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ABSTRACT. Multichain immune recognition receptors (MIRRs) found on the surface of T cells, B cells,
mast cells, natural Killer cells, basophils, and other immune cells are formed by the association of several
single-pass transmembrane proteins, with immunoglobulin-like ligand recognition domains and signal-
transducing domains present on separate subunits. The MIRR signaling subunits all have cytoplasmic
domains containing one or more copies of an immunoreceptor tyrosine-based activation motif (ITAM),
tyrosine residues of which are phosphorylated upon receptor engagement in an early and obligatory event
in the signaling cascade. Despite the proximity to the cell membrane and crucial role in transmembrane
signal transduction, little is known about the structure and lipid-binding activity of the ITAM-containing
cytoplasmic domains. Here we investigate the conformation and lipid-binding activity of several MIRR
cytoplasmic domains, namely, T cell recepief, CD3cyt, CD30cyt, and CD3J¢yr, B cell receptor 1gcy:

and I8¢y, and Fc receptor ERlyy, using purified recombinant proteins. Secondary structure prediction
analysis and experimental circular dichroism spectra identify each of these cytoplasmic domains as natively
unfolded proteins. We also report thiaj;, CD3.yt, and FeRly.y: bind to acidic and mixed phospholipid
vesicles and that the binding strength correlates with the protein net charge and the presence of clustered
basic amino acid residues. Circular dichroism analysis reveals the lack of secondary structure for these
domains in lipid-bound form. Phosphorylation &f: and FeRly.: does not alter their random-coil
conformation but weakens binding to membranes. The implications of these results for transmembrane
signal transduction by immune receptors are discussed.

Immune cells respond to the presence of foreign antigenscopies of the immunoreceptor tyrosine-based activation motif
with a wide range of responses. Antigen recognition by (ITAM) (2) composed of conserved sequences of amino acids
immune cells resulting in the initiation of these responses is that contain two appropriately spaced tyrosines (YxxL/
mediated by the interaction of membrane-bound receptorsixs—sYXxxL/l, where x denotes nonconserved residues). These
with soluble, particulate, and cellular antigens. The family tyrosines are phosphorylated upon receptor engagement in
of antigen receptors named multichain immune recognition an early and obligatory event in the signaling cascade.
receptors (MIRRs)X) shares common structural and func- However, despite the proximity to the cell membrane and
tional features, including multiple subunits with extracellular crucial role in transmembrane signal transduction, little is
ligand-binding domains and intracellular signaling domains known about structure and lipid-binding activity of the
carried on separate protein chains. Members of the MIRR ITAM-containing cytoplasmic domains. We have shown
family include the T cell receptor (TCRYhe B cell receptor ~ previously that these proteins are oligomeric and, at the same
(BCR), and the high-affinity IgE receptor (&Rl) expressed  time, tend to be unfolded in solutio)(
by mast cells and basophils. A common feature of the Recently, it has been suggested that protein phosphory-
members of the MIRR family is the presence of one or more lation predominantly occurs within intrinsically disordered
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protein regions 4). The intrinsically disordered proteins

Sigalov et al.

site, which has proven to be inadequate for this application,

represent a new class of proteins that lack a folded structurehas been replaced by a thrombin site in all of the proteins.
under physiological conditions and that exist in the ensemble The constructs were designed so that, after cleavage, the

of conformations. They are also referred to as “natively
unfolded” 6) or “intrinsically unstructured”). Despite the

recombinant proteins each begin with Gly-Ser followed by
the native sequence. The expression plasmids were trans-

fact that the existence of unstructured proteins has beenformed into the BL21(DE3) strain dEscherichia coli

recognized for many years, the functional role of intrinsically

The following general procedure was used for protein

disordered proteins in crucial areas such as transcriptionalexpression and purification. A single colony was inoculated
regulation, translation, and cellular signal transduction hasinto 100 mL of LB broth containing 5@&g/mL ampicillin
only recently been reported due to progress in biochemical and grown at 37C for 16 h. The cells were inoculated into

methodology 4). The lack of folded structure in signaling

1 L of LB medium containing 5@&g/mL ampicillin, grown

proteins might give these proteins a functional advantageto an OQyo value of 0.9-1.2, and induced with 0.4 mM

over globular proteins with well-defined secondary and
tertiary structure: the ability to bind to multiple different

targets without sacrificing specificity and to provide the
ability to overcome steric restrictions, thus enabling larger
surface interactions.

