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The G protein-coupled receptor kinase-interacting protein 1
(GIT1) is a multidomain protein that plays an important role in
cell adhesion, motility, cytoskeletal remodeling, andmembrane
trafficking. GIT1 mediates the localization of the p21-activated
kinase (PAK) and PAK-interactive exchange factor to focal
adhesions, and its activation is regulated by the interaction
between its C-terminal paxillin-binding domain (PBD) and the
LD motifs of paxillin. In this study, we determined the solution
structure of ratGIT1PBDbyNMRspectroscopy. ThePBD folds
into a four-helix bundle, which is structurally similar to the focal
adhesion targeting and vinculin tail domains. Previous studies
showed thatGIT1 interactswith paxillin through the LD4motif.
Here, we demonstrated that in addition to the LD4 motif, the
GIT1 PBD can also bind to the paxillin LD2 motif, and both
LD2 and LD4 motifs competitively target the same site on the
PBD surface. We also revealed that paxillin Ser272 phospho-
rylation does not influence GIT1 PBD binding in vitro. These
results are in agreement with the notion that phosphorylation
of paxillin Ser272 plays an essential role in regulating focal
adhesion turnover.

Cells attach and communicate with the extracellular
matrix through membrane peripheral proteins that form
focal adhesions (FAs)3 (1, 2). Cell motility is regulated
through the alternative assembly and disassembly of FAs and
cytoskeletal proteins (3). The dynamics of FAs are controlled
by the signaling of different adhesion molecules such as focal

adhesion kinase (FAK), paxillin, the G protein-coupled
kinase-interacting (GIT) protein, and p21-activated kinase
(PAK) (4–7), whereas cytoskeletal remodeling is regulated
by small GTPases of the Ras and Rho family, such as Rac1,
Cdc42, and RhoA (8–10).
GIT proteins play an important role in initiating the disas-

sembly of FAs (11, 12). Both members of the GIT protein
family, GIT1 and GIT2/p95-PKL, have an N-terminal Arf
GTPase-activating protein domain, a Spa2-homology domain,
a coiled-coil domain, and aC-terminal paxillin-binding domain
(PBD). Previous studies have shown that the Spa2 homology
domain binds the PAK�PIX complex, and the PBD binds paxil-
lin (11, 13–15). GITs, functioning as scaffold proteins, target
the PAK complex into FAs by binding with paxillin via their
PBDs (11, 13, 16). GIT PBDs span about 130 amino acids and
are highly conserved among species (17). Recently, a low-reso-
lution structural model for the GIT1 PBD was derived from
small-angle x-ray scattering and homology modeling, based on
the structure of the FAK focal adhesion targeting (FAT)
domain, which is a four-helix bundle protein (15). Mutagenesis
studies suggest that paxillin binds the GIT1 PBD through the
putative helices H1 and H4 (15). However, a high-resolution
structure of theGIT1PBD is unavailable, and themechanismof
paxillin-GIT interaction remains unclear.
Paxillin is one of the major binding partners of GIT proteins

in FAs, functioning as an elongated adaptor protein that links
actin filaments with integrin (18). It contains multiple docking
sites for different signaling and structural proteins in FAs and
comprises five N-terminal LD motifs and four C-terminal LIM
domains (19, 20). The LDmotifs are named after their consen-
sus sequence LDXLLXXL and bind with multiple proteins,
including FAK, GIT, vinculin, actopaxin, and integrin-linked
kinase (13, 21–23). Structural studies have shown that the
LD2 motif and the bound form of the LD4 motif form
amphipathic �-helices, with several leucines forming a large
hydrophobic patch (24, 25). FAK interacts with paxillin on
both LD2 and LD4 motifs (23, 26). Unlike FAK, the interac-
tion between GIT1 and paxillin is reported to be mediated by
the LD4 motif only (13, 14).
In this study, we determined the solution structure of the

PBD of rat GIT1 (residues 640–770) by NMR spectroscopy.
Using synthesized LD peptides, we also studied the interaction
between the GIT1 PBD and paxillin LD motifs. Our finding
reconciles some controversial observations of earlier studies
and provides a clearer picture of the role of GIT proteins in
focal adhesion regulation.
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EXPERIMENTAL PROCEDURES

