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ABSTRACT: α-Isopropylmalate synthase (α-IPMS) catalyzes the metal-dependent aldol
reaction between α-ketoisovalerate (α-KIV) and acetyl-coenzyme A (AcCoA) to give α-
isopropylmalate (α-IPM). This reaction is the first committed step in the biosynthesis of
leucine in bacteria. α-IPMS is homodimeric, with monomers consisting of (β/α)8 barrel
catalytic domains fused to a C-terminal regulatory domain, responsible for binding leucine
and providing feedback regulation for leucine biosynthesis. In these studies, we
demonstrate that removal of the regulatory domain from the α-IPMS enzymes of both
Neisseria meningitidis (NmeIPMS) and Mycobacterium tuberculosis (MtuIPMS) results in
enzymes that are unable to catalyze the formation of α-IPM, although truncated NmeIPMS
was still able to slowly hydrolyze AcCoA. The lack of catalytic activity of these truncation variants was confirmed by
complementation studies with Escherichia coli cells lacking the α-IPMS gene, where transformation with the plasmids encoding
the truncated α-IPMS enzymes was not able to rescue α-IPMS activity. X-ray crystal structures of both truncation variants reveal
that both proteins are dimeric and that the catalytic sites of the proteins are intact, although the divalent metal ion that is thought
to be responsible for activating substrate α-KIV is displaced slightly relative to its position in the substrate-bound, wild-type
structure. Isothermal titration calorimetry and WaterLOGSY nuclear magnetic resonance experiments demonstrate that although
these truncation variants are not able to catalyze the reaction between α-KIV and AcCoA, they are still able to bind the substrate
α-KIV. It is proposed that the regulatory domain is crucial for ensuring protein dynamics necessary for competent catalysis.

One of the most fascinating aspects of enzymes is how
exquisitely they are regulated within metabolic pathways.

A key method of such regulation is the binding of pathway end
products to specific allosteric binding sites located far from
where catalysis takes place. Structural studies have shown that
for some enzymes the distances between the binding sites for
the allosteric inhibitor and substrates can be quite large, and
that the allosteric ligand binding sites can be formed by distinct
regulatory domains that are appended to the core catalytic
structure.1,2 In some cases, the regulatory domain acts quite
independently of the active site and may be removed to give an
unregulated enzyme.3,4 What are harder to investigate, however,
are enzymes for which the removal of a structurally distinct
regulatory domain dramatically alters catalytic activity. For
these enzymes, contributions to catalysis of this regulatory
architecture need to be better understood.
One such allosterically regulated enzyme is α-isopropylmalate

synthase (α-IPMS, EC 2.3.3.13), a member of the Claisen
condensing family. α-IPMS catalyzes the condensation of α-
ketoisovalerate (α-KIV) and acetyl-coenzyme A (AcCoA) to
form (S)-α-isopropylmalate [α-IPM (Figure 1)]. This is the
first committed step in the biosynthesis of leucine, and
the enzyme is feedback-inhibited by this amino acid, which
binds to an allosteric regulatory domain.5,6 Most characterized
α-IPMS enzymes are homodimeric,7−9 although some may
adopt a tetrameric form.5,10 All α-IPMS enzymes are reported

to be dependent on a divalent metal ion for full activity, and
some also require a monovalent cation.11

Crystal structures of α-IPMS from Mycobacterium tuberculosis
(MtuIPMS) have defined the binding sites of α-KIV and
leucine, but the leucine-bound and leucine-free structures
overlay so closely that it is not possible to deduce how effector
binding may inhibit catalysis. This protein is a homodimer of
70 kDa monomers, each with an (β/α)8 barrel catalytic domain
and a βαβ sandwich regulatory domain.8 Two subdomains
and a flexible linker region separate the catalytic and regula-
tory domains (Figure 2). α-KIV and a Zn2+ ion bind at the
C-terminal end of the (β/α)8 barrel, and leucine binds at the
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Figure 1. Reaction catalyzed by α-IPMS.
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interface of the two regulatory domains. Modeling studies
predict that AcCoA binds in a pocket on the re face of α-KIV,
but no structures with this substrate bound have been
determined.
The MtuIPMS dimer is domain-swapped such that the

subdomains and the regulatory domain of one monomer are
adjacent to the (β/α)8 barrel of the other monomer. An α-helix
of one monomer sits over the active site of the other and
contributes two active site residues, His379 and Tyr410.8 Site-
specific replacement of this latter residue was found to
uncouple the effect of leucine binding on catalysis, so these
residues may play a key role in leucine-mediated regulation.12

