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Introduction

Cells use liquid-liquid phase separation (LLPS) of biomacro-

Lipidation alters the phase-separation of
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Biology exploits biomacromolecular phase separation to form condensates, known as membraneless
in deciphering sequence determinants for phase
separation, modulating these features in vivo remains challenging. A promising approach inspired by

organelles. Despite significant advancements
biology is to use post-translational modifications (PTMs)—to modulate the amino acid physicochemistry
instead of altering protein sequences—to control the formation and characteristics of condensates.
However, despite the identification of more than 300 types of PTMs, the detailed understanding of how
they influence the formation and material properties of protein condensates remains incomplete. In this
study, we investigated how modification with myristoyl lipid alters the formation and characteristics of
the resilin-like polypeptide (RLP) condensates, a prototypical disordered protein with upper critical
solution temperature (UCST) phase behaviour. Using turbidimetry, dynamic light scattering, confocal and
electron microscopy, we demonstrated that lipidation—in synergy with the sequence of the lipidation
site—significantly influences RLPs" thermodynamic propensity for phase separation and their condensate
properties. Molecular simulations suggested these effects result from an expanded hydrophobic region
created by the interaction between the lipid and lipidation site rather than changes in peptide rigidity.
These findings emphasize the role of “sequence context” in modifying the properties of PTMs,
suggesting that variations in lipidation sequences could be strategically used to fine-tune the effect of
these motifs. Our study advances understanding of lipidation’s impact on UCST phase behaviour,
relevant to proteins critical in biological processes and diseases, and opens avenues for designing
lipidated resilins for biomedical applications like heat-mediated drug elution.

of naturally occurring membraneless organelles in cells, such
condensates have been explored for cellular and metabolic
engineering applications.'®™"* Protein-based condensates are

molecules to form membraneless organelles, a process similar
to the phase separation of incompatible macromolecules into
condensates.”> These condensates are increasingly used for
diverse applications, ranging from the enrichment and encap-
sulation of biologics®* to underwater adhesives,” among
others.®® More recently, inspired by the regulatory function
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promising candidates for these applications because their
sequence and concentration within cells can be tightly regulated;
and integrating functional domains into these condensates
through genetic fusion is straightforward. However, to advance
the design of protein-based condensates for these in vivo appli-
cations, we still need a deeper understanding of the molecular
properties driving phase separation and the ability to dynami-
cally regulate these properties in response to cellular conditions.

While our understanding of the molecular and sequence
determinants of phase separation is growing rapidly, the adap-
tive modulation of these molecular features, especially in
complex in vivo environments, remains challenging. This diffi-
culty arises because most features—such as conformational
disorder,'® charge patterning,'* protein sequence,'> and mole-
cular weight'®—are genetically predetermined and difficult to
alter after protein expression. Although techniques like proteo-
lytic digestion'” or the use of programmable oligomerization
domains'®*® provide some level of control, there is a need for a
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more versatile toolkit to adaptively alter the formation and
properties of condensates in response to changes in cellular
conditions.

Here, nature offers an ingenious solution. Instead of chan-
ging the sequence of proteins, cells use post-translational
modifications (PTMs) to alter the physicochemistry of modified
amino acids.”® These modifications regulate the location,
structure, function, and life cycle of proteins. Therefore, it is
not surprising that PTMs are emerging as one of the primary
regulators of biological condensates—as they enable the selective
(de)activation of interactions that control the formation, proper-
ties, and structural complexity of membraneless organelles.”"*
Due to the well-recognized role of electrostatic interactions in
modulating protein phase-separation, the significance of 'charge-
altering’ PTMs is under intense investigation and is beginning to
come into a sharper focus. These include but are not limited to,
serine phosphorylation,”** arginine-methylation,” and lysine
acetylation,”® which modify multivalent electrostatic interactions
by altering coulombic charges or their distributions. However,
more than 300 types of PTMs have been identified, and many do
not alter the electrostatic charge significantly. The effect of these
uncharged PTMs, such as lipidation, on the formation and
material properties of protein condensates remains an open
question. Unravelling these structure-property relationships can
unlock the substantial unrealized potentials of PTMs—as a design
space orthogonal to amino acids sequence—for adaptive regula-
tion of phase separation in both in vivo and in vitro settings.

