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ABSTRACT: Cell migration is a dynamic process that requires the coordinated formation and disassembly
of focal adhesions (FAs). Several proteins such as paxillin, focal adhesion kinase (FAK), and G protein-
coupled receptor kinase-interacting protein 1 (GIT1) are known to play a regulatory role in FA disassembly
and turnover. However, the mechanisms by which this occurs remain to be elucidated. Paxillin has been
shown to bind the C-terminal domain of FAK in FAs, and an increasing number of studies have linked
paxillin association with GIT1 during focal adhesion disassembly. It has been reported recently that
phosphorylation of serine 273 in the LD4 motif of paxillin leads to an increased association with Gitl
and focal adhesion turnover. In the present study, we examined the effects of phosphorylation of the LD4
peptide on its binding affinity to the C-terminal domain of FAK. We show that phosphorylation of LD4
results in a reduction of binding affinity to FAK. This reduction in binding affinity is not due to the
introduction of electrostatic repulsion or steric effects but rather by a destabilization of the helical propensity
of the LD4 motif. These results further our understanding of the focal adhesion turnover mechanism as
well as identify a novel process by which phosphorylation can modulate intracellular signaling.

Focal adhesion kinase (FAKjs an intracellular protein  adhesions resulting in disruption of lamellipodia formation
tyrosine kinase whose activity is regulated by integrin- and apoptosis9—12). One of the key binding partners of
mediated cell adhesiorl), FAK influences the dynamic  FAK at sites of focal adhesion is paxillin, a multidomain
regulation of integrin-associated adhesions and the actinadaptor protein associated with cell adhesion and growth
cytoskeleton which is tethered there. The continual formation control (13—16). Paxillin binds to the C-terminal FAT
and disassembly of focal adhesions at the leading edge ofdomain of FAK through two of its five N-terminal LD motifs,
lamellipodia of migrating cells (focal adhesion turnover) is termed LD2 and LD417—21). The LD motifs of paxillin
a process that is crucial to both the control of cell migration are amphipathic helices that can interact with many other
(2) and invasion by cancer cell8)( Observation of elevated  proteins 22), including G protein-coupled receptor kinase-
FAK expression in a broad variety of tumors suggests that interacting protein 1 (GIT1)43). Paxillin, GIT1, and FAK
FAK plays an important role in tumorigenesig).( It is are hypothesized to act synergistically to promote cell
therefore necessary to understand the mechanisms thatotility by a mechanism in which paxillin triggers focal
regulate the formation and disassembly of complexes be-adhesion disassembly and turnover by switching its binding
tween FAK and its binding partners in focal adhesions. partner from FAK to GIT1 24, 25). This switch was thought

The C-terminal portion of FAK, termed FAK-related likely to be driven by the phosphorylation of paxilli24).
nonkinase (FRNK) ), consists of several proline-rich Mapping of the major paxillin phosphorylation sites by mass
regions that act as binding sites for many SH3-containing spectrometryZ6) showed that p21-activated kinase (PAK)
proteins, and a C-terminal focal adhesion targeting (FAT) phosphorylation of paxillin at S273 within the LD4 motif
domain 6—8). Exogenous expression of FRNK or FAT increased the association between paxillin and GIT1 resulting
domain can displace endogenous full-length FAK from focal in an up-regulation of adhesion turnove7).

Here we show by chemical shift perturbation and fluo-
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EXPERIMENTAL PROCEDURES to measure the chemical shift perturbations in the FAT-LD2
. o ) spectra upon LD4 peptide binding.

Overexpression and Purification of the FAT Domain of Chemical Shift PerturbationNMR data for binding
FAK, Paxillin, and the FAT-LD2 ConstrucfThe cDNA affinity studies were acquired on a Varian Inova 600 MHz
encoding the FAT domain (residues 916 to 1053) was gpectrometer at 37C and processed as described abéé.
subcloned into a pET28a vector. The N-terminal His-tagged gndq1H chemical shift values for the displaced peaks in the
FAT domain was subsequently expressectincoli strain 15\ HSQC titration experiments were determined for each
BL21(DE3)pLysS. Protein induction, harvest, and purifica- ¢ the successive titration points by using SPARKY. The

tion methods have been described previoud/ £9). FAT- average chemical shift perturbation was calculated by using
LD2 was subcloned into a pET28a vector in which LD2 following equation 31):

oligos were inserted into a Bath site downstream of FAT.
Oligonucleotides that contained Béthrestriction sites and
the LD2 sequence flanked' By glycine serine repeats
(GGS)YGS(GGS) (positive and negative strands) were
synthesized at the Hartwell Center for Bioinformatics and
Biotechnology at St. Jude Children’s Research Hospital. The . ) . ) ) .
cDNA encoding chicken paxillin, spanning amino acids-51 In this equatiomMoN is chemical shift change of the amide

