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(Bacl(ground: IP; 2-K is essential for higher inositide metabolism and signaling.
Results: Crystal structures and biochemical data reveal different IP; 2-K conformational states.
Conclusion: IP; 2-K undergoes conformational changes upon nucleotide and inositide binding, with the N-lobe being essential

Significance: Understanding the determinants of enzyme function and substrate specificity will enable rational design of
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Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IP5 2-K) cata-
lyzes the synthesis of inositol 1,2,3,4,5,6-hexakisphosphate from
ATP and IP;. Inositol 1,2,3,4,5,6-hexakisphosphate is impli-
cated in crucial processes such as mRNA export, DNA editing,
and phosphorus storage in plants. We previously solved the first
structure of an IP; 2-K, which shed light on aspects of substrate
recognition. However, failure of IP; 2-K to crystallize in the
absence of inositide prompted us to study putative conforma-
tional changes upon substrate binding. We have made muta-
tions to residues on a region of the protein that produces a clasp
over the active site. A W129A mutant allowed us to capture IP;
2-Kin its different conformations by crystallography. Thus, the
IP; 2-K apo-form structure displays an open conformation,
whereas the nucleotide-bound form shows a half-closed confor-
mation, in contrast to the inositide-bound form obtained previ-
ously in a closed conformation. Both nucleotide and inositide
binding produce large conformational changes that can be
understood as two rigid domain movements, although local
changes were also observed. Changes in intrinsic fluorescence
upon nucleotide and inositide binding are in agreement with the
crystallographic findings. Our work suggests that the clasp
might be involved in enzyme kinetics, with the N-terminal lobe
being essential for inositide binding and subsequent conforma-
tional changes. We also show how IP; 2-K discriminates
between inositol 1,3,4,5-tetrakisphosphate and 3,4,5,6-tetrakis-

* This work was supported in part by Grants BFU200-02897/BMC and
BFU2011-24982 from the Ministerio de Ciencia e Innovacion.

The atomic coordinates and structure factors (codes 4axc, 4axd, 4axe, and
4axf) have been deposited in the Protein Data Bank, Research Collabora-
tory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ
(http://www.rcsb.org/).

' Supported by Formacion de Profesorado Universitario Fellowship AP2008-
00916 from the Ministerio de Educacion.

2 Supported by a Dean’s studentship from the Faculty of Science, University of
East Anglia.

3 To whom correspondence may be addressed. E-mail: c.brearley@uea.ac.uk.

“To whom correspondence may be addressed. Tel.: 34-91-5619400; Fax:
34-91-564-24-31; E-mail: xbeatriz@igfr.csic.es.

AUGUST 24, 2012 +VOLUME 287 +NUMBER 35

phosphate enantiomers and that substrate preference can be
manipulated by Arg'3° mutation. Altogether, these results pro-
vide a framework for rational design of specific inhibitors with
potential applications as biological tools for in vivo studies,
which could assist in the identification of novel roles for IP; 2-K
in mammals.

Inositol phosphates (IPs, inositides) are a group of mole-
cules with diverse roles in cell signaling (1). They present cru-
cial roles in DNA reparation and editing, endocytosis, vesicle
trafficking, ionic channel regulation, and control of telomere
length (2). There are at least 30 different IPs in mammal cells,
and their metabolism is dominated by receptor-coupled activa-
tion of phospholipase C, which cleaves phosphatidylinositol
4,5-bisphosphate to produce diacylglycerol and inositol 1,4,5-
trisphosphate (IP;), a starting point for the synthesis of many
IPs (2). The levels of these molecules are regulated by families of
inositol phosphate kinases or phosphatases that phosphory-
late/dephosphorylate the different positions of the inositol ring.

This work is focused on the study of one of those kinases, the
inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IP; 2-K, IPK1),
an enzyme that catalyzes the synthesis of a crucial compound,
inositol 1,2,3,4,5,6-hexakisphosphate (IP), by phosphorylation
of the axial 2-OH of IP.. IP, 2-K has been cloned and charac-
terized from many organisms, from yeast to humans (3-8).
IpklI gene disruption in mice results in early lethality of the
embryos (9). [P, participates in mRNA export (10), regulation
of chromatin state (11), developmental processes (12), and apo-

® The abbreviations used are: IP, inositol phosphate; At, A. thaliana; P 2-K,
inositol 1,3,4,5,6-pentakisphosphate 2-kinase; IPg, inositol 1,2,3,4,5,6-
hexakisphosphate; IPK, inositol polyphosphate kinase; IP5, inositol 1,4,5-
trisphosphate, IPmK, inositol polyphosphate multikinase; 1P, or Ins-
(1,4,5,6)-P,, inositol 1,3,4,5-tetrakisphosphate; Ins(3,4,5,6)P,, inositol
3,4,5,6-tetrakisphosphate; Ins(1,3,4,5,6)Ps, inositol 1,3,4,5,6-pentakisphos-
phate; AMPPNP, adenosine 5'-(8,y-imido)triphosphate; r.m.s.d., root mean
square deviation.
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ptosis (13). In addition, IP, serves as substrate for the synthesis
of diphosphoinositol polyphosphates (inositol pyrophos-
phates), emergent molecules with multiple functions (14). In
plants, IP, has been shown to be involved in the maintenance of
basal resistance to plant pathogens (15) and represents a
reserve of phosphorus in storage tissues. The high phosphorus
content of seeds is a cause of major problems for both human
health and the environment (16). In developing countries,
grain-based diets provide an excess of IP,, which exacerbate
iron and zinc malnutrition due to the potent metal-chelating
properties of IP.. In addition, monogastric animals are unable
to digest IPg, thus excreting it which leads to water eutrophica-
tion (17). Consequently, there is a high demand for the devel-
opment of low phytate seeds (18 —20).

IP; 2-K belongs to the inositol polyphosphate kinases (IPKs)
family, which comprises three other subfamilies as follows: IP
3-kinases, IP multikinases (IPmKs), and IP, kinases (2). The
first structure of an IPK, the IP; 3-K isoform A (21, 22), became
available in 2004 and was followed by the structure of yeast
IPmK (23). More recently, we reported the first structure of an
IP, 2-kinase (24) from Arabidopsis thaliana, which showed,
unexpectedly, that this enzyme belongs to the IPK family, albeit
the most distant member. IP 2-Ks, as well as other IPKs, con-
serve key features with protein kinases (PKs); they fold in two
lobes (N- and C-lobes), connected by a hinge, and the N-termi-
nal lobe core conserves an a+ 3 fold. In addition, the essential
features of ATP recognition between both lobes are conserved.
However, the C-lobe of IPKs is not conserved with PKs, and the
inositide-binding site, located in a separated portion of this
C-lobe, is characteristic for each enzyme within the IPK family.
In particular, IP; 2-K shows the most divergent region for
inositide binding (referred to as C;,-lobe) that is formed by
multiple a-helixes folded into a unique large domain that
encompasses almost half of the protein (24). There is a different
family of inositol phosphate kinases, exemplified by the Ent-
amoeba histolytica enzyme (25), that show the ATP-grasp fold.
The most recent addition to this family is the diphosphoinositol
pentakisphosphate kinase subfamily, the structure of which was
recently solved (26). Although these enzymes display a different
fold from IPKs, both share some essential features of catalysis
(26). Representatives of all the inositol phosphate kinases men-
tioned, except IP, Ks, have been crystallized and many of them
in presence of substrates or products, yielding complete or par-
tial clues about their catalytic mechanism.

