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Abstract: Lymphocyte function-associated antigen-1 (LFA-1) is an integrin protein that transmits
information across the plasma membrane through the so-called inside-out and outside-in signaling

mechanisms. To investigate these mechanisms, we carried out an NMR analysis of the dynamics

of the LFA-1 I-domain, which has enabled us to characterize the motions of this domain on a broad
range of timescales. We studied first the internal motions on the nanosecond timescale by spin

relaxation measurements and model-free analysis. We then extended this analysis to the millisec-

ond timescale motions by measuring 15N-1H residual dipolar couplings of the backbone amide
groups. We analyzed these results in the context of the three major conformational states of the I-

domain using their corresponding X-ray crystallographic structures. Our results highlight the

importance of the low-frequency motions of the LFA-1 I-domain in the inactive apo-state. We found
in particular that a-helix 7 is in a position in the apo-closed state that cannot be fully described by

any of the existing X-ray structures, as it appears to be in dynamic exchange between different

conformations. This type of motion seems to represent an inherent property of the LFA-1 I-domain
and might be relevant for controlling the access to the allosteric binding pocket, as well as for the

downward displacement of a-helix 7 that is required for the activation of LFA-1.
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Introduction
Integrins are transmembrane receptor proteins that

play key roles in mediating the attachment and com-

munication of cells with their environments, includ-

ing other cells and the extracellular matrix.1–5

Integrins carry out these functions by interacting

with cell surface proteins, such as cadherins, cell

adhesion molecules, selectins, and syndecans, and

with extracellular matrix proteins, such as colla-

gens, fibronectins, and laminins.6,7 Lymphocyte

function-associated antigen-1 (LFA-1, also known as

aLb2 or as CD11a/CD18) is a particularly important

integrin in leukocytes, the cells that combat infec-

tion and disease by eliminating foreign materials

and cellular debris, as well as infectious agents

and cancer cells. Through its interaction with
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intercellular adhesion molecules, including in partic-