313, was subcloned into a pET28a vector. To generate theMirogen andAoH is the chemical change of the amide
paxillin amino acid 136-313 construct in pET28a, oligo-  Proton. The amide nitrogen chemical shift change is divided

nucleotides containing Blde or 3 EccRl restriction enzyme ~ PY 5 t0 account for the scale difference of the nitrogen and
sites were designed and used to amplify the sequence througRroton dimensions. ,
polymerase chain reaction (PCR). Incorporation of paxillin "€ dissociation constant was calculated by nonlinear
into pET28a was verified by sequencing with T7 terminator CUrve f|tt|_ng of the plotted chem_lcal shift change versus the
primer. Isotope-labeled protein was prepared by using molar ratio of the ligand by using the following equation
morpholinepropanesulfonic acid-buffered medium containing (32
15NH,CI (1 g/L) and*3Ce-glucose (2.5 g/L).

Peptide Synthesihe Hartwell Center for Bioinformatics _
and Biotechnology at St Jude chemically synthesized aAéme_ 0.0 LA X+
peptide corresponding to the LD4 motif of chicken paxillin \/

KD
max

[protein],

(residues 262276 of wild type paxillin, SATRELDEL- 14x4_ 1o )2_ 4x)
MASLSD), and LD4 peptides phosphorylated at the S12 and [protein],
S14 positions (S273 and S275 of the wild-type paxillin),
termed LD4-S273p and LD4-S275p, respectively. For the |n this equation,Ad is the chemical shift change upon
fluorescence anisotropy experiments, peptides correspondingitration, X is the molar ratio of the ligand, and [protejn]
to LD4, LD4-SZ73p, and LD4-8275p with a fluorescein tag the initial protein concentration.
covalently attached to the N-terminus via a butanoic linker  Determination of Binding Affinity with Fluorescence
were synthesized. CD experiments confirmed that the Anisotropy. Fluorescence anisotropy measurements were
fluorescein tag does not inhibit the helical propensity of the taken using a F|uoro|og fluorometer (Jobm Yvon Horriba)
individual peptides (data not shown). equipped with polarizers. Successive 2- to20aliquots

NMR SpectroscopWMR data for structure determination of 0.5 mM FAT-LD2 were added to a 1-cm cuvette
were acquired with Varian Inova 600 MHz and Bruker containing 2.0 mL of a 0.%M solution of fluorescently
Avance 800 MHz (with cryoprobe) spectrometers atG7 labeled LD4 peptide. The experiments were done at pH 8.0
Sample concentrations for NMR experiments were typically in 10 mM phosphate buffer and either 0% or 15% TFE.
0.5to 1.0 mM in 10 mM potassium phosphate buffer, pH Anisotropy was measured at an emission wavelength of 513
6.5, 10% RO, and 0.1% sodium azide. Data were processed nm 3 min after each addition to allow the system to come to
and displayed by using the programs NMRPipe and NM- equilibrium. Change in anisotropy for binding was plotted
RDraw @30) on an SGI Octane workstation or PC. Proton and fitted to a standard one-site binding model in order to
chemical shifts were referenced to® peaks (4.75 ppm).  determine the binding constalig and the maximum change
13C and*N chemical shifts were referenced indirectly to in anisotropy,Bmax Using Prism (version 4.0 for Windows,
DSS using absolute frequency ratios. The program SPARKY GraphPad Software, San Diego, CA, www.graphapd.com).
(T. D. Goddard and D. G. Kneller, SPARKY 3, University Measurements of Helix Propensity Using Circular Dichro-
of California, San Francisco) was used for data analysis andism. CD spectra were obtained with an Aviv 62DS CD
assignment. Backbone resonance assignments of the FATspectrometer (Aviv, Lakewood, NJ) and processed with Igor
LD2 construct were made manually on the basis of three- Pro software (Wavemetrics Inc., Lake Oswego, OR). All
dimensional HNCA, HNCACB, and CBCA(CO)NH experi- experiments were performed at 25 using a quartz cuvette
ments. Aliphatic side-chain resonances were assigned bywith a 0.1-cm path length. The parameters used for the
using three-dimensionat®N-edited HCCH-COSY and measurements were 0.5 nm step resolution, 10 s average
HCCH-TOCSY spectra. Residual gaps and ambiguities signaling time, and 1 nm bandwidth. All spectra shown are
were resolved by using nuclear Overhauser effect (NOE) averages of three scans. Concentration of samples ranged
connections measured by three-dimensidfidtedited and from 20 to 40uM in 10 mM phosphate buffer, pH 6.5. The
13C-edited NOESY experiment$®N-Heteronuclear single  total volume of each sample was 300. The CD spectra
quantum correlation (HSQC) experiments were performed were expressed as molar ellipticityd]]. Helix content was
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Ficure 1: Binding curves of fluorescein-tagged LD4 peptides titrated with increasing concentrations of FAT-LD2, as measured by fluorescence
anisotropy in 10-mM phosphate, pH 8.0. Thaxis indicates the fraction of maximal binding—c) LD4, LD4-S273p, and LD4-S275p,
respectively(d) LD4 in 15% TFE.

