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Intrinsically disordered proteins access arange
of hysteretic phase separation behaviors

Felipe Garcia Quiroz'*, Nan K. Li*!, Stefan Roberts', Patrick Weber®, Michael Dzuricky',
Isaac Weitzhandler', Yaroslava G. Yingling?, Ashutosh Chilkoti'*

The phase separation behavior of intrinsically disordered proteins (IDPs) is thought of as analogous to that of
polymers that undergo equilibrium lower or upper critical solution temperature (LCST and UCST, respectively)
phase transition. This view, however, ignores possible nonequilibrium properties of protein assemblies. Here,
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by studying IDP polymers (IDPPs) composed of repeat motifs that encode LCST or UCST phase behavior, we dis-
covered that IDPs can access a wide spectrum of nonequilibrium, hysteretic phase behaviors. Experimentally
and through simulations, we show that hysteresis in IDPPs is tunable and that it emerges through increasingly
stable interchain interactions in the insoluble phase. To explore the utility of hysteretic IDPPs, we engineer self-
assembling nanostructures with tunable stability. These findings shine light on the rich phase separation behavior
of IDPs and illustrate hysteresis as a design parameter to program nonequilibrium phase behavior in self-

assembling materials.

INTRODUCTION

Stimuli-responsive polymers that undergo equilibrium, aqueous phase
separation in response to environmental stimuli have driven inno-
vations in nanotechnology (1), drug delivery (2), tissue engineering
(3), regenerative medicine (4, 5), and biotechnology (6, 7). More
recently, the discovery that intrinsically disordered proteins (IDPs)
in nature also undergo aqueous phase separation in the cell has led
to intense interest in understanding their phase separation behavior
(8, 9). Progress in this understanding promises to advance biology
and deliver tools to engineer advanced protein-based materials
(10, 11).

Polymers and IDPs that exhibit liquid-liquid phase separation
belong to one of two classes: They exhibit lower critical solution
temperature (LCST) or upper critical solution temperature (UCST)
phase behavior (10, 12); and a smaller subset exhibit both behaviors
(12, 13) . For polymers that exhibit LCST phase behavior, below a
critical temperature—the cloud point temperature (Tcp)—the polymer
is miscible with water and is hence soluble, while at temperatures
above the T, phase separation occurs to create two immiscible
phases that exist in thermodynamic equilibrium—a polymer-rich
phase and a dilute phase of soluble polymer in water. UCST phase
behavior is the mirror image of LCST phase behavior, so that phase
separation occurs upon cooling below the T,. With few exceptions
(14, 15), well-studied LCST and UCST polymers show negligible
thermal hysteresis in their phase separation behavior (16-19), in
that the temperature at which they cross the phase boundary is
nearly independent of the direction (heating or cooling). As a result,
hysteresis and nonequilibrium properties in the aqueous phase be-
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havior of polymers have been largely ignored as a design parameter
to program phase separation-driven assembly (5).

We hypothesized that because nonequilibrium properties are
common to protein assemblies (8), the phase separation behavior of
IDPs was unlikely to follow the equilibrium behavior of synthetic
polymers and could potentially access nonequilibrium or hysteretic
states upon phase separation. Motivated by the desire to dissect and
use the nonequilibrium and kinetic properties of phase-separated
protein assemblies, here, we probe the largest extant library of
LCST- and UCST-exhibiting IDP polymers (IDPPs) (10) to uncover
unique features of the phase separation behavior of IDPs.

Through experiments and simulations, we discovered a wide
range of distinct hysteretic phase behaviors in IDPPs, wherein
stable peptide-peptide—hydrophobic and hydrogen bonding—
interactions in the aggregated state counter chain disentanglement
and kinetically trap the insoluble polymer phase at temperatures
well past their expected disaggregation temperature. We show that
hysteresis can be encoded and tuned at the repeat level by syntax—
the precise position of an amino acid within a repeat—and at the
macromolecule level through chain length. Last, we exploit hys-
teresis as a previously unidentified variable that is complementary
to amphiphilicity to control the assembly of diblock IDPPs into
highly stable nanoparticles that resist thermally triggered dis-
assembly. We suggest that unraveling the sequence-level deter-
minants of nonequilibrium phase behavior in protein polymers
will enable innovations in bottom-up self-assembly of biomaterials
(20-22) and provide insights into the phase behavior of IDP assem-
blies in biology (8, 23).

RESULTS AND DISCUSSION

IDPPs access a wide range of hysteretic phase behaviors

To investigate nonequilibrium phase behaviors in IDPs, we synthe-
sized and characterized IDPPs by optical turbidity measurements
[at 50 uM in phosphate-buffered saline (PBS)] over two to three
cycles of heating and cooling (both at 1°C/min) around their critical
cloud point temperatures. The studied IDPPs are composed of
recently identified diverse repeat motifs that encode LCST or UCST
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phase behavior (10). We first examined the reversibility of the phase
behavior of IDPPs resulting from all 24 LCST motifs in our library.
To assess thermal hysteresis, we operationally defined it as the absolute
difference between the T, (inflection point on optical turbidity as a
function of temperature) observed at the onset of phase separation
on heating and the apparent T, upon dissolution of the phase-
separated, IDPP-rich droplets on cooling.

