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Abstract
Biomolecular condensates play a major role in cell compartmentalization, besides membrane-enclosed organelles. The multivalent 
SLP65 and CIN85 proteins are proximal B-cell antigen receptor (BCR) signal effectors and critical for proper immune responses. In 
association with intracellular vesicles, the two effector proteins form phase separated condensates prior to antigen stimulation, 
thereby preparing B lymphocytes for rapid and effective activation upon BCR ligation. Within this tripartite system, 6 proline-rich 
motifs (PRMs) of SLP65 interact promiscuously with 3 SH3 domains of the CIN85 monomer, establishing 18 individual SH3–PRM 
interactions whose individual dissociation constants we determined. Based on these 18 dissociation constants, we measured the 
phase-separation properties of the natural SLP65/CIN85 system as well as designer constructs that emphasize the strongest SH3/PRM 
interactions. By modeling these various SLP65/CIN85 constructs with the program LASSI (LAttice simulation engine for Sticker and 
Spacer Interactions), we reproduced the observed phase-separation properties. In addition, LASSI revealed a deviation in the 
experimental measurement, which was independently identified as a previously unknown intramolecular interaction. Thus, 
thermodynamic properties of the individual PRM/SH3 interactions allow us to model the phase-separation behavior of the SLP65/ 
CIN85 system faithfully.
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Significance Statement

Biomolecular phase separation plays an important role in cellular organization. On the molecular level, phase separation is medi
ated by specific amino acid sequences, as they occur in intrinsically disordered proteins (IDPs) or low-complexity domains or by pro
tein motifs/domains within multivalent proteins. Here, we study the proteins SLP65 and CIN85, which together with vesicles form a 
condensate in B-cells. SLP65 engages its six proline-rich motifs, which interact with the three SH3 domains of CIN85. We parame
terized a thermodynamic computational model and described quantitatively the phase separation originating from the underlying 
individual interactions of SLP65 and CIN85 was using the software LASSI. LASSI faithfully revealed the determinants of phase sep
arating these multivalent proteins.
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Introduction
Liquid–liquid phase separation of biomolecules has emerged as a 

general principle for cellular organization (1, 2). A diverse set of bi

omolecules can participate in phase separation, e.g. intrinsically 

disordered proteins (IDPs) (3–7), proteins with low-complexity seg

ments (8), RNA (9), or RNA-binding proteins (10), multivalent pro

teins (11) as well as synaptic vesicles (12). Phase separation has 

been described to regulate intracellular signaling pathways such 

as those engaged by the antigen receptors on B- and T-cells (13– 
16). The Src homology 2 domain-containing leukocyte protein of 

65 kDa (SLP65) (17), also referred to as B-cell linker protein 

(BLNK) (18), orchestrates the intracellular signaling pathways of 

the B-cell antigen receptor (BCR), and exists in constitutive associ
ation with Cbl-interacting protein of 85 kDa (CIN85) (19, 20). Any 
interference with the expression of or association between 
SLP65 and CIN85 compromises human antibody responses (21– 
23). In resting B-cells, CIN85 and vesicle-associated SLP65 phase- 
separate into steady-state condensates, which facilitate and pro
mote B-cell responsiveness to antigen encounter (14). The 
assembly of these phase-separated presignaling condensates is 
driven by the binding of SLP65’s N-terminus to highly-curved 
cytosolic vesicles (19), as well as the promiscuous interaction of 
SLP65’s proline-rich motifs (PRMs) with the three SH3 domains 
of CIN85 (14) and the trimerization of CIN85 by its coiled-coil 
(CC) domain (24) (Fig. 1A).
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The PRMm–SH3n system is a prominent example of phase separ
ation of multivalent proteins. Pioneering biophysical and computa
tional studies worked with identical PRM and SH3 domains (28), 
yet, in SLP65 and CIN85 the six PRMs and the three SH3 domains dif
fer in sequence (Fig. 1B). Therefore, the individual dissociation con
stants are expected to vary. Our approach is to relate the 
phase-separation properties to individual modules of SLP65 and 
CIN85. As a first step, the dissociation constants were measured. 
In the next step, the phase separation was modeled based on the 
ranking of the underlying SH3–PRM interactions by using the 
open-source program LASSI (29). LASSI can be used to describe 
the phase-separation properties of any sticker-spacer system. 
The program is geared toward multivalent proteins by imple
menting a lattice-based, coarse-grained Monte Carlo simulation. 
Previous phase-separation models of LASSI correlated phase- 
separation properties with the interaction strengths of individual 
amino acids with each other implemented as an energy matrix 
(30). In the herein-applied LASSI model, we interpreted each 
SH3 domain and each PRM as a single sticker and calibrated the 
linker lengths with the diameter of the SH3 domains. Isothermal 
phase diagrams were constructed by running a set of simulations 
of the binary mixtures, setting up different combinations of SLP65 
and CIN85 constructs and their mutants. The constructs were 

also investigated experimentally, revealing a good correlation be
tween the experimentally measured and simulated saturation 
concentrations. We arrive at a descriptive LASSI model for the 
CIN85–SLP65 system, reproducing the experimental observations 
quantitatively.