The structural analysis of IP; 2-K offers a better understand-
ing of its function at the molecular level. The reported com-
plexes of IP, 2-K with inositide, both substrate (IP;) and prod-
uct (IPy), and the ternary complexes with substrates (IPs/
AMPPNP) and products (IP,/ADP) allowed us to identify key
residues defining inositide- and nucleotide-binding sites, as
well as crucial elements in the enzymatic mechanism (24).
However, there are several aspects that remain to be under-
stood. In particular, all the complexes display a common con-
formation of the active site that does not correlate with differ-
ent changes observed in the fluorescence spectra upon
substrate binding. We attributed these changes to putative con-
formational changes that could not be fully characterized
because the inositide presence was a requirement for the crys-
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tallization of AfIP, 2-K samples (24, 27); consequently, its apo-
form remained elusive. In this work, we have followed a strategy
for growing crystals from IP, 2-K in its free state that was also
applied to obtain complexes with nucleotide, always in absence
of inositide. The results provide a complete picture of the con-
formational changes produced upon inositide and/or nucleo-
tide binding that allowed full identification of the molecular
landmarks responsible for IP 2-K function. In agreement with
the structural studies, fluorescence analysis shows significant
IP; 2-K changes upon substrate binding. In addition, the exact
role of the IP; 2-K N-lobe in protein conformational changes
and substrate specificity has been also investigated. For this
purpose, we have explored discrimination between enantio-
mers of two IP,s, Ins(1,4,5,6)P, and Ins(3,4,5,6)P,,° that have
been reported to be substrates of plant IP; 2-K in vitro, and we
solved the structure of IP; 2-K in ternary complex with ATP
analog and Ins(3,4,5,6)P,. Intriguingly, despite the wealth
of literature on Ins(1,4,5,6)P, metabolism in yeasts and
Ins(1,4,5,6)P,/Ins(3,4,5,6)P, metabolism in animals, neither of
these two isomers are considered physiological substrates of IP
2-K enzymes in these kingdoms. Our experiments provide a
structural basis for such consideration.

The results presented here, together with our previous work,
represent the first structural description of a complete catalytic
cycle of IP, 2-K enzymes and gives insights into the discrimina-
tion of enantiomeric substrates in IP; 2-K.

EXPERIMENTAL PROCEDURES

Purification, Crystallization, and Data Collection—Wild
type and W129A IP, 2-K mutant were produced in Escherichia
coli Rosetta (DE3) pLysS strain and purified as reported previ-
ously (28). The crystallization of W129A-IP 2-K mutant, in its
apo- and AMPPNP-bound forms is detailed in Bafios-Sanz et
al. (28). Briefly, to obtain the W129A IP.-2K crystals, equal
amounts of protein solution (10 mg/ml) and precipitant (29%
w/v PEG4000, 0.2 m LiSO,, and 0.1 m Tris/HCI, pH 8.5) were
mixed and equilibrated against a reservoir containing 0.5 ml of
precipitant using the sitting drop technique. Seeding was used
to obtain high quality crystals. Crystals appeared in 5 days at
18 °C. For data collection, crystals were cryoprotected using a
gradual increase in the PEG content from 29 to 35% of the
crystal mother liquor. For AMPPNP-bound IP; 2-K, the
mutated protein was mixed with 2 mm AMPPNP, and crystals
were obtained in 0.5 M (NH,),SO,, 0.1 M sodium citrate tribasic,
pH 5.6,and 0.8 M Li,SO, and cryo-protected with this condition
plus 20% glycerol. Seeding was again crucial to facilitate crystal
growth. The ADP-bound IP; 2-K crystals were obtained in
the same condition, except the protein was incubated previ-
ous to crystallization trials with 2 mm ADP. To obtain wild
type crystals in complex with Ins(3,4,5,6)P, and AMPPNP,
we have followed our protocol previously reported (27). In
this case, protein was incubated with 1 mm IP, plus 2 mm
AMPPNP, crystallized, and cryoprotected under the same

% The following nomenclature is used: stereoisomers and enantiomers of ino-
sitol phosphates are numbered according to the p-assignment, thus b-
and L-Ins(1,4,5,6)P, are identified as Ins(1,4,56)P, and Ins(3,4,5,6)P,,
respectively.
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TABLE 1
Crystal data collection, structure determination, and refinement
Data for the outermost shell are given in parentheses. a.u. means asymmetric units.

Crystal W129A W129A/AMPPNP W129A/ADP 1P, 2-K/AMPPNP/IP,
Data collection
Space group P2,2,2 P2,2,2 P2,2,2 P2,2,2,
Cell 66.00 63.06 63.72 61.62
68.23 71.80 71.92 65.08
105.80 100.23 100.62 122.49
Wavelength 0.9794 A . 1.0053 A . 0.9334 A ) 0.9334 A .
Resolution range 474410225 A 53.37t0 2.05 A 39.49 to 2.50 A 57.47 to 2.93 A
Rpim” 0.028 (0.180) 0.04 (0.158) 0.054 (0.204) 0.059 (0.161)
Rmerge” 0.072 (0.517) 0.098 (0.398) 0.105 (0.407) 0.146 (0.394)
Unique reflections 24,181 (3488) 29,280 (4191) 16,575 (2370) 77,497 (10881)
Redundancy 7.3(7.4) 7.1(7.3) 4.6 (4.8) 7.0 (6.9)
Completeness 99.6% (100%) 100% (100%) 99.8% (100.0%) 100.0% (100.0%)
Mean (I/al) 15.4(3.8) 15.0 (4.9) 10.1 (3.6) 13.4(4.9)
1/a(1) 6.1 (1.5) 5.5(1.9) 5.4 (1.9) 4.9 (1.9)
Wilson B value 47.4 A? 22.0 A? 39.7 A2 39.2 A2
Refinement statistics
Molecules per a.u. 1 . 1 . 1 ) 1 .
Resolution range 47.44t02.25 A 53.37 to 2.05 A 39.49 to 2.50 A 57.47 t0 2.93 A
Rfactor® 0.24% 0.20% 0.22% 0.22%
Rfree 0.28% 0.25% 0.28% 0.28%
Protein atoms (non-H) 3151 3458 3391 3260
Ligand atoms (non-H) IP,, IP, 0 31 27 59
AMPPNP, ADP
2+
Ions SO; ~ , Zn** 21 26 31 1
Waters 74 324 66 0
rm.s.d. ) ) ) .
Bonds 0.009 A 0.008 A 0.005 A 0.005 A
Angles 1.69° 1.69° 1.04° 1.06°
Mean B value ) ) ) .
Protein 59.27 A? 24.15 A 41.10 A? 29.05 A?
Ligands NA“ 19.10 32.15 18.34
Waters 30.79 30.45 32.07 NA
Missing residues 1-2,47-60, 152-161, 334-341, 386, 434—451 158,159, 334-336, 47-58, 155-158,
382-387, 434-451 386, 434-451 378-386, 437-451
Ramachandran data
Most favored 92.5% 91.2% 92.4% 92.3%
Disallowed 0.3% 0.5% 0.3% 0.3%

@ Rpim = S(L/(N — 1)) S|I ()i — AR)/SS (I(h)).