ular ICAM-1 (also known as Cluster of Differentia-

tion 54), LFA-1 regulates the recruitment of

leukocytes to the sites of infection or inflamma-

tion.8–10 Like other members of the integrin family,

LFA-1 carries out its function by transmitting infor-

mation in two directions across the plasma mem-

brane, in the so-called inside-out and outside-in

signaling.11,12 During the inside-out signaling, intra-

cellular signals elicited by chemokine and T-cell

receptors rapidly upregulate the ability of LFA-1 to

bind to ICAM-1.13 Conversely, during the outside-in

signaling, the binding of ICAM-1 to LFA-1 triggers

the transmission of signals from the extracellular

space into the cytoplasm, thereby altering gene

expression and cellular metabolism.2,14

LFA-1 is an ab-heterodimer with a complex

domain organization. It consists of an aL-subunit of

180 kDa and a b2-subunit of 95 kDa.15 Each subunit

is composed of a large N-terminal extracellular

domain, a single a-helical transmembrane domain,

and a short intracellular domain.15 Among the

extracellular domains, a �190-residue inserted

domain located at the extracellular aL subunit,

known as the I-domain, has been implicated as a

critical ICAM-1 binding site.11,16–19 The I-domain

has been the subject of many research efforts aimed

at deciphering the mechanism of bidirectional sig-

naling in LFA-1.14,20,21

The I-domain adopts a Rossmann-type fold with

a central hydrophobic six-stranded b-sheet sur-

rounded by seven amphipathic a-helices (Supporting

Information Fig. S1). The ICAM-1 binding site is

located at its upper face. The binding site is com-

monly known as the metal-dependent ion-adhesion

site (MIDAS) because it coordinates a single Mg21

ion, which is necessary to achieve a high binding

affinity. In previous structural studies, it has been

observed that the I-domain exists in multiple confor-

mational states.10,12,22 Currently, three different

states, commonly referred to as the closed,23 inter-

mediate,22 and open12,22 conformations, have been

characterized, each with a different structure of the

MIDAS binding site and hence with different bind-

ing affinities to ICAM-1. The closed conformation

has the lowest binding affinity to ICAM-1, and it is

therefore considered as inactive. This conformation

has been shown to exist in the apo-form of the pro-

tein (closed apo-state)23 and when the protein is sta-

bilized by allosteric inhibitors bound to the

hydrophobic binding pocket adjacent to a-helix 7

(closed inhibitor-bound state).24–27 The interconver-

sion from the closed inactive conformation to the

open active conformation requires the binding of

ICAM-1, that is, the rearrangement of the side

chains that coordinate Mg21 and open the MIDAS

binding site. This rearrangement in the MIDAS site

is further allosterically coupled to a-helix 7 in the

C-terminus via the b1–a1, b4–a5, b5–a6, and b6–a7

loops and causes a �10 Å downward movement of a-

helix 7 along the side of the I-domain. This open

active conformation can be alternatively stabilized

in the apo-form (open apo-state) by introducing a

disulfide bond that induces a dramatic downward

displacement of a-helix 7. In this open active confor-

mation, the binding affinity to ICAM-1 increases

10,000-fold in comparison with the affinity in the

closed state.12

In a similar fashion to the open apo-state, the

so-called intermediate state of the I-domain has

been stabilized in the apo-form of the protein by

introducing a disulfide bond that slightly pulls a-

helix 7 down the side of the domain.22 Even though

in this intermediate conformation the rearrange-

ments of the MIDAS side chains do not take place

and the MIDAS site remains closed, this state shows

a 500-fold increase in the binding affinity to ICAM-1

in comparison with the affinity in the closed state.22

Considerable attention has been focused on the

importance of the allosteric activation of the I-

domain in the regulation of the outside-in and

inside-out signaling.14,20,21 To date, the structural

mechanism of this activation has been almost exclu-

sively studied by X-ray crystallography. In these

studies, structures of the wild-type I-domain and its

mutational variants have been obtained at various

conditions, including in the closed apo-state,23,28,29

in a closed state stabilized by allosteric inhibitors

bound to the hydrophobic binding pocket adjacent to

a-helix 7,24–27 in an intermediate state stabilized by

engineered disulfide bonds,22 and in an open active

state stabilized by engineered disulfide bonds,22

antibody fragments,13,22,30 and ICAM ligands.31

Although a general mechanism that couples the con-

formation and affinity of the I-domain has been laid

out in these studies, the detailed dynamics of this

coupling are yet to be determined.

In the only NMR study of LFA-1 to date,32 the

solution structure of the apo I-domain has been

determined from NOESY restraints. This solution

structure shows structural differences in comparison

with available X-ray structures, which are most

prominent in the conformation of a-helix 7. Meas-

urements of protection factors from equilibrium

hydrogen exchange in the same study imply that a-

helix 7 undergoes “breathing” and “segmental”

motion in the apo-state that might be important for

the activation of LFA-1.

Here, we extend the analysis of the allosteric

coupling between the MIDAS binding site and a-

helix 7 in the apoLFA-1 I-domain by a detailed study

of its backbone dynamics. We report on the motions

of the I-domain on a broad range of timescales.

First, we study the internal motions on the fast

timescale by spin relaxation measurements and

model-free analysis. We then broaden this analysis
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to the slow timescales by measuring 15N-1H residual

dipolar couplings (RDCs) of the backbone amides.

Finally, we analyze the results in the context of the

three conformational states (closed, intermediate,

and open) of the I-domain and their corresponding

X-ray structures.

Results

15N R1, R2, and NOE of the LFA-1 I-domain
Using previously assigned chemical shifts of the

LFA-1 I-domain,32 159 and 164 nonoverlapping
15N-1H backbone peaks were identified at 500 and

700 MHz, respectively. The determined 15N R1, R2,

and 15N-1H heteronuclear NOEs are shown in Fig-

ure 1 and are listed in Supporting Information

Tables S1 and S2. The data measured at 500 MHz

(green curve) and 700 MHz (black curve) show simi-

lar patterns (Fig. 1).