Several mutations in the regulatory domain of Saccharomyces
cerevisiae α-IPMS have also resulted in insensitivity to leucine.13

Because of the lack of a structural explanation for the
inhibition of α-IPMS by leucine, it seems probable that
allosteric inhibition is primarily driven by changes in protein
dynamics, as investigated by Frantom et al.14 Solution-phase
hydrogen−deuterium exchange experiments with the M.
tuberculosis enzyme have shown that regions in the regulatory
domain, subdomain II, and the active site undergo changes in
molecular dynamics upon leucine binding. It is proposed that
subdomain I, which shows no change in conformational
equilibrium upon leucine binding, may act as a node in the
allosteric network.
We have shown recently that the regulatory domain of

Neisseria meningitidis α-IPMS (NmeIPMS) is critical for cata-
lytic activity and may be important for positioning of active site
residues.9

This study compares crystal structures of truncated and full-
length α-IPMS enzymes from both N. meninigitidis and M.
tuberculosis to assess the role of the regulatory domain in
providing catalytic function. Loss of the C-terminal regulatory
domain for both enzymes results in the complete loss of normal
catalytic function, despite limited structural changes to the
active sites of both truncated proteins.

■ MATERIALS AND METHODS

Cloning. Plasmids containing NmeIPMS (pFH01) and
MtuIPMS (pProExHTa-LeuA) were already available from pre-
vious work.9,15 Quikchange site-directed mutagenesis (Stratagene)
was used to insert a stop codon at residue Glu365 of NmeIPMS

in the pFH01 plasmid to give NmeE365Term. Glu365 was
chosen as it is upstream of the regulatory domain, not
highly conserved, and located in a disordered loop of the
MtuIPMS structure. Residues 1−425 were amplified from
plasmid pProExHTa-LeuA using Platinum Pfx DNA polymer-
ase (Invitrogen) to give MtuLeuA425. The resulting polymer-
ase chain reaction product and vector pProExHta were digested
with restriction enzymes NcoI and HindIII (Invitrogen) before
the mutant gene was ligated into the plasmid. Residue Val425 is
at the end of subdomain I in the MtuIPMS structure.
Plasmids containing the NmeIPMS, MtuIPMS, and truncated

α-IPMS genes were transformed into chemically competent
Escherichia coli BL21(DE3)Star (N. meningitidis enzymes) or
Rosetta 2 (M. tuberculosis enzymes) cell lines for expression.

Purification. Sterile LB was inoculated with 20 mL from an
overnight culture and incubated at 37 °C until an OD600 of
0.4−0.8 was reached. The culture was then cooled to 20 °C
for 30 min and induced with 0.5 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). The culture was grown for 20 h
at 20 °C. All proteins were expressed with N-terminal His tags.
Cells were harvested by centrifugation at 14000g for 30 min

and resuspended in buffer A [50 mM potassium phosphate and
300 mM KCl (pH 8.0)] before being lysed by sonication. The
soluble fraction was separated by centrifugation at 27000g for
30 min and passed through 5 mL Talon Superflow Metal
Affinity resin (for NmeIPMS, NmeE365Term, and MtuIPMS
purifications and for MtuLeuA425 used in WaterLOGSY and
ITC) or a 5 mL HiTrap Ni affinity column (for MtuLeuA425
used for crystallization). The resin was washed with buffer A,
and protein eluted with buffer B [buffer A with 150 mM
imidazole (pH 8.0)]. Protein-containing fractions were
desalted, and dithiothreitol (DTT, 1 mM) and ethyl-
enediaminetetraacetic acid (EDTA, 0.5 mM) were added.
The polyhistidine tag was removed by 4 °C overnight

incubation with tobacco etch virus (TEV) protease, leaving
the proteins with an N-terminal extension (GIDPFT for the
N. meningitidis enzymes and GA in the M. tuberculosis
enzymes). DTT and EDTA were removed from the solution
on a desalting column. TEV protease and the cleaved His tag
were then separated from the protein of interest using metal
affinity chromatography as described above, and the desired
fractions were pooled. Proteins were further purified by gel

Figure 2. Crystal structure 1SR9,8 α-IPMS from M. tuberculosis. One monomer is colored gray and the other color-coded by domain as follows:
green for the catalytic domain, blue for subdomain I, red for subdomain II, and purple for the regulatory domain. α-KIV (yellow) and Zn2+ (black)
are shown in the active sites. Leucine (orange) has been overlaid from structure 3FIG (leucine-bound MtuIPMS).
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filtration chromatography on a Sephacryl 200 16/60 column
(GE Healthcare) in buffer consisting of 50 mM bis-tris-propane
(BTP, pH 7.0) for NmeIPMS and in buffer consisting of
25 mM Tris-HCl (pH 7.5), 125 mM NaCl, and 5 mM KCl for
MtuIPMS. Enzyme-containing fractions were identified by gel
electrophoresis as a major band, which corresponded well with
the calculated molecular weights, then pooled, and stored
at −80 °C at 5−10 mg/mL.
Experiments with E. coli BW25113 ΔLeuA::kan Cells.

