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Thy-1, a Pathfinder Protein for the
Post-genomic Era

Roger J. Morris*

Department of Chemistry, King’s College London, London, United Kingdom

Thy-1 is possibly the smallest of cell surface proteins — 110 amino acids folded into
an Immunoglobulin variable domain, tethered to the outer leaflet of the cell surface
membrane via just the two saturated fatty acids of its glycosylphosphatidylinositol (GPI)
anchor. Yet Thy-1 is emerging as a key regulator of differentiation in cells of endodermal,
mesodermal, and ectodermal origin, acting as both a ligand (for certain integrins and
other receptors), and as a receptor, able to modulate signaling and hence differentiation
in the Thy-1-expressing cell. This is an extraordinary diversity of molecular pathways
to be controlled by a molecule that does not even cross the cell membrane. Here |
review aspects of the cell biology of Thy-1, and studies of its role as deduced from gene
knock-out studies, that suggest how this protein can participate in so many different
signaling-related functions. While mechanisms differ in molecular detail, it appears
overall that Thy-1 dampens down signaling to control function.

Keywords: membrane protein, GPI (glycosylphosphatidylinositol), adhesion, signaling system, mutant mice,
neuron, astrocyte

INTRODUCTION

When I last reviewed Thy-1 (Morris, 1992), we knew a lot about its chemical structure and
its expression in neuronal and lymphoid tissues, and were just starting to glimpse its function
(Tiveron et al., 1992). I titled that review “Thy-1, the Enigmatic Extrovert on the Neuronal Surface.”
Enigmatic, because whenever anyone looked carefully at Thy-1, they invariably found it awkward,
refusing to do the expected and thereby revealing new mechanisms. And extrovert, because there
simply is so much Thy-1 that it cannot be ignored, an abundance that led to its being the first
chemically characterized mammalian membrane protein (apart from red blood cell proteins)
(Williams et al., 1977), and a feature that surely is central to understanding its role.

Since then, neuronally expressed Thy-1 has been demonstrated to be an adhesive ligand for the
integrin o, B3 (Leyton et al., 2001; Hermosilla et al., 2008), inhibiting neurite extension from Thy-
1 expressing neural cells and promoting focal adhesion formation, cell motility and inflammatory
activation on the integrin-expressing partner, mature astrocytes (Hermosilla et al., 2008; Avalos
et al., 2009; Herrera-Molina et al., 2012; Kong et al., 2013; Lagos-Cabre et al., 2017). Subsequently,
additional integrins aps (Zhou et al., 2010), asp; (Fiore et al., 2014), acPz (Choi et al., 2005), and
apmPa (Wetzel et al., 2004) have been shown to be Thy-1 receptors; syndecan-4, thrombospondin
and sulphated glycans are frequently co-receptors in focal adhesions (Hueber et al., 1992; Rege
etal.,, 2006; Avalos et al., 2009; Kong et al., 2013; Fiore et al., 2014); and CD97, a 7-transmembrane
G-protein coupled adhesive receptor, has also been shown to be a Thy-1 receptor (Wandel et al.,
2012), expanding the families of known Thy-1 receptors.

Each of these receptors activates Thy-1 to function as a differentiation-triggered switch in
different tissues to control an increasingly diverse set of signaling pathways, either directly
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[e.g., Cbp/Csk/Src-family kinases (Chen et al., 2009¢; Maldonado
et al., 2017), Fas (Cohen et al, 2009; Liu et al, 2017),
PPARy (Varisco et al,, 2012), and the binding and uptake of
mesenchymal stem cell derived extracellular vesicles (Shentu
et al, 2017)]. Interdependence of Thy-1 with Wnt/p-catenin
expression is emerging as an important regulator of bone and
liver development (Cheng et al., 2014; Picke et al., 2018).
Inappropriate expression of Thy-1 in these tissues affects
oncogenesis, often (but not always) acting as a tumor suppressor
(Kumar et al.,, 2016). Thy-1 usually acts in trans, binding to a
receptor present on another cell and thereby regulating signaling
in both cells (Herrera-Molina et al., 2013) but on a subset of
lung fibroblasts it acts in cis, binding to the ‘inactive’ (bent)
conformation of ayf3 integrin on its own surface to act as a
mechanosensitive detector (Fiore et al., 2015).