This approach revealed three types of phase behavior among
LCST IDPPs that are defined by the degree of thermal hysteresis: (i)
negligible (~0°C), (ii) moderate (10° to 30°C), and (iii) large (>40°C),
environmentally sensitive hysteresis (Fig. 1A). In the first group,
similar to canonical LCST-exhibiting polymers such as elastin-like
polypeptides (ELPs), we observed negligible thermal hysteresis. The
second group displayed reproducible and sizable degrees of thermal
hysteresis (Fig. 1B). Unexpectedly, some IDPPs (group iii) that
showed large hysteresis—admittedly irreversible—in our initial
experimental conditions showed moderate or negligible hysteresis
when phase separation was triggered at lower temperatures in PBS
supplemented with NaCl (Fig. 1C), showing that these IDPPs can
also exhibit fully reversible LCST phase behavior. Notably, most of

the group iii IDPPs display zero hysteresis if their cloud point is
triggered below a critical threshold temperature—typically around
40°C—by the addition of 1 M NaCl (fig. S1). In contrast, group iii
IDPPs undergo a sharp and nearly irreversible phase transition in
PBS or PBS with additional salt (1 M NaCl) when heated above this
threshold, as shown by the lack of reversibility in their turbidity versus
temperature profile, despite prolonged undercooling (Fig. 1C and
fig. S1G).

To explore the role of IDPP chain length on the degree of thermal
hysteresis, we synthesized polymers with a VAPVG repeat unit, a
motif in our library that when polymerized encoded moderate hys-
teresis (Fig. 1A), with stepwise increases in the number of repeat
units and characterized them over a range of cooling rates. We found
that hysteresis increases with the chain length (Fig. 1D and fig. S2A)
and that a minimum number of repeats (~40 for VAPVG) is required
to exhibit pronounced hysteretic behavior, as seen by a sharp tran-
sition on cooling (i.e., a well-defined inflection point) that is largely
insensitive to cooling rate (Fig. 1E). This minimal chain length can
be further decreased if IDPPs are designed to include a multi-
merization domain, which is a common architectural feature in native
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Fig. 1. LCST IDPPs exhibit a wide range of hysteretic phase behaviors. (A) Analysis of the reversible phase behavior of LCST IDPPs in our library revealed three groups
of repeat motifs, wherein motifs in each group encode one of three types of phase behavior characterized by differences in the degree of thermal hysteresis seen on
cooling below the cloud point temperature, ranging from (i) negligible (~0°C) and (ii) moderate (10° to 30°C) to (iii) large, environmentally sensitive hysteresis. Here, we
show temperature-dependent optical turbidity over a full cycle of heating and cooling pass the T, for three representative IDPPs that exhibit the full range of observed
hysteretic behaviors. As a guide to the eye, each panel includes a legend with a qualitative indicator of the degree of hysteresis for each repeat motif. (B) IDPPs made of
(VAPVG) repeats exhibit highly reproducible degrees of thermal hysteresis over multiple cycles of phase separation. (C) Extension of data in (A) examining the phase
behavior of (VGAPVG)3s to show its large, environmentally sensitive hysteresis, as it shows (in separate experiments) large or negligible thermal hysteresis depending on
the maximum temperature (shown by arrows) reached during the heating part of the cycle. (D) Hysteretic phase behavior of IDPPs with an increasing number of (VAPVG)
repeats. (E) Analysis of IDPPs in (D) but varying the cooling rate (from 1° to 0.1°C/min). To improve data visualization, the corresponding T, on heating are shown as vertical
dashed lines. All optical turbidity measurements were performed at a fixed concentration of 50 uM in PBS, with heating and cooling at 1°C/min, unless otherwise stated.
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IDPs (fig. S2B shows the pronounced hysteretic behavior for 20
repeats of VAPV G when fused to a trimerization domain). Increasing
the number of repeats in IDPPs with negligible hysteresis did not
lead to the emergence of hysteretic phase behavior (fig. S2C).

We then examined the reversible phase behavior of UCST IDPPs
in our library (10). UCST IDPPs did not display the range of hysteretic
behaviors observed for LCST IDPPs. Instead, either they phase sep-
arated fully reversibly over multiple cycles of cooling and heating or
they rapidly underwent progressive loss of reversibility (fig. S3), as
has also been observed in synthetic polymers that exhibit UCST
behavior (24). Unlike the reproducible hysteretic phase behavior of
LCST IDPPs, UCST IDPPs often show a progressive build-up of
aggregates, reminiscent of the phase behavior recently observed for low
complexity, disordered domains of RNA-binding proteins (25, 26).
However, we note that, analogous to the behavior of LCST IDPPs,
the progressive “aging” of UCST IDPP aggregates is exacerbated by
increases in their number of repeats (fig. S3B).

Molecular origins of thermal hysteresis in IDPPs

Protein polymers composed of a noncanonical elastin-like motif,
VPAVG, have been reported to exhibit moderate degrees of thermal
hysteresis (15, 27). The mechanism behind this hysteretic behavior
has been suggested to arise from the disruption of the PG dipeptide
that is critical for B-turn formation, although other B-turn structures
involving other residues may still occur (15). In our library of LCST
IDPPs, however, circular dichroism (CD) spectroscopy showed that
at temperatures below the T, both nonhysteretic and hysteretic
IDPPs shared a similar conformational signature that is character-
istic of IDPs (fig. S4). This observation suggested that emergence or
disruption of specific structural motifs is unlikely to drive hysteretic
phase behavior.