E. coli BW25113 ΔLeuA::kan cells from the Keio collection16

were obtained from W. Patrick at Massey University (Albany,
New Zealand). These cells lack the leuA gene, which encodes
α-IPMS, and are leucine auxotrophs. The leuA gene has been
replaced with a gene conferring resistance to the antibiotic
kanamycin. Plates of M9 minimal agar were spread with
BW25113 ΔLeuA::kan cells that had been transformed with
pFH01, pE365Term, pProExHTa-LeuA, or pProExHTa-
LeuA425. After overnight incubation at 37 °C, cell growth
was assessed to determine whether these plasmids could rescue
α-IPMS expression. Positive and negative controls were
performed by incubating BW25113 ΔLeuA::kan on M9
minimal agar in the presence and absence of 0.6 mg/mL
leucine.
4,4′-Dithiodipyridine-Coupled Assays at 324 nm.

Initial velocity data were obtained using 4,4′-dithiodipyridine
(DTP) to detect the formation of CoASH product (ε = 1.98 ×
104 L mol−1 cm−1) at 324 nm and 25 °C. A typical reaction
involved an assay solution containing 250 μM AcCoA, 250 μM
α-KIV, 100 μM DTP, 20 mM KCl, and 20 mM MgCl2 in 1 mL
of 50 mM HEPES (pH 7.5) in a quartz cuvette, at the required
temperature, and was initiated by addition of purified enzyme
to a concentration of 10 nM. Assays investigating uncoupled
hydrolysis used no α-KIV and an increased protein
concentration of 3.3 μM. All kinetic measurements were
performed in duplicate, and the typical error was less than 10%.
Apparent KM values were determined by varying one substrate
while holding the other at a concentration of 250 μM and
fitting rates to the Michaelis−Menten equation using Grafit.17

Crystallization. Fresh samples of the two truncated
proteins were subjected to sitting drop vapor diffusion
crystallization trials using a Cartesian HoneyBee robot.18 A
100 nL volume of NmeE365Term protein [7.5 mg/mL in
50 mM BTP buffer (pH 7.0)] was mixed with 100 nL of each
of 480 crystallization solutions from an in-house screen. Small
crystals of NmeE365Term were observed under multiple
conditions of the robotic screen. Large, well-diffracting crystals
were produced in larger sitting drop experiments (1 + 1 μL
drops) using a crystallization solution containing 0.2 M
magnesium acetate and 18% mPEG 3350. Similarly, Mtu-
LeuA425 protein [3.5 mg/mL in buffer containing 25 mM Tris-
HCl (pH 7.5), 125 mM NaCl, and 5 mM KCl] was crystallized
under various screen conditions that were optimized in a final
crystallization solution containing 24% PEG 3350 and 275 mM
lithium nitrate using protein solution in 1 + 1 μL sitting drops.
Crystals of a fully occupied α-KIV complex were obtained by
soaking MtuLeuA425 crystals in the crystallization solution
supplemented with 5 mM MnCl2 and 5 mM α-KIV.
Cocrystallization methods were used for MtuIPMS but yielded
either poor diffraction quality crystals or no new information.
All crystals were flash-frozen in liquid nitrogen after a brief

10−20 s soak in crystallization solution supplemented with
15% glycerol, or for the α-KIV complex, with a solution sup-
plemented with 15% glycerol, 5 mM MnCl2, and 5 mM α-KIV.

Diffraction data for NmeE365Term were collected at Australian
Synchrotron beamline MX2 using the BlueIce software package.19

Diffraction data for MtuLeuA425 crystals were collected on a
Rigaku MicroMax-007 HR rotating anode instrument equipped
with a MarResearch Mar345dtb detector and Oxford Cryo-
system Cobra cooling system. Data collection statistics are
summarized in Table 2.

