur-cluster-containing protein. Sequence
alignments show that there are just three highly conserved
cysteine residues present, which means that only one cluster
can be coordinated to the protein.?® 3! Still, different cluster
types have been detected in GepE from different sources, and
even the same source, including [2Fe—2S], [3Fe—4S], and
[4Fe—4S] clusters.*>*2 Recently, we showed that purification
of the enzyme from Thermus thermophilus under exclusion of
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oxygen resulted in an active enzyme preparation that solely
contained 4Fe clusters.®® The cluster showed the unusual
property that it cannot be reduced by dithionite in the absence
of substrate, while incubation with the stronger reductant
titanium(l11) citrate resulted in the breakdown of the cluster.
Thisrequired the use of acombination of electron paramagnetic
resonance (EPR) and magnetic circular dichroism spectroscopy
to confirm the absence of a [3Fe—4S]" cluster and resonance
Raman spectroscopy to confirm the presence of a [4Fe—4S)?"
cluster.?® The purified protein contained 3.9 mol of Fe per mol
of enzyme indicating that close to 100% of the enzyme
molecules contained this type of cluster.

In kinetic studies when GcpE was incubated with both
dithionite and MECPP, a transient paramagnetic species was
detected by EPR spectroscopy that was assigned to an
iron—sulfur-cluster-bound reaction intermediate.® Here data will
be presented to show that this species represents a true reaction
intermediate. Enzyme purified from cells grown on Fe
displayed a broadening of the EPR signal indicating that it is
in large part iron—sulfur based. Additional spectroscopic data
are presented on several other iron—sulfur-based species that
are detected during the kinetic studies. A hypothetical reaction
mechanism and the relevance of these species to this mechanism
will be discussed. With the reaction requiring two electrons and
the ability of the cluster to donate only one electron at-a-time,
aradical mechanism was expected for this enzyme and several
examples of this type of mechanism have been proposed in the
literature. 224252833 Oyr data, however, suggests that this may
not be the case. We propose that instead the enzyme forms a
cluster-stabilized reaction intermediate similar to that observed
in ferredoxin:thioredoxin reductase (FTR).>* 28 Formation of
this species allows the reaction to proceed without formation
of a highly reactive radical species.

Methods and Materials

Elemental >"Fe (95% enrichment) was from WEB Research Co.
5"FeCl; was prepared by reacting solid 5’Fe in 37% HCI. After all
iron reacted, the pH was adjusted to 4—5 with NaOH. Ti(lll) citrate
(200 mM) was prepared from TiCls (Fluka) in 250 mM sodium
citrate under strictly anaerobic conditions. The pH of the solution
was adjusted to 7.0 with sodium hydrogen carbonate. The substrate
MECcPP was isolated from Corynebacterium ammoniagenes.?® All
gases and gas mixtures were from Airgas.

Expression and Purification of GepE. Plasmids containing the
gcpE gene from T. thermophilus were used to transform Escherichia
coli XL1-Blue cells (Stratagene).?® The expression of the gcpE gene
is controlled by the lac promoter, and the expression of the GcpE
protein was induced by the addition of isopropyl-1-thio-3-p-
galactopyranoside. Routinely, cells are cultivated with aeration at
37 °C in 1-L SOC medium (20.0 g of tryptone, 5.0 g of yeast
extract, 8.6 mM NaCl, 10 mM MgCl,, 10 mM MgSO,, and 20

(33) Brandt, W.; Dessoy, M. A.; Fulhorst, M.; Gao, W.; Zenk, M. H,;
Wessjohann, L. A. ChemBioChem 2004, 5, 311-323.
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mM glucose) supplemented with ampicillin (25 xg mL ™) and FeCl;
(100 uM). For the isotopic enrichment with 5Fe, 100 uM 5’FeCl;
was used.

All purification steps and subsequent sample handling were
carried out in a Coy glovebox under an atmosphere of No/H, (95%/
5%) with dioxygen-free solutions as described earlier.?®>2° Cells
from a 1-L culture were gathered by centrifugation, frozen, and
stored at —80 °C until use. In the first step of the purification
procedure, the cells were resuspended in 20 mM Tris-HCI (pH 8.0)
and were disintegrated by sonication, followed by a centrifugation
step. The supernatant was then subjected to denaturation at a heat
of 65 °C for 30 min. The protein was further purified using two
column separation steps, first a diethylaminoethyl (DEAE) Sepharose
column (GE Healthcare), and subsequently, a MonoQ column (GE
Healthcare). The main fractions, as detected on SDS—PAGE (42
kDa), were collected and concentrated using a Centricon Y M-30
centrifugal filter device (Millipore). Generally, 25 mg of protein is
produced following these procedures. The purified protein was
directly used or stored at —80 °C until further use. Removal of
adventitiously bound product, HMBPP, was performed by running
the protein solution over a PD10 desalting column (GE Healthcare).

Determination of Protein Concentration and Fe Content.
Enzyme concentration was determined by the method of Bradford.>®
For the iron determination, protein samples were passed over Chelex
100 (Bio-Rad) to remove adventitiously bound iron. Iron was
determined using a rapid ferrozine-based colorimetric method.*®

Kinetic Studies. A colorimetric assay was used to obtain kinetic
parameters.*? The starting solution contained GepE, dithionite,
and the redox dye methyl viologen (Aldrich), which has a blue
color when reduced. The activity was determined by measuring
the absorbance change at 603 nm as a function of time.

The apparatus and procedures for preparation of freeze-quenched
samples have been described.**** Two syringes were filled under
exclusion of molecular oxygen inside a glovebox. One syringe
contained the GepE enzyme and the dithionite. The other syringe
contained the substrate solution. See the figures for the final
concentration of each component after mixing. A similar approach
was followed when the samples were mixed and incubated by hand.
In the latter case, the samples were flash-frozen in the Coy box in
cold ethanol (200 K).

When methyl viologen was used as the sole reductant, the
compound was reduced by adding dithionite in a concentration less
than half the methyl viologen concentration. Dithionite provides
two electrons and by adding less than haf the methyl viologen
concentration no reduced dithionite is present.

Spectroscopic M easur ements. EPR spectraat X-band frequency
(9 GHz) were obtained with a Bruker EMX spectrometer fitted with
the ER-4119-HS high sensitivity perpendicular-mode cavity or the
ER-4116-DM dual-mode cavity. Cooling of the sample was
performed with an Oxford Instruments ESR 900 flow cryostat with
an ITC4 temperature controller or with a liquid-nitrogen finger
Dewar.

