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ABSTRACT: Type 2 isopentenyl diphosphate:dimethylallyl
diphosphate isomerase (IDI-2) catalyzes the interconversion of
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) in the isoprenoid biosynthetic pathway. The
enzyme from Streptomyces pneumoniae (spIDI-2) is a
homotetramer in solution with behavior, including a
substantial increase in the rate of FMN reduction by
NADPH in the presence of IPP, suggesting that substrate
binding at one subunit alters the kinetic and binding properties
of another. We now report the construction of catalytically
active monomeric spIDI-2. The monomeric enzyme contains a
single-point mutation (N37A) and a six-residue C-terminal
deletion that preserves the secondary structure of the subunits in the wild-type (wt) homotetramer. UV−vis spectra of the
enzyme-bound flavin mononucleotide (FMN) cofactor in FMNox, FMNred, and FMNred·IPP/DMAPP states are the same for
monomeric and wt homotetrameric spIDI-2. The mutations in monomeric IDI-2 lower the melting temperature of the protein by
20 °C and reduce the binding affinities of FMN and IDI by 40-fold but have a minimal effect on kcat. Stopped-flow kinetic studies
of monomeric spIDI-2 showed that the rate of reduction of FMN by NADH (k = 1.64 × 10−3 s−1) is substantially faster when
IPP is added to the monomeric enzyme (k = 0.57 s−1), similar to behavior seen for wt-spIDI-2. Our results indicate that
cooperative interactions among subunits in the wt homotetramer are not responsible for the increased rate of reduction of spIDI-
2·FMN by NADH, and two possible scenarios for the enhancement are suggested.

I sopentenyl diphosphate (IPP) and dimethylallyl diphos-
phate (DMAPP) are the two fundamental building blocks

for the biosynthesis of isoprenoid compounds in all three
kingdoms of life.1 More than 67000 isoprenoid metabolites,
which fulfill numerous essential roles in their host organisms,
are known.2 Two independently evolved pathways are
responsible for the synthesis of IPP and DMAPP. In
eukaryotes, archaea, and some Gram-positive bacteria, the
isoprenoid building blocks are constructed from acetyl-CoA via
mevalonate (MVA pathway).3,4 In cyanobacteria, plant
chloroplasts, and most eubacteria, they are constructed from
pyruvate and glyceryl phosphate via methyl erythritol
phosphate (MEP pathway).5 In the MVA pathway, IPP is
synthesized first and then converted into DMAPP by the action
of IPP isomerase (IDI) (Scheme 1).6 In the MEP pathway, IPP
and DMAPP are synthesized as a mixture.7 IDI is an essential
enzyme in organisms that synthesize IPP and DMAPP by the

MVA pathway, and inactivation of the enzyme is lethal. While
not essential in organisms that utilize the MEP pathway,8 IDI is
often present, perhaps to balance the pools of IPP and
DMAPP.
Two independently evolved isoforms of IDI are known. The

type 1 isoform (IDI-1) is a monomeric zinc−metalloprotein
found in eukaryotes and some bacteria. The enzyme was
identified and characterized more than 40 years ago and has
since been extensively studied.9−11 The mechanism for
isomerization utilizes a zinc-facilitated protonation of the
carbon−carbon double bond in the substrates, followed by
elimination of a proton from the carbocationic intermediate, to
move the double bond.11 Type 2 IDI (IDI-2) is a flavoenzyme
discovered in 2001.12 A crystal structure for IDI-2 from Bacillus
subtilis (bsIDI-2) was first reported in 2003,13 and subsequently,
additional structures were reported for bacterial IDI-2s,14−16

including a structure of the enzyme from Streptococcus
pneumonia (spIDI-2) at 1.4 Å.17 The unit cell in the crystal
lattices of the IDI-2s contains four or eight molecules,13−21 and
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Scheme 1. Isomerization of IPP and DMAPP Catalyzed by
IDI
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the active form of the enzyme in solution is homotetra-
meric.17,18,22−24

IDI-2 requires reduced flavin mononucleotide (FMN) for
activity, and several lines of evidence suggest that the
isomerization catalyzed by IDI-2 proceeds through a proto-
nation and deprotonation process similar to that of IDI-1.25−30

