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ABSTRACT. D-Myoinositol 1,4,5-trisphophate 3-kinases£8Ks) play important roles in metazoan cellular
signaling. It has been demonstrated that mice without a functional versiog-8KIRBoform B are deficient

in peripheral T-cells, indicating that #/BKB is essential to the developing immune system. The recent
apo IR-3KA structure exhibited a helix at the catalytic domain N-terminus exhibited a helix at the
N-terminus of the catalytic domain, with a tryptophan indole moiety mimicking the binding mode of the
substrate ATP purine ring, suggesting a mechanism of autoinhibition. Here we present the structure of
the complete catalytic domain of4#BKB, including the CaM binding domain in complex with Kfgand

ATP. The crystal structure reveals a homodimeric arrangement;e8KB catalytic domains, mediated

via an intermolecular antiparalltsheet formed from part of the CaM binding region. Residues from the
putative autoinhibitory helix are rearranged into a loop configuration, with extensive interactions with the
bound ATP. Mutagenesis of residues from this region reveals that substitution of the putative autoinhibitory
tryptophan generates a hyperactive enzyme which retaifd@aM sensitivity. The IR3KB structure
suggests a mechanism of enzyme activation, and raises the possibility that an interaction befween IP
3KB molecules may occur as part of the catalytic or regulatory cycle.

The second messengemyoinositol 1,4,5-trisphosphate Three distinct genes encodezIBKs in mammals, genes
(IPg)! is generated from phosphatidylinositol 4,5-bisphosphate A, B, and C which have highly similar catalytic domains
at the plasma membrane through the action of phospholipasedut highly variable N-terminal regiong<{9). The three I
C. IP; has been demonstrated to bind to numerous cellular 3K isoforms vary in biological function, tissue distribution,
receptors and can mobilize &an numerous cell typesi]. and subcellular localization. 4BKA is expressed exclusively
IP; has a short half-life in the cytoplasm, consistent with an in the brain and testis, and has been implicated in long-term
important role in signaling. Removal of 4Pfrom the  Potentiation {0, 11). IP-3KC has a more general tissue
cytoplasmic pool is performed either through the action of distribution, and the enzyme kinetics of this isoform are
5'-phosphatases or by addition of &phosphate by an  consistentwith a proposed role in basaj l@meostasisi@).
inositol 1,4,5-trisphosphate 3-kinase 48K). IP:-3Ks have IPs-3KB is expressed in the b_raln, heart, lung, testis, and
been implicated in numerous cellular signaling events in tYmus @3), and has been localized to the plasma membrane,
metazoans. These enzymes catalyze the transfer of th he cytosol, the cytoskeleton, and the cytosolic face of the

y-phosphate from ATP to the'-position of IR to form R (14’ 15)_' )
inositol 1,3,4,5-tetrakisphosphate {JPIP, has also been Mice deficient for each of the 3K genes have recently

shown to have a short lifetime in the cytoplasm, and can PE€N generated and point to a unique role fardRB in
mediate various effects, including €amobilization, higher- guiding the development of T-lymphocytes 5{BKB has

order inositol polyphosphate production, nuclear processesbﬁgn shor\rl1vn| t? bl:?l es;tiannt_}al fc|>|r Tr-cerll deivilopmtepht wggfe,
(1, 2), and Erk activation3, 4). The recent realization that ?:Dsf c?c(J)upre(-a ?Jsitic\)/(; sta e-(i:se ogszgvgjsi o—mggsdeﬁfier;t
the PH domains of some RasGAPs can bind ®Pens P 9 1

_ > "
avenues toward a mechanistic understanding pfufction animals g, 16). Surprisingly, C&" levels were not affected

in the knockout animals; however, activation of the Ras
(E.’)' Thus, as Key regulators. ofgland IFi, 1Ps-3Ks play a effector Raf and its downstream target extracellular signal-
pivotal role in intracellular signaling6j.

regulated kinase (Erk) in response to weak antigen stimula-
tion were attenuated3( 4).