Among uncharged PTMs, lipidation is a particularly promis-
ing modification for several reasons. First, it is one of the most
ubiquitous PTMs in eukaryotic cells, and it is well-established
that the physicochemistry of the lipid and the architecture of the
lipidation site can influence complex biological processes such
as cell signalling and apoptosis.”” Second, the distinct hydro-
phobicity of lipids can induce supramolecular multivalency in
phase-separating polymers via short-range attractive interactions
that are complementary to better-studied long-range electrostatic
interactions.”® Such alterations could significantly influence the
properties of condensates. Third, recent advances in genetic
engineering have facilitated the biosynthesis of sequence-
defined lipidated proteins, opening new opportunities to estab-
lish structure-property relationships for these hybrid biopoly-
mers, explore how lipidation affects protein phase separation,
and develop innovative biomaterials.>

Our current understanding of lipidation’s effects on protein
phase separation primarily stems from studies on lipidated
elastin-like polypeptides (ELPs).*>*' ELPs are artificial intrinsi-
cally disordered proteins (IDPs) that exhibit lower-critical solu-
bility temperature (LCST) behaviour.>> However, this LCST
behaviour is not typical of most biological phase-separating
proteins, which often display the converse property, upper
critical solubility behaviour (UCST) in vitro."® This discrepancy
suggests that principles derived from ELP studies may not fully
apply to other proteins, indicating a significant knowledge gap
regarding the effect of lipidation on UCST phase transition.
This paper aims to address this gap by investigating how
lipidation and the sequence of lipidation sites impact the
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Fig. 1 Schematic phase diagram and architecture of proteins in this study.
(a) A homogeneous solution of RLP in buffer (1 — ®) undergoes sponta-
neous phase separation upon cooling below its phase boundaries, forming
a suspension of two immiscible phases (2 — ®): protein-rich condensates
in a protein-poor solvent. (b) Disordered RLP sequence in purple, with two
distinct lipidation sites, differing by three amino acids (in blue and red).
Each lipidation site can be modified with a myristoyl group (grey).

formation and material characteristics of resilin-like polypep-
tides (RLPs) as a model protein with UCST phase transition
(Fig. 1).

In this study, we focused on a model RLP variant based on
20 repeats of octapeptide (GRGDQPYQ), which is composition-
ally similar to resilin, a natural elastomeric protein found in
insect cuticles.’*™* Resilin contains high levels of aromatic,
charged, and polar amino acids and exhibits UCST phase
transition. For the model lipid, we chose the myristoyl group,
a C14:0 fatty acid, appended to the N-terminal glycine of
proteins by the N-myristoyltransferase (NMT) enzyme. Like
many other PTM-installing enzymes, NMT has a broad sub-
strate scope and can modify a large subset of proteins bearing
the G-A2-A3-A4-S/T motif.>® Here, ‘G’ is the modified residue,
the A2/A4 positions have a slight preference for hydrophobic
residues, A3 can be occupied by a variety of residues, and the
fifth position has a strong preference for serine or threonine.

Guided by these preferences, we selected two NMT sub-
strates with three amino acid differences to analyse if variations
downstream of the modification site can also influence how
lipidation alters the phase separation of RLPs. Both substrates
contain the NMT recognition motifs but incorporate different
combinations of hydrophobic and polar amino acids at specific
positions. The first motif, ‘GAGAS’, comprises alanine at posi-
tions A2 and A4, with glycine at A3. The second motif, ‘GLSLS’,
includes larger hydrophobic leucine residues at A2 and A4, and a
hydrogen-bonding serine at A3. Our aim was to assess if changes
to the physicochemical properties of the downstream residues
influence the impact of lipidation—specifically investigating the
interplay between the sequence of the lipidation site and the
effect of lipidation on the UCST phase behaviour of RLPs.