Results and discussion
Disentanglement of the promiscuous SH3–PRM 
interactions reveals the particular strong 
interaction of SLP65-PRM4 with CIN85’s SH3B 
domain
In order to elucidate the thermodynamics of phase separation upon 
SLP65 and CIN85 condensate formation, the dissociation constants 
(KDs) of the underlying SH3–PRM interactions were measured. The 
18 known interactions stemming from the three SH3 domains of 
CIN85 SH3A, SH3B, SH3C, and the six PRMs of SLP65 (Fig. S8 in 
Wong et al. (14)) were investigated by titrations. The KDs of the bin
ary interactions were obtained from concentration-dependent 
chemical shift changes by NMR spectroscopy (Fig. 1C; SI 
Appendix, Figs. S1 and S2). Among the 18 titration experiments, 
the NMR resonances appeared in fast, slow, and intermediate ex
change regimes (SI Appendix, Fig. S3). For illustration, the NMR 

Fig. 1. A) Schematic illustration of the interactions mediating tripartite phase-separation of SLP65, CIN85, and SUVs. SLP65’s positively charged 
N-terminus interacts with small unilamellar vesicles (SUVs) (14), while the C-terminal SH2 domain and numerous tyrosine phosphorylation motifs (not 
shown) conduct signal transduction (20, 25). SLP65’s intrinsically disordered region (yellow) harbors six PRMs (blue regions), which promiscuously interact 
with the SH3A, SH3B, and SH3C domains of CIN85 (14). CIN85’s CC domain forms a trimer (not shown). Additionally, CIN85’s PRM1 interacts with SH3C (26). 
B) Overview of the sequences of the synthesized 14 amino acid long peptides derived from PRM regions. The atypical motif PxxxPR is highlighted in gray; Arg 
and Pro are colored red and blue, respectively. PRM1*, PRM1 of CIN85. C) Dissociation constants of single PRM-representing peptides to CIN85’s SH3A, SH3B 
and SH3C domains. KD values for PRM1* were provided by (D). Sieme (26). The 21 dissociation constants (KDs) of the SH3–PRM interactions range from 6 µM 
to ∼4 mM. KDs were obtained by NMR (TITAN v1.5-3-g3566 (27) gray bars) and ITC titrations (black bars). Both methods show that PRM4 has the largest and 
second largest KD in the interaction with SH3B and SH3C, respectively. No heat release was measured for the weak interactions of PRM2 with any SH3 
domain and PRM3 with SH3C, thus no KD is shown here.
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spectra of the titration of SLP65-PRM6 to the 15N-SH3A show most 
peaks in fast exchange, except for D16 and N51, which exhibit inter
mediate exchange (SI Appendix, Fig. S3A, marked by arrows). An il
lustrative example of intermediate exchange is the titration of 
SLP65-PRM4 to 15N-SH3C (SI Appendix, Fig. S3B). The slow exchange 
was observed in the titration of SLP65-PRM4 to 15N-SH3B (SI 
Appendix, Fig. S3C). Moreover, the KDs were determined by isother
mal titration calorimetry (ITC) (SI Appendix, Fig. S4, upper panel). 
The measurements by ITC, as an independent technique, corrobo
rated the KDs measured by NMR (Fig. 1C; SI Appendix, Fig. S5). Both 
methods, ITC and NMR, demonstrate that PRM4 is the strongest 

binding motif, followed in rank by PRM5 and PRM6, while PRM1 
and PRM3 interact weaker. PRM2 was found to be the weakest bind
ing motif, for which no heat release could be measured by ITC (SI 
Appendix, Fig. S4, lower panel).

