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To study the possibility that certain components of eukaryotic plasma membranes are
released under certain (patho)physiological conditions, a chip-based sensor was
developed for the detection of cell surface proteins, which are anchored at the outer leaflet
of eukaryotic plasma membranes by a covalently attached glycolipid, exclusively, and
might be prone to spontaneous or regulated release on basis of their amphiphilic
character. For this, unprocessed full-length glycosylphosphatidylinositol-anchored proteins
(GPI-AP) together with associated phospholipids were specifically captured and detected
by a chip- and microfluidic channel-based sensor leading to changes in phase and
amplitude of surface acoustic waves (SAW) propagating over the chip surface.
Unprocessed GPI-AP in complex with lipids were found to be released from rat adipocyte
plasma membranes immobilized on the chip which was dependent on the flow rate and
composition of the buffer stream. The complexes were identified in the incubation medium
of primary rat adipocytes, in correlation to the cell size, and in rat as well as human serum.
With rats, the measured changes in SAW phase shift, reflecting specific mass/size or
amount of the unprocessed GPI-AP in complex with lipids, and SAW amplitude, reflecting
their viscoelasticity, enabled the differentiation between the lean and obese (high fat diet)
state, and the normal (Wistar) and hyperinsulinemic (ZF) as well as hyperinsulinemic
hyperglycemic (ZDF) state. Thus chip-based sensing for complexes of unprocessed GPI-
AP and lipids reveals the inherently labile anchorage of GPI-AP at plasma membranes and
their susceptibility for release in response to (intrinsic/extrinsic) cues of metabolic

relevance and may therefore be useful for monitoring of (pre-)diabetic disease states.

keywords: adipocytes; biosensor; diabetes; glycolipid-anchored cell surface proteins;

metabolic stress; obesity
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Introduction

Glycosylphosphatidylinositol-anchored proteins (GPI-AP), which represent about 1% of all
proteins in eukaryotes, are cell surface proteins and constituted by a variably large
hydrophilic protein moiety and a highly conserved hydrophobic glycolipid (GPI) which
serves as anchor at the extracellular leaflet of plasma membranes (11, 12, 49,)(Fig. 1A).
On basis of their amphiphilic overall nature and the exclusive membrane anchorage via
the GPI moiety which is putatively less stringent than that of typical transmembrane
proteins, GPI-AP may be regarded as candidates for spontaneous or regulated release
from plasma membranes upon exposure to endogenous (e.g. surface tension of
hypertrophic fat cells) or exogenous (e.g. high serum concentration of fatty acids and
albumin) cues, which are typically prevalent during metabolic stress, such as type 2
diabetes (T2D) and obesity.

In contrast to the well-documented shedding of processed soluble GPI-AP (as a result
of lipolytic cleavage of the GPI anchor or proteolytic cleavage of the protien moiety)(39,
49), the release of the unprocessed amphiphilic GPI-AP carrying the full-length GPI moiety
may necessitate embedding of its long chain saturated fatty acyl chains into
macromolecular structures. Those would prevent access of the aqueous environment and
may be comprised of mixed phospholipid micelles (Fig. 1B), vesicles, lipoprotein- or
surfactant-like particles or binding-proteins for hydrophobic ligands. The rate of release of
those structures from plasma membranes of relevant cells may depend on their intrinsic
morphological and biophysical characteristics as well as on extrinsic factors, such as
mechanical forces (leading to stretching or compression of the cell shape) or plasma
constituents, such as reactive oxygen species, lipids or free fatty acids.

This rationale for the approach presented with the aim to identify and characterize

unprocessed GPI-AP in complex with additional constituents in extracellular fluids are
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supported by the following previous experimental findings: (i) Some GPI-AP, among them
CD73 and Gce1, have been reported to be released from primary and cultured adipocytes
with their complete GPI anchor still attached in response to high extracellular
concentrations of palmitate, H,O, and the anti-diabetic drug, glimepiride (3, 40, 50). (ii)
Phospholipids have been detected in plasma by untargeted lipidomics and shown to
correlate with early signs of neurodegeneration during presymptomatic Alzheimer's
disease (8, 75). (iii) GPI-AP have been found to be transferred from donor to acceptor cells
in vitro and in vivo under maintenance of their original function (1, 54, 55). This putative
transmission of biological material or information within or between tissues holds true for
GPI-AP with the unprocessed GPI anchor attached but not for their lipolytically or
proteolytically processed counterparts (29, 38, 63). (iv) The GPI-AP, CD73, has been
measured in plasma and its concentration demonstrated to correlate with insulin sensitivity
in diabetic mice and human subjects (34, 52). (v) Phospholipids in complex with certain
membrane proteins have been identified in the incubation medium of cultured vascular
endothelial cells and in plasma of mice exposed to oxidative and shearing stress as well
as high fat diet (35, 77). (vi) GPI-AP harboring the glycan core of the GPI anchor have
been measured at increased levels in the plasma of patients suffering from glioblastoma
brain tumors, lower grade colon adenocarcinomas and ovarian cancer, which presumably
causes the generation of oxygen radicals and metabolic stress compared to healthy
subjects (10). (vii) GPI-AP have been identified as constituents of vesicle- and lipoprotein-
like structures in human plasma (48, 56, 70). (viii) The identification in serum of GPI-AP
protein moieties, separated from the GPI anchor by lipolytic or proteolytic cleavage (39),
apparently is not very informative since proteomic analysis of serum should already have
recognized those fragments and differences in their level in correlation to (stress-related)

diseases.
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Since the amount of unprocessed GPI-AP in extracellular fluids is likely to be rather
low, the typical commonly used techniques for studying the secretome, such as 2D-PAGE,
mass spectrometry, immunoblotting, ELISA, have to be combined with time-consuming
and tedious procedures for prior fractionation and enrichment of low-abundance proteins.
However, those may not be successful for GPI-AP in association with amphiphilic
constituents, such as phospholipids, since centrifugation, flotation and SDS-PAGE in
course of sample preparation and solubilisation may lead to loss or disrupture of the
complexes, and be incompatible with the required analytical sensitivity and resolution as
well as with throughput measurements. To avoid isolation of the presumably labile
complexes between GPI-AP and other constituents and to enable their specific and
sensitive detection and biophysical characterization in extracellular fluids, such as serum,
a homogenous assay design based on a chip- and microfluidic channel-based sensoring
system was developed. It relies on the propagation of horizontal surface acoustiv waves
(SAW) along the chip gold surface which is affected by interaction of any molecule with the
surface (2, 14, 17, 27, 58). The resulting alterations in frequency and amplitude of the
SAW reflect changes in mass loading and viscoelasticity and are thus correlated to the
presence of the analyte and its biophysical characteristics (9, 13, 18, 72). The major
advantages of SAW compared to optical sensors seem to be their compatibility with turbid
and complex matrices in combination with high sensitivity towards alterations in the
amount, mass and viscoelasticity of the analyte (2, 19, 32, 72).

For specific capturing of unprocessed GPI-AP, the chip surface was coated with a-toxin
which interacts with the glycan core of GPI-AP (16). The presence of phospholipids in
complex with the GPI-AP was then monitored by binding of annexin-V. Using this setting of
chip-based sensing, unprocessed GPI-AP in complex with phospholipids were detected in
incubation media of isolated adipocyte plasma membranes and adipocytes as well as in

rat and human serum. The release was found to depend on the milieu surrounding the
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128 plasma membranes and the genotype/phenotype of the donor organism. The findings hint
129 a moderately stable cell surface anchorage of GPI-AP, in particular upon exposure to

130 metabolic stress, which may be useful for monitoring of obesity and type 2 diabetes (T2D).
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MATERIALS AND METHODS

Preparation of a-Toxin

a-Toxin was purified from the culture supernatant of Clostridium septicum (strain
KZ1003) after an 18-h culture in brain-heart infusion broth (Difco). After precipitation by
60% saturated ammonium sulfate and centrifugation, the pellet was dissolved in 10 mM
sodium phosphate (pH 7.0) and then subjected to cation exchange chromatography on
SP-Toyopearll 650M (24). After elution, the corresponding fraction was again precipitated
by 60% saturated ammonium sulfate and centrifuged. SDS-PAGE and Coomassie-staining
of the pellet materials resulted in a single protein band at a position corresponding to a

MW of 48 kDa. a-Toxin was suspended in 100 mM MES/KOH (pH 6.5) at 1 mg/ml.

Coupling of a-Toxin to Microspheres

5.0x10° of the uncoupled magnetic carboxylated microspheres (MagPlex™-C, Luminex
Corp.) in a microcentrifuge tube were resuspended according to the instructions of the
product information sheet, placed into a magnetic separator and then subjected to
separation for 30 to 60 sec. After removal of the supernatant and subsequently of the tube
from the separator, the microspheres were resuspended in 100 ul of HoOpiqest by vortexing
and sonication for about 20 sec. Thereafter the tube was again placed into the magnetic
separator and separation was allowed to occur for 30 to 60 sec. After removal of the
supernatant and subsequently of the tube from the separator, the washed microspheres
were resuspended in 80 pl of 100 mM sodium phosphate (pH 6.2) by vortexing and
sonication for about 20 sec. After addition of 10 ul of 50 mg/ml Sulfo-NHS (diluted in

H2Ovidest) to the microspheres and gentle mixing by vortexing, they were supplemented
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with 10 pl of 50 mg/ml EDC (diluted in H2Opigest). The mixture was incubated (20 min,
22°C) under gentle mixing by vortexing at 5-min intervals. Subsequently the tube was
placed into the magnetic separator and separation allowed to occur for 30 to 60 sec. The
supernatant was removed and then the tube from the separator. The activated
microspheres were resuspended in 250 ul of 50 mM MES/KOH (pH 5.0) by vortexing and
sonication for about 20 sec. The washing step with magnetic separation and resuspension
in 100 mM MES/KOH (pH 6.5) was repeated three times. After the last separation, the
microspheres were suspended in 100 ul of 100 mM MES/KOH (pH 6.5) by vortexing and
sonication for about 20 sec. 200 ug a-toxin was added to the activated and washed
microspheres and the total reaction volume adjusted to 500 ul of 100 mM MES/KOH (pH
6.5). After vortexing, the mixture was incubated (2 h, 22°C) under head-over rotation.
Subsequently the tube was placed into the magnetic separator and separation allowed to
occur for 30 to 60 sec. The supernatant was removed and then the tube from the
separator. The coupled microspheres were resuspended in 500 pl of PBS/TBN (PBS, pH
7.4,0.1% BSA, 0.02% Tween-20 and 0.05% azide) by vortexing and sonication for 20 sec.
After incubation (30 min, 22°C) under head-over rotation, the microspheres were
subjected to magnetic separation for 30 to 60 sec. The supernatant was removed and then
the tube from the separator. The microspheres were resuspended in 1 ml of PBS/TBN by
vortexing and sonication for 20 sec. The washing step with magnetic separation and
resuspension was repeated three times with 1 ml each of PBS. After the last separation,
coupled and washed microspheres were suspended in 500 pl of PBS/TBN by vortexing

and sonication for about 20 sec and then stored at 4°C in the dark.

