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Abstract

Focal adhesion kinase (FAK), a key regulator of cell adhesion and migration, is overexpressed in
many types of cancer. The C-terminal focal adhesion targeting (FAT) domain of FAK is necessary
for proper localization of FAK to focal adhesions and subsequent activation. Phosphorylation of
Y926 in the FAT domain by the tyrosine kinase Src has been shown to promote metastasis and
invasion in vivo by linking the FAT domain to the MAPK pathway via its interaction with Grb2.
Several groups have reported that inherent conformational dynamics in the FAT domain likely
regulate phosphorylation of Y926; however, what regulates these dynamics is unknown. In this
paper, we demonstrate that there are two sites of in vitro Src-mediated phosphorylation in the FAT
domain: Y926, which has been shown to affect FAK function in vivo, and Y1008, which has no
known biological role. The phosphorylation of these two tyrosine residues is pH dependent, but
this does not reflect the pH dependence of Src kinase activity. CD and NMR data indicate that the
stability and conformational dynamics of the FAT domain are sensitive to changes in pH over a
physiological pH range. In particular, regions of the FAT domain previously shown to regulate
phosphorylation of Y926 as well as regions near Y1008 show pH-dependent dynamics on the ps-
ms time scale.

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase. Upon activation of integrins,
FAK is recruited to newly forming focal adhesions where it functions as both a signaling
and scaffolding protein. It has been linked to the MAPK (1) and Rho and Ras GTPase (2—4)
pathways and plays a role in cell adhesion (5, 6), migration (5), cell cycle progression (7),
and cell survival (8-12). FAK consists of an N-terminal FERM (protein 4.1, ezrin, radixin,
moesin) domain, a central kinase domain, and a C-terminal focal adhesion targeting (FAT)
domain, which is responsible for localization of FAK to focal adhesions at least partially
through its interaction with the protein paxillin (13). The FAK kinase domain is activated by
autophosphorylation at Y397, creating a Src-homology (SH) 2 binding site that is
recognized by Src kinase, among other proteins. Upon binding to Y397, Src phosphorylates
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several tyrosine residues in FAK including Y926 in the FAT domain (10, 14).
Phosphorylation of Y926 creates a docking site for the SH2 domain of growth factor
receptor bound protein 2 (Grb2) (10, 14, 15). The interaction between Grb2 and pY926 in
the FAT domain has been shown to activate the MAPK pathway, resulting in increased
angiogenesis via upregulation of vascular endothelial growth factor (VEGF) (16, 17), and
promote microtubule-induced focal adhesion disassembly by linking FAK to dynamin (18).
Moreover, melanoma cells expressing a nonphosphorylatable Y926F mutant of FAK
showed decreased adhesion, migration, and invasion in vitro, which correlated with
decreased metastasis in vivo. These results implicate the importance of phosphorylation of
Y926 in cell migration and adhesion and subsequently in cancer progression (16).

There are several structures of the FAT domain including a solution structure at pH 6.0 (19)
and two crystal structures at pH 7.0 (20, 21) in which the FAT domain adopts an anti-
parallel four-helix bundle conformation. In addition, a crystal structure at pH 6.5 has been
determined (21) in which the FAT domain exists as a domain-swapped dimer in which
helix-1 partitions away from the bundle and packs against the other three helices of a second
FAT molecule. The ability of helix-1 to adopt both intra- and inter-domain helix bundle
conformations suggests that helix-1 possesses conformational mobility, and indeed several
lines of evidence including NMR and molecular dynamics simulations have indicated that
helix-1 undergoes a helix-coil conformational change in solution (22, 23).

The inherent conformational dynamics that regulate the partitioning of helix-1 in the FAT
domain are thought to play a role in the phosphorylation of Y926 by Src and in binding of
the phosphorylated FAT domain to the Grb2 SH2 domain (19, 21). Structural studies of
kinases bound to substrate peptides suggest that the kinase recognizes an extended
conformation for phosphorylation (24). Furthermore, structural evidence also suggests that
Y926 must exist in a B-turn conformation to bind to Grb2 (25-28). However, because Y926
in the FAT domain is in a helix, it is not in a conformation that is conducive for
phosphorylation by Src or for binding to Grb2. Therefore, it has been speculated that there
must be a conformational change near Y926 to facilitate phosphorylation by Src and binding
to the Grb2 SH2 domain (19, 21).

While it has been proposed that conformational dynamics in the FAT domain are important
for regulating phosphorylation of Y926 and binding to Grb2, the mechanism(s) that regulate
FAT domain dynamics in vivo is unclear. In this paper, we explore the effect of pH on the
structure, dynamics, and Src-mediated phosphorylation of the FAT domain in vitro.

EXPERIMENTAL PROCEDURES

Expression and Purification of the FAT domain

The FAT domain was expressed as a GST fusion protein and purified as previously
described (19).

Expression and Purification of the Src kinase domain

Plasmids containing the kinase domain of c-Src and the YopH phosphatase were provided
by John Kuriyan’s lab at UC Berkeley. The expression and purification of the kinase domain
of avian c-Src (251-533) have been described elsewhere (29). Purified protein was stored in
50% glycerol at —20°C until use.

In vitro Src-Mediated Phosphorylation of Full-Length FAT domain

Purified FAT domain was dialyzed into phosphorylation buffer (100 mM MES (pH 5.5, 6.0,
or 6.5) or 100 mM HEPES (pH 7.0 or 7.5), 5.0 mM MgCl,, 1 mM DTT, 0.01% NaN3). Each
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reaction contained ~30 uM FAT domain, ~1 uM Src, and 1 mM ATP. Reactions were
incubated at 37°C overnight in an eppendorf tube with a 2 kDa MW cutoff bottom floating
in 100 mL of phosphorylation buffer to ensure that the pH remained constant throughout the
course of the reaction. Samples were dialyzed into water before MS analysis.