Protein Purification and Peptide Synthesis—Full-length rat
GIT1 cDNAwas a gift fromDr. EdwardManser. The sequence
of rat GIT1 is identical to humanGIT1 sequence except for one
substitution (P644L) in the N-terminal unstructured region.
We subcloned the GIT1 PBD (residues 640–770) into the
pET28 vector (EMD Biosciences, San Diego, CA). The protein
was overexpressed in Escherichia coli strain BL21(DE3). The
13C/15N-labeled sample was prepared by growing the cells in
MOPS-buffered medium containing 15NH4Cl (1 g/liter) and
[13C6]glucose (3.6 g/liter) (27). Proteins were purified using
Ni2�-charged His-Bind resins (EMD Biosciences) according to
the manufacturer’s protocol. The His6 tag was removed by
thrombin cleavage (EMDBiosciences) at room temperature for
4 h. The digested protein was dialyzed in 20 mM potassium
phosphate (pH 6.5), 5 mM 1,4-dithiothreitol, and 5 mM EDTA
and then further purified by gel filtration on a HiLoad 26/60
Superdex 75 HR column (GEHealthcare). Human paxillin LD2
(residues 140–161), LD4 (residues 261–282), and the LD4 pep-
tide phosphorylated at Ser272 were chemically synthesized and
purified by high pressure liquid chromatography at the Hart-
well Center of Bioinformatics and Biotechnology.
NMR Spectroscopy—The 15N/13C-double-labeled GIT1 PBD

sample used for structure determination was �400 �l at a con-
centration of 1.2mM in 20mM potassium phosphate buffer (pH
6.5), 5 mM deuterated EDTA, 5 mM deuterated dithiothreitol,
and 5% (v/v)D2O.AllNMR spectra for structure determination
were acquired at 37 °C with a Bruker Avance 600 or 800 MHz
spectrometer equippedwith a cryoprobe. Todetermine the res-
idues exposed to the solvent, a 15N-labeled GIT1 PBD sample
was first lyophilized in a Labconco FreeZone Plus 6 freeze dry
system (LabconcoCorp., Kansas City,MO) and dissolved in the
same volume (400 �l) of D2O. 15N heteronuclear single-quan-
tum coherence (HSQC) spectrawere collected at 25 °C every 10
min by the Bruker 600 MHz spectrometer. Spectra were ana-
lyzed by the software Sparky (28).
NMR Data Analysis and Structure Calculation—All NMR

spectra were processed with NMRPipe (29) and analyzed with
CARA (30). Backbone assignments were obtained based on
CBCA(CO)NH, HNCACB, HNCA, and HN(CO)CA experi-
ments. Side chain assignments were obtained by using HCCH-
TOCSY, HCCH-COSY, HBHA(CO)NH, CC(CO)NH, and
HCC(CO)NH spectra. Dihedral angle range was predicted by
TALOS (31). For structural determination, the nuclear Over-
hauser effect (NOE) distance restraints were derived from 13C
and 15NNOESY spectra. NOE spectra were first analyzed by an
automatic algorithm with the software ATNOS/CANDID (32,
33), and the resultswere thenmanually inspected andmodified.
Structure calculation and refinement were carried out by using
the software CYANA 2.1 (34). The final structures were
checked and validated by PROCHECK (35). Structure figures in
this paper are generated by Molmol (36). For the electrostatic
potential map, the figure was generated by Pymol, based on the
electrostatic potential generated by GRASP (37). The structure
superposition and structure-based sequence alignment are
generated by the Swiss-PdbViewer (38).

Chemical Shift Perturbation Titration—All NMR titration
experiments were performed at 25 °C under the same condi-
tions: 15N-labeledGIT1PBDat a concentration of 400–450�M
in 20 mM potassium phosphate (pH 6.5), 5 mM deuterated
EDTA, 5 mM deuterated dithiothreitol, and 5% (v/v) D2O. All
peptide stocks were prepared in the same buffer, and their pH
was readjusted to 6.5 before titration. Titrations were made by
adding ligand at the following ratios: 1:0.5, 1:1, 1:2, and 1:5. A
series of 15NHSQC spectra were taken on a Bruker Avance 600
MHz spectrometer with a cryoprobe, and data were analyzed
with Sparky (28).
Biacore Binding Assay—Synthesized LD peptides with the

N-terminal biotin tag were attached to a NeutrAvidin-covered
gold surface (CM5 chip, GE Healthcare). Kinetic studies were
performed at 20 °C with a Biacore 3000 (GE Healthcare). The
purified GIT1 protein (in 20mM phosphate buffer (pH 6.5), 150
mM NaCl, 5 mM EDTA, 0.1 mg/ml bovine serum albumin, and
0.005% P20 surfactant) was injected to flow through the chip,
andKdwas derived by fitting the data from three injections. The
association and dissociation were observed at a flow rate of 50
�l/min in a concentration range of 1.4–110 �M. Binding affin-
ities were determined by the program Scrubber 2 (version 2.0b,
BioLogic Software). The experiment was repeated with chips
covered with both high- and low-density peptides, and the
results were found to be compatible.
CD Spectroscopy—All CD spectra were obtained with an

