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The T cell antigen receptor encounters foreign antigen during the
immune response. Receptor engagement leads to activation of
specific protein tyrosine kinases, which then phosphorylate mul-
tiple enzymes and adapter proteins. One such enzyme, phospho-
lipase-Cy1, is responsible for cleavage of a plasma membrane lipid
substrate, a phosphoinositide, into two second messengers, diacyl-
glycerol, which activates several enzymes including protein kinase C,
and an inositol phosphate, which induces intracellular calcium eleva-
tion. In T cells, phospholipase-Cy1 is recruited to the plasma mem-
brane as part of a four-protein complex containing three adapter
molecules. We have used recombinant proteins and synthetic phos-
phopeptides to reconstitute this quaternary complex in vitro. Extend-
ing biophysical tools to study concurrent interactions of the four
protein components, we demonstrated the formation and deter-
mined the composition of the quaternary complex using multisignal
analytical ultracentrifugation, and we characterized the thermody-
namic driving forces of assembly by isothermal calorimetry. We
demonstrate that the four proteins reversibly associate in a circular
arrangement of binding interfaces, each protein interacting with two
others. Three interactions are of high affinity, and the fourth is of low
affinity, with the assembly of the quaternary complex exhibiting sig-
nificant enthalpy-entropy compensation as in an entropic switch. For-
mation of this protein complex enables subsequent recruitment
of additional molecules needed to activate phospholipase-Cy1.
Understanding the formation of this complex is fundamental to full
characterization of a central pathway in T cell activation. Such knowl-
edge is critical to developing ways in which this pathway can be
selectively inhibited.

phospholipase C | protein complex | signal transduction | T cell antigen
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hree decades of investigation have resulted in a description
of T cell antigen receptor (TCR) engagement and the bio-
chemical events that follow. The binding of the TCR ligand, an
antigenic peptide presented by a protein encoded by the major
histocompatibility complex, leads to the activation of associated
and recruited protein tyrosine kinases (PTKs) (1). Critical sub-
strates of these PTKs include the adapter molecules, linker for
activation of T cells (LAT), and Src homology 2 (SH2) domain-
containing leukocyte protein of 76kDa (SLP-76) (2, 3). The
phosphorylation of tyrosine residues on these adapters initiates
binding of many other adapters and enzymes to generate molec-
ular complexes of great heterogeneity (4). In this manner enzymes
such as phospholipase C-yl (PLC-y1) and son of sevenless ho-
molog 1 (SOS1) are recruited to the plasma membrane where they
encounter their substrates. The products that are a consequence of
these enzyme activations—diacylglycerol, elevated intracellular
calcium, and activated Ras—have complex intracellular effects
during the process of T cell activation (5, 6).
Sites of protein—-protein interactions between these various
signaling molecules were initially identified by coimmunoprecipi-
tation experiments using wild-type and mutant proteins expressed
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in various cells (7). Detailed binding studies using expressed do-
mains or regions of the SLP-76 adapter molecule in vitro have been
the subject of our research (8-10). The SLP-76 domain containing
three phosphorylatable tyrosine residues was initially shown by
others to be the site of interaction with the adapter Nck, the
guanine nucleotide exchange factor Vav, and the PTK, IL-2-
inducible T cell kinase (ITK) (11-13). In our studies the affini-
ties of Vav and Nck interactions with SLP-76 were measured, the
presence of Nck-Vav dimers colocalizing at SLP-76 was identified,
and the relationship of these binding events to actin polymeriza-
tion was demonstrated with fluorescence microscopy (9). In an-
other study we showed that the proline-rich region of SLP-
76 binds with high affinity to the C-SH3 domain of the adapter
protein Gads and with low affinity to the SH3 domain of PLC-y1
(8, 14, 15). The latter interaction is allosterically enhanced in a
ternary complex. Further, the interactions and the affinities of
Grb2, Gads, and PLC-yl SH2 domains with LAT were described
(8). The detailed analysis of the LAT-Grb2-SOS1 interaction
revealed that phosphorylated LAT could bind multiple Grb2 mol-
ecules, each capable of simultaneously engaging SOS1, which, in
turn, could bind two Grb2 molecules (16). These binding events can
lead to oligomerization of signaling complexes, which were shown
by others to lead to phase transitions (17) and in our experiments
were required for optimal signaling in cells (16). Inhibition of
oligomerization by targeted mutation of SOS1 in mice leads to
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functional consequences in vivo (18). Finally, the C-terminal
SH2 domain of SLP-76 was also shown to enable oligomeri-
zation of LAT-based signaling complexes by its binding to
multiple sites on another adapter molecule, the adhesion and
degranulation-promoting protein (ADAP) (10).

The formation of the multiprotein complex comprised of
LAT, Gads, SLP-76, and PLC-y1 is required for the recruitment
of PLC-yl to the plasma membrane where it is subsequently
activated to cleave the phosphoinositide phosphatidylinositol 4,
5-bisphosphate (PIP2) into two critical signaling molecules,
diacylglycerol and inositol 1,4,5-trisphosphate (IP3) (15, 19).
Despite the studies that mapped the mutual interactions of the
four proteins that form this structure (15, 20), much remains to
be learned about the heterogeneous protein—protein interactions
formed within this quaternary complex. Previously, protein in-
teractions were explored using expressed protein domains and
synthetic phospho-peptides forming only binary or ternary as-
semblies (8). In the current study, highly purified full-length
proteins or large polypeptides were generated in a detailed
study of this important multiprotein complex.

We reconstituted the quaternary complex containing LAT,
Gads, SLP-76, and PLC-y1 in vitro and determined its stoichi-
ometry by analytical ultracentrifugation. Calorimetric analysis
allowed us to measure thermodynamic driving forces of the vari-
ous interacting proteins in the assembly. The data confirm that
each protein in the quaternary complex interacts with two differ-
ent binding partners. These simultaneous binding events likely
create spatial constraints that could contribute to the specificity of
this multiprotein quaternary complex. In this model the multiple
protein—protein interactions generate a circular arrangement of
binding interfaces. The quaternary complex is associated with a
significant entropic penalty, which facilitates the reversibility of the
quaternary complex. We hypothesize that this potential instability
of the complex can be the target of regulation and thus enable the
dynamic control of signaling in a cellular setting.

Results

Assembly of a Four-Molecule Complex. The choice of protein con-
structs is critical for studying the formation of a multiprotein
complex and for comparison with previous results. In our origi-
nal study of mutual interactions between components of the
LAT, Gads, SLP-76, and PLC-y1 complex, we used 18- to 20-a.a.
LAT peptides with a single phosphorylated tyrosine as the cen-
tral residue (8). The sequence of these phosphopeptides corre-
sponded to each of four LAT interaction sites (Y132, Y171,
Y191, and Y226). The Y132 site, when phosphorylated, binds
the N-SH2 domain of PLC-y1, while the other three sites bind
the SH2 domains of either Gads or Grb2 (4). These short, singly
phosphorylated peptides do not allow us to model multiple LAT-
binding events. To confirm simultaneous binding of Gads and
PLC-y1, we generated a 54-a.a. polypeptide derived from the LAT
sequence (LAT 125-178) with phosphotyrosine residues corre-
sponding to LAT Y132 and/or Y171 (pLAT). For some studies
this polypeptide was labeled at the N terminus with DyLight
488 after peptide synthesis (pLAT4gg). Schematics of the protein
constructs and their domain organization and the interactions in
the quaternary complex are shown in SI Appendix, Fig. S1 A-E.
For our initial studies we used a previously reported full-length
Gads construct (Gadsgr) and a His-tagged fragment of PLC-y1l
(8). This fragment contains only the two adjacent SH2 domains
and one SH3 domain of PLC-y1 (PLC-y1;,). Both constructs were
expressed in bacteria, refolded, and affinity purified.