An important feature of activation of Thy-1 via its
physiological receptors is that they act monovalently (e.g.,
soluble, monovalent ayfB3-Fc substitutes for the astrocytic
receptor, inhibiting neurite outgrowth by neurons); cross-linking
by a divalent receptor is not necessary (Herrera-Molina et al.,
2012; Fiore et al., 2014; Maldonado et al., 2017). When protein
A (PA) has been used to cross-link the Fc regions to produce
divalent (ayB3-Fc),-PA, the response (neurite retraction; size
of Thy-1 clusters) increased by ~50% (Herrera-Molina et al.,
2012) but this is be expected given that divalency squares the
effective affinity (‘avidity’) of a membrane-bound ligand (Morris,
1994) and cross-linking would necessarily combine separate
small clusters into bigger ones.

So, is Thy-1 still enigmatic? Very much so! That such a
small protein can contribute to the fine control of such diverse
cellular interactions is remarkable. Of course, now that we know
that mankind has at most 22,000 genes (Abascal et al., 2018),
just a few times more than the simplest bacterium, it follows
that most mammalian proteins must be able to combine with
other macromolecules (lipids, carbohydrates and nucleotides, as
well as other proteins) to produce by combinatorial diversity
the vast range of specialist structures and functions needed to
create our extraordinarily complex bodies and minds. Current
interest is focused on the ability of Intrinsically Disordered
Proteins to adopt multiple conformations that allow them to
form different functional complexes with different partners (e.g.,
Fu and Vendruscolo, 2015; Uversky, 2017; Berlow et al., 2018).
As a single immunoglobulin domain stabilized by two internal
disulphide bonds (Williams et al,, 1977), Thy-1 is anything
but intrinsically disordered. But it is able to influence, and be
influenced by, its lipid environment, as I will argue here. Thy-1 is
a prime exemplar of a membrane organizer for this post-genomic
era: one little protein, modified with lipids and carbohydrates,
that combines with multiple receptors and signaling pathways to
fine tune diverse physiological functions.

Thy-1 ABUNDANCE - WHY SO MUCH?

Arguably the most detailed determination of the abundance of
cell surface molecules for nucleated cells is for rat lymphocytes
(Barclay et al., 1993). There are 10® molecules of Thy-1 per cell on

rat thymocytes, amounting (in molar terms) to around 80% of the
total cell surface protein, covering somewhere between 5 and 25%
of the thymocyte surface at an average density of 7,100 molecules
per wm?. The next most abundant thymocyte protein is the large
adhesive sialoglycoprotein CD43 (10° per thymocyte) (Barclay
et al., 1993). The core signaling unit, the T Cell Receptor/CD3
complex, occurs at around 10* molecules per cell (Valitutti et al.,
1995), as do co-receptor molecules CD4 and CD8 (Barclay et al.,
1993). Thus, on thymocytes, Thy-1 is 100 times more abundant
than mainstream signaling proteins, and 10x more abundant than
a major adhesion protein. In the nervous system, the level of Thy-
1 on axons is somewhat lower (500-1,500 molecules per pm?;
Beech et al., 1983) but this is still much higher than typical levels
of expression on cell lines (e.g., 20 molecules of Thy-1 label per
pwm? on RBL-2H3 mast cells; Veatch et al., 2012). If Thy-1 is
expressed in excess of any signaling or adhesive need, are there
additional beneficial effects, for instance conferred by Thy-1’s
organization of its immediate lipid environment, that explain its
high abundance?

DISTRIBUTION OF Thy-1 ON NAKED
NEURONAL MEMBRANE

What does this abundant surface expression look like?
Figures 1A,B show Thy-1 immunolabelling (Fab OX7 antibody
fragments coupled directly to 40 nm gold) on axons growing in
tissue culture from adult sensory neurons, viewed in a scanning
electron microscope (SEM) by electron backscattering in which
the gold appears as white spheres and the axons are evident only
by their gold label (Madore et al., 1999). The 40 nm gold is huge
compared to Thy-1, which has a 6 nm Stokes diameter (Barclay
et al., 1975). Several Thy-1 molecules could underlie each gold
particle. No detergent, necessary to expose Thy-1 in adhesion
complexes to Fab antibodies, has been added, so this is a view
only of the naked upper and lateral surfaces of the axons.

