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Integrins are large membrane-spanning receptors funda-
mental to cell adhesion and migration. Integrin adhesiveness
for the extracellular matrix is activated by the cytoskeletal
protein talin via direct binding of its phosphotyrosine-binding-
like F3 domain to the cytoplasmic tail of the � integrin subunit.
The phosphotyrosine-binding domain of the signaling protein
Dok1, on the other hand, has an inactivating effect on integrins,
a phenomenon that ismodulated by integrin tyrosine phosphor-
ylation. Using full-length tyrosine-phosphorylated 15N-labeled
�3, �1A, and �7 integrin tails and an NMR-based protein-pro-
tein interaction assay, we show that talin1 binds to the NPXY
motif and the membrane-proximal portion of �3, �1A, and �7
tails, and that the affinity of this interaction is decreased by inte-
grin tyrosine phosphorylation. Dok1 only interacts weakly with
unphosphorylated tails, but its affinity is greatly increased
by integrin tyrosine phosphorylation. The Dok1 interaction
remains restricted to the integrin NPXY region, thus phosphor-
ylation inhibits integrin activation by increasing the affinity of�
integrin tails for a talin competitor that does not form activating
membrane-proximal interactions with the integrin. Key resi-
dues governing these specificities were identified by detailed
structural analysis, and talin1 was engineered to bind preferen-
tially to phosphorylated integrins by introducing the mutation
D372R. As predicted, this mutation affects talin1 localization
in live cells in an integrin phosphorylation-specific manner.
Together, these results indicate that tyrosine phosphorylation
is a common mechanism for regulating integrin activation,
despite subtle differences in how these integrins interact with
their binding proteins.

Integrins play a fundamental role in cell adhesion andmigra-
tion, linking the extracellular matrix to the actin cytoskeleton.

In the adult, integrins are essential for a variety of biological
processes including wound healing, leukocyte trafficking, and
angiogenesis, and are thus increasingly attractive therapeutic
targets for a variety of conditions, notably cancer. Mammals
express 18 different � subunits and 8 different � subunits,
which form 24 unique �� heterodimers (excluding splice vari-
ants). Each� and� chain of the integrin heterodimer consists of
several linked globular extracellular domains, a single mem-
brane-spanning domain, and a short cytoplasmic tail (1). The
cytoplasmic tails of the � subunits exhibit conserved regions
(Fig. 1A), and act as a hub for protein-protein interactions (2),
modulating a variety of signaling processes in both directions
across the membrane. Extracellular adhesion can be activated
fromwithin the cell by the cytoskeletal protein talin (1, 3–5) via
a direct interaction between the talin F3 domain and the mem-
brane-proximal (MP)3 portion of the integrin tail (6–8).

The different � integrins found in mammals occupy
unique biological niches (1) and show significant diversity in
their protein-protein interactions. Of the six � integrin tails
that display a high level of sequence homology to one
another (�1, �2, �3, �5, �6, and �7), all contain two NPXY or
NPXY-likemotifs, a nearmembrane-distal (nMD) site and a far
membrane-distal (fMD) site, that bind to phosphotyrosine-
binding (PTB) domains (including the talin F3 domain) (9) and
are potential phosphorylation sites. In the �2 tail, however,
both tyrosine residues are substituted with phenylalanine, and
in the �7 tail this substitution occurs in the fMD site. Uniquely,
the �7 tail also exhibits two additional MP tyrosine phosphor-
ylation sites that are not part of an NPXY motif (10).
This study explores three of these integrins: �3, �1A (the

most common splice variant of �1), and �7 (see Fig. 1A). Previ-
ous studies on integrin tyrosine phosphorylation have generally
focused on two of these: �3 and �1. When the �1 integrin was
first isolated and sequenced, a potential tyrosine phosphoryla-
tion site was proposed (11), and an early study observed �1
tyrosine phosphorylation in response to transformation of cells
with viral Src (v-Src) (12), followed by the demonstration of
tyrosine phosphorylation of �1 by v-Src in vitro (13). These
studies involved a viral protein, but it was later found that
�IIb�3 is tyrosine-phosphorylated in response to platelet acti-
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vation, and that cellular Src (c-Src) and related tyrosine kinases
phosphorylate�3 in vitro (14). Studies suggest that�1 interacts
with various Src family kinases and that these kinases are acti-
vated by integrin engagement with the extracellular matrix
(15–22). There is also evidence for a direct and constitutive
interaction between �3 and c-Src (23).

Various studies have demonstrated that tyrosine phosphor-
ylation of �1 influences integrin localization and activity, as
well as cell morphology. An early study showed that transfor-
mation of cells with Rous sarcoma virus, which expresses v-Src,
leads to�1 integrins adopting amore diffuse distribution on the
cell surface (12), rather than being localized in focal adhesions,
which are large macromolecular complexes composed of inte-
grins and intracellular proteins, such as vinculin, talin, and pax-
illin, which serve as sites of tight attachment to the extracellular
matrix (24, 25). Transformed cells also display rounding, de-
creased fibronectin matrix assembly, and decreased cell migra-
tion (12). Another study found that whereas unphosphorylated
�1 integrins localize to focal adhesions, phosphorylated inte-
grins localize to podosomes (26).
Further insight has come from studies using non-phosphor-

ylatable integrins with Tyr to Phemutations (supplemental Fig.
S1A). The Y783F mutation in the �1 nMD site reverses
the effects of v-Src (27). Fibroblasts expressing �1 Y783F,
Y795F, or Y783F/Y795F display impaired directed cell migra-
tion but increased fibronectin binding (28), and Y783F/Y795F
also causes slowed cell spreading and decreased focal adhesion
kinase activation (29). In�3, the nMDmutation Y747F disrupts
adhesion and clot retraction in hematopoietic cells (30). More
tellingly, mice with the knock-in double Y747F/Y759F muta-
tion in �3 display a severe bleeding defect (31), although, sur-
prisingly, mice with the analogous �1 knock-in mutation show
no significant phenotype (32, 33).
The role of tyrosine phosphorylation in outside-in �3 signal-

ing is relatively well established (30, 31, 34–41). The role in
inside-out integrin activation is less clear, but various lines of
evidence indicate that phosphorylation negatively regulates

activation. Tyrosine phosphoryla-
tion of �V�3 decreases the affinity
of live cells for fibronectin (42), and
phosphorylation of �1 decreases its
affinity for fibronectin in vitro (13).