In vitro Src-Mediated Phosphorylation of FAT Domain Synthetic Peptides

Two synthetic peptides containing either Y926 (SNDKV9286YENVTGLVK-OH) or Y1008
(MKLAQQ%8Y\/MTSLQQEYK-OH) were synthesized at the UNC High-Throughput
Peptide Synthesis and Arraying Facility. The peptides were dissolved in water and diluted
with 10X phosphorylation buffer to a final concentration of 0.56 mg/mL in a final volume of
100 pL. Src (1 pL of 5 mg/mL) was added to each reaction, and the reactions were incubated
at 37°C for one hour. In total, ten reactions were performed: phosphorylation of the Y926
peptide and the Y1008 peptide, each at pH 5.5, 6.0, 6.5, 7.0, and 7.5. Samples were kept at
—20°C until analysis.

Mass Spectrometry-Based Phosphopeptide Identification

The sites of phosphorylation were identified by LC-MS/MS analysis of tryptic peptides
derived from the phosphorylation reaction between FAT and Src. The experimental
workflow is shown in Figure S1. The FAT domain was phosphorylated as described above,
and the samples were digested with trypsin. The digestion reaction was monitored by SDS-
PAGE to ensure that the reaction had reached completion. The digestion reactions were
spiked with the phosphopeptide internal standards, re-suspended in an aqueous solution of
0.1% formic acid, and analyzed by reverse phase LC-MS/MS using a nano ultra LC system
(Eksigent Inc, Dublin, CA) coupled to an LTQ-Orbitrap Velos system (Thermo Scientific,
San Jose, CA). The LC-MS/MS data were analyzed as previously described (30). In brief,
mass spectrometric data were acquired using the data-dependent mode to interrogate the top
ten most abundant peptide ions via collision activated dissociation (CAD)-MS/MS. Mass
spectra were processed, and peptide identification was performed using Mascot (Matrix
Science Inc.). Peptides were identified using a target-decoy approach with a false discovery
rate (FDR) of 1%. The Ascore algorithm was used to confidently localize the
phosphorylation site on the peptide derived from the sample (31). In addition, the synthetic
phosphopeptide standards were used to further verify the phospho-site assignment
specificity using retention time and fragmentation patterns.

Peptide quantitation

Absolute quantitation of site-specific phosphorylation was performed on the peptides that
contained the two identified phosphorylation sites in the FAT domain (pY926 and pY1008)
with spiked-in heavy labeled internal standards. The following four phosphopeptide internal
standards containing a 13C-labeled valine residue were synthesized at the UNC High-
Throughput Peptide Synthesis and Arraying Facility: V(p?26Y)ENVTGL (V13C5)K-OH,
SNDKV(p?26Y)ENVTGL(V13C5)K-OH, LAQQ(p1%%8Y)(V13C5)MTSLQQEYK-OH, and
MKLAQQ(p10%8Y)(V13C5)MTSLQQEYK-OH. In addition to the tryptic peptides, we also
introduced an additional peptide standard for each site to compensate for possible variations
in digestion efficiencies that would yield phosphopeptides containing a missed cleavage site.
The internal standards were spiked-in, separately, at three-to-four standard concentrations
(0.2,0.4, 1, and 2 pg/mL) to the FAT trypsin digestion reactions. The raw peaks were
processed, and extracted ion chromatograms (XIC) were generated from the full-scan MS
using Xcalibur software (Thermo Scientific). Peptide peaks of interest were normalized by
their stable isotope-labeled heavy internal standard counterpart using an in-house Perl script.
Peak integration was performed using the Genesis algorithm (Thermo-Fisher Scientific, San
Jose, CA). All deviations in retention times were corrected by peak alignment. The accuracy
of the peak area ratios was validated by acquiring multiple chromatographic runs as
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described previously (30). Absolute quantitation was based on the relative peak area of the
identified phosphopeptide and the corresponding heavy phosphopeptide internal standard. A
standard curve was generated by plotting the log of the normalized peak area (area of
analyte/area of standard) versus the standard concentration. The curves were fit by linear
regression in Excel, and the x-intercept of the fit represents the analyte concentration. Both
3+ and 2+ charge states were quantified using these standard curves.

Relative changes in phosphorylation levels of the synthetic peptides were quantified as a
function of pH using a single standard concentration (0.5 pg/mL of heavy internal standard).
Phosphorylation reactions of the peptide containing Y926 were diluted 100 fold before
analysis by MS whereas reactions of the peptide containing Y1008 were diluted 4 fold
before analysis by MS so that the signal was in an appropriate linear dynamic range for
quantitation.

Circular Dichroism

Purified FAT domain was dialyzed into CD buffer (10 mM Ky;HPOy4, 0.01% NaNj3) at the
desired pH and concentrated to 10 uM. Far-UV CD (185-260 nm) spectra were collected at
25°C on an Applied Photophysics Pistar-180 spectropolarimeter. Thermal denaturation
studies were conducted by monitoring the ellipticity at 221 nm over a temperature range of
25 to 95°C at increments of 0.5°C. Far-UV CD spectra (185 nm-260 nm) collected after the
FAT domain had been heated to 95°C for 30 min showed that the FAT domain retained little
or no helical character at 95°C. After each thermal denaturation, the temperature was
reduced to 25°C for 15 min, and a far-UV spectrum was collected to verify that the FAT
domain had regained its secondary structure.