For our first experiments we prepared full-length SLP-76
(SLP-76g) containing two affinity tags, an N-terminal His tag
and a C-terminal Flag tag, using a bacterial expression system.
The double-affinity purification scheme overcame protein deg-
radation and improved purification of the full-length protein (S
Appendix, Fig. S24). The CD spectrum was consistent with sig-
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nificant unstructured fractions reported previously (SI Appendix,
Fig. S2B) (8). We tested SLP-76g for its ability to bind purified
Gadsgy, by isothermal titration microcalorimetry (ITC). The Ky for
SLP-76¢; /Gadsgy binding was 9 nM (SI Appendix, Fig. S2C), which
is slightly lower than, although within experimental uncertainty, and
comparable to the K value of 19 nM measured previously between
Gadsg, and a polypeptide containing the proline-rich region of
SLP-76 (residues 158-421) (8). Additionally, we tested the capacity
of purified SLP-76g;, to bind a tyrosine-phosphorylated peptide
derived from the sequence of HPK, a binding partner of the SLP-76
C-terminal SH2 domain (SI Appendix, Fig. S2D). The measured Ky
value was 11 nM, which corresponds closely to the value of § nM
(range, 3-17 nM) obtained for the SLP-76 SH2 domain binding to
the same HPK phosphopeptide (10).

Sedimentation velocity analytical ultracentrifugation (SV-AUC)
was used to study the reversible formation of complexes by SLP-
76r1, Gadsgr, PLC-y1y,, and pLAT,gs (Fig. 1). To enable greater
yield and purity, we converted to preparations of SLP-76g;, made
using baculoviral expression in Sf9 cells. Sedimentation coefficient
distributions [c(s)] of the individual proteins demonstrate the hy-
drodynamic properties and oligomeric states of the individual
proteins. Gadsgy, (Fig. 14, black line) and PLC-y1,, (Fig. 14, blue
line) each sedimented in a single boundary at 2.5 S and 2.8 S,
respectively, consistent with monomeric and moderately extended
proteins with frictional ratios of ~1.6. Small peaks observed at
s-values <1 S are consistent with sedimentation of optically un-
matched buffer components. Due to its small size and high fric-
tion, the pLAT,gs peptide sedimented at ~0.9 S (Fig. 14, purple
line), poorly resolved from smaller contaminating species likely
representing free dye. SLP-76g; (Fig. 14, dark-green line)
exhibited two peaks with 2.9 S and 1.9 S, respectively. The faster-
sedimenting species is consistent with the expected size of SLP-
761, and a best-fit frictional ratio of 1.8, whereas the slower
species with an estimated mass of ~30 kDa likely represents
a degradation product.

We then used SV-AUC to study binary, ternary, and quaternary
complex formation. The high affinity of the Gads-SLP-76 interaction
has been noted above, and the ability to detect a complex con-
taining the Gads with a proline-rich polypeptide derived from the
SLP-76 sequence was previously reported (8, 14). Consistent with
expectations, using full-length versions of both Gads and SLP-
76 in equimolar mixtures at 3.5 pM (well above the Ky), we ob-
served a faster sedimenting boundary at 3.9 S (Fig. 1B, light-green
line). The estimated molecular weight and frictional ratio (1.8) are
consistent with a 1:1 complex with an extended hydrodynamic
shape. Similarly, SV-AUC of equimolar 3.5-pM mixtures of
pLAT,sg with Gadsgy, (Fig. 1C, black line) and of pLAT,gg5 with
PLC-y1,, (Fig. 1C, blue line) demonstrated the formation of binary
complexes between the LAT phosphopeptide and protein. In this
case, due to the low molecular weight of the peptide, complex
formation is revealed exclusively by detection of LAT and its
complexes at 488 nm (Fig. 1C), exhibiting 2.5 S and 3 S species for
pLAT,ss/Gadsg, and pLAT,g8/PLC-y1y,, respectively, both sed-
imenting significantly faster than free phospho-LAT.

Triple-protein complex formation is expected between pLAT,
SLP-76, and Gads, as pLAT binds to the SH2 domain of Gads,
and Gads in turn simultaneously binds to the proline-rich region
of SLP-76. As shown in Fig. 1 B and C (orange lines), equimolar
mixtures of pLATgs, Gadsgr, and SLP-76¢; at 3.5 pM exhibited
only a slight increase in the s-value compared with the Gadsg;/
SLP-76g;. complex (Fig. 1B, green line), again due to the rela-
tively small molecular weight of pLAT. However, sedimentation
data exclusively recording pLAT,ss-containing species (Fig. 1C,
orange line) show pLAT,ss cosedimenting in the 4 S boundary
that can be identified as a SLP-76g;/Gadsgr/pLATygg ternary
complex. (A small peak at ~2.8 S reveals a binary pLAT,gs/
Gadsgr. complex from a small stoichiometric excess of Gadsgy .)
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Fig. 1. Formation of the SLP-76¢ /GADSg /PLC-y 1y, pLAT,g complex by SV. The

c(s) distributions were calculated from absorbance boundaries at 50,000 rpm,
20 °C, observed at 280 nm or 488 nm, respectively. All proteins were at 3.5 pM.
(A) Distributions obtained for free protein and peptide components from
absorbance data at 280 nm for SLP-76¢,_ (dark-green line), GADS¢, (black line),
and PLC-y1y, (blue line) and from absorbance at 488 nm for pLAT,gs (purple
line). (B) Distributions obtained from a binary mixture of SLP-76¢_and GADSg_
(light-green line), a ternary mixture of SLP-76¢, GADSg, and pLAT,gs (orange
line), and a quaternary mixture of SLP-76¢, GADSg, pLAT4gs, and PLC-y 1, (red
line), all observed at 280 nm. (C) From the same run, data acquired at 488 nm
showing exclusively pLATgg—containing complexes in mixtures of pLAT,gg with
PLC-y14, (blue line), pLAT4gs with GADS (black line), pLAT,gg with PLC-y 1y, and
SLP-76¢. (cyan line), pLAT,gg with PLC-y1y, and GADSg. (magenta line), and
PLAT 488 With SLP-76¢_and GADSg_ (orange line) and in a quaternary mixture of
pLAT,gs with SLP-76¢, GADSf, and PLC-y1, (red line).
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Finally, the addition of PLC-y1,, resulted in a further increase of
the s-value of the fastest peak to 4.2 S (red lines in Fig. 1 B and C).
Considering that the PLC-y1,,/pLAT,g3 complex sediments only
at 3 S (Fig. 1C, blue line), this increased SV of the quaternary
mixture compared with the ternary mixture lacking PLC-yly,
demonstrates that PLC-y1,, interacts with the SLP-76g;/Gadsg;/
pLAT,sg ternary complex. Generally, in binary and ternary mix-
tures when high-affinity interactions lead to highly populated or
very long-lived complexes, these will dominate the velocity of the
fastest sedimentation boundary. By contrast, more weakly associ-
ating and transient complex formation produces sedimentation
boundaries that reflect the coupled migration of dynamically ex-
changing free and bound species in the mixture, and thus the
largest complex will not separate into a faster-sedimenting bound-
ary (21). Rather, an increase in the population of complexes with
concentration will lead only to a change in the observed time-
average s-value of the interacting system. Accordingly, the small
increase in the s-value in the quaternary mixture compared with
the ternary SLP-76g;/Gadsg; /pLAT4gs mixture demonstrates the
formation of a quadruple complex but does not reflect its s-value
or size. Hydrodynamic characterization of the quaternary complex
requires higher saturation.