Dok1 is a signaling protein with
a PTB domain capable of bind-
ing integrins (9). Dok1 negatively
regulates �3 integrin activation
(8), an observation initially difficult
to explain due to the very weak in-
teraction observed between these
proteins.We subsequently reported
that tyrosine phosphorylation greatly
increases Dok1 affinity for short �3
peptides while slightly decreasing
talin1 affinity, observations that led
to an initial structural explanation
for this phenomenon (Fig. 2) (43).
However, these findings did not
clarify the specific roles of the dif-

ferent NPXY motifs or indicate whether this mechanism
could be generalized across different integrins. Here, we
explore the phosphorylation dependence of the talin1 and
Dok1 interactions with full-length �3, �1A, and �7 tails. We
show that tyrosine phosphorylation is a common mecha-
nism for regulating the affinity of these proteins for integrin
tails, and a recent crystal structure of a talin��1 complex (44)
allows us to explain subtle differences between different
integrins. We also describe the structural basis of this phos-
phorylation state specificity in detail and generate a talin
mutant that shows preferential binding to phosphorylated
integrin tails.

EXPERIMENTAL PROCEDURES

Expression and Purification of Proteins—Proteins and pep-
tideswere expressed inEscherichia coli andpurified as reported
previously (44), unless otherwise indicated. Integrin tail con-
structs corresponding to the entire predicted cytoplasmic
region were produced in pET16b using the following bound-
aries: �3 Lys716–Thr762, �1A Lys752–Lys798, and �7 Arg747–
Leu798. The talin1 F3 domain (Gly309–Ser405) and the Dok1
PTB domain (Gln154–Gly256) were produced in pGEX-6P-2 as
reported previously (8). For experiments in mammalian cells,
the cDNA encoding full-length mouse talin1 was amplified by
PCR and subcloned into pEGFP-C1. Mutations in pET and
pGEX vectors were introduced with the QuikChange kit, and
mutations in pEGFP-C1were introducedwith theQuikChange
II XL kit (Stratagene).
Cell Culture—SYF cells (mouse embryonic fibroblasts (MEFs)

deficient in c-Src, c-Fyn, and c-Yes) and SYF � Src cells (SYF
MEFs reconstituted with c-Src) (19) were obtained from the
American Type Culture Collection. Cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, L-glutamine, and antibiotics at 37 °C with
6% CO2. Transient transfections were carried out with Lipo-
fectamine Plus (Invitrogen) as described by the manufacturer.

FIGURE 1. Integrin tail and PTB domain sequence alignments. A, sequences of the cytoplasmic regions of
the �3, �1A, and �7 integrin tails. The two NPXY motif tyrosine residues are indicated, with �3 numbering. The
MP, nMD, and fMD regions are denoted. Secondary structure is based on the �1D�talin2 complex structure (44),
with � helices denoted in blue and 310 helices in green. B, sequences of the PTB domains of Dok1, talin1, and
talin2 aligned by secondary structure, with secondary structure elements from the Dok1 PTB domain structure
(PDB 2V76) (43) shown. Notable residues are indicated with Dok1 numbering.
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Tyrosine Phosphorylation of Integrin Tails—The kinase do-
main of c-Src (Gln251–Leu533) in pET28 was co-expressed with
Yersinia pseudotuberculosisYopH in pCDFDuet-1 and purified
by immobilized metal affinity chromatography as previously
reported (45). Tyrosine phosphorylation was performed over-
night at 30 °Cwith 20�M integrin tail and 0.015mg/ml of Src in
50 mM Tris, 20 mM MgCl2, 10 mM MnCl2, 1 mM ATP, 1 mM

dithiothreitol, pH 7.0. Phosphorylated tails were separated
from unphosphorylated tails by C4 reverse phase high perfor-
mance liquid chromatography and identified by mass spec-

trometry and NMR (supplemental Fig. S2). Preliminary ex-
periments observed phosphorylation by autoradiography
(supplemental Fig. S3).
NMR Spectroscopy—All NMR experiments were performed

on spectrometers equipped with Oxford Instruments super-
conductingmagnets (500, 600, 750, and 950MHz 1H operating
frequencies) andGE/Omega computers. Unless otherwise indi-
cated, samples were prepared in NMR buffer (50 mM sodium
phosphate, 100 mMNaCl, 1 mM dithiothreitol, pH 6.1) with 5%
D2O and Complete protease inhibitors (Roche Applied Sci-
ence). Experiments were performed at 25 °C. The 1H and 15N
resonances of the 15N-labeled �7 integrin tail were assigned
using a 0.2 mM sample in 20 mM sodium acetate, pH 4.5, and
employing three-dimensional NOESY-HSQC and three-di-
mensional TOCSY-HSQC spectra. Resonance assignments
were transferred to pH 6.1 conditions through pH titrations.
Spectra were referenced in the direct dimension to 2,2-dimeth-
yl-2-silapentane-S-sulfonate at 0 ppm, with indirect referenc-
ing in the 15N dimension using a 15N/1H frequency ratio of
0.101329118 (46). Data were processed using NMRPipe (47)
and spectra were visualized using the program SPARKY or
CCPNAnalysis (48). The 1H and 15N resonance assignments of
the �7 tail have been deposited in the Biological Magnetic Res-
onanceDataBankwith accessionnumber 16259. Resonances of
�3 and �1A integrin tails were previously assigned and depos-
ited under accession numbers 15552 (43) and 16159 (44),
respectively.
Protein-Protein Interaction Studies—1H-15N HSQC titra-

tions (supplemental Fig. S4) were performedwith 0.05mM 15N-
labeled integrin tail and increasing concentrations of unlabeled
talin1 orDok1, from0 to 1mM.Weighted combined 1H and 15N
amide shifts (�(H,N)) were calculated using the equation,

��H,N� � ��HWH
2 � �NWN

2 (Eq. 1)

where WH and WN are weighting factors for the 1H and 15N
amide shifts, respectively (WH � 1,WN � 0.154) (49), and � �
�bound � �free. Dissociation constants were determined by fit-
ting changes in backbone chemical shifts upon increasing talin
concentration to the following equation,

��H,N�

� ��H,N�max

�L� � �U� � Kd � ���L� � �U� � Kd�
2 � 4�L��U�

2�L�

(Eq. 2)

where Kd is the dissociation constant, �(H,N) is the weighted
shift change,�(H,N)max is the shift change at saturation, and [L]
and [U] are the concentrations of the labeled and unlabeled
proteins, respectively. Data from peaks that were well resolved,
had a significant change in position, and were discernable
throughout the titration were fit simultaneously to this equa-
tion with the program OriginPro 8, extracting a single Kd and
multiple�(H,N)max values. Values for�Gwere calculated from
the Kd value.

