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Biological context

PDZ (PSD95/DLG/ZO-1) domains are protein–protein

interaction modules composed of 90–100 amino acids.

PDZ-containing proteins function in the organization of

multiprotein complexes at specific cellular sites and control

the spatial and temporal fidelity of intracellular signaling

pathways. The PDZ fold comprises a compact six-stranded

b-barrel (b1–b6) capped by two a-helices (a1–a2) (Doyle

et al. 1996). Target protein recognition is accomplished via

a long and deep groove formed between b2 and a2. The C

terminus of target proteins inserts into this groove and

augments the b-sheet structure of the domain. Certain PDZ

domains interact with internal sequence motifs, whereas

others bind lipids. Previous studies have established

three PDZ classes based on their consensus recognition

sequence. Class I prefer X-S/T-X-U-COOH, class II

interact with X-U-X-U-COOH, and class III recognize

X-D/E-X-U-COOH, where X is any amino acid and U is a

hydrophobic residue. However, many PDZ domains bind

promiscuously to targets from different classes, under-

scoring the need for a new classification scheme (Birrane

et al. 2003).

In general, PDZ proteins possess multiple domains

facilitating their functions as protein–protein interaction

modules in a variety of cellular contexts. The human Tax-

interacting protein-1 (TIP-1) is an unusual PDZ protein

predicted to be comprised entirely of a single PDZ domain.

TIP-1 was initially identified as an interaction partner of

the human T-lymphotropic virus type 1 (HTLV-1) Tax

protein, a key viral regulatory protein involved in deregu-

lating numerous cellular signal transduction pathways

(Rousset et al. 1998). TIP-1 was also independently iden-

tified as a protein that associates with glutaminase L and

was termed glutaminase-interacting protein (Olalla et al.

2001). TIP-1 participates in Rho signaling through its

interaction with Rhotekin (Reynaud et al. 2000). In addi-

tion, TIP-1 binds with high affinity to the C terminus of

b-catenin and inhibits its transcriptional activity (Kanamori

et al. 2003). TIP-1 also interacts with the C-terminal tail of

the Kir 2.3 potassium channel and functions as a negative

regulator of its surface expression (Alewine et al. 2006).

As a first step towards understanding the structural basis

of TIP-1 interaction with cellular and viral proteins, we

determined the solution structure of TIP-1 in the apo form

and studied its interaction with a Kir 2.3 C-terminal pep-

tide, using nuclear magnetic resonance (NMR) spectros-

copy. We show that TIP-1 consists of a single PDZ domain

flanked by unstructured N and C termini. Unique features

of the TIP-1 PDZ domain include a short, two-stranded

b-sheet within its b1–b2 loop, and a long b2–b3 loop that

may participate in ligand binding. Extensive chemical shift

perturbations are observed during titration of the protein

with a Kir 2.3 peptide, indicating that TIP-1 undergoes

conformational changes upon interaction with target

proteins.
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Methods and results

Protein expression and purification

A DNA fragment encoding human TIP-1 (residues 2–124)

was amplified by PCR and cloned into a modified pMAL-

c2X vector (New England Biolabs). Unlabeled recombi-

nant TIP-1 was expressed as a hexahistidine-tagged fusion

to maltose-binding protein in E. coli C41(DE3) cells

(Novagen) by growing LB cultures to an OD600 of *0.6

followed by induction at 37�C with 1 mM IPTG for

5 hours. Isotope labeling was performed using a media-

exchange method (Marley et al. 2001). For this method,

cells were grown in LB to an OD600 of *0.7, pelleted by

centrifugation, washed once in M9 salts, resuspended in

25% volume M9 minimal media containing 15NH4Cl and
13C-glucose as the sole nitrogen and carbon sources.

Minimal media cultures were incubated for 1 hour before

induction at 37�C with 1 mM IPTG for 5 hours.

