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Abstract

Protein transmembrane domains (TMDs) are generally hydrophobic, but our biocinformatics
analysis shows that many TMDs contain basic residues at terminal regions. Physiological
functions of these membrane-snorkeling basic residues are largely unclear. Here, we show
that a membrane-snorkeling Lys residue in integrin aL32 (also known as lymphocyte func-
tion-associated antigen 1 [LFA-1]) regulates transmembrane heterodimer formation and
integrin adhesion through ionic interplay with acidic phospholipids and calcium ions (Ca®*)
in T cells. The amino group of the conserved Lys ionically interacts with the phosphate
group of acidic phospholipids to stabilize aLf32 transmembrane association, thus keeping
the integrin at low-affinity conformation. Intracellular Ca®* uses its charge to directly disrupt
this ionic interaction, leading to the transmembrane separation and the subsequent extracel-
lular domain extension to increase adhesion activity. This Ca®*-mediated regulation is inde-
pendent on the canonical Ca®* signaling or integrin inside-out signaling. Our work therefore
showcases the importance of intramembrane ionic protein—lipid interaction and provides a
new mechanism of integrin activation.

Author summary

Integrin oLB2 is the major integrin in T cells and plays a vital role in regulating T-cell acti-
vation, adhesion, and migration. The transmembrane association of oL and B2 is crucial
for maintaining the integrin at low-affinity conformation. Here, we find that the con-
served basic residue (K702) in the transmembrane domain of B2 contributes to trans-
membrane association through ternary ionic interaction with acidic phospholipid and aL
cytoplasmic residue. Upon T-cell activation, influxed calcium ions (Ca**) can directly
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disrupt the ionic K702-lipid interaction through its positive charges, which leads to trans-
membrane separation and subsequent extracellular domain extension to switch aLB2 to
high-affinity conformation. This Ca**-mediated regulation is through the modulation of
the ionic Lys-lipid interaction but not through the canonical Ca*" signaling or integrin
inside-out signaling. Our study thus reports a new regulatory mechanism of integrin acti-
vation and showcases the importance of intramembrane ionic protein-lipid interaction.
This finding might have general relevance, as bioinformatics analysis shows the presence
of membrane-snorkeling basic residue is a common feature of transmembrane proteins.

Introduction

Cell membrane contains two distinct lipid bilayers. For the plasma membrane of mammalian cells,
the outer leaflet is enriched of sphingolipid, cholesterol, and phosphatidylcholine, whereas the
inner leaflet comprises of acidic phospholipids such as phosphatidylserine and phosphatidylinosi-
tides [1]. Negatively charged acidic phospholipids can ionically interact with positively charged
protein domains or sequences to regulate protein structure and function [2, 3]. It has been well
demonstrated that acidic phospholipids are able to bind to juxtamembrane polybasic sequences of
transmembrane proteins and membrane-anchored proteins to regulate protein signaling [4-8],
clustering [9, 10], and localization [11, 12]. Intriguingly, recent evidences suggest that the intra-
membrane basic residue close to the transmembrane domain (TMD) and cytoplasmic domain
(CD) border could also ionically interact with acidic phospholipids [13, 14]. However, it is still
unclear whether the “membrane-snorkeling” basic residue is a general feature of transmembrane
domains. Particularly, it is important to investigate how membrane protein activity is regulated by
intramembrane ionic protein-lipid interaction under physiological conditions.

Here, we first performed a bioinformatics analysis of single-span membrane proteins from
yeast and human and demonstrate that the membrane-snorkeling basic residue is an evolu-
tionarily conserved feature of transmembrane proteins. We chose integrin oLB2, a key adhe-
sion molecule in T cells, to reveal the importance of the intramembrane ionic protein-lipid
interaction in regulating membrane protein structure and function. Though the antagonist of
oLp2 has been clinically approved for treating local inflammation [15], the regulatory mecha-
nism of aLB2 activation is not fully understood. Combining nuclear magnetic resonance
(NMR) spectroscopy, molecular dynamics (MD) simulations, fluorescence resonance energy
transfer (FRET), and flow chamber assays, we find that the membrane-snorkeling Lys702 in
B2 chain acts as a gatekeeper for aLB2 activity through ionic interaction with the phosphate
group of acidic phospholipids. Moreover, the intracellular Ca®* directly disrupts the intra-
membrane Lys-lipid interaction to activate aLB2 and then promotes T-cell adhesion. Our
results uncover a novel mechanism of protein-lipid interaction, which might have general
application in membrane protein signaling and also shed new light on modulating T-cell
migration and adhesion in various disease contexts such as cancer and autoimmune diseases.

Results
General relevance of membrane-snorkeling basic residue

Membrane-spanning proteins typically have hydrophobic residues in their transmembrane
domains to facilitate hydrophobic interactions with lipid acyl chains. Presence of charged
residues at TMD terminus, however, is tolerable because the lipid headgroup region is
hydrophilic.
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To investigate whether containing basic residues is a general feature for transmembrane
domains, we analyzed the TMD sequences of single-span transmembrane proteins from yeast
and human. More than 40% of the TMDs from both yeast and human contain lysine (Lys) or
arginine (Arg) (Fig 1A). These basic residues mainly localize close to the border between TMD
and CD (Fig 1B). More specifically, we analyzed the human single-span transmembrane pro-
teins located at the plasma membrane and confirmed the high frequency of membrane-snor-
keling basic residues (Fig 1A and 1B). Within the list, we found that all eight members of
human integrin B subunits contain an intramembrane Lys/Arg residue at the position that is
six residues away from the TMD/CD border (Fig 1C). Integrins are o/p heterodimeric adhe-
sion molecules that mediate cell-cell, cell-matrix, and cell-pathogen interactions [16-20]. Of
them, oLB2 is the major integrin in T cells that regulates T-cell activation, effector function,
and differentiation [21-27]. We therefore studied the activation mechanism of aLB2.

The membrane-snorkeling Lys stabilizes aL$2 dimer

Integrin o and B transmembrane domains form dynamic association that keeps integrin at
low-affinity conformation [13, 29, 30]. We applied solution NMR to study the role of the mem-
brane-snorkeling Lys in oLB2 transmembrane interaction.

We first reconstituted a human B2 construct that contains the TMD, short extracellular
domain (ED), and CD into a lipid bicelle system containing both zwitterionic phospholipid
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and acidic phospholipid 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) (33% POPG, 67% POPC). The well-
dispersed hydrogen-1, nitrogen-15 (‘H-'°N) transverse relaxation-optimized spectroscopy
(TROSY) spectrum indicated successful folding of the 2 TMD peptide. Chemical shifts of
amide groups were assigned for all residues except the fast-tumbling N-terminal V667 (Fig
2A). Compared with the extracellular and intracellular regions, the hydrophobic 1679-L707
region showed much lower signal intensity, which might be caused by the slow tumbling of
this region within the membrane bilayer (Fig 2B). We defined this hydrophobic region as the
TMD, which is consistent with the definition in other integrin B chains [31]. The B2 monomer
structure showed that the TMD formed nearly a straight o-helix that extended till E712 in the
CD (Fig 2C and S1 Table). To further confirm the position of K702, we used a membrane-
incorporating paramagnetic probe 16-doxyl stearic acid (16-DSA), with the paramagnetic spin
label at the C16 position. Since the paramagnetic relaxation enhancement (PRE) effect nega-
tively correlates with the distance between the residue and paramagnetic spin label, the core
region (V683-L697) of TMD showed dramatic intensity changes while the N-terminus (A680,
A681, 1682) and C-terminus (1705, H706, L707) of TMD showed moderate change. The fact
that the PRE effect of K702 is between that of the most solvent exposed residues (such as S673,
R671, D709) and the membrane-core region (V683-L697) (S1 Fig) confirms that K702 is a
membrane-snorkeling residue located in the lipid headgroup region. The membrane snorkel-
ing of the corresponding Lys in B3 (K716) and B1 (K752) has also been reported previously
[31-33]. The K702 sidechain pointed to a direction different from those of the neighboring
hydrophobic residues W701 and 1705 that might involve in dimerization according to the
olIbP3 structure [31] (Fig 2D). Mutating K702 to alanine (Ala, A) did not affect the signal
intensities of the TMD residues but induced substantial chemical shift changes of the C-termi-
nal residues (Fig 2E-2G), which implied that K702 might not affect overall transmembrane
topology but regulate local conformation instead.

We next mixed unlabeled ol transmembrane peptide with nitrogen-15 (*’N)-labeled 2
transmembrane peptide to study the dimerization process. Addition of oL only caused minor
chemical shift changes of 2, mainly at the A703-L707 region that is exactly after the
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Fig 1. Membrane-snorkeling basic residues in transmembrane domains. (A) Percentage distribution of single-span transmembrane proteins containing
intramembrane Lys or Arg, both Lys and Arg, or no Lys or Arg. Data sets include single-span transmembrane proteins from yeast (Saccharomyces cerevisiae),
human (Homo sapiens), as well as human single-span transmembrane proteins located at the PM (of H. sapiens) [28]. (B) Location of intramembrane basic residue.
The x-axis indicates the distance of intramembrane basic residue from the TMD/CD border, and “1” means the first TMD residue on the border. Supporting data
are compiled in S1 Data. The underlying data of panel A and B can be found in http://dx.doi.org/10.17632/tg2622h9dd.1. (C) Sequence alignment of eight human
integrin B subunit TMDs. The conserved intramembrane Lys/Arg are highlighted in red. Residues are numbered according to the human B2 sequence. Lys, lysine;
Arg, arginine; CD, cytoplasmic domain; TMD, transmembrane domain; PM, plasma membrane.

https://doi.org/10.1371/journal.pbio.2006525.9001

membrane-snorkeling K702 (Fig 3A-3C). No new set of resonances was observed. Instead, sig-
nal intensity reduction was observed for all 2 TMD residues (Fig 3D and S2A Fig), which
reflects the intermediate o L2 TMD heterodimer exchange rate [34]. This agrees with a previ-
ous paper showing that aLB2 transmembrane domains display moderate binding affinity [33].
To study whether protein concentration increase could affect signal intensity, we used differ-
ent concentrations of unlabeled B2 peptide to titrate '’N-labeled B2 and found no significant
signal intensity reduction (S2B Fig). These results suggest that the signal intensity reduction is
mainly caused by the specific aLB2 heterodimer formation. Such a signal reduction phenome-
non is not only observed in our study but also in others [14, 35]. These data suggest that oL 32
transmembrane association should be relatively weak, and the K702 local region might play an
important role in the dimerization. We also checked aLB2 dimerization at different lipid-to-
peptide ratios (ratio ranging from 60:1 to 240:1) or in different sizes of lipid bicelles (g values
ranging from 0.3 to 0.5) (S3B Fig). In all conditions we tested, only signal reductions but no
new peaks were observed (S3 Fig). The condition of small g (q = 0.3) and intermediate lipid-
to-protein ratio (120:1) has been chosen in the later study. These results together suggest that
the signal reduction is caused by the specific heterodimer formation rather than condition-
specific phenomenon. Thereafter, signal reduction of B2 TMD residues was utilized to indicate
oLP2 dimerization level in the following experiments. Mutation of K702 to Ala obviously
impaired oLB2 dimerization in the mixture lipid bicelles (Fig 3E). We further studied the role
of acidic phospholipids in oLB2 dimerization. Three lipid bicelle systems, i.e., zwitterionic
phospholipid bicelles (100% POPC), mixture phospholipid bicelles (33% POPG, 67% POPC),
and acidic phospholipid bicelles (100% POPG), were employed for NMR measurements. The
change of membrane charge environment significantly affected B2 TMD signals of the aLB2
dimer (Fig 3E and S$4 Fig) but not those of the 2 monomer (S5 Fig). Higher percentage of
acidic phospholipids caused more 32 TMD signal reduction, i.e., higher dimerization level,
which is consistent with the previous study on olIbp3 [36]. The K702A mutation did not affect
oLp2 dimerization in the zwitterionic phospholipid bicelles but substantially impaired dimer-
ization level in the bicelles containing acidic phospholipids (Fig 3E).

Taken together, our data show that the membrane-snorkeling K702 can stabilize aL2
transmembrane interaction, and this effect is dependent on acidic phospholipids.

