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Abstract

ICA512/PTPRN is a receptor tyrosine-like phosphatase implicated in the bio-
genesis and turnover of the insulin secretory granules (SGs) in pancreatic islet
beta cells. Previously we found biophysical evidence that its luminal RESP18
homology domain (RESP18HD) forms a biomolecular condensate and interacts
with insulin in vitro at close-to-neutral pH, that is, in conditions resembling
those present in the early secretory pathway. Here we provide further evidence
for the relevance of these findings by showing that at pH 6.8 RESP18HD inter-
acts also with proinsulin—the physiological insulin precursor found in the
early secretory pathway and the major luminal cargo of pB-cell nascent SGs.
Our light scattering analyses indicate that RESP18HD and proinsulin, but also
insulin, populate nanocondensates ranging in size from 15 to 300 nm and 10e2
to 10e6 molecules. Co-condensation of RESP18HD with proinsulin/insulin
transforms the initial nanocondensates into microcondensates (size >1 pm).
The intrinsic tendency of proinsulin to self-condensate implies that, in the ER,
a chaperoning mechanism must arrest its spontaneous intermolecular conden-
sation to allow for proper intramolecular folding. These data further suggest
that proinsulin is an early driver of insulin SG biogenesis, in a process in which
its co-condensation with RESP18HD participates in their phase separation
from other secretory proteins in transit through the same compartments but
destined to other routes. Through the cytosolic tail of ICA512, proinsulin co-

Pamela L. Toledo, Diego S. Vazquez, and Alejo R. Gianotti contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Protein Science published by Wiley Periodicals LLC on behalf of The Protein Society.

Protein Science. 2023;32:e4649.
https://doi.org/10.1002/pro.4649

wileyonlinelibrary.com/journal/pro 10f19


https://orcid.org/0000-0002-1754-4202
mailto:michele.solimena@tu-dresden.de
mailto:ermacora@unq.edu.ar
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pro
https://doi.org/10.1002/pro.4649
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpro.4649&domain=pdf&date_stamp=2023-05-22

TOLEDO ET AL.

20f19 PROTEIN
2000 | WILEY-49) e

and nascent SGs.
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1 | INTRODUCTION

Receptor-type protein-tyrosine phosphatases (RPTPs) are
multidomain, transmembrane proteins involved in sig-
naling pathways (Andersen et al., 2001). ICA512 (also
known as IA-2, PTP35, or PTPRN) and phogrin (also
known as IA-2p, IAR, ICAAR, or PTPRN2) are R8 sub-
type RPTPs expressed in peptide-secreting endocrine cells
and neurons, where they are enriched in the membrane
of secretory granules (SGs) and large dense-core vesicles,
respectively (Wasmeier and Hutton, 1996; Solimena
et al., 1996). Both proteins are involved in the biogenesis
and turnover of insulin SGs in pancreatic islet p cells
(Dirkx Jr and Solimena, 2012; Rohli et al., 2022; Liu
et al., 2021; Omar-Hmeadi and Idevall-Hagren, 2021),
and their depletion, either alone or in combination,
strongly reduces insulin SG stores (Henquin et al., 2008).
ICA512 and phogrin multidomain architecture is com-
plex. They have a large N-terminal luminal segment, a
single-pass transmembrane region, and a cytoplasmic
segment (Figure 1). One of the domains in the N-
terminal segment includes a region similar to Regulated
endocrine-specific protein 18 (Resp 18).

Like ICA512 and phogrin, Respl8 is expressed solely
in peptide-secreting endocrine cells, and its expression is
up-regulated in conditions stimulating SG biogenesis
(Zhang et al., 2007). The homologous region of ICA512
and phogrin was named “Respl8 homology domain”
(RESP18HD). We identified ICA512 RESP18HD as a
potential factor for protein SG luminal cargoes condensa-
tion and inhibition of amyloidogenesis acting early in the
secretory pathway (Torkko et al., 2015; Sosa et al., 2016;
Toledo et al., 2019).

Insulin biosynthesis involves elaborated processing,
oxidative folding, and biomolecular condensation across
multiple cellular compartments (Liu et al., 2021; Kuliawat
and Arvan, 1994; Dodson and Steiner, 1998; Liu
et al., 2018; Vasiljevi¢ et al., 2020; Vazquez et al., 2022).
Insulin precursor, preproinsulin, synthesized in the endo-
plasmic reticulum (ER), is a single chain consisting from
N- to C-terminus of a signal sequence followed by the B
chain, the excised C-peptide, and the A chain of insulin.
In the ER, after the signal sequence processing, proinsulin

condensation with RESP18HD may further orchestrate the recruitment of cyto-
solic factors involved in membrane budding and fission of transport vesicles

insulin, mesoscopic clusters, nanocondensates, proinsulin, protein secretion, protein sorting,
protein tyrosine phosphatase, protein-protein interactions, secretory granule biogenesis,
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FIGURE 1 ICA512 domain layout and RESP18HD sequence.
(a) The SG luminal segment of ICA512 (UniProtKB Q16849)
comprises residues 1-575 and includes a signal peptide (SP), the
NTF, and the MPE. The transmembrane domain (TM) comprises
residues 576-600. The cytoplasmic region, residues 601-979, is
made of the juxtamembrane intracellular domain (IC) and the
cytoplasmic cleaved fragment (CCF). Most of the cytoplasmic
cleaved fragment corresponds to the pseudo-phosphatase
(catalytically inactive) domain (PTP), from which the entire protein
is named. Scissors mark characterized processing sites. Convertase-
mediated cleavage at residue 448 generates the transmembrane
fragment (ICA512 TMF, residues 449-979, corresponding to MPE-
TM-IC), which is transiently inserted into the plasma membrane
upon exocytosis. ICA512 RESP18HD constitutes the N-terminal
portion of ICA512 NTF. (b) Sequence alignment of ICA512
RESP18HD, Resp18 (UniProtKB Q5W5W9), and phogrin
RESP18HD (UniProtKB Q92932). Conserved residues and cysteine
residues are indicated in orange and white, respectively. An ICA512
RESP18HD C-terminal cleavage site between Arg-124 and Asp-125
in ICA512 RESP18HD is indicated with a down arrow. Most of the
IDD accounting for ICA512 RESP18HD condensing activity is the
product of exon-4, which encodes for ICA512 residues 94-126
(underlined). IDD, intrinsically disordered domain; MPE,
membrane-proximal ectodomain; NTF, N-terminal fragment; SG,
secretory granule.
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starts to fold, acquires the correct disulfide bonds, and
forms non-covalent assemblies (Liu et al., 2018; Haataja
et al., 2013). Then, proinsulin and its processing enzymes
are transported through the Golgi to the trans-Golgi net-
work (TGN), where it partitions and sorts into immature
SGs. The above sequence of events, which is rate limiting
for the overall trafficking through the secretory pathway,
is captured in the model called “sorting by aggregation” or
“sorting for entry” to explain the targeting of insulin to
SGs (Liu et al., 2021; Kuliawat and Arvan, 1994; Liu
et al., 2018; Haataja et al., 2013; Arvan and Halban, 2004;
Dikeakos and Reudelhuber, 2007).

