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Background: ICA512 (or IA-2/PTPRN) is a transmembrane protein-tyrosine phosphatase located in secretory
granules of neuroendocrine cells. Previous studies implied its involvement in generation, cargo storage, traffic,
exocytosis and recycling of insulin secretory granules, as well as in β-cell proliferation. While several ICA512
domains have been characterized, the function and structure of a large portion of its N-terminal extracellular
(or lumenal) region are unknown. Here, we report a biophysical, biochemical, and functional characterization
of ICA512–RESP18HD, a domain comprising residues 35 to 131 and homologous to regulated endocrine-
specific protein 18 (RESP18).
Methods: Pure recombinant ICA512–RESP18HD was characterized by CD and fluorescence. Its binding to insulin
and proinsulin was characterized by ELISA, surface plasmon resonance, and fluorescence anisotropy. Thiol reac-
tivity was measured kinetically. Targeting of ΔRESP18HD ICA512–GFP to the membrane of insulinoma cells was
monitored by immunofluorescence.
Results: ICA512–RESP18HDpossesses a strong tendency to aggregate and polymerize via intermolecular disulfide
formation, particularly at pH N 4.5. Its cysteine residues are highly susceptible to oxidation forming an intramo-
lecular disulfide between cysteine 53 and 62 and intermolecular disulfides via cysteine 40 and cysteine 47. The
regulated sorting of ICA512 to secretory granules in INS-1 cells was impaired by deletion of RESP18HD.
ICA512–RESP18HD binds with high-affinity to insulin and proinsulin.
Conclusions: RESP18HD is required for efficient sorting of ICA512 to secretory granules.
General significance: RESP18HD is a key determinant for ICA512 granule targeting.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Receptor-type protein tyrosine phosphatases (RPTPs) constitute a
large family of transmembrane proteins involved in signaling pathways
[1,2]. There are eight subtypes of RPTP. Members of the R8 subtype,
ICA512 (also known as IA-2, PTP35, or PTPRN) and phogrin
(also known as IA-2β, IAR, ICAAR, or PTPRN2) have a large ectodomain
followed by a single transmembrane segment and a single, catalytically-
impaired, protein tyrosine phosphatase (PTP) domain (Fig. 1) [3,4].

ICA512 and phogrin are mainly expressed in neuropeptidergic neu-
rons and peptide-secreting endocrine cells, including insulin-producing
pancreatic β-cells. There, they are localized in secretory granules (SGs)
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Fig. 1. ICA512 domains and topogenesis. (A) The extracellular segment of ICA512–
RESP18HD comprises residues 1–575 and includes a signal peptide (SP), the N-terminal
fragment (NTF), and the Membrane Proximal Ectodomain (MPE). The transmembrane
domain (TM) comprises residues 576–600. The intracellular region, residues 601–979, is
made of the juxtamembrane intracellular domain (IC) and the Cytoplasmic Cleaved
Fragment (CCF). Most of CCF corresponds to the pseudo-phosphatase (catalytically
inactive) domain (PTP), from which the entire protein is named. Scissors mark well-
characterized processing sites that produce the mature protein, ICA512–TMF (residues
449–979, corresponding to MPE–TM–IC), which is transiently inserted into the plasma
membrane upon exocytosis. (B) The sequence of ICA512–RESP18HD (residues 35–131).
Asterisks indicate the four cysteine residues (C40, C47, C53, C62) in this segment.
(C) Alignment of ICA512–RESP18HD (top) and human RESP18 (28) (bottom). The two
proteins share 53% residue identity in the aligned region. (D) Conservation analysis of
the cysteine-rich region of ICA512–RESP18HD. A BLAST search of non-redundant protein
data banks using the human sequence 39–62 allowed the identification of 450
homologous. Positive results corresponded to all kind of animals ranging from insects to
mammals. The retrieved sequences were aligned and the residue conservation is shown
as a bar chart. Cysteine substitution was not observed, and the few instances of cysteine
deletion corresponded to isoforms of the receptor in which most of the cysteine-rich
region is deleted.
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[5,6] and involved in the formation, cargo storage, traffic, exocytosis and
recycling of insulin SGs, as well as in β-cell proliferation [4,7–12]. Also,
they are prominent type 1 diabetes autoantigens, and autoantibodies
elicited by them are widely-used highly-predictive biomarkers for
early detection of the disease in relatives and other individuals under
genetic risk [5,13,14]. In mice, gene deletion of ICA512, phogrin, or
both causes glucose intolerance, decreased glucose-stimulated insulin
secretion, abnormal secretion of pituitary hormones, and female infer-
tility [15–17]. Importantly, the insulin granule content of β-cells in
ICA512−/− and ICA512−/−/phogrin−/− mice is reduced by half [18].

Despite being closely related, phogrin and ICA512 have different ex-
pression profiles. ICA512 expression increases during development and
is influenced by glucose, insulin, cAMP and cytokines [19–22]. In con-
trast, phogrin expression is influenced neither by development nor by
agents that stimulate insulin secretion [23].

It is believed that ICA512 and phogrin participate in many aspects of
the insulin secretory pathway [12], some ofwhichwere characterized in
detail. Upon removal of its signal peptide, N-glycosylation in the ER, and
then O-glycosylation in theGolgi complex, proICA512 [24] is targeted to
SGs, where its processing by prohormone convertases generates a 65-
kDa transmembrane fragment (ICA512–TMF) and a lumenal N-
terminal fragment (ICA512–NTF) (Fig. 1) [5]. Binding of ICA512–TMF
to the PDZ domain of β2-syntrophin tethers insulin SGs to actin fila-
ments. The interaction is mediated by utrophin and regulated by phos-
phorylation/dephosphorylation of β2-syntrophin [11]. During insulin
exocytosis, ICA512–TMF is transiently inserted into the plasma mem-
brane, where its cytoplasmic tail is cleaved by the Ca2+-activated prote-
ase calpain-1 [7]. The resulting cleaved cytoplasmic fragment (ICA512–
CCF) is directed in part to the nucleus, where it binds to the tyrosine
phosphorylated signal transducer and activator of transcription STAT5,
thereby increasing transcription of insulin and other granule-related
genes [25], as well as β-cell proliferation [9]. In the cytosol, on the
other hand, the fragment may displace the actin linker β2-syntrophin
from its full-length counterpart on the granule, thereby increasing gran-
ule mobility and exocytosis [8].