Ionic interaction between the K702 amino group and the lipid phosphate
group

Since the oLp2 transmembrane dimer structure is too dynamic to be solved by solution NMR,
we applied all-atom MD simulations to study the dynamic association between oL and 32
transmembrane domains. In all of the classical force fields, electrostatic interaction is simply
treated, and explicit electronic polarizability is neglected. The condensed-phase polarization,
relative to the gas-phase charge distributions, is commonly accounted in an average way by
increasing the atomic charges, which remains fixed throughout simulations. The investigation
on several ion channels and transporters showed that although the fundamental physical prop-
erties could be described using the nonpolarizable models, a more detailed understanding of
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Fig 2. Structural feature of 2 monomer. Human $2-WT or $2-K702A mutant construct was reconstituted in the mixture lipid bicelles (33% POPG,
67% POPC). NMR experiments were performed to acquire structural information of 2 monomer. The NMR sample of 2 monomer (2-WT or
B2-K702A) contained 0.6 mM "*C/"*N-labled 2 TMD peptide, 20 mM Bis-Tris (pH 6.7), 240 mM DHPC, 24 mM POPG, and 48 mM POPC. (A)
Backbone assignments of the "H-""N TROSY-HSQC spectrum of the B2-WT construct. (B) Peak intensities of backbone amide signals of the B2-WT
construct measured in (A). The transmembrane domain (1679-L707) is underlined. (C) Backbone superimposition of the 20 NMR structures with the
lowest CYANA target function values of the B2-W'T construct. The o-helix starts from the N-terminal residue 1679 of the TMD and ends at E712 in the
CD. (D) Local helical structure of the membrane-snorkeling K702. (E-G) Comparison of 'H->N TROSY-HSQC spectra of B2-WT and B2-K702A
mutant. Spectra are superimposed in (E). The CSP caused by the K702A mutation is shown in (F). Comparison of peak intensities of B2-W'T and
K702A mutant is shown in (G). The underlying data of panel B, F, and G can be found in http://dx.doi.org/10.17632/tg2622h9dd.1. 'H, hydrogen-1;
15N, nitrogen-15; 13C, carbon-13; CSP, chemical shift perturbation; NMR, nuclear magnetic resonance; TROSY, transverse relaxation-optimized
spectroscopy; HSQC, heteronuclear single quantum coherence; CYANA, combined assignment and dynamics algorithm for NMR applications; DHPC,
1,2-dihexanoyl-sn-glycero-3-phosphocholine; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1’-rac-glycerol); TMD, transmembrane domain; CD, cytoplasmic domain; WT, wild type

https://doi.org/10.1371/journal.pbio.2006525.g002

the conformation-driven super-selectivity depends on improvements in force field models,
considering explicit polarizability [37]. Therefore, the MD simulations are performed based
on the polarizable atomic multipole-based force field [38]. To mimic the lipid distribution in
the plasma membrane, we applied an asymmetric lipid bilayer system, with the outer leaflet
containing 100% POPC and the inner leaflet containing 33% POPS and 67% POPC (total 120
POPS/POPC molecules). ol. and B2 transmembrane constructs used in the simulations were
the same as those in the NMR experiments. Three independent MD simulations were carried
out for at least 300 ns on each system, and the snapshots of the last 50 ns in each simulation
were used to do further analysis. The conformations sampled from three independent trajecto-
ries were used for the clustering analysis [39]. One representative structure was selected from
the largest cluster and used in the following analysis. The simulated oLB2 structure showed a
good degree of similarity with the aIIbp3 NMR structure (Fig 4A). The N-terminal interac-
tions were mainly hydrophobic stacking, while the C-terminal interactions were both hydro-
phobic stacking ($2-L698/W701/1705 with aL-L1086/F1091) and salt-bridge interactions
(B2-D709 and oL-R1094). Mutating 32-K702 to Ala destabilized C-terminal contacts but had
little effect on N-terminal contacts (Fig 4B). Analysis of lipid distribution surrounding the
dimer showed a clear enrichment of POPS molecules around the C-terminal 2 chain, and
such enrichment was impaired in the $2-K702A mutant construct (Fig 4C). We observed that
the phosphate group interacted with the amino group of the f2-K702 and, meanwhile, with
the guanidino group of oL-R1094 (Fig 4D). The interaction energy data of pairwise atoms con-
firmed that the lipid PO,~ group had dominant interaction with the 2-K702-NH;" group and
0L-R1094-guanidino group (S6 Fig). In summary, MD simulations indicate that the lipid
phosphate group simultaneously engages the 2-K702 amino group and the aL-R1094 guani-
dino group to mediate local contacts and thus stabilizes o L2 transmembrane dimer.

Gatekeeper function of the membrane-snorkeling Lys in restraining aL2
activity

Next, we used two types of FRET experiments [40], i.e., the Head FRET and the Tail FRET, to
monitor aLB2 conformational change in live T cells (Fig 5A). The change of integrin from
low-affinity to high-affinity states is associated with global conformational rearrangements,
including extension of the ED and separation of the o/p cytoplasmic tails. The K702A muta-
tion in B2 resulted in substantial reduction of both Tail and Head FRET efficiencies, indicating
integrin activation. In contrast, the K702R mutant that preserves the positive charge showed
similar FRET efficiency to the WT (Fig 5B). A flow chamber assay was further applied to deter-
mine aLB2 adhesion to its ligand intercellular adhesion molecule 1 (ICAM-1) under different
shear stress. Consistently, the K702A mutation remarkably up-regulated aLB2 activity while
the K702R mutation exerted undetectable influence (Fig 5C). We then used a dual-color flow
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Fig 3. Membrane-snorkeling Lys and acidic phospholipids stabilize the dynamic oLB2 transmembrane association. (A-D) *C/">N-
labeled B2-WT was mixed with unlabeled oL in the mixture lipid bicelles to form heterodimer. The 2-W'T monomer contained 0.6 mM
3C/"*N-labeled B2 TMD peptide, 20 mM Bis-Tris (pH 6.7), 240 mM DHPC, 24 mM POPG, and 48 mM POPC. In the o2 transmembrane
heterodimer sample, an additional 1.2 mM oL peptide was reconstituted into the bicelles. (A) Superimposed "H-'>N TROSY-HSQC spectra
of PC/"*N-labeled 2-WT in the presence or absence of unlabeled olL. (B) Chemical shift perturbation of B2-WT caused by oL titration is
displayed on the B2 monomer structure by color code. (C) Superimposed 'H-'N TROSY-HSQC spectra of the most affected B2 residues by
ol titration. (D) Signal intensity comparison of B2 TMD residues in the presence or absence of oL. (E) Scatter plots of f2-WT/K702A signal
intensity reduction upon dimer formation in different lipid bicelles. I represents the signal intensity of B2 TMD residue in the dimer sample,
while I, represents the corresponding one in the monomer sample. Each dot represents a single B2 TMD residue. Three different
phospholipid bicelles (72 mM), i.e., POPC, mixture (33% POPG, 67% POPC) and POPG bicelles, were applied to provide membrane
environment with different charge properties. The sample condition was the same as (A-D). The underlying data of panel D and E can be
found in http://dx.doi.org/10.17632/tg2622h9dd.1. Paired ¢ test was used to compare the difference between p2-WT and p2-K702A mutant
(n =29 for each group). ***P < 0.001. n.s., not significant; "H, hydrogen-1; "N, nitrogen-15; °C, carbon-13; TROSY, transverse relaxation-
optimized spectroscopy; HSQC, heteronuclear single quantum coherence; DHPC, 1,2-dihexanoyl-sn-glycero-3-phosphocholine; POPC,
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1-rac-glycerol); TMD, transmembrane
domain; WT, wild type

https://doi.org/10.1371/journal.pbio.2006525.g003

cytometry assay to assess the conjugation of T cells with ICAM-1-expressing Raji B cells. In
line with the above data, the K702A mutation increased the conjugation between T cells and B
cells. This increasement was caused by constitutively activation of aLB2, as the difference dis-
appeared when an LFA-1 antibody but not a CD2 antibody was applied (Fig 5D and S7 Fig).

Collectively, our functional assays show the physiological relevance of f2-K702’s regulation
on oLB2 conformation.

Ca®* disrupts the ionic Lys-lipid interaction to destabilize aL$2 dimer

Elevation of intracellular Ca** concentration is an early hallmark of T-cell activation [41].
More specifically, the major Ca®* channel of T cells, calcium release-activated channels
(CRAC), colocalizes with oLB2 in the immunological synapse to trigger high local Ca** con-
centration [42]. Ca** has been recognized as a master regulator of T-cell adhesion for a long
time [43]. Increase of intracellular Ca®* concentration is both necessary and sufficient to
induce T-cell stop signals [44, 45]. Ca®* has a strong binding affinity with the lipid phosphate
group, and its small hydrodynamic radius makes Ca>* more suitable than magnesium ion
(Mg**) to directly bind to the lipid phosphate group [46, 47]. We therefore propose that Ca**
might interfere with the ionic interaction between p2-K702 and acidic phospholipids to regu-
late oLB2 conformation and activity.

The NMR system was applied to test the effect of Ca** on aLB2 transmembrane association.
Titration of calcium chloride (CaCl,) into the NMR sample, however, led to nonspecific signal
reduction, probably due to the salt effect [48], which limits the Ca**:phospholipid ratio up to
0.17 in our experiments. To dissect the specific effect of Ca** on oLB2 dimerization, we per-
formed Ca®" titration on both a2 dimer and B2 monomer samples. The signal intensity
change induced by Ca®" titration in the dimer sample was normalized to that in the monomer
sample to filter out the interference of the nonspecific signal reduction effect. We found that
Ca*" increased B2 TMD signal intensity, i.e., dimer destabilization, only when acidic phospho-
lipids were present in the membrane (Fig 6A, 6B and 6D; S8 Fig). Furthermore, when the
K702 was mutated to Ala, Ca®* lost its effect on destabilizing the oLB2 dimer in the acidic
phospholipid environment (Fig 6C and 6D; S8 Fig). The total Ca®* concentration ranged from
2.4 to 12 mM in our experiments, but most of the Ca®" cations bound to lipids so that the free
Ca®* concentration ranged from 3.76 uM to 14.25 uM (Fig 6E), which is within the physiologi-
cal range of Ca®* concentration in activated T cells. These results together show that Ca** can
specifically disrupt the ionic Lys-lipid interaction to destabilize the oLB2 transmembrane
heterodimer.
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(D) Trimeric interaction among oL, 82, and POPS. The lipid phosphate group simultaneously engages the p2-K702 amino group and the aL-R1094 guanidino group. MD,
molecular dynamics; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; WT, wild type

https://doi.org/10.1371/journal.pbio.2006525.g004

Intracellular Ca®* activates oLf2 in a signaling-independent manner

We next studied the physiological role of Ca** in regulating oLp2 function. Ca** influx
induced by thapsigargin (TG) treatment led to aLp2 activation, confirming that intracellular
[Ca®*] elevation alone is sufficient to activate aLB2 in T cells (Fig 7A-7C). Intracellular Ca*
ions are known to have both charge-mediated function [2] and signaling-mediated function
[49]. To rule out the involvement of signaling-mediated function, we replaced Ca®" with stron-
tium ion (Sr**), a nonphysiological divalent cation that preserves the charge property of Ca**
but loses the signaling capability in T cells [7]. Similar to Ca**, Sr** induced the high-affinity
conformation of aLB2 and enhanced its adhesion to ICAM-1 (Fig 7A-7C), while it had no
effect on adhesion and degranulation-promoting adaptor protein (ADAP) membrane recruit-
ment (S9A Fig). We further examined whether integrin inside-out signaling was involved in
the Ca®*-induced olLB2 activation. Since the inside-out activation of integrin depends on the
recruitment of adaptor proteins such as talins and kindlins to the B subunit tail [16, 18, 50, 51],
we generated a cytoplasmic domain truncation mutant of B2 (2-ACT) to abolish integrin
inside-out signaling. Ca** or Sr*" still evidently activated the tailless mutant (S9B and S9C
Fig). In contrast, both Ca”" and Sr** showed moderate effects in oLp2 when the membrane-
snorkeling K702 was mutated to Ala (Fig 7D-7F).

We then used T-cell receptor (TCR) crosslinking to induce Ca** influx in a more physiolog-
ical way and observed evident conformational change and activation of oLB2. The f2-ACT
mutant had impaired adhesion, but its conformational change and ligand binding could still
be enhanced by Ca** (S9D-S9G Fig). When cells were pretreated with the Ca** chelator
1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrakis (acetoxymethyl ester)
(BAPTA-AM), TCR-induced aLB2 conformational change and activation were significantly
impaired (Fig 7G-71). The B2-K702A mutant was insensitive to Ca®" (Fig 7J-7L), which ech-
oes the NMR finding in Fig 6.

We also studied the role of Ca** in T-cell conjugation with antigen presenting cells (APCs).
Chelation of intracellular Ca®* or Sr** diminished T-APC conjugation, showing the impor-
tance of the charge-mediated function of Ca** in regulating this process (Fig 7M).