Aviv 62DS CD spectrometer (Aviv, Lakewood, NJ). The CD
spectrum of the PBD was taken at 25 °C in 50 mM potassium
phosphate (pH 6.5) and 1 mM EDTA. The thermostability of
the protein was determined by monitoring the CD signal of
the PBD sample at 222 nm while increasing the sample
temperature.

RESULTS

Solution Structure of the GIT1 PBD Is a Four-helix Bundle—
ThePBDof ratGIT1(residues640–770) (Fig. 1a)wasexpressed in
E. coli as a soluble protein, and CD spectroscopy showed that the
protein was predominantly helical. The CD studies also showed
that the protein was relatively stable, and it started to unfold at
about 45 °C (supplemental Fig. S1). The solution structure of
the PBD was determined by heteronuclear multidimensional
NMR spectroscopy. After backbone and side chain assign-
ments, the NOE constraints were obtained from both 15N- and
15N/13C-edited three-dimensional NOESY spectra. The struc-
ture of the PBD was determined based on 2440 NOE distance
constraints and 189 dihedral angle constraints. The structures
were calculated by CYANA, and 20 structures with the lowest
target function value were selected and superimposed (Fig. 1b).
Table 1 gives the final structural statistics. All experimental
NMR constraints were satisfied, the average target function of
the 20 structures selected is 0.7, and no NOE constraint viola-
tionwas�0.2 Å.Most residues (81%) had dihedral angles in the
most favored region of the Ramachandran plot, and 10.9% res-
idues are in the additionally allowed region. The only residue in
the disallowed region was Asp643, which is located in the
unstructured N terminus. The solution structure was of high
precision. The average root mean square deviations of the 20
structures from the average structure for backbone atoms and
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all heavy atoms of residues 643–767 were 0.39 and 0.77 Å,
respectively. The coordinates and the structure factors of the
GIT1 PBD have been deposited in the Protein Data Bank with
accession code 2JX0.
The GIT1 PBD forms a compact rod-shaped protein with a

well defined C terminus and a slightly floppy N terminus. The
C-terminal end is in proximity to the N terminus, a feature
common to many functional independent domains. The PBD
structure forms a four-helix bundle with a right-handed up-
and-down topology, about 58 Å in height and 26 Å in diameter
(Fig. 1c). The four helices form an antiparallel bundle, with
many NOEs observed between helix turns and an average axis
angle of 19.1° between neighboring helices. The hydrophobic
side chains from all helices interlace to form a network of
hydrophobic interactions that dramatically stabilize the bundle

(Fig. 1, b and c). Extensive interhelical NOEs were observed,
resulting in well defined side chains of the residues located in
the interhelical regions (Fig. 1c).
The PBD fold was confirmed by the solvent-exposed surface

mapped by the hydrogen/deuterium (H/D) exchange experi-
ments. Fast 15N HSQC spectra were taken immediately after
dissolving the lyophilized 15N-labeled PBD in D2O. After the
first 15 min, �57% of amide peaks had disappeared because of
H/D exchange. All the protected peaks were in the helical
regions, whereas most peaks that vanished belonged to the res-
idues in the loop regions and the termini (Fig. 1d). Some peaks
were protected even after 6 h; they were all within the core of
the four-helix bundle. The H/D exchange data validates the 81
pairs of H-bonds in the structure, most of which were between
Oi and HNi�4 from individual helices.

