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Abstract: IL-2 inducible T-cell kinase (Itk) is a Tec family non-receptor tyrosine kinase involved in

signaling downstream of the T-cell receptor. Itk contains an amino-terminal Pleckstrin Homology
(PH) domain that binds phosphatidylinositol (3,4,5)-trisphosphate, recruiting Itk to the plasma

membrane upon T-cell receptor activation. In addition to phosphoinositide binding, accumulating

data suggest that the Itk PH domain likely mediates additional interactions outside of the
phosphoinositide ligand binding pocket. The structural basis for additional PH domain functions

remains elusive because of the poor recombinant expression and in vitro solution behavior of the

Itk PH domain. Here, we determine that the lone a-helix in the Itk PH domain is responsible for the
poor solution properties and that mutation of just two residues in the Itk a-helix to the

corresponding amino acids in Btk or Tec dramatically improves the soluble recombinant

expression and solution behavior of the Itk PH domain. We present this double mutant as a
valuable tool to characterize the structure and function of the Itk PH domain. It is also interesting

to note that the precise sites of mutation identified in this study appear as somatic mutations

associated with cancerous tissue. Collectively, the findings suggest that the two helical residues in
the Itk PH domain may serve an important and unique structural role in wild-type Itk that

differentiates this tyrosine kinase from its related family members.

Keywords: Tec family kinases; IL-2 inducible T-cell kinase (Itk); Pleckstrin Homology domain;
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Introduction

IL-2 inducible T-cell kinase (Itk) is a member of the

Tec family of non-receptor tyrosine kinases that

plays a role in T-cell receptor-mediated signaling.1–3

In addition to mediating numerous protein-protein

interactions through its non-catalytic domains, Itk

catalytic activity is responsible for phosphorylation,

and thus activation, of phospholipase C c1
(PLCc1).4–6 A recent review coined Itk as the ‘‘rheo-

stat’’ of the T-cell, in that it fine-tunes the strength

of the signaling cascade and subsequent immune

response.7 This makes Itk an appealing target for

modulating the immune response in the context of

disease states such as allergy and autoimmunity.

Detailed knowledge of the structures and functions

of the individual domains of Itk, as well as how the

different domains work together to control Itk func-

tion, are required steps to advance toward exerting

control over this T-cell signaling protein.

Itk consists of five domains; the amino-terminal

Pleckstrin Homolgy (PH) domain, followed by the
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Tec Homology (TH) domain, Src Homology 3 (SH3)

domain, Src Homology 2 (SH2) domain, and the cat-

alytic Kinase domain at the carboxy-terminus. We

have extensively characterized the structural and

functional details of the SH3, SH2, and Kinase

domains of Itk7–13 but have not, to date, been able to

investigate the Itk PH domain in any detail because

of its extremely poor solution behavior. Numerous

structures of PH domains from other proteins have

been solved, including that of Bruton’s Tyrosine

Kinase (Btk), the Tec family kinase expressed in

B-cells14,15 and all share a common fold consisting

of a single a-helix adjacent to a seven-stranded

b-barrel. PH domains generally bind phosphatidyli-

nositols, and despite the conserved fold, have

surprisingly low sequence homology.16 In T-cells, the

Itk PH domain binds phosphatidylinositol (3,4,5)-

trisphosphate (PtdIns(3,4,5)P3 or PIP3) that is tran-

siently produced by the action of phosphoinositide

3-kinase at the plasma membrane following

activation of the T-cell receptor.17

In addition to phosphoinositide binding, a subset

of PH domains displays a range of additional func-

tions.18 Touhara et al. show that nine different PH

domains bind bc-subunits of G Protein coupled

receptors, suggesting that this might be a conserved

feature of many PH domains.19 The Btk PH domain

has also been shown to bind bc-subunits,20 and

another study suggests that both Btk and Itk can be

activated by bc-subunits of G Proteins.21 The Itk PH

domain also exhibits activities beyond PIP3 binding;

specifically, kinetic data point to a role for the Itk

PH domain in regulating the catalytic activity of the

Itk kinase domain,13,17 perhaps in a manner similar

to Protein Kinase B,22,23 and the Itk PH domain is

thought to mediate intermolecular association of

multiple molecules of Itk24 forming intermolecular

clusters that affect Itk catalytic activity.25 The Itk

and Btk PH domains have also been shown to bind

filamentous actin.26 Despite the numerous potential

physiological roles of the Itk PH domain, efforts to

elucidate the structural basis for these observations

have been hampered by the fact that recombinant

Itk PH domain is very poorly expressed in bacterial

systems and exhibits poor solution behavior in vitro.