To increase the extent of complex formation and to facilitate
specific detection of its components, we introduced several changes.
Attempts to add chromophoric labels to Gads, SLP-76, and PLC-
v1 by incubation with reactive dyes were unsatisfactory. The addi-
tion of dye to SLP-76 induced dimerization (SI Appendix, Fig. S3),
and labeling of Gads and PLC-yl reduced their solubility to a
degree that preparation of quaternary mixtures at sufficient con-
centration became impractical. To resolve these problems, we
expressed these three proteins using baculoviral constructs and
Sf9 insect cells. To improve the properties of the SLP-76 pro-
tein, we eliminated the N-terminal SAM domain, which con-
tributes to dimerization (22), and removed the adjacent unstructured
tyrosine-containing domain, which in vivo is required for binding
of Nck, Vav, and Itk to produce SLP-76. We also converted
S159 to cysteine to enable labeling with the maleimide conjugate
of DyLight 405 and converted C524 to serine to eliminate un-
wanted labeling and to limit oxidation-induced dimerization (SLP-
764-405). For Gads, we added the HaloTag to the N terminus
(Halo-Gadsgy ), which increased solubility and allowed us to incor-
porate the dye JF646 for specific detection of Gads (Halo-Gadsgy ¢46)
(23, 24). The addition of the HaloTag also adds increased mass,
thus improving resolution in SV-AUC experiments. Finally, we
expressed nearly full-length PLC-y1 protein (PLC-ylg), which
lacked only the terminal 1220-1291 residues of this protein,
eliminating aggregation problems, as previously described (25).

In SV-AUC, the individual proteins sedimented as single spe-
cies (SI Appendix, Fig. S4A4), with c(s) distributions from absor-
bance data at 488 nm, exhibiting a 0.9 S peak for free pLATgg; at
646 nm, exhibiting a 3.9 S peak for Halo-Gadsgy ¢46; at 405 nm,
exhibiting a 2.2 S peak for SLP-76,,_40s; and a sharp peak at 6.7 S
in the interference optics for PLC-y1g;. Control experiments for
the binary and ternary complexes show sedimentation patterns
analogous to those discussed above, but at higher s-value as a
consequence of the described changes in Gads and PLC-y1 (SI
Appendzx, Flg S4 B and C) the Halo-GadsFL_646/SLP-76“,405
complex sediments at 4.7 S; the pLAT4gs/Halo-Gadsgy 46 com-
plex sediments at 4.0 S; the pLAT,g¢/PLC-y1g;. complex sediments
at 6.8 S; and for the ternary complexes we observe pLAT,gs/Halo-
GadspL,646/SLP-76tr_405 at ~5.0 S and PLC-ylp]_/pLAT488/I_IaIO-
Gadsgp 46 at ~7 S. As above, in any of these LAT-containing
complexes the presence of LAT was confirmed via pLATgs-spe-
cific 488-nm detection, and, similarly, the presence of Gads and
SLP-76 was confirmed at their respective wavelengths. Interest-
ingly, no binary or ternary complexes were observed that would
suggest SLP-76,,.40s binding to PLC-ylg, (SI Appendix, Fig. S4).
The absence of such complexes is compatible with experiments that
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demonstrate that the interaction of the PLC-y1 SH3 domain with
proline residues in SLP-76 is of low affinity. This association has
previously been demonstrated only at 4 °C using changes in CD
and ITC and at higher protein concentrations in the presence of
Gads by SV-AUC (8).

Finally, to detect a quaternary complex, pLAT4sg, Halo-
Gadsgy 646, and SLP-76.405 were mixed with and without
PLC-ylgL at equimolar concentrations (2.5 pM) and were sub-
jected to SV-AUC with multisignal detection (Fig. 2). While the
ternary mixture lacking PLC-y1gy, (Fig. 2, gray lines) exhibited a
5.0 S peak, corresponding to a high-affinity pLAT,gs/Halo-
GadsFL_546/SLP-76tr_504 complex, the addition of PLC-YlFL led to
detection of a unique 8.2 S sedimentation boundary (raw data,
fits, and statistical confidence bands are shown in SI Appendix,
Figs. S5 and S6). Analysis of the 8.2 S peak in the c(s) distri-
butions based on absorbance data recording the individual spe-
cific chromophoric tags of pLAT,ss (Fig. 2C), Halo-Gadsgy 646
(Fig. 2D), and SLP-76, 495 (Fig. 2B), and accounting for their
contributions to the interference signal (Fig. 24) (which is
dominated by PLC-ylg; due to its greater mass), demonstrates

A 10 — triple complex 2.5 uM + (no PLC-y1): IF signal
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8
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—
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the presence of each of the protein components in the fast peak.
In addition, there was a residual 4.5-5.0 S peak detectable by
absorption of each of the three dyes, indicating a coexisting SLP-
764-40s/Halo-Gadsgy  646/pLAT 455 complex, and interference optics
additionally detected a 6.7 S peak consistent with monomeric
PLC-y1gr. This suggests that quadruple complex formation is
not complete at 2.5 pM.

To further confirm that formation of the quadruple complex
depends on cooperative binding via doubly phosphorylated LAT,
we attempted complex formation with singly phosphorylated
pLAT132435 or pLAT1714gg peptides. PLC-y1g can successfully
form binary complexes with pLAT132453 and pLAT,gs but in-
teracts poorly with pLAT1714gg detected at ~6.8 S (SI Appendix,
Fig. S7A). Moreover, SLP-76, 49s/Halo-Gadsgy 646 can success-
fully form ternary complexes with pLAT1714gg and pLAT,sg but
does not form complexes well with pLAT132,55 detected at ~4.5—
5 S (SI Appendix, Fig. STB). Four-protein mixtures of 2.5 pM SLP-
76H405/Halo-GadsFL_(,46/P LC-Yl FL with pLAT132488, pLAT1714gg,
or doubly phosphorylated LAT (SI Appendix, Fig. STC, purple, blue,
and cyan lines, respectively) were subjected to SV-AUC to test for
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Fig. 2. SV experiments for the detection of the quaternary complex pLAT gg/Halo-Gadsg, 46/SLP-764.405/PLC-y 1¢.. The formation of a quaternary complex can

be discerned from the appearance of a fast-sedimenting 8.2 S peak (arrows) in the c(s) distribution for the equimolar quadruple mixture compared with the
high-affinity ternary SLP-764, 40s/Halo-Gadsg  g46/PLAT48s complex at 5.0 S in the triple mixture not containing PLC-y1g_ (gray line in all panels). (A) Data
recorded by interference optics (cyan line), which reports on all protein components, including free PLC-y1¢_at 6.8 S. (B) Absorbance data at 405 nm (blue line)
tracking only SLP-76,,.40s—containing species through its DyLight 405 label. (C) Absorbance data at 488 nm (green line) reporting exclusively on free pLAT,gg
and pLATgg-containing complexes through its DyLight 488 label. (D) Absorbance data at 646 nm (red line), reporting exclusively on Halo-Gadsg, g46—CON-
taining species through its JF646 tag. All proteins were equimolar at 2.5 pM. Raw data and detailed statistical information of the c(s) fits can be found in S/
Appendix, Figs. S5 and S6.

