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Abstract

Proline-rich tyrosine kinase 2 (Pyk2) is a member of the focal adhesion kinase (FAK) subfamily of 

cytoplasmic tyrosine kinases. The C-terminal Pyk2 focal adhesion-targeting (Pyk2-FAT) domain 

binds to paxillin, an adhesion molecule. Paxillin has five leucine-aspartate (LD) motifs (LD1–

LD5). Here, we show that the second LD motif of paxillin, LD2, interacts with Pyk2-FAT, similar 

to the known Pyk2-FAT/LD4 interaction. Both LD motifs can target two ligand-binding sites on 

Pyk2-FAT. Interestingly, they also share similar binding affinity for Pyk2-FAT with preferential 

association to one site relative to the other. Nevertheless, the LD2–LD4 region of paxillin 

(paxillin133–290) binds to Pyk2-FAT as a 1:1 complex. However, our data suggests that the Pyk2-

FAT and paxillin complex is dynamic and it appears to be a mixture of two distinct conformations 

of paxillin which almost equally compete for Pyk2-FAT binding. These studies provide insight 

into the underlying selectivity of paxillin for Pyk2 and FAK which may influence the differing 

behavior of these two closely-related kinases in focal adhesion sites.
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INTRODUCTION

Proline-rich tyrosine kinase 2 (Pyk2) is a focal adhesion kinase (FAK) related protein, also 

known as calcium-dependent tyrosine kinase (CADTK), cellular adhesion kinase β, related 

adhesion focal tyrosine kinase (RAFTK), or FAK2 [1–5]. Recently, Pyk2 has become a 

potentially important new therapeutic target or prognostic marker because overexpression of 

Pyk2 has been found in many human tumors [2, 3, 6–11]. Pyk2 and FAK function as 

scaffold proteins at focal adhesion sites, where they interact with cytoplasmic proteins and 

integrate different environmental signals [12–15] [16, 17]. Pyk2 interacts with a number of 

proteins, including Src [18], paxillin [19, 20] and p130cas [21], which also bind to FAK.

Although Pyk2 and FAK are similar, the activation mode of Pyk2 and FAK appears to be 

different; Pyk2 is activated by various stimuli, including elevated intracellular levels of 

calcium, protein kinase C activation, and exposure to stress factors [1, 22], whereas FAK is 

activated by integrin engagement [23, 24]. Nevertheless, Pyk2 can functionally replace FAK 

in biological processes where FAK is limited. For example, studies on endothelial cells 

(ECs) where FAK plays a critical role during the vascular development showed that they 

have an adaptive capacity to switch to Pyk2-dependent signaling after deletion of FAK [25]. 

In addition, Pyk2 and Src-family PTKs (Protein-tyrosine kinases) combine to promote 

fibronectin (FN) stimulated signaling events that promote activation of extracellular-signal-

regulated kinase 2 (ERK2) in the absence of FAK, and Pyk2 tyrosine phosphorylation is 

enhanced by fibronectin (FN) stimulation of FAK– cells, but not in FAK+ cells [18]. It 

remains an open question why Pyk2 is capable but less effective than FAK in promoting 

focal adhesions (FAs) in these cases despite their structural similarity.

Both FAK and Pyk2 contain a large N-terminal FERM domain, a centrally located kinase 

domain, and a C-terminal focal adhesion targeting domain referred to as FAT domain in 

Pyk2 and FAK [13]. Similar to other FAT-like domains, the Pyk2-FAT domain forms a 

four-helix bundle [26]. In addition, the Pyk2-FAT and FAK-FAT domains are responsible 

for recruitment of Pyk2 and FAK, respectively, to FAs via their interaction with the N-

terminus of paxillin, a multi-domain scaffolding protein [12, 26–32]. The N-terminus of 

paxillin has five leucine-rich LD (LDXLLXXL) motifs, LD1–LD5. Although this domain is 

largely unstructured, each LD motif is capable of forming an amphipathic alpha-helix which 

can interact with many other binding partners in FAs [33–36]. However, the binding 

mechanism by which different proteins interact with LD motif containing adaptor molecules 

is diverse. In FAK, for example, the binding of paxillin to FAT is mediated by LD2 and 

LD4 motifs [37, 38]. Specifically, LD2 motif peptide preferentially binds to the helices H1 

and H4 interface (H1/H4) site and LD4 peptide binds to the H2/H3 site [39]. However, 

Schaller et al. showed that LD4 binding to the FAT H1/H4 is defective [40]. In contrast, 

studies of another FAT-like domain from G-protein-coupled receptor kinase-interacting 

protein 1 (GIT1) revealed that the binding site for both LD2 and LD4 peptides is located 

exclusively at the H1/H4 surface [41]. In addition, paxillin LD motifs also play important 

roles in localization of two closely related integrin-linked kinase (ILK) binding FA proteins, 

α and β- parvins, to FAs [42, 43].
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The crystal structure of Pyk2-FAT in complex with a paxillin LD4 peptide has been 

reported, which also showed that it has two putative LD4 motif-binding sites located at 

helices H1/H4 and H2/H3 [26]. Since the FAT domain of FAK recognizes both LD2 and 

LD4 motifs of paxillin [39], we examined whether LD2 binds Pyk2-FAT as well. Different 

biophysical studies showed that indeed the LD2 motif of paxillin also binds to the Pyk2-

FAT domain. In addition, to compare LD2 with LD4, we performed a series of biochemical 

and structural studies to determine the ability of LD2 and LD4 peptides to bind Pyk2-FAT in 

solution using various methods including Isothermal Titration Calorimetry (ITC), Analytical 

Ultracentrifugation (AUC) and Nuclear Magnetic Resonance (NMR). We also determined 

the crystal structure of LD2 bound to Pyk2-FAT. Finally, we addressed how these two LD 

motifs bind to Pyk2-FAT in the context of paxillin full-length mimic. Using a truncated 

paxillin construct comprising LD motifs 2, 3 and 4 (paxillin133–290), we determined the 

stoichiometry and binding affinity of this construct to Pyk2-FAT by NMR and various 

biophysical methods. Together, these structural and biochemical studies provide a better 

understanding of how key mechanistic differences in Pyk2 and FAK binding to paxillin may 

influence their ability to regulate FAs.

RESULTS

LD2 motif of paxillin binds the FAT domain of Pyk2

To investigate if the LD2 (residues 139–163 of chicken paxillin) motif binds to the Pyk2-

FAT domain, interaction between LD2 peptide and Pyk2-FAT was first examined by ITC. 

For comparison, the LD4 (residues 262–278 of chicken paxillin) peptide was also examined 

(Supplemental Figure S1). Representative titrations are shown in Supplemental Figure S2, 

and the thermodynamic parameters of binding are listed in Table 1. The experimental data 

best fit a two-site sequential binding model for both LD2 and LD4 peptides. ITC data 

summarized in Table 1 shows that LD2 binds to the first site with a KD of ~ 7 μM and the 

second with a KD of ~ 35 μM. Similarly, the LD4 peptide binds to the first site with a KD of 

~ 8 μM and the second site with a KD of ~ 46 μM. ITC results on LD2 and LD4 binding to 

the Pyk2-FAT domain establishes that these two sites are energetically different. Although 

LD3 has not been previously shown to associate with Pyk2-FAT, we measured LD3 peptide 

affinity for Pyk2-FAT by ITC. LD3 (residues 217–237 of chicken paxillin, Supplemental 

Figure S1) binding to Pyk2-FAT appears to be very weak compared to LD2 and LD4 

peptides (Supplemental Figure S3). This relatively weak affinity suggests that LD3 does not 

compete with LD2 or LD4 for Pyk2-FAT binding.

