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Structure of a Human Inositol 1,4,5-Trisphosphate
3-Kinase: Substrate Binding Reveals
Why It Is Not a Phosphoinositide 3-Kinase

which includes InsP6 kinases (IP6-Ks) (Saiardi et al., 1999;
Schell et al., 1999), InsP “multi-kinases” (IPmKs) (Chang
et al., 2002; Odom et al., 2000; Saiardi et al., 1999; Shears,
2004), and Ins(1,4,5)P3 3-kinases (IP3-3Ks) (Choi et al.,
1990; Communi et al., 1995; Dewaste et al., 2000; Irvine
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et al., 1986; Pattni and Banting, 2004). A second family,Hills Road
the Ins(1,3,4) 5/6-kinases (also known as Ins(3,4,5,6)P4Cambridge CB2 2QH
1-kinases), is also widespread, especially in plant ge-United Kingdom
nomes (Ho et al., 2002; Shears, 2004; Wilson and Maj-3 Department of Pharmacology
erus, 1996). The third family, the Ins(1,3,4,5,6)P5 2-kinases,University of Cambridge
appears to have fewer members, at least based on se-Tennis Court Road
quence homologies (Ives et al., 2000; Verbsky et al.,Cambridge CB2 1PD
2002; York et al., 1999). Sequence analyses suggest thatUnited Kingdom
Ins(1,3,4)P3 5/6-kinases belong to the ATP-grasp fold
family (Cheek et al., 2002), but no three-dimensional
structure has been reported for any InsP kinase.Summary

The IP3-3Ks are the most recent evolutionary branch
of the IPK family, since they are confined to metazoansMammalian cells produce a variety of inositol phos-
(Irvine and Schell, 2001; Pattni and Banting, 2004) andphates (InsPs), including Ins(1,4,5)P3 that serves both
appear to have evolved about the same time as Ins(1,4,5)P3as a second messenger and as a substrate for inositol
receptors. IP3-3Ks have an exquisite specificity forpolyphosphate kinases (IPKs), which further phos-
Ins(1,4,5)P3 as a substrate and phosphorylation of thephorylate it. We report the structure of an IPK, the
3-OH as the reaction (Bird et al., 1992; Irvine et al., 1986;human Ins(1,4,5)P3 3-kinase-A, both free and in com-
Morris et al., 1988). They have three potential functions.plexes with substrates and products. This enzyme cat-
(1) They catalyze the removal of Ins(1,4,5)P3, therebyalyzes transfer of a phosphate from ATP to the 3-OH
terminating the signal to release calcium from intracellu-of Ins(1,4,5)P3, and its X-ray crystal structure provides
lar stores. Genetic evidence in support of the physiologi-a template for understanding a broad family of InsP
cal importance of this function has come from targetedkinases. The catalytic domain consists of three lobes.
disruptions of the IP3-3K in C. elegans and the A isoformThe N and C lobes bind ATP and resemble protein and
in mice (Clandinin et al., 1998; Jun et al., 1998). (2) An-lipid kinases, despite insignificant sequence similar-
other function is to produce Ins(1,3,4,5)P4, which has aity. The third lobe binds inositol phosphate and is a
probable but presently unclear physiological functionunique four-helix insertion in the C lobe. This lobe em-
(Irvine and Schell, 2001). Support for the physiologicalbraces all of the phosphates of Ins(1,4,5)P3 in a positively
importance of Ins(1,3,4,5)P4 has come from mice lackingcharged pocket, explaining the enzyme’s substrate
the B isoform of IP3-3K, which are defective in T-lympho-specificity and its inability to phosphorylate PtdIns(4,5)P2,
cyte development (Pouillon et al., 2003; Wen et al., 2004).the membrane-resident analog of Ins(1,4,5)P3. This function might be mediated by GAP1IP4BP, a putative
Ins(1,3,4,5)P4 receptor (Cullen et al., 1995), highly ex-Introduction
pressed in T cells (Wen et al., 2004). (3) The third possible
function of IP3-3Ks is to serve as a starting point for the

Inositol phosphates (InsPs) are a highly diverse group
synthesis of all the other higher-phosphorylated inositol

of molecules, at least thirty of which occur in mammalian
phosphates in mammals, though there is evidence both

cells (for review see Irvine and Schell, 2001). With the for and against this (Balla et al., 1994; Irvine and Schell,
exception of the second messenger Ins(1,4,5)P3 (Ber- 2001; Shears, 2004).
ridge, 1993), the physiological functions of many InsPs There are three IP3-3Ks encoded by the human ge-
are as yet incompletely understood. Following its libera- nome, A, B and C (Communi et al., 1995; Dewaste et
tion from the lipid phosphatidylinositol 4,5-bisphos- al., 2003; Irvine and Schell, 2001; Pattni and Banting,
phate, Ins(1,4,5)P3 can be further metabolized to more 2004); they all have a similar C-terminal catalytic domain
highly phosphorylated InsPs, whose proposed functions that also shares common structural features with other
in cells are diverse and include roles in chemotaxis, IPKs, the IP6-Ks and IPmKs. In addition, animal IP3-3Ks
vesicular trafficking, channel regulation, cell prolifera- also have a conserved Ca2�/Calmodulin (CAM) binding
tion, and a variety of nuclear functions (Irvine and Schell, domain (Communi et al., 1995). By contrast, the N-ter-
2001). InsP synthesis occurs by sequential phosphoryla- minal regions of IP3-3Ks are highly divergent and govern
tions catalyzed by different InsP kinases, many of which cellular targeting (Dewaste et al., 2003; Pattni and Bant-
have been cloned. ing, 2004). Isoform A predominates in neurons and in