Manna et al. PNAS | vol. 115 | no.51 | E11917

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817142115/-/DCSupplemental

L T

normalized c(s)
w

/

D\

triple mix 2.5 uM + (no PLC-y1)
triple mix 2.5 + PLC-y1 2.5uM
triple mix 2.5 + PLC-y1 5.0uM
= triple mix 2.5 + PLC-y1 6.8uM
4 4 —— tiple mix 2.5 + PLC-y1 10uM

TN WS

sedimentation coefficient (S)

Fig. 3. Titration series of a ternary mixture of equimolar pLAT,gs, Halo-
Gadsg; g46, and SLP-764,.405 With various concentrations of PLC-y1¢ reveals
increasing saturation of the quaternary complex. Shown are the c(s) distri-
butions from interference optical SV-AUC data with pLAT g, Halo-Gadse, g6,
and SLP-76y, 405, €ach at 2.5 uM, without PLC-y1_ (dotted black line), and with
PLC-y1g. at 2.5 pM (green line), 5 pM (cyan line), 6.8 uM (blue line), and 10 uM
(red line).

quadruple complex formation. An 8.2 S peak was again observed
when doubly phosphorylated LAT was used (SI Appendix, Fig.
S7C, cyan line), but no quadruple complexes were formed when
either singly phosphorylated LAT peptide was included in the
four-protein mixture, as no peak at ~8.2 S was observed (SI Ap-
pendix, Fig. S7C, purple and blue lines). Thus, simultaneous
binding of pY132 by PLC-y1 and pY171 by Gads is required for
quaternary complex formation.

Our hypothesis is that the quaternary complex requires four
protein—protein binding interactions to generate a cyclic or ring-
like structure despite the weak interaction between SLP-76 and
PLC-y1. To overcome this low-affinity binding, we reasoned that
increasing the relative amount of PLC-ylg would enhance
formation of the quaternary complex. We carried out a titration
series and increased PLC-ylg from 0 to 10 uM in the presence
of 2.5 pM each of pLAT,ss, Halo-Gadsgy 46, and SLP-764;.40s.
Using interference optics, we observed a progressive increase in
the s-value of the quaternary complex from 8.2 to 8.8 S (Fig. 3)
accompanied by a decrease in the signal amplitude from the
SLP-76¢;40s/Halo-Gadsgy 646/pLAT4g5 complex at ~4.5-5 S and
an increase in the signal of free PLC-ylg at ~6.8 S. Corrobo-
rating our observations from the quaternary mixture of smaller
constructs discussed above (Fig. 1), this concentration-dependent
increase in the SV of the fast boundary with the increasing con-
centration of PLC-y1 is consistent with a reaction boundary of a
dynamic mixture rapidly interconverting on the time scale of
sedimentation, which is known to be on the order of 1,000 s (21,
26, 27). From observing the dynamic exchange, we can deduce the
lifetime of the quaternary complex to be shorter than the char-
acteristic sedimentation time, i.e., less than 1,000 s. At the highest
obtainable PLC-ylg concentration (10 pM), the integration of
the c(s) peak obtained at different signals leads to a LAT:Gads:
SLP-76:PLC-y1 ratio of 1:0.92:1.11:1.05. This result is within the
error of extinction coefficients and is consistent with a 1:1:1:1 com-
plex. With regard to the shape of the complex, even though satu-
ration was not yet achieved, an estimate of the hydrodynamic
frictional ratio assuming an asymptotic s-value of 9 S, together with
the molar mass of the complex would lead to a value of ~1.6,
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which is similar to the average determined for the individual
proteins (1.54).

Energetics and Cooperativity of the Four-Molecule Complex. Having
identified the oligomeric states of the four proteins and the
stoichiometry of their complexes, it is possible to extract ther-
modynamic binding parameters from ITC experiments of binary,
ternary, and quaternary mixtures and to perform an analysis of
the coupled equilibria between all coexisting species in solution
(SI Appendix, Supplementary Methods). The systematic charac-
terization of the eight complexes formed, achieved by titrating
either pLAT or SLP-76,, from the syringe into a cell containing
single or multicomponent protein solutions, is shown in SI Ap-
pendix, Fig. S8. The enthalpy change (AH) and the change in
entropy (AS) determined for binary interactions (Fig. 4 A-C and
Table 1) were similar to those measured previously for truncated
proteins (8), with the exception of PLC-y1g, binding pLAT, for
which we obtain a similar Ky but significantly less favorable
binding enthalpy compared with the LATp171 peptide (84 nM
vs. 62 nM and —5.4 kcal/mol vs. —15.7 kcal/mol, respectively)
(10). In addition, in the previous work with LAT phospho-
peptides, both pY132 and pY171 showed binding for the PLC-
y1 fragment, while only a 1:1 interaction was detected in the
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Fig. 4. Thermodynamic driving forces of multiprotein complex formation
and contributions of individual binding interfaces and cooperativity. Anal-
ysis of ITC experiments relies on a model of the equilibrium populations of
free proteins and protein complexes and the associated heats produced by
population changes during the titration. This analysis reveals the magnitude
of favorable or unfavorable total free-energy change (AG, gray-shaded
bars), enthalpy changes (AH, pink-shaded bars), and entropy changes
(-TAS, cyan-shaded bars) driving the formation of the different two-, three-,
and four-molecule complexes in solution. (A-E) Specifically, results from
binary titrations reveal the energetics of the pLAT/Halo-Gadsg -binding in-
terface (A, brown dashed arrows), the pLAT/PLC-y1f_ interface (B, blue
dashed arrows), and the SLP-76./Halo-Gadsg_ interface (C, green dashed
arrows). These can be used to interpret the measured energetics of the
three-protein complexes; observed deviations from the additivity of the
constituent binary interfaces reveal small cooperativity contributions [AAG,
AAH, and -TAAS] in the SLP-76./Halo-Gadsg /pLAT complex (D, magenta
arrows) and the Halo-Gadsg /pLAT/PLC-y1¢. complex (E, orange arrows). (To
illustrate the sum of contributions graphically, arrows are sequentially
stacked with the end point of previous contribution forming the starting
point of the next, offset sideways for clarity.) (F) Finally, these cooperativity
contributions, in addition to the direct contributions all binding interfaces,
can be incorporated in the dissection of the energetics of quaternary com-
plex formation, revealing small additional AAGgu.q and large opposing
AAHquag and —TAASq,aq cOntributions to the formation of the SLP-76/Halo-
Gadsg /pLAT/PLC-y1¢. complex (bold red arrows).
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Table 1. Thermodynamic binding parameters of binary interactions determined from ITC

experiments at 20 °C, pH 7.4

Peptide (syringe) Protein (cell) Kg, nM AH, kcal/mol —TAS, kcal/mol AG, kcal/mol
pLAT Halo-Gadsg, 213 -10.7 1.7 -9.0
pLAT PLC-y 1 84 -54 -4.1 -9.5
pLAT SLP-764, ND ND ND ND
SLP-764, Halo-Gadsg, 3.6 -15.0 46 -104
SLP-764, PLC-y 1, ND ND ND ND

The binary titration of PLC-y1f/Halo-Gadsy was not performed due to the low concentration of protein

stocks. ND, not detected.

current study, highlighting the different binding modes for the
full-length PLC-y1 (8). Therefore, despite the challenges in gen-
erating functional large constructs, the full-length constructs can
offer more insights into the physiological function of the molecule.
Consistent with previous data (8) and with the SV-AUC results in
the present work, we could not detect significant binding between
SLP-76,, and PLC-ylg; by ITC at 20 °C.