® Rmerge = 100 Sh3i|lh, i — (Ih)|/ShZilh, i, where the outer sum (/) is over the unique reflections and the inner sum (i) is over the set of independent observations of each

unique reflection.
¢ R-factor = 3, (|F,ps —
% NA means not applicable.

conditions as for the other wild type crystal complexes (24).
Diffraction data for all the crystals was collected using syn-
chrotron radiation from European Synchrotron Radiation
Facility (Grenoble, France). All the data were processed
using iMosflm (29) and merged with Scala (30) from the
CCP4 package (31). A summary of data collection statistics is
shown in Table 1.

Structure Solution and Refinement—All the structures were
solved by Molecular Replacement with Phaser program (32),
using as a search model our previous wild type structure (Pro-
tein Data Bank code 2xan) (24) and dividing the model in two
ensembles for the W129A mutant structures, as detailed previ-
ously (28). Several rounds of refinement with Refmac5 (33)
were alternated with model building with the program Coot
(34). Final refinement parameters are reported in Table 1. In
particular, the electron density maps of the W129A-IP, 2-K
crystal did not allow building of regions consisting of residues
4659 in hinge 1 and part of hinge 3, whereas the W129A-IP,
2-K-nucleotide complex density maps allowed almost com-
plete building of the model. The average B-factors of both crys-
tals show significant differences, which is coherent with a high
flexibility in the open form of the free enzyme, and the stabili-
zation exerted by AMPPNP binding. The ADP-bound crystals
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Fao/Z|E bl (Rfree is equivalent to R-factor for a randomly selected 5% subset of reflections not used in structure refinement).

present higher B-factors, revealing the importance of Py in the
stabilization. Stereochemistry of the model was checked using
PROCHECK (35). Protein pictures were performed with
PyMOL (36). Protein motion along IP, 2-K different states has
been analyzed manually and automatically using DymDOM
server (37).

Mutant Production and Purification—The mutants was
performed using the QuikChange protocol, employing the follow-
ing pairs of oligonucleotides: 5'-GATTCGTATACAGAAGG-
CTGCGAGGAATGATAAAGCAATC-3" and 5'-GATTGCT-
TTATCATTCCTCGCAGCCTTCTGTATACGAATC-3" for
R45A mutation; 5'-CGTCCGCTAGCGCGTGTTAATGC-3’
and 5'-GCATTAACACGCGCTAGCGGACG-3’ for W129A
mutation; 5'-CGTCCGCTAGTGGCTGTTAATGC-3" and 5'-
GCATTAACAGCCACTAGCGGACG-3' for W129V/R130A
mutation; 5'-CGTCCGCTATGGGCTGTTAATGC-3’ and
5'-GCAGGCGATACCGCACAATTACG-3' for R130A muta-
tion; and 5'-CCCGGTGCTACCACCCCCTAATATGAGA-
GAACC-3' and 5'-GGGGGTGGTAGCACCGGGAGAACC-
AGCCCC-3' for AS253/AE255 deletions. Previous construc-
tion of wild type fused to lectin from Letiporus sulphureus was
used as template (24). The incorporation of the mutations was
assessed by DNA sequencing. Mutants were grown in E. coli
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Rosetta (DE3) pLysS strain as wild type protein. Cell pellets
were resuspended in buffer A (20 mMm Tris, pH 8.0, 150 mMm
NaCl, 2 mMm DTT plus a Complete EDTA free protease inhibitor
mixture (Roche Applied Science)) and disrupted with a French
press. The filtrated cell lysate was applied onto a Sepharose
CL-4B column equilibrated previously with buffer A, and the
protein was eluted with buffer A plus 200 mm lactose. Protein-
containing fractions were pooled and diluted 3-fold with 20 mm
Tris, pH 8, to reduce the salt concentration, loaded onto a hep-
arin column, washed with buffer B (20 mm Tris, pH 8, 50 mm
NaCl, 2 mm DTT), and eluted with a gradient between buffer
B and C (20 mm Tris, pH 8, 1 M NaCl, 2 mm DTT). The eluted
fused protein was cleaved by tobacco etch virus protease
(protease/protein mass ratio 1:80), shaking the sample
gently at 4 °C overnight. To remove the lectin of L. sulphu-
reus tag, we used another Sepharose CL-4B column. Mutants
were concentrated between 0.5 and 1 mg/ml and stored at
—80 °C until use.

Enzyme Assays—Kinase assays were performed in 0.2-ml vol-
umes on a Molecular Devices SpectraMax M5 Plate reader
using an assay similar to that described previously (38, 39). The
assay mixture contained 20 mm Hepes, pH 7.5, 1 mm MgCl,, 0.1
mM ATP, 2 mm P-enolpyruvate, 0.15 mm NADH and 7.5 units
ml ™' lactate dehydrogenase, 15 units ml~" PK, 5 uMm inositol
phosphate. Reactions were started by addition of the above
assay mixture to enzyme and 100 or 500 ng of native protein or
mutant as specified in the text. Assays were run for 15 min at
25 °C and initial linear rate measurements (AOD min ') were
determined using the SoftMax Pro software of the plate reader:
initial rates were linear for 3—9 min. Assays were typically per-
formed with 4 -5 replicate wells and were repeated no less than
three times.

Kinetic Analysis of Native and WI129A Mutant—Kinase
assays were performed with 100 ng of native or W129A protein
and 0.3-10 uM Ins(1,3,4,5,6)P5. Assays were performed with
4-5 replicate wells and repeated three times. K, ,,, and
Vinax, app Values were determined by nonlinear least squares
regression of a plot of V,,, versus substrate concentration fitted
to the Michaelis-Menten equation in GraFit Version 5 (Eritha-
cus Software Ltd.).

Fluorescence Assays—Substrate binding to native and
W129A protein was followed at 25 °C by monitoring changes in
intrinsic fluorescence recorded with an excitation wavelength
of 295 nm, bandwidth 5 nm, and emission from 310 to 380 nm,
bandwidth 10 nm, on a Cary Eclipse fluorescence spectrometer.
The photomultiplier voltage was set to 800 V. Protein (14.5 ug)
was suspended in 1 ml of 20 mm Hepes, pH 7.5, 1 mm MgCl, in
a 10 X 3-mm cuvette. Inositol 1,3,4,5,6-pentakisphosphate or
AMPPNP was added from 0.1 and 5 mm stocks, respectively.
The total volume of ligand added was less than 1% of the sample
volume. Data were exported in GraFit Version 5 (Erithacus
Software Ltd.). Plots of fractional change in fluorescence (F, —
F)/F, versus ligand concentration, determined at 335 nm) were
analyzed by nonlinear least squares regression to a single site
binding model in GraFit Version 5. Experiments were repeated
three times.

