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ABSTRACT Immune surveillance cells such as T cells and phagocytes utilize integral plasmamembrane receptors to recognize
surface signatures on triggered and activated cells such as those in apoptosis. One such family of plasmamembrane sensors, the
transmembrane immunoglobulin andmucin domain (Tim) proteins, specifically recognize phosphatidylserine (PS) but elicit distinct
immunological responses. Themolecular basis for the recognition of lipid signals on target cell surfaces is notwell understood.Pre-
vious results suggest that basic side chains present at themembrane interface on the Tim proteinsmight facilitate association with
additional anionic lipids including but not necessarily limited to PS.We, therefore, performed a comparative quantitative analysis of
the binding of the murine Tim1, Tim3, and Tim4, to synthetic anionic phospholipid membranes under physiologically relevant con-
ditions.X-ray reflectivity andvesicle binding studieswereused to compare thewater-soluble domain of Tim3with results previously
obtained for Tim1 and Tim4. Although a calcium link was essential for all three proteins, the three homologs differed in how they
balance the hydrophobic and electrostatic interactions driving membrane association. The proteins also varied in their sensing
of phospholipid chain unsaturation and showed different degrees of cooperativity in their dependence on bilayer PS concentration.
Surprisingly, trace amounts of anionic phosphatidic acid greatly strengthened the bilayer association of Tim3 and Tim4, but not
Tim1. A novel mathematical model provided values for the binding parameters and illuminated the complex interplay among li-
gands. In conclusion, our results provide a quantitative description of the contrasting selectivity used by three Tim proteins in
the recognition of phospholipids presented on target cell surfaces. This paradigm is generally applicable to the analysis of the bind-
ing of peripheral proteins to target membranes through the heterotropic cooperative interactions of multiple ligands.

INTRODUCTION

Many peripheral proteins target the outer or inner surface of
plasma membranes (1–3). Often, these proteins utilize coop-
erative interactions involving different ligands to confer

strength and selectivity (4). The protein interface with the
membrane can be viewed as a multidentate contact surface.
The diversity of plasmamembrane lipids and themultiplicity
of protein-lipid interactions havemade it difficult to parse the
physiological role of such interactions (1). We therefore un-
dertook a comparative characterization of the membrane
association of three immune surveillance homologs: trans-
membrane immunoglobulin and mucin domain mouse pro-
teins (Tim) 1, Tim3, and Tim4 (5). These Tim proteins
share a highly conserved lipid-binding domain but each plays
a different immunological role. We investigated how these
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SIGNIFICANCE Many receptors on the plasmamembranes of immune surveillance cells recognize molecular signatures
on target cell surfaces. However, these intercellular recognition mechanisms are not well understood. We characterized
the binding of the murine transmembrane immunoglobulin and mucin domain (Tim) family of proteins, Tim1, Tim3, and
Tim4, to phospholipid vesicles that mimic apoptotic cells using a combination of structural, biochemical, and theoretical
approaches. The three murine homologs differed in their utilization of calcium coordination, electrostatic contacts, and
hydrophobic interactions to robustly, sensitively, and selectively target phospholipid signatures characteristic of apoptotic
membranes. The mathematical model we developed to depict these interactions is generally applicable to heterogeneous
interactions between membranes and peripheral proteins.
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proteins associate with phospholipid membranes and how
their binding is tuned by various membrane features. Our
findings potentially provide a link between the distinct
immunological functions of each Tim protein and their dif-
ferential sensitivities for target membranes.

The Tims are !40 kDa plasma membrane proteins
comprised of a projecting N-terminal immunoglobulin (Ig)
domain (!13 kDa), a mucin domain at the plasmamembrane
surface, a single-pass transmembrane domain and a C-termi-
nal tail that bears a phosphorylated tyrosine and interacts
with several cytoplasmic effectors (5–9). All three are ex-
pressed in both a full, plasma-membrane-anchored form
and a truncated, water-soluble form (10,11). Cells bearing
Tim1, Tim3, or Tim4 recognize triggered cells, such as those
undergoing apoptosis (12,13), though the three proteins serve
different and even opposing physiological roles (5). Tim1 is a
positive effector of T cell immunity (14). Tim3 serves as an
immune checkpoint receptor on the surface of a variety of
T cells andmacrophages (6,7); it downregulates immune pro-
cesses by, for example, suppressing autoimmune and alloim-
mune responses and promoting peripheral immune tolerance.
Tim4 mediates the attack of macrophages and other phago-
cytes on apoptotic T cells (9,13–16).