The generation of immature SGs is driven by a com-
plex network of interacting proteins and membranes
(Dirkx Jr and Solimena, 2012; Rohli et al.,, 2022; Liu
et al.,, 2021; Omar-Hmeadi and Idevall-Hagren, 2021;
Norris et al., 2021). The depletion of cholesterol, inactiva-
tion of cholesterol carriers, and numerous proteins
involved in lipid metabolism, regulation, and signaling
impact on immature SGs formation (Dirkx Jr and
Solimena, 2012; Rohli et al., 2022). Protein kinase D1,
ADP-ribosylation factor 1 (ARF1), and Arfaptin-1, which
localize to the TGN membrane, also are key players in
immature SG budding. Arfaptin-1, which interacts with
ARF1, contains a BAR-domain believed to impose or
sense curvature on lipid bilayers (Gehart et al., 2012). Bre-
feldin A-sensitive Arf-GEF inhibits insulin granule bio-
genesis and insulin secretion (Li et al, 2014). BAR
domains form 3D structures that modify the geometry of
the membrane, alter its liquid properties, and can pro-
mote membrane budding. Other BAR-containing proteins
found on immature SGs are ICA69 and its interactor
PICK1 (Buffa et al., 2008; Cao et al., 2013), which bind to
lipid molecules, mainly phosphoinositides (Simunovic
et al., 2019; Holst et al., 2013). The type 2 diabetes gene
product STARDI10 is a phosphoinositide-binding protein
that controls insulin SG biogenesis (Carrat et al., 2020).
Similarly, secretogranin III binds cholesterol and associ-
ates with the granule membrane, where it anchors chro-
mogranins A (CGA) and secretogranin II. Conspicuous
cargoes of SGs, carboxypeptidase E (CPE), chromogranins
B (CGB), prohormone convertase 1/3 (PC1/3), prohor-
mone convertase 2 (PC2), also associate to the budding
membrane and may impact the membrane topology,
although the precise mechanism of this association is still
unclear (Rohli et al., 2022 and references therein). In addi-
tion, the prohormone neurosecretory protein VGF is nec-
essary to facilitate efficient exit of granule cargo from the
TGN and proinsulin processing (Stephens et al., 2017).

SG maturation involves biochemical and biophysical
transformations, the most important of which are the
conversion to mature insulin by prohormone convertases
PC1/3, and PC2 luminal acidification, composition
changes, and Zn** flux mediated insulin hexamerization

and crystallization (Liu et al., 2021; Dikeakos and
Reudelhuber, 2007; Paroutis et al.,, 2004; Lemaire
et al., 2009; Suckale and Solimena, 2010; Lisi et al., 2014,
Ramazanov et al., 2021). Initially, in the ER lumen, pro-
insulin is likely to be in a low-aggregation soluble state.
In its journey through the Golgi apparatus, the material
properties of proinsulin change, becoming a condensate.
In the SGs this condensate changes further as proinsulin
is progressively converted into insulin and the immature
SG into a mature SG, with the condensate being now
semicrystalline. After the regulated secretory stimulus,
that is, upon elevation of blood glucose levels, the mature
SG fuse to the plasma membrane to release insulin into
the circulation. In preparation for its hormone function,
secreted insulin changes again its condensation state and
dissolves in the bloodstream into monomers.

Despite several decades of intensive investigation,
many aspects of the SG biogenesis and regulated hormone
secretion are incompletely understood. Particularly, the
molecular mechanisms underlying the selective sorting of
insulin SG cargoes in the pancreatic islet p cells constitute
a matter of lively debate (Kuliawat and Arvan, 1994; Arvan
and Halban, 2004). The crucial steps in the sorting process
occur in the trans-Golgi network (TGN), where the insulin
biosynthetic pathway diverge from that of other proteins,
either resident in the TGN, or in transit through it, but
destined to other routes. A pertinent question is how pro-
insulin is preferentially enriched in these vesicles. Since no
specific receptors have been identified, it is believed that
proinsulin is directed to the nascent vesicles by a bulk-flow
physical mechanism that somehow separate condensed
proteins preferentially from other TGN constituents (Thor
et al., 2009). Further sorting into SGs occurs by processes
termed “sorting by exit” and “sorting by retention,” as
small vesicles budding from the SGs selectively remove
soluble proteins not destined to the regulated pathway.

Growing evidence indicates that SG cargoes conform
a complex, functional, biomolecular condensate
(Dikeakos and Reudelhuber, 2007; Ramazanov
et al., 2021; Bearrows et al., 2019; Parchure et al., 2022).
Common SG residents, such as islet amyloid polypeptide
(IAPP), and CGA and CGB have been found to undergo
in vivo and/or in vitro conformational transitions that
result in biomolecular condensation (Parchure
et al,, 2022; Zhao et al.,, 2009; Horvath and Wittung-
Stafshede, 2016). Likewise, under a variety of conditions,
in vivo and in vitro, insulin forms multimers and nano-
and micro-condensates with different material properties:
liquid condensation, amorphous aggregation, crystalliza-
tion, and fibrillation (Dodson and Steiner, 1998; Lemaire
et al.,, 2009; Nielsen et al.,, 2001; Attri et al.,, 2010;
Wijesekara et al, 2010; Landreh et al, 2012; Xu
et al., 2012; Nilsson, 2016; Dzianova et al., 2020;
Kaissaratos et al.,, 2021; Karmakar et al., 2022; Silva-Jr
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et al., 2022; Asai et al., 2022). CGB undergoes liquid-
liquid phase separation under conditions mimicking
those present in the TGN, where proinsulin was found
organized as dynamic puncta and co-localized with PC2.
Accordingly, CGB and proinsulin co-condensed in vitro
(Bearrows et al., 2019; Parchure et al., 2022). In turn,
CPE, PC1/3, and PC2 were shown to aggregate and asso-
ciate with lipid rafts in the granule membrane and might
serve as membrane binding sites for cargo condensates
(Rohli et al., 2022; Blazquez et al., 2000; Arnaoutova
et al., 2003; Assadi et al., 2004; Zhang et al., 2003; Lee
and Lindberg, 2008).

The avalanche of studies in recent years underscores
the central role of biomolecular condensates in
membrane-free subcellular compartmentalization that
permits the spatiotemporal organization and regulation
of myriads of simultaneous biochemical reactions and
macromolecular interactions. These studies have also
shown that biomolecular condensation, driven by multi-
valent intermolecular interactions, is mediated by order—
disorder transitions of protein conformation and by pro-
tein domain architecture. Conceptually, protein conden-
sation is a distinct level in the protein conformational
landscape in which collective folding of large collections
of molecules takes place. Biomolecular condensates arise
by the physical process of phase separation and comprise
a variety of bodies ranging from membrane free
organelle-like entities to liquid condensates to solid-like
conglomerates. These condensates span a range of
lengths from mesoscopic clusters (or nanocondensates) to
larger  micrometer-sized  microcondensed  bodies
(Vazquez et al., 2022). In a previous work, we reported
that ICA512 RESP1S8HD co-aggregates with insulin
(Toledo et al., 2019). Here, we studied in more detail bio-
chemical and biophysical aspects of the in vitro co-
condensation of RESP18HD, insulin, and proinsulin and
found more evidence in support of their hypothesized
physiological significance in SG biogenesis.

RESPHD124
RESPHD124 + insulin
P S P S
1 2 3 4
kDa
26 —
17 —

10— —; >§
* ’

FIGURE 2

2 | RESULTS

2.1 | Definitions and clarifications

In this work, we use the term “condensate” to describe
the nonstoichiometric and non-covalent assembly of pro-
tein molecules. This definition makes no assumption
about the material properties of the condensates. In the
same sense, we define “condensation” as the process by
which the condensates form. In previous works, we
reported  the  insulin-condensing  activity = of
RESP18HD131 (Toledo et al., 2019). Here, we study the
condensing activity of a seven-residue-shorter variant,
RESP18HD124, not only toward insulin, but also proinsu-
lin. We focus on RESP18HD124 because it has better sol-
ubility than RESP18HDI131 and was identified as a
potential product of the stimulated secretion-coupled pro-
cessing of ICA512 in cells (Toledo et al., 2019). On the
other hand, the insulin-precursor proinsulin is a main
focus of this study, since its condensation in the TGN
may be important for the assembly and budding of imma-
ture SGs (Parchure et al., 2022).