Based on sequence similarities, InsP kinases fall into testis (Mailleux et al., 1991; Yamada et al., 1992) and
three major families. The largest family is the inositol poly- is localized to dendritic spines by an association with
phosphate kinases (IPKs; PFAM accession PF03770), filamentous actin (Schell et al., 2001), consistent with

its probable contribution to memory functions (Jun et
al., 1998). Isoform B is expressed widely, and it is in the*Correspondence rlw@mrc-lmb.cam.ac.uk



Molecular Cell
690

Figure 1. The Overall Fold of IP3-3K Cata-
lytic Domain

(A) A ribbon diagram of IP3-3K in a complex
with Mn2�/AMPPNP/Ins(1,4,5)P3. The N lobe
is colored orange, the C lobe yellow, the IP
lobe purple, and the hinge green. The con-
served IDFG, GSSLL, and DxK motifs are col-
ored pink, cyan, and brown, respectively. This
and all other molecular illustrations were pre-
pared with PYMOL.
(B) A topology diagram of the catalytic do-
main. Helix �0N is ordered only in the absence
of substrates or products. The dashed arrow
indicates an additional strand that would be
characteristic of the N lobes of PKs.
(C) Ribbon diagrams of the catalytic domains
of PI3K� and PIPKII� with N and C lobes col-
ored as in (A).

cytosol and as well as associated with the endoplasmic However, neither of these have any close sequence simi-
larity with any InsP kinases. Here we describe the struc-reticulum and with actin (Pattni and Banting, 2004). Iso-

form C is also expressed in many tissues and is partly ture of the catalytic part of the A isoform of IP3-3K. Our
structures of the ternary complexes of this enzyme withnuclear (Dewaste et al., 2003; Nalaskowski et al., 2003);

it is activated by CAM to a lesser degree than the A or substrates (Mn2�/ATP analog/Ins(1,4,5)P3) and with prod-
ucts (Mn2�/ADP/Ins(1,3,4,5)P4) serve as a paradigm forB isoforms (Dewaste et al., 2000).

Three-dimensional structures have been determined all IP3-3K isoforms and provide a framework for under-
standing the substrate specificity and catalysis of thefor two types of inositol lipid kinases, the type IB phos-

phoinositide 3-kinase (PI3K�; Walker et al., 1999) and entire IPK family. The structure also suggests a model
for Ca2�/CAM activation.the type II� PtdInsP kinase (PIPKII�) (Rao et al., 1998).
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Figure 2. The Asymmetric Unit of the IP3-3K
Crystal Contains a Dimer, but the Construct
Is a Monomer in Solution

(A) A ribbon diagram of the IP3-3K dimer with
the dyad axis indicated.
(B) The average mass �M� of the IP3-3K as
a function of protein concentration as deter-
mined by analytical centrifugation (left) and
a plot of the residuals (A280 observed - A280

calculated) as a function of radius along the
cell.

Results and Discussion dered when substrates or products are bound. In the
apo-form, this N-terminal helix occupies much of the
volume of the ATP binding pocket (Figure 3D).IP3-3K Structure

We have determined the structure of the catalytic do- The C lobe is formed by residues 254-265 and 330-
461. It has an ��� fold where a five-stranded anti-paral-main of human IP3-3K A (residues 187 to 461) in the

apo-form and the holo-form (with either substrates or lel � sheet with a 5-4-1-2-3 strand order forms the core
of the lobe (Figure 1B). The �4C and �5C strands connectproducts in the active site). The kinase domain can be

divided into three subdomains, an ��� N-terminal sub- via a kink to the small two-stranded antiparallel � sheet,
consisting of �4�C and �5�C, that extends beyond the �domain that we will refer to as the N lobe, an ���

C-terminal subdomain that we will refer to as the C lobe sheet core. The five-stranded � sheet is stabilized by
the three � helices bracing the back of the lobe (�1Cand a third �-only subdomain (Figures 1A and 1B and

Supplemental Figure S1). The N and C lobes and the and �2C, which connect the �3C and �4C strands, and
the C-terminal �3C).hinge connecting them are involved primarily in binding

the nucleotide and metal co-factor, while the �-helical The IP binding lobe has a well-defined, independent
structure formed by a long insertion in the C lobe (resi-subdomain is involved in Ins(1,4,5)P3 binding and will

be referred to as the inositol phosphate (IP) binding lobe. dues 266-329). This lobe, consisting of four � helices
(�1I-�4I) forming a left-handed coil, emerges from the CThere are two molecules in the asymmetric unit of the

crystal that are related by a dyad axis (Figure 2). lobe and connects strands �1C and �2C. The IP binding
lobe interacts through its N-terminal portion with a sub-The N lobe comprises residues 187-253 and is formed

by four anti-parallel � strands (�1N to �4N) and one �-helix structure formed in the C lobe by �4�C and the elaborate
loop between �5�C and �3C. This substructure provides(�1N). The � sheet has a strand order 1-2-4-3, with �1N

forming a crossover connection between �2N and �3N a support to the IP binding lobe through several interac-
tions, including a salt bridge between Arg279 and Glu437.(Figure 1B). The N-terminal residues form a small �0N

helix in the apo-form (residues 187-196) that is disor- The IP lobe and the N-terminal residues of the construct
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Figure 3. Substrate Binding by IP3-3K

(A) A view of the active site showing the ATP analog and Ins(1,4,5)P3 bound to the enzyme. The subdomains and motifs are colored as in
Figure 1. Side chains interacting with the ligands are shown as sticks and ligand-bound water molecules as white spheres.
(B) A schematic of the interactions with the ligands made with LIGPLOT.
(C) A surface illustration of the IP3-3K catalytic domain colored by electrostatic potential with negatively charged regions red and positive
blue. The bound AMPPNP is shown as green sticks and the Ins(1,4,5)P3 as yellow sticks.
(D) A close-up of the ATP binding pocket in the presence of AMPPNP (left) and in its absence (right), showing Trp188 and His194 from the
putative auto-inhibitory region mimicking the interactions formed by ATP.
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are the most flexible portions of the enzyme, judging deleterious to proper folding of the enzyme. Moreover,
this residue is not conserved in all IP3-3Ks.from the temperature factors. The IP binding lobe is

partially disordered in one of the two molecules in the
asymmetric unit (Figure 2A). InsP Binding