Tim surveillance involves the recognition of molecular
signatures on target cell surfaces (17–23). Phosphatidylser-
ine (PS) is a prime target. Individual PS headgroups coordi-
nate through a calcium ion link with polar and charged side
chains in the ‘‘central pocket’’ of a projecting Ig domain of
a Tim protein to form Tim-Ca2þ-PS ternary linkages
(5,15,24–28). In addition to this central pocket that has
been reported to be specific for PS, additional PS molecules
strengthen binding by engaging electrostatically with the
basic side chains adjoining the central pocket (15). Howev-
er, these peripheral basic side chains could be sensitive to
charges at the membrane besides PS, such as other anionic
phospholipids. PS is normally sequestered in the inner
leaflet of the highly asymmetric plasma membrane bilayer,
driven by ATP-dependent flippases (29,30). Apoptotic and
other pathophysiological signals trigger the flux of extracel-
lular calcium ions into the cytoplasm and activate a scram-
blase that conveys anionic inner leaflet phospholipids to the
extracellular surface (29,31–33). These not only include PS
but also phosphatidic acid (PA), phosphatidylglycerol (PG),
phosphatidylinositol, and its derivatives. The surface expo-
sure of these anionic lipids has been thought to promote
Tim binding and, consequently, diverse homeostatic re-
sponses (28,29,34).

The physicochemical basis for Tim proteins recognition of
different target cell surfaces is poorly understood (28). Of it-
self, PS binding alone does not account for the selectivity of
the Tim proteins or other PS receptors. We therefore charac-
terized the binding of the water-soluble Ig domains of mouse
Tim1, Tim3, and Tim4 to large unilamellar vesicles contain-
ing different anionic phospholipids to help elucidate the
selectivity of Tim protein binding. We investigated the influ-

ence of several likely elements in the molecular recognition
of apoptotic membranes: anionic lipids PS, PA, and PG, cal-
cium ions, hydrophobic interactions, and fatty acyl chain un-
saturation. A molecular model for Tim3 binding to the lipid
membrane derived from x-ray reflectivity datawas compared
with similar structures obtained for Tim1 and Tim4,
providing a guide to biochemical experiments (14,35). Given
the complex interplay of the various ligands in the binding,
capturing the multiligand dependence properly necessitated
the development of a newmodel to analyze these interactions
(36). This formulation enabled the extraction of values for the
binding parameters, showing that the three Tim proteins
employ the same kinds of mechanisms for their association
with bilayers but balance them differently to achieve distinc-
tive binding behavior. Surprisingly, the presence of small
amounts of PA in PS-containingmembranes greatly strength-
ened the binding of Tim3 andTim4.Tim3has been assigned a
minimal role inmembrane recognition (37). However, our re-
sults suggest that this protein may be as strong a sensor of
apoptotic cells as Tim1 and Tim4.

MATERIALS AND METHODS

Recombinant Tim1, Tim3, and Tim4 were produced in Hi5 cells via bacu-
lovirus transfection (38). Large unilamellar phospholipid vesicles were
obtained by extrusion (39). X-ray reflectivity experiments utilized mono-
layer films composed of mixtures containing mixtures of PC/PS ¼ 7:3
with 1-stearoyl-2-oleoyl chains. Tim protein binding was determined
from tryptophan fluorescence spectra (14,35). All data points represent
the averages of at least three independent experiments. See the Supporting
materials and methods for details.

RESULTS

A molecular model for Tim-membrane binding

We previously obtained membrane-bound orientations of
Tim1 and Tim4 (14,35). However, only the crystal structure
of the soluble Ig domain of Tim3 was known (26). We there-
fore used x-ray reflectivity to characterize the disposition of
this Tim3 domain on a lipid monolayer composed of 70 mol
% 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine and 30
mol% 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine,
the lipid composition used in the aforementioned analysis
of Tim1 and Tim4 (Fig. S1). The disposition of Tim3 on
the membrane was compared to that previously obtained
for Tim1 and Tim4 (Fig. 1). Three principal modes of inter-
action were identified: a Tim-Ca2þ-PS link (Ca2þ repre-
sented as a yellow sphere), electrostatic engagement of
basic side chains with anionic phospholipid headgroups
(colored in red and green), and the insertion of hydrophobic
side chains into the region of the phospholipid tails (colored
in gray). This structural analysis guided our study of the
binding of these three proteins to anionic phospholipid
vesicles with features characteristic of apoptotic plasma
membranes.
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Membrane binding of the three Tim proteins

The Ig domain of Tim1 and Tim4 each has three tryptophan
residues, whereas that of Tim3 only has two; when Tim1,
Tim3, or Tim4 associates with the membrane, a single tryp-
tophan side chain is buried (Fig. 1). We used the consequent
shift in the tryptophan fluorescence emission spectra to
monitor the association of the proteins with membranes
composed of various mixtures of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (POPS) (Fig. 2; see
Supporting materials and methods for analysis details)
(14,35,40). The differences among the observed fluores-
cence shifts of the three Tim proteins are likely due to the
different environments of the inserted tryptophan of each
Tim protein. In particular, the blue-shifts observed for the
binding of Tim1 and Tim4 proteins were both 18 nm,
whereas the blue-shift for Tim3 was 10 nm (Fig. 2). This
result is consistent with shallower insertion of the trypto-
phan of Tim3, which is located on the superficial CC0

loop, as opposed to that of Tim1 and Tim4 on the FG loop
(Fig. 1). Unlike Tim3, both Tim1 and Tim4 bound to mem-
branes containing 7:3 mixtures of POPC and POPS in the
absence of Ca2þ, albeit weakly (Fig. 2). Tim1 bound equally
weakly to neat POPC vesicles in the absence of both POPS
and Ca2þ (Fig. 2 b, inset). Neither Mg2þ nor Ba2þ supported
the binding of any Tim protein to POPS-containing vesicles
(data not shown).