Data are presented throughout as the Kd value 	 S.E. This
error only takes into account the uncertainty from the fitting

FIGURE 2. The structural basis of Dok1 specificity for phosphorylated
integrin tails. A, detail of the Dok1 PTB domain structure (PDB 2V76) (43)
showing a sulfate anion located in the NPXY-binding pocket. Key positively
charged residues are highlighted. B, detail of the NPXY motif of the �3 inte-
grin tail bound to the talin1 F3 domain (PDB 1MK9) (55). C, detail of the NPXY
motif of the �1D tail bound to the talin2 F3 domain (PDB 3G9W) (44). The
residues highlighted in panels B and C are analogous to those highlighted in
the Dok1 structure in panel A. Molecular images were generated with MOL-
MOL (61).
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procedure. The other source of error in these experiments
would be concentration errors, but they are not reported due to
difficulty in estimating them. However, experience indicates
that errors in Kd stemming from talin1 or Dok1 concentration
determinations would at most be about 10% (corresponding to
a maximum error in �G of 0.25 kJ/mol). For interactions with
Kd values less than about 100�M, thiswould be compounded by
� integrin concentration determination errors, leading to a
maximum total Kd error due to concentration errors of 
20%
(corresponding to a maximum error in �G of 0.5 kJ/mol).
SomeKd values are reported as approximate because binding

was too weak for the generation of a binding curve. In these
cases, the value of�(H,N)max was estimated by comparingmax-
imum �(H,N) values for relevant peaks to the �(H,N) of peaks
in a corresponding quantifiable titration. The fitting procedure
was then carried out as before, but with the value of �(H,N)max
restrained. No errors are reported for these values, as they are
only estimates.
Immunofluorescence Imaging—After transfection, MEF cells

were plated on 7.5 �g/ml of fibronectin-coated coverslips,
allowed to adhere for 90 min in Dulbecco’s modified Eagle’s
medium, rinsed once in phosphate-buffered saline, and fixed
with 3.7% formaldehyde in phosphate-buffered saline. After
fixation, cells were permeabilized in 0.1% Triton X-100 for 5
min, blocked with 3% bovine serum albumin, 2% normal goat
serum for 1 h, and then incubated with the appropriate primary
antibody in blocking solution overnight at 4 °C. Bound antibod-
ies were detected by the corresponding fluorescein isothiocya-
nate-conjugated goat secondary antibodies (Santa Cruz Bio-
technology). Coverslipswere subsequentlymounted in Prolong
Gold antifade reagent (Invitrogen) on slides. Epifluorescent
images of cells were acquired with a �60 oil immersion objec-
tive on a Nikon Eclipse TE2000-U microscope equipped with
the appropriate excitation and emission filter sets (Sem-
rock). Additional post-acquisition processing of images was
performed using ImageJ (www.rsb.info.nih.gov/ij) and Adobe
Photoshop.
Anti-green fluorescent protein (GFP) rabbit polyclonal anti-

body was obtained fromClontech. Anti-vinculinmousemono-
clonal antibody was purchased from Sigma. Anti-phosphoty-
rosine (Tyr(P)100) mouse monoclonal antibody was purchased
fromCell Signaling Technology. Anti-paxillin rabbit polyclonal
antibody (RB4536) was developed in house.

RESULTS

Production of Tyrosine-phosphorylated Integrin Tails for
NMR—Before the current study, structural work on integrin
phosphorylation had involved short chemically synthesized
integrin tail fragment peptides (43). However, we recently
reported a robust system for studying integrin tail protein-pro-
tein interactions byNMRusing full-length 15N-labeled integrin
tails produced in E. coli. This system is cost-effective and ver-
satile, but using such a system to produce tyrosine-phosphory-
lated peptides presents additional difficulties; modified resi-
dues can be incorporated directly during chemical peptide
synthesis, but not in E. coli. Although glutamate can be intro-
duced by mutagenesis to make an acceptable mimic for phos-
phoserine or phosphothreonine, phosphotyrosine has no natu-

ral analogue (supplemental Fig. S1B). Thus, the integrin tails
would have to be phosphorylated directly.
After exploring other options (supplemental Fig. S2), we

were able to produce NMR scale quantities of tyrosine-phos-
phorylated 15N-labeled integrin tails by in vitro phosphoryla-
tion with c-Src, which has been used for in vitro phosphoryla-
tion of integrin tails in previous studies (14, 39), although not
previously on a scale large enough for structural biology.
Because tyrosine kinases can be toxic to bacteria, we produced
the Src kinase domain in E. coli by coexpressing it with YopH
phosphatase, as previously described by Seeliger et al. (45).
To phosphorylate specific tyrosine residues selectively, sin-

gle and double Tyr to Phe mutants were made: �3 Y747F
(for Tyr(P)759) and Y759F (for Tyr(P)747), �1A Y783F (for
Tyr(P)795) and Tyr795 (for Tyr(P)783), and �7 Y753F/Y758F (for
Tyr(P)778). The �7 tail contains two MP tyrosine residues, but
phosphorylation of just the nMD tyrosine residue was explored
(the fMD site contains a natural Tyr to Phe substitution). Tyro-
sine phosphorylation caused localized perturbations in the
HSQC spectra of the integrin tails (Fig. 3). Phosphorylation of

FIGURE 3. Phosphorylation of integrin tails. HSQC spectra of integrin tails
before (red) and after (blue) the tyrosine phosphorylation reaction. Phosphor-
ylated residues are indicated. A, �3 Y759F. B, �3 Y747F. C, �1A Y795F. D, �1A
Y783F. E, �1A WT. F, �7 Y753F/Y758F.
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both �3 Y747F and Y759F was observed, as was phosphoryla-
tion of �1A Y795F and �7 Y753F/Y758F. However, phosphor-
ylation of �1A Y783F was not observed. When the phosphory-
lation reaction was performed on �1A wild type (WT),
chemical shift perturbations were only observed near Tyr783,
indicating that Tyr783, but not Tyr795, was phosphorylated in
this system. Thus, for further studies, �1A Tyr(P)783 was pro-
duced fromWT peptides.
Tyrosine Phosphorylation Decreases Integrin Affinity for

Talin—Binding of proteins to integrin tails was assayed by
observing chemical shift perturbations in integrin tail HSQC
spectra. Upon the addition of the talin1 F3 domain to the �3,
�1A, or �7 tails, significant perturbations were observed in the
MP and nMDportions of the tail (Fig. 4). TheMPperturbations
were greatest in the �3 tail, but they were present in all tails
tested. The affinities of these interactions were quantified, giv-
ing Kd values that ranged from 142 �M for �7 to 273 �M for �3
to 491 �M for �1A (Table 1). Smaller shifts were also observed
in the fMD portion of the �3 integrin tail (and to a lesser extent
in the �1A tail), but these perturbations are likely due to a weak

competing integrin/talin interaction, with a Kd of several milli-
molar for the fMD portion.
The introduction of Tyr to Phe mutations employed for spe-

cific phosphorylation in �3 and �7 had negligible effects on
talin affinity in these integrins. The greatest effectwas seenwith
Y747F in �3, which increased the Kd to 366 �M (see Table 1).
Such a decrease in affinity upon amutation in the talin-binding
site is not surprising, and it is notable that this effect is very
small compared with the much greater changes in affinity
observed elsewhere in this study.
Tyrosine phosphorylation of the nMD NPXY motif de-

creased the magnitude of chemical shift perturbations ob-
served upon talin binding (Fig. 4) and decreased the affinity
of these interactions. This effect was most pronounced in �7,
less so in �1A, and least in �3. Phosphorylation of the fMD
NPXYmotif in�3 abrogated chemical shift perturbations upon
talin binding in that region, but had little effect on the much
tighter interaction with theMP and nMD regions or the overall
affinity (see Table 1).
Tyrosine Phosphorylation Increases Integrin Affinity for Dok1—

Unlike the talin1 F3 domain, the PTB domain of Dok1 only
caused small perturbations in the HSQC spectra of unphos-
phorylated integrin tails. Such perturbations were localized to
the nMD region of �3 and the fMD regions of �1A and �7
(supplemental Fig. S5). However, these interactions were so
weak (Kd greater than several millimolar) that it is unlikely that
any of these interactions are physiologically relevant (Table 2).
It is of note that although the Kd value for �3 (12.6 mM) is only
an estimate, as described under “Experimental Procedures,” it
agrees well with the 14.3 mM value reported for a short frag-
ment of �3 (43).