Data analysis was conducted with the assumption that only populations of folded (F) and
unfolded (U) species were being monitored. The denaturation curves were baseline
corrected and fit to the following Boltzmann equation in SigmaPlot:

25°C+ (6, - 6,)
obs= (Tya—temp)
1+e  slope

Oobs, OF, and Oy are the observed ellipticity at 221 nm, the ellipticity at 221 of the folded
FAT domain, and the ellipticity at 221 of the unfolded FAT domain, respectively. Ty, is the
melting temperature or the temperature where half of the FAT domain is folded. Although
the high temperature(s) required for most of the thermal denaturation studies limited the
accuracy by which @y could be measured, the data were also fit to alternate equations (32,
33), and similar results were obtained.

NMR Spectroscopy

15N and 15N-13C-labeled FAT domain were expressed and purified as previously described
(19). The purified FAT domain was exchanged into NMR buffer at the desired pH (25 mM
Tris maleate, 150 mM NacCl, 10% D,0, 0.01% NaNs) and concentrated to ~0.2 mM. All
NMR data were processed with NMRPipe (34) and analyzed with NMRView (35).

1H-5N HSQC spectra were collected as a function of pH, and a simultaneous 3D 13C/15N-
NOESY (36, 37) with a 150 ms mixing time was collected at pH 6.0 and 7.5 on a Varian
INOVA 800 MHz spectrometer at 37°C. While temperature changes in some buffered
solutions can affect the pH, we used a tris-maleate buffer, which is relatively insensitive to
temperature changes. The spectra were referenced to each other using peaks associated with
the glycine linker.
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Backbone assignments for the FAT domain at pH 6.0 had been obtained previously (19).
Because several backbone resonances undergo chemical shift changes between pH 6.0 and
7.5, 3D NMR HNCACB (38) and CBCACONH (37) experiments were acquired at pH 7.5
on a sample of uniformly 13C-15N labeled FAT domain, and backbone assignments at pH
7.5 were determined as previously described (19) using the assignments at pH 6.0 as a
starting point. Assignments at intermediate pH values were determined by tracking changes
in chemical shift at pH 6.0 and pH 7.5.

Residual dipolar coupling (RDC) data were collected on an 1°N-labeled sample of the FAT
domain (0.4 mM). Pfl phage (7.5 mg/mL ASLA Biotech Ltd.) was used as an alignment
medium as previously described (19). 1H-1°N-HSQC-IPAP (39) spectra were collected in
NMR buffer alone and in the presence of phage.

Backbone Relaxation Analysis

RESULTS

15N-based 2D T1, T2, and heteronuclear NOE (HetNOE) spectra (40) were collected on
uniformly 15N-enriched FAT domain samples at pH 6.0 and pH 7.5 on a Varian INOVA 600
MHz spectrometer at 37°C. Prior to data collection, the temperature was calibrated using a
100% MeOH standard sample. R1 and R2 relaxation rates were sampled with nine time
points, three of which were collected in duplicate to estimate error. Delay values of 48, 136,
250, 385, 540, 708, 892, 1000, and 1300 ms were used for T1, and 7, 15, 23, 39, 62, 78, 93,
109, and 125 ms were used for T2 experiments. Two experiments comprising the 1H-15N
NOE were acquired in an interleaved fashioned with a recycle delay ~ 5 sec. The T1 and T2
data were analyzed by fitting the intensities of resolved amide peaks to a single exponential
decay, and the HetNOE data were analyzed by determining the difference in intensity
between the irradiated and non-irradiated spectra using programs provided by the laboratory
of Andrew Lee (UNC-CH).

T1, T2, and HetNOE data were used to evaluate backbone motions on the ps-ns timescale
using the model-free formalism (41). The isotropic rotational correlation time (ty,) was
determined using the approach described by Dellwo and Wand (42). Rotational diffusion
anisotropy was calculated using the local Di method (43) and the crystal structure of the
FAT domain (PDB 1K40). Backbone relaxation data were fit using an anisotropic correction
(Dpar/Dperp = 2.22 and 1.73 at pH 6.0 and pH 7.5, respectively) to minimize model selection
error (44). Backbone relaxation rates were fit to one- or two-parameter model-free models
(S2, S2? and ¢, or S2 and Rey) Using a program, relxn2.2, provided by the laboratory of
Andrew Lee (UNC-CH) (45, 46).

Phosphorylation of the FAT Domain

Phosphorylation of Y926 has been implicated in excluding FAK from focal adhesions and
promoting focal adhesion turnover (47), cell adhesion, migration, invasion in vitro and
metastasis in vivo (16). Therefore, understanding how phosphorylation of Y926 affects FAK
signaling on a structural level could provide key insights into how this site is involved in
FAK-mediated cancer progression. We were interested in characterizing the phosphorylated
species of the FAT domain because previous data from our lab and others have suggested
that a structural rearrangement is necessary for recognition of the phosphorylated species by
Grb2 (19, 21, 23). The FAT domain was phosphorylated in vitro using purified Src kinase
domain. We varied several conditions, one of which was pH, to identify optimal conditions
for phosphorylation. The site of phosphorylation was identified via microelectrospray
Fourier transform ion cyclotron resonance mass spectrometry (uFT-ICR). The full MS of the
intact protein revealed that the FAT domain was phosphorylated at a single site. Top-down
electron capture dissociation tandem mass spectrometry (ECD-MS/MS) of the
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phosphorylated peak revealed the presence of two sites of phosphorylation in the FAT
domain: Y926 and Y1008 at all pH values (pH 5.5, 6.0, 6.5, 7.0, and 7.5) (data not shown).
Therefore, while we do not detect a doubly-phosphorylated species, it appears that there are
two sites of tyrosine phosphorylation in the FAT domain.