We next performed CD spectroscopy on IDPPs as a function of
solution temperature to further probe the structural origins of hys-
teresis (Fig. 2). First, by measuring CD spectra of IDPPs before,
during, and after their onset of aggregation, we show that IDPPs
exhibit minor changes in conformation at the T.,,—mainly a small
decrease in the intensity of the negative peak at ~197 nm that is
indicative of a random coil—but undergo a significant change in their
CD spectra well above the Ty, as typically seen by a large decrease
in the intensity of the negative peak at ~197 nm (Fig. 2). For polymers
with a negligible to moderate degree of hysteresis in their LCST
behavior, upon cooling below their T, (as defined by the degree of
thermal hysteresis), their CD spectra revert back to the profile seen
before heating the sample (Fig. 2, A and B). In contrast, for IDPPs
that exhibit a large degree of thermal hysteresis, the intensity of
the random coil peak is not recovered even upon cooling well below the
T, (Fig. 2, C and D). Moreover, for short and long IDPPs of the
hexapeptide TPVAVG, all of which show very large hysteresis (fig. S2A),
the initial decrease in the intensity of the random coil peak at the
T, on heating is followed by the emergence of an unusually broad
negative peak at ~210 nm (Fig. 2, B and C) at the plateau region of
the turbidity profile. IDPPs composed of VAPVG repeats also showed
this type of CD spectrum upon their LCST phase transition and
throughout the hysteretic region (Fig 2B) but only for polymers
above a threshold number of pentapeptide repeats (~40) that is
required to encode robust hysteretic phase behavior (Fig. 2, A and B).
This similarity in hysteresis-associated CD spectra between IDPPs
that exhibit widely different degrees of thermal hysteresis indicates
that additional sequence-encoded features, besides those that dictate
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backbone rigidity (i.e., secondary structure dynamics as probed by
CD), must govern the extent of this behavior.

By analogy to the observation that related proteins with high se-
quence and structural similarity [e.g., superfolder green fluorescent
protein (GFP) and enhanced GFP] may exhibit distinct chemical
and thermal stabilities (28), we next investigated the phase behavior
of hysteretic IDPPs in the presence of urea, a potent chaotrope that
is frequently used as a protein denaturant. First, increasing amounts
of urea readily shifted the T, on heating to higher temperatures,
and the extent of this effect was identical for IDPPs with negligible,
moderate, or large hysteresis and was independent of repeat number
(Fig. 3A and fig. S5). Urea similarly increased the T, of canonical
ELPs (fig. S5D) (29), which suggests that irrespective of their hysteretic
behavior, LCST IDPPs undergo a canonical phase transition driven
by desolvation of the polymer chain upon heating. Upon cooling,
urea decreased the degree of thermal hysteresis in IDPPs with mod-
erate hysteretic behavior (Fig. 3B). For example, at 1 M urea, we
observed a 75% reduction in the degree of thermal hysteresis of
(VAPVG)s (Fig. 3B). Increasing the concentration of denaturant
for IDPPs with moderate hysteresis resulted in a corresponding
decrease in hysteresis (Fig. 3B).

Polymers that exhibit large, environmentally sensitive hystere-
sis, such as polymers of VGPVG and TPVAVG repeats (Fig. 3C and
fig. S5, B, C, E, and F), showed no reduction in hysteresis up to 4 M
urea. Because these two IDPPs display environmentally sensitive
hysteresis, we repeated these experiments without exceeding their
critical threshold temperature (~45°C). Under these conditions, high
concentrations of urea decreased thermal hysteresis of (TPVAVG)s
(Fig. 3D). However, unlike the rapid decline in hysteresis that urea
triggered for (VAPVG)go, (TPVAVG)g, still showed sizable hyster-
esis (~31°C) in 2 M urea (Fig. 3D), and the percent reduction from
1 to 2 M urea was only 30%—in contrast to 60% for (VAPVG)s.
While we cannot pinpoint yet the molecular origins of the critical
threshold temperature below which IDPPs with otherwise large hys-
teresis phase transition without hysteresis, our recent molecular dy-
namics (MD) studies of a canonical, nonhysteretic ELP—(VPGVG);s—
in explicit water revealed a critical temperature window (~55° to 60°C
in that polymer-water system) at which peptide hydration is drasti-
cally reduced, concomitant with a pronounced increase in the strength
of peptide-peptide interactions (30). This molecular insight suggests
that the rehydration dynamics of hysteretic IDPPs may be hampered
ifheated above a critical temperature window defined by temperature-
dependent peptide-water interactions.

The intersection of our CD data and urea denaturation studies
point to the molecular origins of the unique and robust hysteretic
phase behavior of LCST IDPPs. We surmise that the emergence of
order in the polymer-rich phase stabilizes the aggregated phase by
increasing molecular rigidity (31)—hence reducing chain mobility—
and by facilitating the formation of metastable interchain interactions
that are not easily disrupted by cooling or protein denaturants. This
view also rationalizes the rapid and progressive loss of reversibility
that we observed in UCST IDPPs (fig. S3, A and B), as they are gen-
erally enriched in amino acids capable of extensive hydrogen bonding.
Analogous to LCST IDPPs, however, this nonequilibrium behavior
is readily countered by urea (fig. S3C) and by mutations at the repeat
level that reduce polymer rigidity (fig. S3D). Because these stabilizing
interactions can limit the dynamic and liquid-like nature of phase-
separated polymers (32), we imaged the coalescence process of flu-
orescently labeled (VPAVG)4, a polymer with moderate hysteresis

30f11



SCIENCE ADVANCES | RESEARCH ARTICLE

= 5 (VAPVG)s
g O] o S

8 -4- :

- 64

B _8- >< o :I

5710 ,ggog !

