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Abstract: Inositol phosphate kinases (IPKs) sequentially phosphorylate inositol phosphates (IPs) on

their inositol rings to yield an array of signaling molecules. IPKs must possess the ability to recognize

their physiological substrates from among a pool of over 30 cellular IPs that differ in numbers and
positions of phosphates. Crystal structures from IPK subfamilies have revealed structural

determinants for IP discrimination, which vary considerably between IPKs. However, recent

structures of inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) did not reveal how IPK1 selectively
recognizes its physiological substrate, IP5, while excluding others. Here, we report that limited

proteolysis has revealed the presence of multiple conformational states in the IPK1 catalytic cycle,

with notable protection from protease only in the presence of IP. Further, a 3.1-Å crystal structure of
IPK1 bound to ADP in the absence of IP revealed decreased order in residues 110–140 within the N-

lobe of the kinase compared with structures in which IP is bound. Using this solution and

crystallographic data, we propose a model for recognition of IP substrate by IPK1 wherein phosphate
groups at the 4-, 5-, and 6-positions are recognized initially by the C-lobe with subsequent interaction

of the 1-position phosphate by Arg130 that stabilizes this residue and the N-lobe. This model explains

how IPK1 can be highly specific for a single IP substrate by linking its interactions with substrate
phosphate groups to the stabilization of the N- and C-lobes and kinase activation.
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Introduction

Inositol phosphate kinases (IPKs) sequentially phos-

phorylate inositol phosphates (IPs) on their inositol

rings to yield an array of unique signaling molecules

with diverse cellular functions.1,2 Among these func-

tions, IPs are implicated in a variety of diseases

such as cancer and diabetes.3–5 IPKs must discrimi-

nate between IPs with different numbers and posi-

tions of phosphates to recognize specifically their

physiological substrates. Crystal structures from

each of the IPK subfamilies have revealed structural
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determinants for IP discrimination, which vary con-

siderably between IPKs. Strict specificity of inositol

1,4,5-trisphosphate 3-kinase (IP3K) relies upon

shape complementarity with the sparsely phospho-

rylated IP3 substrate, and it binds to both precisely

positioned phosphate and hydroxyl groups.6 In con-

trast, the active site of inositol 1,3,4-trisphosphate 5/

6-kinase (ITPK1) exhibits little shape complementar-

ity with its varied substrates and its affinity for

them is dictated by contacts with phosphates alone,

thereby permitting promiscuous substrate recogni-

tion.7 Inositol 1,3,4,5,6-pentakisphosphate 2-kinase

(IPK1) is uniquely specific for a single highly phos-

phorylated IP, inositol 1,3,4,5,6-pentakisphosphate

(IP5), which demands use of a mechanism distinct

from those used by IP3K or ITPK1 to achieve

selectivity.

The recently determined crystal structures of

IPK1 in its IP substrate- and product-bound forms

revealed extensive contacts with phosphate groups

of IPs and the mechanism through which the axial

20 hydroxyl of its substrate is selectively phosphoryl-

ated.8 These four structures are highly similar with

no significant differences (RMSD ¼ 0.48 Å) suggest-

ing IPK1 adopts the same conformation regardless

of whether it is substrate- or product-bound [Fig.

1(a)]. However, it was not clear from these similar

structures how IPK1 recognizes IP5 while excluding

other IPs with similar stereochemistry at the 20

hydroxyl and phosphate groups. We hypothesized

that this selectivity is defined by a previously unrec-

ognized conformational change triggered by binding

of an IP with a specific phosphate profile.

Results and Discussion
To confirm the presence of different conformational

states in the IPK1 catalytic cycle, we performed lim-

ited proteolysis of IPK1 in its free state, bound to

nucleotides or to a nucleotide analogue (ATP, ADP,

or AMPPNP), inositol phosphate (IP5 or IP6), and in

ternary complexes (AMPPNPþIP5 or ADPþIP6) [Fig.

1(b)]. Trypsin digests were performed at 20�C for 9 h

and the resulting proteolytic patterns were com-

pared on SDS gels to detect distinct conformations.

Differences in the digestion patterns were evident,

indicating that IPK1 adopts a series of conforma-

tions in solution. In the apo state, IPK1 is exten-

sively digested to small fragments indicating that

free IPK1 is protease labile and suggesting that it is

flexible in solution. Nucleotides alone exhibited mod-

est protection of IPK1 from proteolysis but the diges-

tion pattern revealed no protection of stable

domains. IP6 binding also provided little protection

from protease. This is in contrast to IP5, which pro-

tected a 37 kDa fragment not protected in the apo

state, which is indicative of IP-induced stabilization

of IPK1. N-terminal sequencing revealed that this

37 kDa-protected fragment resulted from trypsin

cleavage between Arg130 and Val131 while all resi-

dues C-terminal to Arg130 remained intact, thereby

demonstrating stabilization of the C-lobe of the ki-

nase but not the N-lobe. No differences were

reported between the IP5- and IP6-bound IPK1 crys-

tal structures, indicating that there are differences

in conformational dynamics in different ligand-

bound states that may not be detectable in static

crystal structures. Finally, we observed synergistic

Figure 1. Limited Proteolysis of IPK1. (A) Cartoon representation of product-bound IPK1 depicting overall topology: N-lobe