An X-ray crystal structure of the catalytically active enzyme with
bound substrate reveals that the protonation−deprotonation
steps must involve proton shuttling between the isoprenoid
substrate and the reduced flavin. Although several groups have
suggested that a zwitterionic form of FMNH2 is the acid−base
system responsible for protonation and deprotonation, the
structure of the catalytically active flavin has not been rigorously
established. Kinetic and binding studies of spIDI-2 suggest that
binding of IPP causes a conformational change that increases
the binding affinity of the enzyme for the flavin cofactor and
increases the rate of reduction of FMN to FMNH2 by
NADH.25 These properties were attributed to a change in the
conformation of the homotetramer upon binding of IPP to one
of the subunits. Changes in the conformation of the
homotetramer upon IPP binding were also detected by
crystallography.15,31,32

Protein oligomerization is a fundamental chemical process
governed by the formation of stable noncovalent interactions
across protein subunit interfaces.33 Approximately 35% of
proteins in a cell exist in an oligomeric state.34 In some
instances, active sites are located at the interface between
subunits,35 while in others, cooperative motion among subunits
is important for substrate binding.36 Identifying and using these
interactions to manipulate protein structure and function can
provide important insights into structure−function relation-
ships or can provide proteins for structural studies using nuclear
magnetic resonance (NMR) spectroscopy and X-ray crystallog-
raphy.37,38 We identified noncovalent interactions between
subunits in the X-ray structure of homotetrameric spIDI-2
between amino acids located near the amino terminus, in the
middle of the polypeptide chain, and near the carboxy terminus
of the monomers17 and disrupted the noncovalent interactions
involved in the oligomeric interfaces between the protein
subunits of the wild-type (wt) homotetramer. We now report
mutagenesis studies that allowed us to engineer a soluble,
catalytically active monomeric form of spIDI-2.

■ MATERIALS AND METHODS
Materials. Cell culture growth media, salts, and chemicals

were purchased from Fisher Scientific, B&D, and Sigma-
Aldrich. HEPES and NADH were purchased from Research
Products International (RPI). 14C-labeled IPP (50.8 μCi/μmol)
was purchased from PerkinElmer. The oligonucleotide primers
used for mutagenic studies were synthesized by the DNA/
peptide synthesis core facility at the University of Utah.
Site-Directed Mutagenesis. Plasmid pQE-30Xa (p-spIDI-

2) containing the gene encoding spIDI-2 with a six-amino acid
His6 tag at the N-terminus was constructed previously.17 p-
spIDI-2 was the template for the site-directed mutagenesis
experiments using mutagenic primers for polymerase chain
reaction (PCR) protocols for the QuikChange Lightning
mutagenesis kit (Agilent).
Protein Overexpression and Purification. spIDI-2

mutants were produced in Escherichia coli M15pREP4 cells
transformed with p-spIDI-2 containing the desired changes.
The cell cultures were grown in MDG (LB with 1% glucose)
medium containing 100 μg/mL ampicillin and 50 μg/mL

kanamycin at 37 °C and 250 rpm until the OD600 reached ∼0.6.
Overexpression of the protein was induced by the addition of
isopropyl β-D-thiogalactoside (IPTG, final concentration of 0.4
mM) along with flavin mononucleotide (FMN, final concen-
tration of 40 mg/L). The cell culture medium was incubated for
12 h at 30 °C. The cells were then harvested by centrifugation
(6000g for 25 min at 4 °C) and stored at −80 °C until they
were needed. The frozen cell pellet was suspended in lysis
buffer [50 mM sodium phosphate (pH 8.0) containing 300
mM NaCl and 10 mM imidazole], and the cells were lysed by
incubation with 10 mg of lysozyme, one protease inhibitor
tablet (Roche), and 2 mg of DNase I on ice for 30 min followed
by sonication (six cycles of 30 s, cooling for 1 min on ice). The
cell lysate was centrifuged (12000 rpm for 25 min at 4 °C), and
the resulting supernatant was mixed with 10 mL of Ni-NTA
agarose resin (Qiagen) and loaded onto the column. Flow-
through was collected, and protein-bound Ni-NTA agarose
resin was washed with 50 mM sodium phosphate (pH 8.0)
containing 300 mM NaCl and 20 mM imidazole. Protein was
eluted with elution buffer [50 mM sodium phosphate (pH 8.0)
containing 300 mM NaCl and 250 mM imidazole], and
fractions containing spIDI-2 were pooled, concentrated with a
30 kDa molecular weight cutoff (MWCO) filter (Centriprep,
Millipore), and dialyzed against 10 mM Tris-HCl buffer (pH 8)
containing 15% glycerol and 150 mM NaCl. The purity of the
protein was determined by sodium dodecyl sulfate−poly-
acrylamide gel electrophoresis (SDS−PAGE). The protein
concentration was determined by the BCA assay (Pierce).39