Depletion of Samples from GPI-Harboring Entities
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Medium samples: 10 ml of incubation medium were added to 500 pl of PBS containing
the microspheres coupled to a-toxin in a 15-ml vial. After vortexing, the mixtures were
incubated (30 min, 22°C) under head-over rotation. Subsequently the tubes were placed
into the magnetic separator and separation allowed to occur for 30 to 60 sec. The
supernatants were removed and then the tube from the separator. The coupled
microspheres were resuspended in 500 ul of PBS/TBN by vortexing and sonication for 20
sec. After incubation (30 min, 22°C) under head-over rotation, the microspheres were
subjected to magnetic separation for 30 to 60 sec. The supernatant was removed and then
the tube from the separator. The microspheres were resuspended in 1 ml of PBS/TBN by
vortexing and sonication for 20 sec. The washing step with magnetic separation and
resuspension was repeated three times with 1 ml of PBS each.

Serum samples: Microspheres (1x10°) coupled to a-toxin and resuspended in 10 pl of
PBS/TBN were added to 90 ul serum and after vortexing and sonication for 20 sec
incubated (30 min, 22°C) under head-over rotation. The microspheres were subjected to
magnetic separation for 30 to 60 sec. The supernatant was transferred to a new tube and
then the tube removed from the separator. The microspheres were resuspended in 100 pl
of PBS/TBN by vortexing and sonication for 20 sec. After the magnetic separation, the

supernatant was removed and combined with the initial supernatant.

Depletion of Samples from Gce1 and CD73

cAMP-agarose and 5’-AMP-agarose ([cC]AMP-agarose) or agarose alone were
suspended in PBS/TBN at 50 mg/ml. 10 ul were added to 90 pl of serum and then
incubated (30 min, 22°C) under head-over rotation. Subsequently, the suspensions were
subjected to centrifugation (300xg, 5 min, 22°C). The supernatants were transferred to

new tubes. The beads in the pellets were resuspended in 100 ul of PBS/TBN by gentle
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vortexing and then re-centrifuged. The supernatants were removed and combined with the

initial supernatants.

Coupling of a-Toxin to the Chip Surface

Coupling reactions were performed as described previously (25, 27, 28, 30) with the
following modifications: For the generation of chips which capture GPI-AP, a-toxin (in 20
mM TRIS/HCI, pH 7.5, 150 mM NaCl and 10% glycerol) diluted in immobilization buffer (10
mM sodium acetate, pH 5.5) was coupled to the channels of activated long-chain 3D
carboxymethyl (CM) dextran chips (SAW Instruments Inc., Bonn, Germany) in a SamX
instrument (SAW Instruments Inc.). For this, the surface of microfluidic channels of sensor
chips was primed by three injections of 150 pl, each, of immobilization buffer at a flow rate
of 45 ul/min. Then the chip surface was activated by a 150-ul injection of 0.2 M EDC and
0.05 M Sulfo-NHS (mixed from 2x-stock solutions right before injection) at a flow rate of 45
MI/min. After a waiting period of 1 min, the coat protein (e.g. a-toxin) was coupled by
injection of 200-ul portions at a flow rate of 60 pl/min and subsequent waiting for 2 min.
After additional washing with three 150-pl portions of running buffer PBST (PBS containing
0.005% Tween 20 [v/v]) at a flow rate of 30 pl/min and waiting for 5 min, the residual
activated groups on the chip surface were capped by injecting 150 ul of 1 M ethanolamine
(pH 8.5) at a flow rate of 45 pl/min. For the generation of a "blank" channel lacking coat
protein, one channel was activated and blocked with injection of buffer instead of a coat
protein. Measurements were performed at 22°C. The flow rates are given in the figure
legends or can be derived from the figures considering the start and termination points of
the solution flow for sample injections or washing cycles as indicated with green and black
arrows, respectively. Chips were regenerated by successive injections of 60 pl of 10 mM

glycine (pH 3.5) and 30 ul of 4 M urea with waiting for 5 min after each injection and final

10
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injection of 300 yl of regeneration buffer (PBS, pH 7.4, 1 M NaCl, 0.03% Tween and 0.5%
glycerol) and 300 pl of PBST and used up to six times without significant loss of capture

(through a-toxin) capacity.

SAW Measurement, Instrumentation and Evaluation

The Seismos NT.X Instrument for Surface Acoustic Wave (SAW) chip-based sensor
(NanoTemper Technologies, Munich, Germany), formerly SamX (SAW Biosensor GmbH,
Bonn, Germany) integrates a high-frequency unit, control and reader units and all fluid
handling components required for a systematic buffer and analyte solution handling (S-
sens K5). This enables fluidic and electrical contacting of the chip with four independent
flow-through microfluidic channels at a stable temperature of 22°C (AT = 0.05 °C by
means of four peltier elements). Mass loading and loss of elasticity (gain of viscosity)
resulting from biomolecular interaction processes on the chip surface will result in phase
shift and amplitude reduction, respectively, of the SAW generated by the inverse
piezoelectric effect. The instrument was run and the signals generated were recorded in
real-time using a double-frequency measurement mode as described previously (13, 18,
32, 37, 51, 72) with the following modifications: Measurements were performed with a
continuous buffer stream at the flow rates and temperatures as indicated. For each chip,
the phase shift and amplitude generated by the a-toxin-coated channels were corrected for
unspecific non-GPI-mediated interactions by subtraction of the values of the "blank"
channel. In addition, in case of medium or serum samples, the values of the sample
channels were corrected for a "medium" or "albumin” channel, respectively, which reflects
the unspecific and non-covalent adsorption of medium components or BSA/RSA to a-toxin
and is generated by injection of incubation medium or 1% BSA/RSA in PBS, respectively,

and further processing identical to the sample channels. To avoid the generation of air-

11
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bubbles (by spontaneous degassing, EDC/NHS reaction, pipetting or others), the buffers
were degassed by applying vacuum (200 mbar for 30 min) and eventual air-bubbles
removed immediately before injection (by gently tapping the vial). To avoid blockage of
tubing, sterile-filtered buffers (0.2-um sterile filters) and degassed H;Opigest Were used only
and visually inspected for lack of particles or other contaminants. To avoid blockages in
the system (autosampler-needle, autosampler, fluidic cell, tubing), it was cleaned after
each experiment and on a regular basis weekly and monthly according to the instructions

of the manufacturer.

Statistics

Original data were analyzed and fitted using the FitMaster® Origin-based software (Origin
Inc.) upon subtraction of the corresponding values obtained with a blank and/or control
channel as indicated. Statistical significance was determined with unpaired two-tailed t-test

using GraphPad Prism 6 (version 6.0.2, GraphPad Software Inc.) software.

DATA SUPPLEMENTS https://doi.org/10.6084/m9.figshare.7994312.v1

Additional Material and Methods: p. 1-6

DETAILED PROTOCOLS - Additional Experimental Details for Figs. 2-9: p. 51-56
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RESULTS

Implementation and Validation of the Sensing Method

The putative release of unprocessed GPI-AP, i.e. with uncleaved full-length GPI
anchor, was first studied with adipocytes since their plasma membranes undergo
extensive stretching upon lipid filling and are in intimate contact with serum albumin and
fatty acids. It relies on specific capturing of all GPI-AP, which harbor the conserved GPI
glycan core, by the chip gold surface coated with a-toxin, upon their injection into the
microfluidic channels (Fig. 1C). Coating with a-toxin, which binds to the glycan core of the
GPI anchor (16, 24), was performed with conventional coupling chemistry (Supplemental
Figure S1). Any (covalent or secondary) interaction of materials with the chip surface will
lead to right-ward shifts in phase and/or reductions in amplitude of the horizontal SAW
propagating along the chip surface (Fig. 1C). This reflects mass loading and/or increased
viscosity, respectively, exerted by the interacting materials (2, 9, 13, 14, 17, 18, 20, 58).
Consequently, the coating with a-toxin per se (Supplemental Figure S1) and the capture of
glycan-harboring GPI-AP can be monitored by chip-based sensing (see below).

The sensor was validated using so-called extracellular vesicles (EV) as analytes. EV
are membrane vesicles which are released from most cell types (76), in particular upon
challenge with exogenous stressors (65). A subset of EV released from adipocytes into the
incubation medium is known to harbor unprocessed GPI-AP at the outer leaflet of their
phospholipid bilayer (7, 46). Injection of EV isolated from rat adipocyte incubation medium
into a-toxin-coated, but not into control (i.e. rat serum albumin-coated) chips caused SAW
phases shifts dependent on the volume applied (Fig. 2A). Depletion of the EV from GPI-AP
by adsorption to a-toxin-coupled magnetic beads or cleavage of the GPI anchor by

bacterial PI-PLC prior to injection (partially) prevented phase shift. The presence of typical
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GPI-AP, such as CD73, and phospholipids in (untreated) EV was shown by sequential
binding "in sandwich" of anti-CD73 antibodies and the Ca**-dependent phosphatidylserine-
sequestering protein annexin-V (in the presence of Ca®*, but not EGTA, Fig. 1D) to the
chip (Fig. 2B). The specificity of detection of GPI-AP in complex with phosphatidylserine
was confirmed by lack of SAW phase shift using (i) chips (non-covalently) coated with rat
serum albumin, (ii) EV depleted from GPI-AP or (iii) antibodies against the non-GPI-
anchored membrane protein caveolin, located at the luminal membrane leaflet of the EV
(Fig. 2B), as well as by dependence of the SAW phase shift on the annexin-V
concentration (Fig. 2C) and volume of the EV injected (Fig. 2D) during association (periods
A). The specificity of capture of the EV through a-toxin was confirmed by maintenance of
the phase shift during washing of the chip surface with running buffer (Fig. 2C-F, periods
B) and its concentration-dependent reduction by the presence of synthetic
phosphoinositolglycan (PIG) 37 mimicking the glycan core moiety of GPI-AP (47) during
association (Fig. 2E, periods A). Subsequent washing of the captured EV with PIG37 did
not cause phase shift decrease, as was true for running buffer alone, compatible with a
PIG37-induced delay in association rather than induction of dissociation (Fig. 2E). This is
presumably due to subtle structural deviation of PIG37 from the authentic GPI glycan core,
since PIG41 which resembles it more closely (15) induced the concentration-dependent
displacement of captured EV as well as blockade of re-capture of the displaced EV
(Supplemental Figure S2, periods C and F, respectively).

