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ABSTRACT: The structural and dynamic properties of the cytosolic tails of the adhesion receptor integrin
allbf3, fused to a coiled-coil construct via (Glyljnkers, were studied in aqueous solution by nuclear
magnetic resonance (NMR) spectroscopy. Both tails were largely flexible and unstructured, although, in
the 53 tall, residues Ar¢?*—Ala’3® have a propensity to form a helical structure and residueg*Asn
Tyr’4"(NPLY) have a propensity to adopt reverse-turn conformations. The muggg{gfv47A) disrupted

this reverse-turn tendency and markedly reduced the affinity of the head domain of the cytoskeletal protein,
talin for the 33 tail. Omission of the (Gly)linker connecting the coiled-coiled helices and the integrin
tails lead to helix propagation into th#8 tail extending up to eight residues. A variety of different tail
constructs were made and studied to reveaHail 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 conserved tail motif (NPXY/F) required for integrin signaling and highlight a
second transiently structured region (residues&rgAla’39), which might also be of functional significance.

Integrin adhesion receptors are heterodimers-ofind p cytoplasmic tail chimeras can profoundly suppress both
[-subunits that contain a large extracellular domain respon-inside out and outside-in signaling, possibly by titration of
sible for ligand binding, a single transmembrane domain, critical regulatory moleculesl—18), and mutation of the
and a cytoplasmic domain that, in most cases, consists ofNPXY/F motif can abolish this activityl©). Conversely,
20—70 amino acid residued(2). Integrins play important  when clustered or highly overexpressed, thgtgl chimeras
roles in cell adhesion, cell migration and control of cell can themselves generate some of the biochemical signals,
differentiation, proliferation, and programmed cell death. such as tyrosine phosphorylation of FAK, usually triggered
They mediate bidirectional signal transduction across the by integrin ligation (7, 18), and this signaling is also
plasma membrane. Binding of ligands to integrins transmits dependent on the NPXY/F motiR(). The roles of thex
signals into the cell and results in cytoskeletal reorganization, cytoplasmic tails seem even more complex. For example,
gene expression, and cellular differentiation (outside-in deletion of certain membrane-distal tail sequences can
signaling). Conversely, signals from within the cell can also result in constitutive biochemical signaling1j and at the
propagate through integrins and alter integrin ligand-binding same time lead to reduced cell adhesion possibly by
affinity and cell adhesion (inside-out signalindj).( The inappropriately tethering the integriaZ—24). Thus,a tails
cytoplasmic domains of integrins play a pivotal role in these exert both positive and negative influences and an NPXY/F
bidirectional signaling processes, and intensive efforts havemotif in the 8 tail is essential for normal integrin signaling.
focusg-d on |dent|fy|ng |nteract|ons' Qf these domam§Q). Studies of platelet integrimllb33 have suggested that
Mutatlons_ or truncations Qf specnﬁc me_mbrane-o“stal S€- integrina. andg cytoplasmic tails might interact in vivo and
quences ir cytoplasmic tails can disrupt integrin-triggered i, itro  An in vivo charge swapping mutation study
signaling and cytoskeletal organizatiah-{15). A particularly -,/ ested that thellb and 43 tails have a direct site of

sensitive sjte is a_highly conserved NPXY/F mptif in.me interaction betweerndIb(R995) and S3(D723) @5). In
cytoplasmic domain. Furthermore, overexpression of |solatedaqueous solution, circular dichroism (CD) studies showed

TT.S.U. acknowledges support from the German Academic Exchange that ISOlate(.h”b' B3, andallb + 3 peptides or constructs
Service (DAAD) and BBSRC. M.H.G. was supported by grants from corresponding tadlb + 3 are largely unfo_lded2(6—28). _
the NIH. I.D.C. acknowledges support from the Wellcome Trust and, However, when the two peptides were mixed, changes in
thrgué;g g}?COXTfﬁ-rd _Cegtn_a for l\golg_lpul?_r SC&enc%s, ffloetgi\g?\% BBSRC, CD spectra and intrinsic fluorescence also suggested in vitro
an . IS IS SCrIpps Fublication Number - . . . [ i

# Department of Biochemistry, University of Oxford. mteractlons 27). _Surfac_e plasmon resonance analysis indi

$The Scripps Research Institute. cated an interaction of immobilizeB tail with solubleallb

" Oxford Centre for Molecular Sciences. tail in the micromolar range2@). The tails in nonaqueous

*To whom correspondence should be addressed. M.H.G. Tele- ; ; i ;
phone: 1-858-784-7124. Fax: 1-858-784-7343. E-mail: ginsherge S0/1UON OF the myristoylatedullb tail in DPC micelle

scripps.edu; 1.D.C. Telephonet44-(0)1865-275346. Fax:-44-(0)-  solution exhibit more defined 3Dstructures 28, 30, 31). A
1865-275253. E-mail: idc@bioch.ox.ac.uk. 3D structure of the myristoylateddlb in DPC micelle