Calcium dependence of binding

Using the same vesicle conditions as the experiments de-
picted in Fig. 2, the [Ca2þ] dependence of the membrane as-
sociation of the Tim proteins was determined (Fig. 3). These
isotherms were hyperbolic, consistent with the involvement

of a single Ca2þ in the binding interactions shown in Fig. 1.
These curves fit well to a modified Michaelis-Menten model
derived in the Supporting materials and methods and pre-
sented as Eq. 1.

b

btot
¼ bmax

btot

½Ca2þ%
EC50þ ½Ca2þ%

þ b0
btot

EC50

EC50þ ½Ca2þ%
: (1)

Fig. 3 a spells out the meaning of these parameters: b is the
bound fraction of protein as revealed by fluorescence. Pro-
tein that does not bind and protein that binds but does not
have a fluorescent shift, do not affect our analysis. b0 repre-
sents binding in the absence of Ca2þ and bmax represents
binding at saturating [Ca2þ] at a given {POPS}. Curly
brackets denote the membrane concentration of a phospho-
lipid in mol%. btot is full binding of the input protein when
both [Ca2þ] and {POPS} are saturated and is obtained
empirically, i.e., it is not a fit parameter because it appears
on both sides of Eq. 1 and thus its value cannot be deter-
mined by regression. EC50 (the half maximal effective con-
centration) is the Ca2þ concentration that produced half-
maximal protein binding on the hyperbola between b0 and
bmax at a given {POPS}.

Fig. 3, b–d present binding isotherms for the three Tim
proteins. They were analyzed using Eq. 1 to obtain values
for the binding parameters (Table 1). Note that Tim1 and
Tim4 associated with the membranes in the absence of
Ca2þ, as also seen in Fig. 2. Importantly, the saturation of
binding reached a plateau at bmax < btot whenever the avail-
ability of PS was limiting. This is because of the {POPS}
dependence of the bmax and the EC50 for calcium (see
Eqs. S7 and S8 as well as the Discussion). In other words,
despite its widespread usage, EC50-values are not true
dissociation constants for the binding of proteins like Tim

FIGURE 1 Association of Tim proteins with PS-containing phospholipid membranes. Each monolayer was composed of a 7:3 mixture of PC/PS contain-
ing 1-stearoyl-2-oleoyl chains. The top (pink) stratum represents the headgroup region, and the bottom (gray) stratum represents the tails. The yellow spheres
denote Ca2þ ions that coordinate a ternary complex between PS and the central pocket. (a) The structure of the water-soluble domain of Tim3 was inferred
from a crystallographic analysis (26) and its membrane-bound structure refined by a combination of molecular dynamics (MD) simulations and x-ray re-
flectivity data (Fig. S1). The two images are rotated 180& around the membrane normal. BC, CC0, and FG are three flexible loops that contact the membrane.
Two loops bear buried hydrophobic residues: W41 on the CC0 loop and L99 and M100 on the FG loop (colored dark gray). The red residues in the image on
the left are the two arginine residues closest to the membranes, R50 and R54. The green residues in the image on the right are the two lysine residues proximal
to the membrane, K103 and K104. Peripheral polar residues T25, S26, and S42 are colored yellow-orange. (b) The inferred docking of the water-soluble
domain of Tim1 to the monolayer similarly refined from a combination of MD simulations and x-ray reflectivity, taken from Tietjen et al. (35). R25 and
R53 are colored red, K102 is colored green, W97 and F98 are colored dark gray, and S40 is colored yellow-orange. (c) The inferred docking of the wa-
ter-soluble domain of Tim4 (Protein Data Bank: 3BIB) to the monolayer, taken from Tietjen et al. (14). R27 and R48 are colored red, K41 and K102 are
colored green, W97 and F98 are colored dark gray, and S40 is colored yellow-orange. Calcium was substituted for the sodium ion resolved in the crystal
structure (15) as in Tietjen et al. (14). To see this figure in color, go online.

TIM proteins exploit membrane features
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to either Ca2þ or to the bilayer. Nevertheless, we show
below how EC50-values can be used as proxies for the
membrane affinity of a Tim protein. (It is not meaningful
to compare the EC50 values for the Tim proteins for a single
membrane nor the differences in their EC50 values for
different membranes. Nevertheless, EC50-values faithfully
represent binding affinities for a given Tim protein under
different membrane conditions. We therefore use EC50-
values as a proxy for membrane affinity throughout this
study. See Supporting materials and methods for more
details.)