Spin quantization was carried out under nonsaturating conditions
using 10 mM copper perchlorate as the standard (10 mM CuSO,,
2 mM NaClQ,4, 10 mM HCI). Signal intensity is presented as spin,
the fraction of EPR signal intensity with respect to the amount of
[4Fe—4S] cluster present in the sample: 1 spin is 100% signal

(39) Bradford, M. M. Anal. Biochem. 1976, 72, 248-254.

(40) Fish, W. W. Methods Enzymol. 1988, 158, 357-364.
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A.-K.; Hintz, M.; Wagner, S.; Wiesner, J.; Beck, E.; Jomaa, H. FEBS
Lett. 2002, 532, 437-440.
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M.; Seeber, F.; Balconi, E.; Aliverti, A.; Zanetti, G.; Kohler, U.;
Pfeiffer, M.; Beck, E.; Jomaa, H.; Wiesner, J. FEBS Lett. 2005, 579,
6433-6438.
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Figure 2. Electron paramagnetic resonance data for samples obtained with
the freeze-quench technique in the presence of dithionite. After mixing each
sample contained 0.4 mM GcpE, 5.5 mM MECcPP, and 25 mM dithionite
in 100 mM TrisHCI, pH 8.0. Samples were mixed and incubated at RT.
EPR conditions: microwave frequency, 9.385 GHz; microwave power
incident to the cavity, 0.20 mW; field modulation frequency, 100 kHz;
microwave amplitude, 0.6 mT; temperature 77 K.

intensity. The software package developed by SPJ Albracht was
used for computer simulations of the EPR signals.*®

Pulsed EPR and ENDOR data (35 GHz and 2 K) were obtained
with an instrument described earlier.*®*’

Results

Kinetic Studies of Enzymatic Turnover. Our initial experi-
ments were guided by the kinetic parameters obtained in the
colorimetric assays, in the presence of methyl viologen. The
maximal specific activity measured at RT for the GcpE enzyme
is0.124 umol min~* mg~! at pH 8.0. The K, value for MECPP
i$8.0 uM. A k4 value of 0.09 s~* was calculated which means
that at RT one reaction cycle takes about 11 s. For a full
conversion of MEcPP into HMBPP, however, the presence of
only the artificial electron donor dithionite is sufficient,® and
therefore methyl viologen was left out in the initial studies since
it is EPR-active making the observation of other signals more
difficult.

To have any chance of detecting a reaction intermediate, it
should be detectable under steady-state conditions, using an
excess of dithionite and substrate. Under these conditions, the
first part of the process, up to 11 s, should present the pre-
steady-state phase followed by the steady-state phase. The first
set of data is from a rapid-mix/rapid-freeze experiment where
a solution containing GepE and dithionite was rapidly mixed
with a solution containing MECPP. The reaction was allowed
to proceed for a set amount of time after which the reaction
was halted by rapid freezing of the reaction mixture. The EPR
spectra obtained for the different samples are shown in Figure
2. From 28 msto 0.5 s, the main signal detected was an isotropic
EPR signal with gis, = 2.005. At 1.2 s, @ new, more rhombic

(45) Beinert, H.; Albracht, S. P. J. Biochim. Biophys. Acta 1982, 683, 245—
277.

(46) Davoust, C. E.; Doan, P. E.; Hoffman, B. M. J. Magn. Reson. 1996,
A 119, 38-44.

(47) Zipse, H.; Artin, E.; Wnuk, S.; Lohman, G. J. S.; Martino, D.; Griffin,
R. G.; Kacprzak, S.; Kaupp, M.; Hoffman, B.; Bennati, M.; Stubbe,
J; Lees, N. J. Am. Chem. Soc. 2009, 131, 200-211.
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Figure 3. Electron paramagnetic resonance data for samples which were
hand-mixed and flash frozen in the presence of dithionite. Samples were
preincubated, mixed, and incubated at 55 °C. After mixing, each sample
contained 0.10 mM GcpE, 4.0 mM MEcPP, and 15 mM dithionite in 100
mM TrisHCI, pH 8.0. For EPR conditions, see legend of Figure 2.

EPR signal (designated FeS,) with gy, = 2.000, 2.019, and
2.087 started to develop. The intensity of this signal reached a
maximum value at 30 s. At 60 s, the signal intensity decreased
again. The maximal EPR signal intensity of this species ranged
from about 0.05 to as high as 0.20 spin in different experiments.

The spectra shown in Figure 2 were measured at 77 K.
Measurements at other temperatures showed that these are the
only paramagnetic species present in these samples. For
example, signals with properties typical of [4Fe—4S]" clusters
(perpendicular mode) or of [3Fe—4S]° clusters (using parallel-
mode EPR spectroscopy) were not detected (not shown). The
samples that were frozen at 30 and 60 s showed small amounts
of other paramagnetic species. These, however, are more clearly
detectable in a different set of EPR spectra, as now discussed.

Figure 3 shows an additional set of kinetic data. In this case,
the solution containing GepE and dithionite and the solution
containing MEcPP were incubated at 55 °C for various times
then mixed by hand and flash frozen in cold ethanol (200 K).
In the samples frozen after an incubation time of 10 and 25 s,
the rhombic EPR signal belonging to the FeS, species can be
detected. The 25 s sample, however, aready shows the
formation of an additional signal that reaches maximal intensity
at 4 minand 7 s. Thissignal is not a transient signal since the
intensity stays constant after the highest intensity is reached.
This signa is stable for up to 16 min, the longest time the
reaction mixtures were incubated (not shown). The maximal
EPR signal intensity of this species can be as high as 0.4—0.5
spin. For the discussion here, we call this signa FeSg. The
signal, however, represents more than one paramagnetic species
and has a very temperature-dependent appearance, detailed
below. Note that the FeSg signal starts to develop faster at 55
°C dueto ahigher rate constant for the reaction, 0.6 umol min—!
mg ! at pH 8.0 (based on the colorimetric assay in the presence
of methyl viologen).

