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Abstract

Isopentenyl diphosphate dimethylallyl diphosphate isomerase (IDI) is a key enzyme in the
isoprenoid biosynthetic pathway and is required for all organisms that synthesize isoprenoid
metabolites from mevalonate. Type 1 IDI (IDI-1) is a metalloprotein and is found in eukaryotes,
while the type-2 isoform (IDI-2) is a flavoenzyme found in bacteria and completely absent from
human. IDI-2 from the pathogenic bacterium Streptococcus pneumoniae was recombinantly
expressed in E. coli. Steady state kinetic studies of the enzyme indicated that FMNH, (Ky=0.3
M) bound before isopentenyl diphosphate (Ky= 40 M) in an ordered binding mechanism. An
X-ray crystal structure at 1.4 A resolution was obtained for the holo-enzyme, in the closed
conformation with reduced flavin cofactor and two sulfate ions in the active site. These results
helped to further approach the enzymatic mechanism of 1DI-2 and, thus, open new possibilities for
the rational design of antibacterial compounds against closely sequence and structure related
pathogens such as E. faecalis or S. aureus.
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Introduction

Multi-drug resistant strains of pathogens have created a need for new antibiotic agents based
on new drug targets.[] The isoprenoid biosynthetic pathway, which produces essential
metabolites in all organisms,[?] is an attractive target for development of antibacterial
compounds. Isoprenoid molecules are constructed from two five-carbon building blocks,
isopentenyl diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP).
These are synthesized by the mevalonate (MVA) pathway!3] in mammals, Archaea, fungi,
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plants, and some bacteria or by the methylerythritol pathway (MEP)[l in algae, plant
chloroplasts, and other bacteria. In the MV A pathway, IPP is the sole product from the ATP-
dependant decarboxylation of mevalonate diphosphate and must be isomerized to DMAPP,
while IPP and DMAPP are both produced during the reduction of hydroxydimethylallyl
diphosphate in the MEP pathway. Thus, isopentenyl diphosphate: dimethylallyl diphosphate
isomerase (IDI, EC 5.3.3.2) is an essential enzyme in organisms that rely on the MVA
pathway.

IDI-1, the first isoform of the enzyme to be characterized, was identified over 40 years ago
and has been extensively studied.[>-8] A second convergently evolved isoform (IDI-2),
found in plant chloroplasts and many bacteria, was discovered in 2001 and requires reduced
flavin mononucleotide and MgCls as cofactors.[®! In 2007, Rothman et a/. proposed a
mechanism for the isomerization where the reduced flavin cofactor acts as a general acid/
base catalyst for protonation of IPP and deprotonation of the resulting carbocationic
intermediate.[10] The cofactor can also provide m-cation stabilization for the intermediate
(Scheme 1). This mechanism is similar to that proposed for IDI-1 where IPP is protonated
by an active site glutamic acid.[]

The first crystal structure of IDI-2 was reported in 2003 for the enzyme from Bacillus
subtilis (bs-1D1-2). Unfortunately, this structure was incomplete due to disorder of the N-
terminal region, which included conserved residues involved in formation of the active
site.[11] Subsequently, structures were reported for several IDI-2s at different levels of
completeness and resolution (between 2 and 4 A).[12 13] Recently, the structures of an IDI-2
in complex with a variety of ligands were reported for the enzyme from the Archaeon
Sulfolobusshibatae (ss-1D1-2).[14] Nevertheless, ss-IDI-2 shares less than 35% sequence
identity with IDI-2s from pathogenic microorganisms such as Enterococcus faecalis (ef-
IDI-2, 33%), Staphylococcus aureus (sa-1DI1-2, 32%) or Streptococcus pneumoniae (Sp-
IDI-2, 30%).

We now describe characterization of the binding mechanism for IDI-2 from sp-IDI-2- and a
crystal structure of the catalytic “closed” conformation of the enzyme at 1.4 A resolution.
The different structures and cofactor requirements of human IDI-1 and bacterial IDI-2, make
IDI-2 an attractive target for development of new antiinfectious agents against pathogenic
bacteria that synthesize isoprenoid compounds by the MVA pathway.