For the higher-order complexes, the ITC experiments primarily
report on the population and total AH of complexes, thereby re-
vealing total AG, AH, and AS of assemblies as depicted in the bar
graphs of Fig. 4. These, in turn, can be dissected into contributions
from known constituent binary interfaces studied separately
(LAT/Gads, brown arrows; LAT/PLC-y1, blue arrows; and SLP-
76/Gads, green arrows in Fig. 4 A-C) and cooperativity as rec-
ognized from the deviation from additivity of the constituent
binding interfaces (purple, orange, and red arrows in Fig. 4). For
example, the pLAT/Halo-Gadsg; /SLP-76,. complex has a small
detectable difference in total AH and AS compared with the sum
of its two separate binding interfaces, resulting in low, unfavorable
estimates of AAH (2.0 kcal/mol) and favorable —TAAS estimates
of —1.71 kcal/mol (purple arrows in Fig. 4D and Table 2). [This
negative cooperativity eluded detection in previous work with
truncated proteins (16).] Due to the high affinity of both inter-
faces, we can predict this complex will be highly populated in
subsaturated quaternary mixtures. The Halo-Gadsg /JpLAT/PLC-
ylpL ternary complex is only slightly less stable than a non-
cooperative complex with the same binary interfaces, with slightly
unfavorable AAH of 0.84 kcal/mol and slightly favorable -TAAS of
—1.0 kecal/mol, at a total free-energy change (AG) of —18.6 kcal/mol
(Fig. 4E). Due to the weak interaction between PLC-ylgr, and
SLP-76y,, neither of the ternary complexes containing the two
molecules could be studied (Table 2).

The energetics of the quaternary complex were determined
from experiments titrating pLAT into a mixture of Halo-Gadsgy,
SLP-76,, and PLC-ylgy (Fig. 4F and blue triangles in Fig. 54).
For comparison, consider first a control experiment (green cir-
cles in Fig. 54) in which pLAT was titrated into the Halo-Gadsgr,
and PLC-ylg; mixture at the same concentrations, monitoring
all binding with the exception of SLP-76,, interactions. The raw
data in this experiment record the heat from both high-affinity
pLAT/Halo-Gadsg;, and pLAT/PLC-y1g binding. The data can

be well modeled by including a small cooperativity between
Halo-Gadsgyr, and PLC-ylg, on pLAT (green line in Fig. 54).
Using this as a reference point, we consider the addition of SLP-
76, to the cell before the pLAT titration to allow the quaternary
complex formation. (As an experimental control, the final con-
tents of the ITC cells after this titration were studied by SV-AUC,
as shown in SI Appendix, Fig. S9, to verify the presence of the
expected complexes.) In the presence of SLP-76,,, we expect the
formation of high-affinity SLP-76/Halo-Gadsg;. complexes al-
ready in the cell, but this heat will not be detected since it dissi-
pates during the equilibration of the calorimeter cell before the
titration. Additionally, from ternary complex formation experi-
ments with SLP-76,,/Halo-Gadsg /JpLAT, we also know that SLP-
76, causes an unfavorable cooperative AH on the Halo-Gadsg;/
pLAT interaction with +2.0 kcal/mol (Fig. 4D and Table 2). Ac-
counting for this negative cooperativity, and assuming there was
no further interaction of SLP-76,,, we would expect to see an
isotherm following the blue dashed line in Fig. 54. However, the
experimental data of the quaternary titration show significantly
larger heat of binding (blue triangles in Fig. 54), indicating more
favorable binding enthalpy. Clearly, this gain in enthalpic driving
force must originate from additional contacts of SLP-76 in
the quadruple complex. Quantitatively, a best-fit total AGgyag
of —29.8 kcal/mol (95% CI: —30.0 to —29.7 kcal/mol) and total
AHgyaq of =35.0 kcal/mol (95% CI: —35.3 to —34.1 kcal/mol) was
obtained for the quadruple complex in a model of linked equi-
libria (blue line in Fig. 54), with contributions of the additional
contacts of SLP-76,, amounting to a large enthalpy change,
AAHgyag, of —6.8 kcal/mol but only little free-energy change,
AAGgyag, of —0.1 kcal/mol (Table 2), thus revealing a large
unfavorable —TAASy,aq of 4+6.6 kcal/mol. These values are
graphically illustrated in the bar graph of Fig. 4F, with the
bold red arrows depicting the new energetic contributions
arising in the four-molecule complex. This nonadditivity in the
binding energetics of the quaternary complex reveals cooper-
ativity, manifested predominantly through compensating en-
tropic and enthalpic components.

The binding affinities from ITC analysis should be consistent
with the SV-AUC data, which offer orthogonal information of
the complex formation by monitoring the size and shape change.
For example, let us consider the titration series of PLC-y1g; into

Table 2. Thermodynamic cooperativity parameters in ternary and quaternary complexes

Manna et al.

Peptide (syringe) Protein (cell) AAH, kcal/mol  -TAAS, kcal/mol  AAG, kcal/mol
pLAT Halo-Gadsg /PLC-y1¢. 0.8 -1.0 -0.2
pLAT Halo-Gadsg /SLP-76y, 2.0 -1.7 0.3
pLAT Halo-Gadsg /PLC-y1¢ /SLP-76,.* -6.8 6.6 -0.1

Cooperativity values are assessed as deviations from additivity of constituent binding interfaces, as depicted in
Fig. 4.
*The AAG, AAH, and AAS values are based on a measured total AGgu.q of —29.8 kcal/mol and AHgu.q of
—35.0 kcal/mol, subtracting the AG or AH values, respectively, of the binary interfaces, and the independently
measured cooperativity parameters AAH and AAG in the triple complexes lacking the PLC-y 1 /SLP-76,, interface.
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Fig. 5. Comparison of ITC binding isotherms titrating pLAT to form ternary
and quaternary complexes. (A) pLAT at 50 pM in the syringe was injected
into an equimolar 5-pM mixture of Halo-Gadsg_ and PLC-y1¢_ (green circles),
which allows the formation of a ternary complex, or into an equimolar 5-uM
mixture of SLP-76y,, Halo-Gadsg, and PLC-y1¢_ (blue triangles) allowing the
formation of a quaternary complex. The data were fitted to a binding model
with three or four coupled equilibria, respectively (solid lines), as described
in detail in SI Appendix, Supplementary Methods and schematics in S/ Ap-
pendix, Fig. S1. The model for the ternary mixture (green line) was con-
strained to the AH and AS values for the binary interfaces determined in
separate experiments (Table 1), refining the estimates AAH and AAS for the
enthalpic and entropic contributions from cooperativity in the Halo-Gadsg /
PLAT/PLC-y1¢. ternary complex (Table 2). The cooperativity parameters of
the ternary complex, in turn, were fixed in the model for the quaternary
mixture (blue line), now additionally including equilibrium populations of
the quaternary complex SLP-76./Halo-Gadsg /pLAT/PLC-y1¢, from which
best-fit parameters for AAHg .4 and AASqy.q as well as the total heat change
and entropy change of the quaternary complex AHg,aq and ASg,.q Were
determined. For comparison, the theoretically expected titration curve for
AAHguag = 0 and AASq,aq = 0, i.e., in the absence of any SLP-76, interactions
other than those observed in binary complexes with GADS and ternary
complexes with GADS and pLAT, is shown as a dashed blue line. (B)
Weighted-average c(s) of mixtures of pLAT,gs, Halo-Gadsg, and SLP-764,,
each at 2.5 pM, as a function of PLC-y 1, (black circles) and theoretical model
of coupled equilibria (black line) based on binding and cooperativity con-
stants predetermined by ITC.

equimolar mixtures of SLP-76y, 405, Halo-Gadsgy 46, and pLAT4sg
(Fig. 3, green line). Hypothetically, if the SLP-76,, contacts causing
AAHgu.q were due to interfaces also contributing significantly to
complex stability (absent of compensatory entropy changes), then