Structure Determination and Refinement. Diffraction
data were processed using XDS20 for NmeE365Term and
MOSFLM21 for MtuLeuA425 and were scaled with SCALA.22

Both structures were determined by molecular replacement, the
NmeE365Term structure using BALBES23 and the Mtu-
LeuA425 structure using PHASER,24 with an appropriately
truncated version of the MtuIPMS structure [Protein Data
Bank (PDB) entry 1SR9], minus all ligands, ions, and water
molecules, taken as a search model. The models were com-
pleted with iterative cycles of manual building with Coot25 and
refinement with REFMAC.26 The active site electron density
was closely inspected, and appropriate metal atoms and ligands
were included in the refinement. Finally, solvent molecules
were added by automatic peak picking from Fo − Fc electron
density maps using Coot. Peaks above 3σ were selected, and
water molecules were manually checked in Coot. Refinement
statistics are listed in Table 2. Final coordinates for
NmeE365Term and MtuLeuA425 (with and without α-KIV)
have been deposited in the Protein Data Bank as entries 3RMJ,
3U6W, and 3HPX, respectively.

WaterLOGSY NMR. Water ligand observed via gradient
spectroscopy (WaterLOGSY) 1H NMR spectra were recorded
on a DRX 400 spectrometer (Bruker) operating at 400 MHz
and 25 °C. For wild-type and truncated MtuIPMS, samples
consisted of 2 mM α-KIV, 3 mM MgCl2, 3 mM KCl, 10% (v/v)
D2O, and 10 mM HEPES (pH 7.5). For wild-type and
truncated NmeIPMS, samples consisted of 2 mM α-KIV, 3 mM
MgCl2, 10% (v/v) D2O, and 10 mM HEPES (pH 7.5). A
WaterLOGSY spectrum was first collected on each sample in
the absence of enzyme. Enzyme was then added to a final con-
centration of ∼25 μM, and a second spectrum was recorded.
The WaterLOGSY pulse program followed the published
scheme27 without a water flipback pulse. An initial water-
selective 180° Gaussian pulse of 10 ms was used, and the NOE
mixing time was 1 s. During the double spin−echo scheme used
for water suppression, the water-selective 180° pulses were
2 ms. Spectra were collected with 400 scans. Chemical shifts are
relative to external tetramethylsilane (TMS, 0 ppm).

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) was performed using a VP-ITC microcalori-
meter (MicroCal). Protein samples were prepared by using
ITC buffer [50 mM Tris (pH 7.5), 25 mM KCl, and 12 mM
MgCl2] in place of BTP buffer in the final gel filtration step of
purification. Ligand solutions were prepared by dissolving
α-KIV in a buffer identical to that of the protein (i.e., from the
same batch). Protein and ligand solutions were degassed under
vacuum for at least 5 min before being used. Protein (1.46 mL)
was placed in the calorimeter sample cell, and the calorimeter
syringe was filled with 250 μL of α-KIV. The protein concen-
tration was 20 μM for MtuIPMS experiments and 100 μM for
MtuLeuA425 experiments, with α-KIV concentrations of 350
and 150 μM for MtuIPMS and MtuLeuA425, respectively. A
ligand solution (10 uL) was injected into the sample cell every
400 s at 20 °C. KD values were found by fitting data to the One
Set of Sites model in Origin 7.0.28
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■ RESULTS
Cloning and Purification of α-IPMS Variants. A

truncated variant of NmeIPMS was generated by introducing
a stop codon, at Glu365, into the gene encoding the full-length
protein. The expressed, truncated protein (NmeE365Term)
lacks the C-terminal allosteric regulatory domain of the wild-
type enzyme. The variant MtuLeuA425, which similarly
truncates MtuIPMS, was generated by amplification of the
gene corresponding to residues 1−425 from the plasmid
bearing the full MtuIPMS gene.15 Constructs for the expression
of both these truncated proteins were confirmed by sequencing
of the expression plasmids and by the reduced size of the
expressed proteins relative to their wild-type counterparts
(Figure S1 and Table S1 of the Supporting Information).
Size exclusion chromatography indicated that both wild-type

proteins and their shortened counterparts are homodimeric and
that wild-type NmeIPMS remains homodimeric in the presence
of the allosteric inhibitor leucine (Figure S2 and Table S2 of the
Supporting Information). This is consistent with previous
studies showing the MtuIPMS is also a dimer in the presence or
absence of leucine.29 MtuIPMS and NmeIPMS have 78%
identical sequences.
Kinetic Characterization of the Catalytic Domains of

NmeIPMS and MtuIPMS. Neither of the truncated variants
was able to catalyze the condensation of AcCoA and α-KIV,
although NmeE365Term was shown to hydrolyze AcCoA
in a manner that was independent of the presence of α-KIV

(Table 1). As expected, the hydrolytic activity of this truncated
variant was not affected by the presence of leucine.9 No uncou-
pled hydrolysis of AcCoA was observed for MtuLeuA425.
The α-IPMS reaction involves addition of the acetyl group

to C2 of α-KIV, which is followed by hydrolysis of the AcCoA
thioester.29 This hydrolysis is part of the normal catalytic cycle,
and it appears that the catalytic machinery responsible for this
hydrolysis is able to function, at least partially, irrespective of
the presence or absence of α-KIV.