FIGURE 1. Structure of the PBD of rat GIT1. a, sequence alignment based on structures of the rat GIT1 PBD, the chicken FAK FAT domain (Protein Data Bank
code 1KTM), and H2 to H5 of the chicken Vt domain (code 1QKR). The sequences of human GIT2, FAK2/PYK2, and vinculin are also aligned based on the
structure-based sequence alignment. Residues that are significantly perturbed by the binding of LD peptides are indicated with red dots. The hydrophobic core
is composed of residues marked by filled diamonds. Hydrophobic residues are marked by filled diamonds, and the two polar Ts are marked by open diamonds.
The absolutely conserved residues are highlighted in yellow. b, stereo view of the backbone trace of the ensemble of the 20 best structures. The side chain of
the hydrophobic core is shown. c, ribbon representation of the GIT1 PBD structure. H1 to H4 are shown in blue, green, yellow, and red, respectively. Side chains
of the interlaced core are also presented. d, representation of the H/D exchange experiments. The unambiguously observed non-proline amide proton atoms
are represented as small balls in the structure. After the first 15 min, the solvent-exchanged amide proton atoms are colored in blue, whereas the protected
amide protons are colored in yellow. The atoms that remain protected after 380 min are colored in red.
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Of the four helices in the PBD structure, H4 (30 residues) is
slightly longer than helices H1 (23 residues), H2 (21 residues),
andH3 (22 residues). TheH3/H4 loop is longer than theH1/H2
loop, whichmay explain whyH3 andH4 appear longer thanH1
and H2 in the low-resolution small-angle x-ray scattering
model (15). The GIT1 PBD had 11 prolines, all located in the
loops or at the end of helices. The rigid backbone and hydro-
phobic side chain of proline make the loops less flexible, allow-
ing us to observe extensiveNOEconnections between the loops
and the rest of the protein. The PBD also has three cystines; the
chemical shifts of C-� of all three cystines were less than 32
ppm, indicating that they were in the reduced forms (39). This
might be caused by the presence of 5 mM dithiothreitol in the
NMR sample buffer. In the solution structure, Cys683 and
Cys725 are closely located in helicesH2 andH3, and the distance
between the C-� atoms of the two residues is 8.7 Å. A small
degree of rotation of the Cys683 side chain or a slight change in
the packing of the helices can bring the two cysteine side chains
close enough to form a disulfide bond. Considering the high
thermostability of the PBD, we cannot rule out the possibility of
a disulfide bond bridge between the two cysteines.
A sequence comparison of the GIT1 PBD with those of two

other four-helix bundle domains, the FAT domain of FAK and
the vinculin tail (Vt) domain, revealed that the hydrophobic
residues in the core regions that hold the four helices together
arewell conserved among all three sequences (Fig. 1a). The best
example of the hydrophobic residues is Leu721 in helix H3,
wherein the side chain of the residue had hydrophobic contacts
with side chains of Leu668, Ile687, Val746, and Cys749 (supple-
mental Fig. S2). In the structure-based sequence alignment, not
only was Leu721 conserved among the three domains, but the
residues that had hydrophobic contacts with this leucine were
well conserved too. Although different in surface residues, the
three domains share a conserved central hydrophobic network
that holds the bundle together. The overall folding of the GIT1
PBD is very similar to that of the FAT domain of FAK (root
mean square deviation value of 1.65 Å) and helices H2 to H5 of
the Vt domain (root mean square deviation value of 1.68 Å

calculated and averaged on C-� pairs) (supplemental Fig. S3).
The Vt domain is a five-helix bundle, with the first helix
attached to the groove between helices H2 and H5. The dis-
tance between Vt H2 andH5 is slightly more than that between
GIT1 H1 and H4, probably because Vt H1 is attached to the
groove.
It has been demonstrated that the FAK FAT domain features

helix H1 swapping dynamics and dimer formation (25, 40),
although the biological importance of such a dimer in the con-
text of full-length FAK is not very clear. However, unlike the
FAT domain, our NMR data clearly indicated that PBD existed
as amonomer in solution. In addition, the 15NHSQC spectrum
of the PBD taken at 37 °C revealed that all amide peaks of the
protein had similar intensity, suggesting that the PBD has few
flexible loops. Also, a change of sample temperature from 37 to
13 °C resulted in a series of spectra showing all peaks with
unchanged intensities; no local line broadening was observed
when decreasing temperature (supplemental Fig. S4), further
suggesting that the PBDwas a rigid protein. It is likely that such
difference in the two proteinswas caused by the sequence of the
loop that linked helicesH1 andH2, theH1/H2 loop. In the PBD,
the sequence of this loop is EFKH, whereas the equivalent loop
in the FAT domain is PAPP; the three prolines in the FAT
domain probably introduce the conformational strain that
probably triggers the helix H1 swapping dynamics observed in
the FAT domain.
The PBD and the FAT Domain Are Similar on the H1/H4