The strong-binding CIN85-BBB, but not the 
SLP65-3xPRM4 construct reduces the saturation 
concentration for tripartite phase separation
Presignaling condensates composed of vesicle-associated SLP65 
and CIN85 can be reconstituted in vitro by mixing recombinant 

Fig. 2. Exploring the phase-separation behavior of the SH3–PRM system of CIN85 and SLP65. A) Construct design for weak- and strong-binding versions of 
SLP65 and CIN85. The SLP651-330 construct, shortened at the C-terminus comprising residues 1-330, lacks the C-terminal SH2 domain, which is irrelevant 
to the CIN85 interaction. The weak-binding SLP65-R247A construct has a reduced affinity to CIN85 due to the R247A mutation, which deactivates the 
binding of PRM4. The strong-binding SLP65-3xPRM4 construct is designed by replacing both PRM5 and PRM6 with PRM4. The CIN85-ABC comprises 
residues 1-333. The weak-binding CIN85-AB construct contains only SH3A and SH3B. In the strong-binding CIN85-BBB construct, the SH3A and SH3C 
domain are each replaced by the strong-binding SH3B domain. In the CIN85-ABC-DM construct the CIN85-PRM1 is deactivated by the R227A and R229A 
mutations. B) Experimental determination of the saturation concentration of phase separation: atto430LS-SLP65, CIN85, and SUV were mixed in a 
concentration series and imaged by confocal fluorescence microscopy. The saturation concentration is obtained by a sigmoidal fit of the dispersion index 
(ratio of the variance σ to the mean μ). C) Saturation concentrations of phase separation (ϕexp) of mixture compositions of SUV + CIN85 + SLP65 mixed at 
equimolar protein concentrations. The strong-binding version CIN85-BBB reduces ϕexp compared to the wildtype-like CIN85-ABC construct by a factor of 4 
to 11, referred to as ϕ-ratio, whereas the weak- and strong-binding SLP65 versions, SLP65-R247A and SLP65-3×PRM4, respectively, have no effect on the 
saturation concentration for phase separation. The ϕ-ratio is given as the number and the confidence interval is given toward smaller and larger 
numbers. For example, 4.2 −2.3/+8.3 means that the confidence interval is from 4.2 − 2.3 = 1.9 to 4.2 + 8.3 = 12.5. D) Saturation concentrations of phase 
separation ϕexp of SLP65/CIN85 mixtures without SUVs. ϕ ratios are calculated as the ratio of the saturation concentrations of two different mixtures. ϕexp 

of the SLP65-R247A & CIN85-ABC mixture could not be fitted in our measurements with an upper end of the concentration series of 320 µM (SI Appendix, 
Fig. S9), N.m., not measured. The error for ϕ ratios is given as a confidence interval as in Fig. 1C.
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SLP65, CIN85, and small unilamellar vesicles (SUVs) at physio
logical concentrations (14). In order to investigate how the dissoci
ation constant influences phase separation, weak-, and 
strong-binding SLP65 and CIN85 constructs were designed 
(Fig. 2A) taking advantage of the previously determined dissoci
ation constants (Fig. 1C). Specifically, we studied the effect of en
hancing the interaction between SPL65 and CIN85 by introducing 
more or less of the strong PRM4/SH3B interactions. In one imple
mentation with enhanced PRM4/SH3B interactions, the low-affine 
PRM5 and PRM6 were replaced by PRM4 leading to the 
SLP65-3xPRM4 construct. The second implementation to enhance 
the PRM4/SH3B interactions was the CIN85-3xSH3B construct, 
herein referred to as CIN85-BBB, in which each of the weaker bind
ing SH3A and SH3C domains were replaced by the SH3B domain. 
On the other hand, to weaken the influence of the PRM4/SH3B 
interaction we used the SLP65-R247A construct that has a SH3 do
main binding incompetent PRM4 due to the R247A mutation (20). 
Due to higher yield in recombinant protein production, the 
C-terminally shortened versions SLP651-330 and CIN851-333 were 
produced and used for measurements. CIN851-333 contains the 
SH3A, -B, and -C domains and is herein referred to as 
CIN85-ABC construct. We note that the CIN85-ABC construct 
does not trimerize, in contrast to full-length CIN85, which con
tains the C-terminal coiled-coil domain.