Effect of phospholipid unsaturation on Tim
binding

Both the molecular models (Fig. 1) and the blue-shift in the
tryptophan fluorescence spectra (Fig. 2) suggested that the
membrane association of Tim proteins involved hydropho-
bic interactions. In that case, weakening the packing and
cohesion of the bilayer phospholipids should strengthen
Tim binding by increasing its accommodation (41–43).
We, therefore, determined the binding of the Tim proteins
to bilayers composed of phospholipids with increasing unsa-
turation. Substituting 1,2-dioleoyl (DO) lipids for PO lipids
caused a roughly threefold decrease in the EC50 and a
commensurate increase in the b0 and bmax of all three Tim
proteins (Fig. 3, b–d; Table 1). Furthermore, the EC50 for
Tim3 decreased linearly with the abundance of the DO
phospholipid in the vesicles (Fig. 3 e). The higher b0-values
for Tim1 and Tim4 than for Tim3 are consistent with their
greater calcium-independent interaction with the mem-
branes seen in Fig. 2.

A mathematical model for the binding reaction

We next determined the effect of {POPS} on the binding of
the Tim proteins at varied [Ca2þ] (Fig. 4). As mentioned
above, EC50 is a useful metric for gauging the dependence
of protein binding on [Ca2þ] at a fixed {POPS} but it does
not capture the complex interplay between Ca2þ and PS.
We therefore constructed an expression that not only em-
braces the co-dependence of binding on [Ca2þ] and
{POPS} but also on total lipid concentration [L]. It is pre-
sented here as Eq. 2 and as Eq. S1:

b

btot
¼

!
1

KTS
þ ½Ca2þ%

K2

"
½L%

!
½PS%
½L%

"h

1þ ½Ca2þ%
KTC

þ
!

1
KTS

þ ½Ca2þ%
K2

"
½L%

!
½PS%
½L%

"h: (2)

K is the dissociation constant for the overall binding reac-
tion involving Tim, Ca2þ, and the membrane. h resembles
a Hill coefficient denoting cooperative dependence on
{POPS}. KTC is the dissociation constant for a membrane-
free Tim-Ca2þ complex. KTS embraces all interactions
(e.g., electrostatic and hydrophobic) of a Tim protein with
the membrane other than the Tim-Ca2þ-PS linkage. Each
dissociation constant is expressed in units of micromolar.
Unlike KTC, the dissociation constants for K and KTS cannot
be compared among the Tim proteins because the moieties
engaged in the binding reactions differ, thus imparting
different reaction orders. These are reflected in their
h-values; see Discussion and (44). btot is, again, full binding
of the input protein when [Ca2þ] and {POPS} are saturating
but now is a parameter determined through fitting. Note that
the model does not explicitly incorporate hydrophobic ef-
fects or bilayer lipid packing.

FIGURE 2 Tryptophan spectra of membrane-bound Tim proteins. Emis-
sion spectra of (a) Tim3, (b) Tim1, and (c) Tim4 were recorded without
lipids or with 300 mM vesicles composed of POPC or 7:3 POPC/POPS in
the presence and absence of these previously-determined saturating levels
of calcium: 2 mM for Tim1, 8 mM for Tim3, and 0.6 mM for Tim4. The
y axes represent arbitrary fluorescence units normalized for each Tim pro-
tein. The error bars are smaller than the data points. To see this figure in co-
lor, go online.
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Interplay between PS and Ca2D in Tim binding

The Ca2þ dependent binding of Tim proteins to bilayer PS is
pictured in Fig. 4 a. Experimental results for the Tim3 reac-
tion are shown in Fig. 4 b and replotted in Fig. 4 c. Fig. 4 b
shows a hyperbolic (first-order) [Ca2þ] dependence for
Tim3 binding at all {POPS}. The sigmoidal shape of the re-
plotted data in Fig. 4 c suggests a higher order concentration
dependence on {POPS}, cooperative binding, at every cal-
cium concentration. This cooperativity is reflected in the
value of the Hill coefficient for Tim3 obtained here, 1.65
5 0.07, and is consistent with the value we previously

measured, 1.9 5 0.5 (14). (The previously obtained value
for the Hill coefficient of Tim3 was recalculated after rean-
alysis of the primary data using the updated data analysis
methodology of this work; see Supporting materials and
methods.)

Curves fitting the data in Fig. 4, b and c were obtained in
two ways with effectively equivalent results. Eq. 1 directly
delivers a useful parameter, EC50, from a three-parameter
fit to each data set in Fig. 4 b. These values were plotted
in Fig. 4 d. More powerfully, Eq. 2 yielded a single set of
values, given in Table 2, that generated ‘‘all’’ of the curves
in Fig. 4, b and c. The dependence of EC50 on {POPS} was
then calculated from the values in Table 2 using Eq. S7 and
the results used to generate the curve shown in Fig. 4 d. The
relative utility of Eq. 1 is that it is less dependent on the as-
sumptions underlying Eq. 2. However, the match of the
EC50 curve obtained from the analysis using Eq. 2 to the
corresponding values from Eq. 1 speaks to the validity of
the mathematical model.