Upon phosphorylation, the affinities of these interactions
increased substantially. For phosphorylation in the nMD
regions,Kd values ranged from 20.9�M for�3 to 36.8�M for�7
to 78.7 �M for �1A (see Table 2 and supplemental Fig. S4).
Phosphorylation of �3 Tyr759 also increased Dok1 affinity to a
Kd of 226 �M. In each case, the interaction as observed by NMR

FIGURE 4. Effect of tyrosine phosphorylation on the integrin/talin1 interac-
tion. Weighted chemical shift maps of perturbations observed in 1H-15N HSQC
spectra of the�3 (A),�1A (B), and�7 (C) tails (50�M) upon the addition of talin1 F3
domain (1 mM). Interaction studies were performed on unphosphorylated inte-
grin tails and tails phosphorylated at the nMD site (�3, �1A, and �7) and at the
fMD site (�3). Gray bars correspond to residues that could not be tracked due to
exchange broadening. Note that the y axis scale differs between panels.

TABLE 1
Effect of tyrosine phosphorylation on the affinity of the
integrin/talin1 interaction

Mutation Kd
a �Gb ��GpY

c

�M kJ/mol
�3
WT 273 	 6.4 �20.33 	 0.06
Y759F 286 	 4.6 �20.22 	 0.04
Y759F Tyr(P)747 1032 	 27 �17.04 	 0.07 3.21
Y747F 366 	 6.4 �19.61 	 0.04
Y747F Tyr(P)759 386 	 15 �19.48 	 0.10 0.13

�1A
WT 491 	 10 �18.88 	 0.05
Tyr(P)783 2,500 Est.d �14.8 4.0

�7
WT 142 	 3.0 �21.95 	 0.05
Y753F/Y758F 145 	 4.3 �21.89 	 0.07
Y753F/Y758F Tyr(P)778 1,217 	 62 �16.63 	 0.13 5.26

aKd values are given 	 S.E.
b �G is given for binding and calculated from Kd.
c ��GpY is the�G value for the phosphorylated integrin binding to talin1,minus the

�G value for the unphosphorylated integrin binding to talin1 (a positive value
denotes a decrease in affinity upon phosphorylation) (pY, Tyr(P)).

d ApproximateKd valueswere estimated by comparing themagnitude of chemical shift
perturbations to those in a relevant titration, as described under “Experimental
Procedures.”
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was localized to residues near the site of phosphorylation. No
MP perturbations were observed in �3 or �1A, and only minor
MP perturbations in �7 (Fig. 5). Tyrosine phosphorylation thus
greatly increases the affinity of Dok1 for integrin tails (adding
16 kJ/mol of binding energy to the interaction in the case of �3
Tyr(P)747), making the interaction tight enough to be physio-
logically relevant and significantly tighter than the competing
talin/integrin interaction.
Experiments were also conducted on a �3 Y747E mutant.

Glutamate is occasionally reported as a phosphotyrosine
mimic, despite very little chemical similarity to phosphoty-
rosine (supplemental Fig. S1B). The chemical shift perturbation
pattern of this mutant upon interaction with Dok1 closely
resembled that of �3 Y747A (supplemental Fig. S6). In both
cases, interaction with the nMD NPXY region was abrogated.
This stands in stark contrast to the significant increase in chem-
ical shift perturbations observed upon phosphorylation of
Tyr747; this strongly suggests that glutamate is an unwise choice
as a phosphotyrosine mimic.
Positively Charged Residues in the NPXY-binding Pocket

Make Dok1 Specific for Phosphorylated Integrin Tails—When
we solved the crystal structure of the humanDok1 PTB domain
(Protein Data Bank 2V76) (43), we found a sulfate anion in the
NPXY-binding pocket, surrounded by a collection of positively
charged residues: Arg207, Arg208, Arg222, and Arg223. Arg207
and Arg222 make the most direct contact (Fig. 2A). We hypoth-
esized that these positively charged residues may explain the
higher affinity of Dok1 for phosphorylated �3; we tested this
hypothesis by individually mutating these residues to alanine.
These mutations only had minor effects on the affinity of Dok1
for unphosphorylated �3 tail, but the effect was much more
pronounced on the interaction with �3 tail phosphorylated at
Tyr747 (Table 3). R207A had the greatest effect (increasing the
Kd of the interactionwith phosphorylated�3 from20.9 to 1,485
�M), followed by R222A (increasing the Kd to 398 �M).

The degree to which each residue contributes to Dok1 phos-
photyrosine specificity was calculated by subtracting the
change in �G caused by the Arg to Ala mutation for the inter-

action with the unphosphorylated tail from the change in �G
for the interaction with the phosphorylated tail (yielding the
value ��GRA/pY in Table 3); the additive loss of phosphoty-
rosine-specific affinity for all four mutations (20.8 kJ/mol) is
more than enough to explain the 15.9 kJ/mol increase in bind-
ing affinity of Dok1 upon �3 phosphorylation at Tyr747. Arg207
and Arg222 are the greatest contributors to phosphotyrosine
specificity (44 and 30%, respectively), but Arg223 and Arg208
also play a role (17 and 9%, respectively).
Residues Arg207 and Arg208 correspond to positively charged

residues in talin, but Arg222 and Arg223 do not. Residue Arg223
corresponds to Tyr373 in talin1 and Tyr376 in talin2, a residue
that plays a significant role in binding integrins, particularly �1
integrins.4 Interestingly, however, Arg222 corresponds to a neg-
atively charged residue (Asp372 in talin1 and Glu375 in talin2,
see Fig. 2). Thus, Arg222 was chosen as a particularly suitable
candidate for exploring differences in specificity for phosphor-
ylated integrin tails between Dok1 and talin.

4 N. J. Anthis, H. B. Schiller, K. L. Wegener, A. Raducanu, D. R. Critchley, R.
Fässler, and I. D. Campbell, manuscript in preparation.