Results and Discussion

Overexpression, reconstitution and characterization of sp-IDI-2

Recombinant sp-IDI-2 was purified from 20 g of cell paste by Ni2* affinity chromatography
to give 5 mL of a 72 mg/mL solution of the protein. SDS-PAGE indicated that the purity of
the protein was ~90%. By comparing the extinction coefficient for free FMN to that of
FMNesp-IDI-2, we determined the extinction coefficient of the complex to be 12,200
M~1s71 at 454 nm. The mass of purified His-tagged sp-IDI-2 was 39874 Da (calculated
39868 Da) as determined by ESI/MS. The mass of the native protein determined by gel
filtration chromatography of 173.6 kDa corresponds to a homotetramer, as previously
reported for 7hermus thermophilus (tt-), Pyrococcus furiosus (p£)[®] and sa-1D1-2.[16]
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During purification of sp-IDI-2, the FMN cofactor was released indicating a possible
unfolding of the protein. A far UV CD spectrum of sp-IDI-2 was recorded in water, allowing
reliable measurements down to 185 nm. A strong positive band centered at 195 nm appears
together with a broad minimum between 208 nm and 222 nm, typical of the overlapping of
various a-helix and p-sheet bands (Figure S1).[27] Thus, the CD spectrum of sp-IDI-2
indicates that the enzyme is folded and soluble under our experimental conditions.

Because the purified enzyme appears to have residual activity, it must have low levels of
bound FMN that can interfere in the determination of steady state Kinetic constants. To fully
deflavinate the enzyme, we washed with 2 M KBr before elution from the Ni2* column. A
UV spectrum of the deflavinated enzyme did not have the characteristic peaks at 350 or 450
nm for FMN. Protein prepared in this manner had a residual activity less than 0.3%.

Steady state kinetic studies

Preliminary Kinetic studies in buffer containing 8 uM FMN and varying concentrations

of 14C-IPP indicated substrate inhibition at higher concentrations of IPP. Similarly, substrate
inhibition was seen in buffer containing 150 pM IPP when the concentration of FMN was
varied. Nonlinear regression analysis of the plot for varied IPP gave kinetic constants in
good agreement with those reported for S. aureus 1DI1-2 (161 and for 7. thermophillus 1D1-2
(Table 1).[18] A related analysis for varied FMN gave a value of kg similar to that reported
for the 7. thermophilus enzyme, but K,mMN = 0.34 + 0.04 uM was much lower than K,mMN
= 4.7 +0.6 pM reported for 7£I1D1-2.110]

We then varied the concentrations of both IPP and FMN using deflavinated sp-1DI-2. A
maximal concentration of 90 uM for IPP was below the onset of substrate inhibition. Double
reciprocal plots gave intersecting lines, inconsistent with a ping-pong binding mechanism. A
global fit to a sequential ordered mechanism where FMN binds first (Figure 1) gave k4=
0.31s71, Kipp= 75 UM, and Ky, = 1.6 UM (Table 2). Fits yielded negative parameter values
when globally fit to an ordered mechanism where IPP binds first or a random mechanism
(Table 2). The mechanism is consistent with the structure of the enzyme (see below), where
FMN sits at the bottom of the active site with IPP stacked on top of the isoalloxazine
nucleus. The enzyme is inhibited by higher concentrations of IPP and FMN, suggesting that
the phosphate groups in FMN and IPP have an affinity for the phosphate-binding region of
the other’s binding site.

Crystal structure determination

Small crystals appeared within two days and reached their maximum size after seven days
(Figure 2A, insert). A single crystal was harvested, cryoprotected and flash-cooled, prior to
data collection. Data were collected to 1.4 A resolution and processed in the space group 14
(a=b=131.4 A, c=59.3 A). The structure was determined by molecular replacement
(Search models 1POK and 3DH7) and subsequently refined (R=13.8 %, Rfee=15.8 %).
Overall statistics for the data collection and refinement of the structure are presented in
Table 3.