Here, we compare the expression and solution

behavior of the PH domains of three Tec family ki-

nases, Itk, Btk and Tec, and show that the poor

recombinant expression and in vitro solution behavior

of the Itk PH domain is unique among these Tec fam-

ily kinases. Using the well-behaved Tec and Btk PH

domains as a template, we deliver mutations to the

Itk PH domain that remedy the poor solution behavior,

without adversely affecting the binding of the Itk PH

domain to PIP3. We aim to use this mutant Itk PH

domain as a tool to probe the structure and function of

the Itk PH domain and shed light on the multiple roles

of this domain in controlling Itk function in T-cells.

Results

Wild-type Itk PH domain, unlike Tec and Btk
PH, shows poor recombinant expression yields

The PH-TH domain fragments of Itk (residues

1-154), Tec (residues 1-154), and Btk (residues

1-176) were cloned into modified pET-vectors con-

taining N-terminal tags of either His6-MBP or His6-

GB1. Itk PH-TH and Btk PH-TH were also cloned

into pGEX-4T vectors, containing an N-terminal

GST tag [Fig. 1(A)]. Previous work in Btk suggests

that the TH domain (also known as the Btk motif) is

necessary for a stably folded PH domain,15,27 and so

in this work, we use constructs that include both the

PH and TH domain of either Itk, Btk or Tec. Here-

after, the PH-TH region from each kinase is referred

to as ‘PH’. Expression levels for all the PH domain

constructs were tested in BL21(DE3) cells. After

induction with IPTG and overnight expression at

15�C, cells were lysed and pellet (P) and soluble (S)

fractions were subjected to gel electrophoresis on

12% SDS-PAGE gels [Fig. 1(B–D)]. For all three sol-

ubility tags, GB1, MBP, and GST, ItkPH shows

almost no soluble expression, whereas BtkPH, and

especially TecPH are readily expressed as soluble

protein regardless of which purification tag is used.

Using a large culture volume (3L), we attempted

to purify soluble His6-GB1-ItkPH for preliminary

NMR analysis; however, ItkPH precipitates immedi-

ately on cleavage from the His6-GB1 tag. Retaining

the His6-GB1 tag, we were able to purify and con-

centrate ItkPH for acquisition of a one-dimensional
1H NMR spectrum [Fig. 1(E)]. Purified His6-GB1-

ItkPH (90 lM in 100% D2O) was compared directly

with His6-GB1-TecPH under identical conditions.

The signal intensity for the TecPH protein is consist-

ent with the sample concentration whereas the Itk

spectrum exhibits much lower intensity [Fig. 1(E)].

We hypothesize that the weak signal of ItkPH is due

to formation of large soluble aggregates that broaden

the NMR signal and the fact that only a fraction of

the Itk PH domain remains soluble during the

course of the NMR experiment. Indeed, the His6-

GB1-ItkPH sample shows visible precipitate in the

NMR tube that increases with time, consistent with

protein aggregation. The poor expression character-

istics of the Itk PH domain combined with the insol-

uble nature of the purified domain prevent detailed

analysis of this domain in vitro.

The a-helix of ItkPH is responsible for its poor

recombinant expression behavior

The contrast between the low soluble expression

levels and poor in vitro behavior of ItkPH, and the

readily over-expressed and well-behaved TecPH led

us to use the Tec sequence as a template to pinpoint

the region of the Itk PH domain responsible for the

poor solubility. Using a chimeric approach, we
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swapped secondary structure elements of Itk into

the Tec sequence at logical secondary-structure junc-

tions [Fig. 2(A,B)]. We expected that systematic

replacement of portions of the Tec PH domain

sequence with those of Itk would diminish the solu-

ble expression of Tec for at least one of the chimeras.

The expression results for this series of constructs

should pinpoint the region of Itk responsible for the

observed lack of expression. To test this hypothesis,

we screened for soluble expression of the Tec/Itk chi-

meras in BL21(DE3) cells. Chimera ‘‘Tec/ItkHa,’’ in
which the a-helix of the Tec PH domain was

swapped for the a-helix of Itk, all but eliminated

soluble expression [Fig. 2(C)], whereas all other Tec/

Itk chimeras yielded significant soluble expression

comparable with wild-type TecPH domain [Fig.