Surface but Different on the H2/H3 Surface—Forming four
amphipathic helices, the GIT1 PBD buries most of its hydro-
phobic side chains in the bundle core. There is only one major
hydrophobic patch on the surface. As shown in Fig. 2a, side
chains fromH1 andH4 form two positive-charged ridges sand-
wiching an elongated hydrophobic groove, which covers about
two-thirds of the bundle length. To the center of the H1/H4
surface, positively charged Lys663, Lys755, and Lys758, and polar
residues Thr662, Gln666, and Tyr751 enclose a well defined
hydrophobic pocket composed of Ile665, Ala754, and Ala757 at
the bottom. These residues are conserved between GIT1 and
GIT2 in all organisms for whom sequences are available.
Among them, Lys663, Lys758, Ala754, and Ala757 are also con-
served with the FAK FAT domain, with a conserved Ile665/
Val936 substitution (Fig. 1a). This surface makes an ideal bind-
ing site for paxillin, as confirmed by chemical shift perturbation
titration experiments.
When the GIT1 PBDwas compared with the FAT domain of

FAK, the latter had two major hydrophobic grooves located at
both theH1/H4 andH2/H3 faces, which correspond to the LD2
and LD4 motif binding sites, respectively (41) (Fig. 2b). Both
grooves have a surface setting similar to that of the H1/H4 site
of the PBD: a hydrophobic groove with surrounding polar and
positive-charged ridges. Structural superimposition of the PBD
and the FATdomain revealed thatGIT1 Lys663/FAKLys934 and
GIT1 Lys758/FAK Lys1033 were in the same position, which is
another indication of functional similarity arising from struc-
tural similarity. The electrostatic interaction between the side
chain of FAKLys1033 and the conservedAsp146 in the LD2motif
might be important in determining binding specificity. Thus,
we speculated that the analogous Lys663 and Lys758 in GIT1

TABLE 1
Statistics of the GIT1 PBD structure determined by NMR
spectroscopy

Distance restraints
Total no. of NOE restraints 2440
Intraresidue 574
Sequential 750
Medium range 718
Long range 398
Restraints per residue 18.07

Dihedral angle restraints
Total number of restraints 189
� angle restraints 93
� angle restraints 96

Ramachandran plot (%)
Residues in most favored regions 88.1
Residues in additional allowed regions 10.9
Residues in generously allowed regions 0.5
Residues in disallowed regions 0.4

r.m.s.d.a (residues 643–767; Å)
Average backbone r.m.s.d. to mean 0.39 � 0.09
Average heavy atom r.m.s.d. to mean 0.77 � 0.07

Target function 0.70 � 0.04
a r.m.s.d., root mean square deviation.
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might also greatly contribute to paxillin binding; this prediction
was confirmed by the studies described in the next section.
The FAT surface has two hydrophobic surfaces that serve as

LD motif binding sites, but the GIT1 PBD has only one such
surface (Fig. 2). In the FAT domain, helices H2 and H3 form a
second hydrophobic surface, and at the center of the FAT
H2/H3 site, the bottom of the hydrophobic pocket is composed
of Gly959 and Ala996 on H2 and H3, respectively. However, the
equivalent position on GIT1 PBD is occupied by bulky His688
and Tyr719, which effectively close the pocket. Moreover, the
positively charged H2 ridge in the FAT domain is also elimi-
nated by the substitutions of Lys956 and Arg963 in FAK by
Glu685 and Thr692 in GIT1. Interestingly, we found that the Vt
domain was more similar to FAK; for example, FAK Lys956 was
conserved as Lys1021 in the Vt domain, whereas FAKGly959 was
substituted with a small residue Ala1024 in the Vt. This suggests
a possible paxillin binding site on the H2/H3 surface of the Vt
domain.
Paxillin LD4Motif Binds to the PBD at theH1/H4 Face—The

binding between theGIT1PBDand paxillin is essential to local-
ize the PAK�PIX�GIT complex to the focal adhesion (42).
Although the interaction between the paxillin LD4 motif and
GIT proteins had been proposed (11, 13, 14), the details about
the binding remained unknown. Therefore, we analyzed the
interaction between the GIT1 PBD and the paxillin LD4 motif
by chemical shift perturbation experiments (Fig. 3a). In the
experiments, we used a peptide comprising the LD4 motif of
paxillin (residues 261–282, designated LD4 peptide (Fig. 3c) to
titrate the 15N-labeled PBD and found that the LD4 peptide
bound to the PBD on the H1/H4 surface. The binding site was
located to the central region of the H1 and H4 solvent-exposed
surface, corresponding to the two clusters of largely shifted
peaks in the perturbation plot (Fig. 3d). Although the two clus-

ters seemed to be remote in the sequence of the PBD, they were
actually in close contact in the three-dimensional structure,
forming the two ridges and the hydrophobic pocket mentioned
previously (Fig. 2a).
Most of the shifted peaks affected by the bound LD4 peptide