Gel-Filtration Chromatography. The quaternary struc-
tures of the spIDI-2 mutants were estimated by gel-filtration
chromatography using an AKTA FPLC system with a Superdex
200 (Tricorn, 10/30 GL, GE) column. The column was pre-
equilibrated and eluted at 4 °C with 50 mM potassium
phosphate buffer (pH 8.0) containing 150 mM NaCl.
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, and the oligomeric state of
proteins was determined on the basis of the calibration data
generated from the known standards mentioned above. Prior to
the kinetic, CD, sedimentation, UV−vis, and fluorescence
thermal shift assays, the spIDI-2 proteins were purified by Ni-
NTA chromatography followed by gel-filtration chromatog-
raphy purification on a Superdex 75 16/60 HiPrep column.

Analytical Equilibrium Sedimentation. Purified mono-
meric spIDI-2 (m-spIDI-2) and wt-spIDI-2 were dialyzed
against 10 mM Tris buffer (pH 8.0) containing 150 mM
NaCl and 8 mM TCEP to remove glycerol present in the
protein storage buffer, and the resulting protein was centrifuged
at 18000g to clarify the sample. m-spIDI-2 was spun at three
concentrations (11, 5.5, and 2.75 μM) and at three speeds
(9000, 12000, and 15000 rpm), and wild-type spIDI-2 was spun
at three concentrations (10.3, 5.2, and 2.6 μM) and four speeds
(6000, 9000, 12000, and 15000 rpm) using an An-50-Ti rotor
(Beckman Coulter) at 4 °C until equilibrium was established.
Data were fit globally to an ideal single-species model with a
floating molecular weight using nonlinear least-squares analysis
as implemented in HeteroAnalysis.40 Buffer densities and
protein partial specific volumes were calculated with
SEDNTERP (version 1.09).41

Circular Dichroism (CD) Spectroscopy. The CD spec-
troscopy experiments were performed on a Jasco J-815
spectropolarimeter. The spectrum for wt-spIDI-2 was measured
in 10 mM Tris buffer (pH 8.0), whereas the spectrum for m-

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00564
Biochemistry 2016, 55, 4229−4238

4230

http://dx.doi.org/10.1021/acs.biochem.6b00564


spIDI-2 was measured in 10 mM Tris buffer (pH 8.0)
containing 150 mM NaCl. CD spectra were recorded for 4
μM samples in a 1 cm path length cuvette at 25 °C as the
average of three scans (0.1 nm steps) from 200 to 260 nm in
with a signal averaging time of 1 s and a bandwidth of 1 nm.
UV−Visible Assays. UV−visible spectra for m-spIDI-2

were recorded under anaerobic conditions as described
previously.17 Apo-m-spIDI-2 was reconstituted with FMN
using the procedure described previously except that all washes
were performed under ambient O2 conditions.

25 The resulting
m-spIDI-2·FMN solution, and the substrates IPP and DMAPP
were degassed and transferred to an anaerobic chamber. m-
spIDI-2·FMN was reduced with 8 mM Na2S2O4, and excess
Na2S2O4 was removed by centrifugation using a 10 kDa
MWCO filter (Amicon Ultra) with 100 mM HEPES buffer (pH
7.0) containing 150 mM NaCl as the wash solution. Assays
were conducted in 100 mM HEPES buffer (pH 7.0) containing
80 μM m-spIDI-2·FMN, 150 mM NaCl, 25 mM MgCl2, 2.5
mM DTT, and 2 mM IPP and DMAPP. Measurements were
recorded on an Agilent 8453 diode array spectrophotometer.
Fluorescence Thermal Shift Assays. Tms for wt and

monomeric spIDI-2 were measured from pH 5 to 10 in 50 mM
buffer (pH 5.0, citric acid; pH 6−8, phosphate; pH 9.0,
CAPSO; pH 10−11, CAPS) containing 150 mM NaCl. Assays
were conducted in a 96-well plate. Each well contained a total
volume of 20 μL consisting of 40× SyproOrange dye and 2 μM
wt or m-spIDI-2. The plate temperature was increased from 27
to 95 °C, and the assays were run in duplicate.