As is commonly observed for folded proteins, the

R1 values are fairly similar throughout the sequence

and only show increased variations at the two ter-

mini. The R2 values, on the other hand, exhibit

more pronounced variations along the sequence.

Interestingly, however, the R2 values of a-helix 7,

which is of crucial importance for the allosteric regu-

lation of LFA-1, are not significantly different from

the overall average values of the I-domain. In addi-

tion, particularly striking is the increase in the R2

values in the a1–b2 loop [residues 161 to 165; Sup-

porting Information Fig. S1(b)]. The 15N linewidths

of these residues are also larger than the average

line widths from the remainder of the 15N assigned

resonances. The increase of their R2 values arises

most likely from a local conformational averaging of

the a1–b2 loop at a rate comparable with the chemi-

cal shift differences of the various conformational

forms.

When the internal motions take place on the

fast timescale, the correlation frequencies for the

internal motions affect R1 and R2 to the same

extent. Thereby, under these conditions, the R2/R1

ratio depends only on the overall molecular tumbling

correlation time, sm, and can provide a useful initial

estimate of the sm value itself.33,34 The values of R2/

R1 are given in Figure 1(c) and show a similar trend

to the R2 values [Fig. 1(a)]. An initial estimate of sm

was obtained from the 10% trimmed mean of the R2/

R1 ratio.33 The mean R2/R1 values measured at 500

and 700 MHz were found to be 10.19 and 22.7,

respectively, and yielded an estimate sm 5 12.2 ns.

The residues for which R2/R1 is higher than one

standard deviation are shown in Supporting Infor-

mation Figure S2. The majority of the identified res-

idues are positioned at the loop regions (Leu161-

Ser165, Asp191, Glu222, Gly225, Thr267, Thr273,

and Lys276) or form hydrogen bonds and hydropho-

bic interactions with these residues (Phe168,

Ser184, and Asp185). Among three outliers, residues

Lys155 and Asp297 belong to a-helices 1 and 7,

respectively. These two residues are located at posi-

tions that correspond to kinks in the two a-helices

according to an analysis of the secondary structure

populations (Fig. 2), which were estimated from the

chemical shifts using the d2D method.35 The last

outlier, Ile258, belongs to b-strand 6 and has been

speculated to be involved in the allosteric regulation

of the LFA-1 I-domain.34

15N-1H heteronuclear NOE measurements,

which were previously carried out by Legge et al.,32

were repeated here for completeness [Fig. 1(d)]. The

NOE data determined at 500 and 700 MHz show

almost identical patterns and agree well with the

previous results.32 Two main observations can be

made from Figure 1(d): first, residues at both ter-

mini (127–129 and 309–311) show a small decrease

in NOE values in comparison with the rest of the

protein; and second, Asp191, which belongs to the

loop connecting a-helices 2 and 3, experiences a

Figure 1. 15N relaxation rate constants: (a) R2, (b) R1, (c) R2/

R1, and (d) 15N-1H heteronuclear NOE data measured at 500

MHz (green) and 700 MHz (black). The a1–b2 loop region

(residues 161–165) and a-helix 7 are highlighted in blue and

red, respectively.
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significant decrease in the peak intensity ratio. This

residue has a negative NOE value, which suggests

the presence of significant contributions from rapid

internal motions.

Model-free analysis

Relaxation data were analyzed by using both iso-

tropic motion and axially symmetric motion models.

As no statistically significant improvement in the

axially symmetric model over the isotropic model

was observed, we will only report here the results

obtained from the isotropic model.

The S2 order parameter values were simultane-

ously fitted using the datasets measured at 500 and

700 MHz with the Model-free 4 software.36 The S2

value of a residue was determined by choosing a

suitable model as outlined in the work of Palmer

and coworkers.37 The optimized global value of sm

was determined to be 12.30 6 0.05 ns, in good agree-

ment with the value calculated from R2/R1 ratio.