29240 JOURNAL OF BIOLOGICAL CHEMISTRY

RESULTS

Structure of IPs 2-K Apo-form Represents the Open
Conformation—Previously reported IP; 2-K inositide-bound
structures, with or without bound nucleotide, show a common
conformation that leaves a hollow for ATP binding formed
between the N-lobe and C-lobe. The inositide is mainly bound
to the C-lobe (at the unique region named C,,-lobe), but it also
binds to a few N-lobe residues bringing together both lobes
(Fig. 1A). We will refer to this state as “closed” or “inositide-
bound” form. In this form, the 8- and - phosphates of the ATP
are linked to the G-loop (Glu'®*~Asn?"), a feature common to
PKs, and the active site is enclosed by residues from the struc-
tural elements a6 (Leu'**~Ala'??) and L3 (Gly*>'-Ser®®") that
interact forming a kind of clasp (Fig. 14, zoom). Because the
clasp seems to preclude the nucleotide from entering/leaving
the active site, we suspected that the clasp elements might be
unconnected in a putative open conformation, and therefore,
we expected that L3 would present high mobility. Accordingly,
the IP; 2-K'IP; crystal complex showed some disorder at L3
(Protein Data Bank code 2xao). Moreover, AtIP; 2-K exhibits
changes in gel filtration elution profile (data not shown) and in
tryptophan intrinsic fluorescence (see below) upon substrate
binding, indicative of structural changes, which in turn could
arise from changes in the environment of Trp'*°. We have
therefore undertaken an in-depth study of the clasp role
through characterization of several IP; 2-K mutants (W129A,
W129V/R130A, R130A, and AS253/AE255) (Table 2). One of
these fully active mutants, W129A, allowed us to obtain crystals
from the enzyme in its apo-form, i.e. in its unbound state. The
crystals obtained present a different unit cell, space group, and
crystal packing than the inositide-bound structures (Table 1)
(28).

The W129A IP, 2-K structure shows a similar overall fold to
that reported previously for the enzyme, but the N-lobe and
C-lobe are farther apart from each other forming a more open
cleft (Fig. 1B). We will refer to this form as “open form” or
“apo-form.” Superposition of Cas from open and closed (24)
conformations gives an r.m.s.d. of 2.50 A; however, a close
inspection reveals that there is a significant motion of two inde-
pendent portions of the protein (Fig. 1C) as follows: one is
formed by most of the N-lobe, which includes residues 6 —42
and 103-148 (r.m.s.d. of 1.27 A superposing 81 residues from
each state); and the other is composed of a segment of the
N-lobe previously referred to as N-I (24) that includes residues
63-102, and the whole C-lobe (r.m.s.d. of 0.87 A for 302 resi-
dues). This motion upon substrate binding can be described as
an 18.4° rotation of one portion of the enzyme, which pivots
about three regions of the polypeptidic chain acting as hinges;
two of them are the two segments that connect N-I to the
remaining part of the N-lobe (hinge 1, 42—63; hinge 2, 102—
103) and the third one is the linker between N- and C-lobe
(hinge 3: 148-159), a typical hinge common to the family of
PKs (Fig. 1C). As expected, these hinges are the most disordered
parts in the electron density reflecting its intrinsic flexibility.
Apart from this general rigid-body movement, local changes
occur particularly at a6 and L3 segments (Fig. 1C, and bottom
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Cip-lobe

R192

FIGURE 1. Structure of IP5 2-K open form versus closed form. A, P 2-K closed form structure, IP5 2-K complex with ADP and IP4. The N-lobe and C-lobe are
shown as blue and light blue schematics, respectively. The Cp-lobe is shown as surface representation. ADP and IP4 are shown as orange and green spheres,
respectively. Disordered loops are shown as dashed lines. The key elements that close the active site (G-loop, a6, and L3) are shown in purple-blue. On the top
right, azoom of the above elements is shown, showing a detail of the interaction between a6 (N-lobe) and L3 (C-lobe). This interaction forms a clasp, joining
both lobes and closing the active site. B, schematic representation of IP; 2-K open form as seen in the W129A mutant structure. The N-lobe and C-lobe are
represented as dark and light red colors. The Cp-lobe is highlighted with surface representation. Elements involved in covering the active site in the closed form
are pointed out and are highlighted in orange color. Three sulfate molecules are represented as green surface. Disordered loops are shown as dashed lines.
G, superposition of IPs 2-K open (red colors) and closed (blue colors) forms. The conformational changes upon inositide binding are well illustrated when
superposing a region containing the C-lobe and segment N-I (shown as transparent schematics). In this superposition, a movement of a large portion of N-lobe
is highlighted. Substrates in the closed form are shown as violet transparent surface, and sulfate ions observed in the open form are shown as green surface. The
three hinges of the structure are also marked. The top right panel zooms the N-lobes of both forms, where the two regions can be appreciated as follows: a
nonrotated (transparent) and a rotated region (solid), both being connected by hinges | and Il. The bottom right panel shows a superposition of the rotated
regions within the N-lobe (residues 6-42 and 103-148 from N-lobe) showing that additional local changes occur upon inositide binding, mainly at a6.
D, inositide-binding site differences in open (red) and closed (blue) forms. The superposition made is similar to C. Both N-lobes are shown as schematic
representation and the C-lobe as a transparent surface. The inositide ligands are shown as stick representation. No major variation is found in the C-lobe
residues involved in inositide binding, and the N-lobe residues are farther apart in the open form, revealing that the inositide site is not fully formed in the open
form. ADP and IP4 in the complex are shown as white sticks, and the three sulfate moieties of open form are shown as green sticks. The G-loop is also involved
in inositide binding but is not shown for clarity.

zoom), and their conformation is dependent on the clasp
formation.

this site is not fully created in the open form because the N-lobe
is too far away to accomplish inositide recognition. This recog-

A detailed comparison of open and closed IP; 2-K forms
reveals that the C;-lobe pocket remains unaltered upon inosit-
ide binding (Fig. 1D). Therefore, we can assume that the major
inositide-binding site is preformed in the apo-form. However,
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nition involves interactions with the side chain of residues

Arg* and Arg"®® and the main chain of the G-loop (Fig. 1D).
A last interesting feature is the presence of three sulfate ions

in the crystal at positions similar to those occupied by Py (ATP)
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TABLE 2

Activity of wild type and mutant IP5 2-K toward Ins(1,3,4,5,6)P;

Assays were performed at 4 um IP;, 100 um ATP. Results obtained from initial rate
measurements are expressed relative to the activity of wild type enzyme assayed on
the same microplate, mean & S.D. of three experiments with 45 replicate mea-
surements per experiment.

Mean S.D.
Wild-type 100
R45A 58 10
W129A 121 11
W129V/R130A 21 11
R130A 16 9
ASer®**/AGlu*® 327 36

and by P1 and P6 (inositide), as found in the IP; 2-K ternary
complex structure (Fig 1, Band D). These sulfate moieties, pres-
ent in the crystal buffer, mimic the binding positions of the
substrate in the open form of IP, 2-K.

