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Abstract

Background: Integrins are a group of transmembrane signaling proteins that are important in biological processes such as
cell adhesion, proliferation and migration. Integrins are a/b hetero-dimers and there are 24 different integrins formed by
specific combinations of 18 a and 8 b subunits in humans. Generally, each of these subunits has a large extracellular
domain, a single pass transmembrane segment and a cytosolic tail (CT). CTs of integrins are important in bidirectional signal
transduction and they associate with a large number of intracellular proteins.

Principal Findings: Using NMR spectroscopy, we determined the 3-D structure of the full-length a4 CT (Lys968-Asp999) and
characterize its interactions with the adaptor protein paxillin. The a4 CT assumes an overall helical structure with a kink in its
membrane proximal region. Residues Gln981-Asn997 formed a continuous helical conformation that may be sustained by
potential ionic and/or hydrogen bond interactions and packing of aromatic-aliphatic side-chains. 15N-1H HSQC NMR
experiments reveal interactions of the a4 CT C-terminal region with a fragment of paxillin (residues G139-K277) that
encompassed LD2-LD4 repeats. Residues of these LD repeats including their adjoining linkers showed a4 CT binding-
induced chemical shift changes. Furthermore, NMR studies using LD-containing peptides showed predominant interactions
between LD3 and LD4 of paxillin and a4 CT. Docked structures of the a4 CT with these LD repeats suggest possible polar
and/or salt-bridge and non-polar packing interactions.

Significance: The current study provides molecular insights into the structural diversity of a CTs of integrins and
interactions of integrin a4 CT with the adaptor protein paxillin.
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Introduction

Integrins are cell adhesion receptors that regulate cell migration,

cytoskeletal remodeling, and gene expression [1,2,3]. In humans,

24 integrins are formed by specific non-covalent pairing of 18 a
and 8 b subunits [4]. Each subunit has a large extracellular region

that is involved in ligand-binding and a single-pass transmembrane

segment for the transmission of allostery across the cell’s plasma

membrane. This is followed by a short cytosolic tail (CT) except

that of the integrin b4 subunit [5]. Integrin CTs associate with

cytoskeletal, adaptor, and signaling proteins, which allow cells to

communicate extracellular biochemical and mechanical signals

with intracellular signaling pathways [4,6,7].

Integrin a4b1 (CD49dCD29; very late activation antigen, VLA-

4) is expressed abundantly on leukocytes except neutrophils. The

other leukocyte integrin having the same a subunit is a4b7.

Integrin a4b1 binds to the alternatively spliced connecting

segment -1 (CS-1) in fibronectin, activated endothelium-expressed

vascular cell adhesion molecule-1 (VCAM-1), and osteopontin

[8,9,10]. In addition to fibronectin and VCAM-1, integrin a4b7

binds mucosal addressin cell adhesion molecule-1 (MadCAM-1)

that is expressed on high endothelial venules of Peyer’s patches

and in gut-associated lymphoid tissues, allowing the targeting of

lymphocyte subsets to these sites [11,12]. Apart from the widely

reported b2 integrins [5], both a4 integrins mediate rolling and

firm adhesion of lymphocytes on endothelium [13,14]. VCAM-1-

engaged integrin a4b1was shown to up-regulate integrin aLb2-

mediated leukocyte adhesion, suggesting crosstalk between inte-

grins [15,16]. The importance of a4 integrins is also underscored

by embryonic lethality observed in mice that were homozygous for

integrin a4 gene ablation [17]. Subsequently, the use of chimeric

mice provided evidence that a4 integrins are also essential for the

normal development of T and B lymphocytes in the bone marrow

[18]. Hence, a4 integrins are attractive targets for the develop-

ment of therapeutics for inflammatory diseases. The drug

Natalizumab, which is a humanized function-blocking mAb that

binds the a4 subunit, has been used for the treatment of

autoimmune diseases such as multiple sclerosis and Crohn disease

[19,20].

Integrin a4b1 mediates chemotactic and haptotatic cell

migration on VCAM-1 whereas replacing the a4 CT with that

of either integrin a2 or a5 induces focal complex formation with a

concomitant increase in the strength of cell adhesion [21]. Hence,

intracellular signaling events derived from integrin a4b1and other

b1 integrins are different even though they have a common b1
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subunit, suggesting the importance of the a subunits in integrin

signaling. A seminal report by Liu et al., identified a4 CT, but not

CTs of aIIb, a3A, a5, a6 and b1 integrins, as a binding partner of

the adaptor protein paxillin [22]. Using fragments of integrin a4

CT and paxillin, the interaction sites were mapped to E983-Y991

in a4 and A176-D275 in paxillin [23,24]. Interestingly, integrin a9

CT has also been shown to interact with paxillin possibly because

of the sequence homology between a4 and a9 CTs [25,26].

Paxillin is a widely expressed 68-kDa adaptor protein that

contains five leucine-rich LD repeats and four LIM domains in its

N- and C-terminal halves, respectively. Its LIM3 and LIM4

domains have been shown to interact with protein tyrosine

phosphatase (PTP)-PEST [27,28]. PTP-PEST regulates the

activity of p130Cas (Crk-associated-substrate) that is involved in

adhesion mechano-sensing and cell migration [29,30]. The N-

terminal region of paxillin that contains the LD repeats supports

the binding of many proteins, including Src, Csk, vinculin, focal

adhesion kinase (FAK) and proline rich tyrosine kinase 2 (Pyk2)

[31,32]. The stretch of amino acids A176-D725 in paxillin that

binds integrin a4 CT encompasses the LD3 and LD4 repeats [24].