E11920 | www.pnas.org/cgi/doi/10.1073/pnas.1817142115

at the micromolar concentrations used for the SV-AUC experi-
ments the quaternary complex would have to form stoichiomet-
rically. By contrast, the green line in Fig. 3 demonstrates the
coexistence of free PLC-ylg (at 6.8 S), the high-affinity triple
complex SLP-76,.40s/Halo-Gadsgy . ¢46/pLAT4ss (4.5-5 S), and the
quadruple complex (>8 S) at equimolar (2.5-uM) concentrations of
all proteins. In fact, the changing population ratios observed in SV-
AUC at low-micromolar concentrations suggests an “effective
Ky’—in a simplifed picture of PLC-y1g;, binding stable SLP-76,,/
Halo-Gadsg; /JpLAT complex—in the low- micromolar or high-
nanomolar range, which would correspond to a contribution of
approximately —8 to —9 kcal/mol to the total free energy of the
quadruple complex. This is qualitatively consistent with the AGgyaq
from ITC (recognized as the difference in the size of the gray bar in
Fig. 4 D and F) and independently supports the very small AAGgy,q.
For a more quantitative analysis, the PLC-ylg concentration-
dependence of the weighted-average s-value of quadruple mix-
tures is shown in Fig. 5B (circles). The resulting binding isotherm
is fitted well with an interaction model of coupled equilibria
between all free species and binary, ternary, and quaternary
complexes using predetermined thermodynamic parameters from
the ITC results (Fig. 5B, solid line). This shows the consistency
between the two orthogonal methods for describing the interac-
tions using the quaternary binding model, both leading to the
same conclusions.

Neither ITC nor AUC provides microscopic insights to localize
the origin of the observed AAHy,q in the four-molecule complex,
although from the experimental design in Fig. 5 the simplest ex-
planation, short of allostery across two proteins, would be a
binding interface of SLP-76 with PLC-y1, as has been detected
previously between fragments of the two proteins. However, as
mentioned above, the interaction between SLP-76, and PLC-y1gr
could not be detected by either ITC or AUC within the practical
range of protein concentrations. In ITC this could be due to low
binding enthalpy or lack of free energy of binding, and no further
conclusion can be drawn. However, in AUC, the lack of binding at
low micromolar concentrations offers a lower limit for the AG of
this interface of —4 kcal/mol [knowing that the Ky must be in the
low micromolar range or higher, given the sensitivity of SV for
interactions (21)]. If this interface is indeed contributing to
AAGqu,q in the four-molecule complex, it follows that additional
unfavorable contributions must exist within this complex to ex-
plain the low measured AAGgy,q value of —0.1 kcal/mol. In this
regard, it is interesting to calculate the stability of a quadruple
complex in the hypothetical scenario that the SLP-76,,/PLC-y1gy
interface contributes —4 kcal/mol to the overall free energy of
binding but in the absence of compensating unfavorable interac-
tions. The free energy of binding can be converted to the corre-
sponding binding constants and used in the mass action law to
predict species populations. For equilibrium equimolar mixtures
of constituent proteins at 100 nM, these would be mostly (>80%)
in the assembled quadruple complex, in contrast to <7% for the
experimentally measured quadruple complex stability. Thus, in the
context of the four-molecule complex, weak binding interfaces and
their compensating unfavorable entropy can bring about dramatic
changes in the population of assembled vs. disassembled states.

Discussion

Phospholipase-C activation drives a central signaling pathway in
eukaryotic cells. Cleavage of phosphoinositides by this enzyme
results in calcium elevation and diacylglycerol production, which
control many intracellular processes (5, 6). The PLC-y isoforms
are activated by tyrosine kinases and contain a unique array of
domains including a split PH domain, two SH2 domains, and an
SH3 domain (28). These domains have regulatory functions and
are central to mediating protein—protein interactions. In the case
of growth factor receptor tyrosine kinases such as the EGF re-
ceptor, one SH2 domain of PLC-y1 binds to the cytosolic tail of
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the EGFR after EGFR kinase activation (29). Activation of the
EGFR-bound PLC-y1 is thought to be mediated by the intrinsic
EGEFR kinase. Activation of nonreceptor tyrosine kinases follow-
ing TCR engagement involves a different PLC-yl recruitment
mechanism. As modeled in the current work, the transmembrane
adapter molecule LAT becomes tyrosine phosphorylated on mul-
tiple sites, and both PLC-y1 and a bound pair of cytosolic adapters,
Gads and SLP-76, bind simultaneously.

The phosphorylation of LAT and these consequent binding
events happen rapidly. Biochemical studies have demonstrated
that these proteins are phosphorylated within 1 min of TCR
engagement. Confocal microscopy using genetically tagged ver-
sions of these signaling molecules also shows the rapidity of their
recruitment to observable microclusters (30). These microcluster
structures are the site of tyrosine kinase activation and substrate
phosphorylation (31, 32). Their formation follows TCR en-
gagement within 1 min and is coincident with calcium elevation
in the cell (31). Importantly, mutations in LAT and SLP-76 that
affect protein—protein interactions impair signaling and micro-
cluster formation (7, 33). These various biochemical and imaging
studies relate directly to results in this work: The formation of
the quaternary LAT/Gads/SLP-76/PLC-y1 complex occurs rap-
idly and is regulated by precise protein—protein interactions.

From biophysical studies of binary, ternary, and quaternary
mixtures of purified LAT, Gads, SLP-76, and PLC-y1 in solution,
we can deduce an assembly in which each protein component
simultaneously binds two different neighbors in a closed loop of
interactions. As previously hypothesized, this can increase the
specificity of assembly through spatial constraints and thereby
overcome the promiscuity of individual binding interfaces. In
principle, such an architecture with each protein being held in
place at two interfaces could pose a problem of excessive sta-
bility, considering that strong enhancement of binding is a hallmark
of multivalent interactions. However, the detailed study of thermo-
dynamic driving forces and cooperativity in the LAT/Gads/SLP-76/
PLC-y1 assembly reveals an entropic control mechanism whereby
the significant favorable enthalpy of SLP-76 interactions within the
four-molecule complex (in addition to those with its tight binding
partner Gads) is nearly completely compensated by large unfavor-
able entropy changes. While we cannot isolate contributions from
the SLP-76/PLC-y1 interface, it will likely contribute modest addi-
tional favorable free energy, which must be compensated in the
quaternary complex to explain the measured small AAGgyag-