We therefore conclude that the conformational modulation of oLB2 by Ca** observed in
the NMR experiments is physiologically relevant and critical for T-cell adhesion. Additionally,
this mechanism is through the modulation of the ionic Lys-lipid interaction but not through
the canonical Ca®* signaling or integrin inside-out signaling.

Discussion

Through bioinformatics analysis, we find that the presence of the membrane-snorkeling basic
residue is a common feature of transmembrane proteins (Fig 1). Our NMR, MD simulations,
and cell biology experiments together show that the membrane-snorkeling basic residue in
integrin B2 chain has a gatekeeper function in integrin o2 activity.

Mutating the K702 residue to Ala led to destabilization of aLB2 transmembrane association
in the NMR experiments (Fig 3E). This effect was dependent on the presence of acidic phos-
pholipids in the membrane, thus suggesting that K702 might ionically interact with acidic
phospholipids to regulate aLB2 dimerization. In the studies of the platelet integrin oIIbB3, the
membrane-snorkeling Lys residue mutation in 3 chain was proposed to regulate TMD
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Fig 5. Loss of intramembrane positive charge causes spontaneous activation of aLB2 in T cells. (A) Schematic
representation of the Head and Tail FRET assays that measure the conformation of integrin molecule in live T cells. In the low-
affinity integrin conformation (left), extracellular domains are bent toward the plasma membrane, and the o and
transmembrane/cytoplasmic domains are in close proximity. While in the high-affinity conformation (right), the extracellular
domains are extended away from the plasma membrane, and the transmembrane/cytoplasmic domains are separated. The
Head FRET assay measures distance between the Alexa488-TS 2/4 Fab-labeled oL extracellular domain and the FM-4-64-FX-
labeled plasma membrane. The tail FRET measures distance between oL-mTurquoise2 and f2-mCitrine. (B) The Head and
Tail FRET of aLB2 bearing p2-WT, K702A mutant, or K702R mutant. (C) T-cell adhesion to immobilized ICAM-1 substrate
was measured by a flow chamber assay. Jurkat T cells expressing B2-W'T or K702A mutant were compared (n = 3 for each
group). Two-way ANOVA was used to analyze the difference. (D) T-cell adhesion to target cells measured by flow cytometry.
Jurkat T cells and Raji B cells were labeled with Cell Tracker CFSE and Cell Tracker Deep Red, respectively. To block LFA-1-
ICAM-1 interaction, Jurkat T cells were pretreated with 10 ug/ml o-LFA-1 (TS1/18). Representative FACS pictures are shown
at the left. The conjugates appear at the right upper corner. Two-way ANOVA was used to compare the differences between
B2-WT and B2-K702A in different time points (n = 5 for each group). The underlying data of panel B-D can be found in http://
dx.doi.org/10.17632/tg2622h9dd.1. Data are representative of three independent experiments and displayed as individual
points. ****P < 0.0001. CFSE, 5-(and-6)-Carboxyfluorescein Diacetate, Succinimidyl Ester; FACS, fluorescence activated cell
sorting; FRET, florescence resonance energy transfer; ICAM-1, intercellular adhesion molecules 1; LFA-1, lymphocyte function
associated antigen 1; n.s., not significant; WT, wild type

https://doi.org/10.1371/journal.pbio.2006525.g005

topology based on a PRE experiment [13]. This mechanism, however, has been argued by
another PRE study, and therefore, this issue is left unsettled [14].

To study the mechanistic role of the membrane-snorkeling Lys in a2 dimerization, we
applied all-atom MD simulations because the aLf32 dimer structure is too dynamic to be solved
by NMR. The B2-K702 local region had substantial hydrophobic stacking and ionic interactions
with oL. The K702A mutation caused incompact C-terminal contacts and therefore destabilized
the dimer. The overall B2 transmembrane topology was not affected obviously by the mutation,
which fits with the NMR observation (Fig 2G). Furthermore, we found that $2-K702, acidic phos-
pholipid, and oL.-R1094 formed ternary interactions (Fig 4D). The phosphate group of POPS
could simultaneously interact with the amino group of f2-K702 and the guanidino group of
oL-R1094 to stabilize the transmembrane dimer (S6 Fig). Of note, in our study, we only included
several juxtamembrane but not all residues from the cytoplasmic domains of L and 2. A previ-
ous study has reported the structure of the o L2 cytoplasmic domains under a lipid-free condi-
tion. The oL cytoplasmic domain was characterized by three helical segments, and extensive
interactions were found between helix 1 and helix 3 of oL with B2 N-terminal cytoplasmic domain
[52]. These data highlight the importance of cytoplasmic interactions in «L2 dimerization, and it
will be interesting to further investigate this aspect under membrane condition.

Consistent with the NMR and MD simulations results, the live-cell Tail and Head FRET
assays showed that the K702A mutant had further TMD/CD separation and ED extension. In
contrast, the K702R mutant that preserves the positive charge showed similar conformation
with WT (Fig 5B). Furthermore, the K702A mutant exhibited higher adhesion activity than
WT and the K702R mutant (Fig 5C).

The above evidences showed the importance of intramembrane ionic protein-lipid interac-
tion in regulating aLB2 conformation and activity. Apparently, the next question was how this
type of intramembrane ionic protein-lipid interaction is regulated during T-cell activation.
We found that intracellular Ca®* could directly use its charge to disrupt intramembrane ionic
protein-lipid interaction (Figs 6 and 7), which agrees with the previous studies showing the
strong binding between Ca®" and the phosphate group of acidic phospholipids [7, 46, 47]. In
activated T cells, Ca®" influx starts in several seconds and lasts a few hours to regulate cell
adhesion, activation, and differentiation [41]. Ligand engagement of TCRs or chemokine
receptors can lead to Ca** influx in T cells. One major effect of Ca** influx is to induce a stop
signal to sustain stable T-cell contact with antigen presenting cells or target cells and the for-
mation of immunological synapse [43]. Inhibition of CRAC channel, the major Ca** channel
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Fig 6. Ca>* modulates intramembrane Lys-lipid interaction to destabilize aLB2 transmembrane heterodimer. The protein
samples contained 0.6 mM ">C/"*N labeled B2-WT or K702A mutant, 1.2 mM unlabeled oL, 20 mM Bis-Tris (pH 6.7), 240 mM
DHPC, and 72 mM POPG or POPC. Ca”* was titrated into the protein sample at a ratio of Ca>*:phospholipid (POPC or POPG) from
0.03 to 0.17. The signal intensity changes of B2 TMD residues in response to Ca>" titration in the dimer sample were normalized to that
in the monomer sample. Rp, represents Ic,,,/Ipcaz+ in the dimer sample, while Ry, represents that ratio in the monomer sample. (A-C)
Scatter plots of the Rp/Ry; values of aLB2-WT TMD residues in POPG (A), POPC (B), and oLB2-K702A TMD residues in POPG (C).
Each dot represents a single 2 TMD residue. N = 29 for each group. Bar graphs of the Rp/Ry; value of each 2 TMD residue are shown
in S8 Fig. (D) Line plots of the Rp/Ry; values of representative residues from different regions of the 2 TMD. (E) Quantification of free
Ca®* concentration in NMR sample. Free Ca®* concentration was quantified by the 405/485 nm emission fluorescence ratio of Indo-1.
The NMR sample was diluted before the measurement. The standard curve was shown on the left, and the calculated free Ca%*
concentration was shown on the right. The underlying data of panel A-E can be found in http://dx.doi.org/10.17632/tg2622h9dd.1.
Ca**, calcium ion; Ipcazss intensity under no Ca** condition; Iz, intensity under Ca** condition; TMD, transmembrane domain;
Indo-1, 2-[4-(bis(carboxymethyl)amino)-3-[2-[2-(bis(carboxymethyl)amino)-5-methylphenoxy]ethoxy] phenyl]-1H-indole-
6-carboxylic acid; NMR, nuclear magnetic resonance; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPG, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol); WT, wild type

https://doi.org/10.1371/journal.pbio.2006525.9g006

in T cells, with a dominant-negative Orail mutant (E106A) significantly impaired T-cell basal
mobility and chemokine-induced homing [45, 53]. Earlier studies suggested that Ca** could
induce talin cleavage to activate L2 but this mechanism remains to be further clarified
because another study reported that talin cleavage could not be detected after Ca** influx [54-
56]. Our experiments showed that intracellular Ca®* could directly disrupt intramembrane
Lys-lipid interaction to activate aLB2. The NMR experiments showed that Ca** could destabi-
lize a2 transmembrane association only when acidic phospholipids were present in the
membrane and the conserved Lys residue was intact (Fig 6 and S8 Fig). Separation of aLB2 trans-
membrane domain could cause an allosteric effect on the extracellular domain to induce high-
affinity conformation [26, 57, 58]. Indeed, FRET measurements showed that intracellular Ca**
induced the high-affinity conformation of aLB2-WT and enhanced its adhesion with ICAM-1
(Fig 7A-7C). Such an effect was not observed for the aL32-K702A mutant. Given the fact that
Ca®" is an important second messenger that regulates various signaling pathways, we used Sr** to
replace Ca”* to eliminate its signaling function but preserve the charges. Sr** could still trigger
oLp2 activation without activation of the canonical LAT-SLP76-ADAP pathway (Fig 7D-7F and
S9 Fig), supporting the notion that Ca** can modulate oLB2 conformation and activity via its
charge property. Nevertheless, we did notice that the effect of Sr** on oLB2 was less robust than
Ca®", suggesting that Ca*" signaling could also regulate oL B2 activation. The canonical inside-out
signaling pathway of integrin was not required for the charge effect of Ca** because the B2 cyto-
plasmic domain truncation mutant could be still activated by Ca*" or Sr**.

In conclusion, our study unveils a new charge-based regulation of oLB2 activity that might
have general relevance to other membrane proteins that contain membrane-snorkeling basic
residues (S10 Fig). It provides a mechanistic explanation for the well-recognized stop signal
caused by intracellular Ca** in T cells. Notably, it has been already shown that Ca** can
amplify TCR and CD28 signaling [5, 7] by interfering juxtamembrane protein-lipid interac-
tion, and now, we show Ca>* can further activate the major integrin molecule in T cells by
interfering with intramembrane protein-lipid interaction. It is known that tumor-infiltrating
T cells have defect in a2 activation, which causes cytokine secretion problem [59]. Ca** can
be considered as a potential target for boosting T-cell antitumor immunity through the modu-
lations of T-cell adhesion and other aspects such as signaling and metabolism [60-62].

Materials and methods
Protein expression and purification

The human integrin 2 TMD construct (V667 to Y713) was expressed as a TrpLE fusion pro-
tein in Escherichia coli BL21 (DE3) cells. C673S substitution was incorporated in the 2
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Fig 7. Intracellular Ca®" activates aLB2 by its charge. TG (5 tM TG in A-F) or TCR stimulation (10 pg/ml 0.-CD3e in G-L) was used to
induce Ca®" or Sr*" influx in Jurkat T cells. Pretreatment of 20 uM BAPTA-AM (A-C, G-1, M) was used to chelate intracellular Ca** or Sr**.
The stimulating buffer contained Ca®* at physiological concentration (1 mM) or Sr** (5 mM). We used a higher Sr** concentration because
Sr** influx is less efficient than Ca®" influx. $2-KO Jurkat cells were reconstituted with p2-WT or K702A mutant (D-F, J-L). (A, B, D, E) WT
or K702A mutant oLB2 conformational changes induced by TG stimulation were measured by the Head and Tail FRET assays. (C, F) The
adhesion of Jurkat T cells to ICAM-1-coated surface induced by TG stimulation was measured by the flow chamber assay. (G, H, J, K) WT or
K702A mutant oLB2 conformational changes induced by TCR stimulation were measured by the Head and Tail FRET assays. (I, L) The
adhesion of Jurkat T cells to ICAM-1 coated surface induced by TCR stimulation was measured by the flow chamber assay. (M) Conjugation
between T cells and SEE pulsed B cells measured by flow cytometry. Jurkat T cells and Raji B cells were labeled with Cell Tracker Deep Red
and Cell Tracker CSFE, respectively. Raji B cells were pretreated with 5 ug/ml SEE in FBS-free RMPI-1640 medium and then mixed with
Jurkat T cells in HBSS containing either 1.26 mM CaCl, or 5 mM SrCl,. Two-way ANOVA was used to compare the differences between the
group with or without BAPTA treatment in different time points (n = 5 for each group). Data are representatives of three independent
experiments and displayed as individual points. The underlying data of panel A-M can be found in http://dx.doi.org/10.17632/tg2622h9dd.1.
(A-L) Data are representatives of two independent experiments and displayed as mean + SEM. Student ¢ test was used to analyze the
differences between two groups. ****P < 0.0001, ***P < 0.001, **P < 0.01. BAPTA-AM, 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid tetrakis (acetoxymethyl ester); Ca*", calcium ion; CaCl, calcium chloride; CD, cytoplasmic domain; CFSE, 5-(and-6)-
Carboxyfluorescein Diacetate, Succinimidyl Ester; FBS, fetal bovine serum; FRET, florescence resonance energy transfer; HBSS, Hank’s
Balanced Salt Solution; ICAM-1, intercellular adhesion molecule 1; n.s., not significant; RMPI, Roswell Park Memorial Institute; SEE,
Staphylococcus aureus Enterotoxin E; Sr**, strontium ion; SrCL, strontium chloride; TCR, T-cell receptor; TG, thapsigargin; WT, wild type