~ -124 N

€ -14+ . <>%
=161 A50°C @
3'-18- Sopd

2 20 f e25Co

S 180 200 220 240 260

Wavelength (nm)

-84

*75° 0
12 75°C f 8
-14 . W& 9
-16- ®25°Co 3

1 (deg cm? dmol™" residue™")
| |
% )
1 1

|
N
o

180 200 220 240 260
Wavelength (nm)

D

[—

w

|
w
o

200 220 240 260
Wavelength (nm)

(TPVAVG)g,

[06](deg cm? dmol™' residue™)

lw)

LIS
i

-20 T T T 1
180 200 220 240 260
Wavelength (nm)

Fig. 2. Hysteretic LCST IDPPs within the marked hysteretic regime exhibit structural dynamics that deviate from the behavior of canonical IDPs. (A and B) CD
data as a function of temperature for two IDPPs, consisting of either 35 (A) or 80 (B) (VAPVG) repeats and displaying ~5°C wide (A) or ~15°C wide (B) thermal hysteresis in
their phase behavior when triggered at an IDPP concentration of 5 uM in water. (C and D) CD data as a function of temperature for two IDPPs, consisting of either 30 (C)
or 80 (D) (TPVAVG) repeats. Solutions of both IDPPs at a concentration of 5 uM in water display large degrees of thermal hysteresis (>50°C) in their phase behavior. For all
IDPPs shown here, the T, was calculated from optical turbidity data obtained under the same experimental conditions (5 uM in water) as our CD spectroscopy data. For

simplicity, mean residue ellipticity (6) values are shown as 610>,

during its coacervation, and observed the formation of an arrested
network that differed from the spherical droplets formed by the co-
alescence of highly dynamic nonhysteretic IDPPs as they undergo
their LCST phase transition (fig. S6). In line with these observations,
among synthetic polymers, we note the slight degree of thermal
hysteresis (~3°C) seen for polymers of N-isopropylmethacrylamide—
attributed to increased polymer-polymer hydrogen bonding and re-
duced flexibility (33)—and the moderate thermal hysteresis (~20°C)
seen in the LCST behavior of polysaccharides such as methylcellulose
(14), as only the latter assume rather rigid conformations and en-
gage in substantial hydrogen bonding (34).

Subtle changes in amino acid syntax

drastically alter hysteresis

To further examine the role of peptide-peptide interactions that
ought to be sensitive to amino acid order, instead of simply depending
on compositional effects, we considered pairs of motifs in our library
that are related to each other by sequence reversal. This strategy
was appealing to us because the resulting “retro” sequence is identical
to the parent sequence if the concatenated repeats are read from C
to N terminus, so that the overall composition and other physico-
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chemical properties remain unaltered (Fig. 4A). In addition, because
our motifs are low complexity sequences, their syntax—read from
N to C terminus—differs only slightly at specific dipeptides (e.g.,
PG/GP and PA/AP) or tripeptides (e.g., VPA/AVP) within the
repeat. We synthesized and characterized four different IDPP pairs,
wherein each polymer in a pair corresponds to the forward or re-
verse sequence. All of these IDPPs shared similar CD spectra, charac-
teristic of IDPs, below their T, (fig. S7). Examination of their phase
behavior on heating suggested minor or negligible changes in their
Tp (Fig. 4, B to D). However, upon cooling below the T, on heating,
we observed marked changes in the LCST behavior of three of these
pairs, namely, pronounced differences in the degree of thermal hys-
teresis between members of each pair (Fig. 4, B to D). The phase
behavior of only one of these pairs was not affected by sequence
reversal (Fig. 4C). These marked changes in thermal hysteresis due
to subtle changes in syntax of the repeat unit suggest a major role
for syntax in governing the phase behavior of LCST IDPPs.

From an engineering perspective, the exquisite sensitivity to syntax
demonstrated here sets LCST IDPPs far apart from synthetic polymers
that exhibit LCST behavior in aqueous solutions. While the LCST
phase behavior of synthetic random copolymers can be tuned by
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Fig. 3. A protein denaturant modulates the hysteretic phase behavior of
LCSTIDPPs. (A) Cloud point temperatures as a function of increasing concentrations
of a protein denaturant (urea) in PBS for IDPPs with negligible—(VPGVG)40 and
(VPGVG)gy; see fig. S5—moderate—(VAPVG)40 and (VAPVG)go—and large—(TPVAVG)40,
(TPVAVG)go, (VGPVG)ao, and (VGPVG)go—hysteresis. Values were normalized to T,
in PBS without urea. To overcome the overlapping of normalized T,'s, these data
are also presented as separate panels in fig. S5. (B) Degree of thermal hysteresis for
IDPPs made of VAPVG repeats at a fixed concentration of 50 uM in PBS supple-
mented with increasing amounts of urea. (C) Temperature-dependent optical tur-
bidity data in PBS + 1 M urea for two IDPPs with identical repeat number but different
repeat motifs that encode widely different hysteretic behaviors. Even in 4 M urea,
40-mer IDPPs of TPVAVG repeats display pronounced hysteretic behavior (fig. S5).
(D) Phase behavior data as in (C), in PBS with 1 or 2 M urea, but exclusively for
(TPVAVG)go and when the phase transition is triggered without exceeding 45°C during
the heating cycle. All relevant T, values were calculated from optical turbidity data
at a concentration of 50 uM in PBS or PBS supplemented with urea as indicated.

their composition, as seen by the systematic change in their Tc, as a
function of monomer composition, other features of their phase
behavior such as thermal hysteresis cannot yet be tuned because of
the inability to control their syntax. In contrast, the precise control
of syntax and chain length allows LCST IDPPs to be synthesized with
a wide range of thermal hysteresis. These results also underscore the
fact that the inability of synthetic polymers to access previously
unknown LCST properties via sequence control is one example of
the grand challenge of sequence control in polymer chemistry (35).