For a rough calculation of the limit of detection for unprocessed GPI-AP (i.e. having
retained glycan core) by chip-based sensing, acetylcholinesterase (AChE) partially purified
from detergent extracts of bovine erythrocyte membranes (69) by sequential
chromatography on DEAE-cellulose, affinity gel prepared from CNBr-activated Sepharose
(5), Sephadex G-75 and finally Sephadex 6B (with a degree of homogeneity of about 50%

according to SDS-PAGE and silver staining as well as the specific activity of 3,200 umol
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acetylthiocholine hydrolyzed/min/mg protein) was injected into the channels of a-toxin-
coated chips. Upon capturing by a-toxin alone (i.e. under omission of monitoring for
associated phosphatidylserine by annexin-V), a significant increase in phase shift of 0.2°
above basal (identical detergent-containing buffer without protein) was observed with 40 pl
of 0.30 mg AChE/mlI corresponding to 5 uM (final conc.) and 12 ug AChE in the sample. In
course of removing of the diacylglycerol moiety (but not of the glycan core) from the GPI
anchor of AChE by cleavage with PI-PLC from Bacillus thuringiensis (68), the limit of
detection decreased moderately but significantly to 0.12 mg AChE/ml corresponding to 2
MM and 4.8 ug AChE in the sample. Control experiments showed that the apparently
higher detection limit for unprocessed compared to lipolytically cleaved AChE is
predominantly due to the presence of 0.1% NP40 in the former samples (for solubilization).
However, the sample fluids analyzed in the following (cell and plasma membrane
supernatants, serum) did not contain detergent.

Taken together, the sensitivity of the chip-based sensing for solubilized (by either
detergent or PI-PLC) GPI-AP harboring the glycan core is about three orders of magnitude
lower than that of typical radioimmunoassay or ELISA methods. However, it should be
kept in mind that this holds true for the solubilized (monomeric) GPI-AP. GPI-AP in
complex with lipids and other proteins may exhibit a considerably lower detection limit for
chip-based sensing as a consequence of elevated phase shifts upon capturing of analytes
with increased (total and specific) mass and size. The ability to detect unprocessed GPI-
AP (in the absence of detergent and lipolytic cleavage) in incubation media of adipocytes
and plasma membranes and serum samples from rat and humans (see below) is
compatible with this hypothesis.

For investigation whether chip-based sensing manages to identify unprocessed GPI-
AP, including EV, in crude incubation medium and to differentiate them according to the

size of the releasing cell, medium from rat adipocytes of small, medium and large size,
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which contains EV at rather low concentration only (3, 40, 44), was used. Adipocyte
medium elicited volume-dependent (during capture by a-toxin and detection by annexin-V,
Fig. 2F, periods A) and stable (during subsequent washing with running buffer, Fig. 2F,
periods B) phase shift increases, which were abrogated by depletion of the GPI-AP or
cleavage of the GPI anchor by bacterial PI-PLC and nitrous acid deamination. Media from
adipocytes of large, medium and small size (Supplemental Table S1) provoked different
association kinetics for the capture of GPI-AP and detection of phospholipids
(Supplemental Figure S3). The injection of 10 and 200 uM PIG37 at midst of the capture
led to maximal differentiation of large vs. medium/small and large/medium vs. small
adipocytes, respectively (Supplemental Figure S4A). 30 uM PIG37 turned out to enable
the simultaneous discrimination of large, medium and small cells considering phase shift
(S4B) and amplitude reduction (S4C). This was maintained during simultaneous detection
of phospholipids by annexin-V during capture (S4B, S4C). In the absence of PIG37 minor
differences between adipocytes of differing size were measured, only (S4C). Final injection
of PIG41 caused complete abrogation of the medium-induced phase shift (S4B) as well as
amplitude reduction (S4C) arguing for the specificity of capture and the possibility of chip
re-use after total dissociation of the GPI-AP. Importantly, two distinct chips run in parallel
displayed very similar kinetics of capture and dissociation (S4B).

Taken together, the findings obtained with isolated EV and total incubation medium
from rat adipocytes demonstrate that chip-based sensing enables the sensitive
identification of unprocessed GPI-AP in complex with phospholipids as well as their
differentiation according to the size of the releasing cell. In contrast, this differentiation was
not feasible on basis of the patterns of total proteins, total GPI-AP or specific GPI-AP

contained in adipocyte incubation medium (Supplemental Figure S5).

Sensing of the Release of Unprocessed GPI-AP from Plasma Membranes In Vitro
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Next the putative release of unprocessed GPI-AP from adipocyte plasma membranes
was studied in vitro using a "lab-on-the-chip" configuration. For this, plasma membranes
were immobilized by hydrophobic interactions on the chip gold surface (2) which was
reflected in the stepwise increases in phase shift with each injection (but only in the
presence of Ca?* for neutralization of negative surface charge)(Fig. 3) periods A, blue vs.
green curves). The incremental phase shifts decreased with the number of injections,
compatible with a limited number of sites for immobilization. Only minor loss of the
immobilized plasma membranes during multiple washing (buffer) cycles (periods A) was
observed as reflected in the small phase shift decreases. In the following, saturating
amounts of plasma membranes according to maximal phase shift were used for capture
(periods A) which ensured the comparison of roughly identical amounts of immobilized
plasma membranes as putative source for unprocessed GPI-AP. The pronounced phase
shift upon injection of anti-insulin receptor-a antibodies into the chip (Fig. 3A, end of
periods A) confirmed the immobilization of adipocyte plasma membranes, which typically
express insulin receptor. The increases in phase shift upon sequential injections of plasma
membranes and anti-insulin receptor-a antibodies did not significantly differ between small
(Fig. 3A) and large (Fig. 3B) adipocytes (periods A) confirming immobilization of similar
amounts of membranes on the chip.

Unprocessed GPI-AP released from the immobilized plasma membranes during the
subsequent injection of buffer were captured by the a-toxin-coated chip in the presence of
30 uM PIG37 (Fig. 3, periods B). This can be monitored only after almost complete
elimination of the initial phase shift provoked by the immobilized plasma membranes which
is achieved by their detachment from the chip through deprotonization (pH 10), chelating
of Ca®* (EGTA) and final washing with buffer (periods C). The stepwise increases in phase

shift upon sequential injection of annexin-V and anti-CD73 antibodies, but not anti-insulin
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receptor-a antibodies, (periods D) led to the detection of released and captured
unprocessed GPI-AP (during periods B) and demonstrated the subsequent quantitative
removal of the plasma membranes (during periods C). The specificity of capture and
detection of the plasma membrane-derived GPI-AP was confirmed by final injection of 200
MM P1G41 (periods D), which caused lowering of the phase shift by roughly 70%. The
remaining, apparently unspecific (i.e. not GPI-mediated) phase shift was completely
abrogated by excess of mannose (periods D). Therefore, only the portion competed for by
P1G41 is regarded as GPI-AP-specific phase shift in the following.

Additional evidence for the specificity was provided by injection of PIG41 (turquoise
curves) or mannose (yellow curves) immediately following detachment of the plasma
membranes (Fig. 3, periods C), as well as by use of “blank” chips lacking a-toxin (red
curves), since each procedure completely prevented phase shift increase. Furthermore,
injection of the detergent BATC (black and pink curves), which is known to preferentially
solubilize GPI-AP vs. transmembrane proteins from eukaryotic plasma membranes (45),
after detachment of the plasma membranes reduced the annexin-V-induced phase shift
increases in concentration-dependent fashion (periods C), but left unaltered those induced
by anti-CD73 antibodies (periods D). This suggests the exchange of phospholipids for
BATC in the complexes with GPI-AP. Loss of phospholipids from the complexes was also
achieved by bee venom phospholipase PLA; (green curves), capable of cleaving off fatty
acids from membrane-associated (glyco)phospholipids, including GPI. This treatment left
captured GPI-AP with attached lysophosphatidate moiety only, which were detected by
anti-CD73 antibodies, but not by annexin-V. These data are compatible with the release of
GPI-AP in complex with phospholipids from plasma membranes in vitro.

Interestingly, the phase shift increases (Fig. 3, blue curves) and amplitude reductions
(data not shown) during annexin-V and anti-CD73 antibody injections (periods D) were

considerably more pronounced for plasma membranes from small (A) compared to large
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adipocytes (B). The reduced phase shift and amplitude provoked by plasma membranes
from large adipocytes vs. those from small ones is indicative for a lowered number, size or
specific mass (protein:lipid ratio) and higher viscosity (lipid:protein ratio), respectively, of
complexes released from large vs. small adipocytes. So far the underlying molecular
mechanism remains a matter of speculation. However, it is conceivable that high
cholesterol lipid rafts are preferentially expressed at the plasma membranes of small
adipocytes compared to those from large adipocytes due to a higher
cholesterol:phospholipid ratio at the plasma membrane outer leaflet with the consequence
of release of complexes at elevated number, size or spec. mass (see Supplemental Figure
S18 for a physiological and molecular explanation for the assumed inverse relationship
between adipocyte size (and the blood glucose and insulin levels of the donor organisms
as its relevant determinants) and cholesterol content of the plasma membrane outer
leaflet). Alternatively, the more pronounced membrane curvature of small vs. large
adipocytes, possibly in combination with more prominent expression of high cholesterol
lipid rafts, may favor the release of complexes from small compared to large adipocytes
solely due to weakening of the hydrophobic interactions between membrane phospholipids
and between those and GPI anchors.