calculated asf]22d™*{0]222, Where™®{],2, = —40 000 x synthesized LD4 peptides tagged at the N-terminus with
[1 — (2.5h)] and n is the number of amino acid residues fluorescein (see Experimental Procedures) and measured the

(33). change in fluorescence anisotropy as a function of titrated
protein. The measureg, values for LD4, LD4-S275p, and
RESULTS LD4-S273p binding to FAT-LD2 were 168 1.5uM, 19.3

+ 1.1uM, and 45.9+ 2.4 uM, respectively (Figure lac).
Phosphorylation at the S273 position increased the dissocia-
tion constant by almost 300%, whereas phosphorylation at

Paxillin binds to two hydrophobic patches on opposite faces :EetSZf75 p?f't'oﬁ affletf[tedd Bgl?mg affinity only slightly over
of this four-helix bundle through two of its N-terminal helical at of unphosphorylate '
LD motifs (LD2 and LD4) @1). However, in solution, We previously showed that the LD4 motif exists mostly
isolated LD peptides (mainly LD2) can nonspecifically @s arandom coil in solution and folds into arhelix upon
interact with the other LD binding site on the FAT domain binding to FAT @1). We postulated that if we could increase
(20’ 21) To unambiguous|y Study LD b|nd|ng to the FAT the hellClty of unbound LD4, its blndlng aff|n|ty to FAT
domain, our laboratory uses constructs in which the indi- would increase. To test this hypothesis, we performed a
vidual LD motifs are covalently linked to the C-terminal end fluorescence anisotropy analysis of the binding of tagged
of the FAT domain via a (GGS)inker (see Experimental  LD4 to FAT-LDZ2 in the presence of 15% 2,2,2-trifluoroet-
Procedures). Analysis 8fN-HSQC spectra have shown that hanol (TFE) (Figure 1d). The resulting binding curve yielded
when tethered to the FAT domain in this manner, covalently @ Kq of 216 + 24 nM, demonstrating a 77-fold increase in
linked LD2 or LD4 motifs bind specifically to their preferred ~ binding affinity. Circular dichroism (CD) studies of FAT-
binding sites in the FAT domair2@). Thus, in the FAT- LD2 titrated with TFE showed it to be stable at the con-
LD2 construct, only the LD4 binding site is open, and in centrations (510uM) used in the fluorescence experiments
the FAT-LD4 construct, only the LD2 binding site is open. (Figure 2a). These results strongly suggest a link between
In the present study, we titrated FAT-LD2 with LD4 peptides the binding affinity and the helical configuration of LD4.
and could confidently attribute the changes observed in the Helical Propensity of LD4 Peptideslo determine the
fluorescence anisotropy and chemical shift perturbation effect of phosphorylation on the propensity of LD4 to form
experiments solely to the binding of LD4 peptides to the a helix, we performed CD measurements of the fluorescein-
LD4 binding pocket on the FAT domain. tagged peptides titrated with TFE. The effect of increasing
Binding Studies by Fluorescence Anisotropg.measure ~ amounts of TFE (up to about 20%) on helix formation
the binding affinity between FAT-LD2 and LD4, we provides a useful approximation of the helical propensity of

Covalently Tethered LD MotifsThe FAT domain of FAK
is composed of four helices that form a right-turn elongated
bundle maintained by hydrophobic interactiorisr<19).
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FiGure 2: (a) Circular dichroism scans of/8M FAT-LD2 in 0% TFE (blue), 5% TFE (purple), 10% TFE (green), and 15% TFE (red).
(b) Helix-formation propensity of LD4 (shaded), LD4-S273p (wide diagonal), and LD4-S275p (narrow diagonal) as measured by circular
dichroism in increasing concentrations of TFE.