In this study, we first establish that the model RLP, fused to
various lipidation sites, can be biosynthetically lipidated in
E. coli. Employing a range of biophysical and microscopy
techniques, we show that lipidation enhances the phase separa-
tion propensity of RLPs. Moreover, it significantly alters the
dynamics and fluidity of RLP condensates, with the degree
of these changes highly dependent on the lipidation site
sequence. Molecular simulations and hydropathy analysis sug-
gest that these effects result from modified hydration levels

This journal is © The Royal Society of Chemistry 2024
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stemming from the interplay between the physicochemistry
lipid and the lipidation site. Finally, we discuss the implica-
tions of these findings, emphasizing their relevance to the
design and understanding of biomolecular condensates and
phase separation processes.

Results

All four constructs, two unmodified RLPs (referred to as AGA-
RLP and LSL-RLP) and their lipidated isoform (referred to as
m-AGA-RLP and m-LSL-RLP), were produced recombinantly in
E. coli BL21(DE3) strain. For the lipidated constructs, we co-
expressed the corresponding RLPs with S. cerevisiae NMT (uniport
P14743), while supplementing the expression medium with myr-
istic acid. To purify these constructs, we utilized a two-step
strategy. First, their temperature-triggered phase-behaviour was
used to isolate RLPs (unmodified and/or lipidated) from the
endogenous proteins. This initial phase-based purification was
followed by reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC) to separate unmodified and lipidated isoforms to
homogeneity. The purified products were characterized using
SDS-PAGE, analytical HPLC, mass-spectrometry and NMR to verify
their purity and identity (Fig. S1-S5, ESIt).

We first used variable-temperature turbidimetry to charac-
terize the UCST phase-behaviour of unmodified and lipidated
RLPs. Lipidation increased the cloud-point of RLPs, and the
magnitude of this increase was dependent on the sequence of
the lipidation site. A representative turbidimetry plot for AGA-
RLP and m-AGA-RLP (20 puM in PBS) is shown in Fig. 2a. For
both proteins, the turbidity of the solution starts to increase
rapidly as the temperature is decreased below a critical thresh-
old. The UCST cloud points (marked with an arrow in Fig. 2a),
marking the transition from a single miscible phase to a
biphasic system, exhibit an increase from 20 °C to 42 °C upon
lipidation, suggesting that lipidation increases the propensity
of resilin to phase separate. Intriguingly, although both LSL-
RLP and AGA-RLP had similar T, the lipidation increased the
cloud point of m-LSL-RLP to 58 °C (Fig. S6, ESIt). Control
experiments showed that these differences are not due to the
variation in the concentration of proteins (Fig. S7, ESIt), but are
attributable to variations in lipidation sites as discussed more
extensively below. Moreover, the lipidation did not affect the
reversibility of the phase-separation of RLPs (Fig. S8, ESIT).

To gain insight into the mechanism of phase separation, we
investigated the variation of the cloud point with protein
concentration, since concentration dependencies can reveal
whether phase separation is driven by intra- or intermolecular
events. Fig. 2b shows the dilute branch of the phase diagram,
where a linear increase in the cloud point is observed with the
natural log of the protein concentration (consistent with the
empirical observations for ELPs*” and RLPs'"'*%?), Specifically,
unmodified AGA-RLP and LSL-RLP showed slopes of 7.7 °C
(95% confidence interval (CI): [7.3, 8.1]) and 8.1 °C (CL [7.7,
8.4]), respectively, while lipidated versions, m-AGA-RLP and
m-LSL-RLP, displayed slopes of 11.7 °C (CI: [10.5, 13.2]) and
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Fig. 2 Characterization of UCST phase behaviour and concentration-
dependence of cloud temperatures for unmodified and lipidated RLPs.
(a) Representative variable-temperature turbidimetry plots for AGA-RLP
(dashed line) and m-AGA-RLP (solid line) at 20 uM in PBS. Both constructs
exhibited UCST behaviour, with a sharp increase in solution turbidity once
the temperature was reduced below their respective cloud temperature
(Te). (b) Partial temperature-composition phase diagrams, illustrating the
dilute branch of the phase diagram. Lipidation enhanced the phase
separation propensity of RLPs, but the extent of this effect depended on
the sequence of the lipidation sites. Error bars are standard deviations from
two independent measurements, while the dashed line represents the 95%
confidence interval of the linear regression.