* To whom correspondence should be addressed. Phone: (858) 812- Full-length human IR3KB is a protein of 946 residues;

1567. Fax: (858) 812-1746. E-mail: gspraggon@gnf.org. the mouse and rat proteins are 942 and 934 residues in length
1 Abbreviations: MPD, methylpentanediol; PEG, polyethylene gly- b gth,

col; ASU, asymmetric unit; CCD, charge-coupled device; NCS, reSpeCFiveW 17) The nascent protein is compos.ed of "_’m
noncrystallographic symmetry; TCEP, tris(2-carboxyethyl)phosphine N-terminal region containing a membrane anchoring region
hydrochloride; DTT, dithiothreitol; I p-myoinositol 1,4,5-trisphos-  (18), a putative PEST sequence (discussed below), and a

phate; IR, p-myoinositol 1,3,4,5-tetrakisphosphate; HEPES, 4-(2- il A ; _ ; ;
hydroxyethyl)-1-piperazineethanesulfonic acid; AID, autoinhibitory CaM binding domain immediately N-terminal to the catalytic

domain; PKA, cyclic AMP-dependent protein kinase; rmsd, root-mean- domain which exists at the C-terminu€).(The level of
square deviation. sequence identity of the CaM binding and catalytic domains
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Ficure 1: Sequence alignment of #B8Ks. The CaM binding domain is indicated in reds+{8KB secondary structure is indicated in blue
above the sequence alignment, ang-3RA secondary structure elemert€y and 51y are indicated in green below the corresponding
sequence. Trpl186 and Trp666 4BKA and IR-3KB, respectively) are indicated with a red asterisk.

among the three BPP3K isoforms is~65%. For simplicity, fragment which retains enzymatic activity. Furthermore,
residue numbering in this paper has been normalized to thecalpain cleavage has been demonstrated to liberagtedB

mouse IR-3K sequences (Figure 1). from the membranel®). Several CaM-regulated proteins
IPs-3K enzymatic activity is regulated through numerous are regulated by proteolysis, and cleavage has been shown
mechanisms. Recombinant, purifiedsdBK activity is en- to occur at PEST sequence®d). In studied instances of

hanced by CH/CaM in a manner that does not affect the PEST-containing proteins, cleavage by calpain has been
Km for IPs (19). IPs-3KB has a lower basal enzyme activity demonstrated to occur at positions other than the PEST
than IR-3KA, but is stimulated to a greater degree by the regions, and often within the CaM binding regi&b). This
presence of CGd/CaM, with 2.5- and 20-fold increases in is consistent with the observation that?@&€aM binding
activity for IP>-3KA and IP-3KB, respectively. The site of  protects against the calpain cleavage which generates the 35
the CaM binding domain has been shown by deletion kDa catalytic fragmentl(8). Since it has been demonstrated
mapping to reside betweensBKA residues 163 and 190 that only N-terminal truncations result in an active enzyme
(Figure 1) @0, 21). Trp165 or Trp644 (IR3KA or IPs-3KB, (20), the 35 kDa ITPKB fragment is expected to be the most
respectively) is conserved across the-BKs, and mutation ~ C-terminal region.
of this residue abolishes €dCaM activation by IR-3KA Although the sequences of #3Ks are not significantly
without destroying enzymatic activity2(). similar to those of other kinase classes, recent structures of
Phosphorylation of IR3Ks has been demonstrated by [P;-3KA revealed that these proteins share a common
PKA, PKC, and CaM-dependent protein kinase Il (CaMKIl) topology and active site architecture with the protein kinases
(22, 23). CaMKII has been shown to phosphorylatg-BKA (26, 27). In the apo IB-3KA structure, thexOy helix occupies
residue Thr311, resulting in an up to 10-fold activation, and the ATP binding site with the indole moiety of conserved