The dimer in the asymmetric unit is formed by 2-fold Previous structural studies of phosphoinositide kinases
symmetric contacts that include strand �3C, the �2C-�3C did not provide direct information about inositide bind-
loop and helix �2I (Figure 2A). The dimer interface buries ing due to difficulties of crystallizing the kinases with
1433 Å2 of surface area and involves 22 hydrogen bonds. lipid or soluble substrate analogs (Rao et al., 1998;
Nevertheless, analytical ultracentrifugation shows that Walker et al., 1999). The crystal structures of the sub-
the construct crystallized is a monomer in solution (Fig- strate and product complexes of IP3-3K offer the first
ure 2B). view of inositide binding to a kinase. The other Ins(1,4,5)P3

binding proteins with known structures, PH domains
Substrate Binding (Lemmon and Ferguson, 2001) and the Ins(1,4,5)P3-
Soaking experiments with native crystals have allowed receptor (Bosanac et al., 2002), do not share any struc-
us to determine the structures of ternary complexes with tural homology in the binding site.
substrates (Mn2�/AMPPNP/Ins(1,4,5)P3) and products The Ins(1,4,5)P3 is well ordered, and the extensive
(Mn2�/ADP/Ins(1,3,4,5)P4). Product complexes were ob- network of interactions with the enzyme (Figures 3A and
tained by either soaking crystals with products or by 3B) is consistent with the high affinity (Km 0.2-2 �M)
soaking crystals with substrates and forming the prod- and specificity that the enzyme shows for this substrate.
ucts in situ. Therefore, the construct crystallized has Most of the residues interacting directly with Ins(1,4,5)P3

kinase activity under the crystallization conditions. come from the IP binding lobe, especially helix �4I. Only
two residues outside the IP lobe (Lys264 and Lys419
from the C lobe) interact with the bound Ins(1,4,5)P3.ATP Binding

The ATP binding cleft is situated between the N and C At physiological pH, it has been determined that the
doubly ionized form of all three Ins(1,4,5)P3 phosphateslobes, with the adenine moiety hydrogen bonded to the

main chain of residues Gln249 and Leu251 (Figures 1A is important for interaction with IP3-3K, and this is con-
sistent with the interactions that we see in the structureand 3). The hydrophobic pocket for the adenine and

ribose is formed by residues from the hinge (Leu251 and (Yoshimura et al., 1999). The structure shows that a cluster
of basic residues provides a positively charged pocketLeu252) together with residues from the N lobe (Phe198)

and from the C lobe (Leu401 and Ile415, parts of the into which the Ins(1,4,5)P3 fits (Figure 3C). Met316 forms
a hydrophobic floor for this pocket against which thehighly conserved GSSLL401 and I415DFG motifs, respec-

tively). The ribose oxygens of the ATP are hydrogen face of the inositol ring packs.
The 1-phosphate interacts with Arg319, Tyr315, andbonded to the side chains of Lys336 and Asp262.

Asp262 is in the signature D262xK motif fully conserved a water that makes three interactions with the enzyme.
The importance of the 1-phosphate interactions is con-among members of the IPK family (Figures 1A and 3A).

However, a D262A mutant retains significant activity sistent with the observation that the R319D and R319A
mutations inactivate the enzyme (Table 2). The presence(Table 2), suggesting that this residue does not have a

major role in catalysis. The equivalent of Lys336 was of these interactions with the 1-phosphate and the orien-
tation of the 1-phosphate in the IP binding lobe explainsmutated to Gln in the chicken IP3-3K leading to an in-

crease in Km for ATP (Bertsch et al., 2000). The residues the observation that glycerophosphoryl-myo-inositol
4,5-bisphosphate (GroPIns(4,5)P2) is an extremely poorcoordinating the ATP phosphates are absolutely con-

served among the members of the IP3-3K family. Lys209 substrate (Bird et al., 1992). Modeling PtdIns(4,5)P2 in
the binding pocket suggests that the lipid moiety wouldfrom �2N is coordinated to the �- and �-phosphates

(Figure 3A). The strictly conserved Asp416 among IPKs make severe steric clashes with helix �2I. Crucially,
these interactions would preclude IP3-3K from inter-(from the ID416FG motif) coordinates the � and � phos-

phates via the Mn2� co-factor. This aspartate seems to acting with phosphoinositides. The inability of IP3-3K to
generate PtdIns(3,4,5)P3 contrasts with the PtdIns(4,5)P2position the � phosphate for subsequent nucleophilic

attack by the 3-OH. The importance of these interactions 3-kinase activity of some IPmKs (see below).
The 4-phosphate interacts with Lys312 and Lys419,is seen in the complete loss of activity in the D416A

mutant (Table 2). Mutation of the analogous residue in while the 5-phosphate is coordinated by Arg285 and
Lys312. These interactions impart the Ins(1,4,5)P3 speci-the rat IP3-3K (D414Q) also led to inactive enzyme (Com-

muni et al., 1995). The coordination sphere of the metal ficity of the enzyme. Mutation of the equivalent of Lys312
in the chicken Ins(1,4,5)P3-3K greatly decreases the ap-also includes one ordered water molecule that is in turn

hydrogen-bonded to Ser 399, part of the conserved parent affinity of the enzyme for Ins(1,4,5)P3 (Bertsch et
al., 2000).GSS399LL motif that is required for enzymatic activity