Data for the dependence of Tim1 and Tim4 binding on
[Ca2þ] and on total lipid concentration [L] at fixed
{POPS} are shown in Figs. S3 and S4. Using the values
for the Hill coefficients previously determined from experi-
ments with fixed [L] and varying {POPS} (14), Eq. 2 was fit
to these data and yielded the values for the dissociation con-
stants given in Table 2. These were used with Eq. S7
(derived from Eq. 2) to generate the corresponding curves

FIGURE 3 Ca2þ dependence of Tim protein binding to bilayers composed of two different phospholipids. (a) Graphical definitions of the parameters for
Tim protein binding in a Ca2þ-dependent isotherm (see text). Binding curves for (b) Tim3, (c) Tim1, and (d) Tim4 were obtained with vesicles of 300 mM
phospholipid composed of 70 mol% POPC plus 30 mol% POPS or 70 mol% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) plus 30 mol% 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS). Best fit curves were generated by nonlinear least squares using Eq. 1. Insets: Blowup of the y axis intercepts. (e)
Effect of diunsaturated DO phospholipids on the EC50 of Tim3. The descending data points correspond to the use of 7:3 mixtures of POPC/POPS,
POPC/DOPS, DOPC/POPS, and DOPC/DOPS, with DO mol% of 0, 30, 70, and 100%, respectively. The data were obtained as in (c). The error bars for
all plotted data represent standard errors, most of which are smaller than the data points. To see this figure in color, go online.

TABLE 1 Values for Tim protein binding to vesicles
composed of PO and DO phospholipids

Binding parameter Tim1 Tim3 Tim4

EC50 for PO
lipids, mM

57 (48, 66) 355 (277, 432) 45 (40, 51)

EC50 for DO
lipids, mM

22 (19, 24) 92 (85, 100) 16 (14, 18)

b0 for PO lipids 0.03 (0.02, 0.05) 0 (0, 0.03) 0.07 (0.06, 0.08)
b0 for DO lipids 0.07 (0.05, 0.1) 0.03 (0.02, 0.04) 0.33 (0.31, 0.35)
bmax for PO lipids 0.90 (0.85, 0.95) 0.90 (0.85, 0.96) 0.69 (0.67, 0.71)
bmax for DO lipids 0.99 (0.97, 1.00) 1.00 (0.99, 1.00) 0.98 (0.96, 1.00)

Values were obtained by fitting data in Fig. 3, b–d to Eq. 1. Briefly, the ves-
icles contained 7:3 PC/PS, the fatty acyl chains of which were either PO or
DO and total lipid concentration was 300 mM. Brackets give 95% confi-
dence intervals. The values for each parameter are significantly different
for the three Tim proteins at >95% confidence as calculated using a z test.

TIM proteins exploit membrane features
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in Fig. 4, e and f. As before, the fits of the curves to the data
for Tim1 and Tim4 indicate the relevance and explanatory
power of the model.

Interplay of additional anionic phospholipids with
PS in Tim binding

The scrambling of the plasma bilayer allows all of the phos-
pholipids normally sequestered in the cytoplasmic leaflet
to equilibrate with the outer leaflet of the bilayer (see
Introduction).We, therefore, examined the effect of varied 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG) on Tim binding to vesicles with a total anionic
phospholipid brought to 30 mol% with POPS (Fig. S6).
The [Ca2þ] dependence of the binding of each Tim to

each lipid mixture was invariably hyperbolic, validating
the use of EC50 to describe the influence of these additional
anionic lipids (Fig. 5). Strikingly, small amounts of POPA
reduced the EC50 of Tim3 binding by a factor of 2.5 and
reduced the EC50 of Tim4 binding by a factor of 1.5, but
did not reduce the EC50 of Tim1. These reductions in
EC50 correspond to an increase of the fractional binding
of Tim3 from 0.67 to 0.81 (Fig. S6 c) and of Tim4 from
0.65 to 0.77 (both at 1 mM [Ca2þ]) (Fig. S6 e). In contrast
to POPA, the similarly anionic POPG enhanced Tim3 asso-
ciation only mildly and did not enhance Tim4 association at
all (Fig. 5, a and c). Whereas POPA was a more potent
ligand than POPS, POPG seems to have merely substituted
for POPS.

We also found that at {POPS} less than !10 mol%, the
binding of Tim proteins to POPG and POPA vesicles was

FIGURE 4 Dependence of Tim binding on [Ca2þ], {POPS}, and [total lipid]. (a) An illustration depicting formation of the tertiary complex. The protein is
pink and the calcium ion is yellow; the green and gray circles represent PS and PC, respectively. (b) [Ca2þ] dependence of Tim3 binding to 300 mM POPC
vesicles containing varied {POPS}. (c) The data in (b) were replotted as a function of {POPS}. The experimental values in (b) and (c) were fit to Eq. 2 to
generate the curves. The values obtained are given in Table 2. (d) EC50-values were calculated from the data in (b) using Eq. 1. A curve matching these points
was generated using the binding parameters for Tim3 in Table 2 and Eq. S7. (e) and (f) A multistep procedure was used to calculate the lipid concentration
dependence of the binding of Tim1 and Tim 4. We applied the data in Figs. S3 and S4 to Eq. 1 to obtain the plotted EC50-values. As in (d), matching curves
were generated using Eq. S7 and the values for the binding parameters in Table 2. Error bars (mostly hidden by data points) represent standard errors. To see
this figure in color, go online.