non-alanine-based peptides in wate#)( At 20% TFE, the (22) (Figure 4a). The similarity of the HSQC spectra of LD4-
LD4-S273p peptide exhibited a helix propensity approxi- S273p bound to FAT and the HSQC spectra of LD4 bound
mately 75% less than that of unphosphorylated LD4, whereasto FAT strongly suggests that the phosphorylated peptide
the LD4-S275p peptide’s helix propensity was reduced only binds in the same pocket and in the same manner as its
~30% (Figure 2b). unphosphorylated form. When LD4-S273p is modeled as an
Factors that may contribute to the helix-destabilizing effect a-helix, itis clear that the phosphate moiety is oriented away
of phosphorylation at the S273 position include an unfavor- from the hydrophobic binding surface of the LD motif
ablei—i+4 side chain interaction between the negatively (Figure 4b). The electrostatic surface of the LD4 binding
charged phosphate and glutamate 269 and the unfavorabl@ocket contains no negatively charged residues that could
peptide solvation effects of phosphoserines at the C-terminalinteract with the phosphate group of LD4-S273p. Indeed,
positions of a-helices 85). The destabilizing effects of only a positively charged K1003 lies in the vicinity of the
C-terminal phosphorylation on am-helix have also been  phospho group (Figure 4c). For that reason, it is unlikely
observed in a monomeric mutant form of phospholamban, that the reduced binding affinity of the LD4-S273p peptide
in which phosphorylation at serine 16 results in significant is caused by electrostatic or steric effects. Therefore, desta-
unwinding of the cytoplasmic helix and the short loop bilization of the a-helix of LD4 upon phosphorylation at
connecting it to the transmembrane hel6), S273 is the most likely cause of the reduced binding affinity
Effect of LD4 Phosphorylation on FAT BindiriGo verify observed in both fluorescently tagged and untagged peptides.

that the phosphorylated LD4 peptides bound similarly to FAT DISCUSSION
and to the unphosphorylated peptide, we performed titration
experiments and monitored the change of chemical shifts in  Because cell migration is a dynamic process, the mech-
the HSQC spectrum dfN labeled FAT-LD2. This method  anisms by which focal adhesions form and disassemble are
can be used to map binding sites and is well suited to detectlikely to be regulated in a temporal and spatial man@r (
weak but specific interactions in solutioB7). In the HSQC ~ Nayal et al. provided an important piece of the puzzle when
spectra, unphosphorylated LD4, the LD4-S273p, and LD4- they observed that phosphorylation of paxillin at S273
S$275p most strongly perturbed the same residues of FAT-increases adhesion turnover in highly motile cells by increas-
LD2 (Figure 3a-c). We plotted the change in the weighted ing paxillin—GIT1 binding @7). Our findings show that
average of the chemical shift values of the affected residuesphosphorylation of paxillin at S273 also significantly reduces
versus the concentration of ligand to generate binding curvesits binding affinity to FAK, causing the disassembly of the
(Figure 3d-f). Using the chemical shift values from residues FAK—paxillin complex and freeing paxillin to interact with
M954, N992, and L965 (all within the LD4 binding pocket) other key binding partners. The modulation of paxillin
and fitting the curves for each peptide to a globa) we binding through phosphorylation of its LD4 motif represents
calculated the binding affinities of LD4, LD4-S275p, and a key step in the focal adhesion turnover mechanism.
LD4-S273p to be 25.% 2.8uM, 33.6+ 5.8uM, and 65.8 Although paxillin binds to FAK through both its LD2 and
+ 7.2 uM, respectively. As in the fluorescence anisotropy D4 motifs, the LD4 motif is the key structural element in
experiments, we observed a slightly reduced binding affinity the formation and disassembly of the FAKaxillin complex.
(within the range of error) for the LD4-S275p peptide and Exogenous expression of paxillin lacking the LD4 motif in
an approximately 3-fold decrease in the binding affinity of paxillin-null cells results in an 11-fold decrease in focal
the LD4-S273p peptide. Therefore, the binding affinities adhesion disassemblgg). The importance of LD4 in the
observed for the nonfluorescently tagged LD4 peptides areinteraction between FAK and paxillin can also be seen in
consistent with the binding data observed for the fluores- western blot analysis of paxillin binding to FAK mutants:
cently tagged LD4 peptides. mutations that disrupt the LD4 binding site reduce paxillin
The LD4 motif of paxillin has previously been shown to binding more than mutations that disrupt the LD2 binding
interact with a hydrophobic pocket on the surface of FAT site 20). The results of our binding studies show that when
formed between helices H2 and H3 of the four helix bundle the helical content of LD4 is increased by addition of TFE,
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Ficure 3: (a—c) Chemical shift perturbation plots of the FAT domain residues in the FAT-LD2 construct titrated with LD4, LD4-S273p,
and LD4-S275p, respectively. Helices (H}4 of the FAT domain are indicated in plot A. The largest chemical shifts correspond to
residues in the LD4-binding pockdt—f) Binding curves derived from weighted chemical shift values for FAT residues MB54.065