(red), C-lobe (blue), hinge (cyan), CIP-lobe (green) with ADP (purple) and IP6 (orange); PDB ID: 3UDZ. Dashed lies indicate

untraceable regions; (B) IPK1 (55 kDa) was incubated with trypsin in numerous conditions with nucleotides and/or inositides.

Two fragments were protected in multiple conditions. N-terminal sequencing identified one fragment to be cleaved after

Lys52 (46 kDa) and the other to be cleaved after Arg130 (37 kDa). Both residues are shown in yellow in a (R130, sticks; K52,

rectangle).
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protection in the ternary complexes. Here, when

bound also by nucleotides, both IP5 and IP6 pro-

tected IPK1 from cleavage at Arg130, albeit to differ-

ent extents. The additional 46-kDa fragment stabi-

lized in the ternary complexes is cleaved by trypsin

at Lys52 while the remainder of the protein remains

intact, including the site at Arg130. This synergistic

protection of Arg130 revealed stabilization of both

the N- and the C-lobes of the kinase, which has been

reported to be a critical step in kinase activation.9–11

To further explore the conformational changes

IPK1 undergoes during IP binding, we determined

the nucleotide-bound structure of IPK1 in the ab-

sence and presence of its IP substrate and compared

features of these structures to identify the mecha-

nism by which IPK1 transitions into its catalytically

active state.

Here, we present the 3.1 Å crystal structure of

IPK1 bound to ADP in the absence of IP (Table 1).

Overall, this structure is very similar to the previ-

ously solved crystal structures of IP-bound IPK1

with and without nucleotides and our own structure

of IPK1 bound to ADPþIP6. There are no gross con-

formational differences between the IP-bound and

free structures in the C-lobe (RMSD ¼ 0.40 Å) of

the kinase and no differences in positions or B-fac-

tors of the residues that bind the 4-, 5-, and 6-phos-

phates of the IP. In this structure, IP-binding resi-

dues, including Lys411, Arg415, Tyr419, Lys170,

Arg192, His196, Lys200, and Asn238, are all posi-

tioned as they are in the IP-bound states [Fig. 2(a)].

These residues are likely held in place by water

molecules that create a network of interactions in

the absence of IP, but this supposition is speculative

as the resolution of the structure (3.1 Å) was too

low to confirm positions of solvent molecules.

Between the ADP-bound state and all IP-bound

structures, there is a notable difference in the orien-

tation of the residue that interacts with the 1-phos-

phate of the IP [Fig. 2(a,b)]. The side chain for

Arg130 cannot be modeled in the ADP-alone state,

suggesting that this residue becomes ordered only

upon occupancy of the active site by the correct

substrate.

To identify regions of decreased order in the

ADP-bound state, we compared B-factors among

ADPþIP6-bound-, ADPþIP5-bound- and the ADP-

bound-IPK1 structures [Fig. 2(c)]. Only modest

Figure 2. IPK1 exhibits localized disorder of the N-lobe in absence of substrate. Electron density of substrate binding

residues (2Fo � Fc (1.8r)) is shown for crystal structures of IPK1 bound to (A) ADPþIP6 (B) ADP; (C) Main-chain B-factors

from the ADPþIP5 structure were subtracted from the main-chain B-factors from the ADP-bound state (Red) and ADPþIP6

bound state (Blue); (D) Cartoon representation of ADP-bound crystal structure colored by B-factors differences between ADP-

bound state and ADPþIP6-bound states. Blue represents no difference while red represents highest differences.
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differences were detectable between the ADPþIP5-

and ADPþIP6-bound states (blue line), but compared

with either of these structures, there were substan-

tial localized increases in B-factors in the ADP-

bound state (red line). Specifically, marked differen-

ces in B-factors were observed for residues 110–140

in the N-lobe of the kinase when the ADPþIP6 and

the ADP-bound structures were compared. Consist-

ent with the limited proteolysis in solution where

IPK1 is cleaved at Arg130 in the absence of IP, we

see a destabilization of the region surrounding

Arg130 in the IP-free crystal structure, which

appears to be shared with much of the N-lobe of the

kinase [Fig. 2(d)].