https://doi.org/10.1371/journal.pbio.2006525.g007

construct to avoid peptide cross-linking and aggregation, and a His, tag was added to the N-
terminus for purification purposes. The Hiso-TrpLE-B2 fusion protein was expressed in inclu-
sion body after IPTG induction and dissolved in a denaturing buffer that contains 50 mM
Tris-HCI (pH 8.0), 6 M Guanidine hydrochloride, 200 mM NaCl, and 1% Triton X-100. The
fusion protein was then subjected to affinity purification using a Ni-NTA affinity column
(Genescript). Purified peptide was cleaved at the Asp-Pro site between TrpLE and B2 in 10%
formic acid containing 6 M Guanidine-HCI. The digest was dialyzed to water, lyophilized, and
dissolved in 50% TFA before HPLC purification by a ZORBAX 300SB-C3 column. The elution
was performed with a linear gradient of 20%-80% Buffer B (acetonitrile, 0.2% TFA) in 60 min.
The purity of B2 TMD peptide was assessed by SDS-PAGE and mass spectrometry. The oL
TMD peptide (K1055-K1099) was chemically synthesized by Neobioscience company.

Bioinformatics analysis of membrane-snorkeling basic residues in
transmembrane proteins

Predicted transmembrane domains of single-span transmembrane proteins in the Membra-
nome database [28] were checked manually to ensure both ends of the transmembrane
domain are hydrophobic residues. Single-span transmembrane proteins from yeast (S. cerevi-
siae) and human (H. sapiens) were selected for further analysis. We also selected the human
single-span transmembrane proteins localized at the plasma membrane as an independent
data set because the plasma membrane contains the highest amount of acidic phospholipids in
cell membrane systems. The percentages of single-spanning transmembrane proteins contain-
ing Lys only, Arg only, both Lys and Arg, or no Lys or Arg were analyzed. Moreover, location
of the basic residue in TMD was analyzed for proteins with known transmembrane topology.

NMR sample preparation

Lipid bicelles (Q = 0.3) with different lipid compositions were prepared as previously reported
[4]. The bicelle solution was applied to dissolve lyophilized oL and B2 peptide and multiple
rounds of freezing-thawing were performed to enable successful protein reconstitution into
the membrane bilayer. Bis-Tris (pH 6.7) stock buffer solution was added into the sample to
make the final concentration 20 mM. The NMR sample of B2 monomer contained 0.6 mM
°C/"N-labeled B2 TMD peptide, 20 mM Bis-Tris (pH 6.7), 240 mM DHPC, 72 mM phospho-
lipids (100% POPC, 100% POPG, or 67% POPC/ 33% POPG), 1 x protease inhibitor cocktail
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(Thermo Fisher), and 0.2% NaNj. In the aLB2 transmembrane heterodimer sample, an addi-
tional 1.2 mM oL peptide was reconstituted into the bicelles. All NMR samples contained 10%
D,0 (v/v) for frequency lock.

NMR spectroscopy

NMR experiments were conducted at 30°C on Agilent ASC 600 MHz, Bruker AVANCE III
600, and 900 MHz spectrometers equipped with cryogenic probes. Sequence-specific assign-
ment of the backbone chemical shifts was accomplished using triple resonance experiments,
including HNCA, HNCACB, CBCA(CO)NH, HNCO, and "°N-edited NOESY-HSQC with a
mixing time of 150 ms. f2-K702A assignments were transferred from the wild type using
HNCA experiment.

For the Ca?" titration experiments, Ca®" dissolved in 240 mM DHPC solution was added to
the sample to reach the [Ca**]:[phospholipid] molar ratio from 0.03-0.17 (the absolute [Ca**]
ranged from 2.4 mM to 12 mM). Higher Ca®" concentration caused sample precipitation.

Hydrogen-deuterium (H/D) exchange experiments were performed to obtain hydrogen
bond information for integrin 2 TMD structure calculation. A series of time-dependent
N-TROSY spectra were measured after D,O was added into the lyophilized 2 TMD NMR
sample, and the peak intensity for each residue was traced. The hydrogen bond restraints were
applied to the slowly disappeared residues.

The signal intensity of each residue in the ’N-TROSY spectra was analyzed by NMRView
[63] and KUJIRA [64]. Chemical shift perturbation (CSP) was calculated by the formula A$
(HN/N) = ((ASHN)? + (0.154" A3"°N)*)'"2,

Structure calculation

NOE distance restrains to calculate the structure of B2 TMD were obtained from '°N-edited
NOESY, *C-edited aliphatic, and aromatic NOESY with 150 ms mixing times. Backbone dihe-
dral angle restraints (¢ and y) were derived from 1Bco, 3¢, B3P, 'H* and N chemical
shift values using TALOS+ [65]. The short range and medium range NOE connectivities were
used to establish the sequence-specific 'H NMR assignment and to identify elements of the
regular secondary structure. Hydrogen bond restraints were added according to the H/D
exchange experiment. Structure calculations were performed using CYANA 2.1 and visualized
using MOLMOL and PyMOL. A total of 100 structures were calculated, and the 20 structures
with the lowest target function values were selected. The statistics of the structures as well as
the restraints used for the structure calculation are summarized in SI Table.

Ca®* quantification

To quantify the Ca®* concentration in NMR samples, bicelle with different concentrations of
Ca®" was first diluted, and the lipid was extracted by chloroform. The supernatant was col-

lected and Indo-1 was then added to the sample and standard Ca** solution. The florescence
was measured by Bio Tek SynergyNEO. F405/F485 was used to quantify Ca®* concentration.

Generation of Jurkat T cell line expressing mutant 2 subunit

CRISPR-Cas9 mediated gene editing was used to knockout the endogenous B2 in Jurkat T
cells. The sgRNA sequence targeting B2 subunit was 5'-CCGGGAATGCATC-
GAGTCGGGGC-3'. Jurkat T cells were transfected with the recombinant lentivirus expressing
B2 sgRNA to generate a stable B2 knockout ($2-KO) cell line. Then, sgRNA-resistant B2-WT,
B2-K702A, f2-K702R, or B2-ACT mutants were reconstituted in f2-KO Jurkat T cells. To
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determine the surface expression of reconstituted B2 on f2-KO Jurkat T cells, the cells were
stained with a-p2 (TS1/18) and analyzed by flow cytometry.

For the Tail FRET measurement, aL-mTurquoise2 and B2-mCitrine were expressed in oL/
B2 double KO Jurkat T cells. The sgRNA sequence targeting oL subunit was 5-GCCGGCCTC
GAGCTACAACC-3'.

Modulation of intracellular Ca>* concentration

To induce Ca®" influx, Jurkat T cells were stimulated with 5 uM TG or 10 pug/ml a-CD3e
(UCHT-1) at 37°C in the stimulation buffer (HBS buffer containing 1 mM Ca") for 5 min. To
rule out the role of Ca®* signaling in olLB2 activation, we replaced Ca>* by Sr** in the stimula-
tion buffer. Sr** preserves the charge property of Ca®* but cannot trigger Ca®* signaling path-
ways [7]. Sr** can influx via the same CRAC channel as Ca** while its conductivity is lower
[66]. Higher Sr** concentration (5 mM) was therefore used in the stimulation buffer to achieve
similar influx level as Ca®".

To chelate intracellular Ca®", Jurkat T cells were pretreated with 20 uM BAPTA-AM in
37°C for 30 min, followed by two rounds of washing.

FRET measurement and analysis

In the extracellular Head FRET assay, Jurkat T cells were washed twice with HBSS containing
5 mM EDTA and then resuspended with HBSS. Cells were then seeded on poly-L-lysine

(100 pg/ml) substrates and incubated for 10 min at 37°C. For TG or a-CD3e (UCHT-1) treat-
ment, cells were pretreated with 5 uM TG or 10 pg/ml a-CD3e (UCHT-1) at 37°C under dif-
ferent cation conditions for 5 min. Then, cells were fixed with 3.7% paraformaldehyde (PFA)/
HBSS for 20 min at room temperature, and nonspecific sites were blocked by HBSS containing
2% BSA at room temperature for 30 min. Then, cells were stained with 20 pg/ml TS2/4 Fab
conjugated with Alexa488 for 30 min at 37°C. After two rounds of washing, cells were labeled
with 10 uM FM-4-64 FX for 4 min on ice, washed once, fixed, and mounted with Mowoil
under a coverslip.

In the intracellular Tail FRET assay, Jurkat T cells expressing aL-mTurquoise2/B2-mCitrine
were treated as above. Then, cells were fixed with 3.7% PFA in HBSS for 20 min at room tem-
perature and subjected to photobleaching FRET imaging.

FRET image acquisition, image registration, background subtraction, and data analyses
were performed with Leica TCS SP8 under a 63 X oil objective. FRET efficiency E was calcu-
lated as E = 1 —(Fdonor(d)p,./Fdonor(d)pest), in which Fdonor(d)p,. and Fdonor(d)p, are the
mean donor emission intensities of mTurquoise2 pre- and post-photobleaching. Cells with
comparable labeling (Head FRET) or comparable oL-mTurquoise2/B2-mCitrine expression
levels (Tail FRET) were used for FRET data quantitation.

Flow chamber assay

A polystyrene Petri dish was coated with a 5 mm-diameter, 20 pl spot of 20 ug/ml purified h-
ICAM-1/Fc in coating buffer (PBS, 10 mM NaHCO; [pH 9.0]) for 1 h at 37°C, followed by 2%
BSA in coating buffer for 1 h at 37°C to block nonspecific binding sites. Cells were washed
twice with HBSS containing 5 mM EDTA and 0.5% BSA before resuspension at 1 x 10”/ml
density in buffer A (HBSS containing 0.5% BSA). Cells were then diluted to 1 x 10°/ml in
buffer A containing different divalent cations immediately before infusion into the flow cham-
ber using a Harvard apparatus programmable syringe pump.

Cells were allowed to accumulate for 30 s at 0.3 dyne/cm” and for 10 s at 0.4 dyne/cm”.
Then, shear stress was increased every 10 s from 1 dyne/cm” up to 32 dynes/cm? in 2-fold
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increments. The number of bound cells remained at the end of each 10-s interval was
determined.

T cell-target cell conjugation assay

Jurkat T cells expressing B2-WT or 2-K702A and Raji B cells were labeled with Cell Tracker
CFSE and Cell Tracker Deep Red, respectively. For antibody blocking, Jurkat T cells were
incubated with 10 pg/ml a-CD2 (clone: RPA-2.10) or o-LFA-1 (clone: TS1/18) for 15 min at
37°C. To chelate intracellular Ca**, Jurkat T cells were pretreated with 20 uM BAPTA-AM in
37°C for 30 min. For Staphylococcus aureus Enterotoxin E (SEE) stimulation, Raji B cells were
pretreated with 5 pg/ml SEE in FBS-free RPMI-1640 medium for 30 min at 37°C. After wash-
ing, Jurkat T cells and Raji B cells were resuspended in RPMI-1640 medium or HBSS at

1 x 10° cells/ml. They were mixed at the 1:1 ratio and allowed to interact for 5-30 min at 37°C.
Cells were then resuspended, fixed, and analyzed by flow cytometry. The percentage of conju-
gation was calculated as the percentage of dual-labeled (red/green) events.

Soluble ICAM-1-binding assay

Cells were washed with Hank’s Balanced Salt Solution (HBSS) containing 5 mM EDTA and
then resuspended in HBSS containing either 1 mM CaCl, and 1 mM MgCl, or 5 mM SrCl,
and 1 mM MgCl,. Cells were pretreated with 10 pg/ml anti-CD3e mAb (clone: UCHT-1) or
an equal volume of HBSS for 5 min at 37°C, followed by an incubation with 20 ug/ml ICAM-
1-Fc and Alexa Fluor 647-conjugated anti-human-IgG antibody (Invitrogen) for 20 min at
37°C. Cells were fixed in 3.7% PFA for 10 min and then washed in HBSS. ICAM-1 binding
was evaluated by flow cytometry.