Cell pellets were resuspended on ice in PBS supple-

mented with 200 mM NaCl and EDTA-free protease

inhibitor cocktail tablets (Roche Applied Sciences) and

lysed on an EmulsiFlex-C3 homogenizer (Avestin). Cell

debris was pelleted by centrifugation and the clear super-

natant was purified in batch mode using Ni-NTA affinity

resin. TIP-1 was cleaved from the fusion protein with

thrombin and concentrated by ultracentrifugation. The

protein was further purified by size exclusion chromatog-

raphy on a Superdex 75 column (GE-Healthcare) to

apparent homogeneity, as judged by SDS-PAGE.

NMR experiments

Purified TIP-1 protein was exchanged into NMR buffer

composed of 50 mM sodium phosphate pH 6.5, 50 mM

NaCl, 1 mM EDTA, 1 lM NaN3. All NMR experiments

were performed at 298 K on Bruker 600 MHz and 700 MHz

spectrometers equipped with cryoprobes. CBCA(CO)HN,

HNCA, HNCACB and HNCO backbone assignments were

obtained using a minimal set of triple resonance experiments

recorded using a *1.0 mM 13C-/15N-labeled sample. Side

chain assignments were obtained using the HCCH-COSY,

CC(CO)NH-TOCSY and HC(CO)NH-TOCSY experi-

ments. Aromatic protons were assigned using a 13C-edited

NOESY-HSQC. Amine side chains of asparagine and glu-

tamine residues were assigned from a NOESY-HSQC

experiment recorded on a 15N-labeled sample. Data were

processed using NMRPipe (Delaglio et al. 1995) and

assigned using NMRView (Johnson and Blevins 1994). The

majority of the resonances were assigned including the

flexible termini of the protein which, although unstructured

(see below), have a high level of sequence conservation

across species (Fig. 1a).

Structure calculations

Input for the structure determination consisted of distance

restraints from NOE spectra and torsion angle restraints

derived from chemical shift data by TALOS (Cornilescu

et al. 1999). The structure of TIP-1 was determined using

2548 distance restraints and 124 dihedral angle restraints.

A small subset of the NOE data was assigned manually

using resonances with distinctive chemical shifts allowing

unambiguous assignment. The remaining peaks in the
13C- and 15N-edited NOESY spectra were picked manu-

ally and formed the basis of automated assignment and

structure calculation by CYANA (Güntert et al. 1997).

The coordinates were refined in explicit solvent using

CNS (Brünger et al. 1998) and the RECOORD protocols

(Nederveen et al. 2005) leading to an improved Rama-

chandran plot and packing quality (Table 1). Structures

were visualized using PyMOL (www.pymol.org). Struc-

ture quality was assessed using PROCHECK-NMR

(Laskowski et al. 1996). For the ensemble of structures,

less than 1% of residues are in the disallowed region of

the Ramachandran plot.

The structure of TIP-1 is comprised of a PDZ domain

flanked by flexible termini (Fig. 1b, c). The termini of

TIP-1 are unstructured in solution as evidenced by the lack

of NOE data and intense resonances clustered in the center

of the spectrum for these residues. The PDZ domain is very

similar to previously determined structures and presents the

expected topological arrangement of secondary structure

elements. In addition to the canonical PDZ secondary

structure elements, there are two relatively long structured

loops inserted between the b-strands. The b1–b2 loop

contains a two-stranded b-sheet (Fig. 1a–c) not observed in

other PDZ domains. The TIP-1 b2–b3 loop is four amino

acid residues longer than the corresponding loop of the

Erbin PDZ, which was previously shown to contribute to

ligand binding (Birrane et al. 2003) suggesting a similar

role for this loop in TIP-1. Importantly, the Erbin PDZ

sequence motif 1304-NPF-1306 within the b2–b3 loop that

mediates interaction with Tyr -7 of the ligand (Birrane

et al. 2003) is highly conserved in TIP-1 across species

(Fig. 1a), suggesting that the TIP-1 residues Asn44, Pro45,

and Phe46 may also participate in ligand binding. The PDZ

domain of our TIP-1 solution structure and a recent X-ray

structure (Zhang et al. 2008) superimpose over main chain

atoms in residues 14–110 with a root mean square devia-

tion (RMSD) of 1.90 Å, and 1.54 Å over the secondary

structure elements (Fig. 1d). We omitted the termini for the

calculation of the RMSD since both the N and C termini

are unstructured in solution. In contrast, the C terminus of

the unbound full-length crystal structure is a-helical, pos-

sibly as a result of crystal packing interactions (Zhang et al.