10.1021/bi010338l CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/30/2001




Structure and Dynamics of the Integrdlb53 Tails Biochemistry, Vol. 40, No. 25, 20077499

solution was determined() as well as a 3D structure of
the allb tail in 45% TFE solution 81). However, to date,
there has been no NMR analysis of tf8 cytoplasmic
domain or of its potential interactions with tlelb tail in (Vydac) 32). To isotopically label model proteins witfiN,
aqueous solutions. the BL21 cells were cultured in M9 minimal medium
The current study characterizes the cytosolic tails of containing 20 mM*NH,CI (Isotec) as the sole nitrogen
integrin allb/33, and their putative interaction in aqueous source. To form heterodimers, a mixture of 48l 53 and
solution using a coiled-coil construct that has been introduced 90 uM allb cytoplasmic tail model proteins were denatured
previously @6, 32). It is used here, in an improved form, in  for 20 min at 100°C in the presence of 10 mM dithiothreitol
a nuclear magnetic resonance (NMR) study. We found that (DTT). The DTT was removed by gel filtration through a
the tails were globally unfolded in aqueous solution. How- PD10 column (Biorad), and the mixture was then air-oxidized
ever, thes3 tail had a distinct helical propensity for residues by stirring overnight. The disulfide-bonded products were
Arg’*—Ala’5 and a strong reverse-turn propensity at the purified by reverse phase C18 HPLC. Products were analyzed
NPLY motif. Mutation of this motif markedly reduced the by electrospray ionization mass spectrometry using an API-
affinity of the head domain of the cytoskeletal protein, talin. [l quadrupole spectrometer (Sciex), and masses varied by
That mutation also disrupted the reverse-turn and led to aless than 0.1% from expected masses (Table 1). The increase

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

somewhat reduced helical propensity in the membrane
proximal region (residues Afgf—Ala’®%. Omission of the
(Gly)s linker connecting the coiled-coiled helices and the
integrin tails leads to helix propagation into ti#3 tall
extending up to eight residues. Surprisingly, no significant
interactions between thellb and 33 tails could be detected
within the context of our construct. These results provide a
structural insight into a highly conservgdail motif required

for integrin signaling and highlights a second transiently
structured region (residues Afé—Ala’™9), which might have
functional significance as well.

EXPERIMENTAL PROCEDURES

Protein Production and PurificationPolymerase chain
reaction (PCR) as describe8lj was used to create a cDNA
encoding the modified GCN4 heptad repeat protein se-
quences reported by John et aB3). In one form, Lys
residues at the g1 and e2 positions of the heptad repeat
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 @) were
added to the c-terminus of heptad repeats to modify the
potential of theo-helical coiled-coils to induce structure in
the integrin cytoplasmic domain32) and to vary the stagger
of the integrin tails relative to each other. The cDNAs were
ligated into anNdd —Hindlll-restricted modified pET15b
vector 32) (Novagen).

allb and 53 integrin cytoplasmic domain cDNAs were
generated by PCR from appropriate cDNAs using forward
oligonucleotides introducing a-5ind Il site and reverse
oligonucleotide creating a'-BanHlI site directly after the
stop-codon. Integrin cytoplasmic domains were joined to the
helix asHindlll —BanHI 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 (6@), and the identity of
the integrin tail @llb, £3) e.g., JGallb.

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 calorimetryKp, dissociation constant; NMR, nuclear magnetic
resonance; NOE, nuclear Overhauser enhancement; NOESY, nuclea
Overhauser enhancement and exchange spectroscopy; ppm, parts p
million; TFE, trifluoroethanol; TOCSY, total correlation spectroscopy;
3June, Scalar coupling constant betweef Bhd Ho.

in mass of theé"*N-labeled subunits indicate®l91% incor-
poration of*°N.

Peptide Synthesi$he “allb” peptide containing a V&°—

Leu substitution, KLGFFKRNRP PLEEDDEEGQ, was
synthesized by the Oxford Centre for Molecular Sciences
peptide synthesis facility. A “wild-typetulb cytoplasmic
domain peptide, KVGFFKRNRP PLEEDDEEGQ, was syn-
thesized in the Microchemistry core at the Scripps Research
Institute. The C-terminus of thellb peptide was a GIn
residue because the encoded Glu residue is reported to be
amidated in the native receptoB4). All peptides were
synthesized with a free C-terminal carboxyl group.