Optimized values of the model-free parameters are

reported in Supporting Information Table S3, and

the sequence distribution of the S2 values is shown

in Figure 3. The overall average value of S2 was

0.93 6 0.07. This high value indicates the presence

of restricted high-frequency fluctuations of the back-

bone NH vectors throughout the protein. Indeed, the

S2 values are greater than 0.8 for all residues except

for the residues at the N terminus and Asp191. Fur-

thermore, for 87% of residues, Model 1, which has

only two degrees of freedom, was enough to fit the

S2 values. The S2 values of the a-helix 7 did not

again show a significant difference from the rest of

the I-domain.

The S2 values did not show any correlation with

the temperature factors (B-factors) calculated from

the available X-ray structures (Fig. 4). One of the

reasons for the discrepancy may be the fact that B-

factors are sensitive to both fast and slow timescale

dynamics, whereas S2 values are a function of rapid

motions solely. On the other hand, slightly better

correlation with the B-factors was observed for the

R2/R1 outliers. For the B-factors obtained from the

closed apo-state [Fig. 4(a)], a correlation was

observed in the a1–b2 loop (residues 161–165) and

residues Asp191, Glu222, Thr273, and Asp297.

Interestingly, for the active open state [Fig. 4(c)], a

correlation was observed for a larger number of sites

including the a1–b2 loop, residues Lys155 and

Phe168 and residues in the vicinity of the identified

allosteric sites (Ile258, Thr267, Thr273, Lys276, and

Asp297). Finally, there was almost no correlation

between the B-factors of the closed inhibitor-bound

state and the R2/R1 outliers [Fig. 4(b)].

RDC values of the LFA-1 I-domain
While NMR spin relaxation rates mainly describe

motions on the nanosecond timescale, RDCs can be

used to study motions on the millisecond time-

scale.38 Therefore, to probe internal motions in the

LFA-1 I-domain on these slow timescales, we meas-

ured 15N-1H RDCs in filamentous bacteriophage Pf1

media.39 The values of 135 15N-1H RDCs were

assigned (Supporting Information Table S4). The

Figure 3. S2 values of the LFA-1 I-domain fitted with the model-free approach from the relaxation data measured at 500 and

700 MHz. The average value obtained was 0.93.

Figure 2. Secondary structure populations obtained from

experimental chemical shifts using the d2D method.35 Secondary

structure populations of b-strands are shown in red, a-helices

are shown in blue, and PPII regions are shown in green.
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measurements were repeated twice, and the errors

were found to be of about 1 Hz. In Pf1, the maxi-

mum chemical shift perturbations of the backbone

amide hydrogen and nitrogen atoms were found to

be 0.1 and 0.3 ppm, respectively. Therefore, we con-

cluded that the structure of the LFA-1 I-domain is

not significantly perturbed in the presence of Pf1

under the conditions of our experiment.

To assess the importance of the dynamics of the

LFA-1 I-domain on the timescale probed by the RDC

measurements, we validated the previously deter-

mined structures of the I-domain using the RDCs

themselves. The level of agreement is reported using

the Q-factor [Eq. (1)]. To predict the values of the

RDCs, the magnitude and orientation of the align-

ment tensor relative to the molecular frame were

obtained using a singular value decomposition-based

method,40 where the RDCs of residues belonging to

b-strands 1, 2, 4, and 5 were used for the calculation

of alignment tensors. These b-strands belong to the

central b-sheet and correspond to the region with

the lowest crystallographic B-factor in the protein

[Fig. 4(a)]. The RDCs of the remaining residues

were back calculated and used to determine the

Q-factors.