The first 100 residues of ICA512–NTF are homologous to
glucocorticoid-responsive protein regulated endocrine-specific protein
18 (RESP18) [26–28], which is expressed in SGs of α, β and δ cells of
pancreatic islets [28]. Interestingly, the ICA512 segment homologous
to RESP18 (ICA512–RESP18HD) exhibits a conserved cysteine-rich re-
gion (residues 39–62),which is absent in RESP18 (Fig. 1). Itwas demon-
strated in our previous work [24] that ICA512–RESP18HD suffices to
direct green fluorescent protein (GFP) to insulin SGs, whereas deletion
of the entire ICA512–NTF, which includes ICA512–RESP18HD, causes
the constitutive delivery of ICA512 to the cell membrane, hence
abolishing SG targeting. Moreover, expression of ICA512–NTF tagged
with GFP results in ER retention of the fusion protein.

As ICA512–NTF contains a variety of determinants affecting the fate
of ICA512, including ER retention and sorting to SGs for regulated exo-
cytosis, insights into its biophysical and structural properties were
needed to clarify its function. In this study, therefore, we report the
preparation of recombinant ICA512–RESP18HD and its biophysical
and biochemical characterization. Availability of purified ICA512–
RESP18HD allowed the identification and analysis of its interaction
with proinsulin and insulin, which are also reported here. Moreover,
we show that deletion of ICA512–RESP18HD alone alters the trafficking
of the receptor in insulinoma cells.

2. Materials and methods

2.1. Miscellanea

Dithiothreitol (DTT), diethylene triamine pentaacetic acid (DTPA),
lysozyme, and cysteine hydrochloride were purchased from Sigma-
Aldrich (San Luis, MO, USA). All other chemicals were of the purest an-
alytical grade available. Human insulin was provided by Laboratorios
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Beta S.A. (Buenos Aires, Argentina). Proinsulin was a gift from Eli Lilly
(Indianapolis, IN). Thioredoxin was a gift from Dr. Javier Santos
(IQUIFIB, UBA–CONICET, Buenos Aires, Argentina). Sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) was performed as
described [29]. A molar absorption coefficient of 7450 M−1 cm−1 for
ICA512–RESP18HD at 280 nmwas calculated from the amino acid com-
position [30]. Electrospray mass analysis was performed on a VG Bio-
tech/Fisons (Altrincham, UK) triple quadrupole spectrometer at the
LANAIS–Pro facility, UBA–CONICET, Buenos Aires. Laser desorption
mass analysis was performed on a 4800 MALDI TOF/TOF Analyzer
from Applied Biosystems, at the Unidad de Bioquímica y Proteómica
Analíticas, Pasteur Institut,Montevideo, Uruguay. Dynamic light scatter-
ing (DLS) measurements were made on a Zetasizer Nano S DLS device
from Malvern Instruments (Worcestershire, UK). 100 μM ICA512–
RESP18HD in 6 M urea was diluted to 2 μM ICA512–RESP18HD in
25 mM sodium acetate, pH 4.5, or 25 mM HEPES, pH 7.0. Samples
were incubated at 20 °C for 1 h and filtered with Ultrafree-MC
microcentrifuge filters (0.22 μm; Millipore) before measurement.
Time-course aggregation experiments followed by light scattering and
as a function of pH were performed similarly to the above DLS experi-
ments, except that the final pH of the solution was 4–7.0, as required,
and the filtration step was omitted before UV scatter measurement at
400 nm. Isothermal microcalorimetry was carried out with a MicroCal
VP–ITC calorimeter (Malvern Instruments, Worcestershire, UK). Least
squares fitting and simulations were carried out with R [31].

2.2. Molecular biology

The cDNA encoding ICA512–RESP18HDwas prepared using primers
forward 5′-CATATGGTTAGTGCACACGGCTGTCTATTTG-3′ and reverse
5′-GGATCCTCAGGGTGCCAAGCCAGAC-3′. The properly flanked cDNA
for ICA512–RESP18HD was cloned into pGEM–T Easy vector (Promega,
Madison, USA). Subsequently, a fragment was excised with NdeI and
BamHI and subcloned into pET-9b (Novagen, Madison, USA) to yield
pET-9 ICA512–RESP18HD (amino acid residues 35–131).

The pEGFP-N1 construct for expression in rat insulinoma (INS-1)
cells of full length ICA512 (amino acid residues 1–979, Uniprot entry:
PTPRN_HUMAN) fused at its C terminus to GFPwas described previous-
ly [24]. The pEGFP-N1 expression construct for ΔRESP18HD ICA512–
GFP (amino acid residues 134–979) was fused at its N- and C-termini
to the CD33 signal peptide sequence and to GFP, respectively. Site-
directed mutagenesis was performed with a QuikChange kit (Strata-
gene). All construct sequences were confirmed by DNA sequencing.

2.3. Protein expression and purification

Escherichia coli BL21 (DE3) pLysS cells transformed with pET-9
ICA512–RESP18HDwere cultured at 37 °C in 250 ml Luria–Bertani medi-
um supplementedwith 50 μg/ml kanamycin and 34 μg/ml chloramphen-
icol to A = 1.0 at 600 nm. Protein expression was induced with 1 mM
isopropyl β-ᴅ-1-thiogalactopyranoside (Fluka, Buchs, Switzerland).
After a 4-h induction, bacteria were harvested by centrifugation, resus-
pended in 10 ml of lysis buffer (100 mM NaCl, 5 mM EDTA, 1 mM
DTPA, 5 mM DTT, 5 mM β-mercaptoethanol, 50 mM Tris–HCl, pH 7.8),
and broken by high pressure (3000 psi) with a French Press (Spectronics
Instruments, Rochester, NY, USA) or by sonication using a tip sonicator
(6 pulses, 200 joules, 5 watts, on a ice bath). As ICA512–RESP18HD ex-
pression resultedmostly in the generation of inclusion bodies, the insolu-
ble fraction was collected by centrifugation (12,000 ×g, 15 min, 4 °C). To
purify the inclusion bodies from associated impurities, the insoluble frac-
tion was resuspended by sonication in lysis buffer containing 0.2%
deoxycholic acid and recovered by centrifugation as above three times.
Then, lysis buffer was removed by washing once with water.

The isolated inclusion bodies were solubilized by incubation (1 h,
37 °C) with 6 M urea, 25 mM sodium acetate, 10 mM glycine, 5 mM
tris(2-carboxyethyl)phosphine, pH 4.5, and subjected to ion-exchange
chromatography on a Hiprep SP (GE Healthcare) column equilibrated
at 20 °C with 6 M urea, 25 mM sodium acetate, 10 mM glycine, pH 4.5.
Pure ICA512–RESP18HD was obtained by elution with a salt gradient
(0–1.0 M NaCl in equilibration buffer).

Oxidative refolding of ICA512–RESP18HD was carried out by dialy-
sis, with a redox buffer system containing 20 mM Tris–acetic acid
pH 4.5, 10 mM β-mercaptoethanol, 3,3′-dithiodipropionic acid,
0.5 mM cystamine, and 0.5 mM cystine. Non-oxidative refolding was
performed by size-exclusion chromatography on a HiTrap desalting col-
umn (GE Healthcare) equilibrated in 20 mM Tris–acetic acid pH 4.5.
Identity and integrity of purified ICA512–RESP18HD were confirmed
by electrospray mass analysis.