The experiments in Figures 2 and 3 have been repeated
several times under different conditions. In all cases, the same
set of signals were detected: formation and disappearance of
the FeS, species and accumulation of the FeSg species. The
FeSg signal did not show differences in the development rate
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of the different peaks in the EPR signal, indicating that although
clearly more than one species is present, their kinetic behavior
isidentical (asare their EPR properties; see below). The signa
intensity of either the FeS, or the FeSg species, however, is
highly dependent on the concentration of MECPP and dithionite
used. For example, increasing the concentration of MECPP from
0.5 to 3.0 mM more than doubles the signal intensity of the
FeS, signal (not shown). With concentrations of dithionite below
10 mM, the FeS, species mainly accumulates. With concentra-
tions of 15 mM and higher, the species behaves like a transient
species. Assuming that the appearance and subsequent disap-
pearance represent two independent redox processes, this might
indicate a different midpoint potential or concentration depen-
dency for the formation and breakdown of the FeS, species.
Increasing the temperature (RT vs 55 °C) also increases the
signal intensity. When single-turnover experiments are per-
formed (Figure S1, Supporting Information), the formation and
breakdown of the different paramagnetic species are amost
identical to that shown in Figures 2 and 3. The signal intensity
of the FeS, signal, however, reachesits maximal intensity within
10 s (at RT). The other signals still start to develop after about
1 min incubation time and accumulate over time. In single-
turnover experiments, the EPR signal intensity of FeS, is only
0.05 to 0.1 spin.

Because of the kinetic behavior of the two species, we assign
the FeS, signal to areaction intermediate, while the FeSg signd
could be related to an end point in the conversion of MECPP
into HMBPP or a side reaction resulting in a dead-end product.
Here we present data that this speciesis not a dead-end product.
We previously reported that it was not possible to reduce the
[4Fe—49] cluster in substrate-free GepE from T. thermophilus.?®
In a recent study by Liu and co-workers,*® however, facile
reduction with reduced methyl viologen was shown of the cluster
of GepE from E. coli. Therefore, the reduction of the cluster in
our enzyme was reinvestigated. Reduction of the cluster with
dithionite was detected, but in the T. thermophilus enzyme the
amount of reduction is in the range of only 0.01—0.05 spin,
which explains why this signal has been overlooked in our
samples when using protein concentrations of 50—100 uM.
Figure 4, trace A, shows the EPR spectrum of the reduced cluster
obtained for the enzyme incubated with 10 mM dithionite. The
enzyme was also treated with increasing amounts of reduced
methy! viologen (reduced with dithionite). In this case, similar
amounts of spin intensity for the reduced signal were detected
when 1—2 equiv of methyl viologen was used with respect to
the enzyme concentration. When higher amounts were used,
the amount of reduction actually decreased (not shown). This
seems to be in line with our previous studies that showed that
incubation with the more potent reductant Ti(lll) citrate does
not result in higher amounts of cluster reduction but in slow
breakdown of the iron—sulfur cluster.®

Some of the reduced protein samples showed a different EPR
signal upon reduction (Figure 4, trace B) or a mixture of the
two signals shown in Figure 4. This signal is identical to the
low-temperature FeSg signal detected in the kinetic studies (see
below). It turned out that this FeSg signa could only be detected
in reduced GcpE samples if the enzyme was purified with a
DEAE-Sepharose column that was used in several rounds of
purification. With afreshly regenerated column, only spectrum
A (Figure 4) is detected in the enzyme. Clearly something is

10K

[4Fe-4S]'

B__/Jv FeSB
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310 320 330 340 350 360 370 380
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Figure 4. Electron paramagnetic resonance data for reduced GcpE samples.
(A) Sample without adventitiously bound substrate HMBPP. The sample
contained 1.3 mM GcpE and 10 mM dithionite. Signal intensity is 0.01
spin. (B) Sample with adventitiously bound HMBPP. The sample contained
0.5 mM GcpE and 10 mM dithionite. Signal intensity is 0.02 spin. EPR
conditionsfor A and B: microwave frequency, 9.385 GHz; microwave power
incident to the cavity, 2.0 mw; field modulation frequency, 100 kHz;
microwave amplitude, 0.6 mT; temperature 10 K.

stuck to the enzyme causing the appearance of spectrum B
(Figure 4). Enzyme preparations showing spectrum B can be
converted into enzyme showing spectrum A by running the
enzyme solution over a desalting PD10 column. The compound
that is removed is probably the reaction product HMBPP since
adding this compound to the enzyme preparations converted
spectrum A into spectrum B (not shown). Therefore, it can be
concluded that the FeSg speciesis due to reduced enzyme with
HMBPP bound.

To further prove that the FeSg species does not represent a
dead-end product, GcpE was incubated with both dithionite and
MECPP, and at different time intervals a sample was tested for
activity in the colorimetric assay with methyl viologen and in
parallel a sample was taken that was frozen for examination in
EPR spectroscopy. This showed that the accumulation of the
FeSg signalsis not accompanied by a significant loss of activity
(not shown). This is in line with the assignment of a reduced
enzyme with possibly bound reaction product. The fact that
much more reduced cluster can be detected under these
conditions could be because direct binding of HMBPP to the
cluster has a significant effect on the midpoint potential of
the cluster itself as seen in other enzymes.*® The addition of
the substrate MECPP results in the replacement of the bound
HMBPP and the next reaction cycle starts. This was confirmed
by EPR studies where within 10—20 s after addition of MECPP
the FeS, signal was detectable in addition to the FeSg signal
already present (not shown). This would indicate that HMBPP
is a competitive inhibitor of GcpE.

The data in Figure 2 show the EPR spectra measured at 77
K. The samples have also been measured at 6 K to see if any
additional signals due to reduced [4Fe—4S] can be detected.
Thisis not the case, which could preclude arole for a[4Fe—49]"
form of the cluster. However, the work by Liu and co-workers

(48) Xiao, Y.; Zahariou, G.; Sanakis, Y.; Liu, P. Biochemistry 2010, 48,
10483-10485.