Next the cellular and extrinsic factors which determine the efficacy of the release of
unprocessed GPI-AP in vitro were investigated (Fig. 4). The release of the unprocessed
GPI-AP turned out to be strongly dependent on the flow rate of the buffer injected during
period B immediately after immobilization of the plasma membranes (period A) prior to
their subsequent detachment from the chip (period C). This was reflected in considerably
higher increases in phase shift (Fig. 4A) and reductions in amplitude (Fig. 4B) at 200
MI/min (blue and green curves) compared to 25 ul/min (turquoise and pink curves) for both
small and large adipocytes during binding of annexin-V and then of anti-CD73 antibodies

during period D. The missing effect of injection of anti-IRa antibodies and the pronounced
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decline of phase shift and upregulation of amplitude in response to PIG41 argue for
specific capture of unprocessed GPI-AP instead of typical transmembrane proteins.
Apparently unprocessed GPI-AP were released from the plasma membranes of small
adipocytes at high buffer flow with the highest efficacy. Interestingly, the amplitude
reduction observed with large adipocytes at high flow rate was even lower than that
induced by small adipocytes at low flow rate (Fig. 4B). In contrast, the more pronounced
phase shift of small versus large adipocytes was only observed when identical flow rates
were compared (Fig. 4B). This may be explained by moderately elevated amount, spec.
mass, and size in concert with extensively elevated viscosity of the plasma membrane-
derived GPI-AP which become released from small compared to large adipocytes.

Quantitative analysis of the effect of the flow rate operative immediately after
immobilization of the plasma membranes before the injection of annexin-V and anti-CD73
antibodies on the release of plasma membrane-derived GPI-AP (Fig. 4) confirmed the
positive correlation between flow rate and phase shift (C) as well as amplitude reduction
(D) with the curves being shifted to the left and top, respectively, for small vs. large
adipocytes. Together the findings hint to significantly higher susceptibility of plasma
membranes from small compared to large adipocytes for release of unprocessed GPI-AP
dependent on the velocity of the buffer stream as well as to significantly higher viscosity of
those from small compared to large adipocytes.

Furthermore, upon exposure of the immobilized adipocyte plasma membranes to
detergent (BATC), extraction of fatty acids (BSA) or cholesterol (nystatin) and cleavage of
lipidic membrane constituents (PC-PLC, GPI-PLD, PLA,), led to altered phase shifts
(Supplemental Figure S6A) and amplitude reductions (Supplemental Figure S6B) at
variable degrees compatible with the presence of PC, GPI, fatty acids and cholesterol in

adipocyte plasma membrane-derived GPI-AP. Together these findings argues for extrinsic
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"membrane-active" factors playing a role in the release of unprocessed GPI-AP, among

them and physiologically relevant cell surface tension, fluid flow rate and serum albumin.

Implementation and Validation of the Sensing of Unprocessed GPI-AP in Serum

After successful demonstration of release of unprocessed GPI-AP from primary
adipocytes into the incubation medium and their generation by isolated adipocyte plasma
membranes in the "lab-on-the-chip" configuration, chip-based sensing was applied for their
identification in serum of rats of different genotype and body weight (see Supplemental
Table S2 for animal characteristics). Serum from lean Wistar rats provoked considerable
and stable (in course of washing) increases in phase shift upon capture by a-toxin-coated
(Supplemental Figure 7A, green curve) vs. "blank" (red curve) chips, as well as upon
subsequent sequential binding “in sandwich” of annexin-V and anti-CD73 antibodies.
However, with this experimental design differential responses for rats differing in both
genotype and body weight were not obtained consistently (Supplemental Figure 7B), for
instance between lean Wistar and obese ZDF rats. Importantly, a considerably diminished
increase in phase shift (Supplemental Figure 7C) for obese ZDF compared to lean Wistar
rats or a more pronounced reduction in amplitude (Supplemental Figure 7D) for obese ZF
compared to lean Wistar rats was achieved by addition of PIG37 at midst of GPI-AP
capture, which was maintained during subsequent phospholipid detection by annexin-V
binding and during washing. The PIG37-dependent difference in amplitude reduction as
well as phase shift was found to be maximal with 30 yM (Supplemental Figure 7E) as
shown for serum from lean ZF vs. obese Wistar rats and (Supplemental Figure 7F) lean
ZDF vs. obese Wistar rats, respectively, during repeated cycles of capture in the presence
of increasing concentrations of PIG37 followed by phospholipid detection and complete

displacement of the unprocessed GPI-AP from the chip by PIG41. Finally, in order to
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reduce the number of injection cycles, the capture and detection steps were combined
(Supplemental Figure 7G) which turned out to exert little effect on the serum-induced
maximal increase in phase shift and reduction in amplitude compared to sequential
injections of serum and annexin-V.

Consequently, simultaneous injection of serum and annexin-V for capture of the
unprocessed GPI-AP and detection of the phospholipids (Fig. 5A, period A1/2) with
subsequent measurement of phase shift and amplitude at the end of injection of PIG37
(periods B1/2) before regeneration of the chips (periods C, D, E) was used as
experimental protocol. It was most efficient for pairwise differentiation as shown (Fig. 5A)
for obese ZDF vs. obese ZF/Wistar rats (upper panel) and obese ZF vs. obese ZDF/Wistar
rats (lower panel) with low variance between two consecutive cycles (periods A1-D1 and
A2-D2). Based on pairwise combinations the differences in phase shift and amplitude
between the serum samples were found to be significantly higher with lower variance
when the measurements were performed after the PIG37 injection (Fig. 5B, end of periods
B1/2) compared to before (end of periods A1/2). In conclusion, measurement of both
phase shift and amplitude exerted in the presence of PIG37 is required for mutual
differentiation of serum from rats of different genotype with similar (obese) body weight. In
addition, re-use of the chips after sequential displacement of the unprocessed GPI-AP
using P1G41 (Fig. 5A, periods C1/2), removal of phospholipids using NP-40 (period D1/2)
and final washing (periods E) turned out to be feasible as manifested in non-significant

deviations between periods B1 and B2.

Differential Sensing of Unprocessed Serum GPI-AP in Normal, Diabetic and Obese Rats

After determination of the sensitivity and linearity for chip-based sensing of

unprocessed GPI-AP with regard to sample volume (Supplemental Figure 8A) and of the
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variance (Supplemental Figure 8B) between (i) the same channel (for re-use), (ii) distinct
channels of the same chip and (iii) distinct chips (S8B), appropriate conditions (40 pl
sample volume, six re-uses of the same channel) were used for the following
measurements of individual and pooled serum samples of eight lean and obese Wistar, ZF
and ZDF rats covering different metabolic states (Supplemental Table S2) in pairwise
comparisons between animals of different genotype which are either lean or obese (Fig.
5C-H, Supplemental Figure S9) and vice versa between lean and obese animals which are
of the same genotype (Supplemental Figure S10A-C).

In pairwise comparisons of either lean or obese rats, significant differences in phase
shift and amplitude were observed for the means of the individually measured serum
samples (M) between Wistar and ZDF (Fig. 5C, D) or ZF (Fig. 5E, F) rats. Between ZF and
ZDF rats trends were monitored only for the obese (Fig. 5G, H), but not for the lean
animals (Supplemental Figure S9). In pairwise comparisons of rats of either Wistar
(Supplemental Figure S10A) or ZF (S10B) or ZDF (S10C) genotype trends in phase shift
and amplitude were measured for the means of the individual serum samples between
lean and obese animals.

In conclusion, the means of the serum samples (M) as well as the values measured for
the pooled samples (P) enabled the differentiation of individual rats for the majority of
pairwise comparisons on the basis of phase shifts and amplitudes below or above of the
corresponding M/P - 1xSD and M/P + 1xSD, respectively, determined for the counterpart
rats (Fig. 6). The differences in phase shift and amplitude are more prominent for
comparisons between rats (of similar body weight) differing in genotype (orange arrows)
than for those between lean and obese rats (of identical genotype)(grey arrows).
Importantly, repetition of this experiment using the same samples, but a distinct

instrument, led to similar M and P values (Supplemental Table S3) which enabled
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differentiation of the rats according to genotype/body weight with comparable accuracy as
was true for the original instrument.

In agreement, differences in amplitude were observed between Wistar rats which had
been subjected to bariatric or sham surgery and subsequently administered (normal or
vitamin-supplemented) high-fat diet (66) reflecting the acquired lean and obese
phenotype, respectively (Supplemental Table S4). Since significant differences in phase
shift were measured neither between lean and obese Wistar rats (data not shown) nor
between high-fat diet-fed rats with bariatric and sham surgery (Supplemental Table S4),
the amount, spec. mass or size of the complexes of unprocessed GPI-AP and
phospholipids, which would be reflected in altered mass loading and thus phase shift, is
presumably unaffected by the body weight.

Together the data are compatible that hyperglycemia or hyperinsulinemia alone or in
combination act as drivers for the release of unprocessed GPI-AP from donor cells into
serum, which differ in spec. mass, size, amount and/or viscoelasticity, as can be monitored
by SAW chip-based sensing. Remarkably, differences for unprocessed GPI-AP were
measured between rats which did not display significant deviations in fasting glucose and
plasma insulin levels (lean Wistar vs. lean ZDF, lean Wistar vs. lean ZF)(Fig. 6). These
findings raise the possibility that unprocessed GPI-AP appear in serum prior to gross
metabolic disturbances which would make them particularily attractive for the prediction of
T2D. Importantly, the differentiation apparently relies on the “configuration” between GPI-
AP, phospholipids and cholesterol in the complex, since chip-based sensing of GPI-AP
alone (captured by a-toxin-coated chips without detection of phospholipids by annexin-V-
binding) or detection of phospholipids alone (captured by annexin-V-coated chips without
detection of GPI-AP) or the presence of detergent in the sample did not support

differentiation (data not shown).
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Characterization of the Unprocessed GPI-AP in Rat Serum

Information about the biophysical nature of the serum complexes of unprocessed GPI-
AP and phospholipids per se and differences herein between rats of different metabolic
state was obtained by exposure of the pooled serum samples from eight rats to
mechanical treatments prior to chip-based sensing (Fig. 7). With increasing numbers of
freezing and thawing cycles, the differences in phase shift or amplitude between obese
Wistar and Z(D)F rats considerably declined, dependent on the mode of sample handling
(Fig. 7A). The "slow" mode led to significant loss of differentiation after a single cycle only,
whereas the "rapid" mode did not significantly compromise differentiation during the initial
two cycles. Incubation of the serum samples led to temperature-dependent declines in
phase shift and amplitude differences with significant and complete losses at 37°C and
65°C, respectively (Fig. 7B). Centrifugation of the serum samples led to drastic declines in
phase shift and amplitude differences compared to the "routine" mode, dependent on the
duration and centrifugal forces applied (Fig. 7C). Remarkably, centrifugation conditions
(3000xg, 10 min), which are insufficient for sedimentation of EV and thereby for their
removal from the serum (supernatants analyzed), resulted in almost complete elimination
of the differentiation between obese Wistar and Z(D)F rats. Ultrasonic treatment of the
serum samples elicited dramatic reductions in phase shift and amplitude differences as
reflected in about 50% loss provoked by each cycle (Fig. 7D). Exposure of the serum
samples to mechanical vibration caused reduction of phase shift and amplitude differences
between obese Wistar and Z(D)F rats, dependent on the number of vibration cycles (Fig.
7E).