Paxillin-integrin a4 and -integrin a9 interactions inhibit cell

spreading and lamellipodia formation [22,26,33]. Mutating

Tyr991 to Ala in the a4 CT disrupts its interaction with paxillin

and Jurkat T cells expressing this mutated integrin showed

extensive spreading on VCAM-1 [22]. Transgenic mice homozy-

gous for a4 Y991A had reduced number of Peyer’s patches and

exhibited poor recruitment of leukocytes in thioglycollate-elicited

peritonitis compared with wild-type mice [34]. Paxillin binding to

a4 CT is also regulated by post-translational modification of the

latter. Phosphorylation of Ser988 in a4 CT inhibits its binding to

paxillin [35]. Notably, a4 CT with pSer988 was reported to be

lacking at the trailing region of migrating cells [36]. Taken

together, these data establish a role of paxillin in regulating

adhesion sites turnover that is critical in cell migration [32].

Based on high throughput screening, a small molecule has been

identified to disrupt the a4 CT-paxillin interaction and it reduced

leukocyte recruitment to sites of inflammation in mice [37].

Conceivably, structural determination of a4 CT-paxillin interac-

tion will provide valuable information to understand how the

interaction is regulated and pave the way for the development of

novel therapeutics. In this study, we determine the conformation

of the full-length integrin a4 CT in aqueous solution and analyze

its interactions with recombinant paxillin (residues G139-K277

encompassing LD2-LD4) and synthetic peptides containing LD2,

LD3 or LD4. We provide evidence that the C-terminal region of

integrin a4 CT adopts a helical conformation and it is involved in

binding to the LD3 and LD4 repeats of paxillin.

Results and Discussion

NMR Studies of Integrin a4 CT
3-D structures of the CTs of aIIb, aM and aX integrins were

determined by NMR spectroscopy in lipid micelles by having a

myristoyl chain covalently-linked to the N-terminus of each CT

[38,39,40]. The micelle anchoring property of the myristoyl group

that mimics the transmembrane segment imparts conformational

stabilization to the a CTs [38,39,40]. We have attempted a similar

strategy to solve the NMR structure of a4 CT in DPC lipid

micelles. However, NMR spectra of the myristoylated a4 CT was

found to be extremely broad, precluding structural characteriza-

tion under such conditions (data not shown). It is noteworthy that

apart from the conserved membrane proximal GFFKR motif, the

primary structure of a4 CT is unique from other a CTs

(Supplementary Figure S1). Interestingly, a4 CT shows well

dispersed NMR spectra in free aqueous solution. Figure 1 shows a

section of the 2-D NOESY spectrum of a4 CT, at 278 K,

delineating NOE connectivites among the down-field shifted (6.5–

9.0 ppm), amide and aromatic, proton resonances with the up-

field shifted (0.9–4.5 ppm) aliphatic proton resonances. NOE

connectivities were also detected from the NeH proton of the

residue W22, resonating at 10.2 ppm, with the aliphatic protons

(Figure 1, left panel). These NOE cross-peaks potentially indicate

populated folded conformations of the a4 CT in aqueous solution.

The sequence-specific resonance assignments of a4 CT was

achieved by combined analyses of 2-D TOCSY and 2-D NOESY

spectra. The secondary chemical shifts or deviation from random

coil values of CaH resonances of each amino acid of a4 CT are

shown in Figure 2. Helical conformations appear to be populated

for the stretch of C-terminus residues, L13-S27, and membrane

proximal N-terminal segment, residues G3-R7, of a4 CT as

indicated by the negative deviation for CaH chemical shifts. The

secondary chemical shifts are less pronounced for other C-terminal

residues including K28-D32, indicating a lack of preferred

secondary conformations (Figure 2). Further, analyses of 2-D

NOESY spectra of a4 CT revealed sequential and medium range

NOEs (CaH/NH: i to i+2, i+3 and i+4) diagnostic of helical

conformations for most of the residues, L13-N30, at the C-

terminus (Figure 3). Helical type medium range NOEs were also

detected for the N-terminal membrane proximal region.

Three-dimensional Structure of Integrin a4 CT
An ensemble of conformations of a4 CT were obtained from

300 NOE driven distance constraints based on 107 intra-residue,

95 sequential and 98 medium range NOEs (Table 1). Figure 4

shows superposition of the backbone atoms of the structural

ensemble of a4 CT for residues A2-D31 (panel A), residues A2-

L13 (panel B) and residues Q14-D31 (panels C-D). Higher root

mean square deviation (RMSD) values for the backbone and all

heavy atoms can be seen for the superposed structures while

including residues A2-D31 of a4 CT (Figure 4A, Table 1).

However, RMSD values are found to be lower for the individual

segment of the N- and C-termini of the molecule (Table 1).

Notably, the C-terminal region, residues Q14-D31, of a4 CT

demonstrates a well-defined backbone and side-chain topology in

comparison to the N-terminal region (Table 1, Figure 4). The a4

CT assumes a bend or kinked helical conformation in free solution

(Figure 5). The membrane proximal region demarcates a

conserved helical conformation that is connected to the C-

terminal helix through a bend formed by residues S11-L13. The

present study reveals a different conformation of the a4 CT

compared with CTs of other integrins. Three-dimensional

structures of the CTs of aIIb (20-residue), aM (24-residue) and

aX (35-residue) are characterized by an N-terminus membrane

proximal helix followed by a C-terminal loop [38,39,40]. The

tertiary topologies of these a CTs are stabilized by long-range

packing between the loop and the N-terminal helix. On the other

hand, the longer CT (57-residue) of aL integrin assumes a packed

structure consisting of three helices [41]. By contrast, the C-

terminal region of a4 CT adopts a helical conformation that does

not show any long-range packing interactions with the membrane

proximal helix (Figure 5). The C-terminal helix of a4 CT can

potentially be stabilized by a number of polar interactions, ionic

and/or hydrogen bonds, by the sidechains of residues E16-R19,

K28-D31, N17-S21, D20-S23 and N26-S29 (Figure 5). In

addition, the indole ring of residue W22 is in a close proximity

with the aliphatic sidechain of residue I25 and guanidinium

sidechain of residue R18, implying probable cation-p and/or non-

polar packing interactions. The helical structure of a4 CT has

a4 Integrin Tail and Paxillin
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patches of negatively and positively charged surfaces for its C-

terminal region, whereas the N-terminal region is largely positively

charged (Figure 6).