IP. 2-K Nucleotide-bound Structure Presents a Half-closed
Conformation—In our previous work, we have reported the
structure of IP; 2-K ternary complexes with either substrates
(IP; + AMPPNP) or products (IP, + ADP) bound at the active
site (21, 24). The structure of these ternary (nucleotide +
inositide) complexes revealed a common conformation with
inositide-IP, 2-K binary complexes. However, the permanent
presence of the inositide in our crystals precluded the assess-
ment of specific conformational changes produced upon ATP
binding. A new full crystal screening allowed us to crystallize
W129A 1P, 2-K with the nucleotide (ATP or ADP) (28).
Although these crystals appeared in very different conditions
and show different cell parameters with respect to the apo-
form, they present the same space group and crystal packing.
Superposition of the nucleotide-bound coordinates to those
corresponding to the open and closed conformations of IP5 2-K
shows that the enzyme is in an intermediate state somewhere
between the apo-form (r.m.s.d. = 1.47 A) and the closed form
adopted by the ternary complex (r.m.s.d. = 1.71 A) (Fig. 24).
Therefore, IP; 2-K reaches a half-closed conformation upon
ATP binding that corresponds to a 10° rotation of the same
portion of the N-lobe described above. We refer to this form as
the “nucleotide-bound” or “half-closed” form. The ATP-bind-
ing site formed is essentially the same as that found in the ter-
nary complexes, with only two significant differences as fol-
lows. First, in the absence of inositide there is no evidence of
Mg>" binding in the electron density map. This could be due to
the different lobes of orientation in this form, which conforms a
Mg>"-binding site slightly distorted as compared with that
observed in the closed form. Second, a small tiltin ATP position
is observed upon inositide binding with a better fit of the nucle-
otide into a slightly more closed pocket in the ternary complex
(Fig. 2B). Despite this, the nucleotide pocket formed conserves
all the essential features of the nucleotide recognition by the
protein kinase superfamily, revealing that this conformation is
physiologically relevant. In contrast, the C,,-lobe remains unal-
tered upon nucleotide binding, and the N-lobe, although closer,
is still too far away to complete the inositide-binding site; con-
sequently, the clasp observed in the closed-form is not formed.

In the half-closed form that we obtained with nucleotide,
sulfate ions were found bound in similar positions to that occu-
pied in the closed form by inositide phosphates P1, P6, and P5
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(Fig. 2A). These sulfates putatively mimic the binding of inosit-
ide in this half-closed form. Finally, unlike what was observed in
the open and closed conformations, hinge 1 and hinge 3 are
ordered in this form.

Snapshots of the Conformational Changes—The crystal
structures of the two IP 2-K states here reported, together with
our previous work (24), provide more detail of the enzymatic
mechanism. Our experimental results reveal essential struc-
tural motions associated with nucleotide and inositide binding
that not only involve a large movement of two protein portions
as rigid bodies but also local changes on the clasp region (Fig. 3).
As predicted before, the clasp is fully formed only in the closed
state by interaction of L3 (from the C-lobe) and a6 (from the
N-lobe), through Trp*?°~Glu®*® and Arg'3*°~Gly*** links (Fig.
3A, right). The formation of this clasp requires the rupture of
the Glu?**~Lys?°® ion pair that links L3 to the C,;, lobe, in both
the open and nucleotide-bound conformations (Fig. 34, left and
middle panels). This breakage releases L3 to act as the “lid” that
closes the pocket upon inositide binding. The conformation of
both a6 and L3 changes significantly among the different struc-
tural states of IP; 2-K (Fig. 34). In fact, the segment a6 is not
structured in the open conformation; the helix is fully formed
only in the closed state. In addition, L3 is rearranged in the
closed state, taking an extended conformation formed by a new
pattern of interactions with IP, 2-K residues of loop Thr***—
Asn**? (L2), where the conserved **”QNN motif is located (Fig.
3B). Thus, the interaction Asn***~Arg®*! observed in the open
and half-closed conformation is broken leaving L2 able to inter-
act with L3 through GIn**’-Thr**” and Asn***-Ser**® links.
Consequently, most of the structural changes observed in IP;
2-K are due to inositide binding, but it is worth mentioning that
in the nucleotide-bound form the clasp seems partially created
through interaction of Arg'*°(a6) and Gly***(L3).

Clasp Role—As shown in Table 2, we have measured the
activity of several IP; 2-K mutants of clasp-contributing resi-
dues to assess their contribution to the enzymatic mechanism.
Assays were performed by a coupled enzyme assay allowing
steady-state measurements. In particular, we have analyzed the
effect of single and double substitutions in a6 key residues
(W129A, R130A, and W129V/R130A) and deletions in L3
(ASer?*®/AGlu®). First, the activity of the W129A mutant is
uncompromised leading to the conclusion that Trp'*® partici-
pation in clasp formation is not critical for enzyme activity. It is
worth noting that the bond formed by Trp*?? in the clasp is not
the unique determinant for the clasp formation. Second, muta-
tion of Arg'®° results in more than 6-fold decreased activity
toward Ins(1,3,4,5,6)P; and toward other substrates (see
below), and the double mutation W129V/R130A results also in
a 5-fold reduced activity, a fact that could be ascribed mainly to
the Arg"*® mutation. Arg'*® is involved in both clasp formation
and inositide binding through P1 (Figs. 1D and 5); therefore, its
contribution may be more critical for enzyme function. Finally,
shortening of L3 by two residues (ASer*>*>/AGlu**®) results in
an IP; 2-K mutant 3-fold more active that the native form.
Modeling this shorter loop in the IP; 2-K structure suggests
that deletion of these two residues precludes clasp formation.
We suggest that the increased activity may be attributed to an
improved kinetics of the enzyme, perhaps through removal of
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FIGURE 2. Conformational changes upon nucleotide binding. A, comparison of the three IP; 2-K obtained conformations (open, half-closed, and closed
forms). The superposition has been made on the C-lobes and segment N-I as before. The IP; 2-K nucleotide-bound form is shown as orange (N-lobe) and
white (C-lobe) schematics. The nucleotide and the sulfate moieties found in this form are shown as transparent violet surface and green surface,
respectively. As the C-lobes superpose very well in the three cases, only the rotated N-lobe region and L3 have been shown for the open (red) and closed
(blue) forms. This picture highlights the sequential structural changes upon nucleotide and inositide binding, as well as the clasp elements variation.
B, comparison between the nucleotide-binding site as shown in the half-closed (orange) and closed (blue) forms. The superposition has been made by
matching the ATP molecules. The ATP-binding site is very similar in both structures, although it is more constrained in the closed form. Magnesium

found in the closed form is shown as red sphere.

the lid, that would decrease the energetic barrier of the process,
for instance through a more favorable release of products.

As mentioned above, we have shown that W129A-IP, 2-K
retains as much activity as the native enzyme (Table 2). We
have performed kinetic measurements for native and W129A
IP; 2-K (Fig. 4 and Table 3). Our results show that, although
there are no dramatic changes, the native IP; 2-K presents
~3-fold greater affinity for the inositide substrate (K,,, ,,,3.7 *
1.0 M) than the mutated enzyme (13.7 * 3.0 um). However,
Vinax, app Of W129A mutant (0.95 + 0.16 wmol min~ " mg™') is
2-fold higher than that of the native enzyme (0.54 = 0.07 wmol
min~ ' mg ™), telling us that the mutant is more efficient. The
removal of the Trp*?® side chain probably affects the inositide
binding pocket formation, as it is next to Arg">°. In turn, Trp***
removal likely weakens clasp formation producing a more effi-
cient enzyme, which correlates with our previous suggestion
that lid removal could be favoring the product release.