2008).
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Isothermal titration calorimetry and NMR titration

experiments

To study the interaction between TIP-1 and Kir 2.3 we

analyzed complex formation between TIP-1 and the

synthetic peptide NISYRRESAI corresponding to the

C-terminal sequence of the channel. Binding constants for

the interaction of TIP-1 with the Kir 2.3 peptide were

measured using a VP-ITC microcalorimeter (MicroCal).

Briefly, *0.45 mM Kir 2.3 peptide was titrated into a

Fig. 1 Sequence and structural

analysis of the human TIP-1

protein. a Alignment of TIP-1

from selected species and the

human Erbin PDZ. Canonical

PDZ a-helices and b-strands are

colored red and green,

respectively, whereas the unique

strands ba and bb are colored

cyan. Identical residues are

shown as white letters on blue
background and similar residues

are highlighted in yellow. The

conserved residues NPF, which

participate in ligand recognition

by the Erbin PDZ, are enclosed

in a red box. b Stereo view of an

ensemble representing the 20

TIP-1 water-refined structures.

Secondary structure elements

are colored as in Fig. 1a with

the extended b2–b3 loop

colored beige. c Secondary

structure representation of TIP-

1. d Superposition of the

solution (beige) and crystal

(purple) structures of unbound

TIP-1 (PDB code 3DJ1). Side

chains of residues in the binding

pocket are shown as stick
models. Figure 1b–d was

generated with POV-Ray

(www.povray.org)
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*0.05 mM solution of TIP-1 protein in 50 mM sodium

phosphate, pH 6.5, 50 mM NaCl, 1 mM EDTA at 25�C.

Titration curves were analyzed using ORIGIN 7.0 (Orig-

inLab). Protein and peptide concentrations were deter-

mined by quantitative amino acid analysis on an ABI 420A

derivatizer/analyzer and an ABI 130A separation system

(Applied Biosystems). Experiments repeated in triplicate

yielded a dissociation constant of 45.1 ± 11.4 lM when

fitted using a single binding site model (Fig. 2a).

To further assess the binding affinity and specificity of

the TIP-1 protein for the Kir 2.3 peptide, we employed a

chemical shift perturbation analysis of NMR data of 15N-

labeled protein titrated with unlabeled peptide. Titration

experiments were performed by adding aliquots of a

*2.0 mM Kir 2.3 peptide solution to a *0.5 mM 15N-

labeled sample of TIP-1 and recording HSQC spectra at

each titration point. The HSQC spectrum of isolated TIP-1

is indicative of a properly folded protein, presenting well-

dispersed resonance peaks with uniform line widths.

Titration of peptide into the protein induces perturbations

in a majority of peaks indicating formation of a specific

complex with direct or indirect effects on residues

throughout the sequence (Fig. 2b). Our conclusion,

supported by the ITC data, is that a single stoichiometric

complex is formed. Upon complex formation, a significant

fraction of residues undergo small resonance shifts and

therefore appear in fast exchange, while a subset of resi-

dues experience larger shifts and are in slow exchange

(Fig. 2c). These residues are localized primarily in the

binding pocket formed by the a2 helix and b2 strand and

the b2–b3 loop (Fig. 2d). Specifically, slow exchange is

observed for residues Ile28, Leu29, Gly30, and Phe31 in

the carboxylate-binding motif and residues Gln39 and

Phe46 in the b2–b3 loop, indicating a possible role for the

Kir 2.3 Tyr -6 in the interaction similar to that of Tyr -7 in

the Erbin–ErbB2 complex (Birrane et al. 2003). Addi-

tionally, Asn44 undergoes a relatively large perturbation

that, in conjunction with Phe46, indicates a role for the

NPF motif in ligand recognition (Fig. 2d).