Catalytic Activity of α-IPMS Variants in Vivo. E. coli
BW25113 ΔLeuA::kan cells from the Keio collection16 were
used to probe the in vivo activity of the wild-type and truncated
N. meningitidis and M. tuberculosis α-IPMS enzymes. These E.
coli cells lack the leuA gene that encodes the native α-IPMS
enzyme and are thus leucine auxotrophs. Growth of these cells
is only supported by addition of leucine to the growth medium.
BW25113 ΔLeuA::kan cells were transformed with pFH01,
pE365Term, pProExHTa-LeuA, and pProExHTa-LeuA425
plasmids (encoding NmeIPMS, NmeE365Term, MtuIPMS,
and MtuLeuA425, respectively) and grown on minimal
medium. Cell lines that grew on this medium indicated that
the relevant wild-type enzyme was able to perform adequately
as an α-IPMS in place of the native E. coli enzyme. Both full-
length NmeIPMS and MtuIPMS supported growth of the leuA
deficient cells on M9 minimal medium in the absence of added
leucine, whereas the two truncated enzymes, NmeE365Term
and MtuLeuA425, did not support bacterial growth (Figure S3

Table 1. Kinetic Data for NmeIPMS, NmeE365Term, and MtuIPMSa

NmeIPMS9 NmeE365Term9 MtuIPMS29 MtuLeuA425

normal catalysis
KM

app (μM) for α-KIV 30 ± 2 − 12 ± 1 −
KM

app (μM) for AcCoA 35 ± 3 − 136 ± 5 −
kcat (s

−1) 13 ± 0.3 − 3.5 ± 0.1 −
uncoupled AcCoA hydrolysisb

KM
app (μM) for AcCoA 250 ± 30 150 ± 20 160 ± 29 −

kcat (s
−1) 0.011 ± 0.001 0.010 ± 0.001 0.03 ± 0.002 −

aNo activity was found for MtuLeuA425 at concentrations up to 3 μM. bHydrolysis of AcCoA in the absence of α-KIV.

Figure 3. Stereo representations of crystal structures of truncated α-IPMS variants, one monomer of each colored gray and the other color-coded by
domain. (A) MtuLeuA425 at 2.03 Å: green for the catalytic domain, blue for subdomain I, and orange for Ni2+. (B) NmeE365Term at 1.95 Å: pink
for the catalytic domain, orange for subdomain I, and purple for Mn2+. Much of subdomain I is undefined in NmeE265Term.
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of the Supporting Information). These observations are
consistent with the severe attenuation of α-IPMS activity of
the truncated enzymes found in vitro.
Crystal Structures of NmeE365Term and MtuLeuA425.

Crystal structures (Figure 3) of the truncated variants
NmeE365Term (at 1.95 Å resolution) and MtuLeuA425 (at
2.03 Å resolution) were determined by molecular replacement
using the MtuIPMS structure (PDB entry 1SR98), which is the
full-length α-IPMS from M. tuberculosis bound to substrate α-
KIV. Both crystal structures were found to contain a dimer in
the asymmetric unit. Full details of data collection and
refinement are provided in Table 2.
In NmeE365Term (PDB entry 3RMJ), each monomer

comprised residues 1−364 of the full-length protein, with
residues 4−296 and 311−324 being modeled for chain A and
residues 4−297 and 311−324 for chain B; no interpretable
electron density could be found for the remaining residues,
which were presumed to be disordered. By analogy with the
full-length MtuIPMS structure, the majority of the missing
residues from NmeE365Term are from subdomain I, which
crosses over in the dimer and sits over the active site of the
other monomer. A Mn2+ ion is present in each of the two active
sites. In the MtuLeuA425 structure (PDB entry 3HPX), which
comprises residues 1−425 of the full-length protein, all residues
could be modeled apart from residues 1−18 of chain A and
residues 1−17 of chain B. A Ni2+ ion is present in each of the
MtuLeuA425 monomers, presumably acquired from the Ni
affinity chromatography purification step.
The two truncated structures, NmeE365Term and Mtu-