(Dubois et al., 2002; Saiardi et al., 2001). The 3-OH, which serves as the phosphate acceptor,
interacts with Lys264 from the D262xK motif. In the prod-An earlier report had suggested that Lys199 was in-

volved in ATP binding based on results obtained with a uct complex, Ins(1,3,4,5)P4 makes the same interactions
as Ins(1,4,5)P3, except for an additional hydrogen bondK199I mutation (Communi et al., 1993). The structure

shows that Lys199 is not near the ATP binding site and between Lys264 and a non-bridging oxygen of the
3-phosphate (Supplemental Figure S2). Lys264 probablythe essentially wild-type activity of the K199A mutant

(Table 2) suggests that the effect of the K199I mutation neutralizes the negative charge developed as the phos-
phate transfers to the 3-OH. Mutagenesis of Lys264may have been due to this more drastic mutation being
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Table 1. Data Collection, Structure Determination, and Refinement Statistics

Data Collection and MAD Phasing Statistics

TMLA MAD Phasing Native Enzyme DataPeakc

Data set Peakc Inflectionc Apoenzyme Substrate Complex Product Complex

Resolution 1.80 Å 1.80 Å 1.80 Å 1.95 Å 1.94 Å
Completeness (last shell) 100.0 (99.9) 99.8 (99.9) 94.7 (84.22) 98.7 (99.9) 97.2 (98.2)
Rmerge

a (last shell) 0.10 (0.44) 0.077 (0.29) 0.083 (0.31) 0.065 (0.30) 0.052 (0.21)
Redundancy (last shell) 13.6 (13.0) 7.0 (6.6) 6.1 (5.9) 6.7 (4.9) 6.8 (6.3)
�I/�� (last shell) 21.3 (4.8) 14.6 (3.1) 4.9 (2.3) 7.1 (2.3) 8.5 (3.6)
Phasing statistics
Phasing power (iso)b NA 0.3
Phasing power (anom)b 1.4 0.7
Pb sites found 13
FOM after SHARP 0.32
FOM after SOLOMON 0.79
FOM after DM 0.94

Refinement Statistics

Data set Apoenzyme Substrate Complex Product Complex

Resolution (Number of reflections) 45.17-1.80 Å 48.80-1.95 Å 48.80-1.94 Å
(48647, no cutoff) (43968, no cutoff) (46068, no cutoff)

Protein atoms 4404 4164 4138
Waters 265 324 259
Rcryst

d 20.2 19.9 22.6
Rfree

d (% data used) 24.1 (5) 24.3 (5) 26.7 (5)
r.m.s.d. from idealitye

bonds/angles/dihedrals 0.021/1.655/6.589 0.016/1.586/6.554 0.019/1.751/6.946
Average B (Wilson B factor) 23 (28) 21 (29) 29 (28)
RMSD B for bonded main (side) 0.93 (2.88) 0.92 (2.37) 1.09 (2.64)

chain atoms

a Rmerge 	 
hkl
i|Ii(hkl) � �I(hkl)�|/
hkl
i Ii(hkl).
b The phasing power is defined as the ratio of the r.m.s. value of the heavy atom structure factor amplitudes to the r.m.s. value of the lack-
of-closure error.
c Data sets were collected at ESRF beamline ID14-4 at wavelengths 0.9492 Å and 0.9511 Å for the peak and inflection data sets, respectively.
d Rcryst and Rfree 	 
|Fobs � Fcalc|/
Fobs; Rfree calculated with the percentage of the data shown in parentheses.
e r.m.s. deviations for bond angles and lengths in regard to Engh and Huber parameters.

shows a complete loss of activity (Togashi et al., 1997), Several key features of the IP3-3K N lobe suggest
homology with PKs. There is a salt bridge betweenconsistent with this residue having a major role in cataly-

sis as suggested by the structure. Although the 2- and Lys209 at the end of �1N (equivalent to Lys72 in PKA)
and Glu215 in �1N (Glu91 in �C of PKA). The presence6-hydroxyls make no direct hydrogen bonds to the en-

zyme, the presence of Met316 and Met288 near the of this bridge is one of the hallmarks of an active confor-
mation of the PKs (Huse and Kuriyan, 2002). In addition,2- and 6-hydroxyls would prevent binding of inositol

phosphates phosphorylated at these positions. the above lysine coordinates the ATP phosphates in
both enzymes. In IP3-3K, there is a loop (Q190LAGHTG)
equivalent to the glycine-rich loop (G loop) of the PKs.Similarity to Protein and Lipid Kinases

A search with the DALI server identified lipid and protein This loop is disordered in the ATP bound crystal struc-
ture of IP3-3K, and high mobility for the G loop in PKskinases as having folds most similar to IP3-3K. The basic

elements of the protein kinases (PK) N lobes (Cheek et also has been previously reported (Madhusudan et al.,
1994). In the IP3-3K apo form, this loop connects �0Nal., 2002) are a five stranded anti-parallel � sheet and

an �-helix [�C in the cAMP-dependent protein kinase with �1N, instead two � strands as in PKs, and has
features that are unique for IP3-3K as discussed below.(PKA) nomenclature that will be used as a reference

for PKs] (Taylor and Radzio-Andzelm, 1994). IP3-3K has Analogous to the PKs, the N and C lobes are connected
by a hinge that forms part of the walls of the ATP bindingthese structural elements except that the N lobe has

helix �0N instead of an N-terminal � strand (Figure 1B) cavity and key interactions with the adenine base (Taylor
and Radzio-Andzelm, 1994).and that this region is disordered in the presence of

bound ATP or ADP. This difference between IP3-3K and The IP3-3K C lobe is notably different from PKs, al-
though a few key elements are conserved. The C lobe isPKs in the N lobe could be the consequence of this

N-terminal segment being involved in Ca2�/CAM activa- an ��� domain in both PKs and IP3-3K, but the principal
feature of this lobe in IP3-3K is a large � sheet. In con-tion of the enzyme (see below). Although the lack of a