To elucidate the strength of binding of the described con
structs, we measured their dissociation constants by ITC (SI 
Appendix, Table S1). Wildtype SLP651-330 and CIN85-ABC had a 
KD of 1.36 ± 0.17 µM (SI Appendix, Fig. S6A) which dropped by a 
factor of almost 6 (KD = 0.24 ± 0.01 µM) when SLP651-330 was re
placed by SLP65-3xPRM4 (SI Appendix, Fig. S6B). As expected, a 
larger KD of 7.04 ± 1.12 µM was measured when SLP651-330 was 
replaced by SLP65-R247A (SI Appendix, Fig. S6C). The KDs of the 
interactions of the CIN85-BBB construct with either the 
SLP651-330 or the SLP65-3xPRM4 construct were 0.7 ± 0.25 and 
0.14 ± 0.06 µM, respectively (SI Appendix, Fig. S6D and E) 
amounting to a change in KDs of around 2 when CIN85-ABC 
was replaced by CIN85-BBB (SI Appendix, Table S1). The inter
action of CIN85-BBB with SLP65-R247A was found similar in 
strength to CIN85-ABC with SLP65-R247A (SI Appendix, Fig. S6C 
and F).

Subsequently, we explored the affinity-dependent phase- 
separation behavior of the tripartite system by confocal fluores
cence microscopy, imaging mixtures of the described constructs 
of SLP65 and CIN85 at equimolar concentration with vesicles 
(Fig. 2B). Since in solution, SLP65/CIN85/vesicle condensates 
sink down just after mixing, the visualization of condensates 
on the bottom of the microscopy slide was preferred over turbid
ity measurements in a vial (31). The saturation concentration of 
phase separation (ϕexp) was determined by fitting the dispersion 
index (SI Appendix, Figs. S7 and S8), since it is a simpler method 
than dual-color fluorescence cross-correlation spectroscopy (32) 
and since it is a more objective measure than visual evaluation 
(33). For the measurements, SLP65 partially labeled with fluores
cein (up to 10 µM) was used. The mixture of SLP651-330, 
CIN85-ABC, and SUVs resulted in ϕexp of 6.7 ± 1.1 µM (Fig. 2C; SI 
Appendix, Fig. S7A), while the weak-binding version 
SLP65-R247A mixed with CIN85-ABC and SUVs resulted in a low
er ϕexp (4.5 ± 1.2 µM, SI Appendix, Fig. S7B). The strong-binding 
version SLP65-3xPRM4 with CIN85-ABC and SUVs delivered a 
ϕexp of 5.5 ± 1.4 µM (SI Appendix, Fig. S7C). Thus, inactivating 
PRM4 (SLP65-R247A) or increasing its number (SLP65-3xPRM4) 
had a marginal effect on ϕexp. In contrast, CIN85-BBB mixed 
with SUVs and either SLP65-R247A, SLP651-330 or SLP65-3xPRM4 

resulted in ϕexps of 1.1 ± 0.4, 0.6 ± 0.3, and 1.0 ± 0.2 µM, respect
ively (SI Appendix, Fig. S7D–F), all being lower by factors between 
4 and 11 (ϕ ratios in Fig. 1C) compared to the ϕexp values meas
ured with CIN85-ABC. Surprisingly, the CIN85-BBB construct, 
but not the SLP65-3xPRM4 construct, did promote tripartite 
phase separation, despite the fact, that SLP65 contains three 
strong-binding modules, too, and both constructs having a lower 
global KD than the wildtype constructs (SLP651-330, CIN85-ABC) 
(SI Appendix, Table S1). This puts into evidence that neither in
dividual KDs nor global KDs are predictive for saturation concen
trations of phase separation. This poses the question of why the 
triplication of PRM4 does not have the same phase-separation 
promotion effect as the introduction of the triple SH3B 
construct.

Replacement of SH3C by SH3B promotes 
phase-separation properties of CIN85-BBB
As described above, the SLP65 mutants did not significantly shift 
the saturation concentration in the tripartite system, but the 
CIN85 mutants did. We set out to understand these properties 
by simulations with the program LASSI taking into account the 
ranking of the individual KDs. Since we could not implement 
vesicles in LASSI, we investigated the SLP65–CIN85 system with
out SUVs.

Previous reports show that larger ϕexps are measured, when the 
vesicles, one of three essential components for the tripartite sys
tem, were omitted (14). The mixtures of SLP651-330 with 
CIN85-ABC resulted in ϕexp of 36 µM (Fig. 2D; SI Appendix, Fig. 
S8A), which is, as expected, larger than the ϕexp of 6.7 µM including 
SUVs (Fig. 2C). Next, we analyzed the effect of the constructs de
signed to enhance the SH3/PRM interaction. The mixture of 
SLP65-3xPRM4 with CIN85-ABC showed a larger ϕexp of 62 µM 
(Fig. 2D) demonstrating a weak effect of SLP65-PRM4. The weak- 
binding SLP65-R247A mutant did not phase separate with the 
CIN85-ABC construct up to equimolar concentrations of 280 µM 
(SI Appendix, Fig. S9), which confirms the relevance of PRM4 for 
CIN85 binding and corroborates previous findings regarding its 
role in CIN85 binding and Ca2+ signaling [cp. Fig. 3A in Oellerich 
et al (20)]. While the SLP65-R247A construct did not phase separ
ate with CIN85-ABC, it did so when mixed with CIN85-BBB, result
ing in a ϕexp of 12 µM (Fig. 2D; SI Appendix, Fig. S8E). SLP651-330 