LeuA425, can be superimposed with a root-mean-square
difference (rmsd) in Cα position of 1.73 Å for 490 common
residues of the dimer. As may be expected, the MtuLeuA425
structure aligns closely with the corresponding portion of full-
length MtuIPMS (rmsd of 0.26 Å for 698 residues of the
dimer), whereas NmeE365Term is less well aligned with full-
length MtuIPMS (rmsd of 1.78 Å for 447 residues). In
NmeE365Term, much of subdomain I is undefined: residues
297−310, 325, and 326 in chain A and residues 298−310, 325,
and 326 in chain B. Residues 311−324 in each monomer are
significantly displaced; the Cα of conserved residue Tyr313,
present in the active site of the M. tuberculosis enzymes, is
14.1 Å (chain A) and 14.3 Å (chain B) from the equivalent
Tyr410 in MtuIPMS. In MtuLeuA425, the corresponding
residues (408−421) are located in the same position as in
MtuIPMS, but in NmeE365Term, they are arranged along the
interface of the (β/α)8 barrel monomers.
The active sites of NmeE365Term and MtuLeuA425

correspond very closely to that of α-KIV-bound, wild-type
MtuIPMS, with one clear difference. In the wild-type enzyme, a
Zn2+ ion is coordinated to two oxygens in α-KIV, a water
molecule, and the side chains of three residues: Asp81, His285,
and His287. The coordinated amino acid side chains are
themselves stabilized by hydrogen bonds to Asn321, Glu309,
and Gly320, respectively (Figure 4A). The divalent metal ion
in the variants (Ni2+ in MtuLeuA425 and Mn2+ in
NmeE365Term) is farther from the α-KIV binding site of the
wild type and coordinates with two water molecules and four
amino acid side chains in each protein: Asp16, His204, His206,
and Asn240 in NmeE365Term and Asp81, His285, His287, and
Asn321 in MtuLeuA425 (Figure 4B,C). These changes
accompany a significant displacement of the metal ion: in
NmeE365Term, the Mn2+ ion is 2.2 Å from the equivalent
position of the Zn2+ ion of MtuIPMS, and the Ni2+ ion in

MtuLeuA425 is 1.9 Å distant. This change in the position of the
metal ion appears to be associated with the conformational
change of an active site histidine residue. In MtuLeuA425,
His287 is rotated so that it forms a hydrogen bond with the
main chain carbonyl oxygen of Thr254 rather than that of
Gly320. His206 in NmeE365Term is also rotated, but not quite
far enough to form similar hydrogen bonding.
To assess the effect of substrate binding on metal position,

MtuLeuA425 crystals were soaked with α-KIV and Mn2+ to
give a crystal structure for the MtuLeuA425−α-KIV complex
(Table 2). This structure comprises the same residues as for the
nonliganded structure, but with residues 392−398 from chain A
and 396−398 from chain B missing and presumed disordered.
It has one Mn2+ ion and one α-KIV molecule in each active site.
This α-KIV complex structure has an rmsd in Cα positions of
0.21 Å for 756 residues when compared with the nonliganded
MtuLeuA425 and an rmsd of 0.24 Å for 668 residues when
compared withMtuIPMS. The active site residues in α-KIV-bound
MtuLeuA425 shift to allow the metal ion to bind in the same
position as seen in the substrate-bound, wild-type enzyme
(Figure 4D). We conclude that the altered metal position
observed in the unliganded structures is due to the lack of
α-KIV, rather than the lack of the regulatory domain.
Removal of the regulatory domain also appears to increase

the flexibility of subdomain I of α-IPMS, comprising residues
369−424 in M. tuberculosis and residues 292−326 in N.
meningitidis. This is particularly evident in residues 391−400 of
M. tuberculosis α-IPMS, which are part of a pair of helices near
the AcCoA binding site and have different degrees of flexibility
in each monomer of the asymmetric protein dimer. Average B
factors in MtuIPMS for this region are 1.8 and 1.6 times greater