Role of the N-lobe in Inositide Binding and Specificity—Ino-
sitol 1,3,4,5,6-pentakisphosphate is bound to the N-lobe
through phosphates P1 (Arg'*®) and P3 (Arg*® and G-loop
main chain) (Fig. 1D). To assess the importance of P1 and P3 to
inositide binding and ensuing conformational change, we made
several attempts to crystallize IP, 2-K in presence of the enan-
tiomers Ins(3,4,5,6)P, and Ins(1,4,5,6)P,, which are expected to
bind in the same orientation as Ins(1,3,4,5,6)P. The presence of
a plane of symmetry along the C2-C5 axis of Ins(1,3,4,5,6)P5
allows, in comparison with the two IP,s, an assessment of the
contribution of residues coordinating the enantiotopic 1- and
3-phosphates.

We obtained crystals of IP; 2-K in ternary complex with
Ins(3,4,5,6)P, and AMPPNP. These crystals turned out to be
similar to the previously solved ternary complexes and binary
complexes of IP 2-K and inositide (r.m.s.d.. 0.425 A) (24) and
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confirm that Ins(3,4,5,6)P, binds in the same orientation as
Ins(1,3,4,5,6)P (Fig. 5). The most interesting feature of the new
ternary complex is that Arg'® is perfectly oriented to poten-
tially bind the absent P1, and it maintains interaction with L3
forming the clasp as in IP;-bound structures. This result sug-
gests that Arg'® participation in P1 binding and clasp forma-
tion represents two separate facets of IP; 2-K function. As men-
tioned before, the R130A mutant presents reduced but
significant IP; 2-K activity, suggesting that although Arg'®° is
an important residue, it is not essential for catalysis. In parallel,
as we were unsuccessful in attempts to grow crystals in the
presence of inositide lacking P3 (Ins(1,4,5,6)P,), we have gen-
erated an R45A [P 2-K mutant to remove one of P3 binding
residues (Figs. 1D and 5). The fact that R45A retains apprecia-
ble activity against Ins(1,3,4,5,6)P; suggests that Arg®®, al-
though not essential, makes some contribution to inositide
binding. As P3 of both Ins(1,3,4,5,6)P; and Ins(3,4,5,6)P, are
bound to the protein G-loop, it seems likely that the G-loop
plays a main role in inositide binding and in subsequent con-
formational changes.

Because there remains conjecture concerning the relative
contribution of different pathways to IP, synthesis in plants
(19), and because Ins(1,4,5,6)P, and Ins(3,4,5,6)P, have been
reported to be substrates in vitro of plant enzymes (6, 18), we
have compared the activity of IP, 2-K toward Ins(1,4,5,6)P, and
Ins(3,4,5,6)P, for native protein and for a range of mutants in
N-lobe residues. Our assays were performed at a fixed concen-
tration of inositol phosphate (5 um) and ATP (100 um) (Table
4).1Ins(3,4,5,6)P, and Ins(1,4,5,6)P,, are equally active substrates
for IP; 2-K. The ratio of activity against Ins(1,4,5,6)P,/
Ins(3,4,5,6)P, is increased significantly by the R45A mutation
and reduced slightly by W129A mutation. However, and
remarkably, substitution involving Arg'*® (R130A) increase
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A

half-closed form closed form

open form

FIGURE 3. Snapshots of the different IP, 2-K conformations. A, sequential view of IP; 2-K active site structure in open (red), half-closed (orange), and closed
(blue) forms. The N-and C-lobes are distinguished by different color shades. The key protein elements that cover the active site and that change conformations
between the different forms (G-loop, L3, a6) are highlighted in green. Interactions for clasp formation in the closed form as well as the singular intramolecular
ion pair (Asp?>>-Lys?°) in open and half-closed forms are highlighted. Sulfate moieties are shown as green sticks. B, IP 2-K active site along its different forms
represented as sticks and following the code colors of A. Specific interactions formed and broken upon nucleotide and inositide binding are shown. Sulfates

and substrates are shown as black sticks, highlighting phosphates and sulfate atoms as blue spheres.

markedly the discrimination of the enzyme in favor of
Ins(3,4,5,6)P,. These results highlight the importance of Arg"*°
in P1 binding. We are not aware of other structure-based stud-
ies of discrimination between enantiomeric substrates in inosi-
tol phosphate kinases.

Intrinsic Fluorescence Decreases upon Substrate Binding—The
new structures that we have obtained provide description of con-
formational changes consequent upon ligand binding. We have
undertaken ligand binding analysis of native and W129A mutants
by fluorescence. For this purpose, we titrated Ins(1,3,4,5,6)P sub-
strate and recorded changes in intrinsic tryptophan fluorescence,
exciting at 295 nm to limit fluorescence to tryptophan residues.
We performed similar experiments titrating the nucleotide analog
AMPPNP. Before performing substrate/analog titrations, we
undertook Stern-Volmer analysis of quenching of tryptophan
fluorescence with iodide as the quencher. The linearity of the
unmodified Stern-Volmer plot and the y axis intercept of 1.03 for
native and 1.02 for W129A (data not shown) indicate that the tryp-
tophan residues of native and W129A protein are all accessible to
the quenching agent. We also assessed the temperature depen-
dence of fluorescence quenching by iodide. The increased gradient
and linearity of the plot at higher temperature indicate that the
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quenching process is collisional. These data are compatible with all
tryptophans solvent-exposed in native and W129A protein. 1P
2-K has a total of four tryptophan residues among which two of
them are on protein surface but partially buried in an hydrophobic
pocket (Trp*® and Trp®®), although the other two are totally
exposed (Trp*®® and Trp®*'). More precisely, Trp"*® would
change its conformation from a partially exposed (closed form) to
a completely exposed (open form, mutated by Ala) upon binding.

Incremental addition of Ins(1,3,4,5,6)P; yielded a saturating
decrease in fluorescence for both native and W129A 1P, 2-K
(Fig. 6, A and B). Although it is clear that the decrease in fluo-
rescence for the W129A mutant arises from residues other than
tryptophan Trp'?, that for native protein additionally includes
Trp'?®. Fluorescence decreases in both cases are moderate.
Assuming that Trp®®!, permanently solvent-exposed, is not a
main contributor, the moderate changes are in concordance
with slight distortions produced in Trp'® and Trp®® pockets
upon inositide binding observed in the crystals. Plots of frac-
tional change in fluorescence versus ligand such as that shown
for native protein (Fig. 6C) yielded K, values for Ins(1,3,4,5,6)P
of 0.35 = 0.12 um for native protein and 0.42 * 0.03 uMm
for W129A IP, 2-K. These data show that binding of
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FIGURE 4. Kinetic analysis of IP 2-K. Enzyme activity was assayed by a cou-
pled enzyme assay. Titration of Ins(1,3,4,5,6)Ps yielded saturating increase in
enzyme activity of native (A) and W129A IP; 2-K (B). Progress of reaction
curves were fitted by nonlinear regression to the Michaelis-Menten equation.
The data in the text provide the mean = S.D. of kinetic parameters deter-
mined in three independent experiments with 4 to 5 replicate samples.

TABLE 3
Kinetic parameters of wild type and W129A IP; 2-K

Kinetic parameters were determined by nonlinear least squares fitting to the
Michaelis-Menten equation of plots of reaction velocity versus Ins(1,3,4,5,6)P; con-
centration, mean * S.D. of three experiments with 4 to 5 replicates per experiment.