Isolation of plasma membrane fractions

Jurkat T WT or LAT-KO cells (1 x 10”) were either left untreated or stimulated for 5 min with
10 ug/ml anti-CD3e mAb (clone: UCHT-1). Then, cells were washed with PBS and resus-
pended on ice in a hypotonic buffer. Cells were sheared, and nuclei and unbroken cells were
removed by low-speed centrifugation. The remaining supernatant was recentrifuged, and the
cytosolic fraction (supernatant) was collected. The remaining pellet (membrane fraction) was
washed twice with hypotonic buffer and finally resuspended on ice in lysis buffer. Protein con-
centrations of the cytosolic and membrane fractions were quantified by BCA assay and active
Rapl was isolated using a glutathione GST-RalGDS-Rap1 binding domain (RBD) fusion pro-
tein. Equivalent masses of cytosolic and membrane fractions were loaded onto 10% or 12%
SDS-PAGE gels for separation.

Molecular dynamics simulations

The monomer of oL (PDB code 2M3E) and 2 (PDB code 5ZAZ) were used to construct the
dimer of aLB2, which is based on the dimer conformation of alIbp3 (PDB code 2K9J) [67].
The assembling of aLB2-WT and oL2-K702A mutant into the bilayer was employed using
the CHARMM-GUI web server [68]. To mimic the charge distribution in plasma membrane,
an asymmetric model membrane consisted of total 120 POPS/POPC lipid molecules, with
100% POPC lipids in the outer leaflet and POPS/POPC lipids with a mixture ratio of 1:2 in
inner leaflet was applied. Then the systems were solvated with TIP3P water molecules and the
charges of the systems were balanced to neutral using 150 mM NaCl. All MD simulations were
first performed using AMBER16 package [69] with CHARMMS36 force field [70] under NPT
condition for 380 ns, and the representative conformation of the largest cluster was then
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chosen as the initial structure to perform new MD simulation based on the polarizable atomic
multipole-based force field. Here, the parametrization for the lipid adopts the same protocol as
our previous work [38, 71]. The simulations were performed under the NPT ensemble at 303.5
K and 1 bar with an Andersen Thermostat [72] and a Monte Carlo anisotropic barostat imple-
mented in the OpenMM package [73]. The Rattle algorithm [74] was also adopted in the MD
to constrain all bonds involving the hydrogen, which ensured the stability of the system with a
4 fs integration time step. The Particle-Mesh Ewald (PME) [75, 76] method for long range elec-
trostatic calculations was employed, and the cutoff was set to 10.0 A. The cutoff for the non-
bonded van der Waals interactions was set to 12.0 A. Mutual polarization was used, which
employed the self-consistent field (SCF) with the Direct Inversion in Iterative Subspace (DIIS)
method [77] to calculate the induced dipole moment in every integration. The convergence
threshold of the induced dipole in SCF iteration was set to 0.00001D. The last 50 ns of each
simulation were used for analysis, and the analysis of interaction energies, native contacts, etc.
were performed by cpptraj module [78] in AMBERI16 [69].

Spatial distribution function (SDF), which reflects the average 3D density distribution, has
been applied to investigate the distribution of POPS around the oLf2-WT and aLB2-K702A.
In each condition, the SDF is calculated based on the snapshot configurations of the last 50 ns
in 10 independent MD trajectories. The space is divided by the voxel element with [1 * 1 * 1]
A3. And the number of POPS atoms in each grid in the inner leaflet ([-40, 40]*[-40, 40]*[-40,
0] A’) is counted. Therefore, the peaks of SDF imply the locations where POPS molecules
reside with high probability. The spatial distribution of POPS around oLB2-WT and
oLp2-K702A in the inner leaflet is projected onto the membrane (xy) plane.

Statistical information

All statistical analyses were performed using GraphPad Prism 7 software. Student ¢ test was
used to compare the FRET efficiencies and numbers of adherent cells. Paired ¢ test was used to
compare the dimer formation in different lipids. Two-way ANOVA was performed to com-
pare the difference between groups. Statistical methods and significance values were stated in
the figure legends. The repeats were independent cells or protein samples.

Supporting information

S1 Table. NMR and refinement statistics for integrin 2 TMD monomer.
(DOCX)

S1 Fig. K702 is embedded in the lipid bicelle. Peak intensity changes induced by the addition
of 5 mM 16-DSA on integrin B2 TMD. I/I, of >N TROSY was used to quantify the paramag-
netic effect. I represents the signal intensity with 16-DSA, while I, represents the signal inten-
sity without 16-DSA. The underlying data can be found in http://dx.doi.org/10.17632/
tg2622h9dd.1. "N, nitrogen-15; 16-DSA, 16-doxyl stearic acid; I/, intensity ratio; TMD,
transmembrane domain.

(TTF)

$2 Fig. Intensity changes of B2 TMD upon unlabeled oL and B2 titration. '’N-labeled
B2-WT was mixed with different concentration of unlabeled oL (A) or B2 (B) in the mixture
lipid bicelles. The B2-WT monomer contained 0.6 mM '°N-labeled B2 TMD peptide, 20 mM
Bis-Tris (pH 6.7), 240 mM DHPC, 24 mM POPG, and 48 mM POPC. Superimposed 'H-'°N
TROSY-HSQC spectra of '°N-labeled B2-WT in the presence or absence of different concen-
trations of unlabeled oL (A) or B2 (B) are shown on left. Signal intensity comparisons of 2
TMD residues are shown on the right. I represents the signal intensity of f2 TMD residues
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with unlabeled oL or 2, while I, represents the corresponding one without unlabeled oL or
B2. The underlying data can be found in http://dx.doi.org/10.17632/tg2622h9dd.1. 'H, hydro-
gen-1, 5N, nitrogen-15; HSQC, heteronuclear single quantum coherence; POPC, 1-palmitoyl-
2-oleoyl-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-
rac-glycerol); TMD, transmembrane domain; TROSY, transverse relaxation-optimized spec-
troscopy; WT, wild type.

(TIF)

$3 Fig. aLp2 heterodimer formation in different lipid conditions. '*N-labeled p2-WT was
mixed with unlabeled oL in different concentration (total lipid concentration ranging from 36
mM to 144 mM) (A) or size (g value ranging from 0.3 to 0.5) (B) of mixture lipid bicelles to
form heterodimer. The B2-WT monomer contained 0.6 mM '°N-labled B2 TMD peptide. In
the aLB2 transmembrane heterodimer sample, additional 1.2 mM oL peptide was reconsti-
tuted into the bicelles. '°N, nitrogen-15; TMD, transmembrane domain; WT, wild type.

(TIF)

$4 Fig. Stabilization of aLB2 transmembrane association by acidic phospholipids. 'H-"°N
TROSY-HSQC spectra of aLB2 dimer reconstituted in POPC, mixture (33% POPG, 67%
POPC), or POPG bicelles. B2 was labeled by *C/'°N and oL was unlabeled. The full spectra
are shown in (A-C) and representative residues from extracellular domain, transmembrane
domain, and cytoplasmic domain are shown in (D). Signal intensity reductions of B2 TMD
residues upon dimer formation in different lipid bicelles are shown I(E). I represented the sig-
nal intensity of B2 TMD residue in the dimer sample, while I, represented the corresponding
one in the monomer sample. The underlying data can be found in http://dx.doi.org/10.17632/
tg2622h9dd.1. 'H, hydrogen-1; '°N, nitrogen-15; HSQC, heteronuclear single quantum coher-
ence; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1’-rac-glycerol); TMD, transmembrane domain; TROSY, transverse
relaxation-optimized spectroscopy.

(TIF)

S5 Fig. Minor effect of acidic phospholipids on B2 monomer. (A) "H-""’N TROSY-HSQC
spectra of p2 monomer reconstituted in different lipid bicelles, i.e., POPC mixture (33%
POPG, 67% POPC) or POPG bicelles. (B) Peak intensity of B2 residues in different lipid
bicelles. The underlying data can be found in http://dx.doi.org/10.17632/tg2622h9dd.1. 'H,
hydrogen-1; "°N, nitrogen-15; HSQC, heteronuclear single quantum coherence; POPC, 1-pal-
mitoyl-2-oleoyl-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-(1’-rac-glycerol); TMD, transmembrane domain; TROSY, transverse relaxation-
optimized spectroscopy.

(TIF)

S6 Fig. Interaction energy of pairwise atoms between POPS and p2-K702/aL-R1094. The
Y-axis indicates the atom index of POPS. The x-axis indicates the atom index of oL-R1094
(left) or B2-K702 (right). The values of the interaction energy, in the range of [-20, 20], are
shown as blue (negative) and red (positive) according to the color bar. The interaction energy
of first 35 atoms of POPS with aL.-R1094 or 2-K702 are enlarged and shown in the middle.
The interaction pairs with the lowest interaction energy are highlighted by rounded rectangle
in red color. POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine.

(TIF)

S7 Fig. The role of CD2 in T-APC conjugation. T-cell adhesion to target cells was measured
by flow cytometry. Jurkat T cells and Raji B cells were labeled with Cell Tracker CSFE and Cell
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Tracker Deep Red, respectively. To block CD2-CD58 interaction, Jurkat T cells were pre-
treated with 10 pg/ml 0-CD2 (RPA-2.10). Representative FACS pictures are shown at the left.
The conjugates appear at the right upper corner. The underlying data can be found in http://
dx.doi.org/10.17632/tg2622h9dd.1. Two-way ANOVA was used to compare the differences
between f2-WT and B2-K702A in different time points (n = 5 for each group). Data are repre-
sentative of three independent experiments and displayed as individual points. ****P < 0.0001.
APC, antigen presenting cell; CD, cytoplasmic domain; CFSE, 5-(and-6)-Carboxyfluorescein
Diacetate, Succinimidyl Ester; FACS, fluorescence-activated cell sorting; WT, wild type.

(TIF)

S8 Fig. The effect of Ca®* on aLB2 dimerization. Peak intensity changes of each B2 TMD res-
idue under Ca®" titration are displayed as a bar graph. Rp/Ry, values of aL.2-WT in POPG
(A), POPC (B), and aLB2-K702A in POPG (C) are shown. Ry, represents Ic,5,/Igcazs in the
dimer sample, while Ry represents that ratio in the monomer sample. Ca>*:phospholipid
(POPC or POPG) was from 0.03 to 0.17. The underlying data can be found in http://dx.doi.
org/10.17632/tg2622h9dd.1. Ca®*, calcium ion; Ic,,,, intensity under no Ca®* condition; Ic,,
., intensity under Ca** condition; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine;
POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol); TMD, transmembrane
domain; WT, wild type.

(TIF)

S9 Fig. Tailess B2 shows impaired adhesion but can still be activated. (A) Sr** does not
cause membrane recruitment of ADAP and Rapl. Western blot analysis of ADAP and
GTP-Rapl recruitment to plasma membrane in WT and LAT-KO Jurkat T cells. Cells were
either left unstimulated or stimulated with 5uM TG or 10 ug/ml o.-CD3e (UCHT-1) in HBSS
containing 5 mM Sr**/1 mM Mg”* for 5 min and subjected to cytosolic and plasma membrane
fractionation. Active Rapl (GTP-Rapl) was isolated using a GST-RalGDS-Rap1 binding
domain fusion protein. To control the fractionation efficiency, fractions were assessed for the
presence of CD11a and B-actin. (B-E) B2-KO Jurkat cells were reconstituted with f2-WT,
cytoplasmic domain truncation mutant. WT or cytoplasmic domain truncation mutant (ACT)
oLp2 conformational changes induced by TG (B, C) or TCR (D, E) stimulation were measured
by the Head and Tail FRET assays. (F) Adhesive modality of Jurkat T cells expressing WT or
ACT mutant oLB2 on ICAM-1 substrates at a wall shear stress of 0.4 dyn/ cm? (left panel) and

1 dyn/cm? (right panel). (G) Binding of soluble ICAM-1 to Jurkat T cells expressing WT or
ACT mutant oLB2 treated with or without 10 pg/ml a-CD3e (UCHT-1) in HBSS containing 1
mM Ca**/ Mg** or 5 mM Sr**/1 mM Mg>". ICAM-1 binding was measured by flow cytometry
and presented as MFI normalized to integrin expression (TS1/18 binding). The underlying
data of panel B-G can be found in http://dx.doi.org/10.17632/tg2622h9dd.1. Data are repre-
sentative of two independent experiments and displayed as mean + SEM. Student ¢ test was
used to analyze the differences between two groups. *P < 0.05; **P < 0.01, ***P < 0.001,

****P < 0.0001. ADAP, adhesion and degranulation-promoting adaptor protein; Ca®*,calcium
ion; CD, cytoplasmic domain; FRET, fluorescence resonance energy transfer; HBSS, Hank’s
Balanced Salt Solution; ICAM-1, intercellular adhesion molecule 1; MFI, mean fluorescence
intensity; Mg>", magnesium ion; n.s., not significant; Sr**, strontium ion; TCR, T-cell receptor;
TG, thapsigargin; WT, wild type.