15N−1H HSQC Protein NMR Studies. Bacterial cultures
for the overproduction of 15N-labeled wt and m-spIDI-2 were
grown on a 1 L scale using the same IDI-2 expression plasmid,
E. coli strain, and antibiotics described above. wt and m-spIDI-2
were uniformly labeled with 15N by expression in minimal
(M9) medium using 15N-enriched (NH4)2SO4 (500 mg) and
NH4Cl (500 mg) as a 15N source in a 1 L culture.42 Ten
milliliters of overnight LB cultures was used to inoculate 1 L of
M9 medium for protein overexpression. The procedure for
protein overexpression and purification was the same as that
described in Protein Expression and Purification. NMR spectra
were recorded at 25 °C on a 600 MHz spectrometer equipped
with a cold probe. 15N−1H HSQC NMR43 spectra were
recorded for samples containing 150 μM 15N-labeled protein in
50 mM phosphate buffer (pH 7.0) containing 10% D2O in a
volume of 700 μL. The monomeric spIDI-2 NMR sample
additionally contained 150 mM NaCl and 2 mM DTT.
Enzyme Activity and Kinetic Assays. The isomerase

activity of the spIDI-2 mutants was measured using the acid
lability protocol.12,44 Assays under aerobic conditions with
varied IPP and FMN were initiated by the addition of 100 nM
enzyme to 100 mM HEPES buffer (pH 7.0) containing 150
mM NaCl, 10 mM MgCl2, and 60−2500 μM [14C]IPP (2.83−
0.67 μCi/μmol) at 465 μM FMN and 17−441 μM FMN at 2
mM [14C]IPP (3.2 μCi/μmol) in a total volume of 50 μL.
Anaerobic assays were performed in an anaerobic chamber with
2 mM [14C]IPP (3.2 μCi/μmol), 8 mM Na2S2O4, and 0.2−
238.5 μM FMN. After 10 min at 37 °C, the reactions were
stopped by addition of 200 μL of a 4:1 MeOH/HCl mixture,
followed by a incubation for 10 min at 37 °C. Soluble organic
products were extracted with 0.8 mL of ligroine, and 0.4 mL of
the extract was mixed with scintillation cocktail (Ultima Gold
Cocktail, PerkinElmer). Radioactivity [disintegrations per
minute (dpm)] was counted by liquid scintillation spectrom-
etry (TriCarb 2910TR, PerkinElmer). Kinetic assays were

replicated three times under initial velocity conditions (<10%
completion), and the data were fit with Michealis−Menten and
Hill equations using nonlinear regression protocols (Grafit 5.0,
Erithacus Software). Blank samples contained H2O instead of
enzyme. The FMN stock concentration was determined using
UV−vis spectroscopy with an FMN extinction coefficient (λ450)
of 12200 M−1 cm−1.

Stopped-Flow Kinetic Assays. FMN reduction rates were
measured with a KinTek SF-2004 stopped-flow spectrometer
equipped with a xenon arc lamp monochromator. The reaction
buffer consisted of 100 mM HEPES (pH 7.0) containing 25
mM MgCl2 and 150 mM NaCl at 20 °C. Measurements were
performed with substrates (10 μM FMN and 2 mM IPP),
reductants (20 mM NADH or 5 mM Na2S2O4), and enzyme
(10 μM IDI-2·FMN). The IDI-2·FMN complex was prepared
as described in UV−Visible Assays. Changes in FMN redox
state were monitored by fluorescence emission with a 530 nm
wavelength bandpass filter (Newport Corp.) with an excitation
wavelength of 420 nm (IDI-2·FMN) or 450 nm (free FMN).
Data were fit to a single- or double-exponential equation to
determine pseudo-first-order rate constants (Table 3). Analysis
was performed using Prism version 6.0.45