As previously described for other IDI-2 structures 11141 sp-ID1-2 formed a planar
tetrameric arrangement in the unit cell (Figure 2A) with, in our case, only one molecule in
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the asymmetric unit. The monomer folds as a classical a838 TIM-Barrel, with one end
housing FMN and the enzyme active site, and the other end being capped by two antiparallel
B-sheets (Figure 2B). After refinement of the apo-protein model, additional electron density
was observed for FMN, which appeared to be in its reduced form. Indeed Despite crystal
growth under anaerobic conditions, unbiased 3 oFo-Fc density revealed the presence of the
reduced flavin cofactor in the active site (Figure S2) (17° between the aromatic planes of the
isoalloxazine ring). Presumably the FMN was reduced by the synchrotron radiation emitted
photoelectrons that can reduce initially oxidized moieties.[19: 201

Comparison with related structures

We compared our structure with f+1DI-2 in complex with inorganic pyrophosphate PP; (%
IDI-2+PP;) [12] and ss-IDI-2 in complex with IPP (ss-1D1-2¢1PP).[14] Despite a low sequence
identity (33 and 30 % for £ and ss-1DI-2), all three of these structures overlap tightly
(RMSD on Ca for the whole protein of 1.5 and 1.7 A). As observed previously, the cofactor
is located in a pocket made of conserved residues and capped by the N-terminus of the
protein.

The imidazole ring of H9 interacts with the diphosphate moiety of IPP in ss-1DI-2, with PP;
in f£1DI-2, and with the first sulfate ion (a850O4) located in the same region in sp-IDI-2. The
sulfate also makes salt bridges with the guanidine group of arginine (R5) and amine moiety
of lysine (K6) further strengthening the closed N-terminal position (Figure 2C).

We located residual positive Fo-Fc density on the s/ face of the isoalloxazine moiety (3 A
from the N5), which was modeled as a second sulfate ion from the crystallization buffer
(Figure 2C). This ion is stabilized by interactions with the phenyl ring of phenylalanine
(F211), the imidazole moiety of histidine (H9) and the amide group of glutamine (Q149).
H9 and Q149 are highly conserved while Trp in some IDI-2s replaces F211.

By a closer inspection of the active sites we can assume that the two ions reported in our
structure mimic the position of IPP into the active site. Indeed, second sulfate ion (6SO4) in
the structure of sp-IDI-2 matches the position of a water molecule in #£1DI-2¢PP; and C1 of
IPP in the ss-IDI-2+IPP complex. The sulfur atom of this ion is 4.2 and 4.4 A from the N5
and C4a atoms of FMN, while C1-IPP in ss-IDI-2¢IPP was reported to be 4.1 and 4.2 A,
respectively (Figure 3). Stabilization of these species at this location is also consistent with a
protonation-deprotonation mechanism for isomerization of IPP to DMAPP, where the
putative zwitter ionic form of the reduced cofactor stabilizes the bound sulfate (Scheme 1).

Implication for drug design

The proposed binding mechanism suggests that it might be possible to construct potent
inhibitors of the enzyme that take advantage of interactions with both the IPP and reduced
flavin cofactor regions of the active site. In this regard, the 1.4 A crystal structure of the
catalytic closed form of sp-IDI-2 should be a useful template for computationally guided
drug design. Indeed, by structure alignment between spand ss-1DI-2, we identified several
changes in the amino acid sequence. In addition to the Trp mutated into Phe, an arginine in
ss-IDI-2 is replaced by a serine (S92) in sp-1DI-2. This residue caps the active site of the
enzyme and can thus be targeted to restrict the binding pocket availability for the substrate.

Chembiochem. Author manuscript; available in PMC 2015 July 07.
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Arg5 and Lys6 are also located at the surrounding of the active site and can be targeted by
negatively charged moieties from potent inhibitors (Figure 4). We also located a Met
(M151) surrounding the active site. These residues, and especially the sulphur moieties, are
well known to interact with cisplatin or other Pt-derivative drugs. We identified, thus, three
potential sites to design new inhibitors.

