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ABSTRACT: The structural and dynamic properties of the cytosolic tails of the adhesion receptor integrin
RIIbâ3, fused to a coiled-coil construct via (Gly)3 linkers, were studied in aqueous solution by nuclear
magnetic resonance (NMR) spectroscopy. Both tails were largely flexible and unstructured, although, in
the â3 tail, residues Arg724-Ala735 have a propensity to form a helical structure and residues Asn744-
Tyr747 (NPLY) have a propensity to adopt reverse-turn conformations. The mutationâ3(Y747A) disrupted
this reverse-turn tendency and markedly reduced the affinity of the head domain of the cytoskeletal protein,
talin for theâ3 tail. Omission of the (Gly)3 linker connecting the coiled-coiled helices and the integrin
tails lead to helix propagation into theâ3 tail extending up to eight residues. A variety of different tail
constructs were made and studied to reveal tail-tail interactions, but surprisingly no significant interactions
between both tails could be detected within the context of our constructs. These results provide structural
insight into a highly conservedâ tail motif (NPXY/F) required for integrin signaling and highlight a
second transiently structured region (residues Arg724-Ala735), which might also be of functional significance.

Integrin adhesion receptors are heterodimers ofR- and
â-subunits that contain a large extracellular domain respon-
sible for ligand binding, a single transmembrane domain,
and a cytoplasmic domain that, in most cases, consists of
20-70 amino acid residues (1, 2). Integrins play important
roles in cell adhesion, cell migration and control of cell
differentiation, proliferation, and programmed cell death.
They mediate bidirectional signal transduction across the
plasma membrane. Binding of ligands to integrins transmits
signals into the cell and results in cytoskeletal reorganization,
gene expression, and cellular differentiation (outside-in
signaling). Conversely, signals from within the cell can also
propagate through integrins and alter integrin ligand-binding
affinity and cell adhesion (inside-out signaling) (3). The
cytoplasmic domains of integrins play a pivotal role in these
bidirectional signaling processes, and intensive efforts have
focused on identifying interactions of these domains (4-6).
Mutations or truncations of specific membrane-distal se-
quences inâ cytoplasmic tails can disrupt integrin-triggered
signaling and cytoskeletal organization (7-15). A particularly
sensitive site is a highly conserved NPXY/F motif in theâ
cytoplasmic domain. Furthermore, overexpression of isolated

â cytoplasmic tail chimeras can profoundly suppress both
inside out and outside-in signaling, possibly by titration of
critical regulatory molecules (16-18), and mutation of the
NPXY/F motif can abolish this activity (19). Conversely,
when clustered or highly overexpressed, theseâ tail chimeras
can themselves generate some of the biochemical signals,
such as tyrosine phosphorylation of FAK, usually triggered
by integrin ligation (17, 18), and this signaling is also
dependent on the NPXY/F motif (20). The roles of theR
cytoplasmic tails seem even more complex. For example,
deletion of certain membrane-distalR tail sequences can
result in constitutive biochemical signaling (21) and at the
same time lead to reduced cell adhesion possibly by
inappropriately tethering the integrin (22-24). Thus,R tails
exert both positive and negative influences and an NPXY/F
motif in theâ tail is essential for normal integrin signaling.

Studies of platelet integrinRIIbâ3 have suggested that
integrinR andâ cytoplasmic tails might interact in vivo and
in vitro. An in vivo charge swapping mutation study
suggested that theRIIb and â3 tails have a direct site of
interaction betweenRIIb(R995) and â3(D723) (25). In
aqueous solution, circular dichroism (CD) studies showed
that isolatedRIIb, â3, andRIIb + â3 peptides or constructs
corresponding toRIIb + â3 are largely unfolded (26-28).
However, when the two peptides were mixed, changes in
CD spectra and intrinsic fluorescence also suggested in vitro
interactions (27). Surface plasmon resonance analysis indi-
cated an interaction of immobilizedâ3 tail with solubleRIIb
tail in the micromolar range (29). The tails in nonaqueous
solution or the myristoylatedRIIb tail in DPC micelle
solution exhibit more defined 3D1 structures (28, 30, 31). A
3D structure of the myristoylatedRIIb in DPC micelle
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solution was determined (30) as well as a 3D structure of
the RIIb tail in 45% TFE solution (31). However, to date,
there has been no NMR analysis of theâ3 cytoplasmic
domain or of its potential interactions with theRIIb tail in
aqueous solutions.

The current study characterizes the cytosolic tails of
integrin RIIbâ3, and their putative interaction in aqueous
solution using a coiled-coil construct that has been introduced
previously (26, 32). It is used here, in an improved form, in
a nuclear magnetic resonance (NMR) study. We found that
the tails were globally unfolded in aqueous solution. How-
ever, theâ3 tail had a distinct helical propensity for residues
Arg724-Ala735 and a strong reverse-turn propensity at the
NPLY motif. Mutation of this motif markedly reduced the
affinity of the head domain of the cytoskeletal protein, talin.
That mutation also disrupted the reverse-turn and led to a
somewhat reduced helical propensity in the membrane
proximal region (residues Arg724-Ala735). Omission of the
(Gly)3 linker connecting the coiled-coiled helices and the
integrin tails leads to helix propagation into theâ3 tail
extending up to eight residues. Surprisingly, no significant
interactions between theRIIb andâ3 tails could be detected
within the context of our construct. These results provide a
structural insight into a highly conservedâ tail motif required
for integrin signaling and highlights a second transiently
structured region (residues Arg724-Ala735), which might have
functional significance as well.