Mapping Residues of PaxLD2-LD4 that Interact with the
Integrin a4 CT by 15N-1H HSQC

For interactions studies, we have expressed and purified full-

length a4 CT and an N-terminus fragment of paxillin (residues

G139-K277 or PaxLD2-LD4) that encompassed LD2, LD3 and

LD4. The N-terminus region of paxillin that contains the LD

repeats has been shown to bind the a4 CT [24]. The 15N-1H

HSQC spectra of PaxLD2-LD4 and a4 CT were assigned using

standard triple resonance experiments. An overlay of 15N-1H

HSQC spectra of the 15N-labeled PaxLD2-LD4 in the absence of

(black contour) and in the presence of (red contour) two-fold excess

of unlabeled a4 CT is shown (Figure 7). There are significant

perturbations in the HSQC spectra of PaxLD2-LD4 upon

addition of a4 CT, which suggest interactions. Notably, a large

number of HSQC cross-peaks of PaxLD2-LD4 demonstrate loss

in intensity as a consequence of complex formation (Figure 7

panels A-D). In addition, new HSQC peaks are observed close to

the 15N-1H HSQC peaks of residues A16, V45 and L131 (panel

B), residue L82 (panel C) and residue S112 (panel D). Because of

the extensive resonance overlapping in the 15N-1H HSQC spectra,

arising from a preponderance of similar residues in the amino acid

sequence of paxillin fragment, binding induced changes are

assessed only for well separated 15N-1H HSQC cross-peaks. The

15N-1H HSQC cross-peaks of Gly and Ser/Thr residues are well

separated from others as a result of intrinsic upfield shift in 15N

chemical shift (Figure 7A). The intensity of the 15N-1H HSQC

peaks are significantly diminished for residues G37, G54, G57,

G69, S122, S134 and T125. These Gly residues are situated at the

linker region between the LD repeats. Similar perturbations can

be seen for residues in the LD repeats of PaxLD2-LD4 (Figure 7).

Residues of PaxLD2-LD4 showing binding induced resonance

perturbations are listed in Table 2. Interestingly, resonance

perturbation can be seen for residues located in all the three LD

repeats and those in the linker regions. In addition, more residues

are perturbed in LD3 and LD4 repeats in comparison to the LD2

repeat. The 15N-1H HSQC cross-peaks of residues E6, L7, L11,

L12 of LD2 repeats are not significantly affected in the presence of

the a4 CT (Figures 7B and 7D). However, changes observed for

the 15N-1H HSQC cross-peaks of the linker residues of PaxLD2-

LD4 are rather intriguing (Table 2). Collectively, we surmise that

binding to the 32-residue a4 CT induces global conformational

changes of the entire sequence of PaxLD2-LD4. These are likely

to yield 15N-1H HSQC spectral changes away from the binding

interface [42].

Mapping Residues of Integrin a4 CT that Interact with
PaxLD2-LD4 by 15N-1H HSQC

15N-1H HSQC spectra of 15N-labeled a4 CT in the absence of

(black contour) and in the presence of (red contour) unlabeled

PaxLD2-LD4 are shown (Figure 8). Addition of PaxLD2-LD4

Figure 1. Folded conformations of a4 CT. A section of the two-dimensional 1H-1H NOESY spectrum of a4 CT in aqueous solution showing NOE
contacts among low-field resonances (6.5 ppm-9.0 ppm) with up-field resonances (0.8 ppm- 4.5 ppm) (right panel). NOE contacts from the low-field
shifted NeH resonance, 10.2 ppm, of the residue W22 with backbone and sidechain aliphatic proton resonances (left panel). NOESY spectra were
acquired in aqueous solution, pH 5.6, 278 K.
doi:10.1371/journal.pone.0055184.g001

Figure 2. Secondary structure of the a4 CT from chemical shift deviations. Bar diagrams representing deviation of CaH chemical shifts from
random coil values for amino acid residues of a4 CT in aqueous solution.
doi:10.1371/journal.pone.0055184.g002

a4 Integrin Tail and Paxillin
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caused chemical shift and/or intensity changes for several 15N-1H

HSQC cross-peaks of a4 CT, indicating binding (Figure 8A).

From the combined chemical shift changes of 15N and 1HN nuclei

of a4 CT, residues Q8, S11, E15, E16, S23, Y24, I25, N26, S29,

N30 and D32 exhibit higher chemical shift changes (Figure 8B). In

addition, 15N-1H HSQC cross-peaks of residues K6, S11, S27 and

S29 become less intense in the presence of a4 CT (Figure 8A).

This may result from the broadening of resonances as intermediate

chemical exchange between the free and bound states of the

molecule occurs. Comparing the two sets of 15N-1H HSQC data

we obtained for interactions between PaxLD2-LD4 with a4 CT,

there are more resonance perturbations detected in PaxLD2-LD4

than a4 CT. This suggests that PaxLD2-LD4 undergoes larger

conformational changes compared with a4 CT when they

interact. However, chemical shift changes of a4 CT occurred

upon binding with PaxLd2-LD4 were reproducible in repeated

measurements. As can be seen, PaxLD2-LD4 induced resonance

perturbations mainly from residues in the C-terminal helix of a4

CT (Figure 8). Limited resonance perturbations of a4 CT

membrane proximal residues K1-K10 were detected (Figure 8B).

These results demonstrate that the C-terminal region of a4 CT is

primarily responsible for its interactions with PaxLD2-LD3. This

is consistent with the finding of a previous study that identified

involvement of the C-terminal region of a4 CT for binding to

paxillin [23].