To confirm the results from the ITC studies, we also examined Pyk2-FAT/LD2 and Pyk2-

FAT/LD4 interactions by AUC. The binding affinities were assessed from analysis of AUC 

sedimentation equilibrium (SE) experiments (Supplemental Figures S4–S6, Table 2A). Both 

1:1 and 1:2 Pyk2-FAT to LD peptide experiments were performed. AUC-SE data fits very 

well to a single site hetero-association model (A+B ↔ AB) for 1:1 stoichiometry 

experiments giving equilibrium dissociation constants (KAB) of ~ 1 μM for LD2 and ~ 1μM 

for LD4. For 1:2 stoichiometry experiments, the data best fits a two-site hetero-association 

model (A+B+B ↔ ABB) for both peptides. LD2 binds Pyk2-FAT with a KAB of ~ 1 μM for 

the first site and ~ 5 μM for the second site KABB. Strikingly similar to LD2, LD4 binds 
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Pyk2-FAT with a KAB of ~ 1 μM for the first site and ~ 5 μM for the second site KABB. The 

global free energy difference for the association between the first and second sites (ΔGAB 

and ΔGABB) is −0.76 kcal/mol for LD2 and −0.77 kcal/mol for LD4. This result indicates 

that both LD motifs show similar binding affinity for Pyk2-FAT with a preferential 

association to one-site relative to the other.

Mapping the paxillin LD2 and LD4 binding sites on Pyk2-FAT by NMR

We next used NMR to further examine the interactions between the Pyk2-FAT domain and 

the two LD peptides in detail. NH backbone resonances of free and LD2 or LD4 bound 

Pyk2-FAT were assigned based on the three-dimensional HNCO, HNCA, CBCA(CO)NH, 

and HNCACB spectra. Chemical shift perturbations (CSPs) for paxillin LD2 peptides bound 

to Pyk2-FAT were measured by adding unlabeled LD2 and LD4 peptides to 15N-labeled 

Pyk2-FAT (Figure 1A and 1B). Examining a series of 1H-15N correlation spectra of Pyk2-

FAT in the presence of different concentrations of LD peptides (Pyk2:LD peptide ratio of 

1:0.2, 1:0.4, 1:0.8, 1:1.2 and 1:2.0), we observed that the binding sites for both LD2 and 

LD4 peptides are located to the central region of H2/H3 and H1/H4 solvent exposed 

surfaces. At a high concentration of peptide (Pyk2-FAT: LD2 ratio of 1:2), we observed two 

clusters of largely shifted peaks in the perturbation plot, indicating two peptides binds per 

molecule of Pyk2-FAT. This 1:2 stoichiometry of peptide binding is further supported by 

AUC sedimentation velocity data for Pyk2-FAT/LD2 and Pyk2-FAT/LD4 (Supplemental 

Figure S5, Supplemental Table S1), and is consistent with previously observed FAK-

FAT/LD2 and FAK-FAT/LD4 interactions [44]. However, in NMR titration experiments at 

lower concentrations of LD2 or LD4 peptide, most of the perturbations were observed at 

H2/H3. On average, larger chemical shift perturbations were observed at the H2/H3 binding 

site compared to H1/H4, suggesting a stronger association of LD2 and LD4 peptides at this 

site (Figure 1A and 1B). The solvent-exposed residues Glu904, Val909, Lys911, Val909, 

Val913, Leu915, Asn947 and Ala951 from H2/H3 exhibited significant perturbations after 

binding to LD2 and LD4 peptides, whereas the residues from H1/H4 showed only moderate 

changes. Overall the residues from H2/H3 binding site exhibit intermediate slow exchange 

on NMR timescale. For example, residues Glu904, Val907, Val909, Lys911, Val913, 

Gly914, Leu915, Gly922, Asn947, Ala951 and Ile954 undergo intermediate slow exchange 

after adding LD2 or LD4 peptide. However, most of the residues at H1/H4 undergo fast 

exchange. In addition, we also observed a notable biphasic chemical shift behavior for 

H1/H4 residues during the titration. For example, Leu894 and Thr978 of H1/H4 show a 

biphasic behavior with a break at 1:1 ratio of protein to peptide (Figure 1C and 1D). In 

contrast, residues from H2/H3 display mostly a monophasic behavior in all titration 

experiments. The feature of biphasic peak-shift induced by the peptide binding suggests that 

both peptides undergo sequential binding characteristics, and that peptide binds first to 

H2/H3 and then H1/H4.

To confirm the sequential binding, we used a paramagnetic relaxation enhancement (PRE) 

experiment to map the binding interface at lower concentrations of peptides (Pyk2-

FAT:peptide ratio of 1:0.2). This method provides distance information from the spin center 

up to 20–25 Å [45]. 1H-15N HSQC spectra of Pyk2-FAT were acquired with methane 

thiosulphonate (MTSL)-derivatized LD2 and LD4 peptides (Figure 2A). The data clearly 
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showed that residues from H2/H3 disappeared or showed reduced intensity after addition of 

LD2MTSL and LD4MTSL peptides at lower concentrations (Pyk2-FAT:peptide ratio of 1:0.2) 

(Figure 2B and 2C). For example, when spin-labeled LD2 (Q156C) or LD4 (S262C) were 

added, H2/H3 residues Ser899, Glu904, Gly905, Val907, Val908, Val909, Lys911 Asn912 

and Val913 disappeared. Hence, both NMR and ITC data provide strong evidence for two 

site sequential binding model during Pyk2-FAT/LD2 and Pyk2-FAT/LD4 complex 

formation. Furthermore, H2/H3 is the stronger binding site for both LD2 and LD4 peptides 

as evidenced by NMR.

Crystallographic studies of paxillin LD peptides bound to Pyk2-FAT

Due to the limited NOEs available for LD2 bound to Pyk2-FAT, we were unable to 

determine the complex structure by NMR. To investigate the nature of these molecular 

interactions, we determined the co-crystal structure of Pyk2-FAT in complex with LD2 

motif peptides. X-ray diffraction data exhibited strong anisotropy in reciprocal lattice 

dimension c*. Therefore, the 3.5 Å scaled data was submitted to the UCLA Diffraction 

Anisotropy Server [46] for anisotropy correction prior to refinement. Molecular replacement 

was performed using the previously published Pyk2-FAT crystal structure (PDB: 3GM3) 

[26]. As the data were relatively low resolution, refinement using DEN restraints during 

simulated annealing with CNS [47] produced improved maps for initial placement of LD2 

peptides. Data collection and refinement statistics are provided in Table 3 and representative 

electron density is shown in Figure 3A and Supplemental Figure S7B.

We observed that two LD2 peptides bind to one molecule of Pyk2-FAT; one binds to H1/H4 

and the other to H2/H3 (Figure 3). The solvent exposed LD2 peptides form an amphipathic 

helix with hydrophobic residues facing toward the hydrophobic cleft of Pyk2-FAT. At the 

H2/H3 interface, Leu145 of LD2 makes hydrophobic contact with Leu917, Ile921 and 

Leu950 of Pyk2-FAT and van der Waals interaction with Arg918 (Figure 3B). Leu148 

makes hydrophobic interactions with Leu950 and Ile954, and van der Waals interaction with 

Ala951. Furthermore, Leu152 makes hydrophobic interactions with Val907 and Val910, and 

van der Waals interaction with Lys911 on H2/H3.

In addition to hydrophobic and van der Waals interactions, hydrogen bonds strengthen the 

association between LD2 peptide and the H2/H3 surface of Pyk2-FAT. The main chain 

carbonyl oxygen of Asn141 on LD2 makes a hydrogen bond with Asn947, whereas the side 

chain of Asn141 makes a hydrogen bond with Gln943. In addition, Asp146 makes a 

hydrogen bond with Arg918, and Glu151 is in hydrogen bonding proximity with Arg958 of 

Pyk2-FAT (Figure 3B). Although the electron density was not sufficient to determine the 

side chain positions for Pyk2-FAT residue Lys911, superposition of the Pyk2-FAT/LD2 

structure with the previously published Pyk2-FAT/LD4 structure (PDB: 3GM1) indicates a 

hydrogen bond between Asn153 of LD2 (equivalent to Ser274 in LD4) and Lys911 is likely.