a 25-fold increase in sensitivity to €dCaM (23). PKA IP3-3KA residue Trp186 mimicking the position and some
phosphorylation of IR3KA results in an~2-fold increase of the interactions formed by the ATP purine ring. By
in Vmax While PKC phosphorylation gives an-4-fold competing with the ATP substrate in this conformation and

reduction in activity compared to that of the unphosphory- stabilizing the apo form of the enzyme s1BKA exhibited
lated enzymeX(9, 22). Phosphorylation of IR3KA by PKA a mechanism of autoinhibitior2@). Pseudosubstrate auto-
and PKC induces similar fold differences in enzyme activity inhibition is a common mechanism of enzyme regulation and
in the presence or absence of?@&aM. In contrast, basal  has been well documented for protein kinags.(However,
IPs-3KB activity is unaffected by phosphorylation by PKA a reduction in activity to 44% of the WT value was reported
or PKC, and it is only in the presence of C&aM that a for the W186A IR-3KA mutant 6). Unfortunately, residue
45 or 70% reduction in activity compared to that of the 186 was disordered in the #3KA holo structures, and no
unphosphorylated enzyme is observed for PKA or PKC explanation could be offered to rationalize the molecular and
phosphorylation, respectively. structural data.

Proteolysis also plays an important role in-BK regula- Here we present the structure of the complete catalytic
tion, and IR-3KB has been shown to be a substrate for domain and part of the N-terminal CaM binding domain of
calpain at several sites N-terminal of the catalytic domain, 1Ps-3KB, in complex with ATP and M¢. The predicted
with in vitro proteolysis ultimately yielding a 35 kDa molecular mass for this fragment is 35004 Da, and it is
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therefore likely to be close in sequence to the 35 kDa 457

catalytic fragment generated by calpain proteolysis. The IP 40+ [

3KB structure completes the definition of thedBK catalytic 2 357 —
domain by including active site residues disordered in the % 30+ W644A
published holo IR3KA structures. Newly defined regions < 259 s il
include residues from the putative autoinhibitory sequence .§ 20+ )
containing Trp666 (equivalent to 4BKA Trpl186), which o 157 i
is in fact revealed to play a role in ATP binding. The structure & BE HE72A
of the CaM binding domain offers a structural explanation

for 1P3-3KB regulation by C&/CaM, by linking residues

in the CaM binding domain to residues contacting ATP Ip, (10 um) - + + +

bound in the enzyme active site. Finally, thes-BKB caCl, (9 uM) - - ¥ +

structure reveals a homodimeric arrangement of catalytic ., (10 uM)
domains, linked by an antiparall@isheet formed by residues
in the CaM binding domain.

- - - +

Ficure 2: ATPase activity compared to the ngEdntrol showing
Ca&*/CaM responsiveness of WT and mutant-BKB constructs.

EXPERIMENTAL PROCEDURES Table 1: Crystallographic Statistics fors{BKB

The DNA sequence encoding murines4BKB residues data collection site ALS 5.0.2
640-942 was amplified from a full-length construct in ;ngféegr%typ(/&) P11-00
mgmmghan expression vector pKDNZ by PCR. T_He 3 resolution range (&) 502.5 (2.59-2.5)
primer incorporated a stop codon and an overhanging Pacl ce| dimensions (&) a=53.2,b=60.7,c=56.9
site. The product was digested with Pacl before being ligated angles (deg) a=599,3=727y=288.2
into the MH4 plasmid which had been prepared by digestion no. of observations 52221
with Pmil and Pacl. Cloning into the MH4 plasmid added ~NO: Of unique reflections 19362 (1697)
. completeness (%) 95.3 (831)
the sequence MGSDKIHHHHHH to the N-terminus of the | 16.8 (3.0}
translated region. Mutant enzymes were made by Site- Rupeqd 0.081 (0.309

directed mutagenesis using the Stratagene Quikchange kit. refinement statistics

IPs-3KB was expressed in the HK100 strainegcherichia rng;oarnbgcl)gg (Iggg;hs ) 0.014/1.70

coli. Typically, 4 L of cells was grown in LB with 0.%g/ RuoridRiree 18.5/27.0
mL ampicillin to 0.53s00 at 30 °C, before induction with meanB factor (protein/ligand)  36.4/19.2
0.02% L-arabinose for 6 h. Cells were harvested by cen- ~ rmsd forB factor 0.72/1.81