In this study, using circular dichroism (CD) spectroscopy,
we demonstrated that the cytoplasmic domains of MIRR
signaling subunits, namely, TCR CD3, CD39, and CD3J,
BCR lga and Ig3, and FeRI y chain are intrinsically

isopropylS-p-thiogalactopyranoside. After 3 h, the cells were
harvested, and the pellet was resuspended in 100 mL of the
lysis buffer (10 mM Tris, 100 mM NakPO, pH 8.0)
containirg 8 M urea. The cell suspension was stirred at 4
°C for 16 h. It was then centrifuged at 65p€r 15 min,

and the supernatant was directly loaded onto a Ni-NTA
agarose column preequilibrated with the same buffer. The
column was washed with the lysis buffer (pH 8.0), and the
protein eluted using the same buffer with gradual pH

unstructured in both monomeric and O|igomeric states. We reduction aCCOfding to the manufacturer’s instructions. The
also compared the experimental results with a number of fractions containing the target fusion protein were pooled,
bioinformatic methods used to predict secondary structure subjected to dialysis against 14 L of 20 mM HEPES (pH
and localize disordered domains and found good agreement’-5) containing 150 mM NaCl and 0.1 mM DTT for 16 h at
between computational predictions and the data obtained. A4 °C with two changes, and centrifuged at 6§@6r 15 min.
lipid-binding assay employing sucrose-loaded large unila- The protein was digested at 26 for 1 h in thepresence of

mellar vesicles (LUV) 7) was used to measure the partition-
ing of the ITAM-containing proteins onto phospholipid
vesicles containing 100%, 50%, and 0% acidic lipid and to
evaluate the effect of phosphorylation on the bindingof
and FeRlyq: The assay revealed thdt,: CD3e:, and
FceRlycy: bind to acidic and mixed phospholipid vesicles and

1 mM DTT and 5 mM CaClwith 6 units of thrombin/mg

of protein. The digest was quenched by addition of PMSF
to a final concentration of 0.1 mg/mL and diluted 2-fold with
0.1% TFA. Reverse-phase HPLC purification was performed
on a C18 Vydac 2% 250 mm preparative column (Vydac,
Hesperia, CA) with a linear acetonitrile gradient(02%)

that the binding strength correlates with the protein net chargein 0.1% TFA (12 mL/min). The fractions containing the
and the presence of clustered basic amino acid residuestarget protein were identified by Tricine SB®AGE
Circular dichroism analysis shows the lack of secondary (12.5%), pooled, and lyophilized. Fgg: protein purification,
structure for these domains in lipid-bound form. Phospho- an additional ion-exchange chromatographic step was added

rylation of {¢r and FeRlycy: does not alter their random-

to the general purification scheme as described previously

coil conformation but decreases their binding to membranes. (3)-

MATERIALS AND METHODS

ReagentsBovine thrombin (catalog no. 154163, 2430
units/mg) was purchased from ICN Biomedicals (Costa
Mesa, CA). Dithiothreitol and glucose were purchased from
Sigma Chemical Co. (St. Louis, MO). Ni-NTA agarose was
procured from Qiagen (Valencia, CA). The zwitterionic lipid
1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC)
and the acidic lipid 1-palmitoyl-2-oleodr-glycero-3-phos-
phoglycerol (POPG) were purchased from Avanti Polar
Lipids (Alabaster, AL). All other chemicals used were of
high-quality analytical grade. All solutions were made in
Milli-Q water.

Cloning, Expression, and PurificatioiCytoplasmic do-
mains of the human ITAM-containing proteins (CHO37
AA, PO7766, SwissProt; COB 46 AA, P04234; CD3, 46
AA, P09693; TCR, 115 AA, P20963; FeRly, 44 AA,
P30273; Ig, 63 AA, P11912; and |, 51 AA, P40259) were
cloned, expressed, and purified as described previoGsly (

The purity of the proteins that were obtained was evaluated
using SDS-PAGE followed by Coomassie staining and was
found to be greater than 98%)( The purity and identity of
the proteins obtained were also confirmed by analytical RP-
HPLC, ES-MS, and N-terminal sequencing.

Analysis of Protein PhosphorylatioRPhosphorylation of
Ceyt and FeRlycy in a final protein concentration of 0.01 or
0.2 mM was performed at 3T using a recombinant protein
tyrosine kinasesrc (86—536) (0.2uM) in 20 mM HEPES
(pH 7.5) containing 150 mM NacCl, 2 mM MgATP, 10 mM
MgCl,, and 50uM NazVO, as described previousl@). The
extent of phosphorylation in phospligr (4 and 6 mol of
phosphate/mol of protein, respectively) and phospho-
FceRlyeye (1 and 2 mol of phosphate/mol of protein,
respectively) was determined by MALDI-MS of the relevant
protein species purified using reverse-phase HPLC. Purified,
completely phosphorylategt,: and FeRly., (6 and 2 mol
of phosphat/mol of protein, respectively) were used for
further experiments.