To verify the full-length phosphorylation site assignments and to quantify the relative
phosphorylation levels of each site, we subjected the phosphorylated samples to trypsin
digestion and analyzed the peptides by reverse-phase LC-MS/MS. Figures S2 and S3 show
the unambiguous assignment of the two peptides phosphorylated at Y926 and Y1008 (>
99% Mascot probability and Ascore corresponding to >99% site-localization probability).
The phosphorylation site assignments were further verified by their heavy labeled spiked-in
internal standard peptide counterparts allowing concurrent verification of the sequence ions
in the MS/MS spectra. It is noteworthy that the mass spectra are identical in terms of their
fragmentation patterns and differ only when the product ions contain the heavy valine
substitution.

The bottom-up CAD-MS/MS data show that the two phosphorylation sites in the FAT
domain, Y926 and Y1008, were phosphorylated at a range of biologically relevant pH
conditions (pH 5.5, 6.0, 6.5, 7.0, and 7.5) (data not shown), in agreement with the top-down
ECD-MS/MS data. Y926 is the only site of tyrosine phosphorylation in the FAT domain
reported to modulate FAK function. Whereas phosphorylation of Y1008 has been previously
observed by mass spectrometry in full-length FAK purified from Sf9 cells (48), it was not
identified as a Src substrate. Furthermore, it is unclear whether phosphorylation of Y1008 is
physiologically relevant, and no prior studies have established the relative levels of
phosphorylation between these distinct sites. To quantify the relative and absolute levels of
phosphorylation at Y926 and Y1008, we used a stable isotope dilution mass spectrometry-
based method. We spiked the trypsin digestion reactions with various concentrations of an
internal standard: a synthetic 13C-labeled phosphorylated peptide with a sequence identical
to that of the tryptic peptide. The spiked-in internal standard allows both absolute
quantitation and sequence verification of the peptide of interest.

Figure 1 shows the stable isotope dilution mass spectrometry-based absolute quantification
strategy that was used to determine the phosphorylation levels of Y926 at pH 5.5. The
tryptic phosphopeptide that contains Y926 was quantified by the corresponding heavy-
labeled spiked-in internal standard. The XIC peak areas of the phosphopeptide sample and
internal standard (Figure 1D) were used to derive a linear relationship between the MS ion
intensities and spiked-in standard. The linear regression of the standard curve, shown in
Figure 1E, was then used to determine the absolute concentration of the phosphopeptide
present in the sample at a given pH condition. We determined the concentration of both the
2+ and 3+ charge states of each peptide phosphorylated at Y926 and Y1008 at pH 5.5, 6.0,
6.5,7.0,and 7.5.

Figure 2A shows the levels of phosphorylation at Y926 and Y1008 phosphorylation as a
function of pH. For Y926, phosphorylation levels are low at pH 5.5 (0.75 £ 0.04 pug/mL),
reach a maximum at pH 6.0 (1.6 £ 0.2 ug/mL), and gently decrease to 0.4 + 0.2 ug/mL at pH
7.5. The pH profile for phosphorylation of Y1008 is slightly different. As seen for
phosphorylation of Y926, phosphorylation of Y1008 is low at pH 5.5 (0.5 £ 0.2 pg/mL) but
reaches a maximum at pH 6.5 (2.85 + 0.06 ug/mL) before sharply decreasing to 0.5 £ 0.1
ug/mL at pH 7.5.

To determine whether the observed pH-dependent phosphorylation of the FAT domain is a

result of the sensitivity of Src activity to pH or to pH-dependent changes in the FAT domain,
we phosphorylated two synthetic peptides in vitro, one that contains Y926 and one that
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contains Y1008, (SNDKV926YENVTGLVK-OH and MKLAQQ98YVMTSLQQEYK-
OH) at pH 5.5, 6.0, 6.5, 7.0, and 7.5 and subjected them to the same analysis as the full-
length protein. These peptides are expected to be unstructured, and therefore their structure
should not be influenced by pH. Figure 2B shows the pH profile for phosphorylation of the
synthetic peptides. Phosphorylation of both peptides is relatively insensitive to pH.
Therefore, we conclude that the pH-dependent phosphorylation observed in the full-length
FAT domain is a result of a pH-dependent change in the conformation or dynamics of the
FAT domain and not Src activity.

Interestingly, in the context of the peptide, Y926 is phosphorylated to a greater extent than
Y1008 (~25 fold). This result differs from the full-length protein in which phosphorylation
levels at the two sites were either comparable or Y1008 was the major site, depending on
pH. The fact that the Y926 peptide is phosphorylated to a greater extent than the Y1008
peptide is consistent with the fact that Y926 is the biologically relevant site of
phosphorylation and that, in the absence of structure, i.e., in the context of a peptide, the
sequence surrounding Y926 is a better substrate for Src than the sequence surrounding

Y 1008. Consistent with this finding, the sequence surrounding Y926 (DKVYENVT) is more
similar to the Src consensus phosphorylation sequence (E/DEI/VYEGFF) (49) than that
surrounding Y1008 (AQQYVMTS).

pH-Dependent Thermal Unfolding of the FAT domain

Based on the phosphorylation results, we believe that the pH-dependent phosphorylation
observed in the full-length FAT domain is a result of a pH-dependent change in the
conformation or dynamics of the FAT domain and not Src activity. We therefore
investigated the effects of pH on the secondary structure of the FAT domain by CD. Far-UV
CD spectra collected at pH 5.5, 6.0, 6.5, 7.0 and 7.5 show no change in secondary structure
(data not shown). Therefore, pH does not have a major effect on the helical content of the
FAT domain.

We also investigated the pH-dependence of thermal stability of the FAT domain by CD.
Figure 3 shows the thermal denaturation curves at pH 5.5, 6.0, 6.5, 7.0, and 7.5. A sizable
decrease in the T, (approximately 16°C) is observed as the pH is increased from pH 5.5 to
pH 7.5. Because the CD data indicate that the FAT domain retains helical content at higher
pH, the decrease in stability at higher pH is likely a result of changes in tertiary packing
interactions rather than loss of secondary structure.