Native IDPs with distinct assembly behaviors

diverge at the syntax level

The observation that syntax can affect thermal hysteresis prompted
us to next examine whether subtle differences in the syntax of Pro-
and Gly-rich IDPs might control their binary propensity to exhibit
elastomeric versus amyloidogenic behavior (36). While the overall
Pro and Gly content is a known factor that controls the behavior of
IDPs (36), the phase behavior of sequence-reversed IDPPs shows
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that syntax has a bearing on their properties as well. Specifically, we
were surprised by the marked differences in phase behavior between
an IDPP of the prototypical ELP motif, VPGVG, and an IDPP of its
sequence-reversed motif, GVGPV (Fig. 4B), as these two IDPPs
only differ in whether they repeat a PG or a GP dipeptide—all other
residues arrange in the same sequence as the repeat units concatenate
in the IDPP.

Because Pro- and Gly-rich IDPs in nature could arrange Pro and
Gly along their sequence to either favor or prevent the occurrence
of PG or GP dipeptides, we asked whether known differences in their
properties may be explained, at least partly, by this subtle change in
syntax. We recently reported that the sequence of Pro- and Gly-rich
IDPs (Fig. 4F) is populated by abundant PG dipeptides that recur as
part of a larger family of P-X,,-G motifs (where X is any residue except
P/G and n = 0 to 4) (10). To consider all possible PG- and GP-
containing sequences in these proteins, we examined the occurrence of
Gly in residue positions (Z;) surrounding P-X,-G motifs (Z_,-Z_;-
P-X,-G-Z,1-Z,, motifs, where Z; is any residue; see Supplementary
Methods). This analysis revealed a highly biased localization of Gly
residues that differed between IDPs that usually form amorphous
aggregates such as elastin, resilin, and gluten and IDPs that tend to
form fibrillar structures such as collagen and silks. We found that
Gly is nonrandomly and consistently (P < 0.001, see Supplementary
Methods) absent one residue N-terminal (Z_;) to P-X,-G motifs in
the coacervating group of proteins, whereas it is enriched, leading
to abundant GP dipeptides, at that position in the fibril-forming group
(Fig. 4G). This suggests a potential role for Gly at this position in
controlling whether Pro- and Gly-rich IDPs go down the (reversible)
coacervation or the (irreversible) fibril-forming amyloidogenic path-
way. Motifs in our library that prevent the formation of GP dipeptides
by substituting Gly at this position by bulkier residues consistently
led to elimination or reduction of their thermal hysteresis (Fig. 4H
and fig. $8). While this may explain the evolutionary pressure
against Gly at this position in nonfibrillar, Pro- and Gly-rich IDPs,
because other factors are also likely to be at play, more in-depth
studies will be required to dissect these conspicuous sequence biases
in IDPs.

MD reveal peptide-peptide interactions at the

crux of hysteresis

To further examine the intriguing role of syntax in the hysteretic phase
behavior of LCST IDPPs, we turned to all-atom MD simulations.
While the study of phase behavior in proteins through simulation
remains a major challenge due to the cooperative nature of this process,
we recently reported an MD approach to study peptide-peptide and
peptide-water interactions of a canonical ELP, (VPGVG)1g, and
(VGPVG);s in explicit water and over a wide temperature range
(30, 37). Here, we exploit this MD approach to examine, at the
molecular level, the behavior of syntactically related IDPP pairs that
exhibit either markedly different degrees of thermal hysteresis (motif
pairs in Fig. 4, B and C) or nearly identical behaviors with negligible
hysteresis (motif pair in Fig. 4D).