EXPERIMENTAL PROCEDURES

Protein Production and Purification.Polymerase chain
reaction (PCR) as described (32) was used to create a cDNA
encoding the modified GCN4 heptad repeat protein se-
quences reported by John et al. (33). In one form, Lys
residues at the g1 and e2 positions of the heptad repeats
render the helix “Jun-like.” Alternatively, Glu substitutions
at these positions result in a “Fos-like” helix (Figure 1A)
that preferentially forms heterodimers with the “Jun-like”
helix (33). A variable number of Gly residues (0-4) were
added to the c-terminus of heptad repeats to modify the
potential of theR-helical coiled-coils to induce structure in
the integrin cytoplasmic domains (32) and to vary the stagger
of the integrin tails relative to each other. The cDNAs were
ligated into anNdeI-HindIII-restricted modified pET15b
vector (32) (Novagen).

RIIb and â3 integrin cytoplasmic domain cDNAs were
generated by PCR from appropriate cDNAs using forward
oligonucleotides introducing a 5′-Hind III site and reverse
oligonucleotide creating a 3′-BamHI site directly after the
stop-codon. Integrin cytoplasmic domains were joined to the
helix asHindIII-BamHI fragments and verified by sequenc-
ing (Figure 1). The identity of each model protein is specified
by the nature of the GCN4 helix (Jun-like) J, Fos-like)
F), the number of Gly spacers (G0-4), and the identity of
the integrin tail (RIIb, â3) e.g., JG3RIIb.

Recombinant proteins were expressed in BL21(DE3)pLysS
cells (Novagen) and purified as described with an additional
final purification step on a reverse phase HPLC column
(Vydac) (32). To isotopically label model proteins with15N,
the BL21 cells were cultured in M9 minimal medium
containing 20 mM15NH4Cl (Isotec) as the sole nitrogen
source. To form heterodimers, a mixture of 45µM â3 and
90 µM RIIb cytoplasmic tail model proteins were denatured
for 20 min at 100°C in the presence of 10 mM dithiothreitol
(DTT). The DTT was removed by gel filtration through a
PD10 column (Biorad), and the mixture was then air-oxidized
by stirring overnight. The disulfide-bonded products were
purified by reverse phase C18 HPLC. Products were analyzed
by electrospray ionization mass spectrometry using an API-
III quadrupole spectrometer (Sciex), and masses varied by
less than 0.1% from expected masses (Table 1). The increase
in mass of the15N-labeled subunits indicatedg91% incor-
poration of15N.

Peptide Synthesis.The “RIIb” peptide containing a Val990-
Leu substitution, KLGFFKRNRP PLEEDDEEGQ, was
synthesized by the Oxford Centre for Molecular Sciences
peptide synthesis facility. A “wild-type”RIIb cytoplasmic
domain peptide, KVGFFKRNRP PLEEDDEEGQ, was syn-
thesized in the Microchemistry core at the Scripps Research
Institute. The C-terminus of theRIIb peptide was a Gln
residue because the encoded Glu residue is reported to be
amidated in the native receptor (34). All peptides were
synthesized with a free C-terminal carboxyl group.

NMR Sample Preparation.NMR samples at pH 4.5 were
prepared by dissolving freeze-dried protein in 93.3% 10 mM
acetic acid-d4, pH 4.5/6.7% D2O, adjusting the pH to 4.5 by
addition of NaOH and HCl and exchanging the buffer by
four ultrafiltration and dilution cycles. The following samples
were prepared at pH 4.5 (cf. also Table 2): 1.2 mM JG3RIIb,
15N-FG3â3; 1.2 mM JG3RT, 15N-FG3â3; 1.2 mM 15N-
FG3â3, 15N-FG3â3; 1.2 mM JG3RT, 15N-FG3â3(Y747A);
1.2 mM JG0RIIb, 15N-FG0â3 and 0.8 mM15N-JG3RIIb,
FG3â3; 0.8 mM15N-JG3RIIb, JG3RT; 0.8 mM15N-JG3RIIb,
15N-JG3RIIb. Samples at pH 6.8 were prepared by dissolving
freeze-dried protein in 95% 20 mM phosphate buffer, pH
6.8, 120 mM NaCl/5% D2O or, alternatively, in 95% 50 mM
Tris-d11/HCl, pH 6.8, 100 mM NaCl, with and without 5
mM CaCl2/5% D2O, readjusting the pH with NaOH and HCl
and exchanging the buffer by four ultrafiltration and dilution
cycles. Samples at pH 7.4 were prepared by readjusting the
pH from pH 6.8 with NaOH and HCl. At pH 6.8, the
following samples were prepared: 0.6 mM JG3RIIb, 15N-
FG3â3, 0.6 mM15N-JG3RIIb, FG3â3, 0.6 mM JG4RIIb, 15N-
FG3â3, 0.6 mM JG1RIIb, 15N-FG3â3, 0.6 mM JG2RIIb, 15N-
FG3â3, 0.6 mM JG3RIIb, 15N-FG1â3, 0.6 mM J,15N-FG3â3
and (without the ultrafiltration step) 0.6 mM J,15N-FG3â3
+ 1.2 mM RIIb peptide. At pH 7.4, the following samples
were prepared: 0.6 mM J,15N-FG3â3 and 0.6 mM J,15N-
FG3â3 + 1.2 mMRIIb peptide. Small quantities of dioxane
were added as chemical shift reference.