9.8 °C (CIL: [7.4, 12.1]). Importantly, we observed that lipidated
RLPs maintained their concentration-dependence in their cloud
point temperatures—a finding contrasting with the effects of
lipidation on ELPs, where it notably decreases the slope of
temperature-composition diagrams.***° Additionally, a notable
difference was observed in the Y-intercepts of these lines, which
underscores the synergistic interaction between the sequence of
the lipidation site and the lipid. Here, the Y-intercept values for
AGA-RLP and LSL-RLP were determined to be —6.4 °C (CL [—7.9,
—4.9]) and —5.3 °C (CL: [6.8, —3.8]), respectively. Lipidation
dramatically shifted these intercepts to 11.9 °C (CL [1.7, 12.2])
for m-AGA-RLP and to 33.4 °C (CL: [24.3, 42.5]) for m-LSL-RLP,
highlighting the significant impact of the lipidation site on phase
behaviour. Together, this data indicates that simply fusing a short
peptide sequence to a construct does not significantly alter the
propensity of RLP to phase-separate from solution; yet, upon
lipidation, the sequence’s influence becomes significant. More-
over, this indicates that the lipid moiety’s interactions with the
surrounding environment are complex, and the context (sequence)
of the lipidation site may impact temperature-dependent beha-
viours, potentially through structured assemblies or by modifying
the hydration levels of residues within the sequence.

To elucidate the thermodynamic underpinnings of observed
variations in cloud points, we employed a modified Van 't Hoff
model on our turbidity data to extract thermodynamic para-
meters, AH and AS of phase separation (See ESI and Fig. S9 for
details of analysis).” The non-lipidated constructs exhibited
similar enthalpic (—93 + 2 kcal mol ") and entropic (—230 +
7 cal mol ' K™ ') contributions, indicating that the presence of
a short lipidation sequence alone does not significantly alter
phase separation thermodynamics and that RLP phase separa-
tion is energetically favoured by protein-protein interactions
but entropically disfavoured due to the reduced entropy of

Soft Matter, 2024, 20, 4007-4014 | 4009


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00358f

Open Access Article. Published on 18 April 2024. Downloaded on 6/14/2026 11:34:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

polymer chains upon demixing. In contrast, lipidation introduced
substantial variations in these thermodynamic parameters, with
changes distinctly dependent on the lipidation site sequence. For
instance, m-AGA-RLP exhibited a decrease in both the enthalpic
and entropic components of phase separation, while m-LSL-RLP
showed a significant increase, suggesting that the synergy
between the lipid and the lipidation site can profoundly influence
phase separation energetics. Specifically, the enthalpy for m-AGA-
RLP was reduced by approximately 25% to —73 + 3 kcal mol ,
with m-LSL-RLP showing a much higher phase separation
enthalpy (—120 kecal mol™"), and the entropies for m-AGA-RLP
and m-LSL-RLP diverged to —140 and —249.6 cal mol ' K,
respectively. These findings imply that lipidation, particularly with
the LSL sequence, not only affects the enthalpic favourability of
phase separation but also seems to modulate the entropic com-
ponents, potentially by reorganizing the polypeptide chain both in
the single-phase region (T > UCST) and within condensates
(T < UCST).