TABLE 2 Values for the parameters describing Tim protein binding to PS-containing vesicles

Binding parameter Tim1 Tim3 Tim4

Hill coefficient, h 1.38 (1.2, 1.57)* 1.65 (1.59, 1.72) 2.28 (2.17, 2.39)*
K for Tim-Ca2þ-PS dissociation, mM 61 (59, 63) 127 (120, 136) 35 (34, 36)
KTC for Tim-Ca2þ dissociation, mM 590 (540, 650) 4300 (3600, 5200) 136 (123, 150)
KTS for Tim-PS dissociation, mM 1800 (1300, 2700) >5000 239 (220, 258)

Values for Tim3 were obtained by fitting the data in Fig. 4, b and c to Eq. S4. Values for Tim1 and Tim4 were obtained by fitting the data in Figs. S3 and S4 to
Eq. 2, utilizing h-values recalculated from the primary data for Figure 5 of Tietjen et al. (14). Brackets give 95% confidence intervals. The values for each
parameter are significantly different for the three Tim proteins at >95% confidence as calculated using a z test.
*The previously obtained values for the Hill coefficients of Tim1 and Tim4 were recalculated after reanalysis of the primary data using the updated data
analysis methodology of this work; see Supporting materials and methods.
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weak. Presumably, this is because the crucial linkage, Tim-
Ca2þ-PS, was diminished. At {POPS} greater than 10 mol
%, {POPA} had little or no effect on the observed [Ca2þ]
dependence of Tim1. Membranes lacking POPS bound
Tim4 weakly (Figs. 5 c and S6 e) but Tim1 and Tim3
gave no observable binding (data not shown). Thus, POPA
and POPG did not simply substitute for POPS; presumably,
a higher order interaction is involved. That the binding of
Tim3 and Tim4 is significantly enhanced by small amounts
of POPA in POPS-containing membranes but not much by
POPA in the absence of POPS suggests synergism between
POPA and POPS, pointing to heterotropic cooperativity.
This is borne out in the values for the binding parameters
(Table S2). A detailed consideration of these relationships
is considered in the Supporting materials and methods; in
particular see Eq. S12.

DISCUSSION

The modeling of the dispositions of the Tim proteins shown
in Fig. 1 suggests that their binding depends on the interplay
of at least these four factors: 1) calcium coordination with
PS; 2) hydrophobic contacts; 3) bilayer packing that resists
the burial of hydrophobic side chains; and 4) electrostatic
interactions with anionic phospholipids, predominantly PS
and PA. The biochemical tests employed in this study
explored these hypotheses, and the resulting data, when
analyzed using the mathematical model described above,
provide insights into the complex interactions.

Because the experiments of Figs. 4 and 5 sampled a wide
range of POPS and POPA compositions, the binding parame-
ters obtained therefrom allow extrapolation to other composi-
tions. We considered conditions relevant to activated and/or
apoptotic cells; namely, 1 mM Ca2þ, 10 mol% POPS, and 1
mol% POPA (29,30,33,45–49). Our findings are summarized
in Fig. 6, generated using Eq. S12 and the experimental values
depicted inFigs. 4 and 5. Fig. 6 a charts the dependence ofTim
binding on POPA and the importance of calcium; Fig. 6 b
charts the dependence of Tim binding on POPS under the in-
fluence of POPA. That the proteins did not bind appreciably to
bilayers lacking anionic phospholipids is in accord with their
sparing of quiescent cells in vivo. As seen in Fig. 6 a, the bind-
ing of Tim3 (blue curve) and Tim4 (magenta curve) increases
greatlywith {POPA}up to 1mol%.Above this threshold, their
binding flattens to match the {POPA} dependence of Tim1
(orange curve) at a subsaturating level.

Fig. 6 b illustrates that, in the absence of POPA, the sig-
moidicity in the binding of the Tim proteins to POPS differs
according to their Hill coefficients (Table 2). POPA reduced
the cooperativity of Tim3 and Tim4 binding to POPS, as
seen in the change in the shape of the binding curves from
sigmoidal to nearly hyperbolic (blue and purple dotted
to solid curves). POPA also significantly bolstered their af-
finity for POPS-containing membrane to exceed that of
Tim1. The enhancement in binding and the reduction of

FIGURE 5 Effect of POPA and POPG on the binding of Tim proteins to
POPC/POPS vesicles. The [Ca2þ] dependence of Tim protein binding was
determined with 300 mM vesicles composed of 70 mol% POPC plus 30 mol
% anionic phospholipids, distributed between POPS and POPA or between
POPS and POPG. The primary data are shown in Fig. S6. Theoretical
curves were generated by fitting the values listed in Table S2 to Eq. S12.
Error bars (mostly hidden by the data points) represent standard errors.
(a) Tim3, (b) Tim1, and (c) Tim4. To see this figure in color, go online.
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cooperativity by 1 mol% POPA suggest that POPA substi-
tutes for POPS in interactions peripheral to the Tim-Ca2þ-
PS linkage in the central pocket. Furthermore, the hyperbol-
ic dependence of Tim3 and Tim4 on POPA seen in Fig. 6 a
indicates that the interaction with POPA is predominantly
first order; i.e., the association of the protein with a single
POPA is sufficient to impart increased sensitivity to POPS
(see Supporting materials and methods; Table S2).