with CIN85-BBB resulted in ϕexp of 4 µM (Fig. 2D; SI Appendix, 
Fig. S8F) reproducing the previous finding that CIN85-BBB com
pared to CIN85-ABC promoted phase separation strongly (ϕ ratios 
“ABC/BBB” in Fig. 2C). Next, SLP65-3xPRM4 with CIN85-BBB re
sulted in ϕexp of 4 µM (Fig. 2D; SI Appendix, Fig. S8G) reproducing 
the modest effect of triplication of PRM4 as seen before in the pres
ence of SUVs. In conclusion, the tripartite system yielded ϕexp val
ues ranging from 0.6 to 6.7 µM (Fig. 2C), while the ϕexp of the two 
protein system ranged from 2.9 µM to above 260 µM (Fig. 2D). 
Replacing CIN85-ABC by CIN85-BBB induces the most dramatic 
reduction in saturation concentration of phase separation, yet 
the effects are quantitatively larger without SUVs than with 
(Fig. 2C and D). The replacement of SLP651-330 by SLP65-3xPRM4 
had almost no effect in the presence of SUVs and a quantitatively 
much smaller effect without SUVs than replacement of 
CIN85-ABC by CIN85-BBB.

Parallel to these studies, a previously not described SH3 do
main binding motif was identified in the linker between SH3B 
and SH3C, referred to here as CIN85-PRM1 (26). We were inter
ested if whether CIN85-PRM1 could influence phase separation. 
The binary KDs of CIN85-PRM1 to SH3A, SH3B, and SH3C were 
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720 ± 20, 1,140 ± 50, and 210 ± 10 µM as measured by NMR titra
tion spectroscopy (Fig. 1C) (26). Since the SH3C domain is in close 
proximity to CIN85-PRM1, has the smallest KD, and occupies fully 
the PRM binding site of SH3C, CIN85-PRM1 is expected to prevent 
binding of SH3C to SLP65 PRMs. Indeed, probing CIN85-AB with 
SLP651-330 resulted in a ϕexp of 18 µM (SI Appendix, Fig. S8C, 
36 µM for CIN85-ABC, Fig. 2D) and with SLP65-3xPRM4 in a ϕexp 

of 32 µM (SI Appendix, Fig. S8D), 62 µM for CIN85-ABC, 
Fig. 2D. The absence of SH3C and its linker containing 
CIN85-PRM1 rather promotes phase separation at concentrations 
lower by a factor of 0.5 (Fig. 2D). In conclusion, in CIN85-ABC, 
SH3C appears deactivated, such that it behaves very similar to 
CIN85-AB. CIN85-BBB, however, engages all three SH3B domains 
in interactions with PRMs of SLP65 since SH3B is not deactivated 
by CIN85-PRM1.

Modeling of SLP65-CIN85 phase separation 
indicates that CIN85-ABC is effectively bivalent
We further elucidated the phase-separation behavior of the 
SLP65 and CIN85 constructs introduced above by computational 
modeling with the program LASSI in order to relate the individ
ual KDs to the phase-separation behavior (29). The lattice-based 
Monte Carlo simulation uses stickers for which pairwise affin
ities can be defined and spacers that are neutral regarding bind
ing (Fig. 3A). The SH3 domains of CIN85 and the PRMs of SLP65 
constitute the stickers, whose interactions are defined by a stick
er–sticker energy matrix parameterized by the experimentally 
determined ΔG values, derived from the KD values (Fig. 1C; SI 
Appendix, Fig. S10). Spacers represent the intrinsically disor
dered regions between the SH3 domains in CIN85 and between 
the PRMs in SLP65.