(49) Duin, E. C.; Madadi-Kahkesh, S.; Hedderich, R.; Clay, M. D.; Johnson,
M. K. FEBS Lett. 2002, 512, 263-268.
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Figure 5. Electron transfer from reduced GcpE to MECPP. The protein
sample was incubated with 0.5 mM dithionite-reduced methyl viologen.
The methyl viologen was removed by running the sample over a desalting
column (PD10). (A) GcpE after desalting step. Sample measured at 10 K
with a microwave power of 2.0 mW. (B) As A after addition of 10 mM
MECPP and incubation for 30 s before freezing. Sample measured at 10 K
with a microwave power of 2.0 mW. (C) Same as B, measured at 70 K
with a microwave power of 0.2 mW. The enzyme concentration is 53 uM
in al samples. Signal intensity in A is0.03 spin. In B, 0.10 spin. Note that
these values probably do not indicate an increase in spin intensity. The
uncertainty of the double-integration method is relatively large for very
weak samples.

show that there is an optimal redox potential region for enzyme
activity that seems to coincide with partial reduction of the
active-site cluster. To test the involvement of the cluster, GepE
was incubated with an excess of reduced methyl viologen which
was subsequently removed over an anaerobic PD10 desalting
column. The complete remova of methyl viologen was checked
in absorption spectroscopy. This procedure left some of the
clusters present in the reduced form (Figure 5, trace A). The
interesting part is that the reduced enzyme can only donate a
total of one electron to the substrate which should result in the
formation of the reaction intermediate. Thiswas indeed the case.
The addition of substrate to this enzyme preparation resulted
in the loss of the 4Fe EPR signal (Figure 5, trace B) and the
formation of the FeS, signal (Figure 5, trace C). The signal
detected in Figure 5, trace B, is due to the FeS, species. At
this temperature, however, the signa is highly saturated, in
particular the g, peak. Therefore, the same signal is also shown
measured at a temperature of 70 K (Figure 5, trace C).

In the light of the ks values, the data are puzzling. In the
freeze-quench experiment (Figure 2), we would expect to see a
whole reaction cycle in the first 11 s (pre-steady-state) after
which a equilibrium should be reached (steady state). Instead,
the spectral changes take 60 s. Similar observations can be made
for the single-turnover experiment (Figure S1, Supporting
Information). In the last case, the spectral changes seem to
continue past a full 3 min. It can be concluded that under the
conditions used in the EPR experiments the reaction must be
much slower and that the discrepancy between the kinetic
parameters of the colorimetric assay and the EPR experiments
must be due to the presence or absence of methyl viologen.
Methyl viologen is widely used in enzymatic redox titrations
as aredox mediator, enabling the easy transfer of electrons from
the reductant to a metal center in a protein. When the reaction
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Figure 6. Electron paramagnetic resonance spectrum for a 10 s sample
that was prepared in the presence of methyl viologen. Sample was
preincubated, mixed, and incubated at RT. After mixing, the sample
contained 1.1 mM GcpE, 10 MM MEcPP, 5 mM dithionite-reduced methyl
viologen in 100 mM TrisHCI, pH 8.0. For EPR conditions see legend of
Figure 2.

in the presence of methyl viologen was followed in EPR, ahuge
increase in the reaction speed was detected (Figure 6). Under
these conditions, the FeS, signal is not formed or only in very
small amounts. Figure 6, trace A, shows the EPR spectrum of
asample frozen after 10 s of incubation time (RT). The presence
in the EPR spectrum of an isotropic signal due to methyl
viologen makes the formation of the GepE signals more difficult
to follow. Subtracting out the EPR signal due to methyl viologen
(Figure 6, trace B) leaves a spectrum (Figure 6, trace C) identical
to that of the FeSg species (Figure 3). Before the experiment, it
was made certain that this enzyme preparation did not show
the FeSg signal upon the addition of dithionite or reduced methyl
viologen only. The addition of methyl viologen appears to
increase the reaction rate by at least a factor 10.

Characterization of the Paramagnetic Species Present under
Turnover Conditions by EPR and ENDOR Spectroscopies.
EPR. The EPR signal of the FeS, species shows remarkable
similarities to an [4Fe—4S]-cluster-based EPR signal observed
in FTR. The shape of the EPR signals in both enzymes shows
resemblance to that of so-called high-potentia iron—sulfur
(HiPIP) clusters,® but HiPIP clusters are only detectable under
highly oxidizing conditions. In addition, the temperature range
in which the GepE signal can be detected is very different from
that of a HiPIP. Below 20 K, it is not possible to measure the
GCcpE signa in slow passage X-band measurements without
saturation; from 20 to 100 K the signal can be measured, but
without saturation. Above 100 K the signal starts to broaden
and is broadened beyond detection at 160 K. A Curie plot can
be found in the supplemental section (Figure S2, Supporting
Information). This temperature behavior of the FeS, signal is
very similar to that of the signal detected in FTR.*®

The temperature response of the FeSg signal was also studied
in more detail (Figure S3, Supporting Information). At 6 K,
the dominant feature in the EPR spectrum is an axial signal
with g, = 2.081, g, = 1.984 (Figure 7, trace B). A simulation

(50) Cammack, R.; Patil, D. S.; Fernandez, V. M. Biochem. Soc. Trans.
1985, 13, 572-578.
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Figure 7. Overview of paramagnetic species detected in GcpE during
turnover experiments. (A) FeSa signal present in a sample incubated at 55
°C and frozen after 20 s. Contains 0.10 mM GcpE, 4.0 mM MEcPP, and
4.7 mM dithionitein 100 mM TrisHCI, pH 8.0. EPR conditions: microwave
frequency, 9.385 GHz; microwave power incident to the cavity, 0.20 mW;
field modulation frequency, 100 kHz; microwave amplitude, 0.6 mT;
temperature, 70 K. (B) FeSg signal present in sample incubated at 55 °C
and frozen at 4 min and 7 s. Microwave power incident to the cavity, 2.0
uW; temperature, 6 K. (C) Simulation of axial component of B. Simulation
parameters: g, = 2.081 and g, = 1.984; W, = 2.50 mT and W, = 1.20 mT.
(D) Same as B but measured at 50 K, microwave power incident to the
cavity, 2.0 mWw.

of this species has been included in Figure 7 (trace C) for
assignment of this species in the original spectrum. Additional
minority species also are present, with visible featuresincluding
an edge at g = 2.010 and a maximum at 2.027. This spectrum,
with the same relative proportions of contributing species, is
observed for FeSg (when FeS, is not aso present) in al
preparations and under all spectrometer conditions, and the total
spectrum is reproduced by the addition of product to the reduced
enzyme, as described earlier. All of the signals thus involve
product bound to the Fe cluster (see below). The relative
intensity of the signals from FeSg components is also invariant
under a wide range of CW and pulsed EPR conditions,
indicating extremely similar relaxation characteristics. With
increasing temperature (Figure S3, Supporting Information), the
low temperature spectrum starts to broaden and is no longer
recognizable at 35—50 K. The 50 K spectrum (Figures S3 and
7, trace D) resembles a 2-fold split isotropic species, but due to
the similar temperature behavior, it could be possible that the
low field peak at 323 mT is part of thissignal. It is not clear if
the apparent shift in g-value observed for the peak at low field
in traces B and D (Figure 7) is indicative for the presence of
two different signals at 6 and 50 K or whether it is an artifact
of the temperature broadening. As discussed below, this set of
observations suggests that the multiple signals are associated
with “valence isomers’, a manifold of cluster states within a
single cluster.