Two cycles of freezing and thawing ("slow" modus), incubation (42°C, 60 min),
centrifugation (3000xg, 10min), two cycles of ultrasonication or two cycles of vibration (Fig.

7F) led to decreases of the serum-induced (open bars) phase shift and amplitude
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reduction by 50 to up to 90%, but exerted no or minor impairment, only, of the adipocyte
medium-induced (hatched bars) as well as EV-induced (filled bars) reduction. Thus, rat
serum exhibits considerably higher sensitivity towards physical treatments compared to rat
adipocyte medium and EV purified thereof. It is reasonable to assume that tissues/cells not
identical with adipose/adipocytes are responsible for the release of rather labile (non-
vesicular) complexes of unprocessed GPI-AP and phospholipids into serum which mediate
the differential effects on phase shift and amplitude between rats of different metabolic
state. Rat serum may lack EV or harbor labile ones from non-adipocyte sources, such as
macrophages, lymphocytes and other immune cells or the chip-based sensing may be
biased for capture/detection of the complexes vs. EV due to methodological constraints or
overwhelming expression of the former. The apparent exquisite sensitivity of the
complexes of unprocessed GPI-AP and phospholipids towards mechanical stress (Fig. 7)
hints to a non-vesicular, possibly micelle-like, structure, held together by weak secondary
interactions.

Information about the biophysical nature of the serum complexes of unprocessed GPI-
AP and phospholipids per se and differences herein between rats of different metabolic
state was obtained by evaluation of the effects of various enzymic and chemical
treatments of serum on chip-based sensing. Removal of the GPI-AP coat by the GPI
anchor-cleaving GPI-specific phospholipase D (GPI-PLD) suggested that differences in
maximal phase shift and minimal amplitude between serum samples can be due to
changes in the relative abundance of the unprocessed GPI-AP vs. phospholipids and
cholesterol (Supplemental Figure S11). Furthermore, the differences in phase shift and
amplitude for each of the pairwise comparisons of sera from metabolically different rats
were reduced by 37 to 95% in course of (i) removal of unprocessed GPI-AP from the sera
by adsorption to microspheres coupled to a-toxin, (ii) solubilization of lipidic structures with

NP-40 (Supplemental Figure S12A), (iii) lipolytic cleavage of GPI-AP by (G)PI-specific
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phospholipase C/D and (iv) degradation of phospholipids by phospholipase A,
(Supplemental Figure S12A, B) compared to the corresponding control treatments. These
findings together with the analysis of the effects of specific chemical and enzymic
treatments, which either cause degradation of the protein and anchor moieties of GPI-AP
or fail to do so (Supplemental Figure S12C), are compatible with complexes of
unprocessed GPI-AP and (phospho)lipids being responsible for the differentiation of rat
sera by chip-based sensing.

In greater detail, depletion of the (c)AMP-degrading Gce1 and CD73 by adsorption to
(c)AMP-agarose revealed, that these GPI-AP seem to be constituents of complexes of
high (lean Wistar rats) as well as low (obese ZDF rats) spec. mass/size and elasticity as
reflected in the differences in phase and amplitude between treated and control serum
samples (Supplemental Figure 12D). These results in combination with those from the
evaluation of the effects of various detergents, known to induce solubilization of
membrane proteins, in general, or of GPI-AP, preferably, (Supplemental Figure 12E) as
well as of cholesterol-depleting agents (Supplemental Table S5) on phase shift and
amplitude differences between Z(D)F and Wistar rats strongly suggest that the complexes,
which provoked the differences in phase shift and amplitude between rat sera as revealed
by chip-based sensing, are constituted by unprocessed GPI-AP, among them Gce1 and
CD73, phospholipids and cholesterol.

In clinical practise the measurement of a serum parameter for monitoring of disease
states necessitates the delineation of a critical absolute threshold value to avoid the need
for measurement of patient samples as relative differences to an appropriate “control” as
performed above with the pairwise comparisons of the rat sera and the calculation of
differences in phase shift and amplitude (Fig. 5). “Controls” are often difficult to define and

would lead to high expenditure for high throughput analysis. Consequently, for clinical
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practise chip-based sensing of unprocessed GPI-AP in serum should provide absolute
values for phase shift and amplitude.

The apparent mechanical lability, in particular towards vibration, of the rat serum
complexes offered the possibility to correct by subtraction the total values for non-
complex-mediated contributions (unaffected by vibration), which may be elicited by
captured EV or lipolytically cleaved GPI-AP (Supplemental Figure S13). Importantly, this
procedure redundantizes the pairwise comparison of the serum samples (see Fig. 5). This
protocol together with the limited expenditure for preparation of the chips, which relies on
(i) their regeneration and multiple use (by competitive displacement of the unprocessed
GPI-AP from o-toxin rather than de-/renaturation of the capture molecule), (ii) the
reproducibility using distinct chips (Supplemental Figure S8B) and instruments
(Supplemental Table S3) and (iii) the stability and ease of production of the capture
molecule in combination with knowledge about preparation and storage of (serum)
samples (Fig. 7) may enable throughput chip-based sensing of serum complexes in
longitudinal studies to evaluate the possibility that their spec. mass, size, amount and/or
viscoelasticity is diagnostic or predictive for the development of metabolic diseases.

Finally, the criterion of physical lability was used to investigate whether the rat serum
complexes as measured by chip-based sensing and the rat adipocyte plasma membrane-
derived complexes as generated by the “lab-on-the-chip” are related (Fig. 8). In fact,
exposure of “lab-on-the-chips” with captured complexes (during period B) to vibration (pink
and brown curves) and ultrasonication (yellow and turquoise curves) after removal from
the instrument (period C) considerably reduced the phase shift increases (Fig. 8A) and
amplitude reductions (Fig. 8B) provoked by injection of annexin-V compared to control
(blue and green curves) as was true for the serum complexes (Fig. 8D, E). In contrast, the
mechanical forces exerted only minor impairments on the binding of anti-CD73 antibodies

indicating that the capture of GPI-AP per se remained unaffected. These findings argue for
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structural similarity between the complexes consisting of unprocessed GPI-AP and lipids
released from rat adipocyte plasma membranes and those present in rat serum.

In addition to mechanical forces (e.g. buffer flow) and "membrane-active" agents in the
buffer (e.g. detergents, enzymes, albumin), the metabolic state of the rats as the donors
for the adipocyte plasma membranes critically determines the release of complexes in the
"lab-on-the-chip" (Supplemental Figure S14). In fact, using adipocyte plasma membranes
for phase shift measurement, it was feasible to differentiate between old and obese Wistar
rats of similar body weight (S14A). Furthermore, the presence of BSA during this release
(Supplemental Figure S15) led to significant increases in the differences in specific phase
shift (S15A) and amplitude reduction (S15B) for total adipocytes from obese vs. lean ZDF
rats as well as for small adipocytes from young vs. large adipocytes from old Wistar rats.
On basis of the data obtained with the chip-based sensing in vitro (isolated plasma
membranes and primary adipocytes) and in vivo (serum) it is tempting to speculate that in
vivo (i) release of complexes of unprocessed GPI-AP and lipids with regard to spec. mass,
size, amount and viscoelasticity is determined by the extracellular fluid (e.g. blood
pressure, albumin, fatty acids) and the metabolic state of the releasing cells and (ii)
plasma membranes of adipocytes can operate as source for the serum complexes.
However, the abundance of adipocyte-derived complexes in serum remains to be

investigated.

Sensing of Unprocessed GPI-AP in Human Serum

Finally, the possibility of expression of unprocessed GPI-AP in human serum was
tested by chip-based sensing (Fig. 9). Sequential injection of a pooled (A) or individual (B)
human serum sample (periods AQ), annexin-V in the presence of Ca* (periods A1) and

anti-CD73 antibodies (periods B) into a-toxin-coated channels elicited considerable
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increases in phase shift (Fig. 9A) and reductions in amplitude (Fig. 9B), which each
resisted subsequent washing (Controls). In contrast, only very minor effects on phase shift
and amplitude were observed with "blank" channels (data not shown). The annexin-
V/Ca?*-, but hardly the serum- and anti-CD73-induced upregulations of phase shift and
amplitude reduction, were abrogated by EGTA and PLA; (but not by PC-PLC)
demonstrating the specific detection of phosphatidylserine in complex with GPI-AP by
annexin-V. The specific capture of the unprocessed GPI-AP was confirmed by drastically
diminished upregulations of phase shift (Fig. 9A) and amplitude reduction (Fig. 9B)
compared to control with serum which had been depleted of GPI-AP by adsorption to a-
toxin-coupled microspheres prior to injection or the inclusion of PIG41 during the injection.
This was even more pronounced after solubilization of the samples with the detergent
BATC prior to injection which is compatible with formation of labile complexes between
phospholipids, cholesterol and GPI-AP. The presence of unprocessed GPI-AP was
confirmed by reductions in the phase shift increase (Fig. 9A) and amplitude reduction (Fig.
9B) by 80 to 90% in course of enzymic (PI-PLC or GPI-PLD) and chemical (hydrogen
fluoride dephosphorylation or nitrous deamination) pretreatments, which all are known to
specifically cleave within the phospholipid or core glycan portions of GPI-AP.

The analysis of fresh unfrozen serum from ten probands (for proband characteristics
see Supplemental Table S6) revealed clear-cut similarities in the kinetics of phase shift
and amplitude changes, i.e. shapes of the corresponding curves, for the periods of both
capture of the GPI-AP and detection of the complexes (Fig. 9C, Supplemental Figure
S16). However, in contrast to the observed correlation between the genotype/body weight
of rats and the PIG37-dependent alterations in phase shift and amplitude during chip-
based sensing of unprocessed GPI-AP in their serum, no consistent differences were
identified between control subject A and an overweight (1) and obese (F) T2D patient

based on the protocol for pooled human serum samples even in the presence of PIG37
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during time-resolved capture for maximal differentiation (Fig. 9C). The same held true for
the inclusion of overweight and obese type 1 diabetes patients (Supplemental Figure S16).