The electron density of the LD2 peptide bound to H1/H4 is relatively weak when compared 

to H2/H3. The polarity of the LD2 peptide bound to the H1/H4 site was apparent from the 

DEN electron density maps (Supplemental Figure S7A). However, as sidechain character 

was essentially absent for most of the peptide, (final 11 residue alpha-helical model includes 

Leu148 and Leu152 sidechains only) the registry of the peptide was not discernible from the 
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electron density (Figure 3A, 3C, Supplemental Figure S7B). Chemical environment and 

packing at the hydrophobic interface provided clues to the sequence registry. Ultimately, the 

final sequence assignment was based on homology with previously reported crystal 

structures. These include the FAK-FAT in complex with LD2 peptide (1OW8; chains A/D) 

and the Pyk2-FAT in complex with LD4 peptide (3GM1; A/E and B/C) [26, 38]. However, 

superimposing our LD2 bound 15-residue helix from the H2/H3 site onto LD2 bound at 

H1/H4 suggests a registry shift of −3 would still allow many of the hydrophobic residues to 

face the H1/H4 hydrophobic site. For example, the shift would place Leu142 versus Leu145, 

Leu145 versus Leu148, and Leu149 versus Leu152 at the interface. This shift in registry, 

however, seems less likely as Asp 146 would replace Leu149 at the hydrophobic interface in 

proximity to Val 888. Additionally, Leu148 would replace solvent exposed Glu151.

In order to equitably address the difference between the LD2 and LD4 motifs of paxillin, 

based on sequence analysis (Supplemental Figure S1), the LD4 peptide used in this study is 

longer than the LD4 peptide used in the Pyk2-FAT/LD4 complex structure previously 

reported (Supplemental Figure S8A) [26]. To keep consistency, we decided to elucidate the 

crystal structure of the Pyk2-FAT domain in complex with the LD4 peptide used in this 

study. Using a condition similar to the study of Pyk2-FAT/LD2 complex structure, the 

Pyk2-FAT/LD4 complex (PDB: 3U3F) structure was determined at a resolution of 3.2 Å by 

molecular replacement. Data collection and refinement statistics are provided in Table 3. 

Representative electron density is shown in Supplemental Figure S8B. Comparing with the 

previously published Pyk2-FAT/LD4 complex structure (3GM1), most of the key 

interactions between LD4 peptide and the two binding sites of Pyk2-FAT are consistent 

(Supplemental Figure S8C and S8D). However, there are some clear differences between the 

two structures. The most striking difference we observed is that our relatively long LD4 

peptide (residues 262–278 versus 263–275) forms an extended helix on the N-terminal side 

(Supplemental Figure S8E) when bound to H2/H3.

Conformational change of Pyk2-FAT induced by the binding of LD peptides

To further characterize the effects of LD peptides binding on Pyk2-FAT, we used H/D 

exchange experiment [48] to examine the conformational dynamics of Pyk2-FAT before and 

after peptide binding. For free Pyk2-FAT, fast 15N-HSQC spectra were collected 

immediately after dissolving the lyophilized 15N-labeled PAT in D2O. After the first 10 min, 

40% of amide peaks had disappeared due to H/D exchange. All the protected peaks were in 

helical regions, whereas most peaks that vanished belonged to the residues in the loop 

regions and the termini (Supplemental Figure S9A). We then performed H/D exchange 

experiments for both Pyk2-FAT/LD2 and Pyk2-FAT/LD4. Data shows that all of the peaks 

within the core of the four-helix bundle were protected after 6 h. However, residues from 

H2/H3 and H1/H4 were protected even after 10 hrs (Supplemental Figure S9B and S9C), 

indicating extensively protected core regions at the H2/H3 and H1/H4 binding sites.

To further understand loop stabilization upon peptide binding, we also acquired steady-

state 1H-15N heteronuclear NOE measurements, which offer information on motions [49, 

50] and can be used to identify order induced binding or ordered conformations in partially 

folded ensembles. Typically, the value for the heteronuclear 15N [1H] NOE of folded 
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residues is ~1–0.7, and the NOE for a flexible loop is <0.5. The study of free Pyk2-FAT 

showed that residues from loop 1 (899–903), loop 2 (926–934) and loop 3 (963–967) 

showed faster motions, with heteronuclear NOE values less than 0.7 (Supplemental Figure 

S10A). Upon ligand binding, steady-state NOE values of the amide resonances on Pyk2-

FAT/LD2 and Pyk2-FAT/LD4 significantly increased relative to free Pyk2-FAT, indicating 

that the loop regions of Pyk2-FAT become stabilized (Supplemental Figure S10B and 

S10C).

Dynamic nature of LD2 peptide binding to Pyk2-FAT measured by NMR

In order to address the dynamic properties of LD2 peptide upon Pyk2-FAT binding, we have 

expressed and purified 15N-labeled chicken paxillin LD2 peptide (residues 139–163, 

Supplemental Methods). The 15N-1H HSQC spectra of LD2 peptide were assigned using 

standard triple resonance experiments. Chemical shift perturbations for paxillin LD2 

peptides bound to Pyk2-FAT were measured by adding unlabeled Pyk2-FAT to 15N-labeled 

LD2 peptide. Examining a series of 1H-15N correlation spectra of LD2 peptide in the 

presence of different concentrations of Pyk2-FAT (Pyk2-FAT:LD2 ratio of 1:0.2, 1:0.4, 

1:0.8, 1:1.2 and 1:2.0), we observed that most of the LD2 resonances were broadened 

beyond detection (Supplemental Figure S11A–S11C). Therefore, our binding data illustrates 

that LD2 peptide binds Pyk2-FAT as a dynamic complex.

Characterization of paxillin133–290 binding to Pyk2-FAT by ITC

Because both LD2 and LD4 peptides bind to the H2/H3 site of Pyk2-FAT 5-fold better than 

the H1/H4 site, it is unclear whether full-length paxillin utilizes both LD2 and LD4 motifs to 

bind Pyk2-FAT, or there is a preferential association of LD2 or LD4 for a particular site. To 

address this issue, we performed binding studies of Pyk2-FAT with a paxillin construct that 

comprises the LD2-LD3-LD4 region (paxillin133–290). Using ITC we determined the 

binding affinities between paxillin133–290 and Pyk2-FAT. Representative plot for each 

titration are shown in Supplemental Figure S12, and a summary of the thermodynamic 

parameters is given in Table 1. The data could be fitted to a single-site model assuming 1:1 

stoichiometry with KD values of approximately 1.8 μM for the paxillin133–290/Pyk2-FAT 

complex. The binding affinity of paxillin133–290 is approximately 10-fold higher than for 

LD2 and LD4 peptides alone.

Analytical Ultracentrifugation of the paxillin133–290/Pyk2-FAT Complex

From sedimentation velocity and equilibrium experiments, it is evident that paxillin133–290 

and Pyk2-FAT form a 1:1 complex in solution. The apparent molecular mass of the 1:1 

complex from the velocity data is 30.20 kDa, reasonably close to the theoretical mass of the 

1:1 complex (33,706 Da) (Table 2C). Interaction analysis from velocity data may not always 

yield accurate masses for the different species due to inter-conversions of species such as 

reversible association/dissociation on a timescale comparable with sedimentation data 

collection. Also, different species may have different shapes that could influence the 

calculation of the masses. The analysis of the sedimentation equilibrium data with a 1:1 

hetero-association model yields a dissociation equilibrium constant of 0.41 μM 

(Supplemental Figure S6, Table 2B). The calculated frictional ratio value (f/f0 – value) for 
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free Pyk2-FAT, 1.34, signifies a slightly elongated molecular shape. The unbound paxillin 

appears to form some soluble associated species (oligomers) of undetermined 

stoichiometry’s, but the main species appears to be a monomer with an f/f0 – value of 1.7, 

indicative of a highly extended, largely unfolded protein (Table 2C).