(v), and N992 4).

its binding affinity to FAK is markedly increased. In contrast, does not appear to mimic the binding behavior of paxillin-
when the helical propensity of LD4 is decreased by phos- S273p to FAK. This can be explained by the fact that
phorylation at S273 (and, to a lesser extent, at S275), thephosphoserine at the C-terminusoehelices is destabilizing
binding affinity is dramatically reduced. The reduction in (35), whereas unphosphorylated serine and aspartate residues
the binding affinity of LD4 as the result of phosphorylation have similar effects on helix propensit§Q).
at S273 leads to destabilization of the FAgaxillin interac- The random coil to helix transition upon binding exhibited
tion and the eventual breakdown of the complex. by the LD4 motif is a common feature among regulatory
Phosphorylation has previously been shown to contribute proteins classified as intrinsically unstructured proteins
to complex dissociatior30). In the case of paxillin binding  (IUPs) @41—-43). The LD4 motif of paxillin has all of the
to FAK, the decrease in the binding affinity of phosphory- characteristics of a set of targeting elements knowmas
lated LD4 is likely to reflect perturbation of an order-to- helix-forming molecular recognition elements-MoRES)
disorder transition rather than the introduction of unfavorable (44). These are specific structural elements that mediate many
electrostatic or steric effects. Further evidence is provided binding events of disordered regions. They consist of a short
by immunoblot experiments of a paxillin S273D mutant region (about 20 residues) that undergoes a disorder-to-order
expressed in CHO-K1 cells that showed only marginal transition that is stabilized upon binding to the partner; this
changes in binding to FAKZ7). Although recognized by a  short region is itself located within a segment of disorder.
phospho-S273-paxillin-specific antibody, the aspartate mutantSuch disorder-to-order transitions upon binding are common
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Ficure 4: (a) Ribbon diagram of the FAT domain of FAK (Protein Data Bank accession code 1KTIR)) The LD4 binding pocket

(shaded area) is formed between helices H2 and H3 of the four helix bubilleypophilic surface map of the LD4 binding pocket
generated using SYBYL v7.2.5 (Tripos Inc.). The hydrophobic surface interacts with hydrophobic leucine residues(ohElBdtrostatic

surface of the LD4 binding pocket generated using Pymol (DeLano Scientific LLC, San Carlos, CA). Only a positively charged lysine,
K1003, is in a position to interact with the phosphate moiety on LD4-S2@3he LD4-S273p peptide modeled as @itnelix by using

ICM-Pro v3.4 (Molsoft Inc.). Top view shows leucine residues that form the hydrophobic binding surface (shaded tan) and the phosphorylated
Ser 273 (shaded rose). Bottom view shows the relative orientation of the peptide as it binds to the LD4-binding pocket of FAT.

in IUPs involved in regulation, signaling, and control is likely that in focal adhesions PAK is brought into
pathways 45). By contrast, the LD2 motif does not appear proximity with the FAK—paxillin complex by GIT1 and

to be ana-MoRE, as it forms a stable-helix in solution subsequently phosphorylates serine 273 in the LD4 motif of
(17). The difference between the helix propensities of these paxillin. Because both GIT1 and FAK interact directly with
two LD motifs may lie in their helix capping motifs. The the LD4 motif of paxillin (L6) and phosphorylation of serine
LD2 helix ends at a proline residue, which, like glycine, is 273 differentially alters their binding affinities2q), this

a strong helix breake#g, 47). The LD4 sequence contains phosphorylation event should facilitate the transition of
neither proline nor glycine at the C-terminal end of its helix. paxillin from a complex with FAK to a complex with GIT1,
Thus, the hydrogen bonds responsible for stabilizing the thereby initiating focal adhesion turnover.

C-terminal end of the LD4 helix are likely to be provided AckNOWLEDGMENT

by interacting residues within its binding partners. Lowering
the helix propensity of the LD4 motif by phosphorylation at
S273 provides the cell with a subtle yet effective mechanism
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