Figure 4. α-KIV binding sites in MtuIPMS (A, PDB entry 1SR9,8

green), NmeE365Term (B, PDB entry 3RMJ, magenta), and
MtuLeuA425 (C, PDB entry 3HPX, cyan; D, PDB entry 3U6W,
orange). The metal ion (Zn2+, black; Ni2+, green; Mn2+, purple)
coordinates with four residues in unliganded enzymes, but with only
three in the presence of α-KIV. (E) Overlay of panels C and D (waters
excluded for the sake of clarity).
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than the average values for β-barrel residues in the structure in
chains A and B, respectively. Average B factors for this region in
unliganded MtuLeuA425 are 2.9 and 2.7 times greater than the
average values for the β-barrel residues in chains A and B,
respectively. In the full-length structure, there is significant
asymmetry between the two monomers with respect to this
region. Thus, the regulatory domain may act to maintain the
inequality in flexibility between the two monomers. These same
residues (391−400) are partially disordered in α-KIV-bound
MtuLeuA425 and fall within the large undefined regions of
NmeE365Term.
WaterLOGSY NMR Spectroscopy. The NMR technique

WaterLOGSY was used as a rapid screening method to examine
whether α-KIV binds to the truncated variants. WaterLOGSY
experiments allow the detection of binding of small molecules
to protein targets with dissociation constants in the low
micromolar to millimolar range.27,30 The WaterLOGSY signal
is produced by the selective transfer of bulk water magneti-
zation to ligand in solution via the protein−ligand complex. In
the resulting spectra, compounds that bind generally have
signals with opposite sign relative to those of compounds that
do not bind.
WaterLOGSY 1H NMR spectra were recorded for α-KIV in

the absence and presence of the wild-type and truncated
variants of NmeIPMS and MtuIPMS (Figure 5). Addition of
both wild-type and truncated forms of the two enzymes

produced a change in sign of the α-KIV WaterLOGSY 1H
NMR signals. This indicates that the truncated variants retain
the ability to bind α-KIV in solution. In the presence of both
NmeIPMS enzymes, the enhancement of the α-KIV signals is
significantly greater than that seen for the MtuIPMS variants.
This could result from the tighter binding of α-KIV to
MtuIPMS, consistent with the lower KM of this enzyme, as slow
dissociation rates of the protein−ligand complex may limit
the transfer of magnetization to the bulk ligand during the
WaterLOGSY experiment.31

Isothermal Titration Calorimetry. ITC experiments were
used to quantitatively analyze α-KIV binding in MtuIPMS and
MtuLeuA425. The M. tuberculosis enzymes were chosen for
these experiments as they were determined to be stable under
ITC conditions. These experiments (Figure 6) show that α-
KIV binding takes place for both wild-type and truncated
proteins, with KD values of 15 ± 3 μM for MtuIPMS and 120 ±
15 nM for MtuLeuA425. The lower KD for the truncated
variant indicates that α-KIV binds significantly more tightly to
the noncatalytically active truncated enzyme than to the wild-
type MtuIPMS, in line with the trends seen in the Water-
LOGSY experiments.

■ DISCUSSION

Whereas in some enzymes it is possible to create a feedback-
independent enzyme by removal of a structurally distinct

Table 2. Crystallographic Data for NmeE365Term and MtuLeuA425

NmeE365Term MtuLeuA425 α-KIV-bound MtuLeuA425

λ = 0.9546 Å λ = 1.5418 Å λ = 1.5418 Å
Data Collection

space group P212121 P1 P1
unit cell parameters

a, b, c (Å) 46.3, 103.6, 129.9 48.0, 70.9, 70.0 47.7, 70.6, 69.9
α, β, γ (deg) 90, 90, 90 62.5, 81.4, 70.3 62.29, 81.26, 70.16

resolutiona (Å) 21.8−1.95 (2.06−1.95) 30−2.0 (2.1−2.0) 30−2.2 (2.3−2.2)
total no. of reflections 300624 357799 110119
no. of unique reflections 46485 47066 35261
completenessa (%) 99.9 (100.0) 94.5 (84.7) 93.2 (72.6)
I/σa 12.3 (3.0) 17.8 (3.8) 12.1 (3.7)
multiplicitya 6.5 7.6 3.1
Rmerge

a (%) 11.9 (61.2) 12.6 (48.9) 11.6 (27.8)
Refinement

R (%) 15.8 17.4 22.5
Rfree (%) 19.1 23.8 29.8
no. of amino acids 307 + 308 residues, 4731 atoms 407 + 408 residues, 6285 atoms 406 + 407 residues, 6346 atoms
no. of water molecules 332 633 160
other 2 Mn2+, 2 Mg2+, 5 glycerol 2 Ni2+, 2 glycerol 2 Mn2+, 2 α-KIV, 2 glycerol
average B factor (Å2)

protein 21.5 17.6 11.9
water 28.6 24.8 8.9
other 39.3 19.6 17.3

rmsd from target values
bond lengths (Å) 0.017 0.019 0.018
bond angles (deg) 1.45 1.66 1.66
dihedral angles (deg) 6.21 6.66 7.16