TABLE 2
Effect of tyrosine phosphorylation on the affinity of the
integrin/Dok1 interaction

Mutation Kd
a �Gb ��GpY

c

�M kJ/mol
�3
WT 12,600 Est.d �10.8
Y759F Tyr(P)747 20.9 	 2.9 �26.69 	 0.34 �15.9
Y747F Tyr(P)759 226 	 7.7 �20.80 	 0.08 �10.0

�1A
WT N/Ae

Tyr(P)783 78.7 	 2.4 �23.41 	 0.07
�7
WT N/A
Y753F/Y758F Tyr(P)778 36.8 	 1.4 �25.30 	 0.09

aKd values are given 	 S.E.
b �G is given for binding and calculated from Kd.
c ��GpY is the�G value for the phosphorylated integrin binding to Dok1, minus the

�G value for the unphosphorylated integrin binding to Dok1 (a negative value
denotes an increase in affinity upon phosphorylation) (pY, Tyr(P)).

d Approximate Kd values were estimated by comparing magnitude of chemical shift
perturbations to those in a relevant titration, as described under “Experimental
Procedures.”

e No detectable binding to the applicable binding site.

FIGURE 5. Effect of tyrosine phosphorylation on the integrin/Dok1 inter-
action. Weighted chemical shift maps of perturbations observed in 1H-15N
HSQC spectra of the �3 (A), �1A (B), and �7 (C) tails (50 �M) upon the addition
of the Dok1 PTB domain (1 mM). Interaction studies were performed on
unphosphorylated integrin tails and tails phosphorylated at the nMD site (�3,
�1A, and �7) and at the fMD site (�3).
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Engineering Talin to Bind Preferentially to Phosphorylated
Integrin Tails—As discussed above, Dok1 Arg222 has a reversed
charge in talin (Asp372 in talin1 andGlu375 in talin2) and is a key
residue for determining Dok1 specificity for phosphorylated
integrins. Consistent with this, introduction of the mutation
D372R in talin1 substantially increased its binding affinity for
integrin tails phosphorylated at the nMD site: 33.1 �M for �3
Tyr(P)747 and 128 �M for �1A Tyr(P)783 (Table 4).

Interestingly, this mutation also affected talin1 binding to
unphosphorylated integrin tails in different ways, although to a
lesser degree. Talin1 D372R bindsmore tightly to unphosphor-
ylated �3 than does talin1 WT (86 versus 273 �M), but binds
more weakly to unphosphorylated �1A than talin1 WT (793
versus 491 �M). These differences can be explained based on
recent structural data (see Fig. 2) and could influence the bio-
logical activity of this mutant.
Talin D372R Localizes to Phosphorylated Integrins in Live

Cells—Due to its dramatic effect on talin binding to phosphor-
ylated integrins, we hypothesized that the D372R mutation
would affect talin activity in vivo; we investigated this by exam-
ining talin localization to focal adhesions. We transiently
expressedGFP-talin1WTorD372R in SYFMEFs (deficient for

the tyrosine kinases Src, Yes, and Fyn), which were then plated
on fibronectin (an extracellular ligand for�5�1) and stained for
the focal adhesion marker vinculin. Talin1 D372R was abun-
dantly expressed (Fig. 6D) but was not seen at the sites of focal
adhesions, whereas talin1 WT co-localized with vinculin and
was therefore present in focal adhesions (Fig. 6A). Focal adhe-
sions were also more prominent in cells expressing talin1 WT
compared with those expressing talin1 D372R.
In SYF MEFs stably reconstituted with c-Src (SYF � Src),

talin1WTwas also targeted to focal adhesions, but these adhe-
sions were less prominent than in cases where c-Src was absent
(Fig. 6B). However, talin1 D372R in SYF � Src MEFs was tar-
geted to focal adhesions, and these were more prominent than
those observed in SYFMEFs expressing talin1 D372R or SYF�
SrcMEFs expressing talin1WT. To confirm the levels of phos-
phorylation in SYFMEFs and SYF � SrcMEFs, fixed cells were
stainedwith an anti-phosphotyrosine antibody (Tyr(P)100), and
an anti-paxillin antibody to mark focal adhesions (Fig. 6C).
Greater phosphorylationwas observed in the focal adhesions of
SYF� SrcMEFswhen comparedwith SYFMEFs. In agreement
with our structural model, these data suggest that talin1 D372R
is capable of competing with endogenous talin for integrin
binding only when integrins are tyrosine phosphorylated. Fur-
thermore, tyrosine phosphorylation appears to affect cell mor-
phology in a manner that is reversed by the D372R mutation.

DISCUSSION

Here, we have demonstrated that key interactions involving
the �3, �1A, and �7 integrin cytoplasmic tails are similarly
affected by tyrosine phosphorylation. Phosphorylation at the
nMD site in each tail decreases its affinity for talin; in contrast,
phosphorylation greatly increases the affinity for Dok1 (by 15.9
kJ/mol in the case of�3). The interaction of Dok1 is localized to
the NPXY region of the integrin tail, even when the affinity is
relatively high (20.9 �M for �3 Tyr(P)747). Talin, on the other
hand, also binds to the MP region, a unique interaction that is
essential for integrin activation (8). Thus, tyrosine phosphory-
lation acts to decrease integrin activation both by decreasing

TABLE 3
Disrupting Dok1 binding to phosphorylated � integrin tails

Mutation Kd
a �Gb ��GRA

c ��GpY
d ��GRA/pY

e ��GRA/pY
f

�M kJ/mol %
�3WT
Dok1 WT 12,600 Est.g �10.8
Dok1 R207A 22,800 Est. �9.4 1.5
Dok1 R208A 22,600 Est. �9.4 1.4
Dok1 R222A 18,600 Est. �9.9 1.0
Dok1 R223A 13,900 Est. �10.6 0.2

�3 Y759F Tyr(P)747
Dok1 WT 20.9 	 2.87 �26.69 	 0.34 �15.9
Dok1 R207A 1,485 	 64 �16.14 	 0.11 10.56 �6.8 9.1 44
Dok1 R208A 77.3 	 1.3 �23.46 	 0.04 3.24 �14.1 1.8 9
Dok1 R222A 398 	 18 �19.40 	 0.11 7.30 �9.5 6.3 30
Dok1 R223A 101 	 3.3 �22.80 	 0.08 3.89 �12.2 3.6 17

aKd values are given 	 S.E.
b �G is given for binding and calculated from Kd.
c ��GRA (kJ/mol) is the �G value for the integrin binding to mutant Dok1, minus the �G value for binding to Dok1 WT (a positive value denotes a decrease in affinity upon
mutation).

d ��GpY (kJ/mol) is the �G value for the phosphorylated integrin binding to Dok1, minus the �G value for the unphosphorylated integrin binding to Dok1 (a negative value
denotes an increase in affinity upon phosphorylation) (pY, Tyr(P)).

e ��GRA/pY (kJ/mol) is the ��GpY value for the integrin binding to mutant Dok1, minus the ��GpY value for binding to Dok1 WT.
f ��Gmut (%) is the percentage of phosphorylated integrin-specific binding energy lost by the given mutation.
g ApproximateKd values were estimated by comparingmagnitude of chemical shift perturbations to those in a relevant titration, as described under “Experimental Procedures.”