NMR Spectroscopy.All the NMR experiments were
performed at 37°C (unless otherwise stated) on spectrom-
eters operating at1H frequencies of 500, 600, and 750 MHz.
Backbone assignment of subunits FG3â3; FG3â3(Y747A);
FG0â3; and JG3RIIb in the respective model proteins (cf.
NMR sample preparation) at pH 4.5 was achieved using a
combination of 2D15N-1H HSQC (35, 36), 3D TOCSY-

1 Abbreviations: 2D and 3D, two- and three-dimensional; CD,
circular dichroism; HMQC, heteronuclear multiple-quantum correlation;
HSQC, heteronuclear single-quantum correlation; ITC, isothermal
titration calorimetry;KD, dissociation constant; NMR, nuclear magnetic
resonance; NOE, nuclear Overhauser enhancement; NOESY, nuclear
Overhauser enhancement and exchange spectroscopy; ppm, parts per
million; TFE, trifluoroethanol; TOCSY, total correlation spectroscopy;
3JHNR, scalar coupling constant between HN and HR.
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HSQC (37, 38), and 3D NOESY-HSQC (39). A mixing time
of ∼40 ms was used for TOCSY and mixing times of 175
and 300 ms were used for NOESY. Acquisition times were
typically 169.1 ms (t1), 102.4 ms (t2) for 2D and 21.9 ms
(t1), 52.6 ms (t2), 102.4 ms (t3) for 3D. The acquisition time
in the direct1H dimension was limited by HN-HR coupling.
Experiments at 30°C were used to resolve some overlapping
peaks and also to reduce amide proton solvent chemical
exchange at pH 6.8 and 7.4. Chemical shifts at pH 6.8 and
7.4 were very similar to pH 4.5. Data were processed with
Felix 2.3 (Biosym Inc., San Diego, CA) and analyzed with
XEasy (40).

Transverse (15N-T2) relaxation times and the heteronuclear
steady-state15N-{1H} NOE were measured at 60.8 MHz
using procedures as described in refs41 and42. Transverse
relaxation time constants (T2) were measured using a spin-

echo sequence with a CPMG delay of 500µs. Chemical shift
anisotropy (CSA) and dipolar cross-correlation was removed
by application of proton 180° pulses in the middle of the
basic CPMG block (43, 44). 1H-saturation in the NOE
experiment was effected by means of a train of 120° flip-
angle pulses at 10 ms intervals for 5 s. The T2 and15N-{1H}
NOE spectra were processed with mild resolution enhance-
ment to optimize resolution while maintaining a good signal-
to-noise ratio. Relaxation rates were derived from two-
parameter exponential fits to the resonance intensities (45).
The heteronuclear NOE was calculated as the ratio of
resonance intensities in the spectra recorded with and
without saturation.

3JHNR coupling constants were measured from 2D15N-1H
HMQC-J experiments (46, 47) recorded at a1H frequency
of 750 MHz. Acquisition times were 300.6 ms (t1) and 102.4

FIGURE 1: Integrin cytoplasmic domain mimics. (A) Strategy. Depicted is the amino acid sequence of the recombinant mini-subunit. An
N-terminal His-Tag is used to immobilize and purify the construct. A thrombin cleavage site allows release of the His-Tag, and a single
cysteine is used to form covalent parallel dimers in a defined vertical stagger. Heptad repeats, from GCN4, nucleate the formation of a
parallel dimeric coiled-coil. The presence of Glu residues at the g1 and e2 positions of the heptad repeats (bold face) render the helix
“Fos-like”. Lys substitutions at this position result in a “Jun-like” helix that preferentially forms heterodimers with the “Fos-like” helix
(33). Cytoplasmic domains, such as that of integrinRIIbâ3 depicted here, were joined to the coiled-coil. Variable numbers of Gly residues
were inserted between the coiled-coil and the integrin tail to disrupt induced helical structure in the cytoplasmic domain (32) and vary the
stagger of the tails. Below is a list of the integrin-specific sequences of all recombinant constructs used in this study. All integrin peptides
correspond to published human integrin sequences (as cited in the text). To preserve aHindIII site, a Val residue in the cytoplasmic domain
of the human integrinRIIb chain was replaced by Leu.RT represents anRIIb cytoplasmic domain truncation that unmasks the signaling
(21) and cytoskeletal targeting (13) activities of theâ3 subunit. (B) GCN4 structure. Bottom view of the crystal structure of the coiled-coil
part of the yeast transcription factor GCN4 (70) used for attachment of integrin tails. The crystal structure does not show the last two
coiled-coil residues, ER, because of helix fraying at the C-terminus. In our model construct, the coiled-coil is terminated with E and a
variable number of Gly residues. The axial, lateral, and vertical orientation of the tails will depend the lengths of the Gly spacers. (C)
Schematic representation of a JG3RIIb-FG3â3 model protein mimic of the cytosolic face of integrinRIIbâ3. The heterodimeric model
protein was formed from a Jun-likeRIIb and Fos-likeâ3 mini-subunit each containing a three Gly spacer. The polyhistidine tag was
removed from the subunits to facilitate NMR analysis. The integrin tails were fused to the coiled-coil derived from the yeast transcription
factor GCN4 via a (Gly)3 linker. The coiled-coil is covalently linked by a disulfide bridge at the N-terminus.
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ms (t2). The final digital resolution in F1 was 0.42 Hz. Cross-
sections parallel to F1 through HMQC-J cross-peaks were
fitted for nonglycine residues to in-phase Lorentzian doublets
in which both components have different line width by
optimization of the coupling constant and line widths (48).
A shifted (30°) sine-bell window was applied int1 and to
the simulated in-phase Lorentzian doublet.