were in the intermediate exchange time scale. Additionally, the
cluster in H4was higher than that in H1 in average, indicating a
slightly stronger association with H4 than H1 (Fig. 3d). The
solvent-exposed Thr662, Lys663, Gln748, Tyr751, Asp752, Lys755,
and Lys758 exhibited significant perturbations (Lys633, Tyr751,
and Lys758 had the largest perturbations as shown in Fig. 3,
a and d), whereas the residues between them, which were bur-
ied between the helices, showed only moderate changes. This
indicates that the large shift is not due to a binding-induced
conformational change. The cluster in H1 corresponded to the
paxillin-binding sequence 2 (PBS2) proposed by sequence anal-
ysis (13). Comparedwith theH1/H4 site, residues inH2 andH3
had only minimal or moderate shifts on LD4 peptide titration.
A closer inspection of the shifted peaks in H2 and H3 showed
that most peaks were residues at the interface with H1 or H4,
and among those, buried residues showed more perturbation
than exposed ones, indicating that the perturbation was due to
proximity to the H1/H4 binding site. These data are in agree-
ment with a recent mutagenesis study that showed the muta-
tions within H2 and H3 did not influence paxillin binding,
whereas the mutations in H1 and H4 decreased paxillin bind-
ing; especially the K663E and K758E mutations substantially
decreased paxillin association (15).
The Effect of Paxillin Ser272 Phosphorylation on the Binding of

GIT1 PBD—It was reported that paxillin Ser272 (Ser273 in
chicken sequence) phosphorylation promoted GIT1 focal
adhesion localization in cells (12), so we wanted to investigate
the interaction with GIT1 and phosphorylated paxillin. We

FIGURE 2. Electrostatic surfaces of PBD and FAT domains. Positive charge is shown in blue and negative charge in red. Equivalent residues are marked in both
structures. The residues that exhibited the most significant perturbations during LD peptide titrations are labeled on the GIT1 H1/H4 surface. The figure was
generated by Pymol, based on the electrostatic potential generated by GRASP.
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studied the interaction between purifiedGIT1PBDand synthe-
sized LD4 peptide with Ser272 phosphorylation by NMR chem-
ical shift perturbation experiments. Different from the previous
isothermal titration calorimetry data (15), we found the GIT1
PBD spectrum titrated with phosphorylated LD4 peptide
(termed as LD4p) was very similar to that of the PBD titrated
with the same ratio of LD4 peptide (supplemental Fig. S5), indi-
cating that the two peptides bound to the PBD with similar
affinities. Superimposing the 15N HSQC spectra of the PBD
mixed with 5 eq of the two peptides revealed that most per-
turbed peaks could be overlaid (supplemental Fig. S6a), sug-
gesting the two peptides bound to the PBD in similar fashions.
However, there were clear differences between the two spectra.
For example, comparison with the peaks in the spectrum of
apo-PBD showed that some peaks were perturbed more by the
LD4 binding (supplemental Fig. S6, b and e), whereas others
were perturbed more by the LD4p peptide (supplemental Fig.
S6d). In addition, the two peptides also shifted some peaks in

different directions (supplemental Fig. S6, c and f). In both
cases, either peptide produced consistently larger chemical
shift perturbations throughout the PBD binding site, further
indicating that the two peptides, LD4 and LD4p, had similar
binding affinities to the PBD. These observations suggest that
unlike the interaction between the FAT domain of FAK and
LD4p (43), in the complex of PBD bound to LD4p peptide, the
phosphate group in the peptide has some contacts with the
PBD, and those contactsmight compensate for the entropy lost
due to the phosphorylation (43).
The Binding between the Paxillin LD2 Peptide and the GIT1

PBD—Because the only hydrophobic patch on the GIT1 PBD
corresponds to the LD2 motif binding site on the FAT domain
of FAK,we investigatedwhether the LD2motif also participates
in GIT1 binding. Synthesized LD2 peptide (human paxillin
140–161) (Fig. 3c) was titrated into uniformly 15N-labeled
GIT1 PBD, and the 15NHSQC spectra of the protein during the
titration were obtained and examined. Surprisingly, we found