2.2 | Co-condensation of RESP18HD124
with insulin or proinsulin monitored by
SDS-PAGE

Typically, the condensation reaction of RESP18HD124
with insulin or proinsulin was conducted incubating or
co-incubating 2 pM RESP18HD124 and 8 pM insulin/
proinsulin at pH 6.8 (see Section 4). Pellets and super-
natants isolated from the incubates by centrifugation
were analyzed by SDS-PAGE. Insulin or proinsulin
incubated in the absence of RESP18HD124 were recov-
ered exclusively from the supernatants (Figure 2, lanes
5, 6, 9, and 10), which suggests that insulin and proin-
sulin were free of readily sedimentable condensates

RESPHD124
insulin  + proinsulin  proinsulin
P S P S P S
6 7 8 9 10
-— —-— —

Co-condensation of RESP18HD124 and insulin/proinsulin monitored by SDS-PAGE and Coomassie-blue staining. Proteins

were incubated or co-incubated at 20°C and pH 6.8. Pellets (P) and supernatants (S) separated by centrifugation from the incubates were

TCA-precipitated and quantitatively loaded into the SDS-PAGE lanes. Arrowheads and asterisks indicate the electrophoretic mobility of

RESP18HD124 and insulin/proinsulin, respectively.
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(10,000 x g cut-off). Contrastingly, RESP18HD124 incu-
bated alone appeared in both fractions but mainly in
the supernatant (Figure 2, lanes 1 and 2), which sug-
gests that it consisted of a mixture of sedimentable and
nonsedimentable condensates. In addition to the
expected 10.2 kDa band corresponding to
RESP18HD124, the gels showed the presence of weak
bands in the 15-30kDa range. These bands were
assigned to products of degradative oligomerization of
RESP18HD124, which, as reported before, accumulate
during incubation and resist the reduction performed in
the preparation of the SDS-PAGE samples (Toledo
et al.,, 2019). When co-incubated, RESP18HD124 and
insulin localized almost quantitatively to the pellet
(Figure 2, lanes 3 and 4). In contrast, in co-incubates of
RESP18HD124 and proinsulin, the first localized pre-
dominantly in the pellet and the second localized
largely in the supernatant (Figure 2, lanes 7 and 8).
Since the electrophoretic mobility of RESP18HD124 and
proinsulin were similar, their resolution was difficult.
However, HPLC analysis of the incubated confirmed
that about 10% of the proinsulin localized in the
pellet along with RESP18HD124 (Figure S1). All
together, these co-incubation experiments suggest that
RESP18HD124 possesses a strong condensing activity
toward insulin and that this activity is weaker toward
proinsulin. In addition, these experiments confirmed
and extended our previous reports on the condensing
activity of RESP18HD131 and RESPISHD90 (see
Figure S2 and Toledo et al., 2019).

2.3 | Co-condensation of RESP18HD124
with insulin or proinsulin monitored by
scattered light

The co-condensation of RESP18HD with insulin and pro-
insulin at 20°C and pH 6.8 was additionally shown by an
increment of scattered light, which facilitated assessment
of the reaction by monitoring the apparent absorbance of
the samples (Figure 3). When insulin and proinsulin
were incubated alone, these did not condense in the time
frame of the assay, while RESP18HD124 showed a slow
self-condensation. In contrast, co-incubation of
RESP18HD124 with either insulin or proinsulin consider-
ably accelerated condensation. These results showed that
RESP18HD124 behaves similarly to RESP18HD131 in the
co-condensation with insulin (Toledo et al., 2019) and
that, in addition, co-condensates with proinsulin. These
co-condensation experiments were conducted also at
37°C. The rate of the reaction increased with tempera-
ture, but otherwise the overall result was similar (data
not shown).

0.15-
- 0.10-
9]
c
©
.
o
%)
<
0.05-
0.00-
0 5 10 15
Time (min)
FIGURE 3 Co-condensation of RESP18HD124 with insulin or

proinsulin. The reaction was monitored by light scattering
(apparent absorbance at 400 nm). RESP18HD124 (2 pM), insulin
(8 pM), and proinsulin (8 pM) were incubated or co-incubated at
20°C and pH 6.8. Averages of three independent experiments are
shown.

2.4 | Dithiothreitol-driven condensing
activity of RESP18HD124

We hypothesized that the conformational destabilization
of insulin and proinsulin would accelerate the co-
condensation with RESP18HD124. Dithiothreitol (DTT)
is a convenient reagent to test this hypothesis because it
destabilizes insulin and proinsulin by reducing their
disulfide bridges. Indeed, DTT-driven condensation has
been used before to characterize the insulin thiol-
disulfide = exchanging  activity = of  thioredoxin
(Holmgren, 1979; Heuck and Wolosiuk, 1997; Yokochi
et al.,, 2019), to evaluate the chaperoning activity of of
crystallin on insulin and lysozyme (Ghahramani
et al., 2020), and in several other studies. Therefore, we
modified our reaction protocol including a larger excess
of insulin or proinsulin (100 pM) over RESP18HD124
(8 pM) and 1 mM DTT.

The co-condensing activity of RESP18HD124 under
the conditions of the modified assay in the time of the
experiment is shown in Figure 4. The scattered light from
insulin and proinsulin samples was negligible and con-
stant, which indicates that 1 mM DTT does not induce sig-
nificant condensation of these molecules in the absence of
RESP18HD124. When incubated alone, with and without
DTT, RESP18HD124 displayed similar, low-amplitude sat-
uration curves. This indicates that the pH shift from 4.5
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FIGURE 4 DTT driven co-condensation of insulin and
proinsulin. The reaction protocol of Figure 3 was modified as to
include a large excess of insulin or proinsulin (100 uM) over
RESP18HD (8 pM) and 1 mM DTT in the reaction medium.
Averages of three independent experiments are shown. DTT,
dithiothreitol.

(RESP18HD124 storage condition) to 6.8 (condensation
assay condition) is sufficient to induce a change in the
aggregation status of RESP18HD124. When co-incubated
with RESP18HD124 in the absence of DTT, insulin and
proinsulin displayed saturation curves with large ampli-
tudes and were close to completion in the dead time of
mixing. In the presence of DTT, co-incubates of
RESP18HD124 with insulin or proinsulin displayed reac-
tion curves that at short times were similar to those in the
absence of DTT, but at longer times increased continu-
ously without reaching a plateau. Altogether the above
results suggest that RESP18HD124 is a potent inducer of
the co-condensation reaction for both insulin and proinsu-
lin, and that this activity does not depend on the redox sta-
tus of the reactants. However, the reaction course in the
presence of DTT suggests that the reduced reactants are
better substrates for co-condensation.

The free thiols of RESP18HD are highly reactive and
participate in thiol-disulfide exchange reactions (Sosa
et al., 2016), and therefore we suspected that they might
have a thioredoxin-like, thiol-disulfide oxidoreductase
activity accompanied by insulin/proinsulin aggregation
and light scattering increase (Holmgren, 1979) (Figure 5;
Boxes S1 and S2). To test whether a thiol-disulfide
exchange reaction involving RESP18HD cysteine residues
have an impact in the co-condensation with insulin/

2.5-
2.0-
3
c 1.5-
©
=
?
Q 1.0-
<
0.5-
RESP18HD124-NEM + insulin
(f 7 | Insulin + DTT
0.0- :
0 10 20 30 40 50
Time (min)
FIGURE 5 DTT-driven condensation of insulin and

RESP18HD-NEM. RESP18HD124-NEM is a variant of
RESP18HD124 fully S-alkylated with N-ethylmaleimide. The
reaction conditions were the same as in Figure 4. The well-known
reaction between insulin, TRX, and DTT was included as a control
(see the main text). Averages of three independent experiments are
shown. DTT, dithiothreitol; TRX, thioredoxin.

proinsulin we prepared several cysteine point mutants.
However, the negative effect of the mutations on the
expression and solubility of RESP18HD made it impossi-
ble to carry out the co-condensation assays. Instead, we
performed the reaction with RESP18HD124-NEM, a var-
iant of RESP18HD124 fully S-alkylated with N-ethylma-
leimide. As shown in Figure 5, RESP18HD124-NEM in
the presence of DTT induced the co-condensation of
insulin. However, the reaction was slower and of less
amplitude than that of unmodified RESP18HD124. This
result confirms that the presence of free thiol groups is
not essential for the co-condensing activity of
RESP18HD124. An explanation for the kinetic difference
could be that blocking the thiol groups of RESP18HD124
with NEM causes a conformational change that slowed
the rate of the co-condensation reaction.