Chemical shift mapping of paxillin133–290 binding to Pyk2-FAT

We next used NMR chemical shift perturbation to study the interaction between 

paxillin133–290 and Pyk2-FAT. NH backbone resonances of paxillin133–290 were assigned 

based on the three-dimensional HNCO, HNCA, CBCA(CO)NH, and HNCACB spectra. We 

collected 1H-15N-transverse relaxation optimized spectroscopy (TROSY) [51] during the 

titration of unlabeled paxillin133–290 to 15N-labeled Pyk2-FAT (Pyk2-FAT: paxillin133–290 

ratio of 1:0.2, 1:0.4, 1:0.6, 1:1, 1:2). During NMR titration of paxillin133–290 to Pyk2-FAT, 

most of the amide resonances from the H2/H3 binding site disappeared beyond detection 

(Supplemental Figure S13A). This peak disappearance is due to intermediate slow exchange 

regime, indicating tight peptide binding at H2/H3. However, addition of excess 

paxillin133–290 to Pyk2-FAT induces loss of signals from H1/H4 binding site as well 

(Supplemental Figure S13B). Such paxillin133–290 binding preference for H2/H3 is 

consistent with our LD2 and LD4 peptide studies, in which we observed that H2/H3 is the 

preferential binding site for both peptides. These amide resonances from the H2/H3 and 

H1/H4 binding sites of Pyk2-FAT did not reappear in the HSQC-TROSY spectra even after 

adding a 2-fold excess of paxillin133–290.

We also performed a reverse NMR titration by adding unlabeled Pyk2-FAT to 15N-labeled 

paxillin133–290 (paxillin133–290: Pyk2-FAT ratio of 1:0.2, 1:0.4, 1:0.6, 1:1, 1:2). The 1H-15N 

TROSY spectra of free paxillin133–290 showed dispersion of signals characteristic of an 

intrinsically unstructured protein (Supplemental Figure S14). During the titration of Pyk2-

FAT to paxillin133–290, we observed that several peaks from the LD2 and LD4 regions 

disappeared beyond detection (Figure 4). Similar to the Pyk2-FAT titration experiment, 

amide peaks from the LD2 and LD4 regions of paxillin133–290 did not reappear in the 

spectra even after adding a 2-fold excess of Pyk2-FAT. This is most likely due to 

conformational switching between two competing conformations of Pyk2-FAT/

paxillin133–290 complex; one conformation utilizes the LD2 motif to bind H2/H3 and the 

LD4 motif to bind H1/H4, and vice versa.

To further address the role of LD3 in the Pyk2-FAT/paxillin interaction, two additional 

paxillin constructs, paxillin133–242 (LD2–LD3) and paxillin212–284 (LD3–LD4, 

Supplemental Figure S15A), were generated. Again, both NMR and ITC studies were used 

to examine the interactions between the two paxillin constructs and the Pyk2-FAT. In the 

NMR titration studies, at lower paxillin concentrations (Pyk2-FAT: paxillin ratio of 1:0.4 or 

less) we observed that the residues that had chemical shift perturbations induced by the 

binding of the two constructs respectively were those located in the H2/H3 (Supplemental 

Figure S15B and S16A). However, at higher concentrations (Pyk2-FAT: paxillin ratio of 1:1 

or greater) we found that both paxillin133–242 and paxillin212–282 could occupy the H2/H3 

and H1/H4 binding sites of Pyk2-FAT (Supplemental Figure S15C and S16B). Consistently, 

ITC experiments demonstrated a two-site sequential binding model for paxillin133–242 and 
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paxillin212–282. Representative ITC titrations are shown in Supplemental Figure S17, and the 

thermodynamic parameters of the interactions summarized in Supplemental Table S2. Both 

NMR and ITC data clearly indicated that, in Pyk2-FAT interaction, paxillin133–242 and 

paxillin212–282 closely resemble LD2 and LD4 peptides respectively, suggesting that the 

LD3 segment in paxillin plays little role in the Pyk2-FAT/paxillin interaction.

DISCUSSION

The C-terminal FAT domain of Pyk2 is necessary for the recruitment of Pyk2 to focal 

adhesions by direct interaction with FA proteins such as paxillin. The Pyk2-FAT domain has 

a classical up-down-up-down four-helix bundle (H1–H4) structure, which is conserved 

among FAK related proteins [37, 41]. These homologs use either the H1/H4, and/or the 

H2/H3 binding surface to interact with adaptor proteins in localization to focal adhesion 

sites. From our ITC and AUC studies of paxillin LD2 and LD4 binding to Pyk2-FAT, it is 

evident that these two binding sites on the Pyk2-FAT surface are energetically different, 

with a 5-fold difference in their affinity for both LD2 and LD4 peptides. Indeed, both CSP 

and PRE NMR data support such sequential association, whereby peptide binds H2/H3 first, 

followed by H1/H4 (described as KAB and KABB in the AUC data, respectively). Moreover, 

in both Pyk2-FAT/LD2 and Pyk2-FAT/LD4 complex crystal structures we observed weak 

electron density for peptide bound at H1/H4 compared to H2/H3, which suggests a weaker 

association of peptide at the H1/H4 site. Comparison of the two paxillin binding surfaces of 

Pyk2-FAT mapped by CSP shows that residues on the H2/H3 surface create an extensive 

and well-defined binding pocket for both LD2 and LD4 peptides, whereas the H1/H4 

binding surface is localized to only a few residues (Figure 5).

Comparison of Pyk2-FAT/LD2 and Pyk2-FAT/LD4 crystal complex structures reveals that 

both structures are very similar (Supplemental Figure S18). As their structural similarity and 

CSP mapping suggests, LD2 and LD4 bind to H2/H3 with approximately the same affinity 

(KD of 7 μM and 8 μM, respectively) and bind to H1/H4 with approximately the same 

affinity (KD of 35 μM and 46 μM, respectively). To further elucidate the binding mechanism 

of paxillin-Pyk2, we studied the interaction between paxillin133–290 (LD2–LD4 region) and 

Pyk2-FAT. Paxillin133–290 and Pyk2-FAT associate with a 1:1 stoichiometry as determined 

by ITC and AUC with an apparent KD of 1.8 μM and 0.4 μM, respectively. This binding 

affinity is approximately ten times higher than the affinity of paxillin fragments LD2 or LD4 

for Pyk2-FAT. Indeed, FAT also exhibits a 10-fold greater binding affinity for a similar 

paxillin133–290 construct compared to either LD2 or LD4 peptides alone [35]. However, our 

NMR studies on Pyk2-FAT and paxillin133–290 binding suggests that this one-to-one 

complex has a unique dynamic feature. During the NMR titration of unlabeled Pyk2-FAT to 

labeled paxillin133–290, most of the resonances for LD2 and LD4 residues were severely 

broadened and disappeared with increasing Pyk2-FAT concentration (Figure 4). These LD2 

and LD4 resonances did not reappear in the spectra even after adding excess of Pyk2-FAT, 

suggesting two competing conformations exist; one with LD2 occupying H2/H3 and LD4 

occupying H1/H4 and vice versa. These findings are consistent with our peptide studies 

where we observed equal binding affinities of LD2 and LD4 for Pyk2-FAT, and a 5-fold 

preference for binding H2/H3 over H1/H4. Therefore, we propose a conformational affinity-

switching model to describe the Pyk2 and paxillin association (Figure 6A). In contrast, FAK 
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is proposed to bind paxillin in a concerted fashion with the LD2 motif binding H1/H4 of 

FAK-FAT and wrapping around to stably bind the LD4 motif at H2/H3 (Figure 6B) [39].