Our limited proteolysis and IP-free crystal struc-

ture indicate that IPK1 adopts multiple conforma-

tional states not appreciated from previous crystal

structures. Here, the decreased order in the crystal

structure is consistent with the protease sensitivity

in solution supporting our use of the crystal structure

to propose dynamics of the N-lobe of the kinase in the

absence of IP substrate. The different extents of pro-

tease protection in these states suggest that confor-

mational dynamics may play a more significant role

in the IPK1 catalytic cycle than previously thought.

Consistent with these observations, we propose

a model for recognition of IP substrate by IPK1

wherein phosphate groups at the 4-, 5- and 6-posi-

tions are required for initial recognition of IP5 by

the residues Lys411, Arg415, Tyr419, Lys170,

Arg192, His196, Lys200, and Asn238, which are

poised for binding IP5 in the IP-free state [Fig. 3(a)].

Subsequently, interaction of a 1-position phosphate

with Arg130 stabilizes this residue and the N-lobe.

In this 2-step model for substrate recognition and

activation, contacts at the 4-, 5-, and 6- positions are

needed for initial recognition and the 1-phosphate is

required for IPK1 subsequently to adopt an active

conformation. In this model, the 4-, 5-, and 6- phos-

phates share the role for mediating initial substrate

contact with the enzyme, while the 1-phosphate

plays the subsequent, but critical role of stabilizing

the N-lobe of the kinase, an essential step for kinase

activation [Fig. 3(b)]. This model—including the crit-

ical role of the 1-phosphate—is consistent with the

report that IPK1 exhibits some activity toward inosi-

tol 1,3,4,6-tetrakisphosphate but no activity towards

inositol 3,4,5,6-tetrakisphosphate, which lacks the

1-phosphate.12

Knockout of the IPK1 gene in mice is embryonic

lethal13 and RNAi of IPK1 in zebrafish exhibit devel-

opmental defects14 which suggest an important

physiological role for IPK1. Characterizing the

mechanism IPK1 uses for substrate recognition

opens up new avenues for selectively targeting IPK1

as the similarity among IP substrates has previously

hindered the development of specific inhibitors for

IPKs.

Materials and Methods

Protein expression and purification
Arabidopsis thaliana IPK1 (IPK1) was previously

cloned into a pET28a vector containing a 6xHis tag

Table I. Data Collection and Refinement Statistics (Molecular Replacement with PDB ID: 2XAM)

ADP (PDB: 3UDS) ADPþIP6 (PDB: 3UDT) ADPþIP5 (PDB: 3UDZ)

Data collection
Space group P1 P1 P1
Cell dimensions
a, b, c (Å) 58.29, 59.88, 82.91 59.06, 59.39, 82.75 59.36, 59.91, 83.14
a, b, c (�) 83.40, 89.40, 65.30 89.84, 82.58, 63.36 90.02, 97.04, 116.81
Resolution (Å) 50.00–3.10 (3.29–3.10)* 50.00–2.50 (2.58–2.50) 50.00–3.10 (3.26–3.10)
Rmerge 0.061 (0.134) 0.084 (0.152) 0.132 (0.218)
I/rI 15.1 (7.7) 39.1 (15.8) 16.7 (7.0)
Completeness (%) 95.15 (90) 94.5 (91) 96.4 (95)
Redundancy (%) 3.9 (3.9) 3.7 (3.7) 3.9 (4.0)
Refinement
Resolution (Å) 42.82–3.10 41.43–2.50 44.62–3.10
No. reflections 17,449 32,523 17,694
Rwork/Rfree 0.2370/0.3119 0.1890/0.2595 0.2098/0.2762
No. atoms 5,796 6,761 6,267
Protein 5,740 6,169 6,145
Ligand/ion 56 131 122
Water 0 461 0
B-factors (Å2)
Protein 64.31 35.28 26.26
Ligand/ion 65.12 27.81 36.02
Water 0 32.50 0
R.m.s. deviations
Bond lengths (Å) 0.013 0.022 0.011
Bond angles (�) 1.319 1.229 1.287

* One single crystal used for each data collection. *Values in parentheses are for highest-resolution shell.
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and expressed in Bl-21 AI cells (Invitrogen). Cells