Vinax app Ko, app
wmol/min/mg M
Wild type 0.54(0.07) 3.7 (1.0)
W129A 0.95 (0.16) 13.7 (3.0)

Ins(1,3,4,5,6)P; causes conformational change in IP; 2-K
(either wild type or mutant), a result consistent with differences
in conformation found between ligand-free and IP 2-K inosit-
ide-bound structures. Remarkably, the affinity for inositide is
similar in both proteins.

Titrations of AMPPNP also gave a saturating decrease in fluo-
rescence, again for both native and W129A 1P, 2-K (Fig. 6, D
and E). Plots of fractional change in fluorescence versus ligand
such as that shown for native protein (Fig. 6F) yielded K, 37 =
9 uM and 55 £ 2 um, respectively, for native and W129A pro-
tein. These structural changes reported by fluorescence upon
AMPPNP binding are in agreement with the crystallographic
differences in conformation between W129A IP, 2-K ligand-
free and in complex with the nucleotide. The affinities for the

AUGUST 24, 2012 +VOLUME 287 +NUMBER 35

FIGURE 5. IP5 2-K binary complex with AMPPNP and Ins(3,4,5,6)P,. The
N-lobe is shown in blue, the C-lobe in orange, and IP, as black sticks with
phosphates highlighted as slate spheres (AMPPNP is shown as transparent
sticks). The superposed IP; 2-K-AMPPNP-IP; complex (Protein Data Bank code
2xan) is shown as transparent white schematics and sticks. The inositide
ligands from the N-lobe are shown as blue sticks. All protein interactions with
inositide are retained with the exception of Arg'*°-P1 formed with IP5. How-
ever the position of Arg'*® is the same, and the interaction with L3 is con-
served in this complex.

TABLE 4

Relative activities of IP5 2-K mutants for enantiomeric Ins(1,4,5,6)P,
and Ins(3,4,5,6)P, substrates

Activities of mutants are expressed relative to the activity of wild-type enzyme
assayed on the same microplate. Results obtained from initial rate measurements
are also expressed as a ratio of enzyme activities against the enantiomeric substrates
Ins(1,4,5,6)P,/Ins(3,4,5,6)P,. Assays were performed at 5 um IP,, 100 um ATP. The
experiment has been repeated three times with similar results. A similar experiment
with a different batch of substrate yielded Ins(1,4,5,6)P,/Ins(3,4,5,6)P, ratios for
WT, 0.64 * 0.04; W129A, 0.58 * 0.03, and W129V/R130A4, 0.10 = 0.05.

Ins(1,4,5,6)P, Ins(3,4,5,6)P, Ratio
% of WT S.D. % of WT S.D. Mean S.D.
Wild type 100 100 0.99 0.15
R45A 179 23 135 8 1.31 0.17
W129A 75 7 97 15 0.77 0.12
R130A 17 7 59 5 0.28 0.07

nucleotide showed by the wild type and W129A IP. 2-K are
quite similar, although slightly decreased for the W129A pro-
tein. Because the clasp would not be properly formed in this
mutant, probably a less stable nucleotide complex is formed.

DISCUSSION

We have obtained different snapshots of IP; 2-K functional
states (Figs. 24 and 3) by x-ray crystallography. Each different
state is unequivocally correlated with binding of nucleotide or
inositide at the active site. Thus, the protein shows an open
conformation in the absence of substrates, a half-closed confor-
mation when bound to nucleotide, and as reported previously
(24), a closed conformation in the inositide-bound state. In
agreement with the crystal structures presented here, IP; 2-K
intrinsic fluorescence decreases upon nucleotide and inositide
binding (Fig. 6). We have predicted previously such conforma-
tional changes (24). Very recently, some experimental evidence
of these changes has been reported by partial proteolysis exper-
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FIGURE 6. Ligand binding to IP5 2-K. Titration of Ins(1,3,4,5,6)P; (A and B) or AMPPNP (D and E) yielded saturating decreases in intrinsic fluorescence of native
(Aand D) and W129A IP; 2-K (B and E). Arrows indicate the direction of change of fluorescence on incremental additions of ligand. Plots of fractional change in
fluorescence are shown for native protein versus Ins(1,3,4,5,6)P5 (C) and versus AMPPNP (F).

iments that show stabilization of some regions of IP; 2-K upon
inositide and nucleotide binding (40). This work shows that
high resolution analysis of the conformational events has been
possible by a single mutation (W129A) allowing description of
a complete picture of the different conformational states expe-
rienced by IP; 2-K throughout the substrate binding stages of
catalysis. The assumption that the W129A mutant is a mimic of
WT IP; 2-K is based on the experimental evidence presented
here. In addition, the W129A mutant presents similar protec-
tion from proteolysis in the presence of nucleotide and inositide
as wild type IP 2-K, as well as a similar band shift on native gels
in presence of IP (data not shown).

Inositide Alone Can Promote Closed Conformation and Clasp
Formation—An intriguing aspect from our studies is that
inositide is sufficient and necessary to trigger the closed con-
formation and complete the clasp formation, and it can do so
independently of ATP binding. We were able to crystallize IP
2-K with AMPPNP/Ins(3,4,5,6)P, in the closed form; however,
trials with AMPPNP/Ins(1,4,5,6)P, were unsuccessful. One
potential explanation of these observations is that the inositide
P3 coordination to Arg*® and/or the G-loop is essential to favor
the closed form upon inositide binding (Fig. 5). In fact, because
Arg® mutation does not significantly compromise enzyme
activity, we suggest that the G-loop may be the principal N-lobe
element for inositide binding and subsequent conformational
changes. In addition, the clasp is fully formed only in the closed
conformation. Mutation of clasp elements that would preclude
its formation yield active enzymes, suggesting that the clasp
formation is not essential for protein activity (Table 2). On the
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contrary, the clasp might be relevant for modulating protein
kinetics as suggested by enzymatic and kinetic measurements.
In conclusion, both events, domain closure and clasp forma-
tion, are coupled to inositide binding, and the G-loop could be
playing a direct role in the conformational changes. A main role
for a G-loop has been largely studied in protein kinases, where it
has been suggested that it is a regulatory flap above the ATP-
binding site showing great flexibility (41, 42).

In this closed form, the inositide blocks the nucleotide entrance/
exit to/from the active site. This suggests that the nucleotide might
bind first, producing a half-closed conformation, and the inositide
later completed the domain closure. Then the product release
should proceed in an inverse order, because the nucleotide is com-
pletely occluded in the inositide-bound form. The exit of ADP
could be the limiting step for IP; 2-K activity, as it has been
reported for PKs (43), because the motion to open the domains
and/or to undo the clasp is necessary for nucleotide release. These
suggestions are supported by the fact that clasp-affected mutants
as W129A or AS253/AE255 produce more efficient or active pro-
teins. Nevertheless, more work has to be done to confirm these
entire hypotheses about substrate binding order. We consider that
the capacity of inositide alone to trigger the closed conformation
could reflect its role as an enzyme inhibitor and therefore in regu-
lation of enzymatic activity. Several examples of similar proteins
being inhibited by its substrate/product can be found in the liter-
ature (44.—47).