Conclusion

IDI-2 is an enzyme required for the synthesis of isoprenoid metabolites via the MVA
pathway in S. pneumoniae. Although the protein binds the same substrates and catalyzes the
same reaction as IDI-1 in humans, the two isoforms evolved convergently and have different
protein folds, active site residues, and cofactor requirements. sp-1DI-2 has catalytic and
structural features that make it an attractive antibiotic target against S. pneumoniae.

Reduced flavin mononucleotide (FMNH,) is a required cofactor for IDI-2. Typically, IDI-2
and the tightly bound oxidized cofactor (FMN) co-purify as an intense yellow complex. The
active form of the enzyme is then obtained by reduction of FMN with NADPH or dithionite
to give the FMNH>+IDI-2 complex. In contrast, most of the FMN is lost during purification

of sp-1DI-2 and the cofactor must be added to the assay buffer along with the reductant. IPP
and FMNH,, bind by a sequential ordered mechanism where the flavin (Ky, = 0.3 uM) binds
before IPP (Ky = 40 uM). Thus, the IPP and the FMNH> loci in the active site are available
for development of compounds that inhibit sp-IDI-2 by interacting with both regions of the

active site.

As previously reported, when the active site is empty the N-terminal segment is
disordered.[*1. 121 Dye to the presence of two sulfate ions, the N-terminal segment of sp-
IDI-2 is stabilized, and the enzyme is in the closed catalytic conformation in the crystal.
Interactions of conserved R5 and K6 and one of the sulfate ions are key interactions for
stabilizing the closed conformation. The other sulfate is located between the amide moiety
in a highly conserved glutamine (Q147) and N5 of reduced flavin cofactor, which would be
positively charged in the zwitter ionic form of the cofactor proposed for the catalytically
competent enzyme-substrate complex.[20]

Following protonation of the double bond in IPP, the carbocationic intermediate is stabilized
by the negatively charged isoalloxazine moiety in the flavin, dipolar interactions with the
amide group in Q147, and quadrupolar r-cation interactions with the benzene ring in F211.
Similar interactions were observed for #1DI-2 [12] and ss-1DI1-2.[14] Quadrupolar nt-cation
stabilization of the carbocationic intermediate by an active-site tryptophan is also proposed
for the structurally unrelated £. coli ID1-1.17]

In conclusion, sp-IDI-2 binds IPP and FMNH,, by an ordered sequential mechanism, where
the flavin binds first, in contrast to the behavior of other IDI-2s where the flavin is very
tightly bound in the active site. This structure should also be useful for related studies with
IDI1-2s from other pathogenic bacteria such as sa-1DI1-2 (40%) and e£1DI-2 (41%) with high
sequence identities to sp-IDI-2 relative to structures available from non-pathogenic bacteria
with lower levels of sequence identity.

Chembiochem. Author manuscript; available in PMC 2015 July 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

de Ruyck et al. Page 6

Experimental Section

Cloning of SP0384 from Streptococcus pneumoniae

The gene for IDI-2 was cloned from Streptococcus pneumoniae TIGR4 genomic DNA
(ATCC), gene SP0384, with Klentaq LA polymerase (Sigma) using primers to introduce
Ncol (N-terminus) and HindllIl (C-terminus) restriction sites: 5 — GGG CCA TGG CGA
CAA ATC GTAAGG ACGA -3 and 5 GGG AAG CTT CGC CTT TTT CAT CTG ATC
CT - 3. The PCR thermocycler set-up (25 cycles) was: 94 °C, 180 s initial denaturation; 94
°C, 10 s denaturation; 55 °C, 10 s denaturation; 72 °C, 60 s extension; 72 °C, 5 min final
extension. The purified PCR product was ligated into the pPGEM®-T vector (Promega)
forming pSPIDI2a. £. coliDH5a™ (Invitrogen) cells were transformed with pSPIDI2a. The
pSPIDI2a plasmid was purified from the transformant and digested with Ncol and HindllI
(NEB). The SPIDI2a digested product gel purified and subcloned into the Ncol-Hindlll sites
of pBAD/Myc-His A expression vector (Invitrogen), to give pSPIDI2b. £, coli DH5q™
(Invitrogen) cells were transformed with and stored at =80 °C for long-term storage.