Binding of Integrin a4 CT with LD-containing Peptides of
Paxillin

Atomic-resolution structures have been determined for LD

repeats of paxillin in complex with well-folded FAT domain of

FAK and with CH domain of the adaptor protein parvins

[43,44,45,46,47]. We therefore examine the binding interactions

of three synthetic peptide fragments containing LD2

(NLSELDRLLLELNAVQHN), LD3 (VRPSVESLLDE-

LESSVPSPV) and LD4 (ATRELDELMASLSDFKFMAQ), with

the a4 CT. 15N-1H HSQC spectra overlays of a4 CT in the

absence of (black contour) and in the presence of (red contour)

LD3 (Figure 9A) and LD4 (Figure 9B) are shown. Addition of

LD3-containing peptide caused chemical shift changes only for

residues Q8, S11, N17, S27, S29, N30, D31 of the a4 CT

(Figures 9A and 9C). Addition of LD4-containing peptide reduced

the signal intensity of 15N-1H cross-peaks of a4 CT residues Q8,

S21, S27, S23, Y24, and I25, presumably occurring from

conformational exchanges (Figure 9B). By contrast, 15N-1H

HSQC spectra of the a4 CT were largely unaffected in the

presence of LD2-containing peptide (Supplementary Figure S2).

Indeed, PaxLD2-LD4 experiments have provided insights into

residues corresponding to LD3 and LD4 that are affected by a4

CT interactions (Table 2). Collectively, these results suggest that

a4 CT binds directly to paxillin LD3 and LD4 repeats.

A Molecular Model of a4 CT in Complex with LD3 and
LD4 Repeats of Paxillin

LD repeats adopt helical structures whereby the non-polar face

of the helix, containing most of the Leu residues, are inserted into

the binding pocket of target proteins whereas the polar face of the

Figure 3. Summary of NOE contacts of the a4 CT. Bar diagram
summarizing type (intra, sequential, medium-range) and number of
NOE contacts observed for each amino acid of the a4 CT in aqueous
solution.
doi:10.1371/journal.pone.0055184.g003

Table 1. Summary of structural statistics of the twenty lowest energy structures of a4 CT in aqueous solution.

Distance restraints Intra-residue
(|i – j| = 0)

107

Sequential
(|i – j| = 1)

95

Medium range (2#|i-j|#4) 98

Total 300

Dihedral angle constraints (W) 31

Constraints violations Average NOE violation (Å) 0.24

Maximun NOE violation (Å) #0.24

Deviation from mean structure Backbone atoms (N, Ca, C9) (Å) 1.15 (N-terminal: 0.85, C-terminal: 0.45)

Heavy atoms (Å) 1.86 (N-terminal: 1.52, C-terminal: 0.95)

Ramachandran plot analysis % residues in the most favorable region 93

% residues additionally allowed region 7

% residues in the generously allowed region 0

% residues in the disallowed region 0

doi:10.1371/journal.pone.0055184.t001

a4 Integrin Tail and Paxillin
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helix that contains acidic residues Asp/Glu remains exposed to the

solvent [43,44,45,46,47]. Because the C-terminus of the a4 CT is

highly polar, we generated a docking model of a4 CT with LD3

and LD4 repeats of paxillin by maximizing potential polar

interactions in the complex (Figure 10). In the docked structure,

helices of LD3 and LD4 repeats are arranged in a sequential

orientation with the a4 CT helix, whereas LD3 helix is parallel

and LD4 helix orients in an anti-parallel fashion (Figure 10). There

are a number of potential ionic, hydrogen bond and non-polar

packing interactions that may sustain the a4 CT and paxillin LD

repeats complex (Figure 10, left panel). The interface between

LD3 repeat and a4 CT can potentially be stabilized by salt bridges

formed by side-chains of residues R2 and E6 of LD3 and residues

E15/E16 and R19 of a4 CT, respectively. In addition, sidechains

of residues D10 and D13 of the LD3 are in a close proximity with

the sidechains of N26 and N30 of a4 CT, suggesting interactions

via hydrogen bonds. The non-polar sidechain of residue L9 of

LD3 is partially exposed and can make van der Waals’ packing

with the aromatic sidechain of residue W22 of a4 CT. The LD4

helix docks onto the opposite face of the a4 helix. The helix-helix

Figure 4. Three-dimensional structure of the a4 CT. (A) Superposition of backbone atoms (N, Ca, C9) of twenty lowest energy conformers of
the a4 CT for residues A2-D31. (B) Superposition of backbone atoms (N, Ca, C9) of twenty lowest energy conformers of the a4 CT for N-terminal
residues A2-L13. (C-D) Superposition of backbone atoms (N, Ca, C9) of twenty lowest energy conformers of the a4 CT for C-terminal residues Q14-
D31. Superposition of the sidechains of residues Q14-D31 are also shown (D). Figures were generated by INSIGHT II.
doi:10.1371/journal.pone.0055184.g004

Figure 5. Inter side-chain interactions and disposition of the a4
CT helical structure. Ribbon representations of the helical structure
of a4 CT. Sidechains are shown as sticks. The helical structure contains a
bent at the end of N-terminal half. A number of ionic and/or hydrogen
bonding interactions are probable for the C-terminal region of the a4
helix. Figure was generated by INSIGHT II.
doi:10.1371/journal.pone.0055184.g005

Figure 6. Electrostatic surface potential of a4 CT. A representa-
tive structure is shown for before and after 180u rotation along the z-
axis. Surfaces in red, blue and white represent, respectively, negatively
charged, positively charged and neutral residues. The figure was
generated by PyMOL.
doi:10.1371/journal.pone.0055184.g006

a4 Integrin Tail and Paxillin
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packing can be maintained by potential ionic and/or hydrogen

bonding interactions among the side-chains of residues E4, E7,

S11 of LD4 with the side-chains of residues K28, D20 and S21 of

a4 CT. There are also packing interactions of residues L8 and F15

of LD4 with Y24 and L13 of a4 CT, respectively. The model that

we proposed herein for a4 CT in complex with LD3 and LD4 of

paxillin can be supported by experimental findings in which

mutating a4 CT residue E16 (or E983) or residue Y24 (or Y991) to

Ala disrupted the binding of a4 CT to paxillin [23]. Further,

residue S21 (or S988) of a4 CT, located at the interface of the

complex, was known to modulate paxillin binding due to

phosphorylation [35].