To test the assignment of the observed intermediate in the
kinetic studies to a cluster-bound reaction intermediate, based
on the similarities in EPR properties with a signal detected in
FTR, enzyme was purified from cells that were fed >’Fe-isotope
in the form of FeCls. Enrichment with >Fe produced a
considerable broadening of the EPR signal, which proves that
the signa is iron—sulfur-cluster-based (Figure 8, trace A).

FeS,
A TOK
FeS,
B 6K

— normal abundance
— “Fe-enriched

35 30 3B 30 3B M0 45
Field (mT)

Figure 8. Overlay of the spectra from Figure 7 with similar samples
prepared with 5’Fe-enriched enzyme (blue lines). Signal amplitudes were
corrected for differences in sample concentration. For EPR conditions, see
legend of Figure 7.

Likewise, the set of FeSg signals aso shows this broadening of
the EPR signal in ’Fe-enriched enzyme (Figure 8, traces B and
C). This occurs across the entire multicomponent EPR spectrum
indicating that all species observed areiron—sulfur-cluster-based
signals.

Severa questions remain. Thefirst oneisthe question of how
the reaction intermediate is bound to the cluster. Second there
is the question whether a radical species is formed that is
stabilized or whether the enzyme is able to avoid forming a
radical completely. There are several functional groups of
MECPP that could be involved in binding to the cluster. On the
basis of the behavior of aconitase, the leaving hydroxyl group,
and maybe also the other hydroxyl group, could bind to the
unique iron in the 4Fe cluster. The phosphate groups would be
less likely candidates, although a bond from a phosphate oxygen
to an heme-iron ion is observed in sulfite reductase.>* In arecent
paper, Wang et al. were led by *C/*’0O ENDOR/HY SCORE
data to propose that the FeS, intermediate represents a ferraox-
etane structure, containing a direct Fe—C bond.>?

ENDOR. Nonexchangeable Protons. The 'H ENDOR of
FeSa/FeSs in H,O/D,0O reveals a strongly coupled, nonex-
changeable proton signal, denoted here as Has, that has been
assigned by Wang et a. in FeS, to proton(s) of substrate as a
result of a comparison of ENDOR spectra from samples
prepared with H/D substrate. Figure 9 shows a 2D field-
frequency pattern of *H ENDOR spectra collected across the
EPR envelope of FeS,. Simulations (Figure 9, blue lines) reveal
that the *H, signal arises from proton(s) with a nearly isotropic
hyperfine coupling, A(Ha) = [14, 11, 11] MHz, ai,(*Ha) =
12 MHz. The most strongly coupled nonexchangeable proton
in FeSg, denoted here Hg, has not been assigned. It has a
maximum coupling of 11 MHz, and its hyperfine tensor appears
to be more anisotropic than that of Ha, athough a precise tensor

(51) Stroupe, M. E.; Getzoff, E. D. Sulfite Reductase Hemoprotein. In
Handbook of Metalloproteins; Messerschmidt, A., Huber, R., Poulos,
T., Wieghardt, K., Eds.; John Wiley & Sons, Ltd: Chichester, 2001,
pp 471—485.

(52) Wang, W. X.; Li, J. K.; Wang, K.; Huang, C. C.; Zhang, Y .; Oldfield,
E. Proc. Natl. Acad. Sci. U.SA. 2010, 107, 11189-11193.
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Figure 9. 35 GHz pulsed *H ENDOR spectra and simulations at 2 K for
GcpE samples flash frozen after 10 s incubation time (FeSa signal). EPR
conditions: Davies pulse sequence, microwave it pulse length 200 ns, RF
pulse length 20 ms, repetition rate 50 ms, = 800 ns, microwave frequency
34.844 GHz. Simulation parameters: A = [11, 14, 11] MHz, y = 25°, f =
60°, oo = 40°.

determination is not achievable due to its low intensity,
anisotropy, and the uncertainty of g values for the multicom-
ponent FeSg signal. Careful examination of the field-dependence
of the 'Hg signal suggests that it is associated with the minority
species with g values at 2.027 and/or 2.010. At lower g values
(higher fields), the strongly coupled peaks are visible all the
way to the edge of the major EPR species (g, = 1.984),
indicating that this minor species has a similar value for gs.
This is consistent with the 3P analysis described below and in
the Supporting Information.

Exchangeable Protons. 2H Mims ENDOR of a FeS, sample
in D,0 that was quenched at 10 s (not shown) reveals structure
superimposed on the featureless matrix deuteron signal centered
at the H larmor frequency. The maximum coupling occurs at
02, where the spectrum shows a quadrupole-split doublet of
doublets with a hyperfine 2H splitting of 0.52 MHz, correspond-
ing to a *H coupling of approximately 3.5 MHz. Comparison
of the *H spectra of H,O/D,O samples suggests a *H doublet
split by 3.7 MHz in the H,O sample that is not present in the
D,O sample, supporting the ?H result. This *?H coupling is
comparable to the 4 MHz exchangeable *H coupling that is
observed in substrate-free aconitase and is associated with a
solvent-derived hydroxyl bound to a [Fe,S,™ cluster, and
somewhat smaller than that of a hydroxyl of the bound
substrate.>® However, H-bonding to the cluster sulfurs can give
exchangeable signals with comparable couplings. Thus, overal,
this observation is compatible with an hydroxyl-bound Fe, but
not proof of one. Equivalent experiments with samples showing
the FeSs signa yield a similar result, with a 3.8 MHz
exchangeable proton observed in the D,O 2H and H,O/D,0 'H
difference spectrum at gs.