The agreement between the experimentally

determined RDCs and those predicted on the basis

of the X-ray structure of the closed apo-state (PDB

ID: 1LFA) is low, having a Q-factor of 0.46

[Fig. 5(a)]. This value is higher than those typical of

structures of similar resolution (1.8 Å), which have

Q-factors in the range 0.2–0.25.41 The relatively

high value of the Q-factor comes, at least in part,

from the residues in a-helix 7, whose Q-factor is

0.88—a value significantly higher than those

obtained for the other secondary structure elements

[Fig. 5(a)]; for example, the Q-factor calculated for

residues in the a1–b2 loop (blue) and in the MIDAS

site (green) is 0.38.

To assess whether the agreement with the

experimental RDCs can be improved using other

conformations of the LFA-1 I-domain, we carried

out the same analysis using representative struc-

tures of the closed inhibitor-bound state (PDB ID:

1CQP) and the open state (PDB ID: 3TCX). The

overall Q-factor from the closed inhibitor-bound

conformation is 0.43, whereas values 0.80, 0.87,

and 0.34 are found for a-helix 7, the a1–b2 loop,

and the MIDAS site, respectively [Fig. 5(b)]. Inter-

estingly, there is almost no difference between the

Q-factors obtained from the closed apo-state and

closed inhibitor-bound state except for residues in

the a1–b2 loop. This result most probably comes

from the fact that residues in the a1–b2 loop in the

structure with the inhibitor are closely packed

against a-helix 7, unlike the case in which the

inhibitor is not present. On the other hand, the Q-

factors obtained for the open active state are signif-

icantly higher [Fig. 5(c)]. The overall Q-factor is

0.80, with values of 1.57, 0.87, and 0.78 for a-helix

7, residues in the a1–b2 loop, and in the MIDAS

site, respectively. In the open active state, a-helix 7

is shifted down the side of the I-domain, and the

MIDAS residues are in the open conformation.

These conformational changes are the main reason

for the increase in the Q-factor.

Even when ensembles of available X-ray struc-

tures from the PDB were used in fitting the align-

ment tensors, no improvement in the Q-factor was

recorded. An overview of the Q-values calculated for

different states and different regions in the protein

is reported in Figure 6. The lowest value of the over-

all Q-factor was obtained from the ensembles of

structures that represent the closed inhibitor-bound

inactive state (Q-factor of 0.4) and the closed apo-

state (Q-factor of 0.46). A higher overall Q-factor

was found for structures in the open active state

(Q-factor of 0.58). In addition, the only NMR struc-

ture of the apo LFA-1 I-domain in the PDB (PDB

ID: 1DGQ) has a Q-factor of 0.76, whereas the only

crystallographic structure of an apo LFA-1 I-domain

variant in the intermediate state (PDB ID: 1MJN)

has an overall Q-factor of 0.52.

Figure 4. Residue specific �B values of the LFA-1 I-domain

obtained from the ensemble of the crystal structures of the

(a) closed apo-state, (b) closed state bound to the allosteric

inhibitor, and (c) open active state. The outliers of the R2/R1

distribution are represented by boxes and lines at the top of

the figure.
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Independently from the activation state of the

I-domain, the Q-factors corresponding to a-helix 7,

which range from 0.80 to 1.53 depending on the

structure used, are consistently the highest ones

among all secondary structure elements in the pro-

tein. This large discrepancy between the experimen-

tal and calculated RDCs for a-helix 7 suggests that

this a-helix is likely to be highly dynamic on the

timescale relevant to the RDC experiments,

although it is possible that a difference between the

position of this a-helix in solution and in the crystal

could also play a role.

To further test these conclusions, we carried out

a calculation in which we used the RDCs as confor-

mational restraints in a single-structure refinement.

The results indicate that because of the dynamics of

this domain, imposing the RDC restraints on a sin-

gle structure results in conformational distortions,

in particular corresponding to a-helix 7 (Supporting

Information Fig. S3, red box).