Conclusions
Our study provides for the first time the atomic structure of

integrin a4 CT. It also provides molecular insights into

interactions between a4 CT and LD repeats of paxillin. Unlike

CTs of aIIb, aM and aX integrins that all have an N-terminal

helix followed by a C-terminal loop, the a4 CT adopts a helical C-

terminal region that is involved in paxillin binding. Conceivably,

sequence and structural variations of a CTs of integrins can

contribute toward recruiting specific signaling proteins. Finally,

our proposed model of a4 CT in complex with LD3 and LD4 of

paxillin will be useful for the design and testing of small molecules

that can disrupt this interaction and therefore potentially anti-

inflammatory.

Table 2. Residues of PaxLD2-LD4 showing changes in intensity (.70%) and/or chemical shifts in 15N-1H HSQC spectra after
addition of a4 CT.

Structural Location Residue

LD2 D8, R9, N15, A16, V17

Linker between LD2-LD3 D27, E28, A29, S31, S32, G37, A38, S40, T48, G53, G54, G57, N67, G69

LD3 E73, V75, R76, S78, E80, S81, L82, E85

Linker between LD3-LD4 S92, T98, N100, S105, Q108, R109, T111, S112, S120, A121, S122, S123, A124,

LD4 T125, R126,L131, A133, S134, L135, D137

aG-S-N-L-S5-E-L-D-R-L10-L-L-E-L-N15-A-V-Q-H-N20-P-P-G-F-P25-A-D-E-A-N30-S-S-P-P-L35-P-G-A-L-S40-P-L-Y-G-V45-P-E-T-N-S50-P-L-G-G-K55-A-G-P-L-T60-K-E-K-P-K65-R-N-
G-G-R70-G-L-E-D-V75-R-P-S-V-E80-S-L-L-D-E85-L-E-S-S-V90-P-S-P-V-P95-A-I-T-V-N100-Q-G-E-M-S105-S-P-Q-R-V110-T-S-T-Q-Q115-Q-T-R-I-S120-A-S-S-A-T125-R-E-L-D-E130-
L-M-A-S-L135-S-D-F-K.
a:Amino acid sequence of PaxLD2-LD4. The LD repeats are bold faced.
doi:10.1371/journal.pone.0055184.t002

Figure 7. Determination of interactions between 15N-labeled PaxLD2-LD4 and a4 CT by 15N-1H HSQC NMR. 15N-1H HSQC and selected
sections (panels A-D) of 15N-1H HSQC spectrum of 15N-labeled PaxLD2-LD4 in the absence of (black contour) and in the presence of (red contour)
unlabelled a4 CT at a ratio of 1:2 (PaxLD2-LD4:a4 CT).
doi:10.1371/journal.pone.0055184.g007

a4 Integrin Tail and Paxillin
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Materials and Methods

Synthetic Peptides
The sequence of a4 cytoplasmic tail from residues Lys968 to

Asp999 (968KAGFFKRQYKSILQEENRRDSW-

SYINSKSNDD999) is re-numbered from 1–32 for ease of

reference. Additionally, the paxillin region Gly139 to Lys277 or

PaxLD2-LD4 is also re-numbered from 1–139. All synthetic

peptides of a4 CT and those containing paxillin LD repeats (LD2:

NLSELDRLLLELNAVQHN; LD3: VRPSVESLLDE-

LESSVPSPV; LD4: ATRELDELMASLSDFKFMAQ) were pur-

chased from GL Biochem (Shanghai, China). They were further

purified using a reverse phase HPLC, WatersTM connected to a

C18 column (300 Å pore size, 5 mM particle size). A linear

gradient of acetonitrile/water with a flow rate of 2 ml/min was

used to elute the peptides, and the major peak fractions were

collected and lyophilized into powder form. Mass spectrometry

was used to verify molecular weights of the peptides.

Expression and Purification of a4 CT and PaxLD2-LD4
The full length a4 CT (Lys968 to Asp999) was cloned into a

pET-31b(+) vector (Novagen EMD, San Diego) with N-terminal

ketosteroid (KSI) [39,40,41] which has a Met cleavage site inserted

prior to the a4 CT sequence. The recombinant plasmid was

transformed into BL21(DE3) cells. Transformed cells were

cultured overnight in Luria-Bertani (LB) broth. The culture was

seeded in 1:100 volume ratio either in LB for the preparation of

unlabeled proteins or in isotope-enriched M9 minimal media,

containing 15N ammonium chloride without/with 13C-glucose for

the production of isotope labeled samples at 37uC in a shaking

incubator. IPTG (1 mM) was used to induce protein expression for

18 hours at 25uC with a shaking speed of 150 rpm. E. coli cells

were harvested by centrifugation at 5000 rpm for 20 min, and the

bacterial pellet re-suspended in a buffer containing 0.5 M NaCl,

20 mM Tris-HCl, pH 8.0. Re-suspended cells were lysed via

sonication on ice to release the recombinant fusion proteins. As the

KSI recombinant protein is targeted to the inclusion bodies, cell

pellets were collected via centrifugation at 14000 rpm for 30 min

and re-solubilized in a buffer containing 8 M urea, 0.5 M NaCl,

20 mM Tris-HCl, pH 8.0. The supernatant containing the

solubilized KSI-a4 CT was affinity purified using Nickel-NTA

acid (QIAGEN) beads making use of the 6-His tag that was

attached to the N-terminus of KSI-a4 CT. The fusion protein was

then eluted in buffer containing 8 M urea, 0.5 M imidazole,

0.5 M NaCl, 20 mM Tris-HCl, pH 8.0. The eluted fractions were

pooled and dialyzed against water at 4uC for 2 days to remove the

urea, causing the formation of KSI-a4 CT precipitates that were

subsequently collected by centrifuging at 5000 rpm for 30 min.