The LD2 motif of paxillin plays a key role in distinguishing the two FAT domains. It is well 

established that the LD2 of paxillin specifically recognizes the H1/H4 site of FAK-FAT [39, 

40]. On the other hand, LD2 binds to both H1/H4 and H2/H3 sites of Pyk2-FAT equally 

well. Such functional difference is likely due to the key sequence differences of the two 

FAT domains in the H3 region (marked in Figure 7A). In Pyk2-FAT/LD2 and Pyk2-

FAT/LD4 crystal structures, we observed that Ala 951 forms hydrophobic interactions with 

Leu 148 and Leu 270 of LD2 and LD4 peptides, respectively (Figure 7B and Supplemental 

Figure S19). The interactions are further validated by NMR studies, where we observed that 

Ala 951 exhibits the highest chemical shift perturbations of any residue in H3 induced by the 

peptide bindings (Supplemental Figure S19C). However, in FAK-FAT, this residue is 

replaced by glycine in the equivalent position that effectively destructs the hydrophobic 

interactions. Moreover, in Pyk2-FAT, residue 937 is threonine and residue 941 is glycine, 

whereas the two residues at equivalent positions in FAK-FAT are arginine and methionine, 

respectively (Figure 7A). We speculate that these two bulky residues in FAK-FAT may play 

the key role in preventing LD2 to interact the H2/H3 sites in FAK/paxillin interaction. 

Indeed, the LD2 peptide used in the crystallography study of FAK-FAT/LD2 complex is 

very short [37, 38]. Based on the structure, we predict that N-terminal end of LD2 motif in 

full-length paxillin may not be able to interact with this site of FAK-FAT due to steric 

hindrance (Figure 7C). However, in Pyk2-FAT, the less bulky residues Thr937 and Gly941 

allow N-terminal end of LD2 motif to exploit further interaction with extended core binding 

site of Pyk2-FAT at the H2/H3 site. Indeed, in Pyk2-FAT/LD2 structure, we observed that 

Asn141 of LD2 peptide makes hydrogen bond with Gln943 of Pyk2-FAT. Furthermore, in 

the NMR titration studies, we found that several residues in the N-terminal LD2 peptide 

interacting region of the H2/H3 site, such as Thr937 and Glu940, experienced chemical shift 

perturbations (Figure 1A and 1B).

The dynamic binding mode between Pyk2 and paxillin may indicate that in normal cells, 

paxillin may not be the primary target for Pyk2. However, even with such a dynamic 

binding mechanism, it appears that Pky2 binds to paxillin with a similar binding affinity as 

FAK. Therefore, overexpression of Pyk2 in tumor cells is likely to interfere with normal 

function(s) of FAK. Future studies will address whether other paxillin homologs known to 

bind Pyk2, such as leupaxin [52] and Hic-5 [53], bind Pyk2 in a similar fashion or more 

closely resemble paxillin-FAK binding. In the meantime, the identification of H2/H3 of 

Pyk2-FAT as the preferred paxillin binding site in this study may provide a novel target for 

structure-based anti-tumor drug discovery.

MATERIALS AND METHODS

Cloning, Expression and Purification of the FAT domain of Pyk2

The FAT domain of human Pyk2 (residues 871–1005) was amplified by PCR from a human 

cDNA library and cloned into a pET28 vector (Novagen) with an N-terminal His6-tag. The 

protein was expressed in E. coli BL21 (DE3) cells and purified by nickel-column affinity 

chromatography followed by gel filtration. The 15N-labeled and 13C/15N-labeled samples 
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were prepared by growing the cells in MOPS-buffered media containing 15NH4Cl (1 g/liter) 

and [13C6] glucose (3 g/liter) [54]. The final protein buffer used for all NMR experiments, 

biochemical studies, and X-ray crystallization was 20mM MES, pH 6.2.

Cloning, Expression and purification of LD2–LD4 Paxillin (Paxillin133–290)

The coding sequence of paxillin133–290 (chicken paxillin; residues 133–290) was cloned into 

the pET-28 expression vector (Novagen). Chicken paxillin sequence (residues 133–290) is 

90% identical to that of human paxillin. LD3 and LD4 motifs of human and chicken paxillin 

are same, whereas LD2 motif of chicken paxillin has an additional serine at the C-terminus 

(S162). However, S162 is outside of LDXLLXLL binding motif. Hence, we choose chicken 

paxillin133–290 construct for interaction studies with Pyk2-FAT. Protein was then expressed 

in E. coli Rosetta2 (DE3) pLysS cells (Novagen). Cells were initially grown at 37°C and 

induced with 1 mM IPTG at 18°C overnight. Protein was purified using nickel-column 

affinity chromatography followed by HPLC. In expression and purification of 

paxillin133–290, to avoid nonspecific proteolysis by thrombin, N-terminal His-tag was not 

cleaved during the purification. The protein was confirmed by SDS-PAGE (Supplemental 

Figure S20) and MALDI-TOF mass spectrometry (Supplemental Figure S21). The 15N-

labeled and 13C/15N-labeled samples were prepared by growing the cells in MOPS-buffered 

media containing 15NH4Cl (1 g/liter) and [13C6] glucose (3 g/liter) [54]. All biochemical and 

structural studies of paxillin133–290 were performed in 20 mM MES buffer, pH 6.2.

Synthesis of paxillin peptide mimics LD2, LD3 and LD4

To keep the consistency with paxillin133–290 construct, we used chicken LD2, LD3 and LD4 

sequence for the peptide synthesis. The length of LD2, LD3 and LD4 peptide was 

determined based on our previous paxillin binding studies with FAK [55] and GIT1 [41]. In 

addition, these peptide residues show NMR chemical shift perturbation during the titration 

of Pyk2-FAT to paxillin133–290. Paxillin derived peptides LD2 (chicken paxillin; residues 

139–163), LD3 (chicken paxillin; residues 217–237) and LD4 (chicken paxillin; residues 

262–278) were chemically synthesized and purified by high pressure liquid chromatography 

(HPLC) at the Hartwell Center of Bioinformatics and Biotechnology. All peptide stocks 

were prepared at a concentration of 5 mM in 20 mM MES, pH 6.2.

Isothermal Titration Calorimetry (ITC)

ITC experiments were performed using a Microcal ITC200 instrument (Microcal). Sample 

conditions for the ITC studies were the same as that for the NMR studies, in terms of buffer 

conditions. The sample cell of the calorimeter was loaded with 10 μM Pyk2-FAT in 20 mM 

MES, pH 6.2. The syringe was loaded with LD2, LD3 and LD4 peptides and paxillin133–290 

(100 μM of LD2, LD3 and LD4, 50 μM of paxillin133–290) for titrations in the same buffer. 

All solutions were degassed for 10 min. Titrations were performed at 25°C with injection 

volumes of 2 μl and a spacing of 120 s. Control experiments were performed by injecting 

LD2, LD3 and LD4 peptide and paxillin 133–290 into the buffer solution in an identical 

manner and the resulting heat changes were subtracted from the measured heats of binding. 

The data were fit using a one-site binding model and two-site sequential binding model 
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available in the Origin ITC data analysis software (v. 7.0). All ITC experiments were 

performed in duplicate. The results are shown in Table 1.