(main chain bond/

trifugation, and pellets were resuspended in 50 mL of 50 sitle chain bond)

mM Tris (pH 8), 100 mM NaCl, 1 mM TCEP, and 0.1 mg/

mL lysozyme, with 1 Complete protease inhibitor tablet

(Roche). Cells were disrupted by sonication, and debris Wasmege: 1K) — KT (L.

removed by centrifugation for 40 min at 35@P0 ZZ ZZ
Initial purification was performed using three nickel  C._ Zmohgh,kmFca.ah,k,l)vz\Fobs(h,k,m

Sepharose Hi-Trap HP 1 mL columns (Amersham) connected

in series. After application of the pellet supernatants, the

bound material was washed with 20 mM Tris (pH 8.0), 20 ¢oncentration of 120 nM), the reaction mixture was incubated
mM imidazole, 10% glycerol (v/v), and 1 mM TCEP before  for 15 min at room temperature and the reaction subsequently

elution with an imidazole gradient up to 200 mMiBKB stopped by the addition of an equal volume of kinase-glo
intended for kinetic experiments was concentrated and frozenyeagent. Luminescence was measured using a Molecular

as described below at this time. The nickel column eluate peyices Acquest instrument. Data points and error bars
for crystallization was diluted 5-fold into 20 mM Tris (bH  shown in Figure 2 are the result of three experiments.

aFigures in parentheses are for the outer resolution shell.

8), 10% glycerol, and 1 mM DTT and loaded ord 6 mL Crystallization was by the sitting drop method. Crystals
ReSource Q anion exchange chromatography column (Am-formed when the protein solution was mixed 1:1 with and
ersham), with elution by a NaCl gradient to 100 mM. subsequently equilibrated against a reservoir solution of 100

Fractions containing H?3KB were identified by SDS mM HEPES (pH 7.0) and 20% PEG3350 for 4 days at 4
PAGE, and the pure fractions were concentrated and buffereC, Crystals were cryoprotected by being transferred into a
exchanged using centriprep 20 15 kDa columns into 20 mM solution containing 18% PEG3350, 100 mM HEPES (pH
Tris (pH 8), 200 mM KCI, 5 mM Mgd, 0.5 mM DTT, 7.0), 100 mM KCI, 5 mM MgC}, 10% ethylene glycol, and
10% glycerol, 1uM IP3, and 20uM ATP to a final protein  10% MPD, before being flash-frozen in liquid nitrogen.
concentration of 7 mg/mL. Diffraction initially only extended to~3 A in space group

IPs-3KB activity was determined using the Kinase-Glo C2. However, by elevating the PEG3350 levels te-38%
(Promega) ATP depletion assay. The assay reaction bufferin the cryoprotection buffer and soaking the crystals for 2
consisted of 50 mM Tris (pH 8.0), 100 mM NaCl, 1 mM min, we improved the diffraction quality to 2.5 A, although
DTT, 10% glycerol, 5 mM MgClJ, and 1uM ATP. Each 40 a distortion in the crystal lattice caused a change in space
uL reaction mixture contained the indicated concentrations group toP1.
of IP; (Alexis Biochemicals), calmodulin (Biomol), Cagl Data were collected at the Advanced Light Source (ALS)
and EGTA. Upon addition of purified BBKB (final (Berkeley, CA) beamline 5.0.2. The data set summarized in



Crystal Structure of Inositol 1,4,5-Trisphosphate 3-Kinase B Biochemistry, Vol. 44, No. 44, 20094489

Ficure 3: (a) Two IR-3KB catalytic domains, colored blue (chain A) and red (chain B), linked by an antipgfadleéet fOy) formed

by part of the CaM binding domain. (b) Structural alignment gf3RB with apo IR-3KA. IP3-3KB chains A and B are colored blue and

red, respectively; apo §FBKA is colored green. Secondary structure elemggts(IPs-3KB only) andaOy (IPs-3KA only) are labeled. (c)

ATP bound in the active site of §BKB showing omit difference density for the ATP contoured at Bhe coloring scheme is the same

as for panel a, with Mg ions depicted as green spheres. Side chains are shown for residues mutated for Figure 2 with the exception of
residue 644, which was disordered in the structure.