The observed compensation of binding enthalpy with un-
favorable entropy in the quaternary complex ties in with current
ideas about the role of highly flexible and unstructured protein
regions in cell biology and signaling. In the context of natively
unstructured proteins, unfavorable binding entropy (resulting
from binding-induced folding) was previously recognized as a
mechanism to uncouple binding specificity from the free energy
of binding, so as to provide reversibility to multiprotein com-
plexes and signaling complexes (34, 35). Similarly, short complex
lifetimes despite high specificity has been proposed as a general
feature of intrinsically disordered signaling proteins that undergo
entropically unfavorable transitions upon binding (35), which is
consistent with the dynamic exchange observed in our SV ex-
periments. Although we are presently unable to identify a par-
ticular interface or protein domain as the source of the entropic
penalty, PLC-y1 is known to exhibit conformational flexibility, as
does the proline-rich region of SLP-76, and LAT is known to be
unstructured (14, 36, 37). Either one or all of these polypeptide
chains may be conformationally restricted in the multiprotein
complex, forming an entropic spring. In this way, the quaternary
architecture depicted in SI Appendix, Fig. S10 with two binary
interfaces for each protein not only can enhance specificity but
also can offer mechanisms for efficient and regulated assembly
and disassembly. Likely, such a mechanism can be further
modulated by events such as phosphorylation to cause long-
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range modulation of flexibility and accessibility (38) as well as
allosteric interactions between binding sites, fine-tuning the en-
ergetics and oligomeric states of intermediates before full as-
sembly. In fact, due to the membrane anchoring of LAT in vivo,
it is conceivable that the interaction is modulated by PLC-
vyl simultaneously interacting with phospholipids of the cell
membrane, by multivalent interactions of additional ligands, and
through spatial partitioning within the signaling microclusters.
We have focused on just part of the process of PLC activation
in the T cell, the recruitment of the cytosolic PLC to the plasma
membrane by its binding to phosphorylated LAT and the Gads/
SLP dimer. Presumably, formation of this complex is required
to bring the enzyme to its substrate, PIP2, which resides in the
membrane. However, we have not addressed the subsequent
recruitment to SLP-76 of Nck, Vav, and Itk. In this system Nck
and Vav are thought to have a scaffolding function, and Itk, a
member of the Tec family of PTKSs, is required to phosphorylate
PLC-y1 on tyrosine 783, an event needed for the activation of the
enzyme (39, 40). In addition to the requirement for these binding
events for PLC-y1 activation, it is possible that these additional
molecules might affect the interaction and dynamics of the four-
molecule complex that is the subject of the current study.
Expanding the study to include additional molecules will be very
challenging. In the present work we have extended the previ-
ously developed multisignal SV approach to four different protein
components and extended the thermodynamic modeling in SED-
PHAT to interactions of four proteins with 13 complexes of vari-
ous composition. We took advantage of the fact that SV and ITC
are highly synergistic: SV offers a high size resolution and can
exploit spectral signatures of the molecules (21) to establish the
binding model and thereby the molecular states, information that
is required for interpreting the ITC titrations in terms of the
binding energetics. Both can be conducted to corroborate the af-
finities and can be subjected to global multimethod analysis (41).
We believe this combined approach will also be helpful for other
dynamic multiprotein interactions, to overcome the difficulty of
transient complex formation, structural flexibility, and structural
polymorphism that can hamper traditional structural methods (42).

Materials and Methods

Protein and Peptide Purification. Proteins were expressed in bacteria or insect
cells, purified by Ni-affinity (on a 5-mL HisTrap HP column; GE Healthcare)
and/or Flag-tag affinity chromatography, and further purified with size-
exclusion chromatography (SEC) using a Superdex-75 or Superdex-200
10/300 GL column (GE Healthcare) with 1x PBS, 2.5 mM DTT, 1 mM EDTA,
pH 7.4 elution buffer (supplemented with 50 mM arginine for Gadsg_and PLC-
y1u). Protein purity was assessed by SDS/PAGE with Coomassie blue, and
concentration was determined spectrophotometrically.

SLP-76f_ (His-SLP-76-10G-Flag) was purified either from bacteria or
baculovirus expression systems. The coding sequence for full-length SLP-
76 was amplified by PCR with primers containing DNA sequences for 10Gly-
Flag, followed by a base frame shift to clone into the MCS-1 of the bacterial
expression vector pETDuet-1 (Novagen). For bacterial expression, we used a
His-SLP-76-10G-Flag/pETDuet-1 plasmid and Rosetta 2(DE3) pLys (Novagen)
cells. The cells were cultured in LB medium to an ODggo of 0.7, and protein
overexpression was induced with 1 mM isopropyl p-d-1-thiogalactopyranoside
(IPTG) for 1.5 h at 37 °C. Harvested cells were immediately resuspended in PBS,
pH 7.4, supplemented with 2.5 mM DTT, 5% glycerol, and 2x EDTA-free
protease inhibitor mixture (buffer A), and were disrupted with a French
press at 770 psi. Cell debris was removed by centrifugation at 30,597 x g for
30 min. The supernatant was loaded onto a 5-mL HisTrap HP column (GE
Healthcare) using an AKTA FPLC system and was eluted in 1x PBS, 2.5 mM DTT,
5% glycerol, pH 7.5, with a 0-500 mM imidazole gradient. cOmplete EDTA-
free protease inhibitor mixture (catalog no. 11873580001; Sigma) and EDTA
were added to the eluted protein fractions to a final concentration of 1 mM.
The protein was further purified by ANTI-FLAG M2 Affinity Agarose Gel
(A2220-5ML; Sigma) according to the manufacturer’s protocol.

For expression of SLP-76¢,_ in insect cells, the cDNA encoding SLP-76 was
cloned into the pDest vector, expressed in Sf9 insect cells, and harvested
(Leidos Biomedical Research, Inc.). Insect cells were disrupted in lysis buffer
(20 mM Hepes, 300 mM Nadl, 2.5 mM DTT, 5% glycerol) containing cOmplete
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protease inhibitor (Sigma) and subjected twice to disruption in a French
press at 770 psi. Cell debris was removed, and protein was purified by a His
Trap HP column as above. Positive fractions were determined from the
chromatogram at 280 nm and pooled. EDTA-free protease inhibitor mixture
and EDTA were added to a final concentration of 1 mM.

The truncated version SLP-76,, (His-GST-TEV-SLP-76159-533AA-Gly10-Flag)
was also cloned and expressed using the baculovirus expression system, as
above (Leidos Biomedical Research, Inc.). Cells were disrupted as above, and
the cell supernatant was loaded onto a Glutathione Sepharose-4B 10 mL
column (catalog no. 17075601; GE Healthcare) preequilibrated in buffer B
(20 mM Hepes, 300 mM NacCl, 2.5 mM DTT) with 1 mM EDTA added. The
column was washed with five column-volumes of buffer B supplemented
with EDTA-free protease inhibitor mixture, followed by four column-
volumes of buffer B. The column-bound protein was cleaved on the column
for 2 h at room temperature with His-tagged tobacco etch virus (TEV) protease
in a final volume of 10 mL. The cleaved protein and the TEV protease eluted
with the flowthrough after cleavage. The column was washed with 10 mL of
buffer B and was mixed with the flowthrough collected in the previous step.
To this protein solution, EDTA-free protease inhibitor mixture was added to a
final 2x concentration. The cleaved protein fragment was purified by Ni-
affinity chromatography using 20 mM Hepes, 300 mM NaCl, 1 mM TCEP, pH
7.3, with a 0-500 mM imidazole gradient, taking advantage of a low affinity
toward the Ni column despite the lack of His tags. Immediately after elution of
the protein, EDTA was added to a final concentration of 1 mM.

Gadsg. was overexpressed in Rosetta 2(DE3) plys cells transformed with
GADS/pET28a plasmid, cultured in LB medium to an ODgq of 0.5, and induced
by 1 mM IPTG for 3 h at 37 °C (8). The cells were then harvested by centrifu-
gation at 3,795 x g for 15 min. The cells were suspended in 30 mL buffer A and
disrupted by a French press at 770 psi. Then supernatant and pellet were
separated by centrifugation at 26,892 x g for 45 min. The pellet was resus-
pended in PBS containing 2.5 mM DTT, 5% glycerol, 6 M Urea, pH 7.4. Ni-
affinity chromatography followed using the same buffer with a 0-500 mM
imidazole gradient. The purified denatured protein was refolded by dialysis in
PBS, 2.5 mM DTT, and 1 mM EDTA supplemented with 50 mM arginine, pH 7.4.

Full-length Gads was amplified by PCR and cloned into the pHTN HaloTag
CMV-neo vector (Promega). The cDNA for Halo-Gads was cloned into the
pDest vector, expressed in Sf9 insect cells, and harvested (Leidos Biomedical
Research, Inc.). Cells were lysed and disrupted with a French press, and cell
debris was removed by centrifugation as above. Protein was purified by Ni-
affinity chromatography using the protocol for SLP-76¢_ above.