Information about the physical stability of the complexes of GPI-AP and lipids in human
serum per se and differences herein between humans and rats was obtained by exposure
of the sera to mechanical treatments prior to measurement (Fig. 10) which revealed that
conditions which caused significant lowering of the changes in PIG37-dependent phase
shift and amplitude provoked by the serum complexes from rats exerted only (very) minor
(centrifugation, ultrasonication) or no effects at all (freezing+thawing, elevated
temperature) on those from humans. With the human complexes, marked declines to up to
complete abrogation of the PIG37-dependent changes in phase shift and amplitude were
observed only under the most extreme conditions for each treatment (Supplemental Figure
17). Thus, complexes of human serum exhibited considerably higher stability towards
mechanical stress compared to the rat complexes, which prevented the determination of
threshold values for specific complex-induced phase shift and amplitude as is feasible for
rats (see Supplemental Figure S13).

Taken together, the presence of unprocessed GPI-AP in complex with lipids in human
serum, which display similar composition and structure as their rat counterparts, was
unequivocally demonstrated. Their apparent non-correlation with the metabolic state in
humans could be explained by (i) non-coupling of metabolic stress and complex release
from donor cells and/or complex degradation by serum GPI-PLD, (ii) varying physical
stability with the most labile complexes being correlated to the metabolic state but prone to
disruption or loss during serum sample collection, preparation and/or sensing, even if
handled in the unfrozen state (as was the case for the tested human serum samples which
may have lost the correlative labile complexes and contain only the metabolically irrelevant
stable ones) and (iii) the number of analyzed samples being inadequate for the elucidation

of patterns for chip-based sensing of serum complexes from metabolically differing
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probands. Thus it can not be excluded that in human serum subpopulations of complexes
of GPI-AP and lipids are expressed which correlate with the metabolic state, but are of
lower stability compared to the rat complexes (and the human complexes measured in the
present study) and become lost during the sample processing procedures as used here.

For detection of GPI-AP harboring the glycan core by chip-based sensing, its detection
limit measured with chip-based sensing using detergent-solubilized AChE under standard
conditions (a-toxin-coated chips, 40 yl sample volume) of 0.3 mg/ml would necessitate that
about 0.5% of the total proteins in mammalian plasma (typically 60-80 mg/ml) are
constituted by GPI-AP. This certainly represents a rather high and presumably unrealistic
portion. However, it was unexpectedly found that 2 pl of serum from normal rats elicit the
same phase shift of 0.2° (as the lower detection limit) as 12 ug of detergent-solubilized
AChE. With a calculated concentration of 100 uM, GPI-AP would account for even up to
10% of total plasma proteins. This is in striking contrast to the broadly documented plasma
proteome with albumin and globulins acounting for more than 98%.

Importantly, upon treatment of the serum with excessive amounts of PI-PLC (Bacillus
thuringiensis; 3 units/ml, 60 min, 30°C) for quantitative cleavage of the GPI anchor, 200 pl
were required for the induction of 0.2° phase shift corresponding to 4.8 pg of lipolytically
cleaved AChE. With a calculated concentration of 0.40 uM, GPI-AP would account for only
0.04% of the total plasma proteins. The drastic difference in the calculated contribution to
the plasma proteome between unprocessed (by detergent or PI-PLC) and lipolytically
cleaved GPI-AP may be explained best by a tremendous improvement in sensitivity of the
chip-based sensing for the former due to complex formation with lipids and other proteins,
leading to amplification of the phase shift by the increased mass and/or size loading onto
the chip surface. Thus under standard conditions (40 pl) GPI-AP become detectable by

chip-based sensing only, if they were expressed in complexes.
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Qualitatively similar results were obtained with serum from healthy subjects. However,
the five-fold higher sample volume required for the induction of 0.2° phase shift and the
small difference between the unprocessed and the lipolytically cleaved samples may
indicate that in contrast to the rat complexes a considerable portion of the complexes was
already dissociated in the human serum samples before chip-based sensing with the
consequence of lowered sensitivity of detection of unprocessed GPI-AP.

On basis of the available data, it is reasonable to assume that unprocessed GPI-AP in
complex with lipids comprise between 0.01 and 0.1% of the plasma proteome at a
concentration of 10-100 nM. For a more accurate determination, calibration of the chip-
based sensing with the authentic complexes instead of detergent-solubilized AChE as
standard is required. However, isolation of the complexes will be a formidable task due to
their lability, as demonstrated here. Taken together, chip-based sensing enables the
detection of serum complexes of unprocessed GPI-AP and lipids, which are correlated to
the metabolic state, rather than of monomeric (unprocessed or lipolytically cleaved) GPI-
AP, which can be measured by RIA and ELISA with considerably higher sensitivity, but do

not have predictive value.

DATA SUPPLEMENT https://doi.org/10.6084 /m9.figshare.7994312.v1l

Supplemental Figures and Legends S1-S18: p. 7-39

Supplemental Tables and Legends S1-S7: p. 40-47
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Discussion

The presence of the GPI anchor at a GPI-AP per se appears to confer some important
behavioral and functional attributes onto the protein moieties to which it is attached (39,
41, 49), such as high lateral mobility of GPI-AP within the plane of the extracellular plasma
membrane leaflet, and preferred association and oligomerization within specific
cholesterol-harboring membrane microdomains, such as lipid rafts (26, 33, 53, 57, 59, 60,
62, 67). In adipocytes, which are specifically devoted to glucose and lipid metabolism,
plasma membrane lipid rafts of higher and lower cholesterol content can be discriminated
from one another (42, 47) with the GPI-AP, Gce1 and CD73, moving from the former to the
latter lipid rafts in signal-dependent fasion (43, 44). Clustering in lipid rafts may be
responsible for weaker association of GPI-AP with plasma membranes compared to
transmembrane proteins and thereby facilitate release from the cell surface of GPI-AP with
the unprocessed GPI anchor remaining attached in complex with lipids (cholesterol,
phospholipids) and in positive correlation to the cholesterol content of the lipid rafts.

The data presented strongly argue for the expression of complexes consisting of
unprocessed GPI-AP and lipids (phospholipids, GPI lipids, cholesterol) in rat and human
serum which closely resemble those derived from adipocyte plasma membranes in a “lab-
on-the-chip” configuration, but are clearly different from extracellular vesicles, and have
not been reported so far. The presence of phosphatidylserine as (presumably one and
minor) phospholipidic constituent of the complexes, which is prerequisite for their sensing
with high sensitivity in sandwich configuration by a commercially available phospholipid-
binding protein, may be regarded as surprising on basis of the known enrichment of
sphingolipids and phosphatidylcholine as well as the low concentrations of
phosphatidylserine at the outer membrane leaflet of lipid rafts (71). However, recent

studies have demonstrated the expression and functional role of phosphatidylserine at
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lipid rafts of mammalian plasma membranes. Phosphatidylserine promotes the formation
of lipid rafts and low-density liquid-ordered microdomains in physical models of the plasma
membranes (22) as well as in plasma membranes of living cells (6), consisting of areas of
sphingomyelin in the outer leaflet and phosphatidylcholine in concert with
phosphatidylserine in the inner leaflet (61). Remarkably, the phospholipid distribution
between liquid-ordered raft and liquid-disordered non-raft domains was shown to depend
on the method of their isolation, but with both the detergent-free and the detergent method
phosphatidylserine was recovered with lipid rafts, albeit at rather low concentrations (21).
Of greatest relevance may be the finding that phosphatidylserine is released from lipid
rafts of platelets in EV exposing it at the outer membrane leaflet (74). Together these
findings are compatible with phosphatidylserine located at lipid rafts as a minor species
being involved in the formation of complexes of GPI-AP, cholesterol and phospholipids,
among them phosphatidylserine. Certainly, the expression of sphingolipids and other
phospholipid species, such as phosphatidylcholine, at the complexes as the major lipid
constituents remains to be studied by (lipidomic) methods which are not biased towards
phosphatidylserine as is chip-based sensing. In any case, the unequivocal detection of
(presumably low) amounts of phosphatidylserine in complex with GPI-AP demonstrates
the exquisite sensitivity of the chip-based sensing, which is due to amplification of the
phase shift and amplitude signals in course of binding in sandwich of annexin-V.

The identification of these complexes furthermore verify the initial hypothesis that GPI-
AP as the most amphiphilic constituent of the eukaryotic plasma membranes are not as
stably embedded as is true for typical transmembrane proteins, cholesterol and
phospholipids, but are released as unprocessed entities, i.e. in the absence of (the well
documented) proteolytic and lipolytic processing, in spontaneous or controlled fashion into
extracellular fluids (incubation medium, blood) in response to the (patho)physiological

state of the donor cell/organism, as reflected here in dependence on the rat adipocyte size
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and rat genotype (diabetic) / body weight (obese), as well as to extrinsic factors, as
reflected here in the impact of the composition of the extracellular fluid (albumin, flow rate).
As a practical consequence, chip-based sensing of unprocessed GPI-AP in complex with
lipids may be used to test plasma membranes and surfaces of cells of interest in vitro and
in vivo for their intrinsic (biophysical/chemical) stability or susceptibility towards
cellular/extrinsic stress factors. The possibility that the appearance and biophysical
characteristics of these complexes are indicative or even predictive for certain stress-
associated diseases, such as hyperinsulinemic and hyperglycemic states during the
pathogenesis of T2D (Supplemental Table S7), deserves further investigation. This
preferably should rely on longitudinal studies with adequate sample size and on an
improved protocol for serum preparation, transfer and processing to bypass the putative
loss of the apparently extremely labile but stress-related human complexes.