1H-15N HSQC of the FAT Domain as a Function of pH

To evaluate possible pH-dependent perturbations on a per-residue basis, we collected high-
resolution H-15N HSQC spectra of the FAT domain at various pH values. The 1H-15N
HSQC spectrum provides the chemical shift for the amide nitrogen and proton atoms. The
chemical shift value is sensitive to the electro-chemical environment around that atom, and
therefore, changes in chemical shift indicate that the environment around the atom of
interest is changing. Figure 4A shows an overlay of the 1H-1°N spectra at pH 5.5, 6.0, 6.5,
7.0, and 7.5. While some of the NH resonances show significant pH-dependent chemical
shift changes (8 > 0.05 ppm) over the 5.5-7.5 pH range, other NH resonances remain
unchanged. Figure 4B shows the weighted changes in chemical shift mapped onto the
sequence of the protein. Of interest is that several residues with significant changes in
chemical shift are in helix-1, which contains one of the sites of phosphorylation, Y926. In
fact, one of the residues with the largest change in chemical shift is V929, which is near
Y926. Furthermore, significant chemical shift changes are observed in the C-terminal end of
helix-1 and in the loop between helices-1 and 2. This region is of interest because dynamics
in this region have been implicated in the regulation of Y926 phosphorylation (19, 21). Our
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findings that NH resonances corresponding to residues near Y926 and regions thought to
regulate phosphorylation of Y926 (the loop between helices-1 and -2) show pH-dependent
changes in chemical shift support our MS results that demonstrate that Y926
phosphorylation is affected by pH.

The largest NH chemical shift changes were observed for the three histidine residues (H981,
H1026, H1053) in the FAT domain, which is not surprising because histidine side chains
typically have pK, values in the range of 6.0-6.5. We were able to track the chemical shift
changes of the NH resonances of the histidine residues as a function of pH to estimate the
pK, of each histidine within the FAT domain. Figure S4 shows the titration profiles used to
estimate pK, values for each histidine. Estimated pK, values for H981, H1026, and H1053
are 5.82 £ 0.04, 6.21 £ 0.07, and 6.5 + 0.1, respectively. Because these pK, values are
distinct, we proceeded to calculate the relative pK values of all the residues that showed
significant chemical shift changes. Chemical shift changes that resulted in a pK value £ 0.15
pH units to one of the histidine pK, values were considered correlated to that histidine.
Figure S4d shows the residues whose pH-dependent changes in chemical shift correlate to
specific histidine residues mapped onto the structure of the FAT domain. H981 and residues
correlated to it are shown in blue whereas H1026 and correlated residues are shown in red.
Titration of H981, located at the beginning of helix-3 correlates with the pH-dependent NH
chemical shift changes of nearby residues, as expected. However, there are also several
residues distal to H981 whose pH-dependent NH resonances correlate with this residue,
including residues all along helix-2 and in the amino-terminus of helix-1, which contains
Y926. Titration of H1026, located in the middle of helix-4, tracks with the pH-dependent
NH chemical shift changes of surrounding residues. Interestingly, however, there are several
residues in the C-terminus of helix-1 (V936, S940, S941, and S943) that titrate with H1026.
Although the side chain of H1026 is mostly exposed to the solvent, the C-terminal region of
helix-1 packs against helix-4 near H1026, and changes in helix-4 resulting from the titration
of H1026 could affect residues in helix-1. These residues (V936, S940, S941, and S943) are
near the loop between helices-1 and 2, which has been proposed to be involved in regulation
of Y926 phosphorylation (19, 21). Histidine 1053, the last residue in FAK, does not appear
to interact with other residues within the FAT domain, and titration of H1053 does not
correlate with the pH-dependent changes in chemical shift of nearby residues. There were
also a number of peaks, notably in the N-terminal region of helix-2, whose pH-dependent
chemical shifts do not track with a particular histidine residue. pH-dependent NH chemical
shift perturbations of these residues may be a result of de/protonation of both H1026 and
H981 or of another titrating residue, possibly an aspartate or glutamate residue.

pH-Dependent Residual Dipolar Couplings

Because the 1H-1°N HSQC spectra (Figure 4) show significant changes in chemical shift as
a function of pH, we collected NH RDCs at pH 6.0 and pH 7.5 to further investigate
possible pH-dependent structural changes in the FAT domain. RDCs provide long-range
orientation information on the NH bond vector and are often used to assess structural
perturbations upon mutation (50) and ligand binding (51). We chose pH 6.0 because the
solution structure of the FAT domain had been solved at this pH (19). We were able to
compare 47 out of a possible 138 NH resonances (146 residues minus 8 prolines), using Pfl
phage to induce weak alignment of the sample. Figure S5 shows the correlation between
RDC values of two datasets collected at pH 6.0, two datasets collected at pH 7.5, and a
comparison of a dataset collected at pH 6.0 and at pH 7.5. The correlation between the RDC
values at pH 6.0 and pH 7.5 was 0.85, which is not significantly different from the
correlation between two datasets collected at pH 6.0 (0.88) or two datasets collected at pH
7.5 (0.90). Therefore, the RDC data do not indicate a major structural change in the FAT
domain from pH 6.0 to pH 7.5.

Biochemistry. Author manuscript; available in PMC 2013 March 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cable et al. Page 9

NOE Analysis Near Sites of Phosphorylation

To further assess possible structural alterations surrounding the two sites of phosphorylation
as a function of pH, we collected a 3D 13C/15N-NOESY at pH 6.0 and pH 7.5. Figure S6
shows the NOESY strips for the H6 and He of Y926 while Figure S7 shows the NOESY
strips for the H6 and He of Y1008 at pH 6.0 and pH 7.5. While there are minor changes in
NOE intensity, the number of NOEs at the two pH values is similar, suggesting that the side
chains of both of these tyrosines maintain short range (generally detected within 5 A) NOE
contacts as a function of pH. NOESY strips of other residues at the two pH values also show
significant similarities.