2(C)]. On the basis of this result, we next replaced

the a-helix of the ItkPH domain with that of Tec

(Itk/TecHa) and tested the bacterial expression

behavior. The Itk/TecHa construct yielded substan-

tial soluble expression compared with wild-type

ItkPH [Fig. 2(C)]. The data therefore show that

swapping eight residues within the a-helix region of

Itk PH to those of Tec [Fig. 2(D)] rescues the poor

expression behavior observed for wild-type Itk.

ItkPH/TecHa binds PIP3

We next engineered the ItkPH/TecHa mutation into

full-length Itk to examine the effect of this sequence

change on PH domain ligand binding. Direct com-

parisons between wild-type and mutant must be

made in the context of the full-length Itk protein

because the wild-type Itk PH domain cannot be

expressed. Flag-tagged wild-type full-length Itk and

full-length Itk/TecHa baculoviral constructs were

created and expressed in Hi-Five cells. Purification

was achieved as described previously for wild-type

full-length Itk using the FLAG-affinity resin.30 The

purified full-length proteins (wild-type Itk and Itk/

TecHa) were subjected to a pull-down assay using

immobilized PIP3 ligand. Both wild-type Itk and Itk/

TecHa bind to PIP3 suggesting that mutations

within the a-helix of the PH domain do not

adversely affect the PIP3 ligand binding pocket [Fig.

2(E)].

Mutation of the amino acids at each end of the
a-helix, C96 and T110, is sufficient to rescue

ItkPH expression and solubility

Having established that the a-helix region of the Itk

PH domain is the origin of the poor expression and

solution behavior, we next set out to determine the

minimal set of mutations necessary to generate a

well-behaved Itk PH domain construct. Individual

and pairs of amino acids in the a-helix of Itk PH do-

main were mutated to their corresponding residues

in Tec and screened for soluble expression as before

[Fig. 3(A,B)]. The minimal sequence change that

permits soluble expression levels of Itk PH involves

mutation of residues C96 and T110 to the amino

acids of either Tec (C96P/T110I) or Btk (C96E/T110I)

[Fig. 3(B, arrows)]. Positions 96 and 110 are located

at opposite ends of the a-helix [Fig. 3(C)] suggesting

that helix stability may play a role in the observed

Figure 1. ItkPH shows poor soluble expression compared with TecPH and BtkPH. (A) Domain architecture of constructs

used in this study: full-length Itk and three PH-TH domain constructs with N-terminal purification/solubility tags as indicated.

Numbering refers to the mouse Itk sequence. (B-D) Itk, Tec, and Btk PH-TH domain constructs with different N-terminal

purification/solubility tags were expressed in BL21(DE3) cells, and the pellet (P) and soluble (S) fractions were analyzed by

SDS-PAGE; the boxes indicate the bands corresponding to the PH-TH domain on each gel. (E) Superposition of one-

dimensional 1H NMR spectra for His6-GB1-TecPH (black spectrum) and His6-GB1-ItkPH (red spectrum) in 100% D2O at

identical concentrations (90 lM). The non-exchangeable, aliphatic region is expanded for clarity.
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soluble expression. Moreover, the mutation of T110

to isoleucine likely improves side-chain packing

within the PH domain; the modeled structure of

ItkPH reveals a significant void surrounding T110,

whereas the isoleucine side chain at this position

fills the space [Fig. 3(D)]. Regardless of mechanism,

mutation of C96 to either Glu (derived from Btk) or

Pro (derived from Tec) combined with mutation of

T110 to isoleucine results in robust soluble expres-

sion of ItkPH [Fig. 3(B)].

Expression and purification of soluble ItkPH

Having created a well-behaved double mutant of

ItkPH, we next set out to express and purify this

protein for biophysical characterization. The panel of

four PH domains, wild-type ItkPH, ItkPH/TecHa,
wild-type TecPH, and ItkPH(C96P/T110I) were each

expressed as His6-GB1 fusion proteins in Esche-

richia coli and purified by nickel affinity chromatog-

raphy. Next, each protein was subjected to size

exclusion chromatography before cleavage of the

His6-GB1 tag [Fig. 4(A)]. The elution profile for

wild-type ItkPH is consistent with the poor solution

behavior and aggregation-prone nature of this pro-

tein, eluting over a range of fractions, indicating a

heterogenous mixture of apparent molecular

weights. In contrast, wild-type TecPH and Itk/TecHa
both elute from the column as a single band at frac-

tions consistent with monomeric protein. Interest-

ingly, Itk (C96P/T110I) shows an elution profile that

is intermediate to wild-type ItkPH and wild-type

TecPH or Itk/TecHa. A significant portion of

Itk(C96P/T110I) elutes as a monomer whereas a por-

tion of the sample elutes at earlier fractions in a

manner that is similar to wild-type ItkPH.