2.4. Circular dichroism

CD spectra were collected at 20 °C on a Jasco 810 spectropolarimeter
(Jasco Corporation, Tokyo, Japan). Far-UV CD spectra were scanned
from 185 to 340 nm with a 0.1-cm cell and 10-μM protein concentra-
tion. For near-UV CD spectra, wavelength range, protein concentration
and path length were 240–340 nm, 50 μM, and 1.0 cm, respectively.
Scan speed was set to 20 and 50 nm/min (near-UV and far-UV, respec-
tively) with 1-s response time, 0.2-nm data pitch and 1-nm bandwidth.
Eight to ten scanswere averaged for each sample, blank subtracted, and
smoothed using a fourth-degree Savitzky–Golay polynomial filter with
a 10-point sliding window.

2.5. Fluorescence measurements

Steady-state fluorescence measurements were performed on an ISS
K2 multifrequency phase fluorometer (ISS, Champaign, Illinois, USA)
equipped with a cell holder connected to a circulating water bath at
20 °C and 1.0-cm cells. The excitation wavelength was 295 nm, and
the spectral slit width was 3 nm.

For binding experiments, 2 μM ICA512–RESP18HD in 25mMsodium
acetate, pH 4.5was incubated 5min at room temperaturewith 50 μM8-
anilino-1-naphthalenesulfonic acid (ANS). As a control, 50 μM ANS in
the same buffer was measured. The excitation wavelength was at
350 nm and the emission was measured between 400 and 600 nm.

Anisotropy measurements of the interaction of insulin and ICA512–
RESP18HDwere carried outwith a SLM–Aminco Bowman Series 2 spec-
trofluorometer (SLM, Urbana, IL, USA). Polarized excitation and emis-
sion were 297 and 340 nm, respectively. The bandwidth was 4 and
8 nm for excitation and emission, respectively. ICA512–RESP18HD was
47 μM in the presence of 0–250 μM insulin. Fluorescence anisotropy
was calculated as r=(I||− I┴) / (I||+ 2I┴),where the subscripts indicate
vertically (||) and horizontally (┴) polarized emission.

2.6. Immunochemical procedures

A polyclonal antibody to ICA512–RESP18HDwas obtained by immu-
nizing New Zealand White rabbits with 0.1 mg of antigen emulsified in
complete Freund's adjuvant. The initial injectionwas followed by boost-
er injections with 0.1 mg of antigen in incomplete Freund's adjuvant at
3-week intervals. Blood collection was carried out 15 days after the
booster injection. The immunoreactivity of the obtained antibodies
was tested by ELISA, using ICA512–RESP18HD coated polystyrene
plates.

The interaction between ICA512–RESP18HD and insulin or proinsu-
lin was measured by ELISA at room temperature, in 50 mM sodium ac-
etate, pH 4.5. Dilutions of 2 μg/ml ICA512–RESP18HD were incubated
1.5 h on polystyrene wells previously coated with 50 ng of insulin or
proinsulin. After washing with incubation buffer, the formation of the
complexes was revealed by incubation with the rabbit polyclonal anti-
body in 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4 (PBS), followed by a 1.5-h incubation with a secondary
anti-rabbit IgG–peroxidase conjugate (Jackson ImmunoResearch
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Laboratories, West Grove, PA, USA), and standard color
development procedures with the chromogenic substrate 3,3′ 5,5′-
tetramethylbenzidine. The extent of the interaction was measured by
UV absorption at 450 nm. Two control assays were performed:
(i) ICA512–RESP18HD dilution was replaced by incubation buffer, and
(ii) the rabbit polyclonal serum was replaced by rabbit pre immuniza-
tion serum.

2.7. Cell culture, expression and immunostaining in INS-1 cells

Insulinoma INS-1 cells were transfected with the pEGFP-N1,
ICA512–GFP or ΔRESP18HD ICA512–GFP constructs, plated onto cover-
slips on 35-mm culture dishes, and grown for 4 days in standard RPMI
1640medium. Then, for the fusion proteins expression, the culture me-
dium was replaced by resting buffer (2.8 mM glucose, 5 mM KCl,
120 mMNaCl, 24 mMNaHCO3, 1 mMMgCl2, 2 mM CaCl2, 1 mg/ml ov-
albumin, 5 mM HEPES, pH 7.5) for 1-h pre incubation. Next, cells were
incubated for 2 h in resting or stimulation buffer (25 mM glucose,
55 mM KCl in 70 mM NaCl, 24 mM NaHCO3, 1 mM MgCl2, 2 mM
CaCl2, 1 mg/ml ovalbumin, 5 mM HEPES pH 7.5), and rinsed three
times in PBS. Cells were washed twice in ice-cold PBS and harvested
in ice-cold lysis buffer, with 20 mM Tris–HCl, pH 8.0, 140 mM NaCl,
1 mM EDTA, 1 mM Triton X–100, 1% protease inhibitor cocktail
(Sigma). Cell lysates were centrifuged for 15 min, 12,000 rpm at 4 °C,
and the precleared soluble protein fractions was prepared in SDS-
PAGE sample buffer, heated to 95 °C for 5 min and subjected to SDS-
PAGE and Western blotting analysis with a mouse GFP antibody
(Clontech, cat. #632381). A gamma tubulin antibody (Sigma, cat.
#T6557) was additionally employed for a sample loading control.

For insulin antibody immunostaining, cells (at rest or stimulated)
were fixed with 4% paraformaldehyde. Aldehyde quenching/perme-
abilization was performed with 200 mM glycine, 0.1% Triton X–100 in
PBS for 20 min, after which cells were incubated in blocking buffer
0.2% gelatin, 0.5% albumin in PBS for 1 h. The cells were then incubated
in blocking buffer with a guinea pig anti-insulin antibody (Abcam, cat.
#ab7842) at 4 °C overnight, rinsed five times with PBS, and incubated
in blocking buffer with goat anti-guinea pig Alexa Fluor 568-
conjugated antibodies for 2 h at room temperature. For live cell staining,
the cell culture dishes after the 1 h preincubation were cooled on ice,
and the cells were incubated with resting or stimulation buffer, supple-
mented with mouse ICA512 ectodomain ME ICA512 antibody (directed
against an epitope within amino acid residues 449–575) [24]. To pre-
vent the antibody internalization, the cells were incubated for 20 min
at 4 °C, rinsed three times in PBS and fixed with 4% paraformaldehyde.
Omitting the permeabilization step, the cells were then incubated for
1 h in blocking buffer (0.2% gelatin, 0.5% albumin in PBS) and then for
2 h in blocking buffer with goat anti-mouse, Alexa Fluor 568 conjugated
antibodies at room temperature. Finally, cells were rinsed five times in
PBS and the coverslipsweremounted onto slideswithMowiol®. Images
were acquiredwith anOlympus FluoView–1000 laser scanning confocal
microscope equipped with a 60× PlanoApo OLSM lens (NA = 1.10).