Fig. 3. Analysis of CIN85’s and SLP65’s phase separation by simulations of the saturation concentration ϕsim. A) LASSI simulations of the molecules’ 
PRMm–SH3n system to visualize the molecular cluster of the SH3 stickers (blue) and PRM stickers (green) of 1,000 CIN85-BBB molecules and 1,000 
SLP651-330 molecules (2,000 simulated molecules in total). In this representative simulation, the condensates are simulated at 9.1 micromolecules per 
lattice-unit3 and a spacer scaling = 1/6 (see main text). B to D) SLP651-330 was combined with either CIN85-AB, CIN85-ABC, or CIN85-BBB. ϕsim was obtained 
by fitting the GDIP. The simulations with CIN85-AB (B) have a significantly different ϕsim than CIN85-ABC (C) and CIN85-BBB (D). E) ϕ ratios of the 
simulations (deduced from SI Appendix, Fig. S13) with spacer scaling of 1/6).
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For simulations of CIN85, we included in addition to the 
CIN85-ABC and CIN85-BBB construct also the CIN85-AB con
struct. This is due to the fact that LASSI modeling could not repro
duce the experimentally found 100% occupancy of the 
intramolecular interaction between SH3C and CIN85-PRM1 (26). 
Thus, CIN85-ABC with its inactive SH3C domain is, therefore, 
best represented by CIN85-AB.

Hereinafter we represent constructs for simulation in italic 
while constructs in experiments are shown in normal font. As a 
starting point, the spacer lengths were calculated in the following 
way. The PRMs are six amino acids long and represent one sticker 
lattice point. Therefore, the number of amino acids for a spacer 
was divided by 6 (scaling factor 1/6) to obtain the number of lattice 
points for a spacer (e.g. a 60 amino acid long linker is scaled to a 
spacer length of 10). In order to evaluate the impact of the spacer 
length we varied the scaling factors between 1/2 and 1/10 (SI 
Appendix, Table S2). For illustration, the condensate of the simu
lation of CIN85-BBB with SLP65 is visualized (Fig. 3A). The simu
lated saturation concentration (ϕsim) for phase separation was 
determined by fitting the global density inhomogeneity parameter 
(GDIP), which reports about the dispersion of the molecules. A 
GDIP value above 0.025 indicates phase separation (29). The ϕsim 

values of SLP65 with CIN85-AB, –ABC, and –BBB are indicated as 
black point in Fig. 3B–D, respectively. In some simulations, a phase 
transition occurred at very high concentrations, where the GDIP 
was not suitable for our analysis anymore. In this case, the perco
lation value, defined as the fraction of polymers of the single lar
gest cluster (29), was used to calculate the saturation 
concentration. In our simulations, the GDIP scales with the perco
lation value except for the simulations of SLP651-330 with SH3-AB 
(SI Appendix, Fig. S11).

The simulations of CIN85-BBB with either SLP65 or 
SLP65-3xPRM4 resulted in ϕsims of 9.1 and 9.4 micromolecules 
per lattice-unit3, respectively (SI Appendix, Fig. S13, scaling 1/6), 
which were similar to the ϕsim values of 10.9 and 9.5 micromole
cules per lattice-unit3 for CIN85-ABC and did, therefore, not 
match with the experimental observations in which CIN85-BBB 
lead to lower saturation concentration than CIN85-ABC or 

CIN85-AB (Fig. 2D). The experiment and the simulation of 
CIN85-ABC did not agree (Fig. 4, red circle). This nonmatching 
behavior is expected when in the experiment SH3C does not par
ticipate in the interaction with PRMs of SLP65. In line with the 
deactivation of SH3C by CIN85-PRM1, the experimental 
ϕexp-ratios of CIN85-AB vs. CIN85-BBB (4.4 and 8.8, Fig. 2D, 
colored blue) matched with the simulated ones (20.2 and 11.7, 
Fig. 3E) within factors of 4.6 and 1.3, respectively. Thus, 
CIN85-ABC can be modeled faithfully by CIN85-AB, i.e. omitting 
the SH3C interactions with the SLP65 PRMs due to the binding 
of CIN85-PRM1 to SH3C.

The intramolecular interaction of CIN85-PRM1 
impairs SH3C’s contribution to phase separation
The parameterized model showed a correlation of the simulated 
and experimental ϕ-values (Fig. 4, white and black symbols, 
respectively) of CIN85-AB and CIN85-BBB (squares and triangles, 
respectively). We further investigated the contribution of 
CIN85-PRM1 to phase separation. We engineered a construct 
with inactivated CIN85-PRM1 in order to test its effect experimen
tally. CIN85-PRM1 was deactivated in the CIN85 double mutant 
(CIN85-ABC-DM) by the R227A and R229A mutations (26), i.e. it 
should be faithfully modeled by CIN85-ABC. The mixtures of 
SLP651-330 with CIN85-ABC-DM (Fig. 4, black star) resulted in ϕexp 