Sucrose-Loaded Vesicle Binding Ass&ycrose-loaded

Briefly, the relevant cDNAs were cloned into the pET32a- POPG and POPG/POPC (1:1, molar ratio) large unilamellar
(+) vector (Novagen) downstream of the thioredoxin (Trx) vesicles (LUVS) were prepared as described by Buser et al.
and Hig tag coding sequences. The original enterokinase (7). Briefly, the corresponding lipid or lipid mixtures in
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Ficure 1: Amino acid sequences of cytoplasmic domaing,0€D3,

FceRIly, CD39, CD3y, Iga and Ig3. The sequence positions with

negatively charged amino acid residues are shownt)ydnd the positions with positively charged amino acid residues are shown)by (
ITAM domains are underlined. ITAM Tyr residues are indicated in bold.

CHCI; were evaporated under argon and then vacuum-driedInstruments, Lakewood, NJ) with 0.01 and 1.0 mM protein

for 3 h at 20°C. The dried lipid was resuspended in 176
mM sucrose and 1 mM MOPS at pH 7.0; the air was
displaced with argon. LUVs were made after five freeze
thaw cycles by extruding multilamellar vesicles 10 times
through a stack of two polycarbonate filters (100 nm pore
diameter) in an Avanti miniextruder (Avanti Polar Lipids,
Alabaster, AL). The vesicle solution was diluted 5 times with
1 mM MOPS buffer, pH 7.0, containing 0.1 M KCI and

in PBS (pH 7.0) in 1.0 and 0.01 mm path-length cells,
respectively. Data were collected at 25 every hanometer
from 260 to 190 nm with 1.0 s averaging per point and a 1
nm bandwidth. The CD spectra of at least six scans were
signal averaged, baseline corrected by subtracting an aver-
aged buffer spectrum, and normalized to molar residue
ellipticity.

Mass SpectrometryProtein samples were applied to a

osmotic to the internal sucrose buffer, and centrifuged at MALDI target in 50% ACN/0.1% TFA/matrix ¢-cyano-4-

10000@ for 1 h at 25°C using a table-top Beckman TL-
100 ultracentrifuge equipped with a TLA-45 rotor. The

hydroxycinnamic acid)/water, and the molecular masses were
determined using a Voyager Elite STR (Perseptive Biosys-

supernatant was removed, and the lipid pellet was resus-tems, Cambridge, MA) mass spectrometer. ES-MS was
pended in the same buffer solution. The final concentration performed at the Department of Chemistry Instrumentation
of the vesicle solution was determined using a phosphorusFacility (Massachusetts Institute of Technology, Cambridge,

assay 8).

In the membrane-binding assay, protein in a final con-
centration of 10uM was mixed with the sucrose-loaded
LUV; [protein] < [lipid] so that the protein did not bind a
significant fraction of the acidic lipid. After 15 min of
equilibration at room temperature (2@€), vesicle-bound
protein was separated by centrifugationr (foh at10000@

MA) using a Bruker Daltonics APEXI13 T Fourier
transform mass spectrometer supplied with an electrospray
ionization source (Bruker Daltonics, Inc., Billerica, MA).

Partition Coefficient Calculationln order to describe the
partitioning of cytoplasmic domains of the human ITAM-
containing proteins onto phospholipid membranes, we used
a molar partition coefficient< (M~1), which is the propor-

and 25°C). Ninety percent of the supernatant and pellet was tionality factor between the mole fraction of protein bound
evaluated for protein content using a fluorescamine assayto phospholipid vesicle membrane, and the molar concentra-

(7). The percentage of the protein bound at a given lipid
concentration was calculated and corrected for th@%
lipid that remained in the supernatant.

Dynamic Light ScatteringScattering data were collected
at 20 °C with a DynaPro-MS800 instrument (Protein
Solutions, Charlottesville, VA). Free and protein-bound
vesicle solutions were filtered with 0.22n Millex filters

prior to measurements. During the illumination, the photons

scattered by vesicles were collected at° 98h 1-5 s
acquisition times (depending on protein concentration).
Translational diffusion coefficient®) were determined from
scattering data with the DYNAMICS autocorrelation analysis
software (version 5.25.44; Protein SolutionB).was con-
verted to a hydrodynamic radiug, through the Stokes
Einstein equationR, = kT/6zxnD, wherey is the solvent
viscosity, k is the Boltzmann constant, afddis the temper-
ature).