� strand analogous to the first strand of the PK N lobe trast, the C lobes of PKs and phosphoinositide 3-kinase
are primarily �-helical (Figure 1C). At the heart of themight be an artifact of the N-terminal deletion that we

used, this construct has a catalytic activity as great as IP3-3K C lobe is a (�2/�4��4/�5�5�)C core analogous to
a conserved segment essential for ATP binding in thethe intact enzyme (Takazawa and Erneux, 1991).
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Table 2. Activities of IP3-3K Mutants

Mutant Activity (% wild-type)

W188A 44%
K199A 80%
D262A 14%
D262N 12%
R319D ND
R319A 0.5%
D416A ND

ND 	 no activity detected. Mutants were assayed as described
previously (Dewaste et al., 2000) at low (approx 4 nM) Ins(1,4,5)P3,
1 mM ATP, and at the same protein concentration as wild-type, or
additionally at 100� higher protein concentration for the last three
mutants. Assays were carried out using a construct containing the
calmodulin-binding domain and the catalytic domain (residues 157-
461). The data shown are representative of three independent exper-
iments and are the averages of duplicate measurements. More
quantitative kinetic characterization was prevented by Ins(1,4,5)P3

substrate inhibition, which was exhibited by the construct (data not
shown). This phenomenon has been reported for a truncated C
isoform (Nalaskowski et al., 2003), but not the full-length enzyme
(Dewaste et al., 2000). The construct used in generating the above
IP3-3K isoform A mutants was truncated in a place similar to one
used for the C isoform (Nalaskowski et al., 2003). The observed
substrate inhibition by Ins(1,4,5)P3 and non-linear kinetics with ATP
(data not shown) may be caused by a requirement for ATP to bind
before Ins(1,4,5)P3. From experiments at low Ins(1,4,5)P3 concentra-
tions, the Km and Vmax of the wild-type enzyme can be estimated to be
approximately 1.1 �M and 30 �moles/min/mg protein, respectively.

C lobes of PKs (Grishin, 1999) (Figure 4). Part of this
core is an ID416FG motif between �5C and �5�C (Figure
4A), which is topologically equivalent to the D184FG motif
between �8 and �9 in PKA. This motif and the subse-
quent loop has been referred to as the activation loop
in PKs (Figure 4B). In both IP3-3K and PKs, the aspar-
tates in this motif have the same role, positioning the
�-phosphate of ATP through a metal-mediated interac-
tion. Another key element of PKs, known as the catalytic
loop, is absent in IP3-3K (Figure 4B). The catalytic loop
in PKA is characterized by a D166xKxxN motif, which
forms a prominent protrusion between strands �6 and
�7 (Figure 4B). Asp166 of PKA has been proposed to
orient the OH of the serine substrate, while Lys168 neu-
tralizes the charge developed in catalysis by coordinat-
ing the �-phosphate of ATP before and after transfer
(Madhusudan et al., 2002). The topological equivalent
to the catalytic loop of PKs in IP3-3K is in the �4�C-�4C

region. This region differs from PKs in two respects: (1)
IP3-3K has a small kink, rather than a distinct loop and Figure 4. A Comparison of Selected Elements in the Catalytic Core

of the Protein and Inositide Kinases(2) IP3-3K has a GSSLL401 motif, which is one of the
signature motifs that has been noted in all IPKs, rather The lack of a catalytic loop and the presence of an extended � sheet

in the C lobe place the IP3-3K and PIPKII� in a subfamily of PKsthan the D166xKxxNLL motif of the PKs (Figure 4A). Out-
that have C lobes similar to the ATP-grasp C lobe. (A) IP3-3K withside the conserved (�2/�4��4/�5�5�) core, IP3-3K con-
the conserved N lobe residue Lys209, which interacts with the phos-tains another signature motif, the DxK264 motif located
phates of the ATP colored orange, the C lobe IDFG motif that inter-

in the neighboring strand �1C (Figure 4A). When superim- acts with the metal cofactor colored pink, the GSSLL motif corre-
posing PKA on IP3-3K, the Lys168 from the long catalytic sponding to the PKA catalytic loop cyan and the DxK motif which
loop in PKA reaches into the space occupied by Lys264 stabilizes the transferred phosphate colored brown. (B) The analo-

gous elements for PKA and (C) for PIPKII�.from the �1C of IP3-3K (Figures 4A and 4B). Conse-
quently, it appears that these lysine residues have a
similar function. In contrast, the aspartate residues of
the DxK motifs are neither spatially nor functionally ilarity of IP3-3K with PI3K is evident beyond what is

revealed with PKs (Figure 1C). However, phosphatidyl-equivalent (Figures 4A and 4B).
Concerning the lipid kinases, no further structural sim- inositol phosphate kinase II� (PIPKII�) (Rao et al., 1998)
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Figure 5. Structure-Based Comparison of the IPK Family

(A) A table showing the substrate specificities and reactions catalyzed by the IPK family members used for the alignment. A checkmark
indicates a reaction catalyzed by an enzyme, and red checkmarks indicate the proposed main reactions occurring “in vivo” (Shears, 2004).
The positions of the conserved motifs in each enzyme are also indicated.
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shows additional structural similarity to IP3-3K in the �-phosphate position in the ATP to its final position in
the product is supportive of a direct “in-line” mechanismC-terminal lobe (Figure 1C). This enzyme also has a

predominately � sheet C lobe, but the topology differs of phosphoryl transfer, as is the case for the PKA.
Whether phosphoryl transfer proceeds along an asso-from IP3-3K. Like IP3-3K, PIPKII� has a shorter catalytic

loop than the PKs (Figure 4C). PIPKII� also has a DxK218 ciative or dissociative path awaits additional structural
and biochemical data.motif that is analogous to the DxK264 motif of the IP33-

Ks, and a Ser-Asp bridge between the SLL and DxK A key role in the IP3-3K catalytic mechanism is played
by Lys264. This residue, which interacts with 3-OH inmotifs is present in both enzymes. The similarity of key

features suggests a close evolutionary relationship be- the substrate complex and with the 3-phosphate in the
product complex, is likely also to facilitate nucleophilictween the PIPKII� and IP3-3K.