To investigate the impact of lipidation (and lipidation site)
on RLP assemblies, DLS was utilized to track the hydrodynamic
radius (Rh) as a function of temperature while cooling the
samples from above to below UCST (Fig. 3a), see Fig. S11 (ESIt)
for a representative autocorrelation function for each con-
structs at a temperature above and below UCST. Consistent
with the turbidimetry data, a notable increase in Rh was
observed for all constructs as temperature was decreased below
their UCST. Importantly, lipidation increased Rh at T > UCST
(relative to unmodified RLPs), with the sequence at the lipida-
tion site dictating the extent of this increase. For instance, in
the absence of lipidation, constructs transitioned sharply from
4 nm (unimers) to 2500 nm near the UCST, indicative of
condensate formation. In contrast, lipidated constructs exhib-
ited significantly larger sizes than unimers at T > UCST, with
m-LSL-RLP ~180 nm and m-AGA-RLP and m-LSL-RLP forming
assemblies around 45 nm and 180 nm, respectively, pointing to
enhanced intermolecular interactions. As temperatures
dropped below their respective UCSTs, Rh increased in lipi-
dated constructs. However, the transition to meso-scale assem-
blies below the UCST was less abrupt, resulting in differently
sized assemblies—around 800 nm for m-AGA-RLP and 2000 nm
for m-LSL-RLP. Cognizant of the DLS’s constraints in determin-
ing the precise sizes of assemblies larger than 1 um, the trend
in the DLS data supports our hypothesis that lipidation and the
lipidation site sequence can modulate the thermodynamics of
UCST phase separation by affecting protein assembly, thereby
impacting the entropic component of phase separation.

DLS results pointed to the formation of large micron-size
aggregates at T < UCST, falling within the size range amenable
to light microscopic techniques. Consequently, to visualize and
further examine these assemblies, we fluorescently labelled
RLPs with AZDye™ 488 cadaverine (see ESIt for details) and
utilized confocal fluorescent microscopy. This analysis demon-
strated that non-lipidated RLPs form canonical condensate
droplets, unaffected in overall morphology by the small peptide
sequence at the lipidation site (Fig. S10, ESIf). However, a
striking difference was observed in the condensates of two
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Fig. 3 Characterization of temperature-dependent phase separation and
condensate morphology using dynamic light scattering and fluorescent
microscopy. (@) Temperature-dependent changes in the hydrodynamic
radius of proteins monitored by DLS. Unmodified constructs exhibited
sharp aggregation from unimers below their T.. Lipidated constructs show
self-assembly at temperatures higher than T, with sizes dependent on the
lipidation site sequence. [protein] = 10 uM in PBS, with error bars repre-
senting standard deviations from three measurements. (b) and (c) Visua-
lization of the condensates of lipidated constructs using confocal
microscopy at 25 °C. [protein] = 100 uM in PBS. See Fig. S10 (ESIt) for
non-lipidated samples. m-AGA-RLP formed spherical condensates,
whereas m-LSL-RLP formed clusters of smaller droplets.

lipidated proteins, highlighting the impact of the sequence of
the lipidation site upon post-translational modification on the
meso-scale architecture and assembly of the condensates.
m-AGA-RLP formed typical spherical droplets (Fig. 3b), while
m-LSL-RLP formed a cluster of smaller droplets, suggesting a
deviation from standard liquid-liquid phase-separation mecha-
nism (Fig. 3c). The spherical morphology of these structures
indicates that they likely originate from LLPS, but they appear
to be arrested or hindered in their phase-separation process,
possibly due to molecular interactions specific to their lipida-
tion site. This suggests that lipidation, coupled with the spe-
cific sequence at the lipidation site, not only promotes LLPS in
RLPs but also distinctly influences the morphology and orga-
nization of the resultant phase-separated droplets.