Circular Dichroism Measurement$ar-UV CD spectra
were recorded on an Aviv 202 spectropolarimeter (AVIV

tion of protein free in the bulk aqueous phase, as described
previously by Buser and colleagues).(The percent of
protein bound to lipid for varying lipid concentration, where
[L] > [P]m, was fit to the following equation with an iterative
nonlinear least-squares curve fit using Kaleidagraph 3.5
(Synergy Software, Reading, PA):

% bound= mK[L]/(1 + K[L])

where [L] is the concentration of lipid and is the maximal
percent bound. [R]is the concentration of liposome-bound
protein. For partitioning of CD&,: onto POPG vesicles, the
observed concentration dependence was steeper than that
described by the equations used, and the partition coefficient
values obtained should be considered an estimate.
Sequence Analysis, Secondary Structure, and Disorder
Prediction. The amino acid sequences of the cytoplasmic
domains of T cell receptor subunits C3CD35, CD3y,
andg, B cell receptor subunits éggand Ig3, and Fe receptor
y subunit are shown in Figure 1.
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Table 1: Summary of Disordeand Secondary Structir@redictions for Cytoplasmic Domains of MIRR Signaling Subunits

protein Ceyt CD3eeyt CD30cyt CD3yeyt 190yt 19Beyt FceRlyeyp
Summary of Disorder
net charge +5 +11 0 0 -9 —10 +3
|ROP 0.0435 0.1930 0.0000 0.0000 0.1429 0.1961 0.0682
[HLE 0.4289 0.4826 0.4133 0.4133 0.4646 0.4837 0.4378
M 0.3489 0.3148 0.3742 0.3171 0.3892 0.3861 0.3797
HL — HE 0.0800 0.1678 0.0391 0.0962 0.0754 0.0976 0.0581
Results of Secondary Structure Prediction
o helix 40.87 14.04 19.57 2.17 22.22 0 25.00
extended strand 5.22 0 0 0 0 21.57 18.18
random coil 53.91 85.96 80.43 97.83 77.78 78.43 56.82

aUsing the algorithm of Uversky et all4). ® Using the hierarchical neural network algorith@i9). ¢ Using the Swiss Institute of Bioinformatics
(SIB) server ExPASyY). ¢ The mean net charge, defined by Uversky et &) @s the absolute value of the difference between the numbers of
positively and negatively charged residues at pH 7.0 divided by the total residue ndmberboundaryHOvalue, calculated using the Uversky
equationM = (R + 1.151)/2.785f The mean hydrophobicity, defined using the Kyfoolittle scale {5) as the sum of all residue
hydrophobicities divided by the total number of residues and rescaled to a rangél of Dhe positive difference betweéhl[J and [Hindicates
that a protein is unfolded. The values are indicated in %No significant fraction was predicted for thgydelix, Pi helix,A bridge,A turn, bend
region, and ambiguous and other states.

By using the Swiss Institute of Bioinformatics (SIB) server residue numberl@). The positive difference betweehi[J
ExPASYy Q) the following information was extracted for each and the mean hydrophobicityiH[] calculated by the Kyte
individual protein: (1) number of amino acid residues, (2) and Doolittle approximationl) by using a window size of
molecular mass, (3) total number of negatively (As|&Iu) five amino acids, was used as an indicator of protein
and positively charged (Argt Lys) residues, and (4) unfoldedness.
theoretical p value. The protein net charge was calculated
as the difference between the numbers of positively and RESULTS