Because the double mutant ItkPH(C96E/I110I)

based on the Btk amino acid sequence [Fig. 3(A)] also

produced soluble protein [Fig. 3(B)], we expressed

and purified this ItkPH mutant to assess its behavior

on a sizing column. Figure 4(B) shows that the His6-

GB1-ItkPH(C96E/T110I) protein elutes in a manner

consistent with a monomeric species in contrast to

Figure 2. A chimeric approach based on the TecPH sequence reveals that the a-helix of ItkPH is responsible for its poor

expression behavior. (A) Threaded structure of ItkPHTH onto the available BtkPHTH structures14,15 (PDB: 1BTK and 1B55);

threading was performed using I-TASSER;28 the ribbon tracing the protein backbone is colored to indicate the four regions

used in construction of the Tec/Itk chimeras. b strands 1–4 are green, b strands 5–7 are purple, the a-helix is cyan, and the

TH domain (or Btk motif) is dark blue. The structural model of ItkPH was visualized in PyMOL29 and is used in the subsequent

figures. (B) Diagram describing the construction of the four Tec/Itk chimeras and the single Itk/Tec chimera. Coloring for each

of the regions matches that described in (A). (C) Wild type (WT) and chimeric proteins were expressed in BL21(DE3) cells and

analyzed for soluble expression; pellet (P) and soluble (S) fractions were analyzed by SDS-PAGE and the boxes indicate the

bands corresponding to the PHTH constructs; the arrows point to the chimeras in which the a-helices of Tec and Itk have

been swapped. (D) Sequence alignment of the alpha-helices of ItkPH and TecPH, showing the residues that were swapped in

the helix chimeras (amino acids 95–111); boxes highlight the eight amino acid differences between Tec and Itk in this region.

(E) Itk/TecHa retains canonical PIP3 binding activity in the context of full-length Itk; FLAG-tagged full-length wild-type Itk and

full length Itk/TecHa are captured using PIP3-coated beads, washed, and analyzed by immunoblot (anti-FLAG): lanes

correspond to total input (T), supernatant (S), and washed bead (B) samples.
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the elution prolife of His6-GB1-ItkPH(C96P/T110I).

We therefore proceeded with the ItkPH(C96E/T110I)

mutant for further characterization.

The His6-GB1-ItkPH(C96E/T110I) construct was

next expressed in 3 liters of M9 minimal media con-

taining 15N-NH4Cl as the sole source of nitrogen and

purified using nickel affinity (Ni-NTA) chromatogra-

phy. The His6-GB1 purification tag was cleaved using

the engineered Factor Xa site and separated from

ItkPH(C96E/T110I) by a second pass through a

Ni-NTA column. The ItkPH(C96E/T110I) protein was

then subjected to size exclusion chromatography for

the final step of purification. Unlike the uniform elu-

tion of His6-GB1-ItkPH(C96E/T110I) from the sizing

column [Fig. 4(B)], the cleaved ItkPH(C96E/T110I)

protein elutes from the sizing column over a range of

fractions primarily clustered into two peaks [Fig. 4(C,

black trace)]. SDS PAGE indicates that both elutions

correspond to the ItkPH(C96E/T110I) protein [see

inset, Fig. 4(C)] and circular dichroism (CD) spectra

of the pooled fractions for each peak (fractions 24–35

and 36–41) are nearly identical [Fig. 4(D)]. These

data suggest that the ItkPH(C96E/T110I) mutant

forms higher molecular weight aggregates in solution

(approximately 40–70 kDa in size) in a manner that

might be similar to wild-type ItkPH.

Unlike wild-type ItkPH, the major ItkPH(C96E/

T110I) species in solution corresponds to the molecu-

lar weight of the monomer [Fig. 4(C)]. Moreover, we

find that we can concentrate the ItkPH(C96E/T110I)

fractions corresponding to the monomeric peak and

successfully acquire 2D heteronuclear single quan-

tum coherence (HSQC) NMR data [Fig. 5(A)]. The

HSQC spectrum of ItkPH(C96E/T110I) is character-

ized by resonances with well-dispersed chemical

shifts indicative of a folded protein domain, and av-

erage 1H line-widths of 23 Hz consistent with that of

a monomeric protein32 [Fig. 5(A)]. We also concen-

trated the higher molecular weight species that

elutes in fractions 24–35 [Fig. 4(C)] and find that

NMR resonances cannot be detected for this sample

(not shown). Given the purity of the sample [see

inset Fig. 4(C)], the fact that both peaks run identi-

cally on SDS PAGE, and the presence of 2 mM DTT

in the buffer to disfavor formation of disulfide bonds,

we suspect that a portion of ItkPH(C96E/T110I)