Prompted by the appearance of clustered droplets in con-
focal microscopy, we employed fluorescence recovery after
photobleaching (FRAP) to quantitatively assess the fluidity of
these droplets. The FRAP results indicated significant variations
in fluorescence recovery rates, influenced by both lipidation and
the specific lipidation site (Fig. 4), suggesting a direct relation-
ship between the sequence at the lipidation site and the mobility
of the condensate structures. For example, the FRAP recovery
half-lives for unmodified constructs were consistently short
(t12 = 1.5 £ 0.2 seconds) across different lipidation sites. In
contrast, lipidated constructs exhibited slower recovery rates,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Characterization of condensate fluidity using fluorescent recovery
after photobleaching (FRAP). (a) Output frames from confocal microscopy
are presented at various time points: t = —3 s before bleaching, immedi-
ately after bleaching (t = O s), and at subsequent intervals post-bleaching
to observe recovery. (b) and (c) The FRAP data are normalized and analysed
using a single exponential model (see methods for details) to determine
the half-life of fluorescence recovery. Two-way ANOVA indicates a
statistically significant interaction between the effects of lipidation and
lipidation site sequence (F(1, 8) = 18.47, p = 0.0030). In the absence of
lipidation, the recovery is rapid and does not depend on the sequence of
the lipidation site (Tukey's HSD, p > 0.9999). Lipidation, however, slows
the rate of recovery, and the recovery rate of m-LSL-RLP is significantly
slower than that of m-AGA-RLP (Tukey's HSD, p = 0.0013).

with 7,,, for m-AGA-RLP at 87.5 + 22.9 seconds and m-LSL-RLP
displaying much slower rates, with 74, = 379.1 &+ 93.2 seconds.
This data underscores the complex interplay between the lipid
and the sequence of the lipidation site in influencing the
material properties of condensates, such as their dynamics
and fluidity. Statistical analysis using two-way ANOVA supports
this finding (F(1, 8) = 18.47, p = 0.003). This could be attributed
to the formation of structured networks within the condensates.
Essentially, if lipidation modifies the assembly of RLPs above the
UCST, it could similarly affect the organization of polymer
chains within the condensates.

To investigate whether the significantly lower FRAP recovery
rates, particularly in m-LSL-RLP, indicate network formation
within the condensates, we employed transmission electron
microscopy (TEM) for detailed nanoscale analysis (Fig. 5). TEM
and cryo-TEM imaging revealed distinct properties in m-LSL-
RLP samples in contrast to other constructs, which exhibited
more diffuse, shadow-like appearances on TEM grids. m-LSL-
RLP uniquely displayed small clusters of spherical aggregates,
resembling a ’beads-on-a-string’ morphology, indicative of net-
work formation and suggesting a complex, interconnected
structure within its condensates. This finding is consistent
with the slower FRAP recovery rates for m-LSL-RLP, where the
network likely restricts molecular mobility, slowing down
fluorescence recovery. In m-AGA-RLP, while similar distinct
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Fig. 5 Nano-scale organization of lipidated RLPs condensates. Cryo-TEM
and negative-stain TEM micrographs of m-AGA-RLP (a), (c) and (e) and
m-LSL-RLP (b), (d) and (f) reveal the influence of lipidation sites on the
morphology of protein chains within the condensates. m-AGA-RLP forms
diffuse, shadow-like structures, whereas m-LSL-RLP shows clusters of
aggregate. An 'x’ marks an ice contamination on the cryo-TEM grid in
panel c.

structures were not observed, the reduced FRAP recovery rates
imply that the lipid motif might still facilitate associative
interactions among protein chains in the condensate phase.
These interactions, albeit lacking a specific internal arrange-
ment, could limit the dynamics of chain exchange within the
condensates.