negatively charged residues at pH 7.0. Cytoplasmic Domains of ITAM-Containing Proteins Are
Secondary structure was predicted using the hierarchicalUnstructured, Random-Coil Proteins in both Monomeric and
neural network algorithm1(Q) and the PHD and PSIPRED  Qligomeric StatesBioinformatic methods and subsequent
v2.3 prediction programsl(, 12). verification by experimental data were applied to the
Predictions of intrinsic disorder in the proteins studied were structural investigation of the cytoplasmic domains of TCR
performed using PONDR VL3 predictor, charge-hydropathy CD3¢, CD39, CD3y, and¢, BCR Iga and 1g3, and FeRI y
plot, and cumulative distribution function (CDF) analysis, subunit. Two complementary methods were used to analyze
access to which was provided by Molecular Kinetics, Inc. the sequences of the cytoplasmic domains: prediction of
(http://www.pondr.com). PONDR VL3 combines the predic- ordered/disordered protein regions and prediction of second-
tions of 30 neural networks for the entire protein sequence. ary structure elements. As predicted using the algorithm of
This predictor was trained using disordered regions from Uversky et al. {4) and the hierarchical neural network
more than 150 proteins characterized by NMR, X-ray algorithm (L0), the proteins of interest can be classified as
crystallography, circular dichroism, limited proteolysis, and intrinsically unstructured, or natively unfolded, proteins
other physical approachekd). Charge-hydropathy (CH) plot  (Table 1). Lack of considerable secondary structure was also
analysis is another established method of ordisorder observed using the PHD1{) and PSIPRED v2.31Q)
classification {4). Disordered (natively unfolded) proteins prediction programs (data not shown).
are generally characterized by a combination of high net Figure 2 represents results of the intrinsic disorder estima-
charge and low hydropathy and therefore are clustered aboveion in the cytoplasmic domains of TCR CD3¢, CD30,
the boundary. In contrast, ordered proteins are generallyand CD3, BCR Iga and Ig3, and FeRI y subunit using
clustered below the boundary, being characterized by lowertwo binary classifiers, CH-plot (Figure 2A) and CDF analysis
net charge and higher hydropathi4). The CDF analysis  (Figure 2B), and PONDR VL3 (Figure 2C). According to
separates ordered and disordered sequences based on the pétie CH-plot analysis (Figure 2A), all ITAM-containing
residue disorder score retrieved by PONDR VLXT and the cytoplasmic domains studied are predicted to be natively
optimal boundary10): the CDF curves for ordered proteins unfolded, as all of them are located above the boundary. This
are located above the boundary, whereas the CDF curves ofneans that these domains likely possess highly expanded
disordered proteins are located below the boundary. conformations. Figure 2B shows that curves corresponding
Numerically, disorder prediction was performed according to four domains, TCR;, CD3, CD3), and BCR Ig@, are
to the algorithm of Uversky et al.1d). Briefly, the mean located well below the boundary, whereas GDBCR Iga.,
hydrophobicity,HCJwas calculated as the sum of all residue and FeRI y subunit curves closely follow the boundary.
hydrophobicities divided by the total number of residues, Thus, CDF analysis predicts that TERCD3, CD3), and
using the Kyte-Doolittle scale 15), rescaled to a range of BCR Igs are mostly disordered, whereas CDF analysis
0—1 (14). The boundaryH[value,[H[J, was calculated using  predicts that CD3, BCR Iga, and FeRI y subunit poten-
the Uversky equatiofHlj = (IR0 + 1.151)/2.785, where tially contain more order. Figure 2C represents PONDR VL3
|[R[is the mean net charge defined as the absolute value ofcurves for all ITAM-containing cytoplasmic domains ana-
the difference between the numbers of positively and lyzed in this study. The profiles of disorder distribution
negatively charged residues at pH 7.0 divided by the total suggest that all of these proteins are essentially disordered,
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A The experimental CD data are consistent with the output
of the different algorithms used for the disorder and
secondary structure predictions. The far-ultraviolet CD
spectra were taken at/M and 1 mM concentrations. We
have previously shown for each of the ITAM-containing
o proteins studied here that ag/ and 1 mM concentrations
7 these proteins are mostly monomeric and dimeric, respec-
”ce‘;%; tively (3). CD analysis of CD&y, CD30cy, CD3ycy
i FceRlyey, 1gaey:, and 1@ shows the characteristics of
o intrinsically unstructured proteins at both concentrations
T T T T T (Figure 3). FotG.y: and FeRly.y, N0 changes were observed
e b= A8 Da 08 in the CD spectra when the proteins were completely
Mean scaled hydropathy phosphorylated (Figure 3). Considering that the CD spectra
for both protein concentrations are very similar, it can be
concluded that oligomerization does not induce any second-
ary or tertiary structure formation. Thus, intermolecular
interactions in protein dimers represent specific interactions
between unstructured, random-coiled molecules. Interest-
ingly, for &, the percent ofi-helicity was estimated to be
approximately 40% (Table 1) while the CD spectra taken at
low and high protein concentrations do not reveal any
detectable secondary structure. It is possible that this
. : : predicted helical conformation can be experimentally induced
02 0.4 08 16 by actions of the specific agents promoting helix formation
PONDR score such as trifluoroethanol (TFE), detergents, or lipids. Indeed,
C § the helical conformation df.,: has been shown to be induced
by TFE (16) and lipid-modeling agentsly).
0.8 2 Thus, the protein structure prediction results in conjunction
with the experimental data presented indicate that the
0.6 : o SO cytoplasmic domains of the ITAM-containing proteins
o _m 6 studied are intrinsically unstructured proteins, further sup-
' 7 porting the hypothesis that intrinsically unstructured protein
02 domains play an important role in protein phosphorylation
and signal transductiord).
9 T T T T Cytoplasmic Domains of T Cell Receptgr CD3¢, and
25 nG 15 400 FceRly Subunits Bind to Acidic and Mixed Phospholipid
Residue number Vesicles.A sucrose-loaded vesicle-binding sedimentation
Ficure 2: Analysis of intrinsic disorder distribution in cytoplasmic  assay ) is widely used to measure the membrane binding
domains off (1), CDZ (2), F&Rly (3), CDI (4), CD3y (5), lgo of proteins and peptides. LUVs containing acidic (POPG),