Table 1 was collected at 100 K using ax33 CCD. Data (Figure 2). The structure of miBKB was determined in
were integrated, reduced, and scaled using HKL2@®) (  complex with ATP and Mg to 2.5 A resolution (crystal-
and the CCP4i suite3(Q). Crystallographic statistics are lographic statistics are summarized in Table 1). The structure
summarized in Table 1. The #BKB structure was deter- revealed two IR3KB molecules in the crystallographic

mined by molecular replacement using Pha84j yith the asymmetric unit, and these interact via an antipargHgheet
human IR-3KA product complex Z6) as the search model.  formed between residues in the CaM binding domain (Figure
Iterative rounds of manual model building in G@2f and 3a). This strand will be calledOy in accordance with the

coot (33) were followed by restrained refinement with TLS nomenclature of Gonzalez et al. which will be adopted for
using Refmac5 34), initially using tight NCS restraints  future discussion2g). Although there are numerous polar
between the two molecules in the asymmetric unit. Density and nonpolar interactions between-BKB monomers in the
modification was performed using ARP/WARBH] to assist crystal, the association is unusual for a biological dimer since
in the building of loop regions. Figures were prepared using the interchain interactions are mediated principally by the
pymol (www.pymol.org) and Genedoc (www.psc.edu/biomed/ B0y strands, and there is a separation between the globular
genedoc). The structure has been deposited in the Proteirfolds of the respective catalytic domains (Figure 3). Analyti-

Data Bank as entry 2AQX. cal size exclusion chromatography of48KB reveals that
in the absence of CaM, }BKB is unequivocally monomeric
RESULTS (data not shown).

Overall Structure. We have expressed, purified, and The overall structure of the ¥BKB catalytic domain is
crystallized a construct of the C-terminal region of murine similar to that of the recently described isoform A, with an
IPs-3KB composed of both the catalytic and CaM binding rmsd of 1.0 A over an alignment of 231oCatoms (Figure
domains. This protein has been demonstrated to retain both3b) (26, 27). IPs-3K architecture is composed of highly
enzyme activity and Ca-dependent responsiveness to CaM homologousa/8 N and C lobes and an adl-1P; binding
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Ficure 4: (a) Stereo diagram of ATP bound in the active site af3RB. Atoms are colored according to element type, with green
representing carbon in the ATP molecule and yellow representing carbon in the protein main chain. Polar bonds are represented by dashed
lines. (b) Stereo diagram of a structural alignment between the ag@KIR structure (gray) and B?3KB (chain A in blue, chain B in red,

and ATP colored by element), showing the movement of Trp666 and His672 between the apo and ATP-bound fogrB8&AfdRrd

IP3-3KB, respectively.

lobe. The N and C lobes share a common topology with the ATP in the IR-3KB structure (Figure 3c), presenting one
protein kinases, with the fbinding lobe inserted into the  further novel holo condition to the repertoire of ligand states
C lobe. The all-helical IPbinding lobe exhibits the highest  currently described for the $FBKs. In addition, further ATP-
averageB factors of the IR-3KB structure, and a subset of binding residues are ordered in thesBKB structure,
helices (2, 0.3;, anda4) are rotated 18away from the completing the description of the ATP binding site o§-IP
ATP binding site in IB-3KB relative to IR-3KA (Figure 3K.