TABLE 4
Engineering talin1 to preferentially bind to phosphorylated integrin
tails

Mutation Kd
a �Gb ��GDR

c ��GpY
d

�M kJ/mol
�3 � talin1 F3 D372R
WT 86 	 3.3 �23.18 	 0.09 �2.85
Y759F Tyr(P)747 33.1 	 1.6 �25.56 	 0.12 �8.52 �2.38

�1A � talin1 F3 D372R
WT 793 	 24 �17.69 	 0.07 1.19
Tyr(P)783 128 	 5.1 �22.21 	 0.10 �7.4 �4.52

aKd values are given 	 S.E.
b �G is given for binding and calculated from Kd.
c ��GDR is the �G value for integrin binding to talin1 D372R, minus the �G value
for binding to talin1 WT (a negative value denotes an increase in affinity upon
mutation).

d ��GpY is the�G value for the phosphorylated integrin binding to talin1,minus the
�G value for the unphosphorylated integrin binding to talin1 (a negative value
denotes an increase in affinity upon phosphorylation) (pY, Tyr(P)).
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talin affinity and increasing the affinity of competing proteins
incapable of activating the integrin. This is consistent with our
recent reports on �3 (43) and an early report on �1 (13),
although our current report is the first detailed analysis of tyro-
sine phosphorylation across different integrins using structural
biological methods.
By performing these studies on intact full-length integrin

tails, we have been able to show definitively where these inter-
actions are localized within the cytoplasmic tails, and we can

look at the effect of independently
phosphorylating different tyrosine
residues within the same peptide. In
�3, we could phosphorylate either
Tyr747 or Tyr759; in either case, the
interaction with Dok1 was localized
only to the site of phosphorylation.
Whereas phosphorylation at Tyr747
disrupted the interaction with talin,
phosphorylation at Tyr759 did not.
Thus, the role of phosphorylation
at this fMD site is probably not
related to integrin activation; the
integrin tail is very flexible in this
region (50), and binding of Dok1
here would not be expected to com-
pete with talin binding. The effect of
phosphorylation on Dok1 binding
was an order of magnitude higher at
the Tyr747 site in �3, also demon-
strating that the nMD site may
play a more central role in Dok1
signaling.
This is the first publication of the

talin-induced chemical shift pertur-
bation map for �7, a lymphocyte-
specific integrin (51), expanding our
studies performed on �3 and �1A
(44). Although showing some sub-
tle differences to the interaction
of talin with �3 and �1A, the inter-
action with �7 is broadly similar in
that it consists of bothMP and nMD
interactions. In fact, the chemical
shift perturbation map appears
intermediate between those of �3
and �1A. In studying talin binding,
it was found to be particularly
important to use full-length pep-
tides, given the large interaction
surface. For example, in our previ-
ous study we reported the Kd of the
interaction between talin and a
short �3 peptide to be 3.49
(unphosphorylated) and 6.53 mM

(phosphorylated) (43), whereas the
values for the full-length �3 peptide
reported here are, respectively,
0.273 and 1.03 mM. With respect to

Dok1, which engages a more limited interaction surface, the
values are more comparable between truncated and full-length
tails.
Theseexperiments couldonlybe carriedoutonphosphory-

lated integrin tails, as a suitable phosphomimetic mutation
does not exist for studying tyrosine phosphorylation. In fact,
we show here that mutating Tyr747 in �3 to glutamate has the
same effect as mutating that residue to alanine, which effec-
tively abrogates protein-protein interactions in that region

FIGURE 6. Talin D372R preferentially localizes to focal adhesions that are tyrosine phosphorylated. A, SYF
MEFs and B, SYF � Src MEFs transiently expressing GFP-talin1 WT or D372R were allowed to adhere to fibronec-
tin-coated coverslips and stained to visualize vinculin. Depicted are the localization of talin (green) and vinculin
(red). C, SYF MEFs and SYF � Src MEFs were stained to visualize phosphotyrosine (Tyr(P)100, red) and paxillin
(green). D, SYF cells expressing GFP-talin1 and GFP-talin1 D372R were lysed and analyzed by Western blotting
to confirm comparable expression of D372R and WT talin1.
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(supplemental Fig. S6). This is observed for interactions with
Dok1 and talin1, but in the case of Dok1 phosphorylation of
Tyr747 strongly enhances binding, demonstrating that in this
system at least, glutamate does not mimic phosphotyrosine.
Any use of glutamate or aspartate as a phosphotyrosine
mimic should therefore be extensively validated, at the very
least by comparing it to the effect of an alanine substitution.
The results of a rudimentary search through recent litera-
ture suggest that this is not common practice, and recent
studies that did compare a “phosphomimetic” Tyr to Glu (or
Tyr to Asp) mutant with a Tyr to Ala mutant found that the
two different mutations had the same effect on the system
under study (52, 53), meaning that the observed effects can-
not necessarily be interpreted as being phosphorylation spe-
cific. This should not be a surprising result, given the lack of
structural similarity between glutamate and phosphoty-
rosine (Fig. 1B).
Here, we show that mutation of positively charged residues

in the NPXY-binding pocket of Dok1 (Fig. 2A) (43) disrupts
Dok1 binding to the �3 integrin tail in a phosphorylation-spe-
cific manner. It has been reported that the mutation of two of
these residues to alanine (R207A/R208A) decreases Dok1 bind-
ing to �3 and disrupts Dok1 signaling (54).We can now explain
this observation in terms of interference with the positively
charged pocket necessary for specific binding of phosphoryla-
ted integrins, particularly Arg207, which explains 44% of Dok1
phosphotyrosine specificity (Table 3). The analogous residues
in talin1 and talin2, however, are also positively charged, so this
does not explainwhyDok1 binds specifically to phosphorylated
integrins, whereas talin does not. Another residue in the Dok1
NPXY-binding pocket, Arg222, is oppositely charged in talin
(Asp372 in talin1 and Glu375 in talin2). Mutation of this residue
in Dok1 to alanine significantly decreases the affinity of the
interaction with the �3 integrin in a phosphorylation-depen-
dent manner, and is the largest contributor to Dok1 phospho-
tyrosine specificity after Arg207.