(6), and Ig (7). (A) Charge-hydropathy (CH) plot analysis. Data  nq\,tra] (POPC), or mixed POPG/POPC (1:1, molar ratio)
for individual proteins (symbols with numbers) are compared with L ! N .
a set of natively unfolded (white circles) and natively folded proteins Phospholipids were used as model membranes in our

(gray circles). The black dotted line corresponds to the boundary €xperiments to characterize lipid-binding activity of the
separating compact and natively unfolded proteins. (B) Cumulative ITAM-containing proteins. Importantly, dynamic light scat-

intrinsically disordered and ordered proteins is shown as a bold : : P f
line with circles. This method separates ordered and disorderedveSICIe size distribution before and after experiments (data

sequences based on the per-residue disorder score estimated bjot Shown), suggesting that protein binding does not disturb
PONDR VLXT and the optimal boundary; the CDF curves for the lipid bilayer structure in the LUVs used and does not
curves.of disordered proteins are located beIow: he boundary. () po e o oo
curves or disor . i H A H H
PONDR VL3 data. Approtein is predicted to be disordered ifythe Figure 4 IIIU§trgtes the partltlpnlng of the proteins StUdloed
majority of its PONDR VL3 curve is located above the 0.5 line onto _phos_p_ho_llpld LUVs containing 0, 50, and 100 _mol %
(black dotted line). of acidic lipid in 200 mM KCI. The values df determined

by the fitting the data in Figure 4 are shown in Table 2.
as the vast majority of their PONDR curves are located above Cytoplasmic domains of CD3(net charge of 0), CD3(net
the 0.5 threshold. Overall, there is a good correlation betweencharge of 0), Ig. (net charge of-9), and Ig (net charge of
the results of binary classifiers (CH-plot and CDF analysis) —10) did not bind to phospholipid vesicles at any of the
and PONDR VL3 predictor. In fact, all of these algorithms compositions tested (data not shown). Egrand FeRly.,
indicate that the cytoplasmic domains of TGR CDZ, increasing the mole percent of acidic lipid from 50% to 100%
CD39, and CD3, BCR Iga and g3, and FeRI y subunit increaseX approximately 40- and 12-fold, respectively, and
are mostly disordered. It should be noted that all of these phosphorylation does not alter this dependence. This steep
analyses assume that the predicted cytoplasmic regions canlependence of binding on the mole percent of acidic lipid is
be considered separately from the adjacent predicted transcharacteristic of multivalent basic proteins/peptidss; (9).
membrane regions. In addition, phosphorylation of these proteins results in

0.6 o

0.4 4 s}

0.2

Mean net charge

0.0 4

0.8

0.4

of residues

0.2

Cumulative fraction w

PONDR score
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Ficure 3: Far-ultraviolet CD spectra of cytoplasmic domaing ¢f), CD3y (C), FeRIy (D), CDZ (F), CD3 (G), Iga. (H), and Ig3 (1).

The spectra of fully phosphorylated proteids, and FeRly.y, are also indicated (B and E, respectively). The mean residue ellipticity is
plotted as a function of wavelength for low 84, solid line) and high (1 mM, dotted line) protein concentrations in PBS (pH 7.0) in 1.0
and 0.01 mm path-length cells, respectively. CD specti@o{A), FceRlycy: (D), and CD2.y: (F) as well as fully phosphorylatedl,: (B)

and FeRly (E) in the presence of large unilamellar phospholipid vesicles formed from POPG (indicated as PG) are shown by broken
lines.