■ RESULTS AND DISCUSSION
Analysis of the Interface between Subunits in

Homotetrameric spIDI-2. In the crystal structure of wt-

spIDI-2, the subunits in the homotetramer are linked
noncovalently by hydrogen bonding and ionic interactions
between amino acid side chains in one subunit with side chains
and backbone peptides in the adjacent subunit. The contact
surfaces at the four interfaces between subunits in the
homotetramer are identical, forming a quaternary structure
with a 4-fold axis of symmetry perpendicular to the plane of the
subunits. Each contact surface consists of two distinct regions
(Figure 1).
In the first region (site 1), a loop in subunit A (cyan), which

includes amino acids H30−N37, binds to a cleft between two
α-helices in subunit B (gold) as shown in Figures 1 and 2a.
Specific polar interactions at the site 1 surface involve contacts
between the side chains of amino acids RB159, DB186, and
TB189 and the backbone amide moieties of amino acids LA35,
SA32, and SA32/LA33, respectively, while the backbone amide
moieties of amino acids FB183/GB184, DB186, and FB158/

Figure 1. spIDI-2 homotetramer showing the two regions of contact at
the monomer−monomer interface.
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RB159 interact with side chains of amino acids HA30, SA32, and
NA37, respectively (Figure 2b).

In the second region (site 2), the C-terminal α-helix of one
subunit in the homotetramer interacts with the same α-helix in
the neighboring subunit. The noncovalent attachments
between the two helices consist of a combination of
interactions between the amine group of GA324 and the side
chain of EB328 (H-bonding), the side chains of KA327 and
DB331 (ionic), and the side chains of KA330 and QB332 (H-
bonding). These interactions are shown in Figure 3. All of the
interactions identified in sites 1 and 2 are listed in Table 1. The
amino acids at the subunit interface surfaces are distant from
the active site.

Disruption of Noncovalent Interactions at the
Monomer−Monomer Interface. The initial set of dis-
ruptions between noncovalent interactions at the interface
between wt-spIDI-2 monomers was at site 1. The first set of
mutations, H30A, S32A, N37A, and T189A, disrupted
hydrogen bonds in HA30-FB183/GB184, SA32-DB186, NA37-

Figure 2. Region 1. Side chains of HA30, SA32, and NA37 in subunit A (cyan) interact with backbone amides in subunit B (gold) at residues FB183/
GB184, DB186, and FB158/RB159, respectively, while side chains in RB159, DB186, and TB189 in subunit B (gold) interact with backbone amides in
subunit A (cyan) at residues LA35, SA32, and SA32/LA33, respectively. (a) Ribbon diagram showing helix−loop interactions. (b) Interactions
between side chains and backbones.

Figure 3. Noncovalent interactions between the C-terminal α-helices
in adjacent subunits: GA324 (cyan) with EB328 (gold), KA327 (cyan)
with DB331 (gold), and KA330 with QB332 (gold).

Table 1. Noncovalent Interactions Identified at the Subunit
Interface of wt-spIDI-2

amino acid
residue

interacting partner
residue(s)

H-bonding
distance (Å)

interaction
site

1 HA30 (side
chain)

FB183, GB184 (peptide
backbone)

3.2, 2.9 site 1

2 SA32 (side
chain)

DB186 (peptide
backbone)

3.8 site 1

3 NA37 (side
chain)

FB158, RB159 (peptide
backbone)

2.6, 3.0 site 1

4 RA159 (side
chain)

LB35 (peptide
backbone)

3.5 site 1

5 DA186 (side
chain)

SB32 (peptide
backbone)

2.8 site 1

6 TA189 (side
chain)

SB32, LB33 (peptide
backbone)

3.2, 3.1 site 1

7 GA324
(amine)

EB328 (side chain) 3.4 site 2

8 KA327 (side
chain)

DB331 (side chain) 3.3 site 2

9 KA330 (side
chain)

QB332 (side chain) 4.0 site 2

Figure 4. Chromatography of (N37A:328EAKDQ333M deletion)-spIDI-
2 on a Superdex 200 analytical 10/300 GL column. The estimated
mass of the protein (44505 Da) is similar to the calculated mass of the
protein (39122.6 Da).
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FB158/RB159, and SA32/LA33-TB189 units. The elution
volume of soluble (H30A:S32A:N37A:T189A)-spIDI-2 on a
gel-filtration column was similar to that of homotetrameric wt-
spIDI-2 (Figure S1), indicating that removing the side chain−