of 2.9 µM (Fig. 2D; SI Appendix, Fig. S8H) and correlates with the 
simulated CIN85-ABC (Fig. 4, white diamond). In contrast, 
CIN85-ABC with SLP651-330 has a larger ϕexp of 36 µM and does 
not correlate with ϕsim (diamond in gray marked by the red circle), 
due to the CIN85 SH3C–PRM1 interaction not modeled in the LASSI 
simulations. ϕexp of CIN85-ABC-DM is indeed similar to the ϕexp of 
CIN85-BBB (Fig. 2D). This is recapitulated in the simulations: 
CIN85-ABC that ignores the intramolecular CIN85 SH3C–PRM1 
interaction has a ϕsim of 10.9 similar to 9.1 of CIN85-BBB (SI 
Appendix, Fig. S13). Similar to SLP651-330 with CIN85-ABC-DM 
(2.9 µM, SI Appendix, Fig. S8H), the mixture of SLP65-3xPRM4 
with CIN85-ABC-DM has a ϕexp of 3.2 µM (SI Appendix, Fig. S8I), 
which also agrees with the LASSI simulation: 9.5 for CIN85-ABC 

Fig. 4. Correlation plots of ϕexp- vs. ϕsim-values. CIN85-AB and CIN85-BBB correlate with CIN85-AB and CIN85-BBB, respectively. CIN85-ABC does not 
correlate with CIN85-ABC (circled red), but CIN85-ABC correlates with the CIN85-PRM1-inactivated CIN85-ABC-DM. The Pearson correlation coefficient is 
calculated from nine pairs of ϕexp- vs. ϕsim-values, excluding the correlations of CIN85-ABC + SLP651-330/SLP65-3xPRM4 with CIN85-ABC + SLP651-330/ 
SLP65-3xPRM4 (circled red) ϕ-values of simulations with the spacer scaling of 1/4 are shown.

6 | PNAS Nexus, 2024, Vol. 3, No. 3

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/3/3/pgae079/7607901 by M

ax-Planck Society user on 21 M
arch 2024

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae079#supplementary-data


with SLP65-3xPRM4 and 9.4 for CIN85-BBB with SLP65-3xPRM4 
(Fig. 4). The correlations were consistent with varying linker 
length scaling (SI Appendix, Figs. S13 and S14). In summary, the 
mixtures of the CIN85-ABC-DM construct phase separated at sat
uration concentrations similar to the mixtures of the CIN85-BBB 
construct (Fig. 4, bottom left part of the diagram), while the bi
valent CIN85-AB construct and the CIN85-ABC construct have 
more similar phase-separation properties (Fig. 4, upper right 
part) due to the deactivation of SH3C by CIN85-PRM1. 
CIN85-ABC-DM and the CIN85-BBB constructs are trivalent, 
whereas the CIN85-AB is bivalent and CIN85-ABC acts like a bi
valent molecule. Supported by the LASSI model, the experiments 
demonstrate that valency is a major determinant for CIN85’s 
phase separation. This finding is in line with earlier studies, which 
revealed that phase separation of multivalent proteins is primar
ily governed by valency (28, 34–36), while further determinants 
driving phase separations such as affinity (37) and linker length 
(38, 39) are secondary.

Conclusions
LASSI has been successfully applied to biological systems like IDPs 
(35), poly-SH3/poly-PRM-type (38), and multiphase systems (40). 
We applied the LASSI program to the natural multivalent system 
of the SLP65-CIN85 complex, and described its phase-separation 
process emerging from natural, promiscuous PRM–SH3 sticker in
teractions. The phase-separation concentrations could be predicted 
from the individual dissociation constants of the individual compo
nents faithfully and variations of composition were described cor
rectly by the LASSI simulations. LASSI was further used as a 
heuristic tool to detect previously undetected interactions: while 
analyzing the affinity-dependent SLP65/CIN85 phase separation, 
we noticed a discrepancy between the simulated and measured sat
uration concentrations of the CIN85-ABC constructs (Fig. 4, circled 
red). This was in line with the identification of bivalency in 
CIN85-ABC, where SH3C was deactivated by intramolecular binding 
to CIN85’s PRM1. These findings highlight the impact of valency on 
the saturation concentration, as was described before in pioneering 
studies by Li et al. (28). Moreover, the simulations comprehensibly 
describe configurations of a phase-separated, large molecular clus
ter at a protein domain level resolution.

Materials and methods
Reagents
Peptide synthesis and vesicle preparation, as well as protein pro
duction, can be found in the SI Appendix, Material and methods.

Biophysical interaction studies
NMR and ITC titration experiments are described in the SI Appendix.