approximately 40- and 5-fold decreases in the partition phosphorylated F®Rly: and & also would not show
coefficient for {.,: and FeRlyy, respectively, and these lipid activity. The phosphorylation-induced net charge reduc-
values are similar for both acidic and mixed phospholipid tion results in reduction but not abrogation of the interaction
vesicles (Table 2). of the phosphorylated proteins with acidic phospholipid
Using the Swiss Institute of Bioinformatics (SIB) server bilayers (Table 2 and Figure 3). Analysis of primary amino
ExPASy @), we calculated the net protein charge for the acid sequences shows the existence of clusters of basic
ITAM-containing proteins studied (Tables 1 and 2). For residues in both F®Rlycy and ey (Figure 1). We suggest
phosphorylated.,: and FeRly, net charges were estimated  that binding to acidic phospholipids is not simply dependent
assuming Ks near 1.2 and 6.5 for the phosphotyrosine on the overall net charge but can also involve clustered basic
phosphate group2(). Figure 5 shows the molar partiton amino acids.
coefficients determined from the experimental measurements  Previously,.: has been reported to adopt helical con-
of the binding of the ITAM-containing proteins to mixed formation in the presence of TFEL§), micelles of ly-
(open symbols) and acidic (filled symbols) phospholipid somyristoylphosphatidylglycerol (LMPG)LY), and small
vesicles as a function of net protein charge. Foy, unilamellar vesicles (SUVs) of dimyristoylphosphatidylg-
FeeRlyey, and CD3cy, the data obtained show strong lycerol (DMPG) (L7). We investigated whether binding to
dependence of the partitioning of these proteins onto acidic acidic phospholipid LUVs induced helical structure formation
and mixed phospholipid vesicles on net protein charge, with in the ITAM-containing proteins studied here. For POPG
extremely tight binding for CD8(net charge oft-11). LUV-bound CDZy, Coy, and FeRlyey, as well as fully
Phosphorylation of two and six ITAM Tyr residues in phosphorylated.: and FeRly analysis of the CD spectra
FceRIye and Ceyr, respectively, reduces the corresponding revealed the lack of induction of any detectable secondary
net charges of the proteins from3 to —0.5 for FeRIyy structure (Figure 3, panels A, B,-EF). These data indicate
and from+5 to —5.5 for ¢« (Table 2). Considering that that lipid binding can occur in the absence of helical structure
CD3d¢yt, CD3yeyt, Igayr, and 1@y with net charges of 0, 0,  induction and that the nature of lipigbrotein interactions
—9 and—10, respectively (Table 1), do not bind to acidic and the protein regions involved in lipid binding can be
and mixed phospholipid vesicles, it could be expected that different for micelles and various lipid vesicles.
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FiGurRe 4: Membrane binding of the MIRR cytoplasmic domains—®) Partitioning oflcy: (A), FceRlyey (B), and CD3.y: (C) as well

as fully phosphorylated.,: (D) and FeRly.,: (E) onto large (100 nm diameter) unilamellar phospholipid vesicles (LUV). The results were
obtained with a sucrose-loaded vesicle assay using LUV formed from POP@,(flled symbols, solid lines) and 1:1 POPG/POPC
(A—E, empty symbols, dotted lines) and POPC-® crossings) in 100 mM KCI buffered to pH 7.0 with 1 mM MOPS. Each plotted point

is the average of at least two samples at that total lipid concentration; the errors associated with the peiti§aréhe solid and dotted

lines correspond to theoretical binding curves that were obtained as described under Materials and Methods. Cytoplasmic domgins of CD3
(net charge of 0), CD3(net charge of 0), Ig (net charge of-9), and Ig (net charge of-10) did not bind to phospholipid vesicles of

any of the compositions tested (data not shown).

Thus, cytoplasmic domains @gf CD3¢, and FeRly bind In earlier studies, we showed thai: and several other
to vesicles containing acidic phospholipids, and this binding ITAM-containing cytoplasmic domains are oligomeric in
depends on several parameters such as the mole percent afolution and, at the same time, tend to be intrinsically
acidic lipid, net protein charge, and the presence of clusteredunstructuredd). On the basis of these results, we suggested

basic amino acid residues in the primary sequence. an important role for homooligomerization of the cytoplasmic
domains of MIRR signaling subunits in transmembrane
DISCUSSION signal transduction22, 23) and hypothesized a role of the

ITAM-containing cytoplasmic domains of MIRR signaling  liPid-binding activity of ., in TCR-mediated signalindlp).
subunits play a crucial role in transducing transmembrane [N the present studies, we focused on detailed comparative
activation signals, and phosphorylation of tyrosines within characterization of the conformations of ITAM-containing
the ITAM upon receptor engagement represents an early andProteins in both monomeric and oligomeric states. Using a
obligatory step in initiating the signaling cascadel)(  Well-defined lipid bilayer system of phospholipid LUVs, we
Recently, it has been suggested that phosphorylation com-StUd'f?d _the lipid-binding activities of these proteins and their
monly occurs within intrinsically disordered protein regions SPecificities.

(4), and our findings further support this hypothesis. Onthe = From computational secondary structure and disorder
other hand, the ITAM-containing cytoplasmic domains are prediction analysis, we found that the cytoplasmic domains
in close proximity to the cell membrane, and lipid-binding of £ and other ITAM-containing proteins can be classified

activity of these proteins could also be involved in signal as intrinsically unstructured proteins (Figure 2 and Table 1).
transduction. The theoretical predictions agreed with the experiments. Our

Table 2: Membrane Partitioning of Cytoplasmic Domains of MIRR Signaling SuBunits

partition coefficientK, M~1 change irK ¢
protein net charde POPG 1:1 POPG/POPC phospho/nonphospho
oyt +5 84000 2200
phosphoze,d -5.5 2000 50 ~1/40
FceRIyeyt +3 7000 510
phospho-FeRly —-0.5° 1400 110 ~1/5
CD3ecyt +11 ~6 x 107 ~5x 10P