backbone hydrogen bonding interactions in site 1 did not
change the quaternary structure of the enzyme. Two additional
mutations in the site 1 region were studied. The R159S/D186S
double mutant was a soluble homotetramer, as was the protein
with six additional mutations (H30A, S32A, N37A, R159S,
D186S, and T189A), where all of the original side chain−
backbone interactions at site 1 had been altered (Figure S2).
Next, we investigated mutations at site 2, with and without

additional mutations at site 1. Deletion of the C-terminal α-
helix (324GKLKEAKDQ333M) at site 2 in wt-spIDI-2, as well the
same deletion in a R159S:D186S site 1 double mutant
background, gave insoluble proteins (data not shown).
Furthermore, replacement of lysines K325, K327, and K330
in the C-terminal α-helix of (H30A:S32A:N37A:R159S:D186-
S:T189A)-spIDI-2 also gave insoluble protein. These observa-
tions indicate that deletion of, or substantial alterations in, the
C-terminal α-helix results in a loss of solubility.

Figure 5. Analytical equilibrium sedimentation analyses of the (A) monomeric (N37A:328EAKDQ333M deletion)-spIDI-2 and (B) tetrameric wt-
spIDI-2 and the corresponding ideal single-species global fits. Bottom panels show residual differences between the data and fits. Representative data
are shown for 15000 rpm and three concentrations. The observed molecular weight of the monomer was 40529 Da (MWobs/MWcalc = 1.04), and
that of the tetramer was 156244 Da (MWobs/MWcalc = 3.92).

Table 2. Steady-State Kinetic Constants

conditions enzyme (solution structure) substrate Km (μM) kcat (s
−1) Ki (μM)

aerobic (N37A:328EAKDQ333M deletion)-spIDI-2a (monomer) IPPb 572 ± 34d 1.31 ± 0.04d −
FMNc 131 ± 19d 1.08 ± 0.09d −

anaerobic (N37A:328EAKDQ333M deletion)-spIDI-2 (monomer) FMNe 8.01 ± 0.54d 2.11 ± 0.08d −
aerobic wt-spIDI-2 (homotetramer)f IPP 40.8 ± 5.6 0.983 ± 0.078 292 ± 39g

FMN 2.39 ± 0.26 6.40 ± 1.01g

anaerobic wt-spIDI-2 (homotetramer)f IPP 5.95 ± 0.68 0.875 ± 0.048 −
FMN (5.12 ± 0.73) × 10−2

aAssay conditions: 100 mM HEPES (pH 7.0) containing 150 mM NaCl, 10 mM MgCl2, 20 mM NADH, 2 mM DTT, 0.14 mg/mL BSA, and 100
nM (N37A:328EAKDQ333M deletion)-spIDI-2 at 37 °C. bAt 60−2500 μM IPP and 0.46 mM FMN. cAt 17−441 μM FMN and 2 mM IPP.
dApparent values determined at saturating levels of the second substrate. eAt 8 mM Na2S2O4, 0.2−238.5 μM FMN, and 2 mM IPP. fFrom ref 25.
gFrom ref 17.

Figure 6. Circular dichroism spectra of wt-spIDI-2 (blue) and
(N37A:328EAKDQ333M deletion)-spIDI-2 (red).
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We then deleted amino acids 328EAKDQ333M in the C-
terminal α-helix in (H30A:S32A:N37A:T189A)-spIDI-2. The
resulting protein was both soluble and monomeric in solution
(Figure S3) but was not active. In further attempts to identify a
catalytically active monomer, we constructed single-point
alanine mutants and a few combinations of double-point
alanine mutants of amino acids H30, N37, and T189 in the
328EAKDQ333M deletion background (Table S1). Among these,
the individual single-point alanine mutations gave catalytic
active enzymes, whereas the proteins with two point mutations
were inactive (Table S1).
Gel-filtration chromatography of the H30A and T189A single