(TIF)

$10 Fig. Ca®*-mediated aLp2 activation model. (A) In resting T cells, the ionic interaction

between the $2-K702 amino group and the phosphate group of acidic phospholipids stabilizes
transmembrane association between oL and B2 subunits, thus keeping oLB2 in low-affinity
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conformation. (B) In activated T cells, Ca** ions quickly influx and generate high local [Ca®"]
[5, 7]. Local Ca®" ions can directly neutralize the lipid phosphate group to destabilize oLp2
transmembrane association, thus turning aLB2 to high-affinity conformation. This effect is
independent of Ca®" downstream signaling and integrin inside-out signaling. Ca>*, calcium
ion.

(TIF)

Acknowledgments

We thank Haopeng Wang for providing LAT-KO Jurkat T cells and SEE, Lunyi Li for making
the schematic diagram, and Binlu Huang for help in manuscript text editing. The NMR and
cellular experiments were performed at the National Center for Protein Science Shanghai and
Core Facility for Cell Biology of Shanghai Institute of Biochemistry and Cell Biology.

Author Contributions

Conceptualization: Chenqi Xu.

Data curation: Jun Guo, Youhua Zhang, Hua Li.

Formal analysis: Jun Guo, Youhua Zhang, Hua Li, Huiying Chu, Guohui Li, Chengi Xu.
Funding acquisition: Hua Li, Guohui Li, Jianfeng Chen, Chengqi Xu.

Investigation: Jun Guo, Youhua Zhang, Hua Li, Huiying Chu, Qinshu Wang, Shutan Jiang,
Yan Li, Chengqi Xu.

Methodology: Jun Guo, Youhua Zhang, Hua Li, Hongbin Shen.

Project administration: Jianfeng Chen, Chengqi Xu.

Supervision: Guohui Li, Jianfeng Chen, Chengi Xu.

Writing - original draft: Jun Guo, Youhua Zhang.

Writing - review & editing: Hua Li, Huiying Chu, Guohui Li, Jianfeng Chen, Chengi Xu.

References

1. SezginE, Levental |, Mayor S, Eggeling C. The mystery of membrane organization: composition, regu-
lation and roles of lipid rafts. Nat Rev Mol Cell Biol. 2017; 18(6):361-74. Epub 2017/03/31. https://doi.
0rg/10.1038/nrm.2017.16 PMID: 28356571; PubMed Central PMCID: PMCPMC5500228.

2. LiL, ShiX, Guo X, Li H, Xu C. lonic protein-lipid interaction at the plasma membrane: what can the
charge do? Trends Biochem Sci. 2014; 39(3):130—40. https://doi.org/10.1016/}.tibs.2014.01.002 PMID:
24534649.

3. WuW, Shi X, Xu C. Regulation of T cell signalling by membrane lipids. Nature reviews Immunology.
2016; 16(11):690-701. https://doi.org/10.1038/nri.2016.103 PMID: 27721483.

4. XuC, Gagnon E, Call ME, Schnell JR, Schwieters CD, Carman CV, et al. Regulation of T cell receptor
activation by dynamic membrane binding of the CD3epsilon cytoplasmic tyrosine-based motif. Cell.
2008; 135(4):702—13. https://doi.org/10.1016/j.cell.2008.09.044 PMID: 19013279; PubMed Central
PMCID: PMCPMC2597348.

5. YangW, PanW, Chen S, Trendel N, Jiang S, Xiao F, et al. Dynamic regulation of CD28 conformation
and signaling by charged lipids and ions. Nat Struct Mol Biol. 2017. Epub 2017/10/24. https://doi.org/10.
1038/nsmb.3489 PMID: 29058713.

6. GuoX, YanC,LiH, Huang W, Shi X, Huang M, et al. Lipid-dependent conformational dynamics underlie
the functional versatility of T-cell receptor. Cell Res. 2017; 27(4):505-25. Epub 2017/03/25. https://doi.
org/10.1038/cr.2017.42 PMID: 28337984; PubMed Central PMCID: PMCPMC5385618.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006525 November 14,2018 24/28


https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1038/nrm.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28356571
https://doi.org/10.1016/j.tibs.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24534649
https://doi.org/10.1038/nri.2016.103
http://www.ncbi.nlm.nih.gov/pubmed/27721483
https://doi.org/10.1016/j.cell.2008.09.044
http://www.ncbi.nlm.nih.gov/pubmed/19013279
https://doi.org/10.1038/nsmb.3489
https://doi.org/10.1038/nsmb.3489
http://www.ncbi.nlm.nih.gov/pubmed/29058713
https://doi.org/10.1038/cr.2017.42
https://doi.org/10.1038/cr.2017.42
http://www.ncbi.nlm.nih.gov/pubmed/28337984
https://doi.org/10.1371/journal.pbio.2006525

@'PLOS ‘ BIOLOGY

lonic protein—lipid interaction regulates integrin activation

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Shi X, BiY, YangW, Guo X, Jiang Y, Wan C, et al. Ca2+ regulates T-cell receptor activation by modulat-
ing the charge property of lipids. Nature. 2013; 493(7430):111-5. https://doi.org/10.1038/nature 11699
PMID: 23201688.

Chen X, Pan W, Sui Y, Li H, Shi X, Guo X et al. Acidic phospholipids govern the enhanced activation of
1gG-B cell receptor. Nat Commun. 2015; 6:8552. https://doi.org/10.1038/ncomms9552 PMID:
26440273; PubMed Central PMCID: PMCPMC4600742.

van den Bogaart G, Meyenberg K, Risselada HJ, Amin H, Willig KI, Hubrich BE, et al. Membrane protein
sequestering by ionic protein-lipid interactions. Nature. 2011; 479(7374):552-5. https://doi.org/10.1038/
nature10545 PMID: 22020284; PubMed Central PMCID: PMCPMC3409895.

Wang Y, Gao J, Guo X, Tong T, Shi X, Li L, et al. Regulation of EGFR nanocluster formation by ionic
protein-lipid interaction. Cell Res. 2014; 24(8):959-76. Epub 2014/07/09. https://doi.org/10.1038/cr.
2014.89 PMID: 25001389; PubMed Central PMCID: PMCPMC4123299.

Zhou Y, Wong CO, Cho KJ, van der Hoeven D, Liang H, Thakur DP, et al. SIGNAL TRANSDUCTION.
Membrane potential modulates plasma membrane phospholipid dynamics and K-Ras signaling. Sci-
ence. 2015; 349(6250):873—-6. Epub 2015/08/22. https://doi.org/10.1126/science.aaa5619 PMID:
26293964; PubMed Central PMCID: PMCPMC4687752.

Heo WD, Inoue T, Park WS, Kim ML, Park BO, Wandless TJ, et al. PI(3,4,5)P3 and PI(4,5)P2 lipids tar-
get proteins with polybasic clusters to the plasma membrane. Science. 2006; 314(5804):1458—-61.
Epub 2006/11/11. https://doi.org/10.1126/science.1134389 PMID: 17095657; PubMed Central PMCID:
PMCPMC3579512.

Kim C, Schmidt T, Cho EG, Ye F, Uimer TS, Ginsberg MH. Basic amino-acid side chains regulate trans-
membrane integrin signalling. Nature. 2012; 481(7380):209-13. https://doi.org/10.1038/nature 10697
PMID: 22178926; PubMed Central PMCID: PMCPMC3257387.

Lu Z, Mathew S, Chen J, Hadziselimovic A, Palamuttam R, Hudson BG, et al. Implications of the differ-
ing roles of the beta1 and beta3 transmembrane and cytoplasmic domains for integrin function. Elife.
2016; 5. Epub 2016/12/09. https://doi.org/10.7554/eLife.18633 PMID: 27929375; PubMed Central
PMCID: PMCPMC5207772.

Semba CP, Gadek TR. Development of lifitegrast: a novel T-cell inhibitor for the treatment of dry eye
disease. Clin Ophthalmol. 2016; 10:1083—-94. Epub 2016/06/30. https://doi.org/10.2147/OPTH.
S110557 PMID: 27354762; PubMed Central PMCID: PMCPMC4910612.

Luo BH, Carman CV, Springer TA. Structural basis of integrin regulation and signaling. Annu Rev Immu-
nol. 2007; 25:619—-47. Epub 2007/01/05. https://doi.org/10.1146/annurev.immunol.25.022106.141618
PMID: 17201681; PubMed Central PMCID: PMCPMC1952532.

Humphrey JD, Dufresne ER, Schwartz MA. Mechanotransduction and extracellular matrix homeosta-
sis. Nat Rev Mol Cell Biol. 2014; 15(12):802—12. Epub 2014/10/31. https://doi.org/10.1038/nrm3896
PMID: 25355505; PubMed Central PMCID: PMCPMC4513363.

Kim C, Ye F, Ginsberg MH. Regulation of integrin activation. Annu Rev Cell Dev Biol. 2011; 27:321—-45.
Epub 2011/06/15. https://doi.org/10.1146/annurev-cellbio-100109-104104 PMID: 21663444.

Horton ER, Humphries JD, James J, Jones MC, Askari JA, Humphries MJ. The integrin adhesome net-
work at a glance. J Cell Sci. 2016; 129(22):4159-63. Epub 2016/11/02. https://doi.org/10.1242/jcs.
192054 PMID: 27799358; PubMed Central PMCID: PMCPMC5117201.

Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell. 2002; 110(6):673-87. Epub
2002/09/26. PMID: 12297042.

Meli AP, Fontes G, Avery DT, Leddon SA, Tam M, Elliot M, et al. The Integrin LFA-1 Controls T Follicu-
lar Helper Cell Generation and Maintenance. Immunity. 2016; 45(4):831—46. https://doi.org/10.1016/.
immuni.2016.09.018 PMID: 27760339.

Perez OD, Mitchell D, Jager GC, South S, Murriel C, McBride J, et al. Leukocyte functional antigen 1
lowers T cell activation thresholds and signaling through cytohesin-1 and Jun-activating binding protein
1. Nat Immunol. 2003; 4(11):1083-92. https://doi.org/10.1038/ni984 PMID: 14528308.

Capece T, Walling BL, Lim K, Kim KD, Bae S, Chung HL, et al. A novel intracellular pool of LFA-1 is criti-
cal for asymmetric CD8(+) T cell activation and differentiation. J Cell Biol. 2017; 216(11):3817-29.

Epub 2017/09/29. https://doi.org/10.1083/jcb.201609072 PMID: 28954823; PubMed Central PMCID:
PMCPMC5674876.

Varga G, Nippe N, Balkow S, Peters T, Wild MK, Seeliger S, et al. LFA-1 contributes to signal | of T-cell
activation and to the production of T(h)1 cytokines. J Invest Dermatol. 2010; 130(4):1005—12. Epub
2010/01/15. https://doi.org/10.1038/jid.2009.398 PMID: 20072134.