1H-15N HSQC Analyses Suggest pH-Dependent Changes in FAT Domain Dynamics

While we were unable to detect any significant pH-dependent structural change, there are
several residues in the 1H-1°N HSQC spectra that show changes in NH peak intensity as a
function of pH, suggesting a pH-dependent change in dynamics. In particular, as the pH is
increased from pH 6.0 to pH 7.5, several residues show significant decreases in intensity
resulting from peak broadening. Exchange broadening of NH resonances as the pH is
increased can be difficult to interpret because a variety of mechanisms can contribute to this
broadening, the most pertinent of which are pH-dependent differences in conformational
dynamics (exchange between two or more states) and chemical exchange (an increase in
exchange between the amide proton and the solvent). As expected, the N- and C-termini NH
resonances are severely broadened at higher pH, likely due to an increase in base-catalyzed
amide exchange. These residues are located in unstructured regions and consequently more
exposed to the solvent. There are also several NH resonances associated with residues in the
turn between helices 3 and 4 and in the N-terminus of helix 4 that broaden as the pH is
increased. Figure 5A shows the residues that broaden as the pH is increased mapped onto
the structure of the FAT domain. Interestingly, these residues are located near Y1008, one of
the sites of phosphorylation. However, as stated above, it is difficult to distinguish whether
broadening in this region is due conformational or chemical exchange. However, an increase
in solvent exchange is likely, as these residues are in a turn and exposed to the solvent.

In addition to peaks that broaden as the pH is increased, there are also several peaks that
increase in intensity upon increasing the pH from 6.0 to 7.5. Interestingly, several of these
peaks are located at the end of helix-1, the beginning of helix-2, and the loop region in
between these helices. Figure 5B shows the peaks that increase in intensity as the pH is
increased mapped onto the structure of the FAT domain. Several of these residues were
previously shown to be sensitive to temperature-dependent broadening (19), indicating that
these residues experience dynamics on the intermediate to fast timescale. Conformational
exchange in this region has previously been postulated to affect phosphorylation of Y926 in
helix-1 (19, 21, 22). While it is possible that this region is becoming less dynamic, the
residues that narrow as the pH is increased are the same residues that narrow as the
temperature is increased. Hence, it is likely that increasing the pH enhances the kinetics of
the process that contributes to the exchange-mediated dynamics in this region, most likely
reflecting a transition from the intermediate timescale, where peaks are broader, to a faster
timescale, where peaks become sharper.

Backbone Dynamics

Because the pH-dependent 1H-1°N HSQC data suggest changes in dynamics as a function of
pH, we further investigated this effect by collecting 1°N-backbone relaxation data (T1, T2,
and HetNOE datasets) at pH 6.0 and pH 7.5. These measurements are sensitive to backbone
dynamics on the ps-ns timescale as well as the ms timescale. The relaxation data were fit to
a model-free formalism (41, 42) to obtain the overall correlation time (t,) and the order
parameters S2 and 1, which measure the rigidity of the N—H bond and the internal
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correlation time, respectively. Changes in pH over this range did not affect the overall
correlation time (ty,) of the protein, which is generally dependent on the overall size and
shape of the molecule. The isotropic t, was determined to be 11.3 ns at pH 6.0 and pH 7.5.
This value is slightly higher than expected for a protein this size (~9.5 ns) likely because the
FAT domain is not spherical (60 A x 20 A x 20 A (20)). Therefore, model free fitting was
performed using an anisotropic correction. Figure 6A shows the S2 values at pH 6.0 and pH
7.5 mapped onto the sequence of the FAT domain. No discernable difference was observed
in the S2 order parameter as a function of pH. As expected, the S? values are near 0.9 in the
structured regions of the proteins and decrease to around 0.8 in the loops and turns. Residues
in the N- and C-termini are not visible by NMR at pH 7.5 and have lower S2 values at pH
6.0 (~0-0.6), as these residues are less structured relative to those in the helix bundle, are
more exposed to the solvent, and likely undergo enhanced solvent-mediated chemical
exchange. Moreover, no difference in 1, is observed as a function of pH.

It may not be surprising that we see little difference in S2 or 1, as a function of pH because
these values are sensitive to backbone motions on faster timescales (ps-ns) than the overall
correlation time of the FAT domain. Thus, it is possible that the dynamic changes that occur
as a function of pH occur on a slower timescale (us-s) and may involve the side chains.

While the 1°N-based T1, T2, and NOE relaxation measurements provide dynamic
information on the ps-ns timescale, the measurements are also sensitive to motions on
slower timescales (us-ms). Indeed, several residues appear to be undergoing motion on these
slower timescales, as indicated by contributions from Rex in the model-free fitting. At pH
6.0, there are three residues in helix-1, K924 (which is not visible at pH 7.5), A946, and
Y1008, that experience slower pus-ms timescale dynamics (Figure 6B). The A946 NH
resonance also narrows in the H-15N HSQC spectrum as the pH is increased, which
provides further support that backbone dynamics in this region are susceptible to changes in
pH. A946 is in a putative “hinge region”, which consists of the loop between helices 1 and
2. It has been postulated that dynamics in this region due to strain caused by a series of
proline residues modulate a helix-coil transition in helix-1 that regulates phosphorylation of
Y926 (19). It is also interesting that Y1008 displays pH-dependent ps-ms backbone
dynamics as this is one of the sites of phosphorylation in the FAT domain, and our MS data
indicate that phosphorylation at this site is sensitive to pH.