NMR Sample PreparatiodMR samples at pH 4.5 were
prepared by dissolving freeze-dried protein in 93.3% 10 mM
acetic acidd, pH 4.5/6.7% RO, adjusting the pH to 4.5 by
addition of NaOH and HCI and exchanging the buffer by
four ultrafiltration and dilution cycles. The following samples

ere prepared at pH 4.5 (cf. also Table 2): 1.2 mMd{B3

N-FG353; 1.2 mM JG&T, N-FG3533; 1.2 mM 5N-
FG333, ’N-FG33; 1.2 mM JG&T, *N-FG333(Y747A);
1.2 mM JG@llb, *N-FGQ33 and 0.8 mM*®N-JG3ullb,
FG353; 0.8 mMM*N-JG3ullb, JIGXT; 0.8 MM N-JG3ullb,
N-JG3ullb. 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% BO or, alternatively, in 95% 50 mM
Tris-d;/HCI, pH 6.8, 100 mM NacCl, with and without 5
mM CaClL/5% DO, readjusting the pH with NaOH and HCI
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 HCI. At pH 6.8, the
following samples were prepared: 0.6 mM 1Gi®, °N-
FG353, 0.6 mMN-JG3ullb, FG333, 0.6 mM JG4llb, °N-
FG353, 0.6 mM JGiullb, N-FG333, 0.6 mM JG2lb, °N-
FG333, 0.6 mM JGallb, *N-FG133, 0.6 mM JN-FG333
and (without the ultrafiltration step) 0.6 mM $N-FG333

+ 1.2 mM allb peptide. At pH 7.4, the following samples
were prepared: 0.6 mM JN-FG333 and 0.6 mM J!°N-
FG333 + 1.2 mMallb peptide. Small quantities of dioxane
were added as chemical shift reference.

NMR SpectroscopyAll the NMR experiments were
performed at 37C (unless otherwise stated) on spectrom-
eters operating aH frequencies of 500, 600, and 750 MHz.
Backbone assignment of subunits FB33FG3FH3(Y747A);
FG®33; and JGallb in the respective model proteins (cf.

MR sample preparation) at pH 4.5 was achieved using a

combination of 2D'*N-'H HSQC @5, 36), 3D TOCSY-
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Ficure 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 gl 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 integdlib/33 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 82naaid Yary 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 prelderd#lisite, a Val residue in the cytoplasmic domain

of the human integrimllb chain was replaced by Lew.T represents anllb cytoplasmic domain truncation that unmasks the signaling

(21) and cytoskeletal targetindg 8) activities of the33 subunit. (B) GCN4 structure. Bottom view of the crystal structure of the coiled-coil

part of the yeast transcription factor GCNAQ) 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 IB3B®-FG333 model protein mimic of the cytosolic face of integrrlb33. The heterodimeric model
protein was formed from a Jun-likellb and Fos-like33 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 (Gl linker. The coiled-coil is covalently linked by a disulfide bridge at the N-terminus.
HSQC @7, 38), and 3D NOESY-HSQC39). A mixing time echo sequence with a CPMG delay of 380 Chemical shift

of ~40 ms was used for TOCSY and mixing times of 175 anisotropy (CSA) and dipolar cross-correlation was removed

and 300 ms were used for NOESY. Acquisition times were by application of proton 180pulses in the middle of the
basic CPMG block 43, 44). 'H-saturation in the NOE

experiment was effected by means of a train of *12ip-

typically 169.1 ms (@), 102.4 ms @ for 2D and 21.9 ms
angle pulses at 10 ms intervals for 5 s. Theamd*°N-{‘H}

(t2), 52.6 ms (), 102.4 ms @) for 3D. The acquisition time
in the direct'H dimension was limited by MHa coupling.
Experiments at 30C were used to resolve some overlapping NOE spectra were processed with mild resolution enhance-
peaks and also to reduce amide proton solvent chemicalment to optimize resolution while maintaining a good signal-
exchange at pH 6.8 and 7.4. Chemical shifts at pH 6.8 andto-noise ratio. Relaxation rates were derived from two-

7.4 were very similar to pH 4.5. Data were processed with parameter exponential fits to the resonance intensiigs (
Felix 2.3 (Biosym Inc., San Diego, CA) and analyzed with The heteronuclear NOE was calculated as the ratio of
resonance intensities in the spectra recorded with and

XEasy @0).
Transverse'fN-T,) relaxation times and the heteronuclear Without saturation.
3June coupling constants were measured from 2R-1H

steady-staté®N-{'H} NOE were measured at 60.8 MHz
using procedures as described in fsand42. Transverse ~ HMQC-J experiments46, 47) recorded at dH frequency
of 750 MHz. Acquisition times were 300.6 ms)(and 102.4

relaxation time constants glwere measured using a spin
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Table 1: Characterization of Model Protein Mini-Subuhits

measured mass

model protein subunit expected mass (+ SEM)