Affinity Chromatography.A glutathione S-transferase
(GST) recombinant talin head domain (residues 1-435 of
talin) fusion protein was expressed and purified (49). Binding
of recombinant talin head domain to JG3RT-FG3â3 or
JG3RT-FG3â3(Y747A) model proteins was measured as
described (32, 49). Briefly, the model proteins were im-
mobilized via their polyhistidine tags on His-Bind Ni2+

chelate resin (Novagen) according to the manufacturer’s
instructions. Varying concentrations of head domain in buffer
X (10 mM PIPES, 50 mM NaCl, 150 mM sucrose, 50 mM
NaF, and 40 mM Na4P2O7, pH 6.8) were added to 100µL
of a 5% slurry of the model protein-coated resin. After 1 h,
incubation at room temperature, with continuous shaking,
the resin was washed 5 times with buffer X, and bound
proteins were eluted by boiling in 15µL of SDS sample
buffer containing 10 mM dithiothreitol. Bound proteins were
fractionated by 4-20% SDS-PAGE and bound talin head
domain was visualized by Coomassie Blue staining and
quantified by scanning densitometry.

Isothermal Titration Calorimetry.Titrations were per-
formed at 25°C with a VP-ITC microcalorimeter (MicroCal
Inc., Northampton, MA). The stirred cell contained 1.4 mL
J, FG3â3 at 0.07 mM, and the syringe contained 1.26 mM
RIIb peptide each in 20 mM Tris/HCl, pH 7.4, 120 mM
NaCl, and 5 mM CaCl2. After an initial injection of 2µL,
26 injections of 5µL each were performed at 180-s intervals.
Blank titrations ofRIIb peptide into buffer alone were also
performed to correct for heats of dilution and mixing.

RESULTS

The first charged residue after the predicted transmembrane
region of each integrin subunit was taken as the beginning
of each cytosolic tail, Lys989 for RIIb and Lys716 for â3,
giving a 20-residue longRIIb tail and a 47-residue longâ3
tail (Figure 1A). In the majority of the experiments described
here, the structure of the tails was studied when connected
to heptad repeat sequences (Figure 1A), which form parallel
coiled-coils (Figure 1B) in place of the integrin transmem-
brane domains (32). Use of the coiled-coil construct has some
clear advantages in simulating the disposition of the tails in
intact integrins. The solubility of theâ3 tail is much higher
than in the free form, and any potential interaction between
theRIIb andâ3 tails should be enhanced, as intramolecular
rather than intermolecular (i.e., entropically less costly)
interactions are possible. Potential disadvantages are that the
coiled-coil will also affect the axial and lateral orientation
of the tails, as well as the vertical orientation (Figure 1B).
This potential problem was investigated by introducing a
variable glycine linker between the coiled-coil and the tails
(Figure 1A,C). Propagation of helix from the coiled-coil into
the tails upon omitting the glycine linker was also used to
simulate propagation of transmembrane helix into the integrin
tails. To fully characterize theRIIbâ3 system, the properties
of a large number of different constructs were compared
(Table 2). With the exception of possible interactions of the
tails with the phospholipid bilayer, potential interactions
between the tails and helix propagation can be studied with
our constructs. A (Gly)3 linker between the coiled-coil and
the tails (Figure 1A,C) proved useful to separate both realms
and this basic construct (Table 2a,b) will be discussed first,
followed by the structural and functional implications of the
â3(Y747A) mutation, the amount of helix propagation into
â3 that can be achieved by omitting the (Gly)3 linker, and
the search for tail-tail interactions.

Characterization of the Model Protein ofRIIbâ3. To
reduce the complexity of all NMR spectra either theRIIb or
â3 subunit of the model protein (Figure 1C) were selectively
labeled with15N (Table 2a,b). Backbone assignments at pH
4.5 were achieved from 3D NOESY- and TOCSY-HSQC
spectra.1H-1H NOEs in the coiled-coil were characteristic
for helical secondary structure (50). Only sequential1H-1H
NOEs were observed in the tails (at the protein concentrations
used), characteristic of unstructured proteins (data not
shown). The backbone shifts of the canonical GCN4 coiled-
coil (Figure 2B) were very similar to the published shifts of
GCN4 (51). The 15N integrin tail shifts (Figure 2A,B) tally
with predicted random-coil shifts (52) within 2 ppm.
Backbone chemical shifts were very similar in the two
examined, accessible pH ranges (pH 7.4-6.8 and 4.8-3.8,
e.g., Figures 2 and 6) and indicate equivalent structural
properties over this pH ranges. To minimize amide proton

Table 1: Characterization of Model Protein Mini-Subunitsa

model protein subunit expected mass
measured mass

(( SEM)

J G3RT 7284.2 7285( 1.6
J G0RIIb 8622.6 8624( 1.2
J G1RIIb 8679.6 8681( 1.1
J G2RIIb 8736.7 8737( 1.7
J G3RIIb 8793.8 8794(1.0
J G4RIIb 8850.8 8854( 1.3
F G0â3 11796.1 11797( 1.7
F G1â3 11853.2 11855( 2.3
F G3â3 11967.3 11969( 3.9
F G3â3 (Y747A) 11875.3 11880( 1.0
a Each model protein subunit was comprised of a GCN4 helix that

was either Jun-like (J) or Fos-like (F) joined via a variable Gly (G0-4)
spacer to an integrin (RT, RIIb, â3, â3(Y747A)) tail. Expected masses
were predicted from the desired covalent structure and did not account
for natural abundance of stable isotopes, e.g.,13C. Measured masses
were determined by electrospray ionization mass spectroscopy.