FIGURE 3. The interaction between the PBD and LD peptides. a and b, overlay of GIT1 PBD spectra titrated with LD4 and LD2 peptides, respectively. Blue, GIT1 PBD
alone; cyan, adding 0.5 eq of ligand; green, adding 1 eq of ligand; gold, adding 2 eq of ligand; red, adding 5 eq of ligand. Arrows mark significantly perturbed resonance,
and dashed arrows mark perturbation with intermediate exchange rate. c, sequence alignment of human LD2 and LD4 peptides used in this study. Identical residues
are marked with asterisks, and the LDXLLXXL motif is shown in bold. Conventional nomenclature is used; the first Leu is �0, and other residues are named as in the
figure. d and e, composite chemical shift perturbation plotted against residue number for LD4 and LD2, respectively. Composite chemical shift perturbation was
calculated by the equation ��composite � (��NH

2 � ��N
2/25)1/2. Lys663, Lys758, Gln748, and Tyr751 are labeled, and they are among those dramatically shifted peaks.
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that the LD2 peptide also dramatically perturbed the PBD spec-
trum (Fig. 3b), and on average, LD2 binding resulted in a similar
change in chemical shift (Fig. 3). Like the LD4peptide, when the
LD2 peptide was titrated into the solution of GIT1 PBD, we
found that, in the 15N HSQC spectra of GIT1 PBD, whereas
some peaks remained at the same position, many peaks shifted
during the titration; some peaks had large shifts, and some even
showed intermediate exchange phenomena. Furthermore, in
general, LD2 and LD4 binding perturbed the same set of resi-
dues, shifting their signals in similar directions and distances.
Thus, the LD2 peptide perturbed the GIT1 PBD spectrum to a
similar extent as the LD4 peptide, and binding sites of the two
peptides overlapped on the H1/H4 surface (Fig. 2a).
To determine how the binding occurs with both LD motifs

present, we performed competitive titration experiments, in
which up to 5 eq of LD2 peptide was titrated into 15N-labeled
PBD in the presence of 5 eq of LD4 peptide and vice versa. The
competitive experiments agreed with the single-peptide titra-
tion data, confirming that each peptide was able to further per-
turb the spectrum in the presence of an equal concentration of
the other peptide (supplemental Fig. S7). The two final spectra
overlaid well, indicating that the binding reaches equilibrium
regardless of the order in which the peptides were added. It is
likely that both peptides compete for the same binding site with
similar affinity, and the concentration of available LD motifs
may dynamically determine the equilibrium state.
To test the binding between PBD and paxillin, we titrated the

PBD with up to 5 eq of chicken paxillin 133–288, which con-
tains both LD2 and LD4 motifs. The spectrum of PBD titrated
with 5 eq of paxillin 133–288 overlaid well with the PBD spec-
trum titrated with 5 eq of both LD2 and LD4 peptides, exhibit-
ing an average of binding from both LD motifs (supplemental
Fig. S8). It also showed that the LD3 motif, which was also
present in the paxillin construct, did not interact with GIT1
PBD.
Examining the Interactions between LD Peptides and GIT1

PBD by Biacore Binding Studies—To further characterize the
binding properties of the two paxillin peptides to the PBD, we
measured the binding affinities between the LD peptides and
the PBD by the Biacore binding assay. In the experiments, the
LD peptides were synthesized with an N-terminal biotin tag
connected with a flexible GGSG linker. The peptides were
immobilized on a NeutrAvidin-coated chip and run through
the purified GIT1 PBD protein. As summarized in Table 2, the
PBD bound to the LD4 peptide with a Kd of 7.2 �M, which is
close to the reported Kd of 10 �M (15). The LD2 peptide
showed a slightly higher Kd of 25.1 �M. Because the LD2
peptide binds to the GIT1 PBD with a Kd only about three
times weaker than the LD4 peptide, the two peptides should

be able to compete for the ligand binding site on the surface
of the PBD, and indeed this conclusion is in agreement with
our NMR experiments. Also consistent with our NMR stud-
ies, the assays showed that the binding affinity of the LD4p
peptide, the LD4 peptide with Ser272 phosphorylation, to the
PBD increased only slightly to a Kd value of 10.2 �M.

DISCUSSION

The solution structure of the GIT1 PBD is a stable four-helix
bundle, which is similar to the structures of the FAT domain of
FAK and the Vt domain. The structure was validated by the
solvent exposure surface mapped by the H/D exchange exper-
iment. The PBD forms an up-and-down helix bundle with an
average axis angle of 19.1°, which is close to the ideal antiparallel
helix packing angle of 20° (44). The PBD, the FAT domain of
FAK, and the Vt domain share a well conserved hydrophobic
core, but their surface residues exhibit more diversity. This
explains the very similar overall folding of the three domains as
well as their distinct binding specificity.
Both the PBD and the FATdomain interact with the LD2 and