Discussion and conclusions

The greatest differences between the structured regions of

the crystal and solution structures of the unbound form of

TIP-1 are observed within the ba–bb region, the b2–b3

loop and the carboxylate-binding pocket. Furthermore, the

carboxylate-binding pocket in the solution structure is

deeper due to a difference in the position of the Leu 29 side

chain, and narrower due to a difference in the overall

position of Thr98, giving rise to a more closed carboxylate-

binding pocket in the unbound solution structure. These

results are in agreement with the recently described struc-

tural changes induced in TIP-1 upon binding to peptide

ligands (Banerjee et al. 2008; Zhang et al. 2008). Such

conformational transitions are not unprecedented since

flexible binding sites may enable recognition of diverse

targets, especially for ‘‘promiscuous’’ proteins such as

TIP-1. For example, the binding cleft of the promiscuous

Dishevelled PDZ domain is more flexible than canonical

PDZ domains (Zhang et al. 2009). Recently, the binding

pocket of the LARG PDZ domain was also shown to be

flexible and to exhibit mixed-exchange NMR spectra upon

titration with a peptide representing a binding partner (Liu

et al. 2008). Similarly, the second PDZ domain of human

tyrosine phosphatase 1E undergoes a combination of

structural and dynamical changes upon binding (Dhulesia

et al. 2008). Since TIP-1 is at the junction of several dif-

ferent signaling pathways, such plasticity may in fact be

essential for its function. PDZ domains are capable of a

very diverse range of conformational transitions that may

be averaged to differing extents in crystal and solution

conditions. Ongoing NMR studies of the structure and

dynamics of TIP-1 complexes will yield insights into the

exact nature of the conformational transitions associated

with binding.

Table 1 Statistics for the final ensemble of 20 water-refined struc-

tures of TIP-1

Experimental restraints

Short-range NOEs (|i-j| B 1) 1,234

Medium-range NOEs (1 \ |i-j| \ 5) 469

Long-range NOEs (|i-j| C 5) 845

Total NOEs 2,548

Restraint violations

NOE distances with violations [ 0.3 Å 0.65 ± 0.67

RMSD from experimental restraints

All distance restraints (Å) 0.0217 ± 0.0011

CNS energy (kcal/mol)

EELEC -4593.7 ± 122.0

EVDW -428.71 ± 14.60

RMSD from idealized covalent geometry

Bond lengths (Å) 0.0127 ± 0.0004

Bond angles (�) 1.40 ± 0.04

Impropers (�) 1.59 ± 0.08

Ramachandran plot statistics

Most favored regions 80.3%

Additionally allowed regions 17.0%

Generously allowed regions 1.8%

Disallowed regions 0.9%

Coordinate RMSD (residues 10–110, average to mean, Å)

Ordered backbone atoms 0.473

Ordered heavy atoms 0.888
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In conclusion, our solution structure of human TIP-1

shows that it consists of a single PDZ domain flanked by

unstructured termini. The TIP-1 PDZ contains an addi-

tional two-stranded b-sheet within its b1–b2 loop, and a

long b2–b3 loop that may participate in ligand binding.

The extensive chemical shift perturbations observed upon

interaction with the Kir 2.3 peptide indicate that TIP-1

undergoes conformational changes during binding to

target proteins.

Database accession numbers

The coordinates of the 20 refined TIP-1 structures have

been deposited in the Protein Data Bank (PDB entry

Fig. 2 Specific complex formation between the TIP-1 protein and the

Kir 2.3 peptide. a Isothermal titration calorimetry data obtained for

the interaction of TIP-1 with the Kir 2.3 peptide as described in the

text. b HSQC spectra of TIP-1 in the absence (black contours) and

presence (red contours) of Kir 2.3 peptide. c Selected region of HSQC

spectra highlighting chemical shift perturbations induced by increas-

ing molar ratios of Kir 2.3 peptide to TIP-1 protein. Resonances in

fast exchange are labeled with residue numbers and complex

resonances in slow exchange are labeled ‘‘SLOW’’. d Structural

mapping of chemical shift perturbations for the TIP-1 interaction with

the Kir 2.3 C-terminal peptide. Residues in slow exchange are shown

as red spheres and residues in fast exchange with perturbations one

standard deviation above the mean are depicted as blue spheres. The

figure was generated with PyMOL (www.pymol.org)
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2KG2) and the chemical shift data have been deposited at

the BMRB (entry 16285).
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