mutants indicated that the proteins were a mixture of
monomers and tetramers in solution with the tetrameric form
predominating (Figure S4a,b). In contrast, gel-filtration
chromatography of the N37A point mutant in the
328EAKDQ333M deletion background showed that the active
protein was monomeric in solution with an estimated mass of
44.5 kDa (Figure 4). The monomeric state for
(N37A:328EAKDQ333M deletion)-spIDI-2 was confirmed by
equilibrium sedimentation experiments, which gave an
estimated mass of 40.5 kDa (Figure 5). The calculated mass
of the protein (∼39.1 kDa) corresponded to the mass of
(N37A:328EAKDQ333M deletion)-spIDI-2 determined by elec-
trospray mass spectrometry (observed value of 39133.6 Da,
calculated value of 39122.6 Da). In contrast, the N37A mutant
without the C-terminal truncation was a catalytically active
tetramer in solution (Figure S5). An overlay of chromatograms
of wt-spIDI-2 and m-spIDI-2 clearly shows the difference

between homotetrameric and monomeric forms of the proteins
(Figure S6).

Characterization of (N37A:328EAKDQ333M deletion)-
spIDI-2. Steady-state kinetic constants were determined for
monomeric (N37A:328EAKDQ333M deletion)-spIDI-2 and wt-
spIDI-225 (Figures S7a,b and S8) under aerobic conditions with
NADH as a reductant and are summarized in Table 2.
Interestingly, the kcat for monomeric spIDI-2 is nearly the same
as that of the homotetramer; however, Km

IPP was 14-fold larger,
and Km

FMN was 54-fold higher for the monomer than for the
homotetramer! While turnover under saturating conditions is
faster in the monomer, the homotetramer is a more efficient
catalyst. The plot of initial velocity for different FMN
concentrations at a constant IPP was sigmoidal. A fit of the
data to the Hill equation (Figure S7b) gave a value of n of 1.43.
Sigmoidal behavior was seen earlier for kinetic measurements of
the wild-type enzyme in the presence of oxygen when NADH
was used to reduce FMN.25 In contrast, when the kinetic
studies were conducted in an anaerobic chamber using sodium
dithionite (Na2S2O4) as the reductant, no sigmoidal behavior
was seen [n = 1 (Figure S8)]. The kcat was slightly higher than
that measured in the presence of oxygen, but Km

FMNH2 was 16-
fold smaller.
The circular dichroism spectrum of (N37A:328EAKDQ333M

deletion)-spIDI-2 was similar to that for the wt homotetramer
(Figure 6). Both spectra had broad minima at ∼208 and ∼220
nm, suggesting that the secondary structure of the monomer is
similar to that of the four subunits in the homotetramer.
UV−visible spectra of wt-IDI-2 from S. pneumoniae and a

variety of other organisms are similarly distinctively different for
the IDI-2·FMNox, IDI-2·FMNred, and IDI-2·FMNred·IPP or
IDI-2·FMNred·DMAPP forms of the enzyme.22,25,26 The spectra
for wt homotetrameric spIDI-2 (Figure 7B)25 and
(N37A:328EAKDQ333M deletion)-spIDI-2 were virtually identi-
cal for the respective IDI-2·FMN (Figure 7A,B; orange), IDI-2·
FMNred (Figure 7A,B; red), IDI-2·FMNred·IPP (Figure 7A,B;
cyan), and IDI-2·FMNred·DMAPP (Figure 7A,B; black) forms
of the proteins.
wt-spIDI-2 is more stable than the (N37A:328EAKDQ333M

deletion) mutant. Fluorescence thermal shift assays gave a
substantially higher melting temperature for wt-spIDI-2 (Tm ∼
69 °C) than for (N37A:328EAKDQ333M deletion)-spIDI-2 (Tm
∼ 49 °C) (Figure 8A−C) between pH 5 and 10. Moreover,
changes in pH did not contribute to significant changes in Tm
for the wild-type or monomeric enzymes (Figure 8D,E).

15N−1H HSQC spectra for uniformly 15N-labeled wt and
monomeric spIDI-2 are shown in Figure 9. The spectrum for
the homotetramer has a limited number of cross-peaks for the
amide groups in the protein, and the dispersion is poor. While
the number and intensity of the cross-peaks are higher in the
monomer, the dispersion remains poor. Thus, while
(N37A:328EAKDQ333M deletion)-spIDI-2 behaves as a mono-
mer during gel-filtration or sedimentation equilibrium experi-
ments, its NMR spectrum suggests that the protein is loosely
associated in solution.