2.5 | The co-condensation of
RESP18HD124 with insulin or proinsulin
involves nanocondensates

Protein nanocondensates—also named mesoscopic
clusters—are metastable bodies typically with sizes up to a
few hundred of nanometers and 10°-10° molecules
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(Vazquez et al., 2022). Nanocondensates are deemed
important precursors in nucleation processes, such as
aggregation, liquid-liquid phase separation, fibrillation,
and crystallization, that characterize many physiological
and pathological conditions (Choi et al., 2020; Wiihr
et al.,, 2022). Nanocondensates of insulin have been
observed before (Xu et al., 2012; Kaissaratos et al., 2021;
Orci et al., 1987), and we previously reported the forma-
tion of nanocondensates of RESP18HD131 (Sosa
et al., 2016; Toledo et al., 2019).

DLS analysis of RESP18HD124 stock solutions at
pH 4.5 (Figures 6 and S3) revealed a broad intensity

30- 0min B RESP18HD124 pH 4.5
20 -
O L rrm L ronm Ill rnnm T rornnm L rrrm
10 100 1000 10000
30- 50 min B RESP18HD124 pH 4.5
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—~ 0 =l - mill
o T 1 Lrnnnm T rrnnm 1 Trnnnm T rrnnnm
S 10 100 1000 10000
>
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0 T nrnnnmm 1 Lrnnnm T rrnmnm 1 prnnm T nrnnnm
10 100 1000 10000
30~ 50 min RESP18HD124 pH 6.8
20 -
10-
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Size (nm)

FIGURE 6 DLS size distribution of RESP18HD124.
Measurements at pH 4.5 correspond to the condition of
RESP18HD124 storage. Measurements at pH 6.8 correspond to the
condensation assay condition and incubation times of Figure 3.
Twelve or more replicates for each sample were automatically
processed by the Zetasizer's software. Averages of two or more,
independent experiments are shown.
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distribution peak compatible with an average particle size
of 60nm in diameter, which remained essentially
unchanged after a 50-min incubation with or without
DTT. Based on particle diameter, molecular mass, specific
volume, and assumed volume fraction, we conclude that
at pH 4.5, and before the co-condensation reactions,
RESP18HD124 populates a nanocondensate of roughly
3 x 10° molecules. Upon dilution into the initial conden-
sation assay conditions, that is, pH 6.8 and without DTT,
the DLS analysis of RESP18HD124 evidenced an average
particle of ~1500 nm in diameter (4 x 10’ molecules),
which increased to ~3000 nm (4 x 10® molecules) after a
50-min incubation (Figure 6). With the addition of DTT, at
pH 6.8, the average particle diameters of RESP18HD124 at
time zero and 50 min were ~1000 and 1500 nm (1 x 10’
and 4 x 10’ molecules), respectively (Figure S3).

Insulin incubated at pH 6.8, with or without DTT,
exhibited a DLS profile consistent with monomeric, olig-
omeric, and nanocondensate insulin (Figures 7 and S4).
The size distribution was in general agreement with pre-
vious measurements in the literature (Xu et al., 2012;
Kaissaratos et al., 2021; Silva-Jr et al., 2022). However, in
our analysis, the 2 nm peak corresponding to the mono-
meric fraction was overshadowed by buffer components.
It is to be noted that without DTT the nanocondensates
of insulin were 100-300 nm in diameter (2 x 10*-6 x 10°
molecules) at the beginning of the incubation and
decreased to 15-60 nm (10°-4 x 10° molecules) after
50 min (Figure 7). With DTT, nanocondensates of insulin
were initially larger (100-500 nm), but also decreased in
size after the incubation (60-300 nm) (Figure S4). The
effect of DTT on the size of the condensates likely reflects
conformational changes underwent by insulin upon par-
tial reduction of its disulfide bridges.

The initial size distribution of co-incubates of insulin
and RESP18HD124 at pH 6.8 without DTT evidenced
broadly-distributed DLS peaks in the range of 600-
5000 nm. After a 50 min incubation the initial distribu-
tion collapsed to two narrow peaks centered at 800 and
2000 nm (Figure 7). The cognate experiment in the pres-
ence of DTT evidenced initial and final monomodal dis-
tributions centered at 1500 nm (Figure S4). Importantly,
the DLS peaks corresponding to those of insulin incu-
bated alone were undetected in the co-incubates of insu-
lin and RESP18HD124. Although the possibility that the
co-incubation may have resulted in similarly-sized but
separate nanocondensates of RESP18HD124 and insulin
cannot be excluded, we favor a simpler explanation, pos-
ing that co-incubation promoted the formation of hetero
nanocondensates including both proteins in the same
particle. In addition, the increment in size of the nano-
condensates upon co-incubation of insulin and
RESP18HD124 provided an explanation for the
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FIGURE 7 DLS analysis of insulin and co-incubates of

RESP18HD124 and insulin. Samples were incubated at pH 6.8, the
condensation assay condition. Twelve or more replicates for each
sample were automatically processed by the Zetasizer's software.
Averages of two or more, independent experiments are shown.
DLS, dynamic light scattering.

increment of scattered light that facilitated assessment of
the reaction by monitoring the apparent absorbance of
the samples (Figures 3 and 4). Indeed, the size of the co-
condensates resulting from the co-incubation reaction is
more characteristic of typical microscopic aggregates
than of nanocondensates.

Proinsulin, incubated alone at the initial and final
conditions of the condensation assay, and with or with-
out DTT, exhibited size distributions similar to those of
insulin (Figures 8 and S5). The behavior of proinsulin co-
incubates with RESP18HD124 was also similar to that of
insulin. Without DTT, a single broad peak ranging 600-
3000 nm (3 x 10°-3 x 10®° molecules) was detected,

which narrowed to 1000-2000 nm (1 x 10’-1 x 10® mol-
ecules) after the 50 min incubation (Figure 8). In the
presence of DTT and at the time of mixing, the distribu-
tion was broader and larger (400-5000 nm; 9 x 10°-
1 x 10° molecules; Figure S5). Like in the case of the
insulin co-aggregation, the peaks corresponding to those
of proinsulin incubated alone were absent in the co-
incubates with RESP18HD124, which we interpret as an
indication that a substantial fraction of proinsulin is
included in the co-condensates. Taken together, the DLS
and SDS-PAGE results of co-incubation of
RESP18HD124 with proinsulin or insulin suggest that
these molecules interact in physiologically relevant solu-
tion conditions. Such interaction involves nanoconden-
sates that evolve into larger microscopic aggregates.

The biogenesis of SGs starts in the ER with the syn-
thesis of proinsulin, progresses through the Golgi appara-
tus, and ends with mature SGs scattered throughout the
cytoplasm. In the journey, the luminal pH of these sub-
cellular compartments decreases from the close-to-
neutral values in the ER and the cis-Golgi, to more acidic
in the TGN and finally to 5.5 in the mature SG. Also,
Ca*" and Zn*" concentrations change in opposite ways
along these compartments (Paroutis et al., 2004;
Dzianova et al., 2020; Orci et al., 1987; Kambe
et al., 2021). To assess the effects of pH, and Ca®" and
Zn** concentrations, the DLS measurements were per-
formed at pH 7.3, 6.3, and 5.4, and with or without
100 pM Zn*" or 100 pM Ca*' (Figures 9 and 10). The
results were similar to those reported above for pH 6.8,
suggesting that proinsulin intrinsic tendency to form
nanocondensates is not significantly altered by the pH
and Zn*" or Ca*" changes along the pathway leading to
the mature SG. However, the population of nanoconden-
sates was significantly higher at pH 5.4, with and without
the cations, suggesting that in the mature granule the for-
mation of proinsulin nanocondensates is exacerbated.

2.6 | Sequence, conformation, and
condensation propensity

To get additional insight into the mechanism of the
observed co-condensation phenomena, we scrutinized six
current phase-separation databases (see Section 4)
searching for information on human pro/insulin, and
ICA512/IA-2/PTPRN. We found no report of condensing
properties for these proteins.