Figure 5. 15N-1H RDCs measured in Pf1 at 0 mM NaCl concentration: (a) closed apo-state (PDB ID: 1LFA); (b) closed

state bound to the allosteric inhibitor (PDB ID: 1CQP); and (c) open active state (PDB ID: 3TCX). Residues with increasing

|Dexp2Dcalc| values are colored from blue to red. The central b-sheet was used for superimposing structures, and these resi-

dues are colored in blue.
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Discussion and Conclusions
The role of LFA-1 conformational changes in the

bidirectional transmission of signals across the

plasma membrane of leukocytes has been the object

of intense scrutiny.42,43 To date, three different con-

formations of the LFA-1 I-domain (closed, intermedi-

ate, and open) have been observed in X-ray

structures. In all three conformations, the allosteric

mechanism between the C-terminal a-helix 7 and

the MIDAS residues is thought to play a central role

in the bidirectional signaling process. However, a

full understanding of the intrinsic dynamics of the

LFA-1 I-domain and its role in the allosteric mecha-

nism is currently still lacking.

In a previous study,32 the backbone flexibility of

the I-domain was assessed by heteronuclear 15N-1H

NOE measured for the backbone amide groups and

by hydrogen/deuterium exchange protection factors

of the same groups. The reported low NOE values of

a-helix 7 and their limited protection from hydro-

gen/deuterium exchange indicated a high flexibility

of this a-helix in the closed apo-state. Such high

flexibility of a-helix 7 was suggested to play an

important role in LFA-1 activation.32 Here, we have

extended the analysis of the dynamics of the I-

domain by studying it on timescales that have not

been explored so far. In particular, we have deter-

mined R1 and R2 relaxation rates and further used

them in the model-free analysis. In addition, we

have measured the RDCs of the LFA-1 I-domain in

Pf1 and used the obtained values to validate the

three conformational states observed in the X-ray

structures.

Surprisingly, the S2 values determined from

the model-free analysis showed very restricted

motions of the I-domain on the picosecond to nano-

second timescales. The majority of the backbone

amide groups exhibited S2 values greater than 0.9.

Therefore, even though a rapid interconversion

between the inactive and active states is necessary

for the function of LFA-1, the motions on the pico-

second to nanosecond timescales do not seem to

play a crucial role in this interconversion. The

only residue with an S2 value below 0.8 was

Asp191. The large conformational fluctuations of

Asp191 were also confirmed by the significantly

lower NOE value in comparison with the rest of

the protein. This residue is positioned between a-

helices 2 and 3, and according to a secondary

structure population analysis (Fig. 2), it inter-

changes between the coil and a-helical secondary

structure conformation.

From the 15N R2 measurements, we found that

residues 161–165 in the a1–b2 loop have R2 rates

indicative of chemical exchange in this region. The

a1–b2 loop is positioned in the proximity of a-helix

7, and in many X-ray structures this region is

coupled to a-helix 7 by hydrophobic interactions

between residues Leu161 and Ile306. This coupling

might reflect the breathing motion of a-helix 7 that

was previously detected in the hydrogen/deuterium

exchange experiment,32 although it could also be

an artifact of the proximity of the a1–b2 loop to

the disordered C-terminus of the I-domain. Apart

from residues in the a1–b2 loop, the majority of

other residues with unusually high or low R2/R1

values are positioned either in the loop regions or

interact with these loop regions. However, two out-

liers, residues Lys155 and Asp297 that belong to a-

helix 1 and a-helix 7, respectively, were detected.

Interestingly, these two residues are positioned at

the kinks of the two a-helices according to the sec-

ondary shift analysis. The chemical exchange of

residue Asp297 might be a cause of the breathing

motion of a-helix 7 on the timescale of the R2

measurement.