3P, Figure 10 shows the 3P-Mims ENDOR data for an EPR
sample that was quenched at 10 s and only shows the transient
FeS, signal (Figure $4, Supporting Information). The spectra

(53) Werst, M. M.; Kennedy, M. C.; Beinert, H.; Hoffman, B. M.
Biochemistry 1990, 29, 10526-10532.
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Figure 10. 35 GHz pulsed 3'P ENDOR spectra at 2 K of GepE samples
flash frozen after 10 s (FeS,, black line) and 5 min (FeSg, blue line)
incubation time. Spectra were collected at the fields and g values indicated,
and are shown alongside the respective pulse-echo detected EPR spectra.
ENDOR spectra are normalized to afixed intensity for clarity. Conditions:
Mims pulse sequence, microwave pulse length 30 ns, RF pulse length 20
us, repetition rate 20 ms, © = 800 ns (10 s sample); 500 ns (5 min EPR);
600 ns (5 min ENDOR), microwave frequency 34.857 GHz (5 min); 34.876
GHz (10 s EPR); 34.871 GHz (10 s ENDOR).
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Figure 11. 35 GHz pulsed 3P ENDOR spectra (black line) and dipolar
dominated simulation (blue line) for GepE sample flash frozen after 10 s
incubation time (FeS, signal). EPR conditions as in Figure 10, with 7 =
600 ns. Simulation parameters: A = [0.22, —0.11, —0.09] MHz, y = 20°.

(Figure 10, black spectra) show a doublet centered at the 3P
Larmor frequency with a maximum splitting of about 0.2 MHz
at g, clearly demonstrating the presence of asingle 3P nucleus
in proximity to the cluster spin. The data can be simulated using
either a dipolar ([0.22, —0.11, —0.09] MHz, Figure 11) or
isotropic ([0.21, 0.09, 0.05] MHz, Figure 12) dominated tensor,
but regardless of the model, the small size of the coupling
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Figure 12. 35 GHz pulsed 3P ENDOR spectra (black line) and isotropic
dominated simulations (blue line) for GepE sample flash frozen after 10 s
incubation time (FeS, signal). EPR conditions as in Figure 10, with 7 =
600 ns. Simulation parameters; A = [0.21, 0.09, 0.05] MHz.

indicates that the phosphate groups of MECPP, athough nearby
to the cluster associated with the FeS, signal, are not directly
bound to the cluster. The couplings are in fact smaller than
observed for the distant, nonbonding phosphate in an intermedi-
ate of the enzyme lysine 2,3-aminomutase.>* Using the same
simple point dipole calculation detailed in the previous reference,
and treating the iron sulfur cluster as a point source of unit
electron spin density, the maximum dipolar tensor above gives
aminimum distance of the phosphorus nucleus from the unique
iron of 6.6 A.

Also shown as an overlay in Figure 10 (blue spectra) are the
SIP-ENDOR data for a sample that was frozen after 5 min of
incubation displaying the mixture of FeSg signals (Figure 4,
Supporting Information). At g;, asingle pair of peaksis observed
centered about the 3P Larmor frequency, also with coupling
that is small, A ~ 0.4 MHz, athough larger than that observed
for the 10 s FeS, sample. Thus, the FeSg centers also have a
phosphate group, probably from HMBPP, nearby to the cluster,
but this coupling also istoo small for direct binding of phosphate
to the cluster. Above ~12 300 G, three different 3P features
are visible. None correspond to those observed for the 10 s
sample, indicating that there is no EPR signal from the FeSy
center in this sample.

Analysis of the multiple 1P features at fields above 12 300
G must take into account the observation, described above, that
the EPR spectrum of the 5 min sample shows multiple features
due to different species. The bulk of the EPR intensity appears
to be due to an axial specieswith g, = 2.081, g, =1.984, while
additional features are seen within thisrange at g values of 2.027
and 2.010 (Figure 7, trace B, and S4). It is not certain whether
these features belong to the same EPR species, but their relative
intensities remain identical under a range of experimental
conditions. While there are no resolved *P ENDOR features
that appear to correspond to the EPR intensity at the latter g
values, the overall intensity of the 3P ENDOR increases in

(54) Lees, N. S,; Chen, D. W.; Walshy, C. J.; Behshad, E.; Frey, P. A,;
Hoffman, B. M. J. Am. Chem. Soc. 2006, 128, 10145-10154.

approximate proportion to the increase in EPR intensity,
indicating that all of the EPR species present (at least two) show
S1p ENDOR due to interaction with the product HMBPP.
Furthermore, analysis of a second sample (not shown) showed
a significantly different intensity ratio for one of the three
ENDOR peaks compared to the other two, ruling out the
possibility that all three of the ENDOR peaks could arise from
the two phosphorus atoms of the substrate and a single EPR
species. Because of the presence of an overlapping EPR signal
from FeS, in this second sample, it is difficult to determine
whether its FeSg EPR spectrum was atypical.

Given the uncertainty surrounding the number of EPR species,
their g values and the number of contributing 'P nuclei, no
definitive fit for the data can be obtained; however, we can
account for all the data with any one of the three simplest
models, all with maximum observed 3P hyperfine coupling of
~0.4 MHz. A full description of these models and simulations
for FeSg can be found in the Supporting Information (Figures
S5—S13). Regardless of the model, the small coupling precludes
the direct binding of phosphate to the cluster.

Discussion

Presented is a full EPR/ENDOR spectroscopic characteriza-
tion of the [4Fe—4S] cluster in GcpE and several paramagnetic
species detected in kinetic studies. We propose that the cluster
plays an important role in substrate binding and catalysis. One
of the points addressed is the role of the reduced form of the
cluster in the reaction mechanism. This is of particular
importance since reduction with dithionite in the absence of
substrate resulted in only partial reduction of the cluster in the
T. thermophilus enzyme. The maximal amount of reduction was
only 0.05 spin. Reduction with the more potent reductant Ti(I11)
citrate not only results in cluster reduction but also in cluster
breakdown. The complete breakdown of the cluster can be
prevented when substrate is added to the enzyme solution. Still,
there is a small redox-potential window where the enzyme can
work optimally. Above a certain potential, there is not enough
reductive power to get the reaction started or to get past the
first reaction intermediate. Below a certain potential, the protein
becomes more vulnerable to cluster breakdown. Thisisin line
with the work by Liu and co-workers where the highest enzyme
activity was detected at a potential of —446 mV (vs NHE).*®
Using reductants with lower potential did not increase the
activity any further but instead a decrease was observed. From
a mechanistic perspective, however, having a reduced cluster
donating electrons to the substrate would make sense. This is
supported by the work shown in Figure 5. In this experiment,
the only reductant present in the enzyme solution is the reduced
4Fe cluster itself. Addition of MECPP resulted in the formation
of the FeS, species, indicating that the formation of this
intermediate does not require added electrons.