LD4 motifs of paxillin and are responsible for targeting GIT1
and FAK to focal adhesions. However, there are distinct differ-
ences between the two domains. First, in solution, the FAT
domain forms a dimer by swapping H1 between the two pro-
tomers (25), whereas the PBD is a well folded monomer. Sec-
ond, the LD2 and LD4 motifs of paxillin interact with the FAT
domain simultaneously at two opposite faces of the four-helix
bundle (45, 46), whereas the LD2 and LD4 motifs of paxillin
bind to the PBD at the same site, the H1/H4 site. These func-
tional differences between the FAT domain and the PBD are
rooted in the difference of their sequences.
The previously reported interaction between the LD4 motif

of paxillin and the GIT1 PBD (11, 13, 14) was confirmed in our
studies. The binding site mapped by NMR was also in agree-
ment with the recent mutation study (15), in which all residues
critical for LD4 binding exhibited strong chemical shift pertur-
bation. The LD4 motif binds to the H1/H4 site of the PBD,
unlike the complex of LD4with the FATdomain of FAK, where
it binds to the H2 and H3 surface. This variation may also
explain another difference between the two complexes:
although Ser272 phosphorylation within the LD4 motif
decreases LD4 binding to the FAT domain (43), the LD4 Ser272
phosphorylated peptide, LD4p, interactswith the PBD similarly
to the LD4 peptide.
It has been proposed that paxillin Ser272 phosphorylation is

an important event in focal adhesion regulation (11, 12, 43). In
a working model, FAK and GIT1 compete for paxillin binding,
and, in turn, the two proteins compete for FA localization.
When paxillin Ser272 is dephosphorylated, paxillin prefers
binding to FAK because FAK binds both the paxillin LD2 and
LD4 motifs cooperatively with a higher affinity. Once Ser272 is
phosphorylated, the affinity between LD4 and FAK is weak-
ened, causing disassociation of FAK-LD4 (43). However, the
phosphorylation of Ser272 in LD4 does not affect the interaction
between paxillin andGIT1. Therefore, paxillin Ser272 phospho-
rylation shifts the balance of the paxillin interaction with FAK
versus GIT1 in favor of GIT1 and causes an increase in the
paxillin�GIT1 complex. This would decrease FAK while

TABLE 2
Binding affinities between GIT1 PBD and LD peptides measured by
Biacore binding assay

Interaction Kd Rmax

�M RUa

GIT � LD2 25.1 � 0.2 91.0 � 0.2
GIT � LD4 7.0 � 0.2 53.3 � 0.4
GIT � LD4p 9.4 � 0.2 87.7 � 0.4

a RU, reading units.
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increasing PAK (through GIT1) in the FAs. Because FAK has
been linked to FA assembly, and PAK can promote FA disas-
sembly (11, 12, 43), this shifting balancemay promote regulated
FA assembly and disassembly.
The FAT domain of FAK binds to paxillin by interacting

with both the paxillin LD2 and LD4 motifs simultaneously
using its H1/H4 and H2/H3 sites (45, 46). With two binding
sites, the FAT domain should have a much stronger binding
affinity with paxillin than the GIT1 PBD because the PBD
has only one LD binding site, the H1/H4 site. This concern
can be alleviated by another novel finding in this work: the
paxillin LD2 motif also interacted with the GIT1 PBD.
Because the LD2 motif binds to the PBD as well, GIT1 might
achieve a binding affinity comparable with FAK by interact-
ing with both the LD2 and LD4 motifs of paxillin. Indeed, in
our studies, we not only showed that the LD2 motif of pax-
illin could bind to the GIT1 PBD, but in one experiment we
also found that the spectrum of the PBD bound with paxillin
133–288, which contained both the LD2 and LD4motifs, was
an average of the spectra of the PBD bound with the LD2 and
LD4 peptides (supplemental Fig. S8). Furthermore, such
observation did not change even when the paxillin concen-
tration was increased to five times that of the PBD, indicating
that the two LD motifs have similar affinity to the PBD and
bind GIT1 simultaneously. In other words, it suggests that
one paxillin can bind two GIT1 proteins. Conversely, GIT1
can dimerize in solution through its central coiled-coil
domain (47). Considering the length of the flexible linker
between the LD2 and LD4motifs, it is possible that two GIT1
proteins in a dimer can bind to one paxillin molecule simul-
taneously, through both the LD2 and LD4 motifs. Indeed,
GIT1 is found primarily as an oligomer together with PIX
(47, 48), and the oligomerization is essential for GIT1 FA
localization (49, 50).
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