We hypothesized that this understanding of the structural
basis of the phosphorylation dependence ofDok1 could be used
to engineer a talin variant that would bind specifically to phos-
phorylated integrins. Indeed, this effect was observed for talin1
D372R. This mutation increased talin affinity for phosphoryla-
ted �3 by 8.5 kJ/mol and �1A by 7.4 kJ/mol. Interestingly, this
mutant had differing effects on the interaction with unphos-
phorylated integrins: it increased talin1 affinity for unphos-
phorylated �3 by 2.9 kJ/mol but decreased affinity for �1A by
1.2 kJ/mol. An examination of the structures of �3 and �1D in
complex with talin (see Fig. 2) explains this difference. In the
�3/talin1 structure (PDB 1MK9) (55), the portion of the tail
C-terminal to Tyr747 does not make extensive contacts with
talin. However, this region contains a negatively charged gluta-
mate residue (Glu749) that could make favorable electrostatic
contacts with the mutant D372R. �1A, on the other hand, has
an uncharged serine residue (Ser785) in this position. In the
�1D/talin2 structure (PDB 3G9W) (44), Ser785 forms a hydro-
gen bond with talin2 Glu375. In the similar �1A�talin1 complex
this mutation would disrupt such an interaction if present and
would not be expected to make the interaction more favorable
as in the case of �3. This interaction between the �1 Tyr783 side

chain and a negatively charged talin residue may also explain
why the introduction of a phosphate group here has a slightly
greater disruptive effect on the �1A/talin1 interaction than on
the �3/talin1 interaction (see Table 1). In addition, the Glu749-
Ser785 substitution may explain why Dok1 has a higher affinity
for�3 than for�1Aor�7 (which also has an uncharged residue,
Ser780, at this position), as Glu749 in �3 would form favorable
electrostatic interactions with the positively charged Dok1-
binding pocket.
We tested aspects of our structural model by observing the

behavior of talin1WT and D372R in live cells. In MEFs that do
not express Src or related kinases, talin1 WT localized to focal
adhesions, but talin1D372Rdid not. As these experimentswere
carried out using fibronectin, and�5�1 is the primary fibronec-
tin receptor in MEFs (56), this effect correlates with the
decreased affinity observed between mutant talin and unphos-
phorylated �1A integrins. When c-Src was introduced into
these cells, both talin1WT and D372R co-localized with phos-
phorylated integrins at focal adhesions. Thus, the effects
observed in in vitro binding experiments translate into observ-
able effects in live cells. Interestingly, tyrosine phosphorylation
correlates with reduced focal adhesion formation in the pres-
ence of talin1 WT but not talin1 D372R. We did not assess
integrin inside-out activation levels directly, but the increased
prominence of focal adhesions in c-Src-expressing cells in the
presence of talin1 D372R versus talin1 WT provides evidence
that this talinmutant disrupts the integrin activationphosphor-
ylation switch, causing integrins to remain active even after
integrin tyrosine phosphorylation. Thus, these results provide
additional evidence that integrin tyrosine phosphorylation
down-regulates integrin activation by inhibiting talin binding.
Phosphorylation of the nMD tyrosine residue has been

shown tomodulate inside-out integrin activation in�3 (42) and
in �1 (13). In �3, phosphorylation of both nMD Tyr747 (30, 31,
34–36) and fMD Tyr759 (38, 39, 41) have been associated with
outside-in signaling. This is consistent with a report that the
nMD region of �3 in general is associated with both inside-out
and outside-in signaling, whereas the fMD portion primarily
engages only in outside-in signaling (57). This makes sense
from a structural standpoint, in that talin only interacts tightly
with the nMD NPXY. For �1, studies point to a role for phos-
phorylation at nMD Tyr783 in signaling in both directions. Evi-
dence for a signaling role for Tyr795 phosphorylation is sparser,
but also exists (28, 29). However, under the conditions used in
this study, c-Src did not phosphorylate this residue, so a differ-
ent kinasemay be involved in vivo. Interestingly, in�7 this fMD
residue is a non-phosphorylatable phenylalanine.
Despite the substantial evidence for a role for tyrosine phos-

phorylation in �1 integrin signaling, mice with the �1 Y783F/
Y795F knock-inmutation do not display any apparent develop-
mental abnormalities (32, 33). The �3 Y747F/Y759F mouse,
however, displays a severe phenotype (31). �1 tyrosine phos-
phorylation is central to the pathological effect of v-Src on cells
(12, 26, 27), but given that these residues are so highly con-
served across different integrins and across different species, it
is unlikely that such conservationwould exist if the residue only
participated in pathological conditions. In the case of �3, at
least, mutation of either NPXY tyrosine to phenylalanine had
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little effect on the interaction with talin1, so it is reasonable to
hypothesize that these residues are conserved as tyrosine
because of a role for phosphorylation, although the side chains
of unphosphorylated �1D4 Tyr783 and �3 Tyr747 (55) do also
participate in intermolecular hydrogen bonds in complex with
talin. The �1 Y783F/Y795F mutation affects cell behavior in
tissue culture conditions (28, 29), so the lack of a phenotype in
�1 Y783F/Y795F knock-in mice may be the result of compen-
sation by other integrins. On the other hand, the more extreme
effect of tyrosine phosphorylation on Dok1 binding to �3 cor-
relates with the more definitive biological role observed for
tyrosine phosphorylation in that integrin.
Several studies have provided evidence for a biological role

for a direct interaction between Dok1 and �3 integrins (8, 54,
58, 59), but what role Dok1 plays in the signaling of other inte-
grins remainsmore of an open question. A variety of other PTB
domains have been identified that also interact with integrins
(9), and it is possible that one of these other proteins acts as a
phosphorylation-dependent activation switch for �1 or other
integrins. The PTB domain of integrin cytoplasmic domain-
associated protein 1 (ICAP-1), for example, has been identified
as a phosphorylation-independent down-regulator of �1 acti-
vation, but given the large number of PTB domains that bind
preferentially to phosphorylated substrates (60), other phos-
phorylation-dependent down-regulators may also exist. Given
this uncertainty, however, and the results of the �1 Y783F/
Y795F knock-in mouse (32, 33), this is an area that will require
further study.
From the current study, and from the bulk of structural and

biological data on the topic, integrin tyrosine phosphorylation
appears to be involved in a wide variety of integrin signaling
processes, particularly for �3, but for other integrins as well.
We demonstrate here a conserved structural mechanism in �3,
�1A, and �7 integrins for regulation of integrin activation by
nMD tyrosine phosphorylation.Wehave tested our predictions
by engineering a talinmutant that is specific for phosphorylated
integrins, and we have shown that this influences talin localiza-
tion in live cells. Given that the literature on integrin tyrosine
phosphorylation is substantial but sometimes ambiguous, our
results add weight to the idea that tyrosine phosphorylation
plays a significant role in integrin signaling.
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SUPPLEMENTARY DATA 
 
SUPPLEMENTARY FIGURE 1. Mutations for studying phosphorylation. (A) The structures of 
tyrosine and two amino acids that a tyrosine residue is often substituted with in functional studies: 
phenylalanine and alanine. Phenylalanine is identical to tyrosine, with the exception of the absence of the 
phosphorylatable hydroxyl group. Thus, a phenylalanine mutation is often used to make the residue non-
phosphorylatable. Alanine, on the other hand, lacks the aromatic ring present in tyrosine and 
phenylalanine, so a mutation to alanine effectively removes the tyrosine side chain. (B) The structures of 
glutamate, phosphoserine, phosphothreonine, and phosphotyrosine. A comparison of these structures 
reveals why glutamate is often used to mimic phosphoserine or phosphothreonine. The negative charge in 
glutamate is centered about the carboxyl carbon atom, which is located three bonds from Cα. 
Analogously, the phosphorous atom—around which the negative charge is centered in phosphoserine and 
phosphothreonine—is also located three bonds away from Cα. In phosphotyrosine, however, this negative 
center is located seven bonds away from Cα, and these two residues display few other structural 
similarities, indicating that there is not a sound structural basis for the use of glutamate as a 
phosphotyrosine-mimicking substitution. 
 