DISCUSSION

Phosphorylation of Y926 in the FAT domain has been shown to play a role in FAK
signaling and localization. In particular, phosphorylation at this site has been linked to
regulation of cell adhesion, migration, and invasion in vitro and metastasis in vivo (16).
However, the mechanism by which phosphorylation of Y926 is regulated in vivo remains to
be elucidated. While it has been speculated that a conformational change is necessary for
phosphorylation of Y926 (19, 21), what regulates this change in vivo is unknown.

In this paper, we demonstrate that there are two sites of in vitro Src-mediated
phosphorylation in the FAT domain: Y926 and Y1008. This is the first time to our
knowledge that Y1008 has been identified as a Src phosphorylation site. Furthermore,
phosphorylation of these sites is pH dependent. To distinguish whether the pH dependence
of phosphorylation was due to pH-dependent changes in the FAT domain or in Src
specificity, we phosphorylated two synthetic peptides corresponding to the tryptic fragments
containing each of the FAT phosphorylation sites in vitro. Phosphorylation of the peptides
does not show the same pH dependence as phosphorylation of the full-length FAT domain.
We have interpreted the changes in phosphorylation of the peptides as too minor to be
significant. However, even if the changes in phosphorylation of the peptides are considered,
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they do not show the same trend as phosphorylation of the full-length FAT domain. We
therefore conclude that the pH-dependent phosphorylation observed in the FAT domain is
due to changes in the FAT domain and not Src. We have previously shown that
phosphorylation of Y926 is sensitive to conformation. In the context of a GST-helix-1
construct, in which helix-1 is expected to be unstructured, Y926 is phosphorylated by Src to
a greater extent than in the full-length FAT domain construct in vitro (19). Therefore, it is
not surprising that we observe higher phosphorylation levels of the synthetic peptides than
of the full-length FAT domain. However, it is interesting that the preference for Y926 or
Y1008 is different in the peptides versus the full-length protein. In the context of the
peptide, Y926 is phosphorylated to a greater extent than Y1008 (~25 fold) whereas in the
full-length protein, the levels of phosphorylation are either similar or Y1008 was the major
site, depending on pH. While it is well known that proper sequence and conformation is
necessary for recognition and subsequent phosphorylation by kinases, we think that this is
an interesting example in which one site (Y926) appears to have a favorable sequence but
poor conformation for phosphorylation by Src whereas a second site (Y1008) has a poor
sequence but favorable conformation for phosphorylation. The fact that Y926 is the
biological site of phosphorylation may suggest that, in vivo, sequence is more important than
conformation for recognition by Src. However, the use of non-specific phosphorylation
antibodies and peptide libraries to investigate sites of phosphorylation and determine kinase
consensus sequences may have resulted in Y1008 being overlooked as a possible substrate
for Src. Further work is necessary to determine whether Y1008 is phosphorylated in vivo.

Regardless of the biological relevance of phosphorylation of Y1008, the phosphorylation
data indicate that either the structure or dynamics of the FAT domain are sensitive to pH.
NMR-derived backbone RDCs and NOEs collected at pH 6.0 and pH 7.5 do not support a
pH-dependent structural change near the two sites of phosphorylation. Furthermore,
comparison of the solution structure solved at pH 6.0 (19) and the crystal structure solved at
pH 7.0 (21) does not indicate a change in structure near Y926 or Y1008.

The second explanation for the observed pH-dependent phosphorylation is that a pH change
over the 5.5 to 7.5 range affects the conformational dynamics of the FAT domain. Amide
resonances associated with the turn between helices-3 and -4 and the N-terminus of helix-4,
which is near Y1008, show pH-dependent changes in intensity in the 1H-1°N HSQC, and the
amide resonance of Y1008 shows ps-ms timescale motions. These data indicate that this
region is in conformational exchange on this timescale and suggest that dynamics in this
region may play a role in phosphorylation of Y1008.

A second region that experiences pH-dependent changes in dynamics is the loop between
helices-1 and -2. Resonances in the 1H-1°N HSQC corresponding to this region narrow as
the pH is increased, and we also observe ps-ms timescale motions in this region, suggesting
that the loop between helices-1 and -2 is in exchange between two or more conformations on
the us-ms timescale. Indeed, previous NMR and hydrogen exchange-directed molecular
dynamics data have suggested that dynamics in this region, due to strain caused by a series
of proline residues, modulate a helix-coil transition in helix-1 (19, 22). An open,
intermediate state of the FAT domain in which helix-1 is partitioned away from the bundle
was detected (22). We have attempted to investigate backbone dynamics as a function of pH
via CPMG-based relaxation dispersion experiments. However, we were unable to detect Rex
differences with this experiment likely because the population of the open, intermediate state
is too low to be detected by these measurements. Previous work with a Y926E mutant of the
FAT domain demonstrated that the intermediate form is populated at 0.1% (23). Hence, if a
weakly populated pH dependent state exists it may be too lowly populated to be quantified
by relaxation dispersion. Therefore, while we have evidence that dynamics in the hinge
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region and in the region near Y1008 are sensitive to pH on the pus-ms timescale, we were
unable to quantify these dynamics.

Dynamics in the hinge region of the FAT domain have been proposed to control
phosphorylation of Y926; however, what regulates these dynamics is unclear. Based on our
data, it appears that pH affects dynamics in this region; however, we have not been able to
quantify the rates and populations, possibly due to the presence of weakly populated states.
Interestingly, the crystal structure of the domain-swapped dimer of the FAT domain was
solved at pH 6.5 whereas the crystal structure of the monomeric four-helix bundle was
solved at pH 7.0 (21). It is unclear whether formation of the domain-swapped dimer was
induced by the lower pH; however, it is possible that lower pH favors partitioning of helix-1
and therefore the domain-swapped dimer. This is consistent with our observation that
phosphorylation of Y926 is higher at pH 6.5 than at pH 7.0, suggesting that lower pH
facilitates partitioning of helix-1, which would be expected to promote phosphorylation of
Y926.