PLC-y14, protein (amino acids 550-846) was also overexpressed and purified
from Rosetta 2(DE3) pLys cells and was transformed with a PLC-y1 (amino acids
550-846)/pET28a plasmid, following the protocol used for Gadsg (8).

PLC-y1¢_ protein was expressed in insect cells as described above. Cells
were lysed and disrupted in a French press, and cell debris was removed by
centrifugation as above. The protein was purified with the HaloTag Protein
Purification System (Promega).

The numbering of the human LAT protein corresponds to that of isoform
b, National Center for Biotechnology Information, NP 001014989.2. The
phospho-peptide corresponding to residues 125-178 of human LAT protein
was synthesized with two phospho-tyrosines at positions 132 and 171 by
solid-phase peptide synthesis using fluorenylmethyloxycarbonyl (Fmoc)
chemistry. Similarly, two singly phosphorylated peptides were synthesized,
one at phospho-tyrosine position 132 and the other at phospho-tyrosine
position 171. All phospho-peptides were purified by a reverse-phase HPLC
system using a C4 reverse-phase column (Vydac) and a water/acetonitrile
gradient containing 0.1% TFA; all the purified peptides were analyzed and
the sequence was confirmed by MALDI-TOF mass spectrometry.

Protein and Peptide Labeling. Proteins were labeled after Ni-affinity chro-
matography before SEC. For SLP-76,, (amino acids 159-533) the N-terminal
cysteine of SLP-76,, was labeled with Dylight-405 (no. 46600; Thermo Fisher Sci-
entific) at pH 7.3 for 2 h at room temperature using maleimide chemistry keeping
the protein/fluorophore molar ratio at 1:10. For Halo-Gads, Janelia Farms-646
Halo ligand fluorophore (24) was reacted at room temperature for 15 min
on a rotating wheel. For both proteins, this was followed by SEC as described
above, and the labeling ratio was calculated spectrophotometrically (DeNovix).

For pLAT, the N-terminal amine of HPLC-purified pLAT was labeled in the
solution phase with DyLight-488 NHS ester, taking advantage of the lack of
lysine residues in pLAT. After labeling, the ligated peptide pLAT,gg Was sep-
arated from excess fluorophore by SEC using a G25 column and was further
purified by HPLC reverse-phase chromatography using a C4 reverse-phase
column (Vydac) and a water/acetonitrile gradient containing 0.1% TFA sol-
vent system. Singly phosphorylated peptides were labeled and further purified
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similarly. Purity and labeling efficiency were assessed by HPLC and spectro-
photometry, and mass was confirmed by MALDI-TOF mass spectrometry.

ITC. ITC measurements were performed in a VP-ITC calorimeter (Malvern).
Experiments were carried out at 20 °C unless noted otherwise. The initial
concentration of all proteins in the cell was kept at 5 pM, and the peptide in
the syringe was kept at 50 M, both in 1x PBS containing 2.5 mM DTT and
1 mM EDTA, and was degassed. After equilibration, thermograms were
recorded for 28 8-puL injections at 180-s intervals, integrated using NITPIC,
and modeled in SEDPHAT (43, 44). For the current work, SEDPHAT was ex-
tended to allow modeling of reactions with four different components
(version 15.03, available for download at https://sedfitsedphat.nibib.nih.gov/
software/default.aspx).

Modeling followed principles previously described (44). Briefly, the pop-
ulations of all free and complex species of all components in chemical equi-
librium were calculated based on mass action laws on mass conservation, by
numerically solving the linked equilibria for each step in the titration. For
experiments comprising all four protein components the linked equilibria in-
volved four 1:1 complexes, four 1:1:1 complexes, and one 1:1:1:1 complex, as
suggested independently by SV. The full set of coupled equilibria is described
in the S/ Appendix, Supplementary Methods. For experiments comprising only
two or three protein components, the number of complexes modeled was
reduced accordingly. Driven by changes in the solution composition in the cell
over the course the titration, the changes in complex populations are associ-
ated with the release or uptake of heat, depending on the complex molar
enthalpy changes (AH,), and the sum of these reaction heats from all com-
plexes is fitted to the experimentally measured change in the total heat
content of the solution. In this fit, molar enthalpy changes, AH,, along with
association constants (K) of various complexes (k) are refined or constrained
to predefined values determined previously in this study. For convenience, the
possibility for subdivision of the cumulative association constants and complex
enthalpy changes was embedded into the model (e.g., Kagc = kag X kpc X
kcoopasc and AHagc = AHpag + AHpc + AAHo0pasd) to allow fixing contributions
of previously characterized interfaces within a complex and directly assessing
cooperativity contributions (Fig. 4). Binding-incompetent fractions, likely aris-
ing from unavoidable concentration errors, were added to the model, with
values of 0-10% LAT, 5-11% PLC-y1g, and 18-21% Gadsg,. Statistical analysis
of parameter Cls was based on F-statistics (45).

SV Analytical Ultracentrifugation. SV experiments were performed in Optima
XL-I/A analytical ultracentrifuges (Beckman Coulter) following standard
protocols (21, 46, 47). Briefly, samples were loaded into cell assemblies with
12-mm Epon double-sector centerpieces and sapphire windows. As control,
samples of individual proteins were included in all runs side-by-side with the
protein mixtures (see Fig. 1A and S/ Appendix, Fig. S4A for representative
results). Placed in the rotor, the cell assemblies were subjected to 2-3 h of
temperature equilibration at 20 °C at rest before acceleration to 50,000 rpm.
Data acquisition used absorbance detection at 405 nm, 488 nm, and 646 nm
and Rayleigh interferometry. The c(s) analysis was applied in SEDFIT (https://
sedfitsedphat.nibib.nih.gov/default.aspx) to determine the diffusion-deconvoluted
(s) distribution of species adhering to the hydrodynamic scaling law of compact
particles, using maximum entropy regularization (48). Raw scan data were fit
with this model to within the noise of data acquisition (S/ Appendlix, Fig. S5),
confirming that the c(s) analysis based on a single best-fit average frictional ratio
exhausts the information content of the data, as expected due to the typically
low information content of SV on polydispersity of diffusion (49). Irrespective of
this approximation, this approach allows deconvolution of diffusion to arrive at
high-resolution c(s) distributions (50). Statistical confidence limits for the signal
weighted-average s-values of peaks of interest were calculated using Monte
Carlo analysis of integrated c(s) peaks (48), which were on the order of 0.1-1%.

For quantitative analysis of binding isotherms, the c(s) distributions were
integrated over the entire s range. As proved in detail elsewhere (48, 51) in-
tegrals over s X c(s) rigorously correspond to signal-weighted average sedi-
mentation coefficients, s,,, which were loaded into SEDPHAT (21) as a function
of protein concentration. Similar to the modeling of ITC above, SEDPHAT was
extended to allow analysis of s,, isotherms of four-component interacting sys-
tems, using the same algorithm for numerical solutions to the simultaneous
mass action laws and mass conservation in the four-component system,
accounting for the free species, four binary 1:1 complexes, four ternary
1:1:1 complexes, and the 1:1:1:1 quadruple complex. For the analysis of the
s, isotherm, the binding constants were fixed to the values derived from
ITC analysis. Sedimentation coefficients of the free species and high-
affinity complexes were taken from peak s-values of experimental data,
while the s-value of the quaternary complex was refined within constraints
from 9 S to 10 S. The s-values of complexes known to be poorly populated
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were fixed at hydrodynamic estimates based on the mean frictional ratio of
the constituent species.

CD Spectroscopy. The ellipticity spectrum of SLP-76 from 200-250 nm was
measured at 25 °C with a J-810 CD spectrometer (JASCO Corp.) in PBS buffer
and was corrected for buffer signals.
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