aggregates to form a higher molecular weight spe-

cies giving rise to broad NMR lines and that

exchange processes further broaden the NMR line-

widths beyond detection. The purified ItkPH(C96E/

T110I) sample is stable over time without detectable

formation of the larger aggregate. Evidence for the

Figure 3. Minimal sequence changes in ItkPH required to produce soluble protein. (A) Sequence alignment of the a-helices
of ItkPH, TecPH, and BtkPH, with arrows indicating the most significant amino acid differences that were targeted for

mutation. It is interesting to note that position 96 is not conserved between mouse and human Itk sequences; mutation of the

mouse sequence to that of human (C96R) did not alter the expression and solubility behavior of ItkPH (data not shown). (B)

Soluble expression analysis of single and double helix mutations; arrows point to the C96P/T110I and C96E/T110I mutations

that rescue the poor expression of wild type ItkPH. The overall expression level for wild-type ItkPH is quite low when

compared with ItkPH C96P/T110I, ItkPH C96E/T110I, and TecPH. This suggests that expression of the wild-type ItkPH

sequence leads to protein degradation rather than incorporation into inclusion bodies. (C) Structural model of the Itk PH-TH

domain: a-helix shown in cyan, positions C96 and T110 shown in red, N- and C-termini are labeled and the Zn2þ ion

coordinated by the TH domain is shown in blue. (D) Comparison of side-chain packing for threonine versus isoleucine at

position 110 in the threaded model of ItkPH reveals a significant cavity for T110, whereas I110 packs tightly against adjacent

side-chains.
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stable monomeric species comes from lack of a

higher molecular weight peak after reinjection of the

purified fractions (36–41) onto the same sizing col-

umn [Fig. 4(C, red trace)] and no change in the

HSQC data over a period of 3 months (data not

shown).

Triple-resonance NMR datasets have been

acquired and backbone resonance assignments for

ItkPH(C96E/T110I) are underway. HSQC spectra for

ItkPH(C96E/T110I) in the absence and presence of

inositol 1,3,4,5-tetrakisphosphate (IP4), the soluble

head-group of PI(3,4,5)P3, show significant chemical

shift perturbations for a subset of ItkPH resonances

[Fig. 5(A,B)]. The backbone amide resonances of

several of the positively charged amino acids sur-

rounding the ligand binding pocket of the PH

domain have been assigned and exhibit chemical

shift perturbations consistent with IP4 binding [Fig.

5(C)]. Together, the preliminary NMR data and the

improved expression characteristics illustrate that

introducing two amino acid sequence changes into

the a-helix region of the ItkPH domain yields a sig-

nificantly better behaved protein that binds the IP4

ligand [Fig. 2(E), Fig. 5] and partially retains the

propensity of the wild type Itk PH domain to aggre-

gate in solution [Fig. 4(C)].

Discussion

Two amino acids within the single a-helix of the Itk

PH domain are the origin of the low expression and

lack of solubility observed for this protein when

expressed and purified from bacteria. The extremely

poor solution behavior of the wild-type ItkPH pre-

vents production of this protein for detailed struc-

tural and biochemical analysis. Indeed, despite evi-

dence supporting a PIP3 binding role for the Itk PH

domain in T-cells,17,33 the failure of ItkPH to bind

IP4 in previous in vitro assays34 has led to the sug-

gestion that ItkPH does not bind inositol polyphos-

phates. We suggest that these previously reported in

vitro results were hampered by the poor behavior of

ItkPH in solution. In this work, we have identified

two Itk PH domain residues, C96 and T110, that

when mutated to the corresponding Tec or Btk

amino acids, alleviate the poor expression and

Figure 4.

Figure 4. Characterization of purified PH domain proteins.

(A) Four different His6-GB1 fusion proteins were purified

and run through a Sephadex S300 sizing column; wild type

ItkPH and ItkPH(C96P/T110I) show signs of aggregation,

eluting in two peaks, whereas ItkPH/TecHa and TecPH WT

each elute as a single peak corresponding to the size of the

monomeric PH domain. (B) Purified His6-GB1-ItkPH(C96P/

T110I) and His6-GB1-ItkPH(C96E/T110I) were run through a

Sephadex S100 sizing column. Unlike ItkPH(C96P/T110I),

the ItkPH(C96E/T110I) mutant elutes as a single peak. (C)

After cleavage of the His6-GB1 tag, purified 13C/15N-

labeled ItkPH(C96E/T110I) was passed over a Superdex-75

column on an Akt€a FPLC system (solid black line).