The KSI-a4 CT precipitates were dissolved in 70% formic acid.

For every 1 mg of KSI-a4 CT, 37.5 mg of cyanogen bromide was

Figure 8. Determination of interactions between 15N-labeled a4 CT and PaxLD2-LD4 by 15N-1H HSQC NMR. (A) 15N-1H HSQC spectrum
of 15N-labeled a4 CT in the absence of (black contour) and in the presence of (red contour) unlabelled PaxLD2-LD4 at a ratio of 1:2 (a4 CT:PaxLD2-
LD4). (B) A bar diagram summarizing combined chemical shift changes of 15N and 1HN resonances of the a4 CT as a function of amino acids.
doi:10.1371/journal.pone.0055184.g008
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used for the cleavage reaction. The reaction was purged by N2 gas

and left in the dark for 22 hours. Sodium hydroxide was used to

neutralize the cyanogen bromide and the solvent was removed

using a rotary evaporator leaving behind a thin film of precipitate.

The precipitate was dissolved in 10 mM sodium phosphate buffer,

pH 6.5 and further purified using HPLC. The identity of the

cleaved peptide was verified by mass spectrometry analysis.

The PaxLD2-LD4 (residues G139 to K277) was cloned into the

pET24a(+) vector with an initiation Met introduced before G139.

The construct also contained a C-terminal 6-His tag for affinity

purification. The plasmid DNA was transformed into BL21(DE3)

cells. Protein was produced, unlabeled or isotope (15N, 15N/13C)

labeled, by IPTG induction at 18uC for 18 hours. E. coli cells were

harvested by centrifugation at 5000 rpm, 4uC, for 20 min. The

cell pellet was re-suspended in buffer containing 0.5 M NaCl,

20 mM Tris-HCl, pH 8.0 and lysed via sonication on ice to

release recombinant proteins. The cell lysate was centrifuged at

14000 rpm, 4uC, for 30 min. The supernatant was collected and

affinity purification of PaxLD2-LD4 performed using NTA beads.

Washing steps were performed in buffer containing 20 mM

imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0. Bound

PaxLD2-LD4 protein was eluted in buffer containing 0.3 M

imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0. Eluted

proteins were dialyzed against buffer containing 150 mM NaCl,

20 mM Tris-HCl, pH 7.0 at room temperature for 1 hour. The

protein was further purified using HPLC with a linear gradient of

water/acetonitrile solvents.

NMR Experiments
All NMR experiments were recorded on a Bruker DRX 600-

MHz instrument equipped with an actively shielded cryo-probe.

10% Deuterium oxide and 2 mM 2,2-dimethyl-2-silapentane-5-

sulfonate (DSS) was added to all NMR samples. Chemical shifts

were referenced to DSS. 2D TOCSY (mixing time: 50 ms) and 2D

NOESY (mixing time: 200 ms) spectra were recorded for 0.5 mM

of a4 CT dissolved in water, pH 5.6 at 278 K. Raw NMR data

were processed using TOPSPIN 2.1 and analyzed with SPARKY.
15N-1H HSQC spectra of a4 CT and PaxLD2-LD4 were assigned

by triple resonance HNCACB and CBCA(CO)NH experiments.

Triple resonance NMR experiments were carried out using doubly

labeled (15N/13C) samples of a4 CT and PaxLD2-LD4 dissolved

in 10 mM sodium phosphate buffer, pH 5.6, at 298K. For

interactions studies, 15N-1H HSQC spectra of either 15N-labeled

Figure 9. Determination of interactions between 15N-labeled a4 CT and LD repeats of paxillin by 15N-1H HSQC NMR. 15N-1H HSQC
spectrum of 15N labeled a4 CT in the absence of (black contour) and in the presence of (red contour) unlabelled peptide-containing LD3 (A) or
unlabelled peptide-containing LD4 (B) at a ratio of 1:4 (a4 CT:peptides). Bar diagrams summarizing combined chemical shift changes of 15N and 1HN
resonances of the a4 CT as a function of amino acids in the presence of LD3 (C) or LD4 (D).
doi:10.1371/journal.pone.0055184.g009
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a4 CT (100 mM) or PaxLD2-LD4 (200 mM) were obtained in the

presence of unlabeled binding partners at molar ratio of 1:1 and

1:2 in 10 mM sodium phosphate buffer, pH 6.5, 298 K.

Structure Calculation and Modeling
NOE intensities of a4 CT NOESY spectra were qualitatively

categorized into strong, medium and weak and translated to the

upper bound distance limit of 2.5 Å, 3.5 Å and 5.0 Å respectively.

These distance constraints were used for structure calculations

using CYANA (Combined assignment and dynamics for NMR

applications) 2.1 [48]. For structure calculation backbone dihedral

angle (W) values were restricted to 230u to 120u to limit the

conformational search. Of the 100 structures, 20 lowest energy

structures were selected for evaluation and analyses. PRO-

CHECK-NMR [49] was employed to evaluate the stereochemical

quality of the structural ensemble and figures were prepared using

PyMOL, MOLMOL, Discovery Studio Visualizer 2.0 and Insight

II. Docking of a4 CT with LD peptides of paxillin was performed

using Insight II software. Helical structures of LD3 and LD4

peptide fragments were constructed for docking with a4 CT.

Several round of docking exercises were conducted to achieve

optimal sidechain-sidechain packing interactions. The model

complex was further energy minimized using discover force field

to relieve short inter-atomic contacts.

Supporting Information

Figure S1 Comparison of primary structures of repre-
sentative a and b CTs of integrins. Alignment of amino acid

sequences of CTs of a4, aX, aM, aL, aD, aIIb integrins.

(TIF)

Figure S2 Determination of interactions between pax-
illin LD2 peptide and a4 CT by 15N-1H HSQC NMR.
15N-1H HSQC spectra of a4 CT in the absence (black contour)

and in the presence (red contour) of LD2 peptide.