Fluorescence microscopy assay and image 
analysis
Sample preparation was performed as described previously (14). 
Briefly, the protein constructs were mixed with or without SUVs 
in 1.5 mL reaction tubes (Eppendorf). The total volume of each 
mixture was 25 µL. For a robust assay, the components were added 
in distinct order, starting with the addition of buffer (20 mM 
2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid (HEPES) 
pH 7.2, 100 mL NaCl). Then, the atto430LS-labeled SLP65 construct, 
the unlabeled SLP65 construct, and the CIN85 construct were 
added sequentially. For mixtures including SUVs, an SUV stock 

solution with 5 mM lipid concentration was pipetted to the buffer 
first, and then the protein constructs were pipetted. The mixtures 
were transferred into the wells of a microscopy slide (uncoated 
µ-slide 8 well, ibidi GmbH, Gräfelfing). Before imaging, phase- 
separated droplets were allowed to settle on the surface during 
an incubation time of 45–75 min. The phase separation of mixtures 
with SLP65, CIN85, and SUVs was imaged with a Zeiss LSM780 con
focal microscope equipped with an MBS 458 beam splitter and a 
Plan-Apochromat 40×/1.4 Oil DIC M27 objective. To image the set
tled dense phase right above the bottom of the well, a 4–8 µm 
z-stack with a step size of 1 µm was acquired. Atto 430LS-labeled 
SLP65 was excited by an argon laser at 458 nm. Emission was de
tected in the 520–600 nm range. Laser settings and representative 
acquisition parameters were chosen depending on the fluorophore 
concentration. For quantification and to avoid intensity saturation 
of the image, not more than 10 µM atto430LS-labeled SLP65 was 
used. In parallel, bright field (BF) images were recorded (detector 
gain BF: 400). Images of the surface (z-position at ∼0 µm) were se
lected and analyzed with the ImageJ software (NIH, Bethesda, 
MD, USA). The dispersion index σ2/μ was calculated from 16-bit im
ages (n = 15), where σ is the variance and μ the mean of the pixel in
tensities. The saturation concentration ϕexp for phase separation 
was obtained by fitting the dispersion index to the logistic function 
DI = H

1+e−k(x−x0) + C, where H, C, and k are scaling parameters of which 
H and C depend on the absolute signal intensity, x0 is a location par
ameter, and ϕexp is defined as the maximum of the second deriva
tive of the fit.

Computational model
In the applied LASSI model (29), the definitions of SLP65’s and 
CIN85’s molecular architecture are described in the main text 
(Fig. 3) and illustrated in Table S2 (SI Appendix). The simulations 
included in total of 2,000 molecules (1,000 for each SLP65 and 
CIN85) in order to avoid finite-size effects (29). Rotational, local, 
colocal, shake, translation, small cluster translation, cluster 
translation, pivot, and double pivot moves were applied at fre
quencies of 0.25, 0.13, 0.25, 0.04, 0.04, 0.04, 0.04, 0.13, and 0.10 
per step considering the suggestions for the settings from the au
thors (29). The anisotropic interaction energy terms were experi
mentally parametrized by the Gibbs free energy ΔG (SI 
Appendix, Fig. S10) in terms given by ΔG = –RT ln(1/KD), with the 
dissociation constant KD, the temperature T = 310 K, and the gas 
constant R = 1.987 cal mol−1 K−1. The isotropic interaction energy 
terms were set to zero to allow for simulations with short linker 
lengths as suggested by the authors of LASSI (personal corres
pondence). 2 × 109 Monte Carlo steps were run in order to ap
proach apparent convergence of the simulation. To simulate the 
saturation concentration, a set of simulations was performed, in 
which the concentration was varied by reducing the box size. In 
the rectangular cuboid box, the simulated concentration is given 
in units of micromolecules per lattice-unit3, which represents 
10−6 molecules per lattice-unit3, with 2,000 molecules and a box 
size length between 85 and 900 lattice units. The radial density 
distribution (provided by the software) was normalized with the 
a priori radial density distribution (simulations with zero energy 
interaction terms). The GDIP was calculated from the normalized 
radial density distribution function for each simulation. The sat
uration concentration was obtained by fitting the GDIP of three 
simulations (n = 3). Bootstrap errors were calculated for the simu
lated and experimentally determined saturation concentration 
with 5,000 repetitions. For each repetition, 15 dispersion index val
ues or three GDIP values of the sample data were randomly 
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chosen per concentration point, and fitted to obtain the saturation 
concentration. The standard deviation was calculated from the 
list of the saturation concentrations.
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