By any definition, this is clustered distribution of gold label:
some axonal surface is heavily labeled, and some not at all.
Clustering of surface molecules into nm domains is often the
result of receptor activation. Could that be the case with Thy-1
on axons? For instance, could Thy-1 on the upper (non-adhesive)
axonal surface already be bound in cis to receptors on that
surface, as it does with ayB3 to act as a mechanosensor on lung
fibroblasts (Fiore et al., 2015)? Sensory neurons express a range of
1 integrins including a5p1 (Tomaselli et al., 1993) a known Thy-
1 receptor (Fiore et al., 2014), as well as Syndecan-4 (Lin et al,,
2015). Both are components of focal adhesions, and may affect
Thy-1 distribution on the lower surface of the axons that adhere,
in these cultures, to a laminin substrate. The cis-interaction of
Thy-1 with o,f3 appears to be specific to mechanosensing in
the lung, and has been specifically excluded on neuronal cells
(Maldonado et al., 2017). As far as we know, Figure 1 shows
examples of the distribution of unactivated Thy-1 on naked
neuronal surface.

Figure 1C shows a higher power view of a large (23 gold labels)
Thy-1 cluster seen in the Transmission Electron Microscope
(TEM) of a section of axon labeled with monovalent Ox7
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FIGURE 1 | Immunogold labeling of Thy-1 on axons of adult sensory neurons
growing in culture, seen (A,B) as 40 nm Fab-gold viewed by electron
backscattering in an SEM; and (C), 5 nm Fab-gold seen in the TEM. In (A,B),
the culture was fixed for 20 min at 4°C with 0.5% paraformaldehyde + 0.5%
glutaraldehyde, before washing and labeling with OX7 Fab coupled to 40 nm
gold. In (C), a live culture was labeled for 30 min at 4°C with monovalent 5 nm
OX7 Fab gold before fixation as above and processing for TEM. Scale bars
are 1 wm in (A,B) and 100 nm in (C). From Madore et al. (1999) and Morris

et al. (2004).

Fab-5nm gold, a label that is slightly smaller than Thy-1 and so
able to label each Thy-1 molecule. Thy-1 is packed very tightly,
with little if any room for additional interposed surface protein.
This particular labeled patch is 125 nm in length, rather larger
than the 10-20 nm range often identified as the size of membrane
rafts of GPI-APs (Garcia-Parajo et al., 2014).

How reliable is our interpretation that the clustered gold
label is an accurate reflection of the distribution of Thy-1
on the membrane? (Veatch et al., 2012) immunogold labeled
unactivated IgE bound to FceRI receptors on unstimulated
RBL-2H3 mast cells, and obtained a distribution of 1-10 gold
particles per patch. Extensive mathematical analysis and control
experiments showed that their gold labeling was “dominated by
multiple gold particles binding to single target proteins.” Only
when the IgE was activated, thereby activating its FceRI receptor,
did true receptor clustering occur. For their study, they used
commercial divalent IgG antibodies raised against divalent Ig of
other species. In my experience, one generally gets at least six
molecules of secondary antibody binding to dimeric IgG primary
antibody (that is, at least three epitopes on the 75 kDa monomer
unit of IgG are recognized by anti-IgG antibody). The Stokes’
diameters of IgG and IgE are 10.4 and 12.0 nm respectively

(Griffiths and Gleich, 1972), providing enough distance from the
FceRI receptor to allow multiple 10 nm gold labels to bind, as
found in this study. In contrast, we make our own anti-GPI-AP
antibodies in house, digest them to monovalent Fab fragments
which we directly couple to gold. Since 5 nm gold particles have
a surface area of 78.6 nm?, Fab (Stokes diameter 6.3 nm; Griffiths
and Gleich, 1972) conjugates multiply to each 5 nm gold particle
which thereby becomes multivalent. When we couple to gold we
dilute the immune Fab with an excess of non-immune Fab until
30-50% of the gold does not bind at all to antigen and so contains
no immune Fab, leaving the residual 50-70% predominantly
labeled with 1 immune Fab to produce monovalent gold (see
Supplementary Material, Sunyach et al., 2003). For Thy-1, we use
monoclonal antibody OX7 directed to a single epitope centered
on Arg 89 (Mason and Williams, 1980). Monovalent binding
of gold to Thy-1 is built into our reagents. In addition to the
live cell labeling of Figure 1C, to preclude any possible probe-
induced movement of Thy-1 (or PrPC), we also pre-fixed cells