JG3aT 7284.2 7285+ 1.6
J GOallb 8622.6 8624+ 1.2
J Glallb 8679.6 8681+ 1.1
J G2allb 8736.7 8737 1.7
J G3allb 8793.8 8794+1.0
J G4allb 8850.8 8854+ 1.3
F G033 11796.1 1179#& 1.7
F G133 11853.2 11855 2.3
F G343 11967.3 1196 3.9
F G333 (Y747A) 11875.3 1188 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 integriro(T, allb, 83, 3(Y747A)) tail. Expected masses

Biochemistry, Vol. 40, No. 25, 20017501

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, FG®3 at 0.07 mM, and the syringe contained 1.26 mM
allb peptide each in 20 mM Tris/HCI, pH 7.4, 120 mM
NaCl, and 5 mM CaGl After an initial injection of 2ulL,

26 injections of L each were performed at 180-s intervals.
Blank titrations ofallb 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, Ly%° for allb and Lys?® for 53,

were predicted from the desired covalent structure and did not accountgiving a 20-residue longllb tail and a 47-residue long3

for natural abundance of stable isotopes, €3, Measured masses
were determined by electrospray ionization mass spectroscopy.

Table 2: Overview of thetllb33 Model Proteins ané®N Labeling
Used

Basic constructs

a. JG3ulb, BN-FG333

Probing tail-tail interactions

c. JGT, >N-FG333

e.15N-FG333, 1’N-FG353
Implications of the GCN4 coiled-coil
g. J,'5°N-FG333 + freeallb peptide
Disruption of the NPLY motif

i. JGT, 5N-FG3B3(Y747A)
Staggervariation

j. IG4ulIb, N-FG333 (+1)° k. JG2ullb, N-FG333 (—1)°
. JGlallb, N-FG3B3 (—2)° m. JG3ulIb, **N-FG133 (+2)°

@ 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 {GO
4) spacer to an integrir, allb, 33, 83(Y747A)) tail. ® Indicates the
number of residues by which the vertical tafiail stagger was shifted
through variation of the Gly spacer length.

b.1*N-JG3ullb, FG333

d. JGT, 1*N-JG3ullb
f. 15N-JG3ullb, 1N-JG3ullb

h. JGallb, 5N-FGQB3

ms (). The final digital resolution in Fwas 0.42 Hz. Cross-
sections parallel to fFthrough HMQCJ cross-peaks were

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 domains3@). Use of the coiled-coil construct has some
clear advantages in simulating the disposition of the tails in
intact integrins. The solubility of thg3 tail is much higher
than in the free form, and any potential interaction between
the allb and 33 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 thellb53 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

fitted for nonglycine residues to in-phase Lorentzian doublets between the tails and helix propagation can be studied with

in which both components have different line width by
optimization of the coupling constant and line widtHds)(

A shifted (30) sine-bell window was applied ity and to
the simulated in-phase Lorentzian doublet.

Affinity Chromatography.A glutathione Stransferase
(GST) recombinant talin head domain (residues435 of
talin) fusion protein was expressed and purifié€) ( Binding
of recombinant talin head domain to J&BFG333 or
JGT-FG363(Y747A) model proteins was measured as
described 32, 49). Briefly, the model proteins were im-
mobilized via their polyhistidine tags on His-Bind Ni

our constructs. A (Glylinker 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
B3(Y747A) mutation, the amount of helix propagation into
p3 that can be achieved by omitting the (Glipker, and
the search for taittail interactions.

Characterization of the Model Protein afillb33. To
reduce the complexity of all NMR spectra either tkléb or
3 subunit of the model protein (Figure 1C) were selectively
labeled with!>N (Table 2a,b). Backbone assignments at pH
4.5 were achieved from 3D NOESY- and TOCSY-HSQC

chelate resin (Novagen) according to the manufacturer's gpectra IH-1H NOES in the coiled-coil were characteristic
instructions. Varying concentrations of head domain in buffer for helical secondary structur@. Only sequentiatH-H

X (10 mM PIPES, 50 mM NacCl, 150 mM sucrose, 50 mM
NaF, and 40 mM N#&,0;, pH 6.8) were added to 1Q@L
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 15L of SDS sample
buffer containing 10 mM dithiothreitol. Bound proteins were
fractionated by 420% SDS-PAGE and bound talin head

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 (1). The™N integrin tail shifts (Figure 2A,B) tally
with predicted random-coil shifts5@) within 2 ppm.
Backbone chemical shifts were very similar in the two
examined, accessible pH ranges (pH-7648 and 4.8-3.8,

domain was visualized by Coomassie Blue staining and e.g., Figures 2 and 6) and indicate equivalent structural

quantified by scanning densitometry.

properties over this pH ranges. To minimize amide proton
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FIGURE 2: HN-15N correlation (HSQC) spectra of the (Gy)nked allb33 model protein in 10 mM acetic acidy-pH 4.5 at 37°C and 750

MHz. The (A) allb and (B) 33 tail, respectively, were individual§PN 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 chaigi€tips 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 siifi{.1tG) NOE

plot of the (Gly)-linked allb3 construct®N labeled on thes3 tail (Table 2a) at 60.8 MHz in 10 mM acetic aaidpH 4.5, 37°C. The

15N-{1H} NOE of each H-N group of each amino acid residue reflect local protein backbone order. The folded and unfolded nature of the
coiled-coil and the33 tail, respectively, are apparent. The (Gllipnker can be seen to be effective in separating the behavior of both
realms.

chemical exchange with solvent water and to maintain Asp of both realms. Regions with significant transient structure
and Glu side-chains i 3.90 and 4.07, respectively) mainly  should therefore exhibftn, coupling constants that deviate
in their deprotonated state, pH 4.5, was chosen to obtain mostfrom the predicted random-coil values and have relatively
of the structural and dynamical NMR parameters. high N-{*H} NOEs. Figure 3 compares these parameters
The chemical shift depends directly on the (ensemble of) for the integrin tail region. High®N-{1H} NOEs can also
protein conformation(s) in a sensitive, but complicated arise from hydrophobic clusterings]) thus a Kyte &
manner §3), with relative shift changes being, generally, Doolittle hydrophobicity plot$8) is also given. For theulb
easier to interpret than absolute values. Thieand N tail the 15N-{ 1H} NOEs are almost all uniformly low (Figure
backbone chemical shifts of resonances from the coiled-coil 35) due to very fast motions of the C-terminus of the peptide
region deviate significantly from the tabulated or predicted they are lowest there. At the N-terminus, the relatively high
random-coil shifts §0, 52), while the shifts of the integrin  NOEs around Ly289 might still be due to the proximity to
tail region are in close agreement with the random coil o \well-folded coiled-coil. The measuréd, coupling

i 1]
values. Taken together with the observekH NOE pattern constants follow the predicted ones closely (Figure 3A). The

discussed above, these results show that the coiled-coil takeg |\ '1-ii behaves as expected for a random-coil peptide. Also

:';i’léh;eex?oeg;ﬁd Sr?stsrt;gflj:]erg \(/\I/:iéﬁlgerzalf)é \(’)\;hél(')entfgfn'gteig:: no helical tendency is propagated from the coiled-coil into
9 y 9 " the tail. Thef3 tail, on the other hand, contains two major

To further characterize the tails, th&un. coupling . ; S .
N1 ; regions that deviate from random-coil (Figure 3B). Residues
constant and the"N-{*H} NOE of each residue was Arg”?*—Ala’® exhibit lower than random-coilyy, coupling

measuredi . is directly related to the angle betweefN constants, indicating helical propensity. This region also has
and Hx-Ca (the torsion anglep) and this angle is directl N ) o
o ( gla) g y the highest NOE values of tail residues and a low hydro-

related to helical or extended backbone conformatiéik ( O S . :
Individual amino acids have different intrinsic propensities Phobicity, indicating the existence of transient structure.
Residues Astt*—Tyr™#’, the NPLY sequence motibg, 60),

to form helical or extended conformatior®l and predicted : : ! :
random-coil3Juna coupling constants have been compiled and adjacent residues also have relatively high NOE values.

to account for this and to serve as a refereri& §6). The ~ NPLY has been reported to possess a tendency to adopt
15\-{1H} NOE is highly sensitive to nano- to picosecond reéverse-turn (type |3-turn) conformations €1), and the
movements of each™N bond vector and can be viewed as ©observed coupling constants suggest slightly extended con-
a parameter that reflects the degree of backbone order. Highformations for Asi#* and Tyr“” in agreement withg-turn
15N-{H} NOEs are characteristic of well-folded structures conformations (Prg® does not have an 'Hsignal and a

(for example, the coiled-coil region); low values are char- coupling constant for Le® could not be determined due to
acteristic of unfolded structures such as the integrin tails. spectral overlap). Residues ét+Thr’?°also deviate from
Figure 2C illustrates this for the FG3 subunit. The (Gly) random-coil exhibiting extended conformations, but also high
linker can be seen to be effective in separating the behaviorhydrophobicities. Thus, although globally unfolded {#®
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Ficure 3: Structural and dynamical properties of the 4)b and (B) 33 tails in the (Gly)-linked allb53 construct (Table 2a,b) in 10 mM

acetic acidds; pH 4.5, 37°C. The coiled-coil is no longer shown. TA&N-{H} NOE, hydrophobicities, an&glyn, coupling constants for

each amino acid residue are compared for each tail. The experimentally obi3ingdoupling 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. Tleglb tail behaves as expected for random-coil, while fifetail exhibits two distinct regions that

deviate from random-coil, namely, residues Rfg-Ala’3> and Asi*—Tyr’#". Residues Arg?*—Ala’35 exhibit helical tendencies; residues
Asn’#—-Tyr’#7, the NPLY sequence motiQ, 60, are likely to adopt reverse-turn conformations, which are characteristic for NPXY
sequence motifs6(). Residues Leti®—Thr2%also deviate from random-coil exhibiting extended conformations, but also high hydrophobicities.

tail possesses two regions that exhibit distinct transient the Y747A mutation reduces3’s affinity for the talin head
structure. domain by more than an order of magnitude.

Disruption of 3 Tail Structure and Function by Disrup- The functional effects of the Y747A mutation were
tion of the NPXY MotifMost integring cytoplasmic domains  associated with a dramatic structural change. The NPLY
contain one or two NPXY motifs that are critical to their reverse-turn forming motif§l) was disrupted by substituting
functions @, 6). For example, changing a Tyr in the first Ala for Tyr’#’ probably because of removal of the interaction
“NPXY” motif of 3 to an Ala 33(Y747A)) (11, 20, 62) between the aromatic side-chain of Tfand the side chain
causes reduced targeting @f3-containing integrins to  of Asn’**(61). Observed changes in NMR parametéksy(
cytoskeletal structures and a suppression of bidirectional 5N chemical shifts2Jyne coupling constants, andN-{*H}
signaling. Furthermore, a mutation in an NPXY motifihA NOEs) of the mutant33 model protein (Table 2i) as
(B1A(Y788A)) has similar biological effects and blocks the compared to the wild typg3 model protein (Table 2c)
binding of the cytoskeletal proteins talin and filamiB2). suggest that the mutation leads to the loss of reverse-turn
As discussed above, the NPLY motif within th#8 tail propensity (and also confirms its prior presence). The
context is likely to form a reverse-turn that might be disrupted relatively high NOEs of residues At&—Ala’ are reduced,
by the Y747A mutation. Consequently, we analyzed the now descending almost linearly from A#f§ toward the
effects of this mutation in thg3 tail. C-terminus (Figure 5A). The absence of the structural

To analyze thg3 tail in the absence afllb, we compared integrity of the reverse turn also appears to destabilize the
the properties of a JGF-FG3B3 and JGET-FG333- helical region somewhat (residues Ait-Ala’d. The
(Y747A) model proteins. As will be discussed later in detail, observed chemical shift perturbations (Figure 5C,D) correlate
the unpaired33 tail exhibits essentially the same structural well with the NOE data. Large changes were observed for
and dynamic properties as thélb paired/3 tail within the bothHN and*>N shifts of residues Al¢>—Ala’°and small
context of the coiled-coil (JG8Ib-FG353). Affinity chro- changes for thé®N shifts of residues Ly36—Thr’% The
matography was used to quantify the interaction of the talin large shift changes observed for §fsis a direct conse-
head domain (talin residues-#35) with thes33 tail model guence of mutating the preceding residb®) ( The relatively
proteins. Talin bound to JGI-FG333 tightly (EC50= 134 large changes for residues Ata-Ala’™0 reflect the loss of
nM) and saturably (Figure 4). In sharp contrast, the Y747A the reverse turn propensity as well as the Y747A substitution.
mutation reduced talin binding to undetectable levels. Thus, The change of théJynna coupling constants between the
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Ficure 4: Inhibition of binding of the talin head domain g3(Y747A). JGHT-FG33 and JG&T-FG333(Y747A) model proteins were
immobilized on His-Bind Mi* chelate resin. Varying concentrations of a glutathi&teansferase (GST) recombinant talin head domain
(residues 435 of talin) @49) were added to 10@L of a 5% slurry of the model protein-coated resin. Afteh incubation at room
temperature, with continuous shaking, the resin was washed and bound proteins were eluted and analy28éctyIS-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 J@3-FG333 (33) or JIGHXT-FG333(Y747A) (33(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 loadiify of JG3
FG3$3 and JGBT-FG333(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 taJEBG353(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.

two forms is much less pronounced (Figure 5B). Although compared to thexllb$3 construct with the (Glglinker
the whole NPLY motif has been disrupted, only the coupling (Table 2a).
constant of residue a7 changes s|gn_|f|cantly. Ala has The transition between the coiled-coil and th8 tail
intrinsically a low coupling constant (predicted 5.8 Hz) due b | brupt. The first few tail resid in the linker-
to its high helix-forming propensity5@). This probably ~ PECOMES less abrupt. The first iew tail residues In the finker
shows that a relatively small percentage of conformers were € construct have a much lower signal intensity than those
adopting reverse-turn conformations. Nevertheless, substitut-Vith the (Gly); linker (data not shown) and residues [
ing Tyr’#” with Ala and concomitant disruption of this lle”9 could not be as&gngd unambl_guoqsly as these_ re5|qlues
reverse-turn is associated with profound loss of function of Were obscured by more intense tail residues. The first eight
the 3 tail. residues of thg83 tail (Lys'5—Asp’?) are directly affected
Helix Propagation into the83 Tail. In the intact integrin by helix propagation (Figure 6). Residues [3s-Arg"**are
receptor, helix could be propagated from the transmembraneindirectly affected, probably by a slight stabilization of the
helices into the tails. To estimate of the range of helix helical nature of this region through the reduced mobility of
propagation intg33, theHN, N chemical shifts of33 of the preceding residues rather than helix-propagation from
the (Gly)-linker free allbg3 construct (Table 2h) were the coiled-coil.
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Ficure 5: Comparison of the (A}°N-{'H} NOEs, (B)3Juno coupling constants, (CPN and (D)HN chemical shifts differences of the
(Gly)s-linked, alpha tail truncatedx{) wild-type 33 and33(Y747A) construct3®N labeled on33 (Table 2c,i) in 10 mM acetic acids pH

4.5, 37°C. The error ist 0.05 ppm for!®N and+ 0.01 ppm for'HN shifts. The observed differences indicate that the mutation disrupts
the structural integrity of the NPLY motif.

Tail—Tail Interactions NMR parameterstdV, N chemi- the micromolar range, no significant enthalpy changes could
cal shifts,3Jyne coupling constant$?N-{*H} NOEs and, in be detected (data not shown).
some cases?N T, relaxation times) observed for various
constructs were compared. The different constructs cor- DISCUSSION

respond essentially to monomeric (Table 2c¢,d), heterodimeric .
P y ( ) We have shown that thellb and 53 tails, fused to a

(Table 2a,b), and homodimeric (Table 2e,f) tails, so that : . ; ! ;
observed differences in NMR parameters are expected to bec0|led—c0|l, are suitable for NMR studies. Helix propagation,

a very sensitive indicator of specific interactions between ToM the coiled-coil into the tails, can be eliminated by a
ollb and 3. In all cases, however, these parameters were (Gly)3_ linker bet_ween the c0|l_ed-§:_0|I and _the tails, k.)Ut
very similar (see Supplementary Information) indicating that omission of this Imker leads to significant he_le propagation
theallb andf3 tails have undetectable interactions with each Nt0 A3. The vertical stagger of the two tails can also be

other in the context of the coiled-coil construct. Constructs 2diusted by varyi'ng the 'Iinker length. Some horizqntal
with different lengths of the glycine linker (Table-2jn, freedom for the adjacent tails at the C-terminus of the coiled-

resulting in relative vertical taittail shifts of —2 to +2 coil is provided by the flexible nature of the (Glyfjnker.

residues) and the presence of divalent cations (5 mft)Ca  In aqueous solution, thellb and 3 tails are largely
did not significantly change this behavior. Upon addition of unstructured, although part of t}# tail has a propensity to
Cca&* small chemical shift changes in the aciditib stretch ~ form a helix (residues Arg*-Ala’) and part (the NPLY
EEDDEE (residues 10611006) were observed (data not Mmotif) has a tendency to form &-turn. The structural
shown), suggesting a divalent cation interaction in this region, Propensity of the NPLY motif (Astt*~Tyr’*) is collapsed
as reported in ref7. by the mutation Y747A, which also markedly reduces the
The interaction of freexllb peptide with33 attached to  affinity of the head domain of the cytoskeletal protein, talin
the coiled-coil via the (Gly) linker (Table 2g) was also  (49) for 3. Surprisingly, no significant interactions between

studied. This should allovalib to interact with33 in all theallb and 33 tails could be detected within the context of
possible orientations. TH&N, 15N chemical shifts oB3 were our constructs.
compared in the absence and presencelts peptide at A detailed study of théJyn, coupling constants andN-

pH 7.4 and 6.8, in the presence of 5 mM?Caand were {*H} NOEs of most residues has shown that the (Gigker
found to be very similar (Figure 7). This particular system is flexible. Furthermore, thedlb tail behaves as random-
(free allb peptide with 33 attached to the coiled-coil via coil, while the 53 tail exhibits two transiently structured
the (Gly) linker) was further studied at pH 7.4, in the regions. This is in agreement with reported CD studies of
presence of 5 mM Ca by isothermal titration calorimetry the tails, which have indicated a random-awilb tail and a
(ITC). With the experiment set up to detect interactions in small amount of secondary structure in ftail (26, 27).
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Ficure 6: (A) N and (B)HN chemical shift differences between N )
the (Gly)-linked (Table 2a) and (Glyfree allbs3 constructs ~ FIGURE 7: Superposition ofHN-1>N correlation (HSQC) spectra
(Table 2h) in 10 mM acetic acids; pH 4.5, 37°C. The error ist of 0.6 mM J, FGB3 model protein (Table 2g) in 50 mM Trign/

0.05 ppm forN and+ 0.01 ppm for*HN shifts. Residues Ly&5— HCI pH 6.8, 100 mM NaCl, 5 mM Caglin the absence (black

lle™°could not be assigned unambiguously in the (&figeallb3 signals) and presence (red signals) of 1.2 mM tiéle peptide at
construct (Table 2h), and no values are shown for these residues30 °C and 600 MHz. No significant chemical shift changes

The observed differences arise from helix propagation from the occurred, suggesting that the freélb peptide does not interact
coiled-coil into the integrin tails. with J, FG$3. 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
The amount of helix propagation that can be introduced into ¢ - ~v (Gly), linker have almost completely disappeared.

the £3 tail and might be present after the transmembrane

?eL'Xl'S” vivo was tested. Pronounced effects, as judged from e structural integrity of the NPLY motif and greatly reduces
HY, "N shift differences observed on omission of the (&ly) he affinity of the head domain of talin fg#3. The helical
linker connecting the coiled-coil an¢B tail, were observed region (residues Afd*—Ala’) also appears to be somewhat
for up to eight residues (Ly¥—Asp’>). Smaller effects fﬂSO destabilized by the absence of the reverse-turn tendency. The
occur within the helical region ofi3 (residues Arg*— mutation Y747A is known to lock integrinllb/33 receptor
Ala), probably arising from a slight helix stabilization, ij its resting statel(1, 66). Hence, it can be speculated that
through the reduced mobility of the preceding residues. Somethe |igand, which occupies the NPLY motif, e.g., talin, is
studies have suggested thalib(Lys®**~Phé®’) and 53- inyolved in integrinallb3 activation.

(Lys"™%-lle’) are within the transmembrane regids8{- Reported in vitro interactions between théib and 53

65). If this were the case, it would be expected that the helical (45 gerived from qualitative analysis of CD and/or intrinsic
content of the region of thg3 tail would increase. Helix  f,,0rescence 26, 27) upon mixing both tails and from
propagation into thedlb tail is proba;lgaly less significantdue 4 aniitative analysis of surface plasmon resonance in the
to the presence of P¥§ and Pré®. Detailed structural  micromolar affinity range of immobilized GSB3 and free
information about the tails has so far only been reported for |, peptide @9) could not be confirmed here. We could
the odlb tail in nonaqueous or DPC micelle solution. It has  hot detect significant changes &, coupling constants,
been reported that in 45% TFE solution taélb peptide 15N-{1H} NOEs, HM and N chemical shifts between
adopts a defined, mostly helical, structu8&)( Myristoylated gifferently paired tails indicative of a specific interaction
ollb in DPC micelle solution has also been reported to adopt petween thexllb and 33 tails fused to the coiled-coil. We

a defined, mostly helical, structurg@). Our results indicate  yere also unable to detect significahitY, N chemical shift
that no helix forms intrinsically in aqueous solution, but as or enthalpy changes upon mixing freéib peptide with33

our experiments were carried out in the absence of membrangused to the coiled-coil. These differences might stem from
we clearly cannot rule out in vivaulb taillmembrane  the different constructs used to study the integrin tails. In
interactions. The study of myristoylatedib in DPC micelle  the present study33 is always within the context of the
solution B0) points toward a possible important role of a coiled-coil construct. We have shown that we can separate

phospholipid layer in inducing defined structure in téb the structural properties of the helix and the tail. Nevertheless,
tail. we cannot absolutely exclude the possibility that some
We have compared tHéyn, coupling constantdN-{ *H} constraint in the coiled-coil construct limits the interaction

NOEs, *HN and 15N chemical shifts between the wild-type of the tails.
B3 andpB3(Y747A). Our results suggest that Y747A disrupts ~ The situation in vivo is complicated by the existence of



Structure and Dynamics of the Integrdlb53 Tails

multiple potential ligands for the tails of integridlb53 (67).

Our in vitro results and the apparent direct, specific interac-
tion betweernllb and 83 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 statég) could be induced by changes
in ternary or higher order complexes of tails and factor(s).
Activation of integrinallb3 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 ofi3 residues Ar¢F*—Ala’® might
represent another important motif for ligand binding and for
the regulation of the affinity state of integrirlb33. Indeed,

this region has also been implicated in talin bindiGg)(
ando-actinin binds to a similar region in th&lA tail (69).
Furthermore, the slight destabilization of this region through
the effects of the Y747A mutation could also contribute to
reduced talin binding to thAa3 tail.
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