were grown in Terrific broth with kanamycin at

37�C to an OD600 ¼ 1.5 and protein over-expression

was induced with 0.5 mM IPTG and 0.1% L-arabi-

nose at 18�C for 20 h. Cells were harvested at 5000g

and were lysed for 1 h using a sonicator in 10 mM

Tris-HCl pH 8, 250 mM NaCl and 50% glycerol. Su-

pernatant was separated from lysate using centrifu-

gation. The supernatant was then diluted 5-fold

using 20 mM Tris-HCl pH 8 and 500 mM NaCl and

then 25 mM imidazole was added. IPK1 was purified

by applying the diluted supernatant to an Ni-NTA

column followed by washing with 20-column volumes

of 50 mM KPO4 pH 8.0, 800 mM NaCl, 1% Triton X-

100, 1.7 mM b-mercaptoethanol. Protein was eluted

using 10-column volumes of 250 mM imidazole in 20

mM Tris-HCl pH 8.0, 300 mM NaCl buffer and sub-

sequently dialyzed into 50 mM Tris-HCl pH 8.0, 50

mM NaCl, and 1 mM DTT. Next, the protein was

applied to a 5 mL Heparin SP FF column. The col-

umn was washed with 10-column volumes of dialysis

buffer and IPK1 was eluted over an increasing NaCl

concentration gradient. Fractions containing purified

protein were analyzed by SDS-PAGE and pooled

accordingly. Finally, the pooled sample was applied

to a S-300 Sephacryl gel filtration column equili-

brated in 50 mM Tris-HCl pH 8.0, 150 mM NaCl,

and 2.5 mM DTT. Fractions containing IPK1 were

analyzed by SDS-PAGE and pooled accordingly. The

protein was concentrated to 20 mg/mL and stored

at 4�C.

Protein crystallization
All crystals grew at 20�C within 6–72 h using the

sitting-drop vapor-diffusion method. All ligand solu-

tions were pH 8 prior to incubating with protein for

30 min at 4�C. IP6 was purchased from Sigma-

Alrich. IP5 was purchased from Cayman Chemical

Company. IPK1 (5 mg/mL) crystallized with 5 mM

ADP/IP6/MgCl2 in 0.08M MES pH 6.5, 19.85% PEG

3000, 0.17M NaCl, 2.35% benzamidine HCl. For the

substrate-bound state, IPK1 (5 mg/mL) crystallized

with 2 mM ADP/IP5, 4 mM MgCl2 in 0.09M MES

pH ¼ 6.5, 18% PEG4000, 0.54M NaCl, 0.01M Trime-

thylamine HCl. For the ADP-only bound state, IPK1

(10 mg/mL) crystallized with 5 mM ADP/MgCl2 in

0.18M CaCl2, 0.1M Tris-HCl pH 8.0, 18.18%

PEG6000, 0.01M TCEP.

Data collection

X-ray diffraction data for all complexes were col-

lected on a Rigaku MicroMax-007 HF microfocus X-

ray generator fitted with Varimax X-ray optics and a

Saturn 944þ CCD detector. All data were measured

under cryogenic conditions, cryoprotected with reser-

voir solution including 5–10% PEG400, and proc-

essed with HKL2000 software.15

Structure determination and refinement

Diffraction data was analyzed and processed with

HKL2000 software and refined with Phenix16 and

Coot.17 Molecular replacement was performed with

PDB ID: 2XAM. All model images were created

using PyMol (DeLano Scientific).

Limited proteolysis

Limited proteolysis of IPK1 was performed in 50

mM Tris-HCl pH 8.0, 150 mM NaCl, and 2.5 mM

DTT buffer in separate 1.5-mL microfuge tubes.

Totally, 80 lg of IPK1 was incubated with 2 mM

MgCl2, 2 mM of nucleotide (ATP, ADP, AMPPNP),

and/or 2 mM of inositol phosphate (IP5 or IP6) for 20

min at 4�C. Totally, 0.08 lg of trypsin was added

resulting in a final volume of 200 lL. The reactions

were incubated at 20�C and 50 lL samples were

taken at 1, 5, 9, and 16 h. Samples were analyzed

Figure 3. Proposed Model of IPK1 Activation. (A) In the inactive state, IPK1 remains an open ‘‘clamshell’’ (1) which closes

slightly upon binding of ATP (2). IP5 is then initially recognized at the 4-, 5- and 6- positions (3). Finally, with IP5 bound,

interactions between Arg130 and 1-phosphate stabilize the N-lobe of the kinase into the active state; (B) Two classes of

interactions with IP substrate are necessary for IPK1 activity. The 4-, 5- and 6- positions of IP5 are required for initial

recognition, while the 1- and 3- positions are required for N-lobe stabilization.
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by SDS-PAGE and stained with Coomassie blue. For

N-terminal sequencing, a duplicate gel was run and

bands were transferred to a PVDF membrane. The

blot was submitted to the Sheldon Biotechnology

Centre (McGill University, Montreal, QC) for N-ter-

minal sequencing of the fragments.

B-factor analysis
B-factors were extracted from PDB files using Struc-

Tools (http://helixweb.nih.gov/structbio/basic.html).

Main chain B-factors from the ADPþIP5 structure

were subtracted from the ADP structure and

ADPþIP6 structure to provide a baseline for B-factor

comparison between ADP and ADPþIP6 complexes.

Calculated B-factor differences were plotted using

GraphPad Prism (GraphPad Software). The curves

were smoothed by averaging the calculated B-factor

differences for each residue with those of its four

neighboring residues.
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