2.8. Thiol reactivity analysis

The kinetics of the reaction at pH 4.5 between thiol groups and 5,5′-
dithiobis-(2-nitrobenzoic acid (DTNB) or 4,4′-dithiodipyridine (DTDP)
was monitored measuring changes in UV absorption due to the varia-
tion in the concentration of 5′-thio-2-nitro-benzoic acid (TNB), 4-thio
pyridine (TP), DTDP, and thiopyridine mixed disulfide (RSTP). The
molar extinction coefficient of TNB at pH 4.5 was ε412 nm =
6,980 M−1 cm−1 (our own determination, not shown). The molar ex-
tinction coefficient at pH 4.5 of TP, DTDP, and RSTP were 21,400, 1000,
and 500 M−1 cm−1, respectively [32].

Besides ICA512–RESP18HD, the reactionwas carried out with cyste-
ine, thioredoxin, and lysozyme. Previously, the proteins were fully
reducedwithDTT and rendered free of the reducing agent by size exclu-
sion chromatography.

The reaction with DTNB at pH 4.5 was sufficiently slow as to permit
manual mixing and pseudo-first-order conditions (large excess of
DTNB), and therefore standard integrated kinetic equations and least
squares fitting were used to estimate rate constants. Moreover, the
reaction of an excess of DTNB with free thiol groups was assumed to
be limited to

RS− þ DTNB→RSSNBþ TNB;

and second-order constants were calculated as k = kobs / [DTNB],
where kobs represents the apparent pseudo-first-order constant of the
kinetic reaction.

In the case of DTDP, the reaction was much faster and the reagent
concentration had to be kept low. Moreover, a two-step reaction
mechanism needed to be considered:

RS− þ DTDP→RSTPþ TP;

RS− þ RSSP→RSSR þ TP:

This forced us to use the kinetic equations for second-order reactions
in their differential forms. The rate constants were estimated by two
procedures: (i) an R script was written to simulate the reaction, and,
starting from initial guesses, the rate constants were changed by trial-
and-error until a good fit of the simulated curve to the experimental
data was achieved; (ii) using the method of Runge Kutta implemented
in R. The two approaches led to concordant estimates.

2.9. Surface plasmon resonance (SPR)

Real-time insulin binding experiments were carried out with a SPR
BIAcore T100 biosensor (BIAcore, GE Healthcare, Uppsala, Sweden) on
a carboxymethylated-dextran CM5 sensor chip surface (GE Healthcare,
Uppsala, Sweden) with immobilized insulin or proinsulin. Covalent at-
tachment to the chip surface was achieved by activating its carboxyl
groups with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-
hydroxysuccinimide. The extent of the immobilization resulted in cell
signals of approximately 800 resonance units. Assays were run at 20 °C
whit aflow rate of 10 μl/min. Binding ratesweremeasured after injecting
for 120 s different ICA512–RESP18HD dilutions in 20 mM sodium ace-
tate, pH 4.5. Desorption ratesweremeasured passing over injection buff-
er. After each sample application, a regeneration step was carried out
passing over 10mMglycine-HCl, pH 1.5. All sensorgramswere corrected
by subtracting the signal from the reference flow cell. Tomeasure the af-
finity of specific binding between ICA512–RESP18HD and insulin or pro-
insulin, a 1:1 bindingmodel (A+B⇄AB)was used. The association rate
constant (ka), the dissociation rate constant (kd), and the equilibrium
constant (KD), were calculated by nonlinear least-squares fitting of the
model to the data from the sensorgrams using the built-in equations of
BIA-evaluation software applicable to the binding model.

3. Results

3.1. Preparation of ICA512–RESP18HD

Several attempts to express the entire ICA512–NTF sequence (Fig. 1)
as a recombinant protein in E. coli were unsuccessful (not shown) be-
cause the yield was very low and the purification unsatisfactory. After
testing different constructs, it was found that the N-terminal region of
ICA512–NTF, comprising residues 35 to 131 (ICA512–RESP18HD;
Fig. 1), could be expressed with good yield and was more tractable,
and therefore this study focused on it.

ICA512–RESP18HD expressed in E. coli appeared predominantly in
inclusion bodies. Insoluble ICA512–RESP18HD contained moderate



Fig. 3. Aggregation state of ICA512–RESP18HD. (A) The distribution of particle size,
assuming spherical shape and weighted by volume, was measured by DLS. The number
of associated chains in the multimers (inset ruler) was estimated using the relationship
between Stokes radius and molecular weight for native proteins reported in Ref. [49].
Unfolded and fully reduced ICA512–RESP18HD in 6 M urea was refolded by dilution at
pH 4.5 or pH 7.0 (see Materials and methods) before measurement. Most of the
aggregates populated at acidic pH (solid line) correspond to n-mers with n = 2–16. At
neutral pH (dashed line), very large aggregates were formed. Oxidatively refolded protein
at pH 4.5 showed an intermediate behavior (dotted line). (B) The time curse of the pH-in-
duced aggregation of ICA512–RESP18HDwas monitored by light-scattering at 400 nm. At
time zero, urea-denatured samples in buffer 25 mM sodium acetate, pH 4.5 were diluted
to 2 μM protein in acetic acid–HEPES buffer adjusted to the indicated pH.
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amounts of disulfide-linked chains (Fig. 2, Panel C, lanes 4 and 5). Urea-
solubilization, purification under denaturing conditions, and refolding
at pH 4.5 allowed the recovery of large amounts of pure and soluble
ICA512–RESP18HD.

The acidic condition was essential for purification since the protein
rapidly aggregated and precipitated at neutral pH. This behavior reflects
the charge vs. pH profile of the protein: at pH 4.5 the net charge calcu-
lated from the sequence is +7.5, whereas at pH 7.5 the value drops to
+0.6. Besides, when ICA512–RESP18HD was purified in the absence
of strong reducing agents, or when the refolding of the urea-
denatured purified protein was carried out under conditions that pro-
mote oxidation, a larger proportion formed disulfide-linked oligomers
(Fig. 2, Panel B, lane 2).

Mass analysis of the purified protein was in agreement with the ex-
pected sequence within experimental error (Fig. 1). However, it also
showed that a significant fraction of the protein retained the N-
terminal translation-initiator methionine residue.