Analytical Ultracentrifugation (AUC)

AUC experiments were carried out in a ProteomeLab XL-I analytical ultracentrifuge 

(Beckman-Coulter, Palo Alto, CA). The buffer used was 20 mM MES, pH 6.2, with 50 mM 

NaCl and the same buffer without salt. The partial specific volumes of the proteins were 

calculated using the software SEDNTERP [56]. Sedimentation took place at 50,000 rpm at a 

temperature of 20°C. The loading volume was 400 μl and fringe displacement data at time 

intervals of 1.0 min were collected with the Rayleigh interference system for 10 hours and 

analysed with SEDFIT software using a sedimentation coefficient distribution model c(s) 

[57, 58]. Sedimentation equilibrium for Pyk2-FAT/LD2, Pyk2-FAT/LD4 and Pyk2-FAT/

paxillin133–290 mixtures were attained at 30, 26 and 18 h at 4 °C at increasing speeds of 

18.4, 26.9 and 46k rpm, respectively [59]. Protein concentrations between 35 and 96 μM 

(130 μL) were loaded into double-sector centrepieces and absorbance distributions recorded 

at 280 and 230 nm in 0.001 cm radial intervals with 20 replicates for each point. Global least 

squares modelling were performed at multiple rotor speeds with the software SEDPHAT 

(www.analyticalultracentrifugation.com). For 1:1 stoichiometry experiments, we used a 

single site hetero-association model (A+B↔AB, where Pyk2-FAT is the A species and 

LD2, LD4 or paxillin133–290 is the B species, respectively) [59]. For 1:2 stoichiometry 

experiments using either LD2 or LD4 peptide, the data best fit to a two site hetero-

association model (A+B+B↔ ABB). However, for the Pyk2-FAT: paxillin133–290, 1:2 molar 

ratio sample, the data best fit a single site hetero-association model.

NMR spectroscopy and chemical shift perturbation (CSP) analysis

All NMR experiments were collected at 600 and 800 MHz on 13C/15N- and 15N-labeled 

samples of Pyk2-FAT and paxillin133–290 at 305K. NMR spectra were then processed with 

Topspin 3.1 and analyzed using CARA 1.8.4 [60]. All experiments of Pyk2-FAT and 

paxillin133–290 were carried out in 20 mM MES, pH 6.2 and the molar concentration of 400–

500 μM was used. LD2, LD3 and LD4 peptide stocks were prepared in the Pyk2-FAT 

dialysis buffer, and their pH was readjusted to 6.2 before titration. Backbone assignments of 

Pyk2-FAT and paxillin133–290 were obtained based on CBCA(CO)NH, HNCACB, HNCA, 

and HN(CO)CA experiments. For the H/D exchange experiment, a series of FAST 1H-15N- 

HSQC spectra were collected after hydration of lyophilized samples in D2O at various time 

intervals up to 10 h. To ensure structural integrity of the lyophilized protein, HSQC-spectra 

were acquired in H2O before and after D2O exchange. Steady-state heteronuclear NOE 

measurements were performed at 600 MHz at 305 K using already-reported pulse sequences 

[61] on the free and LD2 and LD4 bound Pyk2-FAT. The heteronuclear NOE values were 

then obtained from the ratio of the peak intensity for 1H-saturated and unsaturated spectra.

For CSP analysis, NMR titration of LD2 and LD4 peptide to Pyk2-FAT was performed by 

adding the following protein: peptide ratios: 1:0.2, 1:0.4, 1:0.8, 1:1.2 and 1:2. Pyk2-FAT 

titration to paxillin133–290 was also performed by adding similar ratios. A series of 15N-

HSQC spectra were collected on Bruker 600 and 800 MHz spectrometer and data was 

analyzed using CARA 1.8.4. 15N and 1H chemical shift values for the displaced peaks in 
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the 15N-HSQC titration experiments were determined for each of the successive titration 

points by using CARA. To determine the per-residue chemical shift perturbation upon 

binding and account for differences in spectral widths between 15N and 1H resonances [62], 

weighted average chemical shift differences, Δav(HN) were calculated for the backbone 

amide 1H and 15N resonances using the equation: ∆av (NH) = [(∆H2+ (∆N/5)2)/2]1/2, where 

ΔH and ΔN are chemical-shift differences for 1H and 15N, respectively [63, 64].

Paramagnetic relaxation enhancement (PRE) NMR experiments

Samples for PRE NMR experiments contained uniformly 15N-labeled Pyk2-FAT prepared 

in 20 mM MES, pH 6.2. For spin labeling, LD2 and LD4 peptides were resuspended in 20 

mM phosphate buffer pH 7.2 and reacted with a fivefold molar excess of spin label (MTSL) 

for 8 h at room temperature. The spin labeled peptide was then repurified by HPLC and 

redissolved in 20 mM MES, pH 6.2 after lyophilization. Initial NMR titration experiments 

were performed at low protein to peptide ratio (Pyk2-FAT: peptide ratio of 1:0.2). The 

reduced compound was generated by exposure to a five molar excess ascorbic acid for one 

hour. To evaluate the paramagnetic broadening effects of LD2MTSL and LD4MTSL, the 

calculated ratios from the peak intensities of the oxidized and reduced spectra (Iox/Ired) 

were determined. Measurements for proline or overlapped residues are absent from the 

intensity ratio plot.

Crystallization, structure determination and model quality

The FAT domain of Pyk2 was co-crystallized with LD2 peptide by sitting-drop vapor 

diffusion at 18° C. The 4 μl drop contained 2 μl protein-LD2 peptide mixture (20 mM MES, 

pH 6.2, 1mM protein, 2mM peptide), and 2 μl mother liquor (100 mM Tris pH 8.0, 2.0 M 

ammonium phosphate monobasic). The crystals were cryopreserved in 20 % (v/v) ethylene 

glycol/ 80% (v/v) mother liquor. Native data (1.0 Å) were collected at SER-CAT 22ID. Data 

were integrated and scaled to 3.5 Å using HKL2000 [65]. X-ray diffraction data exhibited 

strong anisotropy. Therefore, data were submitted to the Diffraction Anisotropy Server at 

UCLA [46] for automatic determination of resolution limits, ellipsoidal truncation and 

anisotropic scaling prior to refinement. Resolution limits of 1/3.8, 1/3.8, and 1/3.5 Å2 in a*, 

b*, c*, respectively, were applied. Of the 6054 reflections, 319 were discarded. The 

remaining 5,735 reflections had anisotropic scale factors and an isotropic B of −33.95 Å2 

applied.

The 2.6 Å crystal structure of Pyk2-FAT (3GM3) served as the Phaser molecular 

replacement model [66]. The crystals belong to space group P6222 with one Pyk2-FAT and 

two LD2 peptides. Following molecular replacement, we observed electron density for the 

peptides at the 1/4 and 2/3 sites. However, due to the 80% solvent content of the crystals, the 

maps were extremely noisy. Therefore, we proceeded with a low resolution Deformable 

Elastic Network (DEN) protocol [47] in CNS [67] without incorporation of the solvent 

exposed peptides or prior refinement. The 3GM3 model served as the reference model. DEN 

refinement was instrumental in producing better quality maps for initial model building 

efforts. In addition, simulated annealing with DEN restraints greatly reduced the number of 

Ramachandran outliers that had to be fixed manually when compared to earlier efforts to 

perform simulated annealing in the absence of DEN restraints. The model with the lowest 
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Rfree was used in subsequent model building and refinement. Electron density for the bound 

peptides exhibited characteristic alpha-helical quality, and the polarity of the helices was 

readily discerned in the DEN maps (refer to Figure S7). A 15-residue alpha-helical peptide 

was modeled at the 2/3 site, and an 11-residue alpha helical peptide at the 1/4 site. Although 

some side-chain character was present for the 2/3 site peptide, no attempts were made to 

initially determine the registry of either peptide. Rigid body, minimization, ADP, and TLS 

refinement were performed in Phenix [68]. As the model and maps improved, observable 

sidechains were added. The registry of the 2/3 site was uniquely determined by a 

combination of electron density features, along with considerations of chemical 

environment. In particular, several interaction partners at the interface were helpful in the 

assignment, as they were relatively well observed in the electron density, and fulfilled 

unique distance and chemical environment requirements in the context of the LD2 peptide 

sequence. These include Pyk2-FAT/LD2 interaction partners Gln 943/Asn 141 which are in 

hydrogen bonding proximity, several hydrophobic Pyk2-FAT residues packed with Leu145 

and Leu148, as well as Arg918/Asp146 and Arg958/Glu 51 which are in hydrogen bonding 

proximity. The 1/4 site electron density quality was insufficient to ascertain the registry of 

the peptide. Chemical environment and packing at the interface were considered in the 

sequence assignment, and the resulting registry is ultimately based on homology with 

previously reported crystal structures of the FAK Focal Adhesion Targeting (FAT) domain 

in complex with LD2 motif peptide (1OW8; chains A/D) and the Pyk2 Focal Adhesion 

Targeting (FAT) domain in complex with LD4 motif peptide (3GM1; A/E and B/C) [26, 

38].