Conformational disorder is a strong determinant of
protein condensation, and most protein engaging in it
contain intrinsically disordered domains (IDDs)
(Vazquez et al., 2022). The NMR proinsulin structure and
the AlphaFold model of RESP18HD exhibit regions that
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FIGURE 8 DLS analysis of proinsulin and

RESP18HD124 + proinsulin. Samples were incubated at pH 6.8, in
the condensation assay conditions. Twelve or more replicates for
each sample were automatically processed by the Zetasizer's
software. Averages of two or more, independent experiments are
shown. DLS, dynamic light scattering.

can be disordered in solution, namely the C-peptide resi-
dues 33-63 of proinsulin and residues 118-124 of
RESP18HD124 (PDB ID: 2kqgp; AF-Q16849 (Jumper
et al., 2021), Figures S6 and S7). It is noteworthy that in
the AlphaFold model of ICA512, residues 118-450 are
mostly disordered, and therefore the potential condensa-
tion activity of this receptor might involve not only
RESP18HD but most of the ICA512 N-terminal fragment
(NTF) (see Figure 1). The inference from the structural
models was consistent with sequence-based disorder pre-
dictions, which indicate that ICA512 NTF residues 112-
173, 289-329, and 393-439 and the C-peptide residues
38-52 of proinsulin are disordered (Box S3) (Xue

et al., 2010). In addition, RESP18HD residues 112-127
are characterized as low-complexity and compositionally-
biased sequences, which may have a bearing in conden-
sation reactions (Necci et al., 2020).

It is also known that certain sequence patterns are
indicative of the propensity to form condensates. We
applied seven sequence-based predictive methods (see
Section 4) to relate our findings to the conceptual frame-
work of phase separation.

The first predictor, FuzDrop, is based in the high con-
formational entropy that many proteins exhibit upon
binding, which can be predicted from the amino acid
sequence (Hardenberg et al., 2020). FuzDrop identified
residues 116-131 of RESP18HD as likely promoters of
condensation. Interestingly, it also predicted several con-
densing sequences starting at residue 116 of the ICA512
NTF as strong inducers of condensation. On the other
hand, proinsulin scored negative with FuzDrop.

The second predictor, GraPES (Kuechler et al., 2022),
was originally developed to target stress-granule constitu-
ents, but it also showed predictive power for proteins that
localize into other biological condensates. The method
was parameterized using protein abundance, protein
intrinsic disorder, annotated phosphorylation sites, n—=
contacts, intrinsic solubility, protein hydrophobicity, RNA
interaction potential, and composition of amino acids to
predict localization into biological condensates. The pre-
dictor was optimized with sequences longer than 140 resi-
dues, thus it cannot be used to analyze RESP18HD or
proinsulin as such. Instead, we applied it to the analysis of
the entire ICA512 NTF region, which includes the
RESP18HD domain (Figure 1). The overall GraPES score
indicates that ICA512 NTF has a low probability of being
included in a biological condensate. However, several pre-
dicted features of ICA512 NTF are frequently associated to
condensation propensity, namely, a high percentage of dis-
ordered residues, the amount of potential n—x contacts, a
high potential of RNA interaction, and a high percentage
of isoleucine and phenylalanine residues.

The third predictor, PSPer, aims to identify FUS-like
phase separating proteins, which contain prion-like
domains, RNA-recognition motifs, and disordered, argi-
nine rich regions (Orlando et al., 2019). PSPer classified
ICA512 NTF as a non-phase-separating sequence and
rejected for being too short the proinsulin sequence.

The fourth algorithm, catGRANULE (Bolognesi
et al., 2016), was trained on the yeast proteome using
sequence composition statistics and weighting residues
by expected contribution to structural disorder, nucleic
acid-binding propensity, sequence length, and the fre-
quencies of arginine, glycine, and phenylalanine. Applied
to other proteomes, it gave a distribution of condensing
scores. Applied to the entire ICA512 NTF, it showed a
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concentrations were 20 pM and 100 pM, respectively. Twelve or more replicates for each sample were automatically processed by the

Zetasizer's software. Averages of two or more, independent experiments are shown. DLS, dynamic light scattering.

propensity score that indicates granule formation propen-
sity based on RNA binding capability and structural dis-
ordered propensities as well as amino acid patterns and
polypeptide length. However, it is difficult to conclude
that the RESP18HD124 section retains the condensation
propensity of the whole ICA512 NTF. On the other hand,
proinsulin showed a score indicative of low granule for-
mation propensity.

The fifth predictor, PLAAC (Lancaster et al., 2014),
searches protein sequences to identify probable prion sub-
sequences using a hidden-Markov model (HMM) algo-
rithm. Prion-like sequences have distinct features of
amino acid composition such as Q/N abundance. Regard-
ing ICA512 NTF, PLAAC predicted a prion-like subse-
quence spanning residues 102-143, which includes the C-
terminal residues of RESP18HD. Neither RESP18HD itself
nor proinsulin showed prion-like subsequences in this
analysis.

The sixth predictor, DeePhase (Saar et al., 2021), was
developed extracting biophysical and sequence-specific

features of phase-separating proteins, combining them
with neural network-based sequence embeddings, and
training machine-learning classifiers. Full-length ICA512
NTF was predicted to phase separate by DeePhase, but
the RESP18HD131 subsequence and proinsulin scored
negative.

The seventh method, PSPredictor (Chu et al., 2022), is
a sequence-based machine learning condensate predic-
tion tool based on data from LLPSDB (see Section 4).
When applied to ICA512 NTF, PSPredictor gave a posi-
tive result, but scored negative with the RESP18HD sub-
sequence and proinsulin.

In summary, most predictive methods identified
sequence patterns indicative of condensation propensity
in the ICA512 NTF, but the included RESP18HD subse-
quence was spotted only in two of them. The more likely
explanation for this result is that the C-terminus of
RESP18HD is part of a larger condensing region down-
stream ICA512 NTF. On the other hand, proinsulin and
insulin sequences scored negative for condensation
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Samples were incubated at the indicated pHs. Proinsulin and Ca*"
concentrations were 20 pM and 100 pM, respectively. Twelve or
more replicates for each sample were automatically processed by
the Zetasizer's software. Averages of two or more, independent
experiments are shown. DLS, dynamic light scattering.

propensity. Neither RESP18HD nor proinsulin exhibited
sequence patterns obviously related to typical condensing
proteins. However, RESP18HD did exhibit a modest
enrichment in Q/N and R residues reminiscent of prion-
like and RNA condensing proteins.

The computational sequence analysis and 3D model
inspection indicated that residues 110-131 of
RESP18HD18 are disordered. Since disorder is a strong
determinant of protein condensation, we aimed to con-
firm that those residues are implicated in the insulin con-
densing reaction. To that end, synthetic peptides
RESP18HD91-109, RESP18HD110-131, and scrambled
RESP18HD110-131 were designed and subjected to the
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condensation assay monitored by light scattering. The
experiments with synthetic peptides allowed us to narrow
the sequence of RESP18HD involved in condensation
down to residues 91-109 MSQGLSWHDDLTQYVISQE
(see Figure S8 and Box S3). Importantly, the sequence of
these peptides does not contain cysteine residues, which
independently confirms that the condensation reaction
does not depend on the redox status of RESP18HD18 cys-
teine residues.

3 | DISCUSSION

In this work, we investigated in vitro interactions
between insulin, proinsulin, and RESP18HD, potentially
important for the biogenesis of SGs in cells. The first key
finding was that, under conditions that mimic those
along the secretory pathway, the three proteins self-
associate and form nanocondensates. At the time of this
investigation, the capacity of insulin to assemble and
populate nanocondensates at neutral pH in vitro was well
known (Dodson and Steiner, 1998; Pekar and
Frank, 1972; Nielsen et al., 2001; Attri et al., 2010;
Wijesekara et al, 2010; Landreh et al, 2012; Xu
et al., 2012; Nilsson, 2016; Dzianova et al., 2020;
Kaissaratos et al., 2021; Karmakar et al., 2022; Silva-Jr
et al., 2022; Jonassen et al., 2012), but proinsulin had
been much less studied in this regard (Pekar and
Frank, 1972). On the other hand, in previous works, we
had presented evidence of the self-condensation of
RESP18HD (Sosa et al., 2016; Toledo et al., 2019). Nano-
condensates are considered precursors of larger, micro-
scopic condensates and come in a variety of material
states, including liquid droplets, gels, amorphous aggre-
gates, fibers, and semicrystalline materials (Vazquez
et al., 2022). In contrast with microscopic condensates—
which are sedimentable by moderate centrifugal forces
and observable by conventional microscopy—
nanocondensates are only detectable in light scattering
experiments. This distinction is important because nano-
condensates can easily go unnoticed in vivo, appearing to
be fully soluble molecular assemblies.