The aggregation behavior of purified ICA512–RESP18HDwas further
investigated by DLS (Fig. 3, Panel A). At pH 4.5, fully reduced ICA512–
RESP18HD self associated. The most prominent aggregation states at
this pHwere those with 2–16 associatedmonomers. At pH 7.0, the pop-
ulation of associated molecules shifted to very large aggregates
(n N 500). The oxidatively refolded protein at acidic pH populated inter-
mediate high-order aggregates (n=16–256). Thus, although oxidation
promoted further aggregation the tendency to associate was indepen-
dent of it.

The time course and pH dependence of ICA512–RESP18HD aggrega-
tionwas easilymonitored by UV light scattering at 400 nm (Fig. 3, Panel
B). It was found that aggregation is not significant at pH b 5.5 and that
aggregation rates increase as a function of pH in the 6–7.0 range. Non-
reducing SDS-PAGE analysis of samples precipitated by TCA at the end
of the kinetic measurements indicated that at pH 7.0 high-order
disulfide-linked aggregates were only slightly increased (not shown).

3.2. Conformational analysis

The degree of structural organization of refolded ICA512–RESP18HD
at pH 4.5 was assessed by near- and far-UV CD (Fig. 4). As a control, the
spectra of ICA512–RESP18HD populated under highly-acidic unfolding
conditions (20mMHCl) were acquired. In the near-UV, strong negative
bands in the aromatic region (260–300 nm) evidenced the presence of
significant tertiary structure in refolded ICA512–RESP18HD; amuch less
pronounced signal was indicative of absence of defined structure in the
unfolded control. In the far-UV, the spectrum of unfolded ICA512–
RESP18HD displayed the typical features of random coils: a strong
Fig. 2. Oligomerization analysis of ICA512–RESP18HD. (A) SDS-PAGE of pure ICA512–RESP18H
(B) SDS–PAGE of pure ICA512–RESP18HD after oxidative refolding (see Materials and metho
RESP18HD after oxidative refolding (lane 3); pure ICA512–RESP18HD reduced with 2% 2-m
without reduction (lane 5).
minimum at 200–205 nm and a maximum well beyond 190 nm. Con-
trastingly, refolded ICA512–RESP18HD exhibited minima in the
208–220 nm region and a maximum around 190 nm, consistently
with the presence of significant amounts of secondary structure.

The presence of tertiary structure was also suggested by fluores-
cence experiments. Judging from the maximum of fluorescence emis-
sion, the single ICA512–RESP18HD tryptophan residue was in a
hydrophobic environment at pH 4.5. Urea-induced unfolding shifted
D reduced with 2% 2-mercaptoethanol (lane 1) and molecular weight markers (lane M).
ds) (lane 2) and molecular weight markers (lane M). (C) Western blot of pure ICA512–
ercaptoethanol (lane 4); inclusion bodies from E. coli expressing ICA512–RESP18HD



Fig. 4. CD spectra. (A) Near-UV and (B) far-UV CD spectra of ICA512–RESP18HD. Samples
were dissolved in 2.5 mM sodium acetate, pH 4.5 (full lines) or in 2.5 mM sodium acetate,
20 mM HCl (dotted lines).

Fig. 5. Fluorescence emission spectra of ICA512–RESP18HD and its ANS complex. (A) 2 μM
ICA512–RESP18HD in 25 mM sodium acetate, pH 4.5 (full line) and in the same buffer
containing 6 M urea (dashed line). The red shift brought about by unfolding is indicated.
(B) 50 μM ANS in 25 mM sodium acetate, pH 4.5 (dashed line) and 50 μM ANS plus
2 μM ICA512–RESP18HD in the same buffer (full line). The large blue shift and increase
in quantum yield brought about by the ANS binding to hydrophobic patches in ICA512–
RESP18HD is shown.
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the emission maximum to the typical emission wavelength of solvated
tryptophan residues and decreased the quantum yield, as expected for
an unfolding transition (Fig. 5, upper panel).

Although the CD andfluorescence spectra unequivocally showed the
presence of tertiary structure, side-chain packing in ICA512–RESP18HD
may be less tight than in typical native proteins. ANS binding to ICA512–
RESP18HD was clearly revealed by the emission spectra of bound and
unbound dye (Fig. 5, lower panel). Binding of ANS is considered diag-
nostic of partially folded states, or of folded states with extensive pack-
ing defects that result in the exposure of hydrophobic patches [33].

3.3. Intrinsic disorder and aggregation propensity

Formation of significant amounts of precipitatedmaterial from stock
solutions stored frozen or a 4 °C for 1–2 weeks evidenced a conforma-
tional instability of ICA512–RESP18HD. SDS-PAGE indicated that the
insoluble aggregate contained a large proportion of disulfide-linked,
oligomerized material (not shown). The tendency to aggregation and
oxidation was observed even in concentrated urea solutions. Taking
the above results into account, the experimentswere always performed
with freshly prepared protein stocks.

The propensity to aggregate exhibited by ICA512–RESP18HDmay be
due to specific sequence determinants. We analyzed the sequence in
search of regions with intrinsic propensity to disorder and found that
residues 109–131, i.e. the last 23 residues, scored positive with the pre-
dictor implemented in The Database of Protein Disorder (DisProt), a cu-
rated database of proteins that lack fixed 3D structure, locally or
entirely, in their putative native states [34]. The algorithm also identi-
fied intrinsically disordered stretches in cognate regions of phogrin
and RESP18.



Table 2
Mass analysis of selected ICA512–RESP18HD proteolytic fragmentsa.

Experimental
(m/z)

Calculated
(m/z)

Assignment
(residues)

Observations

1 2658.16 2658.26 46–70 C47–C53 or C47–C62 or
C53–C62

2 2660.19 2660.26 46–70 DTT treatment of (1)
3 1235.57 1234.55 34–44 Initial Met not removed, C40SH
4 857.43 857.42 45–51 V8 + trypsin, C47SH
6 1975.97 1975.95 52–70 V8 + trypsin, C53–C62

a Only a small subset of representative data are listed. SDS-PAGE bands of monomeric,
dimeric and trimeric ICA512–RESP18HDwere digested in gelwith trypsin, V8 protease, or
both. In turn, sampleswere analyzedwith andwithout DTT reduction, andwith andwith-
out treatment with 4-vinylpyridine or iodoacetamide.
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3.4. Thiol reactivity

Reactivity of ICA512–RESP18HD cysteine residues at pH 4.5 was
compared with that of cysteine, a model compound for solvent-
exposed protein thiol groups, andwith that of fully-reduced thioredoxin
and lysozyme, two proteins possessing highly-reactive cysteine resi-
dues [35,36]. Thiol reactivity was assessed measuring second order
rate constants of the reaction with DTNB and DTDP (Table 1).