Residues 871–872 from the N-terminus and residue 1005 from the C-terminus of Pyk2-FAT 

were not modeled due to insufficient electron density. Final simulated annealing omit maps 

for LD2 peptides are provided in Figure 3A and Supplemental Figure S7B. Ramachandran 

statistics show that 92.1% and 7.9% of the residues are in the preferred and allowed regions, 

respectively.

The Pyk2-FAT was co-crystallized with LD4 peptide by sitting-drop vapor diffusion at 18° 

C. The 4 μl drop contained 2 μl protein-LD4 peptide mixture (20 mM MES, pH 6.2, 1mM 

protein, 2mM peptide), and 2 μl ML (100 mM MES pH 6.3, 4.2 M NaCl, 2 % (v/v) 

glycerol). The crystals were cryo-preserved in 20 % (v/v) glycerol/ 80% (v/v) mother liquor. 

Native data (1.0 Å) were collected at SER-CAT 22ID to 3.1 Å. Molecular replacement 

proceeded as described for Pyk2-FAT/LD2. The crystals belong to space group P212121 

with four Pyk2-FAT protomers (chains A, B, C, D) and six bound peptides (chains E, F, G, 

and H bound to H2/H3 site; chains I and J bound to H1/H4 site) in the asymmetric unit. All 

peptides were solvent exposed, and therefore not stabilized by crystal packing. Of the 4 FAT 

domain protomers A, B, C, and D, the 1/4 site for C and D was blocked by crystal packing. 

Residues 871–875 from the N-terminus and residue 1005 from the C-terminus of Pyk2-FAT 

were not modeled due to insufficient electron density. Ramachandran statistics show that 

96.6% and 3.4% of the residues are in the preferred and allowed regions, respectively.

Model building was performed using COOT [69]. Structure refinement was performed with 

CNS [67] and Phenix [68], and 5% of the data was sequestered for the calculation of Rfree. 
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The final structure statistics were calculated using MolProbity [70]. Structural figures were 

generated with PyMOL [71].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Pyk2 proline-rich tyrosine kinase 2

FAK focal adhesion kinase

FAs focal adhesions

GIT1 G-protein-coupled receptor kinase-interacting protein 1

ITC isothermal titration calorimetry

AUC analytical ultracentrifugation

NMR nuclear magnetic resonance

HSQC heteronuclear single quantum coherence

NOE nuclear Overhauser enhancement

TROSY transverse relaxation optimized spectroscopy

PDB Protein Data Bank
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HIGHLIGHTS

➢ Pyk2-FAT interacts with paxillin LD2 and LD4 motifs as observed for FAT 

of FAK.

➢ Paxillin LD2 and LD4 motifs preferentially dock at the helix 2/3 binding site 

of Pyk2-FAT.

➢ Pyk2-FAT binding to paxillin is dynamic and follows a conformational 

switching mechanism.

➢ Pyk2 and FAK exhibit differential binding behavior for paxillin association.
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Figure 1. NMR analysis of the binding of the Pyk2-FAT to paxillin LD2 and LD4 peptides
(A and B) Chemical shift changes (Δδ) are plotted as a function of the residue number for 

LD2 and LD4, respectively. Schematic indicating alpha helices 1–4 is shown above each 

plot. Residues in slow or intermediate exchange on the NMR time-scale upon LD2 and LD4 

peptide binding are colored cyan. Residues that show biphasic curve behavior are colored in 

red. (C and D) Selected residues from 1H-15N-HSQC spectra of Pyk2-FAT (H2/H3 and 

H1/H4 region) showing biphasic and monophasic curve after titrating with unlabeled 

paxillin LD2 peptide (panel C) and LD4 peptide (panel D), at different molar ratios: 1:0 

(free Pyk2-FAT, red), 1:0.2 (LD2-lime, LD4-Turquoise), 1:0.4 (LD2-bright green, LD4-sky 

blue), 1:1.0 (LD2-sea green, LD4-blue), 1:1.5 (LD2-forest, LD4-indigo), and 1:2.0 (LD2-

dark green, LD4-magenta). Dashed arrows show the direction of perturbation.
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Figure 2. Ligand binding of Pyk2-FAT monitored by NMR spectroscopy
(A) Sequence of paramagnetically-labeled derivatives of paxillin LD2 and LD4 peptides. (B 

and C) Ratios of the HSQC peak intensity for protein alone to that of Pyk2-FAT bound to 

LD2 and LD4 peptide, respectively, are plotted versus residue numbers (upper graph; cyan). 

Ratios of Pyk2-FAT cross-peak intensities in the presence of oxidized or reduced (Iox/Ired) 

LD2 (Q156C-MTSL) and LD4 (A263C-MTSL) peptide versus residue number (lower 

graph; grey). Based on an Iox/Ired threshold of 0.4, Pyk2-FAT residues impacted by LD2 and 

LD4 peptides are colored in green and purple, respectively.
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Figure 3. Structures of Pyk2-FAT bound to paxillin LD2 and LD4 motif peptides
(A) Fo-Fc simulated annealing omit map for Pyk2-FAT/LD2 contoured at 2.5σ. Pyk2-FAT 

and paxillin LD2 peptide are colored in grey and green, respectively. Secondary structure 

elements of Pyk2-FAT are labeled. (B) The interface between the Pyk2-FAT H2/H3 binding 

site and paxillin LD2 peptide. Observed interacting residues from the LD2 peptide and 

Pyk2-FAT were shown in sticks with labels colored in green and black, respectively. Black 

dotted lines indicate hydrogen bonds. (C) The interface between Pyk2-FAT H1/H4 binding 

site and paxillin LD2 peptide. Due to weak electron density for the LD2 peptide at the H1/H 

site, the LD2 sequence registry was unclear and was therefore based on homology with 

previous crystal structures FAK-FAT/LD2 (1OW8) and Pyk2-FAT/LD4 (3GM1). 

Additionally, only side chains Leu148 and Leu152 were included in the final model.
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Figure 4. Mapping the paxillin133–290 and Pyk2-FAT interaction using NMR spectroscopy
(A) Schematic of paxillinLD2-LD3-LD4 highlighting the distinct motifs used in NMR, x-ray 

crystallography and other biochemical experiments. LD2 motif is colored in green, LD3 

motif is colored in cyan and LD4 motif is colored in purple. This same color scheme is used 

for residue labeling in panels B–D. (B–D) Superposition of 1H-15N TROSY-HSQC spectra 

of paxillin133–290 (residues 133–290) with added unlabeled Pyk2-FAT at different molar 

ratios were shown in blue (1:0), orange (1:0.2), magenta (1:0.4) and red (1:2).
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Figure 5. Chemical shift perturbation (CSP) induced in Pyk2-FAT amide resonances by binding 
to paxillin LD2 and LD4-derived peptides
Chemical shift changes upon binding to paxillin LD2 and LD4 peptide were mapped to the 

surface of Pyk2-FAT. (A and B) LD2 peptide binding at H1/H4 and H2/H3 binding sites of 

Pyk2-FAT, respectively. (C and D) LD4 binding at H1/H4 and H2/H3 binding sites of Pyk2-