It is aso clear from the work presented here that there are
different midpoint potentials associated with different steps of
the reaction mechanism. When the dithionite concentration is
kept below 10 mM only one species, denoted FeS,, accumulates
during substrate turnover. Above 10 mM a full reaction takes
place in line with previous work that showed that only dithionite
is needed for product formation.?® Unfortunately, obtaining
kinetic parameters like Vihax and Ky using a kinetic assay with
only dithionite is not possible due to the high concentration of
dithionite needed. In addition, the detection of product formation
using for example NMR spectroscopy is not possible due to
detection limits (product inhibition will occur before enough
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product has accumulated). In future work, the redox potentials
under the different reaction conditions have to be measured to
get a complete picture of the redox potential dependency of
the different reaction steps in GcpE. In addition, there has to
be a difference in how the different reductants used in this study
interact with GepE. With reduced methyl viologen or mixtures
of dithionite and methyl viologen, a faster reaction rate is
observed, although the redox potential of these compound and/
or mixtures is not that different. The fact that reduced methyl
viologen is positively charged and dithionite is negatively
charged could explain a difference in interaction of these
compounds with the enzyme and/or cluster. It appears that
dithionite can provide electrons for the second step with more
difficulty. If the cluster is present in an active-site channel, it
could be that the binding of substrate to the cluster limits the
access of dithionite to the cluster.

With mixtures of dithionite and methyl viologen, no or very
small amounts of the FeS, species were detected in EPR
spectroscopy, but a second group of signals, denoted FeSg,
started to accumulate within 10 s of incubation time, which is
within the 11 s calculated for a full reaction cycle. This would
indicate that in the presence of methyl viologen the breakdown
of the species represented by the FeSy EPR signa is not the
rate limiting step asit appears to be the case when only dithionite
is present.

There are three known classes of proteins that have a 4Fe
cluster that is directly involved in catalysis. The first class is
the hydrolyase class with aconitase as a prominent member.>>>%
The dehydration reactions catalyzed by this class of enzymes
do not involve redox chemistry. Substrates coordinate to a
[4Fe—4S])?" cluster at the so-called unique iron site, which is
the iron that is not coordinated by the sulfur atom of a cysteine
residue. The [4Fe—4S]?" cluster serves as a Lewis acid to
facilitate dehydration to form a C=C double bound and
rehydration of it.> In the case of aconitase, the substrate citrate
is bound to the unique iron via one of the oxygen atoms from
a carboxyl group and one oxygen atom from a hydroxyl group.
The coordination makes the hydroxyl group a better leaving
group. The second class is represented by the radica SAM
enzymes that function in DNA repair, and the biosynthesis of
vitamins, coenzymes, and antibiotics.>”~° The common thread
in the function of these enzymesis the use of a strong reducing
agent, alow potential [4Fe—435] " cluster, to generate a powerful
oxidizing agent, the 5-deoxyadenosyl radical by reductive
cleavage of S-adenosylmethionine (SAM). For this to happen,
SAM coordinates to the unique iron of the cluster viaits amino
and carboxylate groups.®®%! The third class known to date
consists of only two proteins: ferredoxin:thioredoxin reductase
(FTR)®** 28 and heterodisulfide reductase.*>2¢2 FTR functions
as a switch, using single electrons donated by ferredoxin for a
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two-electron reduction of a disulfide bond present on the
substrate thioredoxin. The active site of FTR contains the unique
combination of a [4Fe—4S] cluster in close proximity to an
active-site disulfide bond.** Transfer of the first electron from
the [4Fe—4S]™ cluster to the disulfide would in principle cause
the formation of a thiolate and a thiyl radical. The formation
of theradical species, however, is prevented by forming a bond
between this sulfur atom and an iron atom of the 4Fe cluster.
The unique iron site ends up being coordinated by two
cysteinates. This species is best described as a [4Fe—4S)3"
cluster and shows the unusual electronic and magnetic properties
and temperature behavior described.

How does GcpE fit into these three groups? The data
presented here show that in kinetic studies a transient paramag-
netic species is detected in GepE that has EPR properties that
are remarkably similar to that detected in FTR, which indicates
that a reaction intermediate could be bound to a [4Fe—4S]3"
cluster. In this case, the leaving hydroxyl group of MECPP is
the most likely candidate to coordinate to the cluster as small
8P hyperfine couplings measured for the FeS, and FeSg
intermediates appear to exclude direct phosphate binding to the
cluster, unless the vector-coupling coefficient to the unique Fe
isanomalously small. It isimportant to note that the next enzyme
in the MEP pathway, the LytB (or IspH) enzyme, catalyzes a
very similar reductive elimination of a hydroxyl group. LytB
also appears to contain a [4Fe—4S] center that has been
proposed to directly bind the substrate or areaction intermediate.
Moreover, a recent crystal structure showed the substrate
HMBPP to be within the active site, bound to the 4Fe cluster
viaits hydroxyl group.®® However, ENDOR measurements led
to the proposal that HMBPP, or a reaction intermediate, binds
to the cluster of LytB, as a sz and/or  complex,®® a proposal
based on analogy to the origina discovery of such an organo-
metallic intermediate in catalysis by nitrogenase.®”

Not all the mechanistic details of GcpE catalysis are clear at
this point, but it is clear that the iron—sulfur cluster has an
important function. Both FeS, and FeSg have an average g value
> ge, Which is strongly indicative of a[4Fe—4S]3" species.®®¢°
On the basis of the similarities of both the g values and EPR
properties with the EPR signal detected in FTR, the FeS, signal
could be assigned to a substrate-bound [4Fe—4S]3" species.®®
However, the FeSg signa that can be induced not only under
turnover conditions, but also by binding of product HMBPP to
the reduced [4Fe—4S]** cluster, and therefore almost certainly
involves a+1 cluster, has similaritiesto that of the FeS, species.
The g values of FeSz are more “+1-like”, with g; < ge, in
contrast to FeS, where gy, = ge, but FeSg nonetheless has g
> ge, Which is highly unusual for a [4Fe—4S]*" species. This
raises the possibility that FeS, is also a [4Fe—4S]*" species,
despite the highly suggestive g values. Mdssbauer spectroscopy
studies will be needed to address the oxidation state of the
[4Fe—49] cluster in the FeS, form.
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Figure 13. Hypothetical reaction mechanism for GepE. See text for detailed description.