The dynamics of the I-domain were further

explored on the slower timescale by measuring the

Figure 6. Q-factor calculated for different states and different groups of residues of the LFA-1 I-domain. The closed apo-state

is represented as an ensemble of available crystallographic structures of the apo-I-domain and as an ensemble of the models

from the NMR structure PDB ID: 1DGQ. The closed inhibitor-bound, intermediate, and open active states are represented by

ensembles of relevant structures from PDB.
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backbone amide RDCs. Validation of the X-ray struc-

tures in the closed apo, closed inhibitor-bound, inter-

mediate, and open conformation unequivocally

suggests that the conformation of a-helix 7 cannot

be described with any of the currently available X-

ray structures of the LFA-1 I-domain. Similar

results were reported for the back calculated RDCs

of a-helix 7 from the only NMR structure of the

LFA-1 I-domain.32 On the other hand, we have

shown that the RDCs of allosterically coupled

MIDAS residues are in better agreement with the

back-calculated RDC values, except in the case of

the open active conformations. This is a consequence

of the MIDAS site rearrangements in the open

active conformation necessary for high-affinity

ligand binding. We anticipate that the use of multi-

state relaxation–dispersion measurements will fur-

ther clarify the dynamical behavior of the LFA-1 I-

domain in particular by allowing accurate exchange

rate measurements.

Taken together, the results that we have

reported suggest the importance of the low-

frequency motions of the LFA-1 I-domain in the

inactive apo-state. Among the structural elements,

we have identified a-helix 7 as being highly dynamic

on the millisecond timescale, although less so on the

nanosecond timescale. The RDC measurements indi-

cate that the true position of this a-helix in the

closed apo-state can neither be explained by any of

the existing X-ray structures nor by individual NMR

structures, as it is in a dynamic exchange between

many conformations. The conformational fluctua-

tions of a-helix 7 can be described as an inherent

property of the I-domain, which might be relevant

for controlling the access to the allosteric binding

pocket as well as for the downward displacement of

a-helix 7 that is necessary in the activation of

LFA-1.

Materials and Methods

Expression and purification of the LFA-1

I-domain
15N isotropically labeled LFA-1 I-domain residues

127–311 (GenScript, UK) were expressed from pET-

17b vector (Novagen, UK) in E. coli BL21(DE3) cells

(Invitrogen, UK) by growth in the M9 minimal

medium supplemented with 3 g/L 15NH4Cl. The pro-

tein was purified following the procedure by Legge

et al.32 After completion of the procedure, the iden-

tity of the protein was confirmed by electrospray

mass spectrometry, which showed that the N-

terminal methionine had been cleaved.

NMR sample conditions
An NMR sample was prepared in a buffer containing

10 mM sodium phosphate (pH 7.2), 0.05% (w/v)

NaN3, 10% D2O, 10 mM MgSO4, and the 15N

enriched LFA-1 I-domain at a concentration of

0.1 mM. NMR data were initially collected using the
1H-15N HSQC detection scheme on a Bruker Avance

500 MHz Triple Resonance Inverse Spectrometer at

298 K. The 15N-1H chemical shifts were assigned

using the previously deposited assignments for the

LFA-1 I-domain (BMRB, entry 4553).32

15N relaxation experiments

Experimental parameters used to measure the 15N

relaxation rate constants are summarized in Table I.

The backbone amide 15N R1, R2, and 15N-1H hetero-

nuclear NOE relaxation rates were measured on a

Bruker Avance Ultrashield Spectrometer with TXI

cryoprobe operating at a 1H Larmor frequency of

700.03 MHz and a Bruker Avance Triple Resonance

Inverse Spectrometer operating at a 1H Larmor fre-

quency of 500.13 MHz. In each case, the measure-

ments were made at 298 K. The data were processed

on Topspin 2.0 with extensive zero filling.

For the R1 and R2 measurements, a recycle

delay of 2 s (1.8 s for R1 measurements at 700 MHz)

was used between the transients; for the NOE meas-

urements, this value was 5 s. During the R2 meas-

urements, the CPMG refocusing pulses in the

relaxation delay caused sample heating. Therefore,

heat-compensating pulses were applied in the begin-

ning of each R2 experiment so that the same refocus-

ing pulse lengths were used in each relaxation

experiment. The relaxation delays in both R1 and R2

pulse sequences together with the corresponding

heat-compensating pulse lengths were similar to

those reported in Ref. 44 and are listed in Table II.