FAT, respectively. Protein residues on the Pyk2-FAT surface were colored based on the 

degree of CSP; darker red color indicates high CSP. The orientation of the peptides 

corresponds to Figure 4A and 4D.
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Figure 6. Proposed models of paxillin133–290 binding to the FAT domain of FAK and the FAT 
domain of Pyk2
(A) In Pyk2-FAT, the LD2 and LD4 motifs of paxillin133–290 undergo a conformational 

switching mechanism in which two discrete conformations of paxillin compete for binding; 

one with LD2 occupying H1/H4 and LD4 occupying H2/H3, and the other conformation 

with LD4 at H1/H4 and LD2 at H2/H3. (B) In FAT, the LD2 and LD4 motifs of 

paxillin133–290 binds to opposite faces of the four-helix bundle (H2/H3 and H1/H4) and are 

oriented in the same direction.
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Figure 7. Differential binding modes of Pyk2-FAT and FAK-FAT to Paxillin
Sequence differences in H2/H3 may contribute to the differential binding mode of Pyk2-

FAT and FAK-FAT to paxillin. (A) Structure-based sequence alignment of Pyk2-FAT with 

FAK-FAT. Human Pyk2 residues 871–1009 (SwissProt Q14289), mouse Pyk2 residues 

871–1009 (SwissProt Q9QVP9), human FAK residues 915–1052 (SwissProt Q05397), and 

mouse FAK residues 915–1052 (SwissProt P34152) are shown. Conserved residues are 

highlighted in cyan. Key non-conserved residues in H3 are highlighted with black boxes and 

asterisks. These residues include Thr 937, Gly 941and Ala 951 of Pyk2-FAT, and equivalent 

residues Arg 981, Met 985 and Gly 995 of FAK-FAT. (B) Superposition of Pyk2-FAT/LD2 

(Pyk2-FAT: Grey, LD2: Green; PDB: 4R32) with FAK-FAT/LD2 structure (FAT: Light 

Blue, LD2: Dark Blue; PDB: 1OW8). Residues from Pyk2-FAT and FAK-FAT are shown 

in sticks with labels colored in black and blue, respectively. Interacting residues from LD2 

peptide are shown in green sticks. Black dotted lines indicate hydrogen bonds. (C) Predicted 

model showing that Arg 981 and Met 985 of FAK-FAT may induce steric hindrance and 

displace the N-terminal end of the LD2 motif of full-length paxillin (shown as a blue dashed 

line) away from H2/H3. However, in the Pyk2-FAT and full-length paxillin interaction, the 

less bulky residues Thr 937 and Gly 941 at equivalent position of Pyk2-FAT may allow the 

N-terminal end of the LD2 motif (shown as a green dashed line) to exploit further 

interaction at H2/H3. Pyk2-FAT is shown in grey and the LD2 motif in green. FAK-FAT is 

shown in light blue and the LD2 motif in deep blue.
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Table 1

Thermodynamic parameters for binding of Pyk2-FAT to paxillin LD2, LD3 and LD4 peptides and 

paxillin133–290 obtained by ITC

Pyk2-FAT Domain

Site (n)b KD (μM)c ΔHc −T.ΔSc

kcal/mol

LD2a First 6.9±0.1 −2.4±0.1 −4.5

Second 35.2±1.8 0.3±0.1 −6.2

LD3a First NA NA NA

Second

LD4a First 8.0±0.6 −2.8±0.2 −4.1

Second 46.3±9.9 0.9±0.3 −6.8

Paxillin133–290 1.2 1.8±0.1 −5.0±0.1 −2.8

a
The peptide sequences are shown in Figure. S1.

b
Binding stoichiometry.

c
KD is the dissociation constant. ΔH and ΔS are the change is enthalpy and entropy upon binding at T=298 K, respectively.
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Table 2

AUC analysis

A. Sedimentation equilibrium-AUC analysis of Pyk2-FAT/LD2 and Pyk2-FAT/LD4

Model KAB(μM)c KABB (μM)d Delta Ge (kcal/Mol) Delta Gf (kcal/Mol)

Pyk2-FAT + LD2 ↔ Pyk2-FAT/LD2a 1.00 ±0.01 −7.61

Pyk2-FAT + 2(LD2) ↔ Pyk2-FAT/LD2 + LD2
↔ Pyk2-FAT-(LD2)2b

1.32±0.02 5.30±0.12 −7.45 −6.69

Pyk2-FAT + LD4 ↔ Pyk2-FAT/LD4a 1.17±0.02 −7.52

Pyk2-FAT + 2(LD4) ↔ Pyk2-FAT/LD4 + LD4
↔ Pyk2-FAT-(LD4)2b

1.29±0.09 5.18±0.36 −7.47 −6.70

B. Sedimentation equilibrium-AUC analysis of Pyk2-FAT-paxillin133–290

Sample KAB (μM)b

(hetero-association)
r.m.s.d.c

Pyk2-FAT – paxillin133–290a 0.4 0.0050

C. Sedimentation velocity experiments of Pyk2-FAT and paxillin133–290

Sample s20 (Svedberg)b M (Da)c f/f0
d

Pyk2-FAT free (0.15) 1.54 (99%) 15,600 (15,242) 1.34

paxillin133–290 free (0.01) 1.32 (48%) 15,000 (18,464) 1.70

Pyk2-FAT-paxillin133–290 1:2 (0.12) 2.45 (70%) 30,200 (33,706) 1.40

a
Single site hetero-association model.

b
Two site hetero-association model.

c
First or single site dissociation equilibrium constant; Monte Carlo Error Analysis, 500 iterations confidence level 0.68.

d
Second equivalent two site dissociation equilibrium constant; Monte Carlo Error Analysis, 500 iterations, confidence level 0.68.

e
Delta G at T = 277.149994K, RT = 0.551kcal/mol for single or first binding site.

f
Delta G at T = 277.149994K, RT = 0.551kcal/mol for second binding site (both occupied).

a
Total loading concentration is 35 μM (Pyk2-FAT-paxillin133–290 1:1) in 20 MES, 50 mM NaCl, pH 6.2.

b
Dissociation equilibrium constant for reversible Pyk2-FAT (species A) and paxillin (species B) single site hetero-association model.

c
Root mean square deviation of the fit, units in absorbance.

a
Concentration of peak in mg/ml in parenthesis.

b
Sedimentation coefficient taken from the ordinate maximum of each peak in the best-fit c(s) distribution at 20 °C with percentage protein amount 

in parenthesis. Sedimentation coefficient (s-value) is a measure of the size and shape of a protein in a solution with a specific density and viscosity 
at a specific temperature.

c
Molar mass values taken from the c(s) distribution that was transformed to the c(M) distribution. The theoretical mass of the monomer is given in 

parenthesis.

d
Best-fit weight-average frictional ratio values (f/f0)w taken from the c(s) distribution.
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Table 3

Data collection and Refinement Statistics

Pyk2-FAT/LD2 Pyk2-FAT/LD4

Data collection

Space group P6222 P212121

Cell dimensions

 a, b, c (Å) 183.0, 183.0, 52.9 83.5, 83.8, 170.6

 α, β, γ (°) 90, 90, 120 90, 90, 90

Resolution (Å) 3.5 (3.62–3.50)a Truncated* 3.1 (3.22–3.10)

Rmerge 10.4 (30.2) 11.8 (27.2) 6.0 (64.7)

I/σI 25.3 (2.0) 30.4 (6.9) 25.8 (1.8)

Completeness (%) 84.4 (31.9)b 80.5 (5.4) 97.9 (94.4)

Redundancy 9.5 (2.9) 10.4 (4.7) 5.0 (3.9)

Refinement

Resolution (Å) 30.0–3.5 30.0–3.1

No. reflections 5,735 20,847

Rwork/Rfree 22.1/24.0 21.8/26.6

No. atoms

 Protein 945 3,834

 Peptide 159 455

 Water 0 3

B-factors

 Protein 87.4 105.9

 Peptide 119.5 128.3

 Water 99.5

R.m.s. deviations

 Bond lengths(Å) 0.007 0.008

 Bond angles (°) 0.97 1.1

a
Values in parenthesis are for the highest resolution shell.

*
Truncated values correspond to statistics after elliptical truncation prompted by strong anisotropy.

b
Pyk2-FAT/LD2 data completeness 100% to 4.2 Å before and after truncation.
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