Table 2: Overview of theRIIbâ3 Model Proteins and15N Labeling
Useda

Basic constructs
a. JG3RIIb, 15N-FG3â3 b.15N-JG3RIIb, FG3â3
Probing tail-tail interactions
c. JG3RT, 15N-FG3â3 d. JG3RT, 15N-JG3RIIb
e.15N-FG3â3, 15N-FG3â3 f. 15N-JG3RIIb, 15N-JG3RIIb
Implications of the GCN4 coiled-coil
g. J,15N-FG3â3 ( freeRIIb peptide h. JG0RIIb, 15N-FG0â3
Disruption of the NPLY motif
i. JG3RT, 15N-FG3â3(Y747A)
StaggerVariation
j. JG4RIIb, 15N-FG3â3 (+1)b k. JG2RIIb, 15N-FG3â3 (-1)b
l. JG1RIIb, 15N-FG3â3 (-2)b m. JG3RIIb, 15N-FG1â3 (+2)b

a Each model protein subunit was comprised of a GCN4 helix that
was either Jun-like (J) or Fos-like (F) joined via a variable Gly (G0-
4) spacer to an integrin (RT, RIIb, â3, â3(Y747A)) tail. b Indicates the
number of residues by which the vertical tail-tail stagger was shifted
through variation of the Gly spacer length.
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chemical exchange with solvent water and to maintain Asp
and Glu side-chains (pKa 3.90 and 4.07, respectively) mainly
in their deprotonated state, pH 4.5, was chosen to obtain most
of the structural and dynamical NMR parameters.

The chemical shift depends directly on the (ensemble of)
protein conformation(s) in a sensitive, but complicated
manner (53), with relative shift changes being, generally,
easier to interpret than absolute values. The1H and 15N
backbone chemical shifts of resonances from the coiled-coil
region deviate significantly from the tabulated or predicted
random-coil shifts (50, 52), while the shifts of the integrin
tail region are in close agreement with the random coil
values. Taken together with the observed1H-1H NOE pattern
discussed above, these results show that the coiled-coil takes
up the expected 3D structure (Figure 1B), while the integrin
tails are globally unstructured with a range of conformations.

To further characterize the tails, the3JHNR coupling
constant and the15N-{1H} NOE of each residue was
measured.3JHNR is directly related to the angle between HN-N
and HR-CR (the torsion angleφ) and this angle is directly
related to helical or extended backbone conformations (50).
Individual amino acids have different intrinsic propensities
to form helical or extended conformations (54) and predicted
random-coil3JHNR coupling constants have been compiled
to account for this and to serve as a reference (55, 56). The
15N-{1H} NOE is highly sensitive to nano- to picosecond
movements of each HN-N bond vector and can be viewed as
a parameter that reflects the degree of backbone order. High
15N-{1H} NOEs are characteristic of well-folded structures
(for example, the coiled-coil region); low values are char-
acteristic of unfolded structures such as the integrin tails.
Figure 2C illustrates this for the FG3â3 subunit. The (Gly)3
linker can be seen to be effective in separating the behavior

of both realms. Regions with significant transient structure
should therefore exhibit3JHNR coupling constants that deviate
from the predicted random-coil values and have relatively
high 15N-{1H} NOEs. Figure 3 compares these parameters
for the integrin tail region. High15N-{1H} NOEs can also
arise from hydrophobic clustering (57) thus a Kyte &
Doolittle hydrophobicity plot (58) is also given. For theRIIb
tail the15N-{1H} NOEs are almost all uniformly low (Figure
3A), due to very fast motions of the C-terminus of the peptide
they are lowest there. At the N-terminus, the relatively high
NOEs around Lys989 might still be due to the proximity to
the well-folded coiled-coil. The measured3JHNR coupling
constants follow the predicted ones closely (Figure 3A). The
RIIb tail behaves as expected for a random-coil peptide. Also,
no helical tendency is propagated from the coiled-coil into
the tail. Theâ3 tail, on the other hand, contains two major
regions that deviate from random-coil (Figure 3B). Residues
Arg724-Ala735 exhibit lower than random-coil3JHNR coupling
constants, indicating helical propensity. This region also has
the highest NOE values of tail residues and a low hydro-
phobicity, indicating the existence of transient structure.
Residues Asn744-Tyr747, the NPLY sequence motif (59, 60),
and adjacent residues also have relatively high NOE values.
NPLY has been reported to possess a tendency to adopt
reverse-turn (type Iâ-turn) conformations (61), and the
observed coupling constants suggest slightly extended con-
formations for Asn744 and Tyr747 in agreement withâ-turn
conformations (Pro745 does not have an HN signal and a
coupling constant for Leu746 could not be determined due to
spectral overlap). Residues Leu718-Thr720 also deviate from
random-coil exhibiting extended conformations, but also high
hydrophobicities. Thus, although globally unfolded theâ3

FIGURE 2: 1HN-15N correlation (HSQC) spectra of the (Gly)3-linked RIIbâ3 model protein in 10 mM acetic acid-d3 pH 4.5 at 37°C and 750
MHz. The (A) RIIb and (B)â3 tail, respectively, were individually15N labeled to reduce spectral complexity. In this type of spectra, each
HN-N group of each amino acid residue gives rise to one signal, side chain NHx groups can give rise to signals as well. The relatively weak
signals in the spectra correspond to coiled-coil residues, while the intense signals correspond to integrin tail residues. The weak signals
have chemical shifts characteristic of well-folded structures, while the intense signals have random-coil chemical shifts. (C)15N-{1H} NOE
plot of the (Gly)3-linked RIIbâ3 construct15N labeled on theâ3 tail (Table 2a) at 60.8 MHz in 10 mM acetic acid-d3 pH 4.5, 37°C. The
15N-{1H} NOE of each HN-N group of each amino acid residue reflect local protein backbone order. The folded and unfolded nature of the
coiled-coil and theâ3 tail, respectively, are apparent. The (Gly)3 linker can be seen to be effective in separating the behavior of both
realms.
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tail possesses two regions that exhibit distinct transient
structure.