The fold of PIPKII� has been classified in a subfamily attack by neutralizing the negative charge developed
in the transition state and by orienting the transferredthat is intermediate between the PK and ATP-grasp folds

(Cheek et al., 2002; Grishin, 1999; Lo Conte et al., 2002). phosphate. This role would be analogous to the role of
Lys168 of PKA (Madhusudan et al., 2002). PKA has anThe only protein kinase member of this subfamily is the

TRP channel kinase, ChaK (Yamaguchi et al., 2001). We additional key catalytic residue, Asp166 that forms a
closer interaction with the serine hydroxyl. The mainpropose that IP3-3K is also a member of this subfamily.

Consistent with this, the � strand connections of IP3-3K role of Asp166 is to select the correct rotamer of the
substrate serine OH and thereby facilitate the nucleo-C lobe are more similar to the ATP-grasp family (Grishin,

1999) than the connections present in PIPKII�, while the philic attack by the hydroxyl (Madhusudan et al., 2002).
In IP3-3K, there is no residue equivalent to PKA Asp166;N lobe of IP3-3K is more similar to PKs than the N lobe

of PIPKII�. This makes IP3-3K a closer link between the however, because of the differences in substrates, a
need for such a residue is diminished, since the inositolPK and ATP-grasp folds and supports the proposal that

the ATP-grasp proteins and PKs diverged from a com- ring greatly restricts the conformational freedom of the
Ins(1,4,5)P3 3-hydroxyl in comparison with the threemon ancestor (Grishin, 1999).

The IP binding lobe which is inserted in the IP3-3K C highly populated 1 rotamers of a serine hydroxyl.
lobe is an elaboration that is unique for IP3-3K. The IP
lobe is inserted in the middle of the � sheet between

Apo Form versus Holo Formstrands �1C and �2C, while the substrate binding loop
The apo form versus substrate- or product-bound struc-in PKs and lipid kinases is the loop that follows the
tures of IP3-3K show intriguing conformational changes.last strand of the C lobe � sheet, also known as the
Substrate-induced movement of the IP lobe helices re-“activation” loop (Pirola et al., 2001; Taylor and Radzio-
shape the substrate binding pocket: helix �2I slides to-Andzelm, 1994; Walker et al., 1999). As mentioned pre-
ward the bound InsP, while helices �1I and �4I tilt awayviously, one of the two residues interacting directly with
from the inositide. A direct salt link between IP lobethe Ins(1,4,5)P3 that comes from a subdomain other than
residue Glu274 (helix �1I) and C lobe residue Lys419 isthe IP lobe is Lys419. This residue is in a C lobe region
replaced by inositide-mediated interactions upon bind-analogous to the activation loop of PKs, and points to
ing substrate. These conformational changes are neces-only a limited similarity in substrate recognition com-
sary to lower the floor and shift a side wall of the bindingpared with PKs and phosphoinositide kinases.
pocket to provide sufficient space to accommodate the
Ins(1,4,5)P3 and to establish the specific interactions
with its phosphates (Supplemental Figure S3). Both theCatalytic Mechanism

The structures of the substrate and product complexes product and substrate complexes show similar differ-
ences with respect to the apo-enzyme.for IP3-3K suggest some aspects of a catalytic mecha-

nism. The 3-OH of Ins(1,4,5)P3 substrate is 3.7 Å from The most striking conformational change induced by
substrates/products is that the N-terminal portion com-the �-phosphate of the ATP and the nearest oxygen of

the 3-phosphate of the Ins(1,3,4,5)P4 product is 3.9 Å prising residues 187 to 196 becomes disordered, whereas
it is a defined �-helix (�0N) in the apo form (Figure 3D).from the �-phosphate of ADP. The proximity of the

(B) Schematic diagram of common IPK catalytic domain structural elements. The three major subdomains of the IPKs are color coded as in
the other figures. Hatched lines indicate non-conserved insert regions, and the numbers over these regions indicate the range in the number
of residues observed among all identifiable IPKs. Flagged regions indicate conserved motifs present in most IPK members.
(C) Sequence alignment of some representative IPKs. The first five sequences shown are IP3 3-Ks, the next three are IPmKs, and the bottom
three are IP6-Ks. Crucial amino acids involved in substrate binding are indicated above the alignment, with ATP binding residues in blue and
Ins(1,4,5)P3 binding residues in red. The observed secondary structure of human IP3 3-K-A is indicated above the alignments, while the green
lettering below the alignments indicates secondary structure predictions done with the JPred server (http://www.compbio.dundee.ac.uk) on
an alignment of the non-IP3 3-K sequences shown. Note that the C lobe helices �1C and �2C are shown only diagrammatically, since they
cannot be aligned easily by primary sequence, despite having a common predicted secondary structure. CamK2 phosphorylation sites present
in some, but not all IP3 3-Ks are indicated in brown just N-terminal to helix �4I (the phosphorylated residue is T311 in human IP3 3-K A).
Putative InsP binding residues present in the sole �-helix of the IP lobe of non-IP3 3-Ks are indicated in red. Alignments were performed using
ClustalX, hand-adjusted with Indonesia, and colored in MacBoxshade. Accession numbers: human IP3 3-K A (3K-A.hs), NP_002211; human
IP3 3-K B (3K-B.hs), CAC40650; human IP3 3-K C (3K-C.hs), NP_079470; D. melanogaster IP3 3-K, type 1 (3K1.dm), AAL89896; D. melanogaster
IP3 3-K, type 2 (3K2.dm), AAL29155; C. elegans IP3 3-K form 1 (3K.ce), T42444; human IPmK (IPmK.hs), NP_689416; S. cerevisiae IPmK
(ARG82.sc), NP_010458; A. thaliana IPmK 2A(IPmK.at), NP_196354; human IP6-K 1 (IP6K1.hs), NP_695005; human IP6-K 2 (IP6K2.hs), NP_057375;
S. cerevisiae IP6-K (KCS1.sc), NP_010300.
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Surprisingly, this helix occupies the same site as the 1999; Schell et al., 1999; York et al., 1999). Because IP3-
3K is an enzyme found only in metazoans (the mostATP molecule and residues from it interact with the rest
primitive known example occurs in C. elegans), whileof the enzyme in a manner that mimics the interactions
both IP6-K and IPmK occur also in plants and protists,that ATP makes. The indole moiety of Trp188 of �0N