It is also worth to mention that all the experiments in
the present work were performed with untagged proteins.
Although it is frequently unavoidable, the use of tags to
study protein condensation can be misleading. For
instance, in typical experiments, the target molecule is
fused to a fluorescent tag protein, and if the fusion pro-
tein phase separates but the fluorescent tag protein does
not, this is taken as evidence of condensation of the tar-
get. However, there can be several alternative explana-
tions for such a result. A simple but important one is
that—given that all proteins eventually condense under

85U8017 SUOWWOD BAIERID 3(dedl|dde auy Aq peusenob a1e sejoie O ‘8sn J0 3|l 10y Akeid)8ul|uQ AB|IM UO (SUOIPUOD-PUR-SULIBI WD A8 1M Akeq Ul |Uo//Sciy) SUOIPUOD pUe Swie | 8y} 89S *[Z02/20/ST] Uo ARiqiauliuo A8|im ‘ssuoieBiisenu| ap [euoiieN obsuod 130INOD Aq 679%°0.1d/Z00T 0T/1I0p/woo" A3 1M Aeiq 1 puljuo//:Sdny Wouy pepeojumoq ‘9 ‘€202 ‘X96869T



TOLEDO ET AL.

12 of 19 PROTEIN
2ot | WILE Y49 e

appropriate conditions (Vazquez et al., 2022)—the
increase in size brought about by the fusion can convert
a non-condensing condition into a condensing one for a
given target. The tag-free approach taken in this work
allowed us to assess the intrinsic condensation propensity
of unmodified insulin/proinsulin and RESP18HD, and
thus possible artifacts due to the influence of extrinsic
tags were avoided. Unless yet unidentified opposite forces
are at work in vivo, the intrinsic tendency of pro/insulin
and RESP18HD toward condensation should prevail dur-
ing the biogenesis of SGs.

Our observation of proinsulin self-condensation pro-
vides new insights into several molecular aspects of the SG
biogenesis. In the ER, after signal peptide cleavage, proin-
sulin folds oxidatively into its native state. At this stage,
intermolecular condensation might interfere with intramo-
lecular folding. This implies that the chaperoning machin-
ery might counteract condensation by keeping proinsulin
in a monomeric, folding-competent state (Liu et al., 2021;
Liu et al., 2018; Haataja et al., 2013). In the cis-Golgi, free
of the ER chaperoning system and at pH slightly below
7.0, the tendency of proinsulin to condense should prevail,
resulting in dimers, hexamers, and high-order self-conden-
sates. In the trans-Golgi, at pH slightly above 6.0, proinsu-
lin and other protein cargoes somehow induce membrane
curvature, budding, and the generation of immature gran-
ules (Nesterov et al., 2021). Initially, it was thought that
sorting to immature SGs was mediated by cargo-specific
receptors. However, these receptors have not been identi-
fied and the idea is being progressively abandoned. In its
place, phase separation of condensed proteins has been
proposed to promote nonspecifically membrane budding
and therefore the assembly of immature SGs. When
anchored to a budding membrane, condensed proteins
may exert forces that are capable of generating a high
degree of membrane curvature (Parchure et al.,, 2022;
Nesterov et al., 2021; Day et al, 2021; Kozlov and
Taraska, 2023; Schiano Lomoriello et al., 2022; Floris
et al., 2022). It has also been suggested that CGB plays a
central role as a condensing scaffold to recruit proinsulin
and other granule cargoes as clients at the trans-Golgi step.
The findings of CGB and proinsulin organized as punctate,
condensate-like structures in the Golgi apparatus and of
electron-dense material budding from the Golgi stack of
mouse islets give support to the notion that proinsulin and
CGB undergo co-condensation in this compartment
(Ramazanov et al., 2021; Parchure et al., 2022). Based in
our observation of in vitro spontaneous self-condensation
of proinsulin, we hypothesize that, in vivo, this molecule
may condense on its own and might itself be a significant
driver of granule biosynthesis. In such character, proinsu-
lin might engage into co-condensation with other granule
cargoes, blurring the distinction between clients and

scaffold components of the immature SG. Since the proin-
sulin condensation capacity is rooted in its intrinsic bio-
physical properties, it may condense in vivo independently
of other cargo molecules, and thus explain the granulogen-
esis resilience to the lack of CGB (Rohli et al., 2022;
Bearrows et al., 2019; Parchure et al., 2022).

A second key finding of our work was that, in vitro,
proinsulin co-condenses with RESP18HD. The significance
of this finding is twofold. First, since RESP18HD is a
domain of the transmembrane protein ICA512, it provides
a physical link between the luminal proinsulin conden-
sate, the budding membrane, and the cytoplasm. Second,
it adds ICA512 to a growing list of granular proteins that
may co-condense during granulogenesis, suggesting that
ICA512 RESP18HD and its protein luminal regions in
overall may be part of a complex phase-separating system
operating in cargo protein sorting and proteolytic proces-
sing events. The potential physical connection between
the transmembrane receptor ICA512 and proinsulin nano-
condensates fits well into current biophysical models in
which membrane-anchored IDDs play a key control role
inducing the phase separation of themselves and of other
proteins on the membrane surface (Nesterov et al., 2021;
Mitchison, 2020). These models are based on that the
interaction with disordered proteins modulates membrane
properties, the contact with condensates causes membrane
remodeling, and the interaction between lipid domains
and protein condensates can be reconstituted in vitro (Lee
et al., 2019; Fakhree et al., 2019; Rey et al., 2020). In addi-
tion, the physical connection may be important to orches-
trate the numerous processes involved in granulogenesis,
particularly the recruitment of cytosolic factors involved in
membrane budding and fission, and the potential ability of
ICA512/IA-2 and phogrin/TA2 to modify the composition
and/or accessibility of phosphoinositides (e.g., PI4P) in the
membranes of the TGN and budding immature SGs. Con-
firmed so far, the list of proteins that may co-condense
during granulogenesis includes proinsulin, insulin, CGB,
and PC2, but it is likely to grow by including several
others: PC1/3, CPE, CGA, VGF, phogrin, secretogranins,
and amylin (Dirkx Jr and Solimena, 2012; Rohli
et al., 2022; Toledo et al., 2019; Parchure et al., 2022;
Rindler, 1998). What is common to these proteins is the
content of IDDs, the tendency to condense, and the capac-
ity to interact, directly or indirectly, with membranes.

A third key finding of our work regarded to the mate-
rial properties of the insulin/proinsulin and RESP18HD
condensates. Our DLS experiments show that in
physiological-resembling conditions, that is, in the pH
range of 7.3-5.4 and with or without micromolar concen-
trations of Zn®", these proteins populate molecular
assemblies ranging in size from 15 to 300 nm, equivalent
to 10°-10° molecules. These molecular condensates fall
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into the definition of mesoscopic clusters or
“nanocondensates,” a class of condensates that is attract-
ing growing interest for its involvement in nucleation
processes such as aggregation, liquid-liquid phase sepa-
ration, fibrillation, and crystallization. In this regard,
nanocondensates are distinct from typical “microconden-
sates” which are in the realm of the micron scale
(Vazquez et al., 2022).