Disruption ofâ3 Tail Structure and Function by Disrup-
tion of the NPXY Motif.Most integrinâ cytoplasmic domains
contain one or two NPXY motifs that are critical to their
functions (2, 6). For example, changing a Tyr in the first
“NPXY” motif of â3 to an Ala (â3(Y747A)) (11, 20, 62)
causes reduced targeting ofâ3-containing integrins to
cytoskeletal structures and a suppression of bidirectional
signaling. Furthermore, a mutation in an NPXY motif inâ1A
(â1A(Y788A)) has similar biological effects and blocks the
binding of the cytoskeletal proteins talin and filamin (32).
As discussed above, the NPLY motif within theâ3 tail
context is likely to form a reverse-turn that might be disrupted
by the Y747A mutation. Consequently, we analyzed the
effects of this mutation in theâ3 tail.

To analyze theâ3 tail in the absence ofRIIb, we compared
the properties of a JG3RT-FG3â3 and JG3RT-FG3â3-
(Y747A) model proteins. As will be discussed later in detail,
the unpairedâ3 tail exhibits essentially the same structural
and dynamic properties as theRIIb pairedâ3 tail within the
context of the coiled-coil (JG3RIIb-FG3â3). Affinity chro-
matography was used to quantify the interaction of the talin
head domain (talin residues 1-435) with theâ3 tail model
proteins. Talin bound to JG3RT-FG3â3 tightly (EC50) 134
nM) and saturably (Figure 4). In sharp contrast, the Y747A
mutation reduced talin binding to undetectable levels. Thus,

the Y747A mutation reducesâ3’s affinity for the talin head
domain by more than an order of magnitude.

The functional effects of the Y747A mutation were
associated with a dramatic structural change. The NPLY
reverse-turn forming motif (61) was disrupted by substituting
Ala for Tyr747 probably because of removal of the interaction
between the aromatic side-chain of Tyr747 and the side chain
of Asn744 (61). Observed changes in NMR parameters (1HN,
15N chemical shifts,3JHNR coupling constants, and15N-{1H}
NOEs) of the mutantâ3 model protein (Table 2i) as
compared to the wild typeâ3 model protein (Table 2c)
suggest that the mutation leads to the loss of reverse-turn
propensity (and also confirms its prior presence). The
relatively high NOEs of residues Ala742-Ala750 are reduced,
now descending almost linearly from Arg736 toward the
C-terminus (Figure 5A). The absence of the structural
integrity of the reverse turn also appears to destabilize the
helical region somewhat (residues Arg724-Ala735). The
observed chemical shift perturbations (Figure 5C,D) correlate
well with the NOE data. Large changes were observed for
both1HN and15N shifts of residues Ala742-Ala750 and small
changes for the15N shifts of residues Lys716-Thr741. The
large shift changes observed for Lys748 is a direct conse-
quence of mutating the preceding residue (52). The relatively
large changes for residues Ala742-Ala750 reflect the loss of
the reverse turn propensity as well as the Y747A substitution.
The change of the3JHNHa coupling constants between the

FIGURE 3: Structural and dynamical properties of the (A)RIIb and (B)â3 tails in the (Gly)3-linked RIIbâ3 construct (Table 2a,b) in 10 mM
acetic acid-d3 pH 4.5, 37°C. The coiled-coil is no longer shown. The15N-{1H} NOE, hydrophobicities, and3JHNR coupling constants for
each amino acid residue are compared for each tail. The experimentally obtained3JHNR coupling constants are also compared to those
predicted theoretically to determine regions, which deviate from random-coil (shown boxed). Because of signal overlap, parameters could
not be obtained for all residues. TheRIIb tail behaves as expected for random-coil, while theâ3 tail exhibits two distinct regions that
deviate from random-coil, namely, residues Arg724-Ala735 and Asn744-Tyr747. Residues Arg724-Ala735 exhibit helical tendencies; residues
Asn744-Tyr747, the NPLY sequence motif (59, 60), are likely to adopt reverse-turn conformations, which are characteristic for NPXY
sequence motifs (61). Residues Leu718-Thr720also deviate from random-coil exhibiting extended conformations, but also high hydrophobicities.
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two forms is much less pronounced (Figure 5B). Although
the whole NPLY motif has been disrupted, only the coupling
constant of residue 747 changes significantly. Ala has
intrinsically a low coupling constant (predicted 5.8 Hz) due
to its high helix-forming propensity (54). This probably
shows that a relatively small percentage of conformers were
adopting reverse-turn conformations. Nevertheless, substitut-
ing Tyr747 with Ala and concomitant disruption of this
reverse-turn is associated with profound loss of function of
the â3 tail.

Helix Propagation into theâ3 Tail. In the intact integrin
receptor, helix could be propagated from the transmembrane
helices into the tails. To estimate of the range of helix
propagation intoâ3, the1HN, 15N chemical shifts ofâ3 of
the (Gly)3-linker free RIIbâ3 construct (Table 2h) were

compared to theRIIbâ3 construct with the (Gly)3-linker
(Table 2a).