it is assumed that IP3-3K is a recent evolutionary elabo-occupies the same hydrophobic pocket as the adenine
ration on a more ancient IPK structure, which had eithermoiety of ATP, and it even makes a similar hydrogen
IPmK activity, IP6-K activity, or both. In light of the inabil-bond with the enzyme (NE1 Trp188 - CO Gln 249, Figure
ity of IP3-3K to generate PtdIns(3,4,5)P3, it appears that3D). This residue is conserved among the IP3-3Ks.
IP3-3K evolved after PtdIns(3,4,5)P3 had acquired a sec-His194 is hydrogen bonded to the Asp416 in the ID416FG
ond messenger function (Irvine and Schell, 2001) so thatmotif through its NE2, and this residue is conserved
this inability is an important part of the IP3-3K biology.among most members of the IPK family. These intramo-

A structure-based sequence alignment of IPKs re-lecular interactions interfere with access to key residues
veals numerous common structural elements amongfor the enzyme catalysis and might be suggestive of a
IPKs, and also some intriguing differences (Figure 5).regulatory mechanism in the context of the full-length
We propose that every major structural hallmark definedenzyme (see below).
for IP3-3K in the N lobe, IP lobe, and C lobe occurs in
some form in all other IPKs. Indeed, secondary structureRegulation by Ca2�/CAM Binding
predictions are consistent with the idea that almost ev-IP3-3Ks are regulated by Ca2� in two ways. Mammalian
ery � helix and � strand in IP3-3K is recapitulated in theisoforms A and B bind Ca2�/CAM, leading to an increase
N and C lobes of all IPKs, including the three helices inin Vmax, and they are also phosphorylated and activated
the C lobe that confer structural support (�1C, �2C, andby Ca2�/CAM kinase II (CamK2) (Communi et al., 1995,
�3C) (Figure 5B).1997). Residues 158-174 have been implicated in Ca2�/

IP3-3K is unique among protein and lipid kinases inCAM binding and IP3-3K activation (Takazawa and Er-
that it has a separate substrate binding lobe, which isneux, 1991). Reported activities of truncated variants of
a flexible region of four helices rich in basic residuesthe enzyme are consistent with the region from 174-
that contribute most of the specificity for Ins(1,4,5)P3186 acting as an autoinhibitory segment (Takazawa and
recognition. This region is found in all IPKs, but in IPKsErneux, 1991). The ordered N terminus that we see occu-
other than IP3-3Ks the IP lobe is significantly smaller.pying the ATP binding pocket in the absence of sub-
Secondary structure prediction carried out on an align-strate (187-196) suggests that this region might repre-
ment of 57 IPKs from various phyla supports the pres-sent an additional portion of the autoinhibitory segment.
ence of one conserved �-helix, rich in basic residuesGiven that the construct we crystallized is nearly as
in all IPK family members (not shown). This predictedactive as constructs with an intact CAM binding domain
primordial IP lobe is probably analogous to helix �4I ofafter activation by Ca2�/CAM binding (Takazawa and
IP3-3K, which is responsible for most of the interactionsErneux, 1991), it appears that this additional segment
with Ins(1,4,5)P3. In this context, the exquisite specificityis not sufficient on its own to inhibit the enzyme. Further-
of IP3-3K for Ins(1,4,5)P3 compared to other IPKs (Figuremore, a single point mutation within this segment, W188A
5A) would be due to the considerably greater structuraldid not lead to an increase in basal activity, but rather
constraints conferred by the additional helices in the IPcaused a slight decrease in activity, possibly by enzyme
lobe. Further specificity may be achieved by combina-destabilization (Table 2). This proposed autoinhibitory
tion of negative selectivity due to C lobe residue Glu333,mechanism is reminiscent of that observed for Twitchin
which is present only in IP3-3Ks and would prevent IPmK

(Kobe et al., 1996) and for CaMKI (Goldberg et al., 1996).
and IP6-K activity (Figure 5A) and positive selectivity due

These kinases also show an autoregulatory sequence
to the 4-phosphate ligand Lys419, which is a histidine

binding in the active site to block ATP and substrate in most other IPKs (Figure 5C).
binding. We propose that a change in the accessibility The high selectivity of IP3-3Ks contrasts with that of
of the ATP binding pocket caused by release of the mammalian IPmKs, which in vitro exhibit kinase activity
autoinhibitory region could contribute to activation of with at least seven different IP substrates and can cata-
IP3-3K by Ca2�/CAM. lyze at least eight distinct phosphorylation reactions

The location of the CamK2 phosphorylation site, Thr (Chang et al., 2002; Saiardi et al., 1999, 2001; Shears,
311 in human isoform A (in the IP binding lobe, immedi- 2004). The smaller lobe of IPmK might form a less con-
ately N-terminal to helix �4I), is adjacent to an intra- strained pocket, allowing for multiple substrate orienta-
molecular salt link between Arg 314 and Glu 304 that tions, as previously suggested (Shears, 2004). IPmKs
probably rigidifies the IP binding lobe. The effect of can also function as a lipid kinase to catalyze the 3-phos-
phosphorylation may be to weaken this link allowing phorylation of PtdIns(4,5)P2 (A. Resnick, A. Saiardi, and
helix �4I to more freely move relative to �2I, a motion S.H. Snyder, personal communication). This ability is
that we see accompanies Ins(1,4,5)P3 binding. This most likely explained by the much smaller IP binding
model might explain the reported increase in sensitivity lobe lacking extensive 1-phosphate interactions.
to CAM and increase in Vmax reported to occur upon IPKs kinase domain can also be distinguished by the
CamK2 phosphorylation(Communi et al., 1997). differing locations of large inserts (Figures 5B and 5C).