Because our results suggest that pH affects the dynamics of the FAT domain, we have
attempted to determine the titrating residue that affects the dynamics. We have individually
mutated the three histidine residues in the FAT domain as well as D994, D1040, and E949
to alanine. The histidines were mutated because the NMR data indicate that the histidine
side chains titrate over this pH range. The aspartate and glutamate mutants were chosen
based on their position in the structure of the FAT domain. D994 is in an area of negative
charge, which might cause the side chain to be protonated; D1040 is in helix-4 and makes
contacts with residues in helix-1 near Y926, and E949 is in the hinge region of the FAT
domain. None of these mutants abrogate the pH-dependent stability of the FAT domain. It is
possible that the pH-dependent effects that we observe are due to titration of a residue that
we have not yet investigated or to titration of more than one residue.

This is the first study to quantitatively characterize the in vitro Src-mediated
phosphorylation of the FAT domain of FAK. We have revealed that, in vitro, Src
phosphorylates two tyrosine residues in the FAT domain, Y926 and Y1008. To our
knowledge, phosphorylation of Y1008 by Src has not been shown. We also show that
phosphorylation of Y926 and Y1008 varies as a function of pH and that, although the pH
profile of these two sites differs, we were unable to find conditions that would exclusively
favor phosphorylation of one site over the other. Therefore, studies that involve
phosphorylation of the FAT domain, particulary in vitro, should be carefully conducted to
identify the site of phosphorylation. Furthermore, based on our NMR, we believe that the pH
depedence of phosphorylation of Y926 and Y1008 is due to changes in dynamics of the FAT
domain, which could represent an interesting means of regulating phosphorylation in vivo.

Supplementary Material

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

FAT focal adhesion targeting

FAK focal adhesion kinase

FERM protein 4.1, ezrin, radixin, moesin

Grb2 growth factor receptor bound protein 2

SH Src homology

NHE1 sodium/proton exchanger 1

CAD collision activated dissociation

FDR false discovery rate

XIC extracted ion chromatograms

RDC residual dipolar coupling

HetNOE heteronuclear nuclear Overhauser effect

pFT-ICR microelectrospray fourier transform ion cyclotron resonance

ECD electron capture dissociation
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FIGURE 1.

MS-based absolute quantification of the phosphopeptide containing Y926 (z=+2). MS
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spectra of the phosphopeptide containing Y926 with corresponding sample peptide (solid
oval) and heavy internal standard peptide (empty oval) spiked in at A. 0.2 ug/mL, B. 0.4 ug/

mL and C. 1.0 pg/mL. D. Extracted ion chromatogram (XIC) of sample and internal

standard spiked in at 0.2 pg.mL~L. E. Linear regression fit of the normalized peak area of
the sample as a function of spiked-in standard concentration. Dashed lines represent 95%
confidence intervals.
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FIGURE 2.

Site-specific quantitation of phosphorylation. A. Full-length FAT domain and B. FAT
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domain peptides were phosphorylated in vitro with Src kinase at pH 5.5, 6.0, 6.5, 7.0, and

7.5. After phosphorylation, the full-length FAT domain was trypsinized, and the levels of
the Y926 phosphorylated peptide (e z=+2, m z=+3) and Y1008 (A z=+2, ¥ z=+3) were
quantified as described in the text. Comparison of the phosphorylation profiles of the full-

length FAT domain and of FAT domain peptides reveals that the specificity of
phosphorylation is different in the peptides than in the full-length protein. Y1008 is
preferred in the full-length FAT domain whereas Y926 is preferred in the peptides.

Furthermore, the pH dependence of phosphorylation of the peptides is different than that of

the full-length protein.
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FIGURE 3.

pH-dependent stability of the FAT domain. The thermal stability of the FAT domain was
measured at pH 5.5, 6.0, 6.5, 7.0, and 7.5 by monitoring the CD signal at 221 nm from 25—
95°C. The FAT domain is significantly more stable at pH 5.5 compared to pH 7.5, as
indicated by the melting temperature.
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FIGURE 4.

1H-15N HSQC spectra as a function of pH. A. Overlay of 1H-1°N HSQC spectra collected at
pH 5.5 (black), 6.0 (green), 6.5 (blue), 7.0 (orange), and 7.5 (red). The chemical shifts of
several peaks are affected by pH whereas others do not change. The chemical shifts of the
three histidine residues in the FAT domain (H981, H1026, and H1053) are circled. B. The
weighted changes in chemical shift from pH 5.5 to 7.5 were calculated. Changes greater than
0.05 ppm (dashed line) were considered significant. The histidine residues are shown in red.
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FIGURE 5.

pH-dependent changes in intensity derived from H-15N HSQC spectra. A. Peaks that
broaden in the 1°N-1H HSQC spectra from pH 5.5 to pH 7.5 are shown in red. These
residues localize to the N and C-termini, the turn between helices 3 and 4 and the N-
terminus of helix-4. B. Peaks that narrow from pH 5.5 to pH 7.5 are shown in red. These
residues localize to the “hinge region” between helices 1 and 2. The two sites of
phosphorylation, Y926 and Y1008, are shown in magenta, and the histidine residues are
shown in blue.
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FIGURE 6.

Backbone dynamics as a function of pH derived from 2D T1, T2, and HetNOE data as
described in the Experimental Procedures. A. S2 order parameters at pH 6.0 and pH 7.5
mapped onto the sequence of the FAT domain. B. Rex values at pH 6.0.
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