The transition between the coiled-coil and theâ3 tail
becomes less abrupt. The first few tail residues in the linker-
free construct have a much lower signal intensity than those
with the (Gly)3 linker (data not shown) and residues Lys716-
Ile719 could not be assigned unambiguously as these residues
were obscured by more intense tail residues. The first eight
residues of theâ3 tail (Lys716-Asp723) are directly affected
by helix propagation (Figure 6). Residues Lys725-Arg734 are
indirectly affected, probably by a slight stabilization of the
helical nature of this region through the reduced mobility of
the preceding residues rather than helix-propagation from
the coiled-coil.

FIGURE 4: Inhibition of binding of the talin head domain toâ3(Y747A). JG3RT-FG3â3 and JG3RT-FG3â3(Y747A) model proteins were
immobilized on His-Bind Ni2+ chelate resin. Varying concentrations of a glutathioneS-transferase (GST) recombinant talin head domain
(residues 1-435 of talin) (49) were added to 100µL of a 5% slurry of the model protein-coated resin. After 1 h incubation at room
temperature, with continuous shaking, the resin was washed and bound proteins were eluted and analyzed by 4-20% SDS-PAGE under
reducing conditions. Bound talin head domain was visualized by and quantified by scanning densitometry. The upper panel depicts Coomassie
Blue staining of the talin bound to JG3RT-FG3â3 (â3) or JG3RT-FG3â3(Y747A) (â3(Y747A)) model proteins and the starting material.
The middle panel depicts Coomassie Blue staining of each model protein bound to the resin and confirms the equal loading of JG3RT-
FG3â3 and JG3RT-FG3â3(Y747A) model proteins. The positions of each mini-subunit is indicated. The bottom panel depicts the quantification
of talin binding to each mini-subunit. Note the absence of binding to JG3RT-FG3â3(Y747A) model protein. The inset depicts the standard
curve for density of the talin Coomassie Blue stained band versus talin head domain added. Note that all measurements were in the linear
portion of the standard curve.
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Tail-Tail Interactions.NMR parameters (1HN, 15N chemi-
cal shifts,3JHNR coupling constants,15N-{1H} NOEs and, in
some cases,15N T2 relaxation times) observed for various
constructs were compared. The different constructs cor-
respond essentially to monomeric (Table 2c,d), heterodimeric
(Table 2a,b), and homodimeric (Table 2e,f) tails, so that
observed differences in NMR parameters are expected to be
a very sensitive indicator of specific interactions between
RIIb and â3. In all cases, however, these parameters were
very similar (see Supplementary Information) indicating that
theRIIb andâ3 tails have undetectable interactions with each
other in the context of the coiled-coil construct. Constructs
with different lengths of the glycine linker (Table 2j-m,
resulting in relative vertical tail-tail shifts of -2 to +2
residues) and the presence of divalent cations (5 mM Ca2+)
did not significantly change this behavior. Upon addition of
Ca2+ small chemical shift changes in the acidicRIIb stretch
EEDDEE (residues 1001-1006) were observed (data not
shown), suggesting a divalent cation interaction in this region,
as reported in ref27.

The interaction of freeRIIb peptide withâ3 attached to
the coiled-coil via the (Gly)3 linker (Table 2g) was also
studied. This should allowRIIb to interact withâ3 in all
possible orientations. The1HN, 15N chemical shifts ofâ3 were
compared in the absence and presence ofRIIb peptide at
pH 7.4 and 6.8, in the presence of 5 mM Ca2+, and were
found to be very similar (Figure 7). This particular system
(free RIIb peptide withâ3 attached to the coiled-coil via
the (Gly)3 linker) was further studied at pH 7.4, in the
presence of 5 mM Ca2+ by isothermal titration calorimetry
(ITC). With the experiment set up to detect interactions in

the micromolar range, no significant enthalpy changes could
be detected (data not shown).

DISCUSSION

We have shown that theRIIb and â3 tails, fused to a
coiled-coil, are suitable for NMR studies. Helix propagation,
from the coiled-coil into the tails, can be eliminated by a
(Gly)3 linker between the coiled-coil and the tails, but
omission of this linker leads to significant helix propagation
into â3. The vertical stagger of the two tails can also be
adjusted by varying the linker length. Some horizontal
freedom for the adjacent tails at the C-terminus of the coiled-
coil is provided by the flexible nature of the (Gly)3 linker.

In aqueous solution, theRIIb and â3 tails are largely
unstructured, although part of theâ3 tail has a propensity to
form a helix (residues Arg724-Ala735) and part (the NPLY
motif) has a tendency to form aâ-turn. The structural
propensity of the NPLY motif (Asn744-Tyr747) is collapsed
by the mutation Y747A, which also markedly reduces the
affinity of the head domain of the cytoskeletal protein, talin
(49) for â3. Surprisingly, no significant interactions between
theRIIb andâ3 tails could be detected within the context of
our constructs.

A detailed study of the3JHNR coupling constants and15N-
{1H} NOEs of most residues has shown that the (Gly)3 linker
is flexible. Furthermore, theRIIb tail behaves as random-
coil, while the â3 tail exhibits two transiently structured
regions. This is in agreement with reported CD studies of
the tails, which have indicated a random-coilRIIb tail and a
small amount of secondary structure in theâ3 tail (26, 27).