DTNB reacted with ICA512–RESP18HD and lysozyme one hundred
times faster than with cysteine, and the same reaction with thioredoxin
was a thousand times faster. DTDP reacted with thioredoxin, ICA512–
RESP18HD, and lysozyme thirteen, ten, and three times faster than
with cysteine, respectively. These results unveiled the high reactivity
of ICA512–RESP18HD in thiol-disulfide exchange reactions and provid-
ed an explanation for its strong tendency to undergo cysteine oxidation,
even under acidic conditions that normally would prevent thiol oxida-
tion and formation of disulfides.

3.5. Intra- and intermolecular disulfide bridges

Since native oxidative refolding after purification exacerbated the
formation of disulfide-linked oligomers (Fig. 2) and there are four cyste-
ine residues in ICA512–RESP18HD (Fig. 1, Panel D), we undertook the
identification of those involved in the formation of disulfide bridges.
The aggregation propensity and thiol reactivity of the protein made
the analysis quite difficult. However, different aggregation states could
be isolated by SDS-PAGE and in-gel digested with trypsin and
endoproteinase Glu-C, with and without a pretreatment with DTT, 4-
vinylpyridine, and/or iodoacetamide. The resulting peptides were ana-
lyzed by mass spectroscopy. A large set of data was collected, and
some of the more relevant results are shown in Table 2. Based on the
comparison of the results for monomer and oligomers, and for the dif-
ferent treatments, we conclude that ICA512–RESP18HD readily forms
an intramolecular disulfide linking Cys 53 and Cys 62. On the other
hand, Cys 40 and Cys 47were found either reduced or forming intermo-
lecular disulfides in the oligomerized states, although a low-yield for-
mation of an intramolecular sulfur–sulfur bond between them could
not be ruled out. The analysis also highlighted the extreme susceptibil-
ity of ICA512–RESP18HD to oxidative damage, as many different prod-
ucts of reactive-oxygen species attack could be identified (particularly
as methionine sulfoxide and sulfone derivatives).

3.6. Interaction of ICA512–RESP18HD with insulin and proinsulin

Since the ICA512 ectodomain in vivo is in the proximity of large
amounts of insulin and proinsulin, the possible association between
the two proteins through ICA512–RESP18HD was investigated. To that
end, a variety of analyses, based on different physicochemical principles,
were performed to assess specific binding in vitro.

Fluorescence anisotropy is based on the dependence of polarized
fluorescence emission with the apparent hydrodynamic size of bound
and unbound ligands. Complexes are larger in size and have smaller
Table 1
Second-order rate constants for thiol-disulfide exchange reactionsa.

Thiolate disulfide k (M−1 s−1)b

ICA512–RESP18HD DTNB 107 ± 3.5
Thioredoxin DTNB 907 ± 81
Lysozyme DTNB 116 ± 12
Cysteine DTNB 1.64 ± 0.5
ICA512–RESP18HD DTDP 5000 ± 424
Thioredoxin DTDP 6900 ± 737
Lysozyme DTDP 1530 ± 205
Cysteine DTDP 535 ± 35

a At 20 °C in 25 mM sodium acetate, pH 4.5.
b Mean ± SD of two or more experiments.
rotational diffusion coefficients than free ligands, and thus bound li-
gands exhibit higher polarized fluorescence emission than free ligands.
As shown in Fig. 6, fluorescencemeasurements of ICA512–RESP18HD at
pH 4.5 after excitation of its single tryptophan residue in the presence of
insulin in the micromolar range revealed a dose-dependent increase of
anisotropy consistentwith the formation of a complex and concomitant
decrease of the rotational diffusion of ICA512–RESP18HD (human insu-
lin contains no tryptophan residues).

Another general approach for the analysis of protein–protein inter-
actions is isothermal titration calorimetry (ITC). Using a computer-
controlled mixing device, extremely sensitive temperature sensors
and sophisticated instrumentation, the formation of a complex can be
detected and quantified by the heat absorbed or released during the re-
action. By this technique, an exothermic reaction between ICA512–
RESP18HD and insulin was readily detected; however the heat release
was too large and slow to be accounted for by a simple bimolecular as-
sociation process, and a suitable model could not be found to estimate
thermodynamic parameters (not shown).

Since neither the fluorescence anisotropy nor the ITC experiments
gave typical saturation curves, the affinity equilibrium constant based
on the Law of Mass Action could not be estimated. Therefore, two alter-
native procedures were used to assess the strength of the interaction:
SPR and ELISA. In a typical SPR experiment, one of the ligands is chem-
ically immobilized on a surface while a solution containing the other
flows continuously over it. Binding is evidenced by optical effects in-
duced by light stimulation of themetallic support of the binding surface.
When the sample solution is replaced by buffer, the response decreases
Fig. 6. Fluorescence anisotropy of the interaction between ICA512–RESP18HD and insulin.
The vertically and horizontally polarized fluorescence emission from the single
tryptophan residue of ICA512–RESP18HD was measured (human insulin contains no
tryptophan residues) to calculate anisotropy as described in Materials and methods.
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as the interacting partners dissociate. Thus, in this analysis, affinity is
not measured at equilibrium, but estimated indirectly from a kinetic
measurement. For a simple 1:1 interaction, the equilibrium constant
KD is the ratio of the kinetic rate constants, kd/ka. To estimate the affinity
of the complex formed by ICA512–RESP18HD and insulin or proinsulin,
these ligands were chemically linked to the chip surfaces, and the ex-
periments were conducted at pH 4.5 with ICA512–RESP18HD in its re-
duced form. The results of the assay are shown in Fig. 7. The SPR
apparent KD for insulin and proinsulin were 104 and 48.1 nM, respec-
tively. In addition, the experiments demonstrated that the interaction
is notmediated by the formation of disulfides, since the simple injection
of non-reducing buffer induced a significant dissociation of the formed
complex.