Springer TA, Dustin ML. Integrin inside-out signaling and the immunological synapse. Curr Opin Cell
Biol. 2012; 24(1):107—15. Epub 2011/12/02. https://doi.org/10.1016/j.ceb.2011.10.004 PMID:
22129583; PubMed Central PMCID: PMCPMC3294052.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006525 November 14,2018 25/28


https://doi.org/10.1038/nature11699
http://www.ncbi.nlm.nih.gov/pubmed/23201688
https://doi.org/10.1038/ncomms9552
http://www.ncbi.nlm.nih.gov/pubmed/26440273
https://doi.org/10.1038/nature10545
https://doi.org/10.1038/nature10545
http://www.ncbi.nlm.nih.gov/pubmed/22020284
https://doi.org/10.1038/cr.2014.89
https://doi.org/10.1038/cr.2014.89
http://www.ncbi.nlm.nih.gov/pubmed/25001389
https://doi.org/10.1126/science.aaa5619
http://www.ncbi.nlm.nih.gov/pubmed/26293964
https://doi.org/10.1126/science.1134389
http://www.ncbi.nlm.nih.gov/pubmed/17095657
https://doi.org/10.1038/nature10697
http://www.ncbi.nlm.nih.gov/pubmed/22178926
https://doi.org/10.7554/eLife.18633
http://www.ncbi.nlm.nih.gov/pubmed/27929375
https://doi.org/10.2147/OPTH.S110557
https://doi.org/10.2147/OPTH.S110557
http://www.ncbi.nlm.nih.gov/pubmed/27354762
https://doi.org/10.1146/annurev.immunol.25.022106.141618
http://www.ncbi.nlm.nih.gov/pubmed/17201681
https://doi.org/10.1038/nrm3896
http://www.ncbi.nlm.nih.gov/pubmed/25355505
https://doi.org/10.1146/annurev-cellbio-100109-104104
http://www.ncbi.nlm.nih.gov/pubmed/21663444
https://doi.org/10.1242/jcs.192054
https://doi.org/10.1242/jcs.192054
http://www.ncbi.nlm.nih.gov/pubmed/27799358
http://www.ncbi.nlm.nih.gov/pubmed/12297042
https://doi.org/10.1016/j.immuni.2016.09.018
https://doi.org/10.1016/j.immuni.2016.09.018
http://www.ncbi.nlm.nih.gov/pubmed/27760339
https://doi.org/10.1038/ni984
http://www.ncbi.nlm.nih.gov/pubmed/14528303
https://doi.org/10.1083/jcb.201609072
http://www.ncbi.nlm.nih.gov/pubmed/28954823
https://doi.org/10.1038/jid.2009.398
http://www.ncbi.nlm.nih.gov/pubmed/20072134
https://doi.org/10.1016/j.ceb.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22129583
https://doi.org/10.1371/journal.pbio.2006525

@'PLOS ‘ BIOLOGY

lonic protein—lipid interaction regulates integrin activation

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Hogg N, Patzak I, Willenbrock F. The insider’s guide to leukocyte integrin signalling and function. Nature
reviews Immunology. 2011; 11(6):416—26. https://doi.org/10.1038/nri2986 PMID: 21597477.

Arnaout MA. Biology and structure of leukocyte beta 2 integrins and their role in inflammation.
F1000Research. 2016; 5. https://doi.org/10.12688/f1000research.9415.1 PMID: 27781085; PubMed
Central PMCID: PMC5054827.

Lomize AL, Lomize MA, Krolicki SR, Pogozheva ID. Membranome: a database for proteome-wide anal-
ysis of single-pass membrane proteins. Nucleic Acids Res. 2017; 45(D1):D250-D5. Epub 2016/08/12.
https://doi.org/10.1093/nar/gkw712 PMID: 27510400; PubMed Central PMCID: PMCPMC5210604.

Li R, Mitra N, Gratkowski H, Vilaire G, Litvinov R, Nagasami C, et al. Activation of integrin alphallbbeta3
by modulation of transmembrane helix associations. Science. 2003; 300(5620):795-8. https://doi.org/
10.1126/science.1079441 PMID: 12730600.

Xiong JP, Mahalingham B, Alonso JL, Borrelli LA, Rui X, Anand S, et al. Crystal structure of the com-
plete integrin alphaVbeta3 ectodomain plus an alpha/beta transmembrane fragment. J Cell Biol. 2009;
186(4):589-600. Epub 2009/08/26. https://doi.org/10.1083/jcb.200905085 PMID: 19704023; PubMed
Central PMCID: PMCPMC2733745.

Lau TL, Partridge AW, Ginsberg MH, Ulmer TS. Structure of the integrin beta3 transmembrane seg-
ment in phospholipid bicelles and detergent micelles. Biochemistry. 2008; 47(13):4008—16. Epub 2008/
03/07. https://doi.org/10.1021/bi800107a PMID: 18321071.

Kim C, Schmidt T, Cho EG, Ye F, Uimer TS, Ginsberg MH. Basic amino-acid side chains regulate trans-
membrane integrin signalling. Nature. 2011; 481(7380):209—-13. Epub 2011/12/20. https://doi.org/10.
1038/nature 10697 PMID: 22178926; PubMed Central PMCID: PMCPMC3257387.

Kim C, Kim MC. Differences in alpha-beta transmembrane domain interactions among integrins enable
diverging integrin signaling. Biochem Biophys Res Commun. 2013; 436(3):406—12. Epub 2013/06/12.
https://doi.org/10.1016/j.bbrc.2013.05.115 PMID: 23747731.

Bain AD. Chemical exchange in NMR. Prog Nucl Magn Reson Spectrosc. 2003; 43:63—103. https://doi.
org/10.1016/j.pnmrs.2003.08.001

Surya W, Li Y, Millet O, Diercks T, Torres J. Transmembrane and Juxtamembrane Structure of alphaL
Integrin in Bicelles. PLoS ONE. 2013; 8(9):e74281. Epub 2013/09/27. https://doi.org/10.1371/journal.
pone.0074281 PMID: 24069290; PubMed Central PMCID: PMCPMC3771934.

Schmidt T, Suk JE, Ye F, Situ AJ, Mazumder P, Ginsberg MH, et al. Annular anionic lipids stabilize the
integrin alphallbbeta3 transmembrane complex. J Biol Chem. 2015; 290(13):8283-93. Epub 2015/01/
31. https://doi.org/10.1074/jbc.M114.623504 PMID: 25632962; PubMed Central PMCID:
PMCPmc4375483.

Roux B, Berneche S, Egwolf B, Lev B, Noskov SY, Rowley CN, et al. lon selectivity in channels and
transporters. Journal of General Physiology. 2011; 137(5):415-26. https://doi.org/10.1085/jgp.
201010577 WOS:000289885200004. PMID: 21518830

ChuH, Peng X, Li Y, Zhang Y, Li G. A Polarizable Atomic Multipole-Based Force Field for Molecular
Dynamics Simulations of Anionic Lipids. Molecules. 2018; 23(1):77. https://doi.org/10.3390/
molecules23010077 PMID: 29301229

Shao J, Tanner SW, Thompson N, Cheatham TE IlI. Clustering molecular dynamics trajectories: 1.
Characterizing the performance of different clustering algorithms. Journal of Chemical Theory and
Computation. 2007; 3(6):2312-34. https://doi.org/10.1021/ct700119m WOS:000251024200037. PMID:
26636222

Wang S, Wu C, Zhang Y, Zhong Q, Sun H, Cao W, et al. Integrin alphadbeta? switches its ligand speci-
ficity via distinct conformer-specific activation. J Cell Biol. 2018; 217(8):2799-812. Epub 2018/05/24.
https://doi.org/10.1083/jcb.201710022 PMID: 29789438; PubMed Central PMCID: PMCPMC6080939.

Hogan PG, Lewis RS, Rao A. Molecular basis of calcium signaling in lymphocytes: STIM and ORAI.
Annu Rev Immunol. 2010; 28:491-533. https://doi.org/10.1146/annurev.immunol.021908.132550
PMID: 20307213; PubMed Central PMCID: PMC2861828.

Lioudyno MI, Kozak JA, Penna A, Safrina O, Zhang SL, Sen D, et al. Orai1 and STIM1 move to the
immunological synapse and are up-regulated during T cell activation. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2008; 105(6):2011-6. Epub 2008/02/06. https://doi.
org/10.1073/pnas.0706122105 PMID: 18250319; PubMed Central PMCID: PMCPMC2538873.

Feske S. Calcium signalling in lymphocyte activation and disease. Nature reviews Immunology. 2007; 7
(9):690-702. https://doi.org/10.1038/nri2152 PMID: 17703229.

Bhakta NR, Oh DY, Lewis RS. Calcium oscillations regulate thymocyte motility during positive selection
in the three-dimensional thymic environment. Nat Immunol. 2005; 6(2):143-51. https://doi.org/10.1038/
ni1161 PMID: 15654342.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006525 November 14,2018 26/28


https://doi.org/10.1038/nri2986
http://www.ncbi.nlm.nih.gov/pubmed/21597477
https://doi.org/10.12688/f1000research.9415.1
http://www.ncbi.nlm.nih.gov/pubmed/27781085
https://doi.org/10.1093/nar/gkw712
http://www.ncbi.nlm.nih.gov/pubmed/27510400
https://doi.org/10.1126/science.1079441
https://doi.org/10.1126/science.1079441
http://www.ncbi.nlm.nih.gov/pubmed/12730600
https://doi.org/10.1083/jcb.200905085
http://www.ncbi.nlm.nih.gov/pubmed/19704023
https://doi.org/10.1021/bi800107a
http://www.ncbi.nlm.nih.gov/pubmed/18321071
https://doi.org/10.1038/nature10697
https://doi.org/10.1038/nature10697
http://www.ncbi.nlm.nih.gov/pubmed/22178926
https://doi.org/10.1016/j.bbrc.2013.05.115
http://www.ncbi.nlm.nih.gov/pubmed/23747731
https://doi.org/10.1016/j.pnmrs.2003.08.001
https://doi.org/10.1016/j.pnmrs.2003.08.001
https://doi.org/10.1371/journal.pone.0074281
https://doi.org/10.1371/journal.pone.0074281
http://www.ncbi.nlm.nih.gov/pubmed/24069290
https://doi.org/10.1074/jbc.M114.623504
http://www.ncbi.nlm.nih.gov/pubmed/25632962
https://doi.org/10.1085/jgp.201010577
https://doi.org/10.1085/jgp.201010577
http://www.ncbi.nlm.nih.gov/pubmed/21518830
https://doi.org/10.3390/molecules23010077
https://doi.org/10.3390/molecules23010077
http://www.ncbi.nlm.nih.gov/pubmed/29301229
https://doi.org/10.1021/ct700119m
http://www.ncbi.nlm.nih.gov/pubmed/26636222
https://doi.org/10.1083/jcb.201710022
http://www.ncbi.nlm.nih.gov/pubmed/29789438
https://doi.org/10.1146/annurev.immunol.021908.132550
http://www.ncbi.nlm.nih.gov/pubmed/20307213
https://doi.org/10.1073/pnas.0706122105
https://doi.org/10.1073/pnas.0706122105
http://www.ncbi.nlm.nih.gov/pubmed/18250319
https://doi.org/10.1038/nri2152
http://www.ncbi.nlm.nih.gov/pubmed/17703229
https://doi.org/10.1038/ni1161
https://doi.org/10.1038/ni1161
http://www.ncbi.nlm.nih.gov/pubmed/15654342
https://doi.org/10.1371/journal.pbio.2006525

@'PLOS ‘ BIOLOGY

lonic protein—lipid interaction regulates integrin activation

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Dong TX, Othy S, Greenberg ML, Jairaman A, Akunwafo C, Leverrier S, et al. Intermittent Ca(2+) sig-
nals mediated by Orai1 regulate basal T cell motility. Elife. 2017; 6. Epub 2017/12/15. https://doi.org/10.
7554/eLife.27827 PMID: 29239723; PubMed Central PMCID: PMCPMC5747518.

Mao Y, DuY, Cang X, Wang J, Chen Z, Yang H, et al. Binding competition to the POPG lipid bilayer of
Ca2+, Mg2+, Na+, and K+ in different ion mixtures and biological implication. J Phys Chem B. 2013;
117(3):850-8. Epub 2012/12/28. https://doi.org/10.1021/jp310163z PMID: 23268788.

Wang YH, Collins A, Guo L, Smith-Dupont KB, Gai F, Svitkina T, et al. Divalent cation-induced cluster
formation by polyphosphoinositides in model membranes. J Am Chem Soc. 2012; 134(7):3387-95.
Epub 2012/01/28. https://doi.org/10.1021/ja208640t PMID: 22280226; PubMed Central PMCID:
PMCPMC3445022.

Santosh Kumar Bharti RR. Quantitative 1H NMR spectroscopy. Trends in Analytical Chemistry. 2012;
35:5-26. https://doi.org/10.1016/j.trac.2012.02.007

Vig M, Kinet JP. Calcium signaling in immune cells. Nat Immunol. 2009; 10(1):21-7. Epub 2008/12/18.
https://doi.org/10.1038/ni.f.220 PMID: 19088738; PubMed Central PMCID: PMCPMC2877033.

Zhu'L, Yang J, Bromberger T, Holly A, Lu F, Liu H, et al. Structure of Rap1b bound to talin reveals a
pathway for triggering integrin activation. Nat Commun. 2017; 8(1):1744. Epub 2017/11/25. https://doi.
org/10.1038/s41467-017-01822-8 PMID: 29170462; PubMed Central PMCID: PMCPMC5701058.

Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM, et al. Talin binding to integrin beta
tails: a final common step in integrin activation. Science. 2003; 302(5642):103—6. https://doi.org/10.
1126/science.1086652 PMID: 14526080.