To produce enzyme with a cleavable His-tag, the spIDI2 gene was subcloned into the
PQE30-Xa expression vector (Qiagen). The gene was amplified with Klentaq LA
polymerase using primers to introduce an EcoRV (N-terminus) and HindlIl (C-terminus)
restriction sites: 5’ — GGC GAT ATC ACA ACA AAT CGT AAGGACG -3 and 5 -
GGC AAGCTTTCACGCCTTTTT CAT CTG ATC CT - 3'. Conditions for PCR (25
cycles) were: 94 °C, 180 s initial denaturation; 94 °C, 30 s denaturation; 47 °C, 30 s
denaturation; 72 °C, 90 s extension; 72 °C, 5 min final extension. The purified PCR product
was ligated into pPGEM®-T Easy (Promega) to give SPIDI2c. £. coliDH5a™ (Invitrogen)
cells were transformed with pSPIDI2c. The purified plasmid was digested with EcoRV and
Hindlll (NEB) and fragment SpxIDI2 was gel purified. The purified fragment was ligated
into the Stul (blunt end)-HindllI sites of pQE-30 Xa to give pSPxIDI2. E. coli M15[pREP4]
(Qiagen) cells were transformed with pSPxIDI2 and the resulting strain was stored at —80
°C.

Due to poor termination during expression, the stop codon was mutated from TGA to TAA
T with Pfu DNA polymerase (Stratagene) using the primer: 5’ — P — AGC TCA GCT AAT
TAA GCT TAT TACGCC TTT TTC ATC TGA TCC - 3'. Conditions for PCR (25 cycles)
were: 65 °C, 120 s/95 °C, 120 s initial denaturation; 95 °C, 45 s denaturation; 55 °C, 60 s
denaturation; 65 °C, 8 min extension; 65 °C, 4 min final extension. The PCR mixture was
digested with Dpnl and the digested mixture transformed into £. coli XL1-blue competent
cells (Invitrogen). Plasmid pSPIDI2taat was purified and transformed into £. col/i M15
[PREP4]cells. The resulting strain was stored at =80 °C.

Overexpression and purification

E. coliM15 (p-sp-1DI1-2) was grown at 37 °C to ODggg ~0.6. Isopropyl-B-D-thiogalactoside
(IPTG, final concentration 0.4 mM) and flavin mononucleotide (FMN, final concentration
40 mg/L) were added and incubation was continued for 23 h at room temperature. Cells
were pelleted and stored at —80 °C until needed. Frozen cells were thawed in binding buffer

Chembiochem. Author manuscript; available in PMC 2015 July 07.
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(20 mM sodium phosphate, pH 7.4, containing 500 mM NaCl and 20 mM imidazole) and
disrupted with a Sonifier Cell Disruptor (8 cycles of 30 s, on ice).

sp-IDI-2 was purified by nickel-ion affinity chromatography on a HisTrap FF crude column
(GE Heathcare) eluted with 50 mM Tris-HCI buffer, pH 7.4, containing 20-500 mM
imidazole. Fractions of sp-1DI12 were pooled, concentrated with a 30 kD MWCO filter
(Centriprep, Millipore) and dialyzed three times against 1 L of 10 mM Tris-HCI buffer, pH
8, containing 20% glycerol. This procedure gave sp-IDI-2 with a substoichiometric amount
of bound FMN. An additional wash step with 2 M KBr in binding buffer just before elution
with imidazole gave deflavinated apo-sp-1DI-2.[21] Protein concentrations were determined
by the BCA assay (Pierce).

The oligomeric state of sp-IDI-2 was estimated by gel filtration using a Superdex 200 (1 x
30 cm) column equilibrated with 50 mM potassium phosphate buffer, pH 8.0, containing
150 mM NaCl and 70 pL/L B-mercaptoethanol. Thyroglobulin (669 kDa), ferritin (440 kDa),
BSA (67 kDa), ovalbumin (43 kDa) and ribonuclease A (14 kDa) were used as standards to
calibrate the column.