FIGURE 5: Comparison of the (A)15N-{1H} NOEs, (B)3JHNR coupling constants, (C)15N and (D)1HN chemical shifts differences of the
(Gly)3-linked, alpha tail truncated (RT) wild-type â3 andâ3(Y747A) constructs15N labeled onâ3 (Table 2c,i) in 10 mM acetic acid-d3 pH
4.5, 37°C. The error is( 0.05 ppm for15N and( 0.01 ppm for1HN shifts. The observed differences indicate that the mutation disrupts
the structural integrity of the NPLY motif.
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The amount of helix propagation that can be introduced into
the â3 tail and might be present after the transmembrane
helix in vivo was tested. Pronounced effects, as judged from
1HN, 15N shift differences observed on omission of the (Gly)3

linker connecting the coiled-coil andâ3 tail, were observed
for up to eight residues (Lys716-Asp723). Smaller effects also
occur within the helical region ofâ3 (residues Arg724-
Ala735), probably arising from a slight helix stabilization,
through the reduced mobility of the preceding residues. Some
studies have suggested thatRIIb(Lys989-Phe993) and â3-
(Lys716-Ile721) are within the transmembrane region (63-
65). If this were the case, it would be expected that the helical
content of the region of theâ3 tail would increase. Helix
propagation into theRIIb tail is probably less significant due
to the presence of Pro998 and Pro999. Detailed structural
information about the tails has so far only been reported for
the RIIb tail in nonaqueous or DPC micelle solution. It has
been reported that in 45% TFE solution theRIIb peptide
adopts a defined, mostly helical, structure (31). Myristoylated
RIIb in DPC micelle solution has also been reported to adopt
a defined, mostly helical, structure (30). Our results indicate
that no helix forms intrinsically in aqueous solution, but as
our experiments were carried out in the absence of membrane
we clearly cannot rule out in vivoRIIb tail/membrane
interactions. The study of myristoylatedRIIb in DPC micelle
solution (30) points toward a possible important role of a
phospholipid layer in inducing defined structure in theRIIb
tail.

We have compared the3JHNR coupling constants,15N-{1H}
NOEs,1HN and 15N chemical shifts between the wild-type
â3 andâ3(Y747A). Our results suggest that Y747A disrupts

the structural integrity of the NPLY motif and greatly reduces
the affinity of the head domain of talin forâ3. The helical
region (residues Arg724-Ala735) also appears to be somewhat
destabilized by the absence of the reverse-turn tendency. The
mutation Y747A is known to lock integrinRIIbâ3 receptor
in its resting state (11, 66). Hence, it can be speculated that
the ligand, which occupies the NPLY motif, e.g., talin, is
involved in integrinRIIbâ3 activation.

Reported in vitro interactions between theRIIb and â3
tails derived from qualitative analysis of CD and/or intrinsic
fluorescence (26, 27) upon mixing both tails and from
quantitative analysis of surface plasmon resonance in the
micromolar affinity range of immobilized GST-â3 and free
RIIb peptide (29) could not be confirmed here. We could
not detect significant changes of3JHNR coupling constants,
15N-{1H} NOEs, 1HN and 15N chemical shifts between
differently paired tails indicative of a specific interaction
between theRIIb and â3 tails fused to the coiled-coil. We
were also unable to detect significant1HN, 15N chemical shift
or enthalpy changes upon mixing freeRIIb peptide withâ3
fused to the coiled-coil. These differences might stem from
the different constructs used to study the integrin tails. In
the present study,â3 is always within the context of the
coiled-coil construct. We have shown that we can separate
the structural properties of the helix and the tail. Nevertheless,
we cannot absolutely exclude the possibility that some
constraint in the coiled-coil construct limits the interaction
of the tails.

The situation in vivo is complicated by the existence of

FIGURE 6: (A) 15N and (B)1HN chemical shift differences between
the (Gly)3-linked (Table 2a) and (Gly)3-free RIIbâ3 constructs
(Table 2h) in 10 mM acetic acid-d3 pH 4.5, 37°C. The error is(
0.05 ppm for15N and( 0.01 ppm for1HN shifts. Residues Lys716-
Ile719could not be assigned unambiguously in the (Gly)3-freeRIIbâ3
construct (Table 2h), and no values are shown for these residues.
The observed differences arise from helix propagation from the
coiled-coil into the integrin tails.

FIGURE 7: Superposition of1HN-15N correlation (HSQC) spectra
of 0.6 mM J, FG3â3 model protein (Table 2g) in 50 mM Tris-d11/
HCl pH 6.8, 100 mM NaCl, 5 mM CaCl2 in the absence (black
signals) and presence (red signals) of 1.2 mM freeRIIb peptide at
30 °C and 600 MHz. No significant chemical shift changes
occurred, suggesting that the freeRIIb peptide does not interact
with J, FG3â3. Because of much faster amide proton chemical
exchange with solvent water the signal intensities are now very
different from the situation at pH 4.5 (Figure 2). The signals arising
from the (Gly)3 linker have almost completely disappeared.
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multiple potential ligands for the tails of integrinRIIbâ3 (67).
Our in vitro results and the apparent direct, specific interac-
tion betweenRIIb andâ3 in vivo (25) suggest that, in vivo,
interactions might occur on the surface of another factor (e.g.,
another protein or the lipid bilayer). Binding of factors to
the integrin tails may cause their local structure to change,
but this may not be transmitted through the membrane and
hence, not cause signaling. Alternatively, transitions between
the resting and active state (66) could be induced by changes
in ternary or higher order complexes of tails and factor(s).
Activation of integrinRIIbâ3 could occur by alterations of
the relative orientation of the transmembrane helices by the
association/dissociation of the factor(s) from the integrin tails.
The helical tendency ofâ3 residues Arg724-Ala735 might
represent another important motif for ligand binding and for
the regulation of the affinity state of integrinRIIbâ3. Indeed,
this region has also been implicated in talin binding (68)
andR-actinin binds to a similar region in theâ1A tail (69).
Furthermore, the slight destabilization of this region through
the effects of the Y747A mutation could also contribute to
reduced talin binding to theâ3 tail.
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