3b). Comparison of I23KB and IR-3KA reveals that the ATP Binding Site of IR3KB. IPs-3KB was crystallized
IP; binding domain is hinged within the IP lobe at residue in complex with ATP and two MY ions (Figure 4a). The
757 at the C-terminus of heli®l,, and residue 802 after ATP binding site is in a pocket between the N and C lobes,
helix a4, (Figure 3b). Helicesn2, and a4, each contain  formed byfS-sheetsf1ly and 32y above, and3lc and 55¢
residues which interact with boundslBnd IR, and binding below (Figure 3c). In the apo iBKA structure, the
interactions are also made with residues from both the N N-terminus of the structure starts at residue Serl85%- (IP
and C lobesZ6). Since the N and C lobes overlap closely 3KB residue 665) which marks the start of hali@y (Figures

in the IR-3KB structure, the movement of the IP lobe 1 and 3b)26). Residues equivalent to théy helix are well
consequently distorts the 4Binding site, precluding produc-  ordered in the IR3KB structure, allowing comparison of
tive IP; binding in this crystal form (Figure 3b). This is the conformation of this putative autoinhibitory helix in the
consistent with the observation that addition of tB& 1Ps- ATP-bound form. The IR3KB structure reveals that helix
3KB crystals results in rapid disintegration. The configuration a0y of the apo IB-3KA structure is replaced by an extended
of the IR binding lobe might represent one stage in the loop conformation, which forms extensive contacts with the
catalytic or regulatory cycle, and a closing of the lobe may bound ATP (Figures 3c and 4a). This loop includes residues
be initiated upon IR binding. Clear density is visible for ~ 666—671 which interact with the bound ATP molecule, with
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hydrogen bonds from the main chain nitrogens of residuesto be critical in binding CaMZ0). Equivalent residues are
669 and 670 to the ATP ribose’-2and 3-hydroxyls, revealed to form gB-turn, f-sheet, and extended loop
respectively (Figure 4a). These hydrogen bonds replace andconformation in the IR3KB structure while interacting with
occlude the hydrogen bond described i3-BKA between a second IR3KB molecule.
the terminal nitrogen of Lys334 (equivalent toz1BKB IPs-3KB CaM binding domain residues 658554 form a
residue 813) and the ribosé2ydroxyl group, although the  type IV -turn, with the side chain of Trp653 positioned in
polar interaction from the ribosé-Bydroxyl to the side chain  a cleft on the surface of the C lobe of the second molecule
of Asp260 or Asp739 (IR3KA or IPs-3KB, respectively) in the dimer, with intermolecular interactions between the
is conserved in IR3KB. The IR-3KB structure has revealed side chains of 1le667 and Val819, with a hydrogen bond
that the ATP substrate is almost fully enclosed due to the between the indole nitrogen and the main chain carbonyl
presence of this loop, and only the ABPandy-phosphates  oxygen of Gly817. A second intermolecular hydrogen bond
are accessible to solvent (Figure 3c). from Trp653 occurs between the carbonyl oxygen and the
Importantly, the IR-3KB structure reveals the position main chain nitrogen of GIn668. Residue 668 is from the N
adopted by the putative autoinhibitory residue Trp186 or lobe loop betweerly and 0y, which exhibits extensive
Trp666 (IR-3KA or IPs-3KB, respectively) in the ATP-  interactions with the bound ATP, as described in the
bound IR-3K enzyme. In the structure of #8KB, the indole preceding section and shown in Figure 4a. Further intermo-
moiety of residue Trp666 forms part of the ATP binding lecular interactions between CaM binding domain residues
site, forming hydrophobic interactions with the purine ring and the residues contacting the bound ATP occur as the side