Holoenyzme extinction coefficient and reconstitution of the apoenzyme

apo-sp-1DI-2 was incubated with 2 mM FMN, overnight at 4 °C. Reconstituted holoenzyme
was loaded onto a Ni-IDA affinity chromatography column (PrepEase, Affymetrix) and
washed with lysis-equilibrium-wash buffer (50 mM NaH,PQOy4, pH 8.0, 300 mM NacCl) until
the wash no longer appeared yellow (three washes). Protein was eluted with 50 mM
NaH,PO,4, pH 8.0, 300 mM NaCl, 250 mM imidazole and analyzed by UV-vis spectroscopy
(Agilent 8453 diode array spectrophotometer) and SDS-PAGE. Fractions containing IDI-2
were concentrated and combined.

The extinction coefficient for the flavoprotein was determined by the procedure of
Macheroux.[22] Briefly, the absorption of a 75 uM solution of sp-IDI-2 in 10 mM Tris, pH
8.0 was measured at 445 nm. To this sample, 50% trichloroacetic acid (final concentration,
~8%) was added, upon which the protein precipitated. After centrifugation, the pH was
adjusted to 8.0 using solid Na,CO3. The absorbance at 450 nm (epmn = 12,200

M~1cm™1, [23]) of the supernatant was measured and used to determine the extinction
coefficient of FMN bound sp-1DI-2.

Saturation and bisubstrate kinetic assays

Initial rates were measured by the acid-lability procedure as previously described.[2]
Briefly, the reaction was initiated by adding enzyme diluted in 2 mg/mL BSA in 10 mM
HEPES, pH 7.0 to assay buffer (saturation kinetic conditions in Table 1 and bisubstrate
kinetic conditions in Table 2). After 10 min at 37 °C, the reaction was stopped by addition
of 200 uL of methanol/concentrated HCI (4:1, v/v). The mixture was then incubated for 10
min at 37 °C and the radioactive products were extracted with 1 mL ligroin. A 500 pL
portion of the ligroin extract was mixed with scintillation cocktail (UltimaGold, Perkin-
Elmer). Disintegrations per minute (DPM) were counted by liquid scintillation spectrometry

Chembiochem. Author manuscript; available in PMC 2015 July 07.
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(TriCarb 2910TR, Perkin Elmer). Kinetic experiments were replicated three times; sample
order for each replicate was randomly assigned.

Data analysis

Saturation kinetic data were fit to a single substrate with substrate inhibition equation and
bisubstrate data were fit to the standard sequential ordered and random equations.[2%]
Analysis was performed using R version 3.0.0 [26] using the packages nlstools[27],
calibrate [?8land dichromat.[29]

Circular dichroism measurements

Circular dichroism (CD) measurements in the far-UV region (185-260 nm) were performed
at 20 °C, with a Jasco J-810 spectropolarimeter (Jasco, Japan), using a protein concentration
of 0.14 mg/mL (3.5 pM) and a 0.1 cm cell path length. Spectra were acquired in water (pH
~ 7) at a scan speed of 10 nm. min~1, with a 1 nm bandwidth and a 4 s DIT. The spectra
were averaged after four accumulations and corrected by subtraction of the solvent spectrum
obtained under the same conditions. Ellipticity measurements in mdeg were converted in
mean residue ellipticity [3%], by using a mean residue weight value of 111.7 Da, on the basis
of the enzyme amino acid composition.

Calculation of the secondary structures from analysis of CD data was performed using
CONTINLL [31.32] cDSSTR [33. 341 and SELCONS [35: 361 algorithms provided in the
DichroWeb analysis server.[37: 381 Two protein reference databases (3 and 6) were used and
the results from the individual analysis were averaged; the standard deviations between the
calculated secondary structures are given in the text.