Interestingly, in the presence of 1 mol% POPA, the bind-
ing curves for the three Tim proteins intersect at !10 mol%
POPS and closely overlap above this value (Fig. 6 b). The
value for this intersection point depends on {POPA} and
[Ca2þ], but not [L] (see Eq. S12). Taken together, Fig. 6
demonstrates that 1 mM Ca2þ, 10 mol% POPS, and 1 mol
% POPA define a region of convergence for the binding of
the three Tim proteins, outside of which their binding di-
verges. Because these conditions are relevant to those for
apoptotic membranes, they suggest that, although the mech-
anisms driving Tim1, Tim3, and Tim4 binding differ bio-
physically, they are nevertheless tuned to function
similarly as membrane sensors for apoptosis.

The biochemical basis for the behavior of the Tim pro-
teins illustrated in Fig. 6 is considered below.

Tim-Ca2D-PS complexes

The central pockets of the three Tim proteins deploy polar
and charged side chains that coordinate with bilayer PS
through a calcium link. Neighboring nonpolar side chains
also associate with the central pocket through van der Waals
interactions (Fig. 1). Ca2þ must displace these side chains to
bind (15,26). This competition reduces the calcium affinity of
the proteins, especially Tim3. This is shown for KTC in Table
2. On the other hand, the displacement of the apolar side
chains by calciumwould promote their contribution to mem-
brane binding as reflected in the values for K in Table 2.

Hydrophobic associations

Our analysis did not quantify the contribution of the hydro-
phobic effect to Tim binding. However, that component was
ever-present, given that the very detection of binding uti-
lized the shift in fluorescence of their buried tryptophan

side chains (Figs. 2 and 3). The importance of the nonpolar
side chains was also shown by the reduction of the binding
of the three proteins when those residues were deleted
(15,26). It was presumably those nonpolar contacts that pro-
moted Tim1 binding in the absence of Ca2þ and PS (Fig. 2).
That Tim3 interacts hydrophobically with the bilayer was
also evinced by the inhibitory effect of 2 M urea
(Fig. S2). This chaotrope would promote the partition of
its hydrophobic side chains to the aqueous phase and
thereby reduce their transfer to the bilayer, as seen, for
example, in the inhibitory effect of urea on the binding of
annexin V to membranes (50).

Membrane accommodation

The insertion of Tim proteins into the bilayer works against
the elastic cohesion of the phospholipids. Unsaturated phos-
pholipid tails pack more loosely than their saturated coun-
terparts and thus, better accommodate protein insertion
(49,51). This is presumably why substituting diunsaturated
for monounsaturated phospholipids enhanced the binding
of all three Tim proteins (Fig. 3; Table 1). Furthermore, ves-
icles containing the more condensed dimyristoylphosphati-
dylserine with its saturated tails allowed no detectable
binding of Tim3 (data not shown). Other peripheral proteins
show similar behavior (41,42).

These observations have functional relevance. Phospho-
lipids with unsaturated fatty acyl chains are enriched in
the cytoplasmic leaflets of plasma membrane and move to
the surface of triggered (e.g., apoptotic) cells (29,49,52–
54). Furthermore, plasma membrane phospholipids become
more unsaturated in triggered lymphocytes (55–57). These
effects would favor the accommodation of Tim proteins.

Electrostatic interactions

A variety of peripheral proteins interact electrostatically
with anionic phospholipids (1–3,34,58–60). In the case of
Tim proteins, the multiple basic side chains adjacent to
the central pocket bind bilayer PS (Fig. 1) (14,26,35,61).
The sigmoidal dependence of Tim4 binding on bilayer
POPS concentration is taken to reflect contributions by its
two lysine and two arginine side chains in addition to its

FIGURE 6 Calculated membrane binding of
Tim proteins. Curves were generated with Eq.
S12 using the values in Tables 2 and S2 and a total
lipid of [L] ¼ 300 mM. This is approximately the
level of phospholipid available in plasma mem-
branes in a 10% v/v cell suspension. (a) Protein
binding at {POPS} ¼ 10 mol% as a function of
{POPA} with or without 1 mM [Ca2þ]. (b) Protein
binding at [Ca2þ]¼ 1 mM as a function of {POPS}
with or without 1 mol% {POPA}. To see this figure
in color, go online.
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ternary calcium link (Fig. 6 b; Table 2). This inference is
supported by mutational studies: removal of these residues
reduces the cooperativity of Tim4 binding to POPS (14).
This behavior does not reflect allosteric conformational
transitions but rather the concerted free energies of associa-
tion of each of the multiple ligands, amplified by the reduc-
tion of dimensionality arising from membrane binding
(4,43,62). That the basic side chains in Tim3 do not abut
the anionic PS headgroups as closely as those of Tim4 can
account for the lower cooperativity of its binding (Figs. 1
a and 4 b; Table 2; (14,26)). Similarly, the shallow sigmoi-
dicity of Tim1 binding is consistent with the disposition of
its single lysine and arginine residues (Fig. 1 b; (35)).