We suggest the following hypothetical model for the release of unprocessed GPI-AP
into blood (Supplemental Figure S18): In the normoinsulinemic normoglycemic state, the
expression of high cholesterol lipid rafts favors the release of unprocessed GPI-AP.
Several configurations of the constituents within the complexes of GPI-AP and lipids and
releasing mechanisms are conceivable (see legend to S18). The membrane rigidity at high
cholesterol lipid rafts may control the rate of the spontaneous as well as controlled release
of the unprocessed GPI-AP in positive fashion, either through stabilization and extrusion of
"open sheets” or through facilitation of the shaping of "closed" micelles. Detection of
unprocessed GPI-AP in serum from normal rats by chip-based sensing in comparison to
buffer alone reveals (i) a pronounced SAW phase shift due to capture of complexes of
GPI-AP and lipids with a certain spec. mass and size at a certain number and (ii) a small
reduction in the SAW amplitude, only, due to capture of complexes of high elasticity and
low viscosity. In the hyperinsulinemic (hyperglycemic) state, low cholesterol lipid rafts,

formed from the high cholesterol lipid rafts through cholesterol deprivation, release of
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complexes of GPI-AP and lipids of reduced spec. mass and size and/or at reduced
number. Detection of unprocessed GPI-AP in serum of hyperinsulinemic rats by chip-
based sensing in comparison with buffer alone reveals (i) a small SAW phase shift only
due to capture of complexes of GPI-AP and lipids with reduced spec. mass and size
and/or at diminished number and (ii) a pronounced reduction in SAW amplitude due to
capture of complexes of low elasticity and high viscosity. Serum from hyperinsulinemic rats
exhibits the considerably reduced phase shift due to downregulated spec. mass, size
and/or number in parallel to the diminished amplitude due to elevated viscosity of
complexes with incomplete GPI-AP coat compared to serum from normoinsulinemic rats
due to large complexes with complete GPI-AP coat.

It is tempting to speculate, that the observed reductions in number, size or spec. mass,
as reflected in decreased phase shift and amplitude, of serum complexes from
hyperinsulinemic hyperglycemic rats compared to normoinsulinemic normoglycemic ones
(Fig. 5, 6) and in complexes released from plasma membranes in vitro of small compared
to large rat adipocytes (Fig. 3) are causally linked with the common underlying molecular
basis of high cholesterol lipid rafts or high membrane curvature supporting release of the
complexes. In any case, the apparently diminished release of unprocessed GPI-AP in
complex with lipids from donor cells of insulin-resistant obese rats in vivo and from
adipocyte plasma membranes of old rats in vitro suggests that the size of the donor cells is
critical for release of the complexes and that the parameters of the plasma membranes
which define the releasing efficacy can be studied in vitro by the chip-based sensing.

Complexes of unprocessed GPI-AP and lipids are thought to be remodeled and
degraded in blood during a multi-step process initiated by lipolytic separation of the protein
moiety-glycan core and phosphatidate residue of the GPI-AP by serum GPI-PLD. /n vitro
GPI-PLD action necessitates presentation of the GPI-AP within detergent micelles (23,

65). In blood this requirement may be met by complexes of GPI-AP and lipids, since serum
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complexes in the absence of exogenous detergent represent substrates for GPI-PLD in
vitro as shown here. Assuming low activity of GPI-PLD in the normoinsulinemic normo-
glycemic state, the GPI-AP coat of the complexes becomes degraded slowly only (thin
arrow). Efficient release in concert with low degradation is responsible for the appearance
of complexes at high number and of high spec. mass and large size with an extended,
uniform and rigid GPI-AP coat of high elasticity in the serum from normal rats (S18A).
Assuming high activity of GPI-PLD in the hyperinsulinemic (hyperglycemic) state, the
GPI-AP coat of the complexes becomes intensely degraded (S18B, thick arrow). Extensive
shaving of the GPI-AP coat from the surface of the complexes would also provide an
explanation for the seemingly contradictory decline in amplitude in parallel to the decrease
in phase shift in course of development of the hyperinsulinemic (hyperglycemic) state.
Typically, a portion of the amplitude reduction can be attributed to the mere capture of the
complexes of GPI-AP and lipids, since mass loading per se will cause dampening of the
SAW amplitude. More importantly, the viscoelasticity of the complexes is presumably
determined by the GPI-AP coat with the less extended and intact, the lower/higher the
elasticity/viscosity of the complexes and the higher the amplitude reduction provoked by
energy absorption through the viscous complexes. Consequently, hyperactivation of serum
GPI-PLD in hyperinsulinemic (hyperglycemic) rats will foster complex-induced amplitude
reduction compared to the elastic complexes with intact GPI-AP coat from normal serum.
The parallel decline in amplitude (i.e. elasticity of the complexes) and phase shift (i.e.
spec. mass/size/amount of the complexes) when measuring serum from hyperinsulinemic
(hyperglycemic) vs. normal rats could be explained solely by elevated activity of serum
GPI-PLD. In agreement, treatment of serum samples with GPI-PLD resulted in drastic and
parallel declines in both phase shift and amplitude to up to concentrations which interfered
with capture due to complete elimination of the GPI-AP (see Supplemental Figure S11). It

would be interesting to determine whether the SNP in the GPI-PLD gene found associated
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with T2D patients in a recent GWAS study (73) is correlated with an increase in the
amount and/or specific activity of GPI-PLD.

Complexes partially digested with GPI-PLD, as may be generated in serum from
hyperinsulinemic (hyperglycemic) rats, are presumably of heterogenous nature differing in
the relative portions of complete GPI-AP, cholesterol and phospholipids and, in
consequence, in spec. mass, size and viscoelasticity. Analysis of these parameters is not
possible with classical biochemical methods or necessitates pre-fractionation steps which
are difficult to perform due to the inherent instability of the complexes. Moreover, changes
in the expression of certain GPI-AP and phospholipids in plasma, as measured by ELISA
(for CD59), proteomics and lipidomics, have been described for aging (75), breast cancer
(10) and Alzheimer's disease (8), respectively. However, changes in the GPI-AP-to-
cholesterol-to-phospholipid ratio of complexes with corresponding insults on their
biophysical characteristics which may correlate to the (patho)physiology of the releasing
cell/organism will escape detection by "single-parameter" methods, such as MS.

The question may be raised whether out of the total GPI-AP found in serum, specific ones
are related to specific disease states. Answering of this question would have required the
analysis of a few selected GPI-AP rather than of the total set of GPI-AP. However, it
remains doubtful whether certain diseases are associated with the release of certain
(unprocessed) GPI-AP into the blood of patients. Vice versa, the chip-based sensing was
designed to monitor the release of the total unprocessed GPI-AP irrespective of the nature
of their protein portion. The underlying rationale relied on the working hypothesis that the
release of GPI-AP with complete anchor (in complex with lipids) should be determined
almost exclusively by the interplay of the GPI anchors and the donor membranes, and not
be affected by the protein portion of the GPI-AP. Accordingly, specific disease states
should correlate with changes in the appearance in blood of unprocessed GPI-AP in total

rather than of a specific GPI-AP harboring a protein moiety with disease-related function.
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Finally, the use of a-toxin-coated chips with omission of subsequent phospholipid
detection (by annexin-V binding) may also be useful for the identification of lipolytically
cleaved soluble versions of GPI-AP having lost their fatty acid constituents (but retained
the glycan core) during their release from cell surfaces into plasma. in fact, most GPI-AP
have been identified as both membrane-anchored and soluble extracellular versions (76.
For instance, the GPI-AP, tissue non-specific alkaline phosphatase, was found to be
significantly elevated in the plasma of patients suffering from hypophosphatasia with
mental retardation syndrome (4) as a consequence of defective GPI anchor remodeling

leading to release of TNAP from plasma membranes. Moreover, increased plasma

concentrations of a soluble anchor-less version of the GPI-AP, UPAR, were measured for

patients with paroxysmale nocturnal hemoglobinuria, which were in correlation with the

number of mutant clonal cells and highest in patients developing thrombotic events in the

following years (64). Chip-based sensing may enable single-step discrimination between
GPI-AP harboring the complete GPI anchor, retaining a partial (lipolytically cleaved)
anchor and having lost all anchor constituents due to proteolytic cleavage) in plasma,
which would facilitate unraveling of structure-function relationships in disorders caused b

defective GPI anchorage.
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Figure legends

Fig. 1. Principle of the chip-based sensing of unprocessed GP-AP in complex with lipids.
(A) GPI-AP enriched at high cholesterol-containing lipid rafts of plasma membranes are
released from the extracellular leaflet into the environment (e.g. blood) in response to
(metabolic) stress without the involvement of lipolytic or proteolytic processing. (B)
Unprocessed GPI-AP are in complex with cholesterol and phospholipids and may form
micelle-like structures. (C) Specific capture of the GPI-AP by the chip-based SAW sensor
is accomplished by binding to a-toxin. Covalent coupling of a-toxin to the chip gold surface
is performed using the conventional EDC/NHS-based protocol and monitored by
measuring the phase shift in course of the reaction (see Supplemental Figure Fig. S1).
Signals generated by the sensor and recorded in real-time reflect the loading of mass onto
the chip surface and, in addition, depend on the (bio-)physical properties of the contacting
sample fluid, predominanly its viscoelasticity. Capture of the unprocessed GPI-AP leads to
right-ward shifts in phase and/or reductions in amplitude of the shear-horizontal SAW
propagating along the chip surface (green curve) vs. blank chip (black curve). (D)
Phospholipids in complex with the unprocessed GPI-AP become detected in course of
sequential binding "in sandwich" of the Ca?*-dependent phospholipid-sequestering protein
annexin-V which leads to further right-ward shift in phase and reduction in amplitude (blue
curve) vs. blank chip (black curve) as indicated by brown and orange triangles/arrows,

respectively.