SDS-PAGE analysis of the resulting fractions is shown

above the FPLC trace. Protein standards (dashed purple

and blue lines) are shown and indicate the major peak for

ItkPH(C96E/T110I) elutes in a manner consistent with its 19

kDa monomeric molecular weight. After completion of NMR

data acquisition, the IP4-bound ItkPH(C96E/T110I) was

re-injected onto the Superdex-75 column and run under

identical conditions (solid red line). The slight shift in the

elution profile of IP4 bound ItkPH (compare red with black

trace) is consistent with previously reported findings that

PH domains exhibit restricted motions on binding to IP4.
31

(D) The two peaks (fractions 24–35 and 36–41) from the

initial ItkPH(C96E/T110I) Superdex-75 run (black trace in

(C)) were analyzed by CD spectroscopy. The two samples

show no significant difference in secondary structure.
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solution behavior of ItkPH, providing a tool to probe

structural and mechanistic features of the Itk PH

domain that are relevant to T-cell signaling.

The specific mutations, C96E and T110I, are

located at the N- and C-termini of the PH domain

a-helix, pointing to a role for this helix in the aggre-

gation prone behavior of the wild-type Itk PH

domain. We propose that poor side-chain packing

interactions at position 110 might destabilize the PH

domain [Fig. 3(D)]. We find, however, that the single

point mutation of T110 to isoleucine is not sufficient

to produce soluble and stable Itk PH domain [Fig.

3(B)]. The other mutation required to generate a

well-behaved Itk PH domain (C96E) lies at the

amino-terminal end of the same a-helix (Fig. 3).

Within the ItkPH a-helix, residue 96 occupies

the N1 position, defined as the first residue with hel-

ical torsion angles.35 Position specific amino acid

preferences in helices have been extensively exam-

ined over the years.36,37 Proline and glutamate (the

amino acids in the TecPH and BtkPH N1 position,

respectively) show the highest propensity for the N1

position of a helices, whereas cysteine and arginine

(amino acids in the N1 position of mouse and human

ItkPH, respectively) are significantly less favorable

in this position. Given the intractable nature of the

wild-type ItkPH protein, it is not possible to mea-

sure and directly compare the stability of the a-helix
in the context of the wild-type Itk PH sequence

versus the C96E/T110I mutation. It is nevertheless

tempting to speculate that the wild-type residues

found at both positions 110 and 96 within ItkPH

serve to destabilize the a-helix leading to unfolding

and subsequent aggregation that results in the poor

behavior observed for this domain in solution. The

C96E/T110I mutation rescues this aggregation, pre-

sumably by increasing the stability of the a-helix,
which likely reduces the population of unfolded spe-

cies and limits aggregation and precipitation.

The aggregation prone behavior of ItkPH may

be an integral part of this domain’s function and not

simply an artifact of recombinant expression and pu-

rification in vitro. Previous work has shown that

full-length Itk and the ItkPH fragment form

intermolecular clusters both in cells38 and in a co-

immunoprecipitation assay from 293T-cells.24 These

observations, combined with intermolecular cluster

formation via the SH3 and SH2 domains of Itk,8,39

suggest that the entire regulatory domain region of

Itk promotes intermolecular self-association. Dis-

rupting the SH3/SH2 interface results in increased

catalytic activity suggesting the self-association may

reflect a negative regulatory conformation of Itk.25

The extent and manner by which the Itk PH domain

contributes to regulation of Itk catalytic activity

(and whether the PH domain mutations described

here alter clustering of full-length Itk) remain to be

determined. Another regulatory model is that the

Figure 5. Preliminary NMR characterization of apo- and IP4-bound ItkPH(C96E/T110I). (A) Complete 1H-15N HSQC spectrum

of 600 lM ItkPH(C96E/T110I). (B) 1H-15N HSQC spectrum of ItkPH(C96E/T110I) in the presence of 1.2 molar equivalent of IP4.

(C) Superposition of HSQC spectra acquired in the absence (black) and presence (red) of IP4. Chemical shift changes of a

subset of Itk resonances are shown.
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overall stability of the Itk PH domain fold may be

evolutionarily tuned to achieve appropriate levels of

PIP3 binding after T-cell receptor activation. The

identity of the amino acids at the ends of the ItkPH

helix may have evolved to shift the equilibrium

away from the well-folded, ligand binding competent

conformation of the Itk PH domain thereby regulat-

ing the extent to which Itk associates with the mem-

brane during T-cell signaling. Evidence for intrinsic

disorder in the PH domain of SWAP-70 has been

recently described40 suggesting that conformational

flexibility might be a shared mechanism for regulat-

ing the function of PH domains more generally. All

the questions related to the precise mechanism by

which the Itk PH domain contributes to and modu-

lates T-cell signaling can, with the ItkPH(C96E/

T110I) mutant described here, be addressed in a

more quantitative manner.