At the single-molecule level, sequence reversal resulted in minor
changes in secondary structure propensities (Fig. 5A and fig. S9, A
to C), with all IDPPs predominantly sampling unstructured motifs
at high and low temperatures irrespective of their type of hysteretic
phase behavior (Fig. 5A). These MD data agree with our CD data on
these IDPPs below their T, which consistently showed spectra
characteristic of disordered proteins (fig. S7). As discussed in our
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Fig. 4. Subtle changes in repeat syntax can have profound effects on the hysteretic phase behavior of IDPPs and their related native IDPs. (A) Peptide motifs that
relate to each other by simple sequence reversal—rewriting a peptide sequence by reading it from C to N terminus—present identical patterns of amino acid side chains,
which we illustrate with the structure of a pentapeptide motif and its reversed motif as observed in the crystal structures of two different proteins (Protein Data Bank ID
3MKR_B and 10ZP, respectively). The images were rendered using PyMOL (http://pymol.org/). (B to E) Temperature-dependent optical turbidity to probe the phase behavior
of four IDPP pairs, wherein each pair consists of two IDPPs with identical number of repeats of motif sequences that are interrelated by sequence reversal. As a guide to the
eye, each panel includes a legend with a qualitative indicator of the degree of hysteresis for each IDPP. Figure S7 shows CD spectroscopy at 25°C that reaffirms the intrinsic
disorder of these IDPP pairs before their phase transition. (F) Pro and Gly content of a representative group of Pro- and Gly-rich IDPs that we previously characterized as being
enriched in Pro-X,-Gly motifs (10). (G) Enrichment or depletion of Gly in residue positions surrounding P-X,-G motifs among Pro- and Gly-rich IDPs, expressed as a fold change
from the random occurrence of Gly based on total Gly content. Asterisks indicate significant (P < 0.001) divergence from a random distribution (see Supplementary
Methods). (H) Temperature-dependent turbidimetry of an IDPP composed of a motif wherein Gly occurs one residue N-terminal to P-X,-G and corresponding mutant
polymers wherein Gly was substituted by bulkier amino acids. All turbidity measurements were conducted in PBS at an IDPP concentration of 50 uM, except for
VRPVG (+1 M NaCl).
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previous study, the average radius of gyration (R,) of a single
(VPGVG);5 chain gradually declines as temperature increases (30).
Here, we observed the same phenomenon, reflected by negative values
for the Ry differential between simulations at high and low tempera-
tures, but only for the members of each IDPP pair that exhibited neg-
ligible hysteresis in our experiments: (VPAGVG);s, (VPAGLG)1s,
and (LGAPVG);; (Fig. 5B). In contrast, whenever sequence reversal
led to large hysteresis experimentally, as in (VGPVG) (Fig. 4C) and
(VGAPVG) (Fig. 4D), the R, differential was close to zero, as it stayed
approximately the same at high and low temperatures, indicating
increased backbone rigidity and a less compact conformation com-
pared with nonhysteretic polymers. We also measured temperature-
related changes in peptide-water interaction energy (Ep.) to examine
the role of hydrophobic hydration in hysteresis. Figure 5B shows
absolute values for changes in Ej,, which are naturally negative
because the interaction between proteins and water becomes ener-
getically unfavorable as temperature increases. Contrary to a major

>
o

role for hydrophobic hydration in hysteresis, hysteretic IDPPs,
(VGPVQ);s, and (VGAPVG);g showed markedly smaller (absolute)
changes in Ej,,, compared with their reversed, nonhysteretic motifs
or even the control IDPP pair in which both members are non-
hysteretic (Fig. 5B). The relatively small difference in E,,,, indicates
that the surface hydrophobicity of these two hysteretic IDPPs did
not change significantly over a temperature range wherein non-
hysteretic IDPPs already experience substantial changes in hydra-
tion and chain collapse (e.g., decreasing R,). These insights suggest
that even at temperatures above their Ty, hysteretic IDPPs may
remain extended and expose residues that engage in interchain
interactions (e.g., hydrogen bonding) that stabilize the aggregated
phase.

To gain understanding of the molecular forces that sustain hys-
teresis during cooling, we first performed long MD simulations at
high temperatures (350 to 370 K) of two closely interacting IDPP
chains using a periodic box with explicit water. The end point of
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Fig. 5. MD simulations of syntactically related IDPPs reveal interchain interaction forces that promote hysteresis. (A and B) Simulations of 18-mer, single IDPP
chains at low (290 to 310 K) and high (350 to 390 K) temperatures for three IDPP pairs studied in Fig.4 (C to E). (A) Fraction of residues that are part of unstructured motifs
for single IDPP chains at high and low temperatures (see fig. S9 for all other structural motifs). (B) Temperature-dependent changes in radius of gyrations (Rg, black) and
absolute peptide-water interaction energy (E,w, blue), expressed as a differential between values at high and low temperatures (ARy and AE,,). Dashed lines between
data points for IDPPs in each pair are guides to the eye. (C and D) Simulations of two closely interacting 18-mer IDPP chains for each IDPP in Fig. 4 (C to E) to study inter-
chain interactions in a model phase separated state. (C) Fraction of value changes (f) in interchain interaction quantities (see Supplementary Methods for details) after
cooling these two chain “phase separated” systems to 290 K for 25 ns. f= (end value — initial value)/(initial value). (D) Snapshots from our two-chain simulations for an IDPP
with marked hysteresis (VGAPVG)1g (Fig. 4D) and for an IDPP with negligible hysteresis (LGAPVG);g (Fig. 4E). The production simulations were performed for 25 ns with a

2-fs time step.
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these simulations served as a model of two chains aggregating and
provided the starting conditions for a subsequent “quenching”
(cooling) process to 290 K. We calculated several interaction pa-
rameters between the two IDPP chains before and after cooling:
interaction energy, number of interchain hydrogen bonds, number
of interchain hydrophobic contacts, and (absolute) hydrophobic
interaction energy. Figure 5C shows the fractional change in these
interchain interaction parameters. Fraction (f) is set to be (Pe — Pb)/Pb,
where Pe is the parameter value after cooling the aggregates (at 25 ns
of simulation time), and Pb is the parameter value at high tempera-
ture before cooling. This two-chain model of IDPP aggregation
effectively pointed to large differences in interpeptide interaction
forces as a major driver of hysteresis, as only those IDPPs within
each pair that exhibited hysteretic phase behavior showed a positive
fractional difference in all measured interchain parameters, where-
as all IDPPs that lacked hysteresis—including (APVGLG);s and its
sequence reversed counterpart (GLGVPA);3—consistently showed
negative fractions (Fig. 5D). These differences in interaction energy
are discernible from snapshots at the end of our cooling simulations,
in which the two chains of a hysteretic IDPP continue to closely

interact, whereas the two chains of a nonhysteretic IDPP lose contact
with each other (Fig. 5D). While qualitative in nature, the sustained
interactions that become apparent in this two-chain aggregate model
likely reflect the quantitative differences that distinguish between
hysteretic and nonhysteretic IDPs, namely, their backbone rigidity
and extended conformations (Fig. 5B) that favor interchain interac-
tions through increased hydrogen bonding and hydrophobic contacts
(Fig. 5C). Overall, these data suggest that IDPPs with large hysteresis
are unique among LCST IDPPs in their ability to form intermolecular
interactions, namely, hydrogen bonds and hydrophobic contacts, and
to sustain these interactions during cooling—at least in the initial
stages—to temperatures that readily disaggregate nonhysteretic IDPPs
that favor equilibrium phase behavior.