Finally, to assess binding under non equilibrium conditions, we
resorted to ELISA. This method is based on the immobilization of one
of the ligands onto a solid surface by irreversible absorption (coating).
In a second step the other ligand in solution is incubatedwith the coated
surface, allowing the formation of an irreversible complex. After wash-
ing away unbound ligands, the amount of formed complex is quantified
Fig. 7. SPR sensorgrams for ICA512–RESP18HD binding to (A) immobilized proinsulin or
(B) insulin. Representative experiments are shown. The indicated concentrations of
ICA512–RESP18HD were injected to interact with insulin or proinsulin immobilized on
the biosensor chip (see Materials and methods). From left to right, vertical dot lines
delimit the injection, desorption, and regeneration times, respectively.
with specific antibodies and antibody antibody–enzyme conjugates to
amplify a measurable signal from the final multicomponent complex.
The experimental variables of an ELISA are optimized until the assay is
rendered specific for the complex of interest. Optimization is achieved
by lowering the concentrations of ligands and antibodies until only
the absorption driven by high-affinity interactions remains. We devel-
oped a specific ELISA to assess the interaction between ICA512–
RESP18HD and insulin or proinsulin. In this assay insulin or proinsulin
absorbed onto polystyrene wells were incubated with high dilutions
of ICA512–RESP18HD. The formation of the complex was revealed
by successive reactions with a rabbit polyclonal antibody specific
for ICA512–RESP18HD, followed by a secondary anti-rabbit IgG–
peroxidase conjugate, and an enzyme linked chromogenic assay. The re-
sults are shown in Fig. 8. Two controls excluded the possibility of non-
specific interactions: (a) reactions in which the specific rabbit
polyclonal anti-ICA512–RESP18HD antibody was replaced by pre im-
munization rabbit serum (inset to Fig. 8, bars labeled R); (b) reactions
Fig. 8. ELISA of ICA512–RESP18HD interaction with insulin and proinsulin. ICA512–
RESP18HD at the indicated concentrations was incubated at pH 4.5 in polystyrene wells
coated with 50 ng of insulin or proinsulin. The formed complexes were revealed by
successive reactions with a rabbit polyclonal antibody to ICA512–RESP18HD, anti rabbit
IgG–peroxidase, and TMB. Absorbance at 450 nm is shown. The bar plots in the insets
show the controls performed. Bars labeled M correspond to the signal for the highest
assayed concentration of ICA512–RESP18HD (1.83 nM). Bars labeled B show the signal
for reactions with buffer (0 nM ICA512–RESP18HD). Bars labeled R represent the signal
for the reactions in which rabbit pre-immunization serum replaced the rabbit polyclonal
antibody. Error bars indicate the SD of duplicates.
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with no ICA512–RESP18HD added (inset to Fig. 8, bars labeled B). Both
controls yielded similarly low signals, much lower than the positive
control (inset to Fig. 8, bars labeled M). Several nanomolar concentra-
tions of ICA512–RESP18HD were assayed, and typical dose–response
curves were obtained for both, insulin and proinsulin. In agreement
with the SPR experiment, the range of concentrations at which
ICA512–RESP18HDbindingwas observed is compatiblewith an interac-
tion of high affinity.

3.7. Expression and cell surface targeting of ΔRESP18HD ICA512–GFP in
INS-1 cells

To directly assess the role of ICA512–RESP18HD in the processing
and progression of ICA512 in the secretory pathway, we generated a
construct, ΔRESP18HD ICA512–GFP, in which the RESP18HD region
was eliminated. Full-length ICA512–GFP and ΔRESP18HD ICA512–GFP,
were expressed in resting (R) and glucose-stimulated (S) INS-1 cells,
whichwere lysed for analysis of the fusion proteins by immunoblotting.
Upon glucose stimulation, synthesis of both ICA512–GFP and
ΔRESP18HD ICA512–GFP proforms was upregulated (Fig. 9, lanes 2
and 6). As shown by our previous work [5,24], the proprotein-
convertase-cleaved ICA512–TMF–GFP, generated upon SG maturation,
was readily detectable in resting cells (Fig. 9, lane 1), but not in the stim-
ulated cells, due to its depletion upon the cytoplasmic domain calpain-
dependent cleavage upon granule exocytosis at the cell surface (Fig. 9,
lane 2).

The expression pattern of ΔRESP18HD ICA512–GFP was radically
different. ΔRESP18HD proICA512–GFP accumulated comparably in
much large amounts than proICA512–GFP in both resting and stimulat-
ed cells (Fig. 9, lanes 5 and 6). Nonetheless, a minor fraction of
ΔRESP18HD proICA512–GFP was also undergoing conversion to a frag-
ment of similar size to that generated by proICA512–GFP to ICA512–
TMF–GFP conversion (Fig. 9, lanes 1 and 5). Furthermore, ICA512–
TMF–GFP originating from ΔRESP18HD proICA512–GFP, like ICA512–
TMF–GFP generated from proICA512–GFP, was also depleted upon
stimulation. Site-directed mutagenesis of the proprotein convertase
cleavage site sequence of ICA512–GFP andΔRESP18HD ICA512–GFP, in-
troducing a S449V replacement at the position +1 following the se-
quence of the dibasic lysine motif, impaired the generation of ICA512–
TMF–GFP (Fig. 9, lanes 1/3 and 5/7) from both ΔRESP18HD and wild
type ICA512–GFP, again indicating that in INS-1 cells ΔRESP18HD
proICA512–GFP is, at least to some extent, converted in a similar man-
ner as proICA512–GFP in INS-1 cells.
Fig. 9. ICA512–GFP and ΔRESP18HD ICA512–GFP expression and conversion.
Immunoblotting for GFP in lysates of resting (R) or stimulated (S) INS-1 cells expressing
ICA512–GFP or ΔRESP18HD ICA512–GFP wild type (wt) forms or their proprotein
convertase site, (S449V), mutants. The corresponding proforms are indicated with an
asterisk and the proprotein convertase generated ICA512–TMF–GFP forms with an
arrowhead. For normalization, the lysates were also immunoblotted for γ-tubulin.
The above results imply that a small fraction of ΔRESP18HD
proICA512–GFPmight be sorted to premature SGs. Therefore, we inves-
tigated its localization in comparison with ICA512-GFP by immuno-
staining of the cells for insulin. Unlike ICA512–GFP, which co-localized
with the punctuated staining of insulin SGs in both resting and stimulat-
ed cells (Fig. 10, Panel A, lower images), only a minor fraction of
ΔRESP18HD ICA512–GFP signal was found overlapping with punctuat-
ed SGs like signal (Fig. 10, Panel A, upper images).ΔRESP18HD ICA512–
GFP or ICA512–GFP expressing cells in resting or glucose-stimulation
media were also incubated with antibodies directed to the ICA512 ma-
ture ectodomain (ME ICA512). The cells were fixed and stained without
permeabilizationwith the secondary antibodies to examine exposure of
ΔRESP18HD ICA512–GFP and ICA512–GFP. Consistently with previous
findings [5,24], ICA512-GFP was detectable at the cell surface only in
the glucose-stimulated cells (Fig. 10, Panel B, lower right images). In
contrast, ΔRESP18HD ICA512–GFP was exposed extracellularly in both
resting and glucose stimulated cells (Fig. 10 Panel B, upper left and
right images). Since the behavior of ICA512–GFP results from its sorting
into insulin SGs and regulated exocytosis, the contrasting behavior of
ΔRESP18HD ICA512–GFP indicates that lack of RESP18HD impairs
most of the protein from being sorted to insulin SGs and inserted to
the plasma membrane in a regulated fashion.