Ramachandran plot (%)
most favored 97.7 97.2 96.8
allowed 2.1 2.8 3.2
disallowed 0.2 0.0 0.0

PDB entry 3RMJ 3HPX 3U6W
aFigures in parentheses are for the outermost shell.
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regulatory domain, for α-IPMS from N. meningitidis and M.
tuberculosis such removal abolishes catalytic activity. In the
absence of the regulatory domain, these enzymes are unable to
catalyze the condensation of α-KIV and AcCoA to form α-IPM.
Crystal structures of the truncated enzymes from M. tuberculosis

and N. meningitidis show little overall difference from the wild-
type enzyme, and the principal components of the active sites
are intact. The small differences that can be inferred from the
crystal structures provide some insight into the changes
undergone by the active site upon α-KIV binding and suggest

Figure 5. WaterLOGSY 1H NMR experiments showing that the truncated variants of (A) NmeIPMS and (B) MtuIPMS are able to bind α-KIV.
Spectra of 2 mM α-KIV were recorded in the absence of enzyme (top), in the presence of 25 μM NmeIPMS or MtuIPMS (middle), or in the
presence of 25 μM truncated variant NmeE365Term or MtuLeuA425 (bottom). The 1H NMR peaks of α-KIV are at 1.05 and 2.94 ppm for the
methyl and methine protons, respectively, as indicated by asterisks on the top spectra. Remaining peaks at 3.2−2.7 ppm are due to HEPES buffer.

Figure 6. ITC data for 350 μM α-KIV titrated into 20 μM MtuIPMS (left) and 150 μM α-KIV into 100 μM MtuLeuA425 (right). Both data sets are
fitted to the One Set of Sites model using Origin 7.
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that dynamic fluctuations are critical for competent catalysis in
α-IPMS.
In both NmeE365Term and MtuLeuA425 (without α-KIV

bound), the divalent metal ion in the active site has moved
significantly compared to its position in wild-type, α-KIV-bound
MtuIPMS. This essential metal ion coordinates with the carbonyl
groups of α-KIV and is proposed to activate the substrate for
nucleophilic attack by the acetyl group of AcCoA.29 A structure
of α-KIV-bound MtuLeuA425 shows the metal shifted back
to its position in the wild-type structure, suggesting that this
metal ion changes its position and coordination upon substrate
binding.
The second key area of change between the wild-type and

truncated structures is in subdomain I. This subdomain sits
over the putative AcCoA binding site and could be key for
positioning this substrate properly for catalysis. Analysis of the
temperature factors from the crystal structures shows that there
is some increase in the relative flexibility of subdomain I in
the truncated MtuLeuA425 compared to full-length MtuIPMS.
This region is undefined or, in the case of residues 311−324,
displaced from its likely wild-type position near the active site
in NmeE365Term. It appears that the regulatory domain acts to
anchor the structure of this region in NmeIPMS. Subdomain I is
one of the areas identified as having increased exposure to
solvent in the MtuIPMS variant Y410F.14 This variant appears
to be constitutively inhibited and has only 10% of the catalytic
activity of the wild-type enzyme. Subdomain I of the leucine-
bound MtuIPMS also appears to exhibit increased flexibility
when compared with the unbound structure,8 although
hydrogen−deuterium exchange shows no change in exposure
to solvent for this region upon leucine binding.14 It appears that
minor changes in dynamic fluctuation in subdomain I can
attenuate catalysis and could represent the in vivo signal
transmission mechanism for feedback inhibition. The lack of
catalytic activity of the truncated variants may also be associated
with changes in the flexibility of this region of the protein.
Given the likelihood that subdomain I provides some key
hydrogen bonds to AcCoA, it is possible that the altered flexi-
bility of this region of the protein may significantly disrupt
the correct binding of AcCoA. Even so, the observation that
NmeE365Term does catalyze the α-KIV-uncoupled hydrolysis
demonstrates that this protein can bind and hydrolyze the
thioester, in the absence of coupling to α-KIV.
In summary, these studies show two key insights into

α-IPMS catalysis: (1) that a divalent metal ion may bind in one
of two positions within the active site depending on the
presence of substrate and (2) that the regulatory domain in
α-IPMS is necessary for the catalytically competent dynamic
fluctuations of subdomain I and the active site. The presence
and structure of the subdomains and regulatory domain are
critical for active site function in ways not apparent from crystal
structures.
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