Kinetic Comparisons between sp IDI-2 and
(N37A:328EAKDQ333M deletion)-spIDI-2. We performed
stopped-flow kinetic studies of the reduction of FMN by
monomeric spIDI-2 to compare the effect of IPP on the
reduction of FMN by NADH in the monomeric and
homotetrameric forms of the enzyme. Fluorescence emission
with a 530 nm bandpass filter was used to minimize
interference by NADH or dithionite. In our previous report,25

Figure 7. UV−vis spectra of various forms of the IDI-2-bound FMN.
Reaction conditions are given in Materials and Methods: (A) m-spIDI-
2 and (B) wt-spIDI-2.25 Orange, red, cyan, and black dotted curves
represent data for IDI-2·FMNox, IDI-2·FMNred, IDI-2·FMNred·IPP,
and IDI-2·FMNred·DMAPP, respectively.
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we suggested that binding of substrate (IPP) to one of the
subunits in the native spIDI-2·FMN homotetramer induced a
conformational change in the other subunits of the
homotetramer leading to faster rates of FMN reduction by
both NADH and dithionite. We also observed a time-
dependent change in the fluorescence intensity of wt-spIDI-2·
FMN upon addition of IPP that we attributed to a
conformational change in the chromophore. Interestingly,
stopped-flow measurements for monomeric spIDI-2 revealed
an enhancement in the rates of reduction of FMN similar to
that seen for homotetrameric wt-spIDI-2, in which the
reduction by NADH (k = 1.64 × 10−3 s−1) is substantially

faster when IPP is added to the enzyme (k = 0.57 s−1) (Table
3) and reduction by dithionite is a faster than that by NADH.
In addition, reduction of enzyme-bound FMN by dithionite
follows a biphasic double-exponential pattern (Figure S9E)
similar to that seen for the wt homotetramer.
Unexpectedly, we also saw a time-dependent change in the

fluorescence spectrum of monomeric spIDI-2·FMN similar to
that observed for the wt homotetramer with a rate constant
slightly faster than that for the reduction by NADH, which
presents a conundrum. We previously suggested that increases
in the rates of reduction might result from a global
conformational change in the homotetramer induced upon

Figure 8. Fluorescence thermal shift assays for wt- and m-spIDI-2. (A) Thermograms for the proteins in 50 mM buffer (pH 5.0, citric acid; pH 6−8,
phosphate; pH 9.0, CAPSO; pH 10−11, CAPS)at pH 5 (brown), pH 6 (red), pH 7 (orange), pH 8 (cyan), pH 9 (blue), and pH 10 (green). (B and
C) Negative derivatives of the thermograms (−dF/dT) of the wt and monomer. Tms as a function of pH for (D) wt-spIDI-2 and (E) m-spIDI-2.
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binding of IPP to one of the spIDI-2·FMN subunits. However,
this explanation is not tenable for similar rate enhancements in
the monomer. Moreover, an X-ray structure of wt-ssIDI-2·
FMNH2·IPP indicates that both faces of the isoalloxazine ring
are shielded, by the protein on one side and IPP on the other,
with no apparent access of NADH to FMN for a two-electron
reduction in the ternary IDI-2·FMNH2·IPP complex.15 Perhaps
a conformational change is induced by binding of IPP to an
allosteric site, although there is no evidence of this type of
interaction in IDI-2. Alternatively, IPP might bind in the active
site, induce a conformational change, and dissociate to leave
IDI-2·FMNH2 imprinted in an activated state.

■ CONCLUSIONS
In summary, using a structure-based approach, we constructed
monomeric, catalytically active spIDI-2 by disrupting non-
covalent interactions at intersubunit interaction sites identified
in the crystal structure of the wt-spIDI-2 homotetramer. The
monomeric and homotetrameric forms of spIDI-2 have similar
secondary structures, although the monomer is less stable (Tm
∼ 49 °C) than the homotetramer (Tm ∼ 69 °C). The steady-
state kinetic constants for the monomer and homotetramer are
similar, as well. Addition of IPP gives a 1000-fold increase in the
rate of reduction of wt-spIDI-2·FMN by NADH, which we had
previously suggested could result from binding of IPP to one of
the subunits in the homotetramer to induce a conformational
change that activates the others. This proposal is no longer
viable given a similar increase in the rate of reduction of
monomeric spIDI-2·FMN by NADH, and two possible
scenarios for activation are proposed.
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