4. Discussion

Although ICA512–RESP18HD can be considered a structural unit due
to its conservation in distinct protein families, direct evidence for its
functioning and properties has been lacking. By preparing pure
ICA512–RESP18HD and characterizing its biophysical and biochemical
properties in vitro we are now in better position to undertake the
study of its biological function on a structural basis.

A prominent feature of isolated ICA512–RESP18HD is its conforma-
tional plasticity. Whereas CD and intrinsic fluorescence showed that
ICA512–RESP18HD displays distinct secondary and tertiary structures,
its solubility is limited and restricted to acidic conditions, compatible
with the lumenal pH of the mature SG. Thus, at neutral pH, pure
ICA512–RESP18HD readily forms insoluble oligomers. The ionization
profile, with charge close to zero at neutral pH, is certainly an important
factor explaining the low solubility of ICA512–RESP18HD. However, the
presence of a short intrinsically disordered sequence at its C-terminus –
which is also conserved in RESP18 and in the corresponding region of
phogrin – must also contribute to its tendency to aggregate. The ANS
binding results confirm that the isolated protein exposes hydrophobic
patches thatmay enhance intermolecular interactions and hence aggre-
gation. Thus, the conformational state of isolated ICA512–RESP18HD
can be considered a dynamic combination of folded and partially folded
structures with the potential to adjust to changes in the medium or in
the presence of interacting molecules.

Further evidence for the propensity to association is the easiness of
intermolecular disulfide formation exhibited by ICA512–RESP18HD. Al-
though the results show that oxidation is not a requirement for ICA512–
RESP18HD incipient oligomerization, the formation of disulfide bridges
can consolidate the aggregates making the process irreversible. We
show that the cysteine residues of ICA512–RESP18HD are highly con-
served among the R8 subtype of RPTPs (Fig. 1, Panel D), which points
to their functional and structural importance. In addition, we provide
here evidence that the tendency to form disulfide-linked high-order ag-
gregates is due to an unusually high reactivity in thiol–disulfide ex-
change reactions. All together, the conformational plasticity, the
tendency to form disulfide bridges, the tendency for association, and
the pH-dependent aggregation hint to the participation of ICA512–
RESP18HD in the dynamic network of interactions deemed fundamen-
tal for sorting to the SG and regulated secretion, particularly in concert
with other proteins prone to form high order aggregates [12].

The biophysical properties of ICA512–RESP18HD prompted the
question as if this domain can act as a recognition module. We started



Fig. 10. ICA512–GFP andΔRESP18HD ICA512–GFP targeting. Confocal microscopy images of (A) permeabilized and (B) nonpermeabilized INS-1 cells expressingΔRESP18HD ICA512–GFP
or ICA512–GFP (within each panel, upper and lower rows, respectively). Green fluorescence corresponds to GFP. Red fluorescence corresponds to (A) insulin SGs immunostaining or
(B) surface exposed ICA512 immunostained with ME ICA512 antibody directed against the ICA512 mature proximal ectodomain. Merge color images, with the scale bars = 10 μm, are
shown on the right. Cell nuclei are shown by DAPI staining, in blue. n = 3. (A) ICA512–GFP co-localized with the punctuated staining of insulin SGs in both resting and stimulated
cells. (B, lower right) ICA512-GFP was detectable at the cell surface only in glucose-stimulated cells (B, upper left and right). Contrastingly, ΔRESP18HD ICA512–GFP was exposed
extracellularly in both resting and glucose-stimulated cells.
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to test this hypothesis and found evidence of binding to proinsulin and
insulin. The affinity of the interaction was in the lowmicromolar range,
similar to that of insulin interactingwith insulin antibodies elicited dur-
ing replacement therapy in diabetic patients [37]. It is widely accepted
that such affinity exhibited by specific antibodies is compatible with
the efficient binding and opsonization of the antigen. Thus, it is reason-
able to infer that ICA512–RESP18HD may actually be complexed to a
similar extent by insulin in vivo.

The significance of the interaction between ICA512–RESP18HD and
insulin/proinsulin must be considered in the context of other known
protein interactions suggested for ICA512. The cytoplasmic domain of
ICA512 interacts with over a dozen of cytosolic proteins [38–42]. For
many of these interactions, a connection with cellular mechanisms
was inferred and for some of them, direct experimental evidence of
their significance is available [12]. On the other hand, reports of interac-
tions of the lumenal domains of ICA512 are lacking. Conceivably, the re-
ported binding of carboxypeptidase E to a lumenal region of phogrin
[43] also takes place for ICA512, as also suggested by preliminary evi-
dence (our unpublished observations). It was proposed that the lumen-
al interaction between phogrin and carboxypeptidase E is involved in
their mutual sorting from the TGN to the SG [43]. The interaction be-
tween ICA512–RESP18HD and proinsulin/insulin unveiled in this work
might contribute to phase separation (demixing) of micro-domains or
high-order multiprotein assemblies for sorting and trafficking through
the regulated pathway [44–48]. In this capacity, theflexible nature of re-
gions lacking well-defined structures could allow ICA512–RESP18HD
binding to multiple targets. In this respect it should be considered that
the proteins including a RESP18 domain are widely expressed in neuro-
endocrine cells, and thus presumably interacting with various cargo
proteins.

In a previous studywedemonstrated that the removal of theNTF do-
main (Fig. 1; residues 34 to 449) aborts targeting of proICA512 to SGs
[24]. There, we also demonstrated that ICA512–RESP18HD tagged
with GFP (i.e. residues 34 to 131 of NTF followed by GFP) is directed
to the SG, whereas ICA512–NTF tagged with GFP is rather retained in
the ER.We now strengthen those findings by showing that the removal
of RESP18HD suffices to preclude most of ΔRESP18HD ICA512–GFP
from being sorted to the SG, thereby diverting it instead to the constitu-
tive pathway and thus resulting in its accumulation at the cell surface.
All these findings, along with the biophysical and biochemical evidence
discussed above, start to delineate a prominent role of ICA512–
RESP18HD for driving the parent protein and granule cargoes, from
the ER and Golgi membrane compartments to the mature SGs.

Additional research will be necessary to establish the mechanisms
by which ICA512–RESP18HD participates in the targeting of the recep-
tor to secretory granules. However, and as a working hypothesis, the
process may be envisaged as follows. ICA512–RESP18HDwould contain
a granule-directing determinant, which is only effective when a second
determinant for ER retention is overcome. Such ER retention signal
would be located within a contiguous region of the receptor with high
potential for structural disorder (within residues 132 to 449 of the
NTF). ICA512 retention in the ER can be overcome experimentally by
deletion, as in the case of ΔNTF ICA512–GFP and ΔRESP18HD ICA512–
GFP or in vivo by a more sophisticated interplay of the extracellular/
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luminal domain and other SG protein interactions. Conceivably, the si-
lencing of the ER retention signal might involve its folding in concert
with the other parts of the receptor.
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