(TIF)

Acknowledgments

We thank Dr. M.L. Tang for generating the a4 integrin and paxillin

expression constructs. We also acknowledge Ms. Harini Mohanram for her

help with the figure preparation.

Author Contributions

Conceived and designed the experiments: GLC SMT SB. Performed the

experiments: GLC ATP. Analyzed the data: GLC SB SMT. Contributed

reagents/materials/analysis tools: GLC ATP SMT SB. Wrote the paper:

GLC SMT SB.

References

1. Huttenlocher A, Horwitz AR (2011) Integrins in cell migration. Cold Spring
Harbor perspectives in biology 3: a005074.

2. Delon I, Brown NH (2007) Integrins and the actin cytoskeleton. Current opinion

in cell biology 19: 43–50.
3. Streuli CH (2009) Integrins and cell-fate determination. J Cell Sci 122: 171–177.

4. Hynes RO (2002) Integrins: bidirectional, allosteric signaling machines. Cell
110: 673–687.

5. Tan SM (2012) The leucocyte ß2 (CD18) integrins: the structure, functional

regulation and signalling properties. Bioscience Reports 32: 241–269.

6. Puklin-Faucher E, Sheetz MP (2009) The mechanical integrin cycle. J Cell Sci

122: 179–186.

7. Boettiger D (2012) Mechanical control of integrin-mediated adhesion and

signaling. Current opinion in cell biology.

8. Mould AP, Komoriya A, Yamada KM, Humphries MJ (1991) The CS5 peptide

is a second site in the IIICS region of fibronectin recognized by the integrin

a4ß1. Inhibition of a4ß1 function by RGD peptide homologues. The Journal of

biological chemistry 266: 3579–3585.

Figure 10. Docked structure of the a4 CT with LD3 and LD4 repeats of paxillin. The C-terminal region of the a4 CT (in green ribbon) may
form interfaces with helices of LD3 (in stick) and LD4 (in stick). The interactions could be maintained by ionic and/or hydrogen bonding and van der
Waals’ packing among non-polar residues (right panel). The probable packing of side-chains among the non-polar and aromatic residues, L8, F15 (in
red) of LD4 with Y24, L13 (in green) of a4 CT and L9 (in purple) of LD3 with W24 of a4 CT(in green) represented by space filling. The potential ionic
and/or hydrogen bond interactions are marked by broken lines. Figures were generated by INSIGHT II.
doi:10.1371/journal.pone.0055184.g010

a4 Integrin Tail and Paxillin

PLOS ONE | www.plosone.org 9 January 2013 | Volume 8 | Issue 1 | e55184



9. Elices MJ, Osborn L, Takada Y, Crouse C, Luhowskyj S, et al. (1990) VCAM-1

on activated endothelium interacts with the leukocyte integrin VLA-4 at a site
distinct from the VLA-4/fibronectin binding site. Cell 60: 577–584.

10. Barry ST, Ludbrook SB, Murrison E, Horgan CM (2000) Analysis of the a4ß1

integrin-osteopontin interaction. Experimental cell research 258: 342–351.
11. Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, et al. (1993) a4ß7

integrin mediates lymphocyte binding to the mucosal vascular addressin
MAdCAM-1. Cell 74: 185–195.

12. Briskin M, Winsor-Hines D, Shyjan A, Cochran N, Bloom S, et al. (1997)

Human mucosal addressin cell adhesion molecule-1 is preferentially expressed in
intestinal tract and associated lymphoid tissue. The American journal of

pathology 151: 97–110.
13. Berlin C, Bargatze RF, Campbell JJ, von Andrian UH, Szabo MC, et al. (1995)

a4 integrins mediate lymphocyte attachment and rolling under physiologic flow.
Cell 80: 413–422.

14. Alon R, Kassner PD, Carr MW, Finger EB, Hemler ME, et al. (1995) The

integrin VLA-4 supports tethering and rolling in flow on VCAM-1. The Journal
of cell biology 128: 1243–1253.

15. Chan JR, Hyduk SJ, Cybulsky MI (2000) a4ß1 integrin/VCAM-1 interaction
activates aLß2 integrin-mediated adhesion to ICAM-1 in human T cells. Journal

of immunology 164: 746–753.

16. May AE, Neumann FJ, Schomig A, Preissner KT (2000) VLA-4 a4ß1
engagement defines a novel activation pathway for ß2 integrin-dependent

leukocyte adhesion involving the urokinase receptor. Blood 96: 506–513.
17. Yang JT, Rayburn H, Hynes RO (1995) Cell adhesion events mediated by a4

integrins are essential in placental and cardiac development. Development 121:
549–560.

18. Arroyo AG, Yang JT, Rayburn H, Hynes RO (1996) Differential requirements

for a4 integrins during fetal and adult hematopoiesis. Cell 85: 997–1008.
19. Sandborn WJ, Yednock TA (2003) Novel approaches to treating inflammatory

bowel disease: targeting a4 integrin. The American journal of gastroenterology
98: 2372–2382.

20. Rice GP, Hartung HP, Calabresi PA (2005) Anti-a4 integrin therapy for

multiple sclerosis: mechanisms and rationale. Neurology 64: 1336–1342.
21. Kassner PD, Alon R, Springer TA, Hemler ME (1995) Specialized functional

properties of the integrin a4 cytoplasmic domain. Molecular Biology of the Cell
6: 661–674.

22. Liu S, Thomas SM, Woodside DG, Rose DM, Kiosses WB, et al. (1999) Binding
of paxillin to a4 integrins modifies integrin-dependent biological responses.

Nature 402: 676–681.

23. Liu S, Ginsberg MH (2000) Paxillin binding to a conserved sequence motif in the
a4 integrin cytoplasmic domain. The Journal of biological chemistry 275:

22736–22742.
24. Liu S, Kiosses WB, Rose DM, Slepak M, Salgia R, et al. (2002) A fragment of

paxillin binds the a4 integrin cytoplasmic domain (tail) and selectively inhibits

a4-mediated cell migration. The Journal of biological chemistry 277: 20887–
20894.