Modulation of Enantiomeric IP, Preference of Plant IP.
2-Ks—The relative contribution of different pathways to IPg
synthesis in plants is the focus of much attention (18, 19). We
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have compared the activity of IP, 2-K toward Ins(1,4,5,6)P, and
Ins(3,4,5,6)P, for native protein and for a range of mutants,
because both enantiomers represent intermediates in disparate
pathways reported to proceed from inositol 1,4,5-trisphosphate
and inositol, respectively (19). Ins(1,4,5,6)P, is a product of
plant multikinase action against inositol 1,4,5-trisphosphate,
certainly in vitro (48, 49). AtIPK28, a multikinase, and A¢tIPK1
(IP; 2-K) contribute to IP, synthesis in Arabidopsis (18).
Ins(3,4,5,6)P, was identified in early studies of IP, synthesis in
duckweed (50). This isomer is a substrate of plant ATP-grasp
fold inositol tris/tetrakisphosphate kinases (20, 51-53), and
enzymes of this class contribute to IP, synthesis in maize (20).
We have shown using a coupled assay that Ins(3,4,5,6)P, and
Ins(1,4,5,6)P, are equally effective in vitro substrates for 1P
2-K, and we have now determined the role of Arg"*° and Arg*®
in the specification of substrate preference between enantio-
mers. We note that although Arg'*° is fully conserved across
kingdoms, Arg*® is not, and within plants the equivalent residue
is variable (6). Moreover, despite the elucidation of structures
of a variety of inositol phosphate kinases belonging to the ATP-
grasp fold and inositol polyphosphate kinase families, this is the
first study in which discrimination between enantiomeric sub-
strates has been investigated. Our choice of substrates,
although dictated by consideration of what is known of inositol
phosphate metabolism in plants, is of obvious relevance to ani-
mal inositol phosphate metabolism centered on the same enan-
tiomers. In addition, manipulation or inverting the enantio-
meric substrate preference and therefore enantiomeric product
production is of great interest from a chemical and a biotech-
nological point of view.

Singular Enzyme among the Inositide Kinase Family—The
structural features for all inositide kinase families have been
extensively studied to determine the structural determinants of
substrate specificity. Structures are available for different ino-
sitol phosphate kinases in the presence/absence of substrates
and products, providing data about structural changes pro-
duced upon binding of nucleotide and/or inositide. With
respect to the IPK family, to which IP, 2-K belongs, none of the
structures solved up to now (IP; 3-K (21, 22) and IPmK (23))
show significant structural changes upon nucleotide binding.
However, data upon inositide binding is only known for IP; 3-K,
for which a slight conformational change is described. This
change consists of an inositide site rearrangement achieved by a
protein intramolecular bridge breakage between the C-lobe
and IP-lobe (Arg**?—Asp®"*) leaving Arg*'? free to interact with
inositide. As seen in IP 2-K, a bond is also broken upon inosit-
ide binding (Lys>°°—Asp>®®) to leave Lys>° able to bind inosit-
ide. Nevertheless, the bridges in the two proteins are not struc-
turally related, and IP; 3-K does not present structurally
equivalent elements of L3 or a6. In any case, the conforma-
tional change produced in IP; 3-K is local, and it does not
involve large movements between domains as in IP; 2-K. A
member from the other family of inositol phosphate kinases,
those from ATP-grasp fold, also shows structural differences
upon inositide binding. In the recent published structure for
the pyrophosphate inositol-synthesizing enzyme PPIP5K (26),
the side chain of three large basic residues changes markedly
upon inositide binding, revealing a major reorganization in the
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FIGURE 7.1P5 2-K aC and C-lobe are coupled during domain motions. The
IP; 2-K N-lobes are shown as red (open form) and blue (closed form) schemat-
ics, respectively. The C-lobe is shown as surface representation. Element N-I
aC is squared. Glu® does not form a bridge with Arg*, unlike the situation in
PKs in active conformation. Glu®® maintains interaction with the C-lobe
through the motion. The residues involved are shown as sticks.

inositide-binding site configuration without involving back-
bone changes. In conclusion, this is the first time that such a
conformational change involving domain movements upon
inositide as well as nucleotide binding is shown for a member of
the inositol phosphate kinase family. However, we must not
ignore the fact that it has not yet been possible to crystallize
every inositol kinase and in all their different states. Thus, none
of the IP; Kisoforms structures are available at the moment and
neither are the IPmKs in the presence of inositide nor PPIP5K
in the absence of nucleotide. Consequently, the possibility of
undetermined conformational changes for these families of
enzymes cannot be precluded.

Comparison with Protein Kinases—A similar domain move-
ment has been reported for protein kinases (42, 54). In the most
studied PK (PKA), the nucleotide binding generates a closure
between both N- and C-lobes (43). In our previous work (24),
we reported that the distinctive bridge linking aC and the
N-lobe 33 in PKAs structures representing the active confor-
mation (Lys”>~Glu®') is not formed in IP; 2-K (Arg*°-Glu®®
equivalent residues); therefore, we suggested that the bridge is
not a hallmark for active conformation in IP; 2-Ks (Fig. 7). On
the contrary, interaction between aC and the C-lobe is retained
in both PKAs and IP; 2-Ks. Thus, in concordance with our
previous results, the IP. 2-K open and half-closed conforma-
tions also lack this bridge, and in the domain motion reported
here, the N-lobe region containing aC (N-I) is coupled with the
C-lobe (Fig. 7), whereas in PKA the motion from open to close
conformations keeps «C in contact with both lobes (43).

Conclusions—From our previous inositide-bound IP; 2-K
structure (closed form) and using a rational approach, we have
designed several IP 2-K mutations prone to yield an open protein
conformation. From a specific protein mutant, W129A, we have
conducted crystallization of IP; 2-K in an open, free of substrates,
and a half-closed nucleotide-bound conformation. Combining
this information with the known closed inositide-bound form, we
have provided a schematic view of the conformations adopted by
IP; 2-Kin the course of IP, synthesis. This is the first time that such
a conformational change is reported for an inositide kinase. More-
over, these changes explain all the experimental observations,
including fluorescence measurements, that pointed to a nucleo-
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tide- and inositide-induced conformational changes in IP; 2-K.
The different protein forms captured can be considered as a “bio-
logical mimic state,” proving mutagenesis to be a successful tool in
Protein Crystallography.

A general problem facing the protein kinase field is the
design of selective inhibitors, because all protein kinases bind
ATP in a very similar manner. In the case of inositol phosphate
kinases, we can use the inositide-binding site for design of spe-
cific inhibitors; however, a number of crucial inositide kinases
could be affected by similar molecules. To overcome this selec-
tivity problem and avoid off-target effects, an understanding of
the structural basis of substrate specificity and preference is
essential. Furthermore, a common approach is to exploit pro-
tein conformational changes to design specific inhibitors. In
this context, docking studies, which start from an ensemble of
different states, have been proven to be successful. The main
goals of this work were to provide new substrate recognition
features, as elements involved in enantiotopic phosphate dis-
crimination and structures of different protein conformational
states. These are valuable tools in the search for specific and
selective protein inhibitors with potential applications as bio-
logical tools for in vivo studies. The implications of IP; 2-K in
crucial cellular and developmental events have been already
proven; however, elaboration of protein inhibitors could help in
the determination of further roles for IP; 2-K in mammals.
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