In the ER, proinsulin has been generally envisaged as
the stoichiometric association of monomers to form
dimers, hexamers, or small multiple thereof. Importantly,
proinsulin hexamerization is facilitated by the presence
of zinc ions (Dodson and Steiner, 1998; Liu et al., 2018;
Haataja et al., 2013; Kiselar et al., 2011) Our finding that,
in condition mimicking the ER and with and without
micromolar concentrations of Zn**, proinsulin populates
assemblies of 10*-10° molecules calls for a reexamination
of its folding, particularly regarding misfolding and pro-
teostasis. According to our results, proinsulin may also
populate nanocondensates in the Golgi apparatus and in
immature SGs. In this regard, previous EM evidence
showed the accumulation of condensed material, likely
proinsulin, in the Golgi cisternae and in granules with
pale cores (Parchure et al., 2022; Dzianova et al., 2020;
Asai et al., 2022; Orci et al., 1987; Puri et al., 2018). At
pH 5.7-5.2 and with and without micromolar concentra-
tions of Zn*", the conditions prevailing during the matu-
ration of SGs, we found that proinsulin also populates
nanocondensates.

Our observation that Zn®>" and Ca®" are dispensable
for the formation of proinsulin nanocondensates in vitro
is not in conflict with their potential role in promoting
granulogesis in vivo. In guinea pig and hagfish, the proin-
sulin molecule lacks a histidine residue assumed essen-
tial for the coordination of zinc; however, in these
species, proinsulin is normally processed, and glucose
homeostasis is normal, despite the absence of insulin
crystals in the mature SGs (Emdin et al., 1980). Likewise,
the only Zn*" transporter in the beta cell, ZnT8 is only
essential for normal glucose homeostasis after the pro-
longed environmental cell stress of a high fat diet: proin-
sulin conversion to insulin is normal in ZnT8 '~ mice.
Importantly, SGs in ZnT8 /~ mice contain pale-core
condensates—which confirms that Zn?" is essential for
the formation of crystalline condensates of insulin in vivo
but dispensable for condensation. Additionally, in mice
isolated pancreata, no difference could be found between
ZnT8 '~ and ZnT8"/* in insulin release after glucose or
KCI stimulation, indicating that zinc-insulin crystals do
not impose a significant delay on the rate of insulin exo-
cytosis and/or diffusion of interstitial hormone into the
circulation (Lemaire et al., 2009).

Growing evidence suggests that the formation of insu-
lin crystals does not follow the classical nucleation theory
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but proceeds via a two-step mechanism primed by nano-
condensates. In the canonical nucleation theory crystal
growth proceeds from sparse and ordered nuclei that are
immersed in the solution and carry the structure of the
large crystals. In the two-step mechanism, nuclei grow
out of dense and disordered nanocondensates, in which
the high concentration of the crystallizing molecules
overcomes the high nucleation barrier and makes the
process highly efficient (Kaissaratos et al., 2021). Remark-
ably, the nanocondensates of proinsulin that we charac-
terized in vitro have sizes comparable to those that
conform the core of a single SG (Dzianova et al., 2020;
Asai et al., 2022).

Aside from size, other material properties of the con-
densates studied herein remain to be characterized. In
principle, they could be liquid-like, gels, or solid-like. It
was reported that proinsulin puncta in the Golgi appara-
tus displayed occasional fusion, indicating liquid-like
behavior (Parchure et al., 2022). Interestingly, in conca-
namicyn A-treated control cells punctate proinsulin
appeared diffuse, indicating the pH dependence of the
material properties of the condensate. Similarly, GFP-
CGB in vitro condensates were reported to have liquid-
like properties and to recruit proinsulin into co-
condensates (Parchure et al., 2022). On the other hand,
the final products of the in vitro RESP18HD condensa-
tion and co-condensation appear to be amorphous solids
(Toledo et al., 2019). Unfortunately, nanocondensates are
very hard to detect in vivo, not to mention to assess their
material state. Because of this, it is not clear if the scanty
information available corresponds to nano or to micro-
condensates, and new specifically designed experiments
are needed to get insight into this biophysical aspect of
the biogenesis of the SG.

Finally, we note that all three proteins containing a
RESP18 domain, namely ICA512, phogrin, and Respls,
are restricted in their expression to endocrine cells and
neurons which share the ability to generate SGs/large
dense core vesicles for the storage and regulated secretion
of peptide hormones and neuropeptides, respectively. It
is therefore tempting to speculate that in all these cells,
RESP18 domains act in the early secretory pathway as
universal pro-condensing seeds for the biogenesis of these
vesicles carrying a very diverse array of cargo peptides.

4 | MATERIALS AND METHODS

41 | Reagents and general procedures

Chemicals were of the purest analytical grade available.
Human insulin was a gift from Dr. Nestor Annibali
(Denver Farma, Buenos Aires, Argentina) or purchased
from Sigma (91077C). Sodium tetrathionate was

85U8017 SUOWWOD BAIERID 3(dedl|dde auy Aq peusenob a1e sejoie O ‘8sn J0 3|l 10y Akeid)8ul|uQ AB|IM UO (SUOIPUOD-PUR-SULIBI WD A8 1M Akeq Ul |Uo//Sciy) SUOIPUOD pUe Swie | 8y} 89S *[Z02/20/ST] Uo ARiqiauliuo A8|im ‘ssuoieBiisenu| ap [euoiieN obsuod 130INOD Aq 679%°0.1d/Z00T 0T/1I0p/woo" A3 1M Aeiq 1 puljuo//:Sdny Wouy pepeojumoq ‘9 ‘€202 ‘X96869T



14 of 19 PROTEIN
ot | \W1LE Y49 o

TOLEDO ET AL.

synthesized according to Schlessinger (Schlessinger, 1962).
Escherichia coli thioredoxin (TRX) was prepared as previ-
ously described (Vazquez et al., 2015).

Reverse-phase HPLC was performed with a Water
Alliance 2690 HPLC system (New Heaven, USA), a
pBondapak C18 column (Waters; 150 mm length,
3.9 mm inner diameter, and particle size of 10 pm), a
Waters 2487 absorbance detector, and a linear gradient of
acetonitrile/water in 0.1% TFA.

4.2 | Dynamic light scattering

The intensity fluctuation of scattered light due to Brow-
nian motion of particles in solution can be measured in
DLS experiments, and its time evolution can be described
by an intensity correlation function that is related to the
hydrodynamic size of the particles. The measured diffu-
sive relaxation rate is I’ = qu, where D is the diffussion
coefficient and g the scattering vector. D is related to the
particle radius, R, by the Stokes-Einstein equation, D =
(kgT)/(6mnR), where ky is Boltzmann's constant, T the
temperature, 5 the viscosity of the solvent, and q is
related to the scattering angle, 6, the wavelength of light,
A, and the refractive index, n, by q = n(4rn/A)sin(0/2).
DLS measurements and fitting of the correlation function
were carried out with a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) (Stetefeld et al., 2016). Pro-
tein samples were illuminated by a 532 nm laser, measur-
ing the backscattered light intensity at an angle of 175°.
The accumulation time for each sample was determined
automatically by the instrument software. An average of
15 measurements was used for each calculation. The
inbuilt protein analysis software (Zetasizer Software 7.1)
was used to calculate the size distribution of protein par-
ticles. In all measurements the temperature was con-
trolled at 25°C and the dispersant viscosity was set to that
of water (0.8872 cP) with a refractive index of 1.330. For
the standard assay conditions, DLS samples were pre-
pared either in 25 mM sodium acetate, pH 4.5, or in
100 mM HEPES, pH 6.8. Proinsulin samples were also
assayed in 100 mM HEPES, pH 7.3; 100 mM HEPES,
pH 6.8; 100 mM MES, pH 6.3; 100 mM sodium acetate,
pH 5.4. When indicated, 100 pM ZnSO, or 100 pM Cl,Ca
was added to the samples.

4.3 | Plasmid DNA constructs and
protein expression and purification

The pET9b plasmid for the expression of human ICA512
RESP18HD (residues 35-131) (UniProtKB Q16849) in
E. coli was described previously (Toledo et al., 2019).