Fig. 2. Implementation of chip-based sensing of unprocessed GPI-AP. (A) For capture of
rat adipocyte EV, decreasing volumes of EV, which had remained untreated (turquoise
and red curves) or had been pretreated with PI-PLC (black line) or had been depleted for

GPI-AP (green curve), were sequentially injected into a-toxin-coated channels (turquoise,
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black and green curves) or RSA (red curve) or into "blank" uncoated channels (see below;
period A). Phase shift is measured with regeneration after each injection (period B) and
given (as °) upon correction for the "blank" channel and normalization (set at 0 for 250 sec;
see Supplemental Figure S1A). (B) For "sandwich" detection of rat adipocyte EV by
annexin-V and anti-CD73 antibodies, EV, which had been depleted for GPI-AP (period A)
or left untreated (period B), were injected consecutively into a-toxin coated channels (blue
curve). For detection of unspecific binding of EV to serum albumin, RSA were injected to
yield the "albumin" channel by mere (non-covalent) adsorption (red curve). In addition,
uncoated channels were run as "blank" channels. Subsequently, anti-caveolin antibodies
(period C), anti-CD73 antibodies (period D), annexin-V containing EGTA (period E) and
annexin-V and Ca?" (period F) were injected successively into the channels. (C) For
studying the concentration-dependence of the "sandwich" detection of captured EV by
annexin-V, EV were injected into a-toxin-coated channels or into a "blank" channel.
Thereafter, annexin-V and Ca®* (period A) and then EV buffer (period B) were injected. (D)
For studying the volume-dependence of capture and detection of adipocyte EV, EV were
injected into a-toxin-coated channels or into a "blank" channel. Subsequently, annexin-V
and Ca®" were injected into all channels (period A), followed by injection of EV buffer. (E)
For studying the effect of PIG37 on capture of EV, EV in the absence (black curve) or
presence of PIG37 (red, green, pink, blue curves) were injected into a-toxin-coated
channels or into a "black" channel (period A). Subsequently, EV buffer containing 200 uM
PIG37 or lacking PIG37 was injected (period B). (F) For detection of unprocessed GPI-AP
in adipocyte incubation medium, medium obtained by incubation of rat adipocytes of
medium size and kept untreated (black, red, green curves) or depleted for GPI-AP (dark
blue curve) or pretreated with PI-PLC (light blue curve) or nitrous acid (NA; pink curve) or

medium lacking adipocytes (control; violet curve) were injected into a-toxin-coated
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channels. Subsequently, annexin-V and Ca** (period A) and then buffer were injected

(period B). For further details see DETAILED PROTOCOLS in DATA SUPPLEMENTS.

Fig. 3. Implementation of chip-based sensing of plasma membrane-derived unprocessed
GPI-AP from small or large adipocytes using the "lab-on-the-chip" configuration. For
immobilization of plasma membranes from small (A) or large (B) adipocytes, three 100-ul
portions (PM) in the presence of EGTA (light green curve) or Ca** (blue curve) or three
portions of running buffer were consecutively injected into a-toxin-coated channels or
uncoated "blank" channel (red curve)(period A). For demonstration of the presence of the
insulin receptor a-chain (IRa), anti-IRa antibodies were injected at the end of period A. For
the putative generation of unprocessed GPI-AP from the immobilized plasma membranes
and their capture by the a-toxin-coated chip, running buffer containing 30 uM PIG37 was
injected (period B). For release of the plasma membranes from the chip surface, glycine
(pH 10) containing EGTA was injected, followed by injection running buffer containing the
ingredients indicated. For demonstration of capture of unprocessed GPI-AP, annexin-V
and Ca?", anti-CD73 antibodies, anti-IRa antibodies, 200 MM PIG41 and mannose were
injected in that sequential fashion (period D). For further details see DETAILED

PROTOCOLS in DATA SUPPLEMENTS.

Fig. 4. Effect of flow rate and adipocyte size on the generation of unprocessed GPI-AP
derived from plasma membranes. (A, B) Plasma membranes from small (blue and pink
curves) or large (green and turquoise curves) adipocytes and Ca®* were injected into a-
toxin-coated channels for immobilization (see Fig. 2; period A). Unprocessed GPI-AP were
generated from the immobilized plasma membranes by injection of 30 uM PIG37 at the
flow rate indicated (period B). The plasma membranes were detached from the chip

surface by the injection of glycine and EGTA (period C). Captured GPI-AP were detected
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by consecutive injections of annexin-V, Ca®*, anti-CD73 antibodies and anti-IRa antibodies
and finally by injection of PIG41 and mannose (period D). For further details see

DETAILED PROTOCOLS in DATA SUPPLEMENTS.

Fig. 5. Chip-based sensing of unprocessed GPI-AP from rat serum. (A) For PIG37-
dependent differentiation between obese Wistar, ZF and ZDF rats upon simultaneous
capture and detection of GPI-AP, 40 pl of pooled serum sample from obese Wistar (black
curve), ZF (turquoise curve) and ZDF (red curve) rats diluted five-fold with PBS and
incubated with annexin-V and Ca?* were injected into a-toxin-coated channels at a flow
(period A1). To initiate the differentiation, 30 uM PIG37 was injected (period B1). The
chips were regenerated by injection of PIG41 (period C1) and then EGTA and NP-40
(period D1) and finally PBS (period E1). To demonstrate reproducibility of this protocol, the
periods A-D were repeated under identical conditions with slightly adapted time frames.
The maximal phase shift and minimal amplitude, respectively, measured after the injection
of PIG37 at the end of period B are indicated as hatched lines. The differences in maximal
phase shift and minimal amplitude between obese Wistar and ZDF rats are indicated (red
A), obese Wistar and ZF rats (turquoise A) and obese ZDF and ZF rats (black A) as
measured at the end of period B1/2 (presence of PIG37) with A representing increases
and -A decreases. (B) The differences (absolute values) in phase shift [°] and amplitude
[arb. units] between obese Wistar and ZDF (red bars), obese Wistar and ZF (turquoise
bars) and obese ZDF and ZF (black bars) rats measured at the end of period A1/2
(absence of PIG37) or period B1/2 (presence of PIG37) are given as means + SD (* p <
0.05; % p < 0.01 ). In the following experiments the phase shift and amplitude were
measured at the end of period B. (C-H) For the comparative analysis of serum GPI-AP
from rats of similar body weight and different genotype, phase shift (C, D, G) and

amplitude (E, F, H) were measured in the presence of 30 uM PIG37 as described for (A)
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1371

are given for the individual samples and the means M + SD calculated thereof as well as
the pooled samples P + SD derived from 12 (M) and 4 (P) independent runs for each
sample performed with one chip (re-used six times) and 12/4 setting for each rat group (* p
<0.05, * p <0.01). For further details see DETAILED PROTOCOLS in DATA

SUPPLEMENTS.

Fig. 6. Synopsis for the pairwise differentiation of rat sera by chip-based sensing. The
arrows (brown for comparison of rats with different genotype and similar body weight; grey
with different body weight and identical genotype) indicate the measurements of pairs of
the different sera (eight samples each with the exception of seven for obese ZF rats) with
regard to maximal phase shift (PS) and minimal amplitude (A) as performed (see Fig. 4C-
H, Supplemental Figure S11). Significant differences and trends between the means
calculated from the individual serum samples (M) for a given pair are indicated as PS*/A*
(p <£0.01) and PS®/AS (p < 0.05), respectively. The numbers (in color) indicate how many
individual serum samples of a given rat group (marked in the same color) exhibit a
maximal phase shift above and minimal amplitude below the corresponding means of the
individual counterpart samples M (first number) and the corresponding pooled sample P

(second number), respectively.

Fig. 7. Effect of physical treatments of unprocessed GPI-AP on their differentiation
potential. The differences in the maximal phase shift and minimal amplitude between
obese Wistar and ZDF rats and between obese Wistar and ZF rats, respectively, were
measured (see Fig. 4A). (A) Effect of sample processing and storage. Serum samples
were thawed and then subjected to the indicated numbers of freezing and thawing cycles
in either "rapid" mode or "slow" mode or “routine mode” (R) before measurement. * p <

0.05 and * p < 0.01 vs. R. (B) The effect of temperature. * p < 0.05 and * p < 0.01 vs.
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Control. (C) Effect of centrifugation. The supernatants were removed and immediately
measured. * p < 0.05 and ¥ p < 0.01 vs. R. (D) Effect of ultrasonic waves vs. control (C). *
p <0.05and ¥ p <0.01 vs. C. (E) Effect of vibration vs. control (C). * p <0.05and * p <
0.01 vs. C. (F) Putative similarities between unprocessed GPI-AP from different sources
were investigated. Serum from obese ZDF rats, incubation medium of primary rat
adipocytes of large size and purified EV from large rat adipocytes were tested for their
susceptibility towards physical treatments (see A-E) in comparison. For further details see

DETAILED PROTOCOLS in DATA SUPPLEMENTS.

Fig. 8. Characterization of unprocessed GPI-AP derived from rat adipocyte plasma
membranes. The experiment was performed with plasma membranes from small and large
adipocytes as described for Fig. 3. At the end of period B, the chips were removed from
the instrument without emptying of the channels and put into sealed and fitted plastic
chambers. Chips with captured GPI-AP were exposed to vibration or ultrasound treatment.
Other chips were left untreated as controls. Period D is shown only. For further details see

DETAILED PROTOCOLS in DATA SUPPLEMENTS.

Fig. 9. Characterization of unprocessed GPI-AP present in human serum. (A, B) Pooled
(A) or individual (B) serum samples from normal probands were injected into a-toxin-
coated or "blank" channels (period AQ). Prior to the injection, the samples were kept
untreated (Control) or treated as indicated. To demonstrate stable capture of unprocessed
GPI-AP, running buffer was injected. Thereafter, annexin-V and Ca?* were injected (period
A1). To demonstrate stable detection of unprocessed GPI-AP, running buffer was injected.
Thereafter, anti-CD73 antibodies were injected (period B). To demonstrate stable
detection of GPI-AP "in sandwich", running buffer was injected. For further details see

Data Supplements. (C) For PIG37-dependent sensing of unprocessed GPI-AP in serum of
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control subjects and diabetic patients, pooled serum samples were injected into a-toxin-
coated or "blank" channels (period AO). Following washing, annexin-V and Ca** were
injected (period A1). After rinsing of the channels and injection of 30 uM PIG37 (period B)
and then running buffer, the chips were regenerated by injection of 200 uM P1G41 (period
C), then of running buffer and finally of EGTA and NP-40 (period D). The maximal phase
shifts and minimal amplitudes, respectively, measured at the end of the consecutive
injection of annexin-V + Ca®* (period A1) and PIG37 (period B) are indicated as hatched
lines. These PIG37-dependent changes in phase shift and amplitude are marked by
triangles for each serum sample. A/ - A indicates increase / decrease of phase shift or
amplitude in comparison to the absence of PIG37 (i.e. difference between end of period B

and A1). For further details see DETAILED PROTOCOLS in DATA SUPPLEMENTS.

Fig. 10. Comparison of the susceptibility of the unprocessed GPI-AP towards physical
treatments between rat and human serum. (A, B) The relative effects of the various
physical treatments of rat (filled bars) and human (hatched bars) sera under the specific
conditions indicated on the PIG37-dependent changes in phase shift (A) and amplitude (B)
performed as described (Supplemental Figures S15, S20) for the frozen rat and fresh
human serum samples are given as % of the change remaining left compared to control

(set at 100%). * p < 0.05 and # p < 0.01 vs. control, for each treatment.
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Fig. 10
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