After showing that the interplay between the lipid and the
sequence of the lipidation site alters the phase separation of
RLPs, we hypothesized that the molecular mechanisms behind
this phenomenon could be due to alterations in the properties
of the lipidation site caused by the lipid motifs. These changes
might manifest as the formation of structured assemblies (e.g.,
beta-sheets) or through variations in the hydration levels of
residues within the sequence. To delve further into this hypoth-
esis and enhance our understanding of the molecular interac-
tions involved—key to determining the impact of lipidation site
sequence on lipidated protein systems—we turned to molecular
dynamics (MD) simulations for more comprehensive insights.

To evaluate the interplay between the lipid and the structure
of lipidation sites, we analysed the dihedral angles of the
peptide backbone for each residue in the lipidation site using
Ramachandran plots (Fig. S12, ESIt). This analysis demon-
strated that residues at the lipidation sites are scattered across
various conformational spaces. This scattering suggests signif-
icant conformational flexibility and indicates that lipidation

Soft Matter, 2024, 20, 4007-4014 | 401
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does not induce rigidity in the peptide structure, irrespective of
the sequence of the lipidation site or simulation temperature,
consistent with the results of FT-IR spectroscopy (Fig. S13, ESIT).
With structural changes in the lipidation site or RLP domain
ruled out as the primary differentiator, we shifted our focus to
hydration dynamics. We hypothesized that variations in the
lipidation site sequence, in synergy with the attached lipid, can
result in altered hydrophobic character extending beyond the
lipid itself, leading to different hydration levels within the
peptide chain. To explore this hypothesis, we employed a
recently developed computational method, protocol for assign-
ing a residue’s character on the hydropathy (PARCH) scale.*"
PARCH is a novel computational technique that evaluates
protein hydropathy at the residue level by analysing the beha-
viour of water molecules around a protein’s shell at various
temperatures. Each residue is assigned a parch value on a 0 to
10 scale, where lower values indicate hydrophobic character.
Distinct from traditional hydropathy scales, PARCH allows for
nuanced comparisons of hydropathy by accounting for the
variable nature of residue hydropathy based on its structural
context. Additionally, its computationally efficient methodology
proves advantageous for applications in materials design.*’
The PARCH scale analysis, depicted in Fig. 6 and Fig. S14
(ESIf), highlights hydrophobicity differences at the lipidation
sites of m-AGA-RLP and m-LSL-RLP. Specifically, residues A2-A4
showed lower PARCH values—indicative of higher hydropho-
bicity—for the LSL sequence. This is in line with the inherently
hydrophobic nature of the larger leucine residues. More cru-
cially though, the flanking residues (e.g., G1, S5, and R6) which
are identical in both sequences exhibited significant differ-
ences in PARCH values. In the case of m-LSL-RLP, Glyl and
Ser5 demonstrated markedly increased hydrophobicity, an
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Fig. 6 Computational analysis of lipidation site hydrophobicity using the
PARCH scale method. This analysis revealed distinct differences in PARCH
values between lipidated RLPs, with m-LSL-RLP displaying higher hydro-
phobicity (denoted by lower PARCH values) compared to m-AGA-RLP,
even in regions where both constructs share similar amino acid sequences.
These findings suggest that the interplay between the lipidation site and
lipid may lead to an extended hydrophobic region, likely enhancing the
interactions between lipidated RLPs in solution and condensed phases.

4012 | Soft Matter, 2024, 20, 4007-4014

View Article Online

Soft Matter

effect also observed for Arg6 and Gly7. This pattern suggests that
the lipidation site’s sequence, in conjunction with the lipid, may
extend the hydrophobic region, potentially diminishing its water
compatibility and thereby enhancing the interactions between
lipidated RLPs, either in solution or within the condensate phase.

Discussion

This study has shown that myristoylation, along with the
specific sequences at lipidation sites, markedly influenced the
phase separation and material properties of RLPs, a prototypi-
cal IDP with UCST-type behaviour. Various experimental tech-
niques have been used to show that lipidation elevated the
UCST cloud points and altered the dynamics and fluidity of
condensates, with the degree of these effects varying based on
the lipidation site sequence. Molecular dynamics simulations
indicated that these changes arise not from alterations in
peptide rigidity, but likely from the interaction between the
lipid and the lipidation site, leading to an expanded hydro-
phobic region. These findings pave the road for the design of
lipidated resilins for biomedical applications such as heat-
mediated release of hydrophobic drugs, leveraging their unique
amphiphilic and thermo-responsive capabilities.