SUPPLEMENTARY FIGURE 2. Unsuccessful and successful attempts at producing tyrosine-
phosphorylated β3 integrin tails. (A) Initial attempts at producing tyrosine-phosphorylated integrin tails 
used full-length c-Src from Upstate (now Millipore) in a method similar to that described in Experimental 
Procedures, but using much less Src. This panel shows an HPLC chromatograph of β3 Y759F after 
incubation with c-Src.  Molecular weights were determined by mass spectrometry. This chromatograph 
demonstrates that c-Src will phosphorylate β3 and that the phosphorylated product can be separated from 
the unphosphorylated tail, but that the reaction is relatively inefficient. The total amount of integrin tail in 
this experiment would have been approximately enough for one NMR experiment. However, only a small 
fraction of the integrin was phosphorylated. Producing just this small amount required 1.5 units (2 μg) of 
Src (costing roughly 50 GBP). Due to the low efficiency of this reaction, producing just one NMR sample 
by this method would require several fold more material—and would cost several hundred or even 
thousands of pounds. (B) A second approach attempted was in vivo tyrosine phosphorylation in E. coli. 
For this purpose, TKB1 cells (Stratagene) were used, which express trp-inducible Elk, a promiscuous 
tyrosine kinase (62). This panel shows a representative bacterial growth curve of E. coli TKB1 
coexpressing GST-tagged β3 Y759F and the tyrosine kinase Elk. Note that bacterial growth is relatively 
unaffected by the induction of β3 but is significantly curtailed by the induction of Elk. Due to the toxicity 
of this tyrosine kinase to the bacteria, yields were low and not sufficient for NMR experiments. (C) By 
producing c-Src kinase domain and using it to phosphorylate integrin tails as described in Experimental 
Procedures, we were able to produce sufficient quantities of integrin tails for NMR experiments. This 
panel shows HPLC chromatographs of β3 Y759F after incubation with or without c-Src kinase domain. 
Note that now roughly half of the β3 has been phosphorylated. Experience indicates that the efficiency of 
this reaction is limited primarily by integrin solubility (i.e. efficiency approaches 100% when the entire 
population of the integrin tail remains in solution, which was not the case in this specific example). This 
experiment produced NMR-scale quantities of phosphorylated integrin tail and only consumed a small 
fraction of the total c-Src kinase domain purified from 1 L of E. coli culture. 
 
SUPPLEMENTARY FIGURE 3. In vitro phosphorylation of β integrin tails observed by 
autoradiography. Autoradiographs of various β integrin tail constructs after phosphorylation in the 
presence of [γ-32P]ATP with full-length c-Src from Upstate (now Millipore). Samples underwent SDS-
PAGE and were then visualized with a PhosphorImager. (A) β1A and β3 integrin tails were incubated 
with 0.00063, 0.002, or 0.0063 U/μL c-Src. Autophosphorylated c-Src can be observed near the top of the 
gel. These results indicate that c-Src is capable of phosphorylating both integrins. (B) β3 WT, Y747F, and 
Y759F were incubated with 0.001 or 0.0025 U/μL c-Src. The lower band is from a photo of the same gel 
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stained with Coomasie blue in order to observe total protein. These results indicate that c-Src is capable of 
phosphorylating both the nMD and fMD sites in β3. 
 
SUPPLEMENTARY FIGURE 4. Chemical shift perturbation experiments with integrin tails. (A) 
1H-15N HSQC spectra of 0.05 mM 15N-labelled β3 tail with increasing concentrations of Dok1 PTB 
domain: 0 mM (red), 0.2 mM (yellow), 0.4 mM (green), 0.6 mM (blue), 1 mM (magenta). (B) 1H-15N 
HSQC spectra of 0.05 mM 15N-labelled β3 tail Y759F pY747 with increasing concentrations of Dok1 
PTB domain: 0 mM (red), 0.025 mM (tomato), 0.05 mM (orange), 0.075 mM (yellow), 0.1 mM (green), 
0.25 mM (blue), 0.5 mM (purple), 1 mM (magenta). A few peaks broaden out due to intermediate 
exchange, but these can still be traced when the contour levels are taken lower. (C) Binding curves used 
for Kd calculation. Peaks were tracked through HSQC spectra of 15N-labelled β3 tail acquired with 
increasing concentrations of Dok1 PTB domain. For each trackable peak, the change in chemical shift 
was normalized to the change at 1 mM Dok1, adjusted based on the maximal perturbation observed in 
that titration. Note that while Kd values were determined by fitting several curves simultaneously, for 
clarity each value plotted here shows the average of several peaks ± standard error. 
 
SUPPLEMENTARY FIGURE 5. Chemical shift perturbations observed in unphosphorylated 
integrin tails upon addition of Dok1 PTB domain. Weighted chemical shift maps of perturbations 
observed in 1H-15N HSQC spectra of unphosphorylated β3, β1A, and β7 tails (50 μM) upon the addition 
of Dok1 PTB domain (1 mM). Note that the y-axis scale differs between graphs. 
 
SUPPLEMENTARY FIGURE 6. Glutamate does not mimic phosphotyrosine. Weighted chemical 
shift maps of perturbations observed in 1H-15N HSQC spectra of the β3  tail WT, Y747E, Y747A, and 
Y759F pY747 (50 μM)  upon the addition of (A) 1 mM talin1 F3 domain or (B) 1 mM Dok1 PTB 
domain. Grey bars correspond to residues that could not be tracked due to exchange broadening. Note that 
the y-axis scale differs between panels. Also, note that while all three mutations/modifications have a 
similar effect on the interaction with talin1, the shift map of Dok1 interacting with the Y747E mutant 
looks most similar to that involving the Y747A mutant and does not resemble in any way the shift map 
involving the phosphorylated integrin. The full perturbation map for the titration of β3 Y759F pY747 
with Dok1 can be seen in Fig. 5. 
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