In addition to the well-documented role for Itk

in immune cell signaling processes, Itk mutations

appear in the COSMIC database (Catalogue Of So-

matic Mutations In Cancer) that records mutations

in select genes sequenced from cancerous tis-

sues.41,42 Eight of the Itk mutations in the COSMIC

database are in the Itk PH domain; and three of the

eight mutations are located within the a-helix of the

Itk PH domain. Remarkably, two of these mutated

sites coincide exactly with the sites identified in this

study: R96H and T110M,43 lending further support

to the idea that these sites within the ItkPH a-helix
are important for the structure and function of this

domain. Although a direct link between the Itk

mutations listed in the COSMIC database and dis-

ease has not been firmly established, our results

suggest that specific amino acid changes at positions

96 and 110 within the Itk PH domain can overcome

an intrinsically unfolded and unstable domain to

stabilize the structure possibly promoting Itk

activity.

Using the sequences of the related Tec family ki-

nases, Tec and Btk, as a guide, we have solved a

practical problem related to expression and purifica-

tion of ItkPH. Structural, biochemical, and mecha-

nistic studies can now proceed to elucidate what are

likely numerous roles for the PH domain in control-

ling Itk function during T-cell signaling.

Materials and Methods

Bacterial expression constructs
We modified pET-20b expression vectors to incorpo-

rate N-terminal tags of either His6-GB1 or His6-

MBP. GB1 and MBP were PCR amplified and

subcloned into pET-20b at the NdeI and Xho1

restriction sites; overhangs of the primers were

designed to incorporate the His6 tag, the restriction

sites, as well as a BamH1 site C-terminal to the

purification tag. ItkPHTH (amino acids 1–154),

TecPHTH (amino acids 1–154), and BtkPHTH

(1–176) were then PCR amplified and subcloned into

the BamH1 and Xho1 sites of the modified pET-20b

vectors. Additionally, ItkPHTH and BtkPHTH were

subcloned into the BamH1 and Xho1 sites of the

pGEX-4T expression vector (GE Healthcare). In all

these constructs, a Factor Xa cleavage site was engi-

neered between the purification tag and the PHTH

sequence by overhang primer design. Wild-type

sequences for all Itk, Tec, and Btk constructs used

in this article correspond to mouse (mus musculus)

cDNA. Chimeric Tec/Itk sequences were constructed

by amplifying fragments of Tec and Itk that were

then fused by overlap extension PCR and inserted

into pET-20b-His6-GB1 at the BamH1 and XhoI

restriction sites: TecPH/Itkb1–4 consists of Itk amino

acids 1–58 fused with Tec 58–154; TecPH/Itkb5–7
consists of Tec 1–57 fused with Itk 59–90 and Tec

91–154; TecPH/ItkHa consists of Tec 1–94 fused with

Itk 95–111 and Tec 112–154; TecPH/ItkTH consists

of Tec 1–111 fused with Itk 112–154; and ItkPH/

TecHa consists of Itk 1–94 fused with Tec 95–111

and Itk 112–154. Point mutants were generated by

site-directed mutagenesis (QuikChange II kit, Stra-

tagene). Sequences of all constructs were verified by

the Iowa State University DNA Synthesis and

Sequencing Facility.

Tests for soluble expression of PHTH constructs
The plasmids described above were transformed into

BL21(DE3) cells. Cells were grown in LB media

with 100 lg/mL ampicillin at 37�C, 250 rpm until

OD600 reached approximately 0.6, at which point

temperature was lowered to 15�C and expression

was induced with 0.1 mM IPTG. Expression was

performed overnight (12–18 hours) at 15�C. One

millilitre of cells were centrifuged and cell pellets re-

suspended in lysis buffer of 25 mM Tris pH 7.5, 150

mM NaCl, 20 mM imidazole, and lysozyme. Re-sus-

pensions were stored overnight at �80 �C and then

thawed at room temperature, lysing the cells, and

DNAse and 1 mM phenylmethanesulfonylfluoride

were added. Lysates were centrifuged for 10 minutes

at 14 K rpm in a microcentrifuge at 4�C. Samples

were then taken from the supernatant (S) and pellet

(P) fractions, boiled for 5 minutes in SDS loading

buffer and analyzed by 12% SDS-PAGE and staining

with coomassie brilliant blue.