of the bound substrate. This is a shift im@osition of 6.4 chains of Pro655 and Phe656 enclose the indole moiety of
A compared to the apo ¥BKA structure, as a consequence Trp666 from the corresponding #3KB molecule as it
of the conformation rearrangement from helix to loop (Figure interacts with the ATP purine ring (Figure 4b). At residue
4b). In addition to bonding with ATP, Trp666 exhibits 657, as-conformation is assumed, and this extends to residue
hydrophobic interactions with the side chains of Phe676 and 665 forming an antiparalleB-sheet g0Oy) with the same
lle684, and there is a polar interaction between the indole strand in the corresponding molecule (Figure 3a, and colored
nitrogen and the carboxylic acid side chain of Asp727 (Figure in Figure 1).
4a). As a possible consequence of the presence of Trp666
the ATP purine ring is rotated 5elative to the substrate DISCUSSION
and product IR-3KA structures. The side chain of Trp666 The IR-3KB structure has provided the atomic structure
also interacts with Pro655 and Phe656 from the secondof the catalytic and CaM domains of a protein critical to the
molecule in the crystallographic dimer (Figure 4b), revealing development of the immune system. This structure has also
that intermolecular interactions may serve to stabilize the completed the structural description of the IPK catalytic
ATP binding site. The F656A mutant shows a reduced level domain, and provided the first structure of the CaM binding
of activation by C&"/CaM, with an only 4-fold increase in  domain. CaM binding motifs typically form amphipathic
activity compared to the 9-fold increase for the WT, «o-helices, although they can be unstructured in solution prior
indicating that this residue may contribute to CaM activation. to binding of CaM 87). In this manner, a helix may form
Mutagenesis of Trp666 results in an enzyme witB- upon CaM binding from the disordered residues at the
fold more ATPase activity than WT, under both basal and N-terminus of IB-3KB. There is evidence that some peptides
Ca*/CaM-activated conditions (Figure 2). This is consistent do not bind to CaM asx-helices, but instead assume an
with a gating role for this residue in autoinhibition. However, extended conformatior88). Noncanonical CaM binding was
it is clear that further residues are important for the structural also revealed in the structure of the complex between CaM
mechanism of CaM activation, since the W666A enzyme and the CaM binding peptide from CaMKK, which included
retains a similar rank order activation by T&aM. In a a hairpinlike conformation in the bound substrad8)(
manner similar to that of Trp666, His672 hydrogen bonds  Although most reports on the multimeric state of-BKs
across the ATP binding site in the apo;BKA structure, indicate that these enzymes exist as monomers in solution
occupying the position of the ATp-phosphate (Figure 4b). (26, 40), size-exclusion experiments have shown that upon
H672A mutant IR-3KB has no detectable catalytic activity, addition of CaM, IB-3K purified from rat brain undergoes
despite the His672 side chain lying 5.6 A from the bound a greater shift in mobility than would be expected from the
ATP in the IR-3KB structure, and 5.4 A from the modeled formation of a 1:1 IR3K—CaM complex, leading to the
position of the IR. conclusion that IPKs may dimerize upon addition of CaM
CaM Binding Domain of IR3KB. IP;-3Ks exhibit a CaM (41). The intermolecular interactions revealed in the 3RB
recognition motif of the +10 class, characterized by two crystal may represent a transient biological interaction,
bulky, hydrophobic residues eight residues apart (residuesstabilized by the crystal lattice, which may occur under