Bhunia A, Tang XY, Mohanram H, Tan SM, Bhattacharjya S. NMR solution conformations and interac-
tions of integrin alphalbeta2 cytoplasmic tails. J Biol Chem. 2009; 284(6):3873—-84. Epub 2008/12/17.
https://doi.org/10.1074/jbc.M807236200 PMID: 19073598.

Greenberg ML, YuY, Leverrier S, Zhang SL, Parker |, Cahalan MD. Orai1 function is essential for T cell
homing to lymph nodes. J Immunol. 2013; 190(7):3197—-206. https://doi.org/10.4049/jimmunol.1202212
PMID: 23455504; PubMed Central PMCID: PMC3608704.

Svensson L, McDowall A, Giles KM, Stanley P, Feske S, Hogg N. Calpain 2 controls turnover of LFA-1
adhesions on migrating T lymphocytes. PLoS ONE. 2010; 5(11):e15090. Epub 2010/12/15. https://doi.
org/10.1371/journal.pone.0015090 PMID: 21152086; PubMed Central PMCID: PMCPMC2994845.

Bate N, Gingras AR, Bachir A, Horwitz R, Ye F, Patel B, et al. Talin contains a C-terminal calpain2 cleav-
age site important in focal adhesion dynamics. PLoS ONE. 2012; 7(4):e34461. Epub 2012/04/13.
https://doi.org/10.1371/journal.pone.0034461 PMID: 22496808; PubMed Central PMCID:
PMCPMC3319578.

Dreolini L, Takei F. Activation of LFA-1 by ionomycin is independent of calpain-mediated talin cleavage.
Biochem Biophys Res Commun. 2007; 356(1):207—12. Epub 2007/03/06. https://doi.org/10.1016/j.
bbrc.2007.02.100 PMID: 17336925.

Kim M, Carman CV, Springer TA. Bidirectional transmembrane signaling by cytoplasmic domain sepa-
ration in integrins. Science. 2003; 301(5640):1720-5. https://doi.org/10.1126/science.1084174 PMID:
14500982.

Luo BH, Carman CV, Takagi J, Springer TA. Disrupting integrin transmembrane domain heterodimeri-
zation increases ligand binding affinity, not valency or clustering. Proceedings of the National Academy
of Sciences of the United States of America. 2005; 102(10):3679—-84. https://doi.org/10.1073/pnas.
0409440102 PMID: 15738420; PubMed Central PMCID: PMCPMC553322.

Petit AE, Demotte N, Scheid B, Wildmann C, Bigirimana R, Gordon-Alonso M, et al. A major secretory
defect of tumour-infiltrating T lymphocytes due to galectin impairing LFA-1-mediated synapse comple-
tion. Nat Commun. 2016; 7:12242. https://doi.org/10.1038/ncomms 12242 PMID: 27447355; PubMed
Central PMCID: PMCPMC4961845.

Vaeth M, Maus M, Klein-Hessling S, Freinkman E, Yang J, Eckstein M, et al. Store-Operated Ca(2+)
Entry Controls Clonal Expansion of T Cells through Metabolic Reprogramming. Immunity. 2017; 47
(4):664—79 €6. Epub 2017/10/17. https://doi.org/10.1016/j.immuni.2017.09.003 PMID: 29030115;
PubMed Central PMCID: PMCPMC5683398.

Fracchia KM, Pai CY, Walsh CM. Modulation of T Cell Metabolism and Function through Calcium Sig-
naling. Front Immunol. 2013; 4:324. https://doi.org/10.3389/fimmu.2013.00324 PMID: 24133495;
PubMed Central PMCID: PMCPMC3795426.

Oh-hora M, Rao A. Calcium signaling in lymphocytes. Curr Opin Immunol. 2008; 20(3):250-8. https://
doi.org/10.1016/j.c0i.2008.04.004 PMID: 18515054; PubMed Central PMCID: PMCPMC2574011.

Johnson BA, Blevins RA. NMR View: A computer program for the visualization and analysis of NMR
data. Journal of biomolecular NMR. 1994; 4(5):603—14. Epub 1994/09/01. https://doi.org/10.1007/
BF00404272 PMID: 22911360.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006525 November 14,2018 27/28


https://doi.org/10.7554/eLife.27827
https://doi.org/10.7554/eLife.27827
http://www.ncbi.nlm.nih.gov/pubmed/29239723
https://doi.org/10.1021/jp310163z
http://www.ncbi.nlm.nih.gov/pubmed/23268788
https://doi.org/10.1021/ja208640t
http://www.ncbi.nlm.nih.gov/pubmed/22280226
https://doi.org/10.1016/j.trac.2012.02.007
https://doi.org/10.1038/ni.f.220
http://www.ncbi.nlm.nih.gov/pubmed/19088738
https://doi.org/10.1038/s41467-017-01822-8
https://doi.org/10.1038/s41467-017-01822-8
http://www.ncbi.nlm.nih.gov/pubmed/29170462
https://doi.org/10.1126/science.1086652
https://doi.org/10.1126/science.1086652
http://www.ncbi.nlm.nih.gov/pubmed/14526080
https://doi.org/10.1074/jbc.M807236200
http://www.ncbi.nlm.nih.gov/pubmed/19073598
https://doi.org/10.4049/jimmunol.1202212
http://www.ncbi.nlm.nih.gov/pubmed/23455504
https://doi.org/10.1371/journal.pone.0015090
https://doi.org/10.1371/journal.pone.0015090
http://www.ncbi.nlm.nih.gov/pubmed/21152086
https://doi.org/10.1371/journal.pone.0034461
http://www.ncbi.nlm.nih.gov/pubmed/22496808
https://doi.org/10.1016/j.bbrc.2007.02.100
https://doi.org/10.1016/j.bbrc.2007.02.100
http://www.ncbi.nlm.nih.gov/pubmed/17336925
https://doi.org/10.1126/science.1084174
http://www.ncbi.nlm.nih.gov/pubmed/14500982
https://doi.org/10.1073/pnas.0409440102
https://doi.org/10.1073/pnas.0409440102
http://www.ncbi.nlm.nih.gov/pubmed/15738420
https://doi.org/10.1038/ncomms12242
http://www.ncbi.nlm.nih.gov/pubmed/27447355
https://doi.org/10.1016/j.immuni.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/29030115
https://doi.org/10.3389/fimmu.2013.00324
http://www.ncbi.nlm.nih.gov/pubmed/24133495
https://doi.org/10.1016/j.coi.2008.04.004
https://doi.org/10.1016/j.coi.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18515054
https://doi.org/10.1007/BF00404272
https://doi.org/10.1007/BF00404272
http://www.ncbi.nlm.nih.gov/pubmed/22911360
https://doi.org/10.1371/journal.pbio.2006525

@'PLOS ‘ BIOLOGY

lonic protein—lipid interaction regulates integrin activation

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Kobayashi N, Iwahara J, Koshiba S, Tomizawa T, Tochio N, Guntert P, et al. KUJIRA, a package of inte-
grated modules for systematic and interactive analysis of NMR data directed to high-throughput NMR
structure studies. Journal of biomolecular NMR. 2007; 39(1):31-52. https://doi.org/10.1007/s10858-
007-9175-5 PMID: 17636449.

ShenY, Delaglio F, Cornilescu G, Bax A. TALOS+: a hybrid method for predicting protein backbone tor-
sion angles from NMR chemical shifts. Journal of biomolecular NMR. 2009; 44(4):213-23. Epub 2009/
06/24. https://doi.org/10.1007/s10858-009-9333-z PMID: 19548092; PubMed Central PMCID:
PMCPMC2726990.

Yeromin AV, Zhang SL, Jiang W, Yu Y, Safrina O, Cahalan MD. Molecular identification of the CRAC
channel by altered ion selectivity in a mutant of Orai. Nature. 2006; 443(7108):226-9. https://doi.org/10.
1038/nature05108 PMID: 16921385; PubMed Central PMCID: PMCPMC2756048.

Lau TL, Kim C, Ginsberg MH, Ulmer TS. The structure of the integrin alphallbbeta3 transmembrane
complex explains integrin transmembrane signalling. EMBO J. 2009; 28(9):1351-61. Epub 2009/03/13.
https://doi.org/10.1038/emboj.2009.63 PMID: 19279667; PubMed Central PMCID: PMCPMC2683045.

Jo S, Im W. CHARMM-GUI: Brining Advanced Computational Techniques to Web Interface. Biophys J.
2011; 100(3):156—. WOS:000306288601233.

Case D, Betz R, Cerutti DS, Cheatham T, Darden T, Duke R, et al. Amber 2016, University of Califor-
nia, San Francisco2016.

MacKerell AD, Bashford D, Bellott M, Dunbrack RL, Evanseck JD, Field MJ, et al. All-atom empirical
potential for molecular modeling and dynamics studies of proteins. Journal Of Physical Chemistry B.
1998; 102(18):3586—-616. WOS:000073632700037.

ChuH, Peng X, Li Y, Zhang Y, Min H, Li G. Polarizable atomic multipole-based force field for DOPC and
POPE membrane lipids. Molecular Physics. 2018; 116(7—8):1037-50. https://doi.org/10.1080/
00268976.2018.1436201

Andersen HC. MOLECULAR-DYNAMICS SIMULATIONS AT CONSTANT PRESSURE AND-OR
TEMPERATURE. Journal of Chemical Physics. 1980; 72(4):2384-93. https://doi.org/10.1063/1.
439486 WOS:A1980JK06800026.

Eastman P, Friedrichs MS, Chodera JD, Radmer RJ, Bruns CM, Ku JP, et al. OpenMM 4: A Reusable,
Extensible, Hardware Independent Library for High Performance Molecular Simulation. Journal of
Chemical Theory and Computation. 2013; 9(1):461-9. https://doi.org/10.1021/ct300857] PMID:
23316124

Andersen HC. RATTLE—A VELOCITY VERSION OF THE SHAKE ALGORITHM FOR MOLECULAR-
DYNAMICS CALCULATIONS. Journal of Computational Physics. 1983; 52(1):24—34. https://doi.org/
10.1016/0021-9991(83)90014-1 WOS:A1983RQ23800002.

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A smooth particle mesh Ewald
method. The Journal of Chemical Physics. 1995; 103(19):8577-93. http://dx.doi.org/10.1063/1.470117.

Lagardere L, Lipparini F, Polack E, Stamm B, Cances E, Schnieders M, et al. Scalable Evaluation of
Polarization Energy and Associated Forces in Polarizable Molecular Dynamics: Il. Toward Massively
Parallel Computations Using Smooth Particle Mesh Ewald. J Chem Theory Comput. 2015; 11(6):2589—
99. https://doi.org/10.1021/acs.jctc.5b00171 PMID: 26575557.

Goings JJ, Ding F, Li X. Chapter 4—Self-Consistent Field using Direct Inversion in Iterative Subspace
Method and Quasi-Newton Vectors. In: Hoggan P, editor. Advances in Quantum Chemistry. 68: Aca-
demic Press; 2014. p. 77-86.

Roe DR, Cheatham TE Ill. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular
Dynamics Trajectory Data. Journal of Chemical Theory and Computation. 2013; 9(7):3084-95. https://
doi.org/10.1021/ct400341p WOS:000321793100024. PMID: 26583988

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006525 November 14,2018 28/28


https://doi.org/10.1007/s10858-007-9175-5
https://doi.org/10.1007/s10858-007-9175-5
http://www.ncbi.nlm.nih.gov/pubmed/17636449
https://doi.org/10.1007/s10858-009-9333-z
http://www.ncbi.nlm.nih.gov/pubmed/19548092
https://doi.org/10.1038/nature05108
https://doi.org/10.1038/nature05108
http://www.ncbi.nlm.nih.gov/pubmed/16921385
https://doi.org/10.1038/emboj.2009.63
http://www.ncbi.nlm.nih.gov/pubmed/19279667
https://doi.org/10.1080/00268976.2018.1436201
https://doi.org/10.1080/00268976.2018.1436201
https://doi.org/10.1063/1.439486
https://doi.org/10.1063/1.439486
https://doi.org/10.1021/ct300857j
http://www.ncbi.nlm.nih.gov/pubmed/23316124
https://doi.org/10.1016/0021-9991(83)90014-1
https://doi.org/10.1016/0021-9991(83)90014-1
http://dx.doi.org/10.1063/1.470117
https://doi.org/10.1021/acs.jctc.5b00171
http://www.ncbi.nlm.nih.gov/pubmed/26575557
https://doi.org/10.1021/ct400341p
https://doi.org/10.1021/ct400341p
http://www.ncbi.nlm.nih.gov/pubmed/26583988
https://doi.org/10.1371/journal.pbio.2006525