IDPPs with hysteretic phase behavior offer new tools

to control protein assemblies

We reasoned that the tunable thermal hysteresis of LCST IDPPs offered
a previously unidentified design variable to control block-copolymer
assembly (Fig. 6A). To explore this possibility, we studied two diblock
copolymers composed of the same corona-forming block—an ELP with
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Fig. 6. Hysteretic LCST phase behavior enables the synthesis of morphologically diverse nanoparticles that resist disassembly. (A) The nonequilibrium phase
behavior of hysteretic LCST IDPPs may affect the thermally triggered assembly of protein-based block copolymers into micelles. (B and C) By synthesizing diblock copoly-
mers composed of a common hydrophilic, corona-forming ELP block (VPGXG)go, where X =[A:G], and hydrophobic, core-forming blocks that repeat a hysteretic LCST
motif with either (B) moderate (VAPVG) or (C) large (TPVAVG) hysteresis, we synthesized self-assembling nanoparticles that remain assembled below the critical assembly
temperature in proportion to the degree of thermal hysteresis of the core-forming block. Their temperature-dependent assembly was studied using UV-visible spectros-
copy, shown as small changes in optical turbidity (<0.4 U at 350 nm, circles), and by dynamic light scattering that revealed large changes in hydrodynamic radius (R,
diamonds). Heating and cooling were performed at 1°C/min. Error bars are the measured polydispersity. (D and E) Cryo-TEM images show that diblock IDPPs with similar
block architecture and hydropathy balance assemble into distinct rod-like morphologies by virtue of the unique hysteretic phase behavior of the core-forming blocks.
Scale bars in large fields of view are 200 nm. Scale bars within insets are 50 nm. (F) Time-dependent stability of nanoparticles formed by a diblock copolymer with the
same repeat composition and block ratio as in (C) and (E) but having half the number of repeats in the (TPVAVG) core. Stability was studied as normalized optical turbidity
(normalized to time zero) as a function of time at two constant temperatures (arrows) that are well below the critical assembly temperature—inset shows temperature-
dependent changes in optical turbidity (O.T.).
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a T,p of 60°C—and different hydrophobic, core-forming blocks
consisting of IDPPs with distinct hysteretic phase behaviors but T,
values that only differed by 4°C. Dynamic light scattering as a func-
tion of temperature shows that these diblock IDPPs form nanopar-
ticles (Fig. 6, B and C) of unusually large hydrodynamic radius (Ry,)
compared with typical ELP micelles (~20 to 30 nm) that self-assemble
from ELP copolymers of similar length (38), suggesting that these
hysteretic IDPPs do not form the spherical micelles that typically
form by temperature-triggered self-assembly of diblock copoly-
mers of canonical ELPs (39). Moreover, large differences in their
optical turbidity at 350 nm (Fig. 6, B and C) suggested that
each diblock assembled into a different nanostructure. We then
turned to Cryo-TEM, which demonstrated the distinct rod-like
morphology of these nanoparticles (Fig. 6, D and E). This morpho-
logical diversity is intriguing, as nanoparticle morphology is a
well-known modulator of tissue distribution and pharmaco-
kinetics (40).

The degree of thermal hysteresis in the core-forming block also
directly controlled nanoparticle stability on cooling below the critical
assembly temperature (Fig. 6, B to D). Figure 6B shows that the
moderate hysteresis of a core-forming IDPP partially stabilized the
nanoparticles below the critical assembly temperature but only for a
temperature range that is consistent with its degree of thermal hys-
teresis (~10°C). In contrast, when the core-forming block corresponded
to an IDPP with large hysteresis, this behavior prevented the dis-
assembly of the nanoparticles on cooling over a broad temperature
range below the critical assembly temperature, as seen by consistent
optical turbidity and Ry, values in the large hysteretic region (Fig. 6C).
The role of repeat number in determining the hysteretic phase
behavior of core-forming IDPPs and hence the stability of the re-
sulting nanoparticles was explored by synthesizing a related but
shorter diblock copolymer that kept the core to corona block ratio
constant. Despite the relatively small size of this core-forming block,
(TPVAVG)y, self-assembly was sustained through a broad hysteretic
region, and these nanoparticles remained stable for at least 13 hours
at temperatures near the end of the hysteretic range (Fig. 6D), which
agrees with the strong hysteretic behavior displayed by (TPVAVG)y
(fig. S2A). Besides the well-known roles of amphiphilicity and block
architecture (i.e., relative size and order of blocks) in dictating self-
assembly of protein polymers (39, 41), our findings point to the rich
set of phase behaviors that can be encoded at the repeat level as a
useful variable to manipulate the equilibrium properties of these
self-assemblies.