2 No lipid binding was observed for CB3y, CD3ycyt, Igotey, and I ® Using the Swiss Institute of Bioinformatics (SIB) server ExPASY (
¢ Change in membrane partitioning for fully phosphorylated proteins relative to nonphosphorylated pfdteinsl 2 mol of phosphate/mol of
protein for phosphdz,: and phospho-FRlIy., respectively® Assuming fXs near 1.2 and 6.5 for the phosphotyrosine phosphate gr&stimated
value.
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Table 2). The lipid-binding activity increases with increase
of net protein charge (Table 2 and Figure 4) and the mole
20 percent of POPG (Table 2 and Figure 4). Fully phosphory-
] lated ., and FeRly.,: with net protein charges of5.5 and
—0.5, respectively, are still able to bind acidic phospholipids
15 (Table 2 and Figures 4 and 5). For these proteins, the
partitioning of these proteins onto acidic phospholipid LUVs
L 4 might be driven by the clusters of basic amino acid residues
® 8,0CD3,, rather than the overall net charge. The human immunode-
A v O<> 0,080 ficiency virus type 1 Nef protein has been reported to bind
5 - v 0,0 FeeRly,y, to the cell membrane despite its net charge-6f0 (25). In
A v,V ®,~ FoeRly,, this case as well as others, a cluster of positively charged
4,8 @5 G residues has been shown to play a critical role in membrane
'5 0 _," 1:) 1'5 2'0 associationZ5, 26). The presence of such clusters, however,
. is not sufficient for lipid binding, as lg,: which has a cluster
Net protein charge (pH 7) of three amino acids but a net charge-¢3.0 does not bind
FiGURE 5. Membrane binding of the cytoplasmic domains increases to acidic phospholipid vesicles.
as the net charge of the protein increases. The filled and empty Surprisingly, in this study we found that binding of

e e o Do e CD3ey, Ly, PROSPCEy, FoeRlcy, and poSpO-FRlyc
of Lyt (Net charge oft-5), FaRly, (Net charge of-3), and CD3,y to acidic phospholipid LUVs is not accompanied by induction
(net charge oft-11) as well as fully phosphorylated,; (net charge of any detectable secondary structure (Figure 3). These results
g{/n:bSdISS)) gﬂg 1F.‘91R||3V6y|g_) g]/lgto%hgr?eemg{;%?r)ntt)?)lsF;Cl)_FL)JC\;/ i(rEillfde are contradictory to previously reported helical structure

: o P . formation of ¢y in the presence of TFELE) and LMPG
MOPS and 100 mM KCI, pH 7.0. *, estimated from the curve fit. micelles and DMPG SUVSIP), possibly suggesting different
CD measurements indicated that all of the cytoplasmic modes of interactions of the proteins of interest with micelles,
domains studied were unstructured in solution and, more SUVs, and LUVs. In this study, we use POPG LUVs, which
specifically, in both monomeric and oligomeric states (Figure would be expected to be a better model to mimic the cell
3). Importantly, homooligomerization of.: and other membrane than micelles or SUVs. Our further studies are
ITAM-containing proteins does not induce any detectable in progress to shed light upon this unexpected phenomenon.
secondary structure formation, suggesting the existence of In summary, our data suggest that the ITAM-containing
specific interactions between unfolded protein molecules. In receptor signaling subunits possess interesting structural and
addition, phosphorylation of tyrosines in the ITAM domains functional features. First, their cytoplasmic domains are
of FceRlyey and ey also did not change the random-coil- intrinsically disordered in both monomeric and oligomeric
like conformation observed. These results suggest thatstates, thus providing the molecular basis for reversibility
phosphorylation sites are easily accessible on unfoldedof phosphorylation and suggesting the existence of specific
cytoplasmic domains of MIRR signaling subunits in both interactions between unfolded protein molecules. Second, the
monomeric and oligomeric states. Interestingly, fgk, the cytoplasmic domains oft, CD3, and FeRly exhibit
results of secondary structure prediction show approximately significant lipid-binding activity toward acidic phospholipids,
40% a-helicity while CD analysis reveals the lack of suggesting a potential physiological role of the interaction
secondary structure of this protein. The reason for this of these domains with the membrane in transmembrane
discrepancy is unknown. However, it can be suggested thatsignaling and cell activation. Further biochemical and
the potentiabi-helicity might be induced by specific agents. biophysical studies are needed to characterize the nature of
Indeed, it has been previously reported that the agentsthe molecular mechanisms involved in homointeractions of

Ln (K)
|

10

promoting helix formation such as TFRG), LMPG (17), these protein domains and their binding to the membrane.
or DMPG (17) induce partly helical conformation ifjy, We are currently investigating these possibilities.

and the percentage aofhelix represents approximately 35
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