Trp644 and Trp653 in IP3KB; Figures 1 and 3b)36, 37).
W644A mutant IB-3KB exhibits an undetectable level of
activation by C&"/CaM (Figure 2), although some activity

particular conditions, or as a consequence of ligand binding.
It is also possible that thé-sheet observed in the #B3KB
structure may have been induced by the proximity of the

is discernible after extended incubation times (data not IP;-3KB molecules in the crystal lattice, and that {h@y

shown). In contrast, the W653A enzyme appears to behavestrand is either disordered or in an alternative conformation
like WT under the conditions that were tested. Although in solution. A further possibility is that the antiparallel sheet
some residues which are critical to CaM binding are observed is mimicking biological interactions made with a

disordered at the N-terminus of theziBKB structure (the
structure becomes ordered at residue 65Q)3KA residues
172-189 (IR-3KB residues 651669) have also been shown

nonidentical molecule.
Extensive buried surfaces were noted in both published
descriptions of IR>3KA crystal structures, with the JFBKA
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crystallographic dimer interaction mediated via tH8c nucleotide exchange. Such an arrangement would require an

strands. It is worth noting that the two published-BKA ordered reaction mechanism where ATP docks to the enzyme

structures exhibit a common crystal lattice, and both groups first, which offers an explanation for the substrate and

provide evidence that the observed dimer does not exist inproduct enzyme inhibition by §or IP, observed in the If2

solution under the conditions that were studied (in the 3Ks (42).

absence of Ca/CaM). The IB-3KA crystal interaction is

not conserved in the BBKB crystal. Clearly, further study =~ CONCLUSIONS

will be required to determine the biological role of the dimers . . .

observed in the IR3K crystal structures. In this work, we ha_ve described the structure of murine
The IR-3KB CaM domain residues are linked through the IPs-3KB, an enzyme vital to the development of the Immune

protein backbone to residues forming part of the ATP binding system. T.h's structure has completed the descr!pnon of the

site, revealing an environment more enclosed and hydro-ATP binding site of .IB'3K' Structural comparison has.

phobic than that previously described forBKA. Among revealed a_conformatlongl rearrangement in the ATP site

IPs-3KA residues which occupied the ATP binding site to from a he_llca_l conformation in apo i.BKA.tO a qup

the exclusion of ATP in the apo structure, Trp666 and His672 conformat_|on_ in 1B8-3KB. In IP+-3KA, this helix occupies

have been shown to swing out of the active site in a the ATP site in a manner that would preclude ATP binding,

conformation rearrangement from helix to loop. Furthermore, W.h'k.a n l.P3'3KB' the same residues form part. of the ATP
Trp666 has been shown to form part of the ATP binding binding site and appear to interact favorably with the bound

site, contributing hydrophobic interactions with the ATP sub_strate: Thle HDSKBhgtructufre has' alscl) revealed that the
purine ring. The 45-fold increase in activity for both basal lr_e3|dues involved in this con ormational rearrangement are
and CaM-activated W666A mutant #BKB suggests that 'F‘ke_d to ap -_sheet co_mposed of _reS|due_s from the CaM
Trp666 may be acting to achieve a reduced level of basal binding domain, and .thIS conformatlo.nal _shlft could represent
activity prior to cytoplasmic C& influx and CaM binding. a structural mechanism of CaM activation for thg-8Ks.
Since the IR-3KB structure has revealed apparently favorable
interactions between Trp666 and the bound ATP, it appears
likely that Trp666 reduces enzyme turnover by reducing the  Thanks to Ben Wen, Yina Huang, and Al Parker for
on-rate of ATP binding by stabilizing the apo conformation. materials and useful discussions and to Robin Irvine for
Mutagenesis of the equivalent tryptophan residue A IP comments on the manuscript. Thanks to Peter Schultz for
3KA resulted in a 40% drop in activity compared to that of continued support. The work in this paper is based on
WT (26), which appears to contradict thestBKB results.  experiments conducted at beamlines 5.0.3 and 5.0.2 of the
However, the difference may be explained by the difference ALS. The ALS is supported by the Director, Office of
in experimental conditions since ATP is highly limiting in  Science, Office of Basic Energy Sciences, Material Sciences
our assay. This would be expected to accentuate the proposegivision of the U.S. Department of Energy, under Contract
gating effect of theaOy helix if it acts in a manner  DE-AC03-76SF00098 at Lawrence Berkeley National Labo-
competitive with ATP, as would be predicted from the ratory. We thank all of the staff of these beamlines for their
structure. In saturating quantities of ATP, the effect of continued support.
competitive autoinhibition mediated by Trp666 should be
minimized, and under these circumstances, it is possible thatREFERENCES
a reduction inVmax may occur in the Trp—~ Ala mutant as
a consequence of the lost binding interactions provided by
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