Outlook

This work demonstrated that IDPPs can access a wide range of hyster-
etic phase separation behaviors that offer a route to encode non-
equilibrium properties in self-assembling materials. Because we show
that hysteresis can be genetically encoded with molecular precision,
at the repeat level and at the macromolecule level, these findings
may inform the phase separation behavior of poorly understood
IDPs in nature and enable a systematic exploration of sequence
space to uncover novel material properties in protein-based materials.
Last, the peptide-peptide interaction forces that drive hysteretic phase
behavior in IDPs constitute a previously unknown variable—distinct
from block architecture/amphiphilicity—to control the bottom-up
assembly of stimuli-responsive material systems that is likely to yield
diverse nanostructured materials with tunable stability for applica-
tions in medicine and biotechnology.

Quiroz etal., Sci. Adv. 2019; 5 : eaax5177 18 October 2019

MATERIALS AND METHODS

Genetically encoded synthesis of IDPPs

We relied on our recently published library (10) of genes encoding
IDPPs that exhibit LCST or UCST phase behavior, which we generated
using overlap extension rolling circle amplification (42). To further
study hysteretic phase behavior of specific IDPPs, with full control
on repeat number, we generated additional IDPP-coding genes using
recursive directional ligation by plasmid reconstruction (Pre-RDL)
(table S1) (43). For the synthesis of genes encoding diblock IDPPs,
we used Pre-RDL for the genetic fusion of full-length IDPP genes with
a previously reported ELP gene encoding VPGXG repeats (X = [A:G])
of varying length (43).

IDPP expression and purification

IDPPs were produced in Escherichia coli BL21(DE3) from plasmid-
borne genes after overnight induction with 1 mM isopropyl-B-p-
thiogalactopyranoside. LCST polymers were purified by inverse
transition cycling (see Supplementary Methods for details). UCST
IDPPs were purified as previously reported (10).

Characterization of the phase transition behavior

and secondary structure of IDPPs

The phase behavior of LCST and UCST IDPPs was characterized by
temperature-dependent measurements of their optical turbidity at
350 nm (at the concentrations indicated in figures but typically at
50 uM) in PBS, with heating and cooling performed at a rate of 1°C/min
except when indicated in the text or figures, on a Cary 300 ultra-
violet (UV)-visible spectrophotometer equipped with a multicell
thermoelectric temperature controller. The temperature-dependent
changes in secondary structure exhibited by IDPPs were studied by
CD spectroscopy, using an Aviv Model 202 instrument and 1-mm
quartz cells, at a fixed concentration of 5 uM in water.

Quantitative analysis of Gly residues surrounding

P-X,-G motifs

Using a custom-made script (Script 1 in Supplementary Methods;
MATLAB R2013a), we quantified the abundance of Gly in residue
positions surrounding P-X,-G motifs in a previously reported set of
Pro and Gly-rich IDPs (10). Briefly, we estimated “fold change from
random Gly” (FCRG), calculated according to eq. S1 (Supplementary
Methods). Positive values of FCRG indicate an enrichment of Gly,
whereas negative values suggest a depletion of Gly with respect to
the probability of occurrence of Gly expected from the overall Gly
content of each protein. We considered that a given FCRG value
was statistically significant when its P value was equal or lower than
0.001 (see Supplementary Methods for details).

Molecular dynamics

Fully atomistic MD simulations were performed using Amber 12.07
and the ff99SB force field for proteins with explicit solvent using the
TIP3P water model. Extensive descriptions of our simulation strategy
for single- and two-chain simulations are presented in our previous
research papers (30, 37), and all relevant details of simulations in
this study are included in the Supplementary Methods.

Nanoparticle characterization

Temperature-dependent self-assembly of diblock IDPPs was studied
at a fixed concentration of 50 uM in PBS, by optical turbidity mea-
surements on a UV-visible spectrophotometer (Cary 300) and dynamic
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light scattering measurements on a Wyatt DynaPro temperature-

controlled microsampler. Heating and cooling were performed at
~1°C/min. We also conducted Cryo-TEM at Duke University’s Shared
Materials Instrumentation Facility (Durham, NC) using Lacey holey
carbon grids (Ted Pella, Redding, CA) and a Vitrobot Mark IV

(FEI, Eindhoven, The Netherlands) for blotting and vitrification.
We triggered nanoparticle assembly by incubating samples (50 uM

in PBS) at 50°C for 15 min. We then loaded samples onto grids
within the vitrification chamber set to either 50°C (Fig. 6D) or 30°C

(Fig. 6E) and at 100% relative humidity. After vitrification, grids
were transferred to a Gatan 626 cryoholder (Gatan, Pleasanton, CA)

and imaged on a FEI Tecnai G2 Twin TEM (FEI, Eindhoven, The

Netherlands), operating under low-voltage conditions at 80 keV.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaax5177/DC1

Supplementary Methods

Table S1. DNA sequence information for synthesis of genes encoding IDPPs by Pre-RDL.

Fig. S1. LCST IDPPs display large, environmentally sensitive hysteresis.

Fig. S2. Repeat number influences the hysteretic phase behavior of LCST IDPPs.

Fig. S3. Forms of irreversible phase behavior in UCST IDPPs.

Fig. S4. LCST IDPPs exhibit CD spectra characteristic of intrinsic disorder and regardless of their
hysteretic nature.

Fig. S5. Effect of urea on the hysteretic phase behavior of IDPPs.

Fig. S6.Imaging of nonhysteretic and hysteretic IDPPs upon phase separation.

Fig. S7. Secondary structure of IDPPs related by sequence reversal at the repeat level.

Fig. S8. Steric hindrance at the residue position preceding a P-Xn-G motif influences hysteresis.
Fig. S9. Secondary structure preferences calculated from single-chain IDPP simulations at low
and high temperatures.
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