Crystallization experiments

For crystallization trials, the apoprotein was reconstituted by incubation in presence of 2
mM FMN overnight at 4°C. The reconstituted enzyme was loaded onto a Ni2* affinity
column and washed. After three washes, FMN no longer appeared. SDS-PAGE analysis of
the washes and eluted fractions indicated that protein was only present in the elutions and
not in the washes, as described above. The sitting-drop vapour-diffusion method was used to
screen for crystal formation at 21 °C with a solution of 13 mg/mL of holoenzyme. Yellow
crystals indicating the incorporation of oxidized flavin grew to their maximum size after 7
days equilibrated against a well containing 100 mM HEPES buffer, pH 7.5, 2 M (NH,4)2SO4.
Prior to data collection, crystals were cryoprotected using a reservoir solution containing
20% glycerol and were flash-cooled in liquid nitrogen.

Data collection and structure determination

Diffraction data were collected at 100 K, at the SSRL synchrotron (BL7-1). A complete
dataset was recorded and processed with HKL2000.[391 Phasing was performed by
molecular replacement using Phaserl%! (starting models: £s-DI-2 and Thermus
thermophillus 1D1-2 (#t-1D1-2) (PDB IDs: 1POK and 3DH7, respectively)) followed by
rebuilding of the initial model and solvent incorporation using Arp/wArp. Subsequent all
atom anisotropic refinement cycles were performed with Refmacl4%l and Phenix.[41]
Electron density maps were inspected with the graphic program Coot [42], and the quality of
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the model was analyzed with Molprobity.[43] PyMOL was used to generate high quality
images of the enzyme.[44]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bisubstrate kinetic plots for sp-IDI-2. Reciprocal plots (A and B) and standard plots (C and

D) data points are the average from three experiments along with globally fit regression
lines.
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} Reduced
aS02> Y cofactor

Figure 2.
A) Tetrameric arrangement of the enzyme. FMN cofactor is represented in purple. Insert:

Yellow crystals grown after 7 days. B) Cartoon representation of the typical a8p8 TIM-
barrel structure of IDI-2 (N-terminus blue to C-terminus red). One end of the barrel is
occupied by the reduced flavin cofactor the other is closed by two antiparallel f-sheets. The
N-terminal a-helix caps the active site pocket. C) View of the binding pocket. The 2Fo-Fc
electron density map (blue) is drawn at 1.0c.
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Q147/160

aSO,*

Figure 3.
Superposition of ss-IDI-2 in complex with IPP and FMNH, (purple) and sp-IDI-2 in

complex with reduced cofactor (green) and sulfate ions (stick and balls). These ions are
stabilized by ionic salt bridges with guanine from R5, and by interactions with amide moiety
of Q149 and imidazole ring of H9. Interestingly, they lie at the same positions as the C2-
atom and the B-phosphate within IPP observed in ss-1DI-2¢IPP structure inside the binding
pocket (sp numbering/ss numbering).
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Figure 4.
Surface representation of the active site pocket. Arg5, Lys6, Ser92 and Met151 can be

targeted by competitive inhibitors to restrict access to the binding pocket. N-terminal
segment is represented in blue and cap the active site in the “closed” conformation of the

enzyme.
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MVA pathway MEP pathway

Scheme 1.
Currently proposed mechanisms for IDI-1 (red) and IDI-2 (blue). In the latter case the N5

nitrogen of FMN is likely candidate for the catalytic nucleophile.
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Table 1
Single Substrate Kinetic Parameters for IDI-2s
Varied Substrate K (UM) Keat (7Y Ki (UM)
1ppb 400+41  0141£0009 29239
S pneumenize® EMNC 0.343+0.044 0.196+0.011 641
S aureus? IPP 16.8 0.69
IPP 5.6 0.18
T. thermophilus® EMIN 47 013

aAssay conditions: 200 mM HEPES, pH 7.0, 2 mM MgCl2, 2 mM NADPH, 0.14 mg/mL BSA, 60 nM apo-S. pneumoniae type 11 1DI at 37 °C.

215 _ 400 uM 1P, 8 M EMIN.
.25~ 5.0 uM FMN, 150 uM IPP.
dFrom [16]

eFrom [10]
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