For example, in the kinase domain, IP6-Ks have a vari-
IPK Family able insert, up to 376 residues, between strands �3 and
Among the kinases that phosphorylate InsPs, IP3-3K �4 in the N lobe. In contrast, the equivalent N-terminal
shows sequence similarity to both IPmKs and IP6-Ks, inserts of IPmKs are very short, 38 residues in ARG82

and up to 10 residues in other IPmKs. IPmKs and IP6-and together they form the IPK family (Saiardi et al.,
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citrate, 0.1 M Tris-HCl (pH 8.0) (r.t.) and 0.1 M NaCl. To prepareKs, but not IP3-3Ks, often have a second large insert
complexes of the crystals with heavy atom derivatives, substrateslocated in a C lobe region distant from the catalytic site.
and products, a 1 �l aliquot of a soaking solution consisting of 2 MClues about the function of this insert come from the
Li2SO4 and 100 mM Tris-HCl (pH 8) (4�C) was added to the drop

yeast ARG82, which in this region contains a patch of and 1 �l was then removed. This addition/removal was repeated 7
acidic residues that mediates interaction with transcrip- times and then crystals were soaked in the final solution for 2.5 hr.

Crystals were frozen by dunking them in liquid nitrogen. To preparetion factors (Dubois et al., 2000; Irvine and Schell, 2001).
crystals of a substrate complex, the soaking solution also containedA putative role of these insert regions in various aspects
3 mM AMPPNP, 3 mM MnCl2, and 10 mM Ins(1,4,5)P3 (Alexis). Toof nuclear functions is consistent with the previous sug-
prepare crystals of product complex, the soaking solution containedgestion that the first IPKs arose to subserve IP metab-
3 mM ADP (Sigma), 3 mM MnCl2, and 5 mM Ins(1,3,4,5)P4 (Alexis).

olism and signaling in the nucleus, while the evolution Products were also formed in situ when the soaking solution con-
of IP3-3Ks occurred later, around the same time as tained 3 mM ATP, 3 mM MnCl2, and 5 mM Ins(1,4,5)P3.
Ins(1,4,5)P3-mediated calcium signaling in the cytosol

Data Collection, Phasing, and Model Refinement(Irvine and Schell, 2001).
Data were collected at 100 K. The enzyme crystallized in space
group C2221 with cell parameters a 	 72.3, b 	 98.2, c 	 190.7. AConclusions
trimethyl lead acetate (TMLA) derivative was obtained by incubating

The structure of the IP3-3K shows how the enzyme crystals for 3.5 hr in soaking solution with 5 mM TMLA and 20 mM
achieves its remarkable substrate specificity that distin- LuCl3. Data sets were collected at wavelengths corresponding to

the fluorescence peak and the inflection. A total of 13 sites wereguishes it from the chemically related PI 3-kinase cataly-
located and refined by a combination of SOLVE (Terwilliger andsis. In the context of this structure, it becomes possible
Berendzen, 1999) and autoSHARP (de La Fortelle and Bricogne,to model a broad family of InsP kinases and to propose
1997). Solvent flattening was carried out using a solvent content ofa model for the mechanism of activation by Ca2�/CAM.
49.6% as optimized by SHARP. The electron density map was easily

The phenotypes of cells with targeted deletions of IP3- interpretable (Supplemental Figure S4). Table 1 lists statistics for
3K isoform B suggest that the enzyme has a pivotal role data collection and phase refinement.

High-resolution data sets were collected for the apo-enzyme crys-in T cell differentiation. A structural understanding of
tal from selenomethionine-substituted protein, a Mn2�/AMPPNP/the specificity and mechanism of IP3-3K may facilitate
Ins(1,4,5)P3 complex (substrate complex) and a Mn2�/ADP/Ins(1,3,4,5)P4future studies aimed at establishing the molecular basis
complex (product complex). Preliminary models for these data setsof its role in T cell development.
were obtained using Arp/warp with an initial electron density map
calculated from heavy-atom-derived phases combined with ob-

Experimental Procedures
served amplitudes. These models were then optimized with cycles
of manual fitting and refinement with REFMAC. Final statistics for

Protein Purification
all data sets are given in Table 1. There are no residues in the

A construct consisting of residues 187-461 (187 to the C terminus)
disallowed regions of the Ramachandran plot and 89% of residues

of human IP3-3K-A with an N-terminal GST-tag and an A187S muta-
are in the most favored regions as defined by PROCHECK. Residues

tion was amplified from MGC clone 4792595 and cloned into the
187-196 of the substrate and product-bound complexes are not

pOPTG vector. The protein was expressed in either E. coli C41(DE3)
ordered for either of the two molecules in the asymmetric unit. For

or the methionine auxotroph B834(DE3). Cells were grown at 37�C
molecule B, residues 278-282 and 298-308 are not ordered in the

to OD600 	 1.0 then induced with 0.3 mM IPTG for 15 hr at 16�C.
substrate and product complexes.

Cells were resuspended in buffer A (20 mM Tris pH 7.5 [4�C], and
100 mM NaCl) and disrupted with a French press. The high-spin
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