Relaxation curves corresponding to the spectra

Table I. Parameters Used for the 15N Relaxation Experiments

Experiment
Pulse

sequence
Number of

scans

Number of
dummy
scans Channel

Channel
center
(ppm)

Spectral
width
(ppm)

Number of
increments

Data
acquisition

method

R1 hsqct1etf3gpsi 8 32 1H Water signal 13.95 — Digital quadrature
15N 119 32 128 Echo–antiecho

R2 hsqct2etf3gpsi 8 32 1H Water signal 13.95 — Digital quadrature
15N 119 32 128 Echo–antiecho

15N-1H NOE hsqcnoef3gpsi 32 16 1H Water signal 13.95 — Digital quadrature
15N 119 32 256 Echo–antiecho
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recorded for different delays were fitted using

Sparky (version 3.114, UCSF), and relaxation rate

constants were obtained from the least-square expo-

nential fitting procedure. Errors were estimated

based on repeated determination of the relaxation

rate constants by adding random Gaussian noise to

each peak in the spectra. The 15N-1H heteronuclear

NOE experiment was carried out by the method pro-

posed in Ref. 32.

Model-free analysis

The amplitudes and timescales of the intramolecular

motions of the I-domain of LFA-1 were determined

from the relaxation measurements by using the

model-free formalism.45–47 For the selection of the

dynamical model describing internal motions in a

residue-specific manner, a standard numerical opti-

mization procedure37 was used. Model-free parame-

ters were determined from relaxation data by

simultaneously fitting the R1, R2, and NOE values

obtained at 500 and 700 MHz using the Modelfree4

software (version 4.20).36 An initial estimate of the

overall rotational correlation time, sm 5 12.2 ns, was

obtained from the 10% trimmed average of R2/R1

(Ref. 33) and was optimized later. The R2/R1 values

corresponding to individual residues were similar

throughout the protein suggesting isotropic motion.

A grid search was used to obtain initial guesses of

the other model parameters. After the fitting proce-

dure, the best model for each individual residue was

selected following the F-statistics-based procedure.37

Statistical properties of the model-free parameters

were calculated from Monte Carlo simulations using

200 randomly distributed synthetic datasets.36 The

results were obtained assuming both axially sym-

metric and isotropic rotational diffusion. The fitted

values of the model-free parameters were almost

identical for both isotropic and axially symmetric

models, and only the results from the isotropic diffu-

sion model are reported here.

Residual dipolar coupling measurements

For the measurement of 15N-1H RDCs, bacterio-

phage Pf1 magnetic resonance cosolvent containing

10 mM potassium phosphate at pH 7.6, 2 mM

MgCl2, and 0.05% NaN3 was used (Asla Biotech,

Lavita).39 The concentration of Pf1 in the stock solu-

tion was 50 mg/mL. About 55 lL of the Pf1 stock

solution was added to the 15N-enriched LFA-1 I-

domain sample in the NMR buffer, resulting in a

final protein concentration of 100 lM and a final vol-

ume of 160 lL. The sample was then kept at 4�C for

3 h allowing the bubbles to float to the top. Next,

the sample was centrifuged at 3000 rpm for 1 min to

remove the Pf1 precipitates. Finally, the sample was

transferred into a 3-mm NMR tube and kept at 4�C

for another 3 h to let the bubbles float to the top.

The 15N-1H RDCs were measured on a Bruker

Avance 700 MHz Ultrashield with TXI cryoprobe.

The measured 15N-1H RDCs were back calcu-

lated from the previously determined crystal and

solution structures using singular value decomposi-

tion to fit the alignment tensor. The quality of the

agreement with the experimental RDC values was

assessed by calculating the quality factor (Q-factor)

as follows:

Q5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
RDCcalc2RDCexp

� �2
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
RDCexp

� �2
q : (1)
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