PI(3,4,5)P3 binding assay of full-length Itk
Full-length Itk/TecHa was constructed using the

same internal primers as for the ItkPH/TecHa con-

struct and inserted into the pENTR/D-TOPO vector

(Invitrogen) by TOPO cloning, with a C-terminal

FLAG tag. Baculovirus was then generated and

used to express the protein in insect cells, which

was then purified via FLAG-affinity resin as

described previously for wild-type full-length Itk.13
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For both wild-type and Itk/TecHa, 300 nM of puri-

fied full-length enzyme was incubated for 1 hour at

4�C in 150 ll of 20 mM HEPES pH 7.4, 150 mM

NaCl, 0.1% Nonidet P-40, with 15 ll of PI(3,4,5)P3

coated agarose beads (Echelon Biosciences #P-

B345a). Beads were then washed five times in the

same buffer, re-suspended in 2X SDS-loading buffer

and boiled for 5 minutes. Samples were run on 8%

SDS-PAGE gels and transferred to PVDF mem-

branes by semi-dry western transfer and incubated

overnight in primary antibody (1:1000 anti-FLAG).

Membranes were then washed three times in TBST,

probed with secondary anti-Mouse-HRP, washed an

additional three times in TBST and imaged by

chemiluminescence.

Purification of soluble PH domains
Protein was expressed, harvested, and lysed as

described above (Tests for soluble expression of

PHTH constructs). Cleared lysate was passed over

an Ni-NTA column equilibrated with lysis buffer (25

mM Tris pH 7.5 at 4�C, 150 mM NaCl, 20 mM Imid-

azole) washed and eluted with the same buffer con-

taining 40 mM and 200 mM Imidazole, respectively.

Protein was then concentrated and loaded onto

Sephadex S300 or S100 size-exclusion columns, equi-

librated in 25 mM Tris pH 7.5, 150 mM NaCl, 2 mM

DTT, and sodium azide.

For NMR studies, His6-GB1-ItkPH(C96E/T110I)

was expressed in modified M9 Minimal Media sup-

plemented with 100 lM ZnCl2, 50 lg/mL ampicillin,
15N ammonium chloride (1 g/l, Cambridge Isotope

Laboratories) and either 13C glucose (2 g/l, Cam-

bridge Isotope Laboratories) or un-enriched glucose

as sole nitrogen and carbon sources. Cells were

induced with 0.1 mM IPTG at OD600 ¼ 0.7 and

expression was performed for 16 hours for at 17�C.

Protein was then purified as described above with

the following additions: the His6-GB1 tag was

cleaved with Factor Xa for 16 hours at room temper-

ature; cleavage was stopped with 1 mM phenylme-

thanesulfonylfluoride and once again passed over an

Ni-NTA column, concentrated and loaded onto a

Superdex-75 column equilibrated in 50 mM potas-

sium phosphate buffer pH 7.0, 150 mM NaCl, 2 mM

DTT, and sodium azide; the protein was then con-

centrated to 600 lM for NMR data acquisition.

CD measurements

CD measurements were performed on a Jasco J-715

spectropolarimeter (Jasco) for the far-UV region of

190–260 nm, at 25�C, as described previously.10

NMR spectroscopy

NMR spectra were collected on a Bruker AVII 700

spectrometer with a 5 mm HCN z-gradient cryop-

robe operating at a 1H frequency 700.13 MHz. Back-

bone chemical shifts of apo-ItkPH(C96E/T110I) are

assigned using Sparky44 and MARS45 software pro-

grams, from the following pairs of triple-resonance

experiments: HNCA and HN(CO)CA, HNCO and

HN(CA)CO, and CBCA(CO)NH and CBCANH. Spec-

tra are referenced to DSS, directly in the 1H dimen-

sion and indirectly for the 13C and 15N dimensions,

according to standard procedures. HSQC spectra

were also acquired for ItkPH(96E/T110I) in the pres-

ence and absence of 1.2 molar equivalent of inositol

1,3,4,5-tetrakisphophate (IP4, A.G. Scientific). 1D 1H

NMR spectra were collected for wild-type His6-GB1-

ItkPH and His6-GB1-TecPH that was lyophilized

and resuspended in 100% D2O. All spectra were

acquired at 298 K. NMRPipe46 and NMRViewJ47

were also used for data processing, visualization,

and analysis.
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