Our work establishes a crucial framework for understanding
the impact of lipidation on the phase separation of proteins
exhibiting UCST behaviour. This framework addresses an
important gap in the literature because most prior studies on
lipidation’s effect on protein phase separation have concentrated
on lipidated ELPs, which typically exhibit LCST phase
behaviour.*?! These studies indicate that lipidation lowers the
LCST and affects the concentration dependencies of the coexis-
tence curves in the dilute branch of the phase diagram. Our
findings contribute to this body of knowledge by demonstrating
that lipidation increases the UCST temperature without signifi-
cantly altering the concentration dependence of the cloud point
temperature. This result is significant because LCST-type phase
separation is relatively rare in natural systems, with only a few
proteins, such as the poly-A binding protein*” and tau protein,*?
exhibiting this behaviour in vitro. While this list is expected to
expand, the catalogue of proteins undergoing the UCST-type
phase separation is already extensive. We propose that the
observed effects of lipidation are likely generalizable to these
proteins, including those with complex sequences like FUS,
DDX4, and Laf-1. Future research will explore this hypothesis.
Additionally, we plan to extend our investigations to examine how
lipidation affects the behaviour of systems with dual LCST-UCST
properties or reentrant phase transitions.

In this study, we demonstrate that even small alterations
to the sequence of the lipidation site—merely three amino
acids—result in significant differences in the phase boundaries
and material properties of RLP condensates. Importantly, we
observe these alterations only after lipidation, indicating that
lipidation may enhance secondary interactions at the lipidation
sites. Our PARCH analysis suggests that the increased hydro-
phobicity at the lipidation site might be a critical factor in

This journal is © The Royal Society of Chemistry 2024
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enhancing secondary interactions after myristoylation. This
observation partially aligns with earlier observations on ELP
condensates, where the sequence of the lipidation site did not
affect phase boundaries yet altered their morphology and
clustering.* These findings suggest that the effects of lipidation
site sequences on phase behaviour may be more generalizable
across proteins exhibiting LCST- or UCST-type phase behaviour.

Importantly, these observations prompt intriguing questions
regarding the traditional criteria of classifying PTMs based on
the chemical nature of the PTM motif and the modified residue.
Our results suggest that this definition may be too narrow, as it
overlooks the broader context of surrounding residues. In our
study, two lipidated RLPs exhibited distinct properties, even
though both were modified with the same group at the same
site—highlighting the role of residues in the proximity of the
PTM motif. Given that enzymes catalysing PTMs often target
proteins with diverse sequences near the PTM sites, it is tempt-
ing to consider whether these sequence variations are evolved to
prevent cross-reactivity, or they may confer distinct interaction
profiles post-modification. Our findings support the potential
functional role of these residues to impart unique structural and
material characteristics to proteins far beyond their conventional
roles as mere enzymatic recognition sites.

Conclusions

Collectively, these findings enhance our understanding of the
structural and dynamic intricacies introduced by lipidation,
providing insights that could inform future biomaterial design
and protein engineering endeavours. We emphasize the need
for a more comprehensive examination of the interplay
between the lipids and lipidation sites, suggesting the devel-
opment of libraries with systematic variations in lipidation site
sequences. Additionally, extending the use of multi-chain
simulations and structural analysis tools such as NMR will be
instrumental in elucidating the molecular interactions that
define the biophysical properties of lipidated proteins.*’ This
integrated approach can elucidate the impacts of this enig-
matic class of PTMs, enabling the ‘lipo-engineering’ of proteins
to enhance functional attributes such as allostery and catalysis.
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