Truncated variants ICA512 RESP18HD90 (residues 35-
90) and ICA512 RESP18HD124 (residues 35-124) were
generated by inserting stop codons by site-directed muta-
genesis in the original plasmid (QuikChange, Stratagene,
La Jolla, CA). ICA512 RESP18HD was purified as previ-
ously described with minor modifications (Sosa
et al., 2016). Briefly, refolding of purified RESP18HD124
was conducted by dialysis against 25 mM sodium acetate,
pH 4.5, overnight at 4°C. The refolded protein was sub-
jected to dialysis against oxidative buffer (25 mM sodium
acetate, 5 mM 2-mercaptoethanol, 0.5 mM dithiopropio-
nic acid, 0.5 mM cystamine, 0.5 mM cystine, pH 4.5) for
3h at room temperature. Finally, oxidized
RESP18HD124 was extensively dialyzed against 25 mM
sodium acetate, pH 4.5. A similar protocol was used to
purify RESP18HD90 and RESP18HD124.

Protein S-alkylation was performed using the
cysteine-specific =~ blocking-agent =~ N-ethylmaleimide
(NEM). Samples of RESP18HD124 (120 pM) were dia-
lyzed overnight at 4°C against 100 mM potassium phos-
phate buffer, pH 7.2 and 6 M urea to prevent protein
aggregation. The dialysate was incubated with a 10-fold
molar excess NEM:SH groups for 2 h in the dark and at
room temperature. Finally, the reaction was stopped by
extensive dialysis against 25 mM sodium acetate buffer,
pH 4.5 at 4°C. The completeness of the blocking reaction
was verified by Ellman's reagent as previously described
(Sosa et al., 2016).

Human proinsulin was cloned into a pET9b vector by
PCR using as template the human insulin-Venus expres-
sion vector kindly provided by Dr. Susumo Seino (Kobe
University, Japan). The resulting vector pET9b-hpi, was
transformed into E. coli BL21 (DE3) cells. Transformed
cells were grown in Luria Bertani medium with 50 pg/
mL kanamycin. Proinsulin expression and isolation of
inclusion bodies were performed as described (Sosa
et al., 2016). Oxidative sulfitolysis was performed as
described, with modifications (Cowley and
Mackin, 1997). Briefly, proinsulin inclusion bodies were
dissolved in 0.5 M Tris-HCI, 9 M urea, pH 8.6, and the
reaction was initiated by the addition of sodium sulfite
and fresh sodium tetrathionate at a final concentration of
0.2 M and 0.04 M, respectively. The reaction was incu-
bated for 5h at room temperature and stopped by the
addition of glacial acetic acid. Finally, S-sulfonated proin-
sulin (SSOs;-proinsulin) was dialyzed against water and
isolated as aggregated material. SSOz;-proinsulin aggre-
gate was solubilized in buffer A (50 mM Tris, 8 M urea
and 10 mM glycine, pH 8.6) and loaded into a Q-
Sepharose Fast Flow column (2 x 5 cm, GE Healthcare).
Elution was performed with a linear gradient with buffer
B (50 mM Tris, 8 M urea, 10 mM glycine and 0.5 M NacCl,
pH 8.6). Fractions containing SSOs;-proinsulin were
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pooled and dialyzed against a refolding buffer (50 mM
glycine, 0.5 mM EDTA and 1 M urea, pH 10.6). Oxidative
refolding was performed at a protein concentration of
0.1 mg/mL with the addition of B-mercaptoethanol at a
ratio of 0.75 mol per mol of cysteine S-sulfonate. The
reaction was incubated under nitrogen for 16 h at 4°C
with gentle agitation. Then, acid precipitation was per-
formed in order to remove misfolded protein. Finally,
oxidatively refolded proinsulin was concentrated by ultra-
filtration with a Pellicon® XL Biomax 5 kDa cutoff Ultra-
filtration Cassette (Merck-Millipore, MA, USA).
Proinsulin was further purified by reverse-phase
HPLC chromatography (RP-HPLC) using a Delta Pak
15 pm C18 column (7.8 mm x 300 mm; Waters). Solvent
A was 0.1% (v/v) TFA in water and solvent B was 80%
(v/v) acetonitrile. Elution was performed with a linear
gradient of 40-60% B for 40 min at a flow rate of 0.5 mL/
min, and proinsulin was collected and lyophilized. The
identity of the prepared proinsulin was confirmed by
mass spectroscopy. Proper disulfide pairing was corrobo-
rated by V8 digestion (New England Biolabs, MA, USA)
followed by HPLC analysis and mass spectrometry.

4.4 | Peptide synthesis and handling
Peptides P1 (RESP18HD91-109; MSQGLSWHDDLTQY-
VISQE), P2 (RESP18HD110-131; MERIPRLRP-
PEPRPRDRSGLAPY), and P2sc (a scrambled sequence of
RESP18HD110-131; RIPMRLRPEPEPLRAPGRDRSPY)
were synthesized and purified by GenScript Corporation
(Piscataway, New Jersey, USA). A C-terminal tyrosine
residue (underlined) was added to the corresponding
RESP18HD sequences to facilitate quantitation by absor-
bance measurement. Peptide stock solutions were pre-
pared from lyophilized powder in DMSO (P1) or mQ
water (P2 and P2sc).

4.5 | Co-condensation reactions

Stock solutions of 100 uM RESP18HD in 25 mM sodium
acetate, pH 4.5 were prepared afresh and filtered through
a 100-nm pore filter for the assays. Stock solutions of
1.7 mM insulin or proinsulin were prepared by dissolu-
tion of the lyophilized proteins in 10 mM HCI and centri-
fugation at 10,000 x g for 30 min at 10°C to remove
residual aggregates. The basic condensation reaction pro-
tocol was carried out with 2 pM RESP18HD and 8 pM
insulin/proinsulin at 20°C in 100 mM HEPES, pH 6.8.
The DTT-driven condensation was carried out as in the
basic protocol but with 8 uM RESP18HD, 100 uM insu-
lin/proinsulin and 1 mM DTT.
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The time course of the condensation was monitored
by measuring light scattering (as apparent UV absorption
at 400 nm). The aggregation state of the products of con-
densation reactions was analyzed by centrifugation and
SDS-PAGE, and by DLS. For the SDS-PAGE analysis,
the samples were spun for 5 min at 13,000 rpm in a
microcentrifuge. The supernatant and pellet fractions
were TCA-precipitated, and pellets were dissolved in
SDS-PAGE sample buffer. Samples were heated for
5min at 60°C in the presence of 100 mM DTT before
loading into the SDS-polyacrylamide gels. For DLS analy-
sis, the RESP18HDI124 stock solutions were filtered
through 100-nm-pore filters (Merck) before the assay.

4.6 | Sequence analysis

The propensity of full-length human ICA512 (UniProt
entry Q16849) and human proinsulin (UniProt entry
P01308) toward biomolecular condensation was analyzed
with a battery of online servers: FuzDrop (Hardenberg
et al, 2020), https://fuzdrop.bio.unipd.it/predictor;
GraPES (Kuechler et al., 2022), https://grapes.msl.ubc.ca/;
PSP (Orlando et al., 2019), https://bio2byte.be/b2btools/
psp/; catGRANULE (Bolognesi et al., 2016), http://www.
tartaglialab.com/; PLAAC (Lancaster et al., 2014), http://
plaac.wi.mit.edu/; DeePhase (Saar et al., 2021), https://
deephase.ch.cam.ac.uk/; PSPredictor (Chu et al., 2022),
http://www.pkumdl.cn:8000/PSPredictor/.

IDDs of large proteins were predicted with MobiDB-
lite, an optimized method that uses eight different predic-
tors (Necci et al., 2020) (https://mobidb.bio.unipd.it/).
Otherwise, disorder of protein domains was predicted
with PONDR (Xue et al., 2010) (https://www.disprot.org).

The following data banks of predicted or experimen-
tally verified protein condensates were searched for infor-
mation on insulin, proinsulin, or ICA512 sequences:
LLPSDB v2.0 (Wang et al., 2022), http://bio-comp.org.cn/
llpsdbv2/home.html; DrLLPS (Ning et al., 2020), http://
llps.biocuckoo.cn/; FuzDB (Hatos et al., 2022), https://
fuzdb.org/; PhaSepDB (Hou et al., 2022), http://db.
phasep.pro/; PhaSePro (Mészdros et al., 2020), https://
phasepro.elte.hu/; MLOsMetaDB (Orti et al., 2021),
http://mlos.leloir.org.ar/.
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