The recent study by Wang et a. of GcpE first reported the
ENDOR signal from Ha, and demonstrated that it was associated
with a substrate-derived moiety bound to the cluster through
use of isotopically labeled substrate.>® In that report, Ha was
assigned to the a proton of C3, which was bound to Fe as part
of a ferraoxetane ring. However, the Hp hyperfine tensor was
not determined. The present determination that the hyperfine
coupling to Ha is nearly isotropic raises a question about the
earlier assignment. A proton bound to a first-row atom
coordinated to a metal ion has been observed to have a highly
anisotropic coupling, in contrast to the coupling for Ha.™

The driving force for the proposal of a ferraoxetane structure
was the observation of a large **C coupling assigned to C3, A
= 19 MHz (no tensor determined). While this is indeed
suggestive, we note that the formaldehyde-inhibited form of the
molybdo-enzyme, xanthine oxidase, exhibits a *C coupling of
s = 43 MHz for amoiety derived from formaldehyde, yet it
was recently shown that this carbon is not bonded to the metal
ion, but rather the observed coupling reflected a large “tran-
sannular” hyperfine interaction associated with a carbon not
bonded to the metal ion but part of a four-membered metalla-
cycle.* This observation, plus the near-isotropy of the Ha
coupling, suggests that if the ferraoxetane structure proposed
by Wang et al. is correct, a plausible assignment might instead
be that Ha represents protons on the methyl group and/or protons

(70) Lees, N. S.; McNaughton, R. L.; Gregory, W. V.; Holland, P. L.;
Hoffman, B. M. J. Am. Chem. Soc. 2008, 130, 546-555.

(71) Shanmugam, M.; Zhang, B.; McNaughton, R. L.; Hille, R.; Hoffman,
B. M. J. Am. Chem. Soc. 2010, in press.

on C1, and that the strongly coupled carbon is C2. These
aternatives would be readily distinguished with selective
isotopic labeling. Alternatively, a ferraoxetane with an Fe—C2
bond (Figure 13), also considered by Wang et a., although not
favored, might be expected to have a large coupling to *C3
and its o proton, and thus this assignment probably is to be
preferred.

For completeness, we note that the rather large Ha coupling
is not on its face evidence for assignment to a structure with a
metal —carbon bond. In the case of alylbenzene-inactivated
chloroperoxidase (AB-CPO), the proton of the Fe(l11)—0O—
C2H- linkage to the low-spin ferriheme exhibits a mostly
isotropic coupling that is considerably larger than that of Ha:
A(H) =[24.6, 17.0, 16.2] MHz, ai(H) = 19.3 MHz"* compared
to ai(Ha) = 12 MHz. However, in AB-CPO, the maximum
coupling, to 3C2, was only A ~5 MHz. Whether a larger
coupling might arise with a high-spin Fe ion embedded in a
cluster would require further experimental study and/or electronic-
structure computations.

In the hypothetical mechanism proposed in Figure 13, it is
assumed that the reaction begins with the binding of MECPP to
GCpE containing a[4Fe—4S]?* cluster. Thisresultsin a change
in midpoint potential of the cluster and its reduction by electron
transfer from dithionite, or in the cell by the natural electron
donor. This species is one of the candidates for the origin of
the FeS, signa (1+ form). However, it is not clear why this

(72) Lee, H. |.; Dexter, A. F.; Fann, Y. C.; Lakner, F. J; Hager, L. P,
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species should accumulate in any significant amounts. Proton-
ation 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
severa 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). Such a
species would be the second candidate for the origin of the FeSy
species. However, this would create a carbanion species that
could be very reactive. The ferraoxetane structure as proposed
by Wang et a. 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 I11). Note
that the structure does not indicate the preference for a specific
orientation of the bound compound. 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 11) a s/n-type
complex can be proposed, perhaps accompanied by interaction
with the hydroxyl oxygen. A similar interaction was also
proposed for the IspH/LytB enzyme.®® This type of interaction
would require a reversible deprotonation of the C3 carbon.
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.®

The freeze-quench studies (Figure 2) show the formation of
aradical species early in the reaction, 28 msto 0.5 s. It is not
clear, however, if this is due to a carbon-based radical-type
reaction intermediate or due to dithionite itself. The formation
of the FeSg signals would be due to the adventitious binding of
the reaction product HMBPP to the reduced cluster, possibly
via the remaining hydroxyl group. It is possible that the
multiplicity of species always observed in the FeSg spectrum,
with invariant relative intensity and identical relaxation behavior,
is due to different binding modes for HMBPP. An aternative
explanation would be that the different signals can be assigned
as valence isomers. These are states of a cluster that differ only
in the location and pairing of the Fe#**" ions. As observed in
EPR spectra of other FeS clusters, these result in extra peaks
very similar to those observed in FeSg.” One could then suggest
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that the temperature-dependent collapse of the EPR spectrum
is associated with activated exchange among the isomers. We
note that such isomers are much more common among
[4Fe—4S]*" clusters than among [4Fe—4S]*" clusters.

It has been proposed that an epoxy intermediate is formed in
the reaction mechanism.?® It was recently shown that this epoxy
compound is indeed a substrate for GcpE.” Without the
involvement of an iron—sulfur cluster, an epoxy intermediate
might be a necessary reaction step. There is no need, however,
to invoke such an intermediate when MECPP can bind to the
unique iron of the 4Fe cluster. Our model is still in line with
the epoxy compound being a substrate. Binding of the epoxy
compound and simultaneous electron transfer from the cluster
would create the same cluster-bound carbon radical species as
proposed in Figure 13.

In this paper, we presented a full spectroscopic characteriza-
tion of the paramagnetic species detected in GepE during the
kinetic experiments. It is clear that the active-site 4Fe cluster
plays a very important role in both substrate binding and
catalysis. Several possible mechanisms were discussed. Each
mechanism has different implications for the type of compounds
that could function in inhibiting the GcpE enzyme. It is
important to further narrow down these possibilities since the
GCcpE enzyme is a putative target for the treatment of a wide
range of infectious diseases, and detailed knowledge of the
actual mechanism will help in finding the correct inhibitor that
would be a potential drug candidate.
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