The effect of an additional anionic phospholipid

Membranes containing only POPA or POPG in place of
POPS bound Tim proteins weakly at best, even in the pres-
ence of calcium (data not shown for Tim1 and Tim3 but, for
Tim4, see Fig. 5 c at 0% POPA and POPG). On the other
hand, POPA strongly promoted the binding of Tim3 and
Tim 4 to POPS-containing bilayers (Figs. 5, b and c and
6). The strong effect of traces of POPA on the binding of
Tim3 and Tim4 suggests a direct interaction with these
proteins.

That PA is a potent ligand for two Tim proteins is ex-
plained by its molecular features (Fig. 5; Table S2)
(63,64). At pH 7.5, its diacidic headgroup has a negative
charge of !1.5 (65–68). The basic side chains on a bound
protein can bring its charge close to –2 (65). Variations of
ambient pH could, therefore, affect Tim binding in vivo.
PA has a conical contour and a small headgroup that lies
close to the nonpolar stratum. Both of these features would
promote protein association with the bilayer. In addition, the
polar heads of PA and PG lack the positive charge found on
PS that could interfere with electrostatic interactions with
the cationic side chains. Note that POPG has the same uni-
tary net negative charge and nearly the same cross section as
POPS, yet it differs dramatically in its interaction with the
Tim proteins (Fig. 5, b and c) (69,70). We conclude that
the interactions of Tim proteins with the varied anionic
headgroups differ according to 1) their ability to form a
Ca2þ coordination complex; 2) their electrostatic interac-
tions with basic side chains; 3) their molecular geometry;
and 4) their intimate stereochemical association with the
membrane contact surface of the proteins.

A role for cell surface PA in intercellular signaling

PA was proposed as a cell surface signal decades ago
(71,72). Much subsequent evidence supports this hypothe-
sis. The pool of PA in triggered thymocytes can change on
a timescale of minutes (73). Awide variety of physiological,
pathological, and immune processes involve an increase in
plasma membrane PA through the activation of phosphati-

dylcholine phospholipase D (PC-PLD) (71,74–76). Notably,
cell activation causes the transfer of PC-PLD from the cyto-
plasm to the inner leaflet of the plasma membrane (77,78).
The PA produced there can be translocated to the cell sur-
face by the same nonspecific scramblase that exposes PS
(29,33). Outer leaflet PA can itself activate scramblase,
intensifying responses (79). Cell surface PA then modulates
several downstream pathways (28,80).

Similarly, in acute inflammation, the apoptosis of neutro-
phils after they ingest foreign particles is promoted by the
PA produced by their PC-PLD (81–84). In a highly regener-
ative process, the nascent PA can intensify its own elabora-
tion by activating PC-PLD (75). Calcium-triggered
scrambling would bring this PA as well as PS to the cell sur-
face. The surface exposure of these anionic phospholipids
would promote the removal of apoptotic neutrophils by
phagocytes bearing Tim proteins.

CONCLUSIONS

We have shown that the association of Tim1, Tim3, and
Tim4 with synthetic phospholipid vesicles is sensitive to
conditions likely to obtain for apoptotic and other triggered
cells in vivo. That is, the binding of each was responsive to a
different degree to calcium, PS, PA, and bilayer unsaturation
(Fig. 6). The membranes act as multidentate chelators of the
Tim proteins, and this multiplicity of effectors, acting
through positive and negative cooperative interactions,
tunes the strength as well as the selectivity of protein bind-
ing. Tim1 bound strongly through hydrophobic associations
rather than electrostatic forces (Figs. 2 and 3) as revealed by
the small exponent for its binding to {POPS} (h in Table 2)
and its poor response to POPA (Figs. 5 a and 6 a). The in-
fluence of electrostatic interactions for Tim3 was clear
from the cooperativity of its POPS dependence and its
response to POPA (Figs. 5 b and 6 a). A hydrophobic effect
for Tim3 was surmised from the inhibition of its binding by
urea (Fig. S2). Finally, Tim4 binding was strongly promoted
by Ca2þ (Fig. 3), hydrophobic interactions (Figs. 2 and 3)
and multiple electrostatic interactions, as reflected in the
sigmoidicity of its POPS isotherm (Table 2) and its response
to POPA (Figs. 5 c and 6 a).

These results provide insight into how theTimproteins and
perhaps other PS receptors deployed on the surfaces of
different immune surveillance cells not only specifically
recognize PS-presenting target cells but differentiate among
them. In particular, the varied sensitivity of these proteins to
the combined influences of lipid unsaturation, calcium, and
PA modulates their affinity for PS-bearing membranes.
Tim1 is rather indifferent to these auxiliary attributes and is
thus less responsive to the membrane context other than its
recognition of PS. In contrast, Tim3 and Tim4 respond to
several features of apoptotic cell surfaces. That our mathe-
matical model provides satisfying insights into the complex
bilayer interactions of Tim3 suggests its explanatory
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potential for other peripheralmembrane proteins. Finally, the
nuanced selectivity of the Tim proteins described herein
highlights the importance of target membrane context for
the function of membrane-binding proteins.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.09.016.
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