25. Liu S, Slepak M, Ginsberg MH (2001) Binding of Paxillin to the a9 integrin
cytoplasmic domain inhibits cell spreading. The Journal of biological chemistry

276: 37086–37092.
26. Young BA, Taooka Y, Liu S, Askins KJ, Yokosaki Y, et al. (2001) The

cytoplasmic domain of the integrin a9 subunit requires the adaptor protein

paxillin to inhibit cell spreading but promotes cell migration in a paxillin-
independent manner. Molecular biology of the cell 12: 3214–3225.

27. Shen Y, Schneider G, Cloutier JF, Veillette A, Schaller MD (1998) Direct
association of protein-tyrosine phosphatase PTP-PEST with paxillin. The

Journal of biological chemistry 273: 6474–6481.

28. Cote JF, Turner CE, Tremblay ML (1999) Intact LIM 3 and LIM 4 domains of
paxillin are required for the association to a novel polyproline region (Pro 2) of

protein-tyrosine phosphatase-PEST. The Journal of biological chemistry 274:
20550–20560.

29. Garton AJ, Flint AJ, Tonks NK (1996) Identification of p130(cas) as a substrate
for the cytosolic protein tyrosine phosphatase PTP-PEST. Molecular and

cellular biology 16: 6408–6418.

30. Sawada Y, Tamada M, Dubin-Thaler BJ, Cherniavskaya O, Sakai R, et al.

(2006) Force sensing by mechanical extension of the Src family kinase substrate
p130Cas. Cell 127: 1015–1026.

31. Turner CE (2000) Paxillin and focal adhesion signalling. Nature cell biology 2:
E231–236.

32. Rose DM (2006) The role of the a4 integrin-paxillin interaction in regulating
leukocyte trafficking. Experimental & molecular medicine 38: 191–195.

33. Nishiya N, Kiosses WB, Han J, Ginsberg MH (2005) An a4 integrin-paxillin-

Arf-GAP complex restricts Rac activation to the leading edge of migrating cells.
Nature cell biology 7: 343–352.

34. Feral CC, Rose DM, Han J, Fox N, Silverman GJ, et al. (2006) Blocking the a4
integrin-paxillin interaction selectively impairs mononuclear leukocyte recruit-

ment to an inflammatory site. The Journal of clinical investigation 116: 715–723.

35. Han J, Liu S, Rose DM, Schlaepfer DD, McDonald H, et al. (2001)

Phosphorylation of the integrin a4 cytoplasmic domain regulates paxillin
binding. The Journal of biological chemistry 276: 40903–40909.

36. Goldfinger LE, Han J, Kiosses WB, Howe AK, Ginsberg MH (2003) Spatial
restriction of a4 integrin phosphorylation regulates lamellipodial stability and

a4ß1-dependent cell migration. The Journal of cell biology 162: 731–741.

37. Kummer C, Petrich BG, Rose DM, Ginsberg MH (2010) A small molecule that

inhibits the interaction of paxillin and a4 integrin inhibits accumulation of

mononuclear leukocytes at a site of inflammation. The Journal of biological
chemistry 285: 9462–9469.

38. Vinogradova O, Haas T, Plow EF, Qin J (2000) A structural basis for integrin
activation by the cytoplasmic tail of the aIIb subunit. Proc Natl Acad Sci U S A

97: 1450–1455.

39. Chua GL, Tang XY, Amalraj M, Tan SM, Bhattacharjya S (2011) Structures

and interaction analyses of integrin aMß2 cytoplasmic tails. J Biol Chem 286:
43842–43854.

40. Chua GL, Tang XY, Patra AT, Tan SM, Bhattacharjya S (2012) Structure and
binding interface of the cytosolic tails of aXß2 integrin. PloS one 7: e41924.

41. Bhunia A, Tang XY, Mohanram H, Tan SM, Bhattacharjya S (2009) NMR
solution conformations and interactions of integrin aLß2 cytoplasmic tails. J Biol

Chem 284: 3873–3884.

42. Zuiderweg ER (2002) Mapping protein-protein interactions in solution by NMR

spectroscopy. Biochemistry 41: 1–7.

43. Hayashi I, Vuori K, Liddington RC (2002) The focal adhesion targeting (FAT)

region of focal adhesion kinase is a four-helix bundle that binds paxillin. Nature

structural biology 9: 101–106.

44. Liu G, Guibao CD, Zheng J (2002) Structural insight into the mechanisms of

targeting and signaling of focal adhesion kinase. Molecular and cellular biology
22: 2751–2760.

45. Hoellerer MK, Noble ME, Labesse G, Campbell ID, Werner JM, et al. (2003)
Molecular recognition of paxillin LD motifs by the focal adhesion targeting

domain. Structure 11: 1207–1217.

46. Wang X, Fukuda K, Byeon IJ, Velyvis A, Wu C, et al. (2008) The structure of a-

parvin CH2-paxillin LD1 complex reveals a novel modular recognition for focal
adhesion assembly. The Journal of biological chemistry 283: 21113–21119.

47. Stiegler AL, Draheim KM, Li X, Chayen NE, Calderwood DA, et al. (2012)
Structural Basis for Paxillin Binding and Focal Adhesion Targeting of ß-Parvin.

The Journal of biological chemistry 287: 32566–32577.

48. Guntert P, Mumenthaler C, Wuthrich K (1997) Torsion angle dynamics for

NMR structure calculation with the new program DYANA. Journal of

molecular biology 273: 283–298.

49. Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) PROCHECK:

a program to check the stereochemical quality of protein structures. J Appl Cryst
26: 283–291.

a4 Integrin Tail and Paxillin

PLOS ONE | www.plosone.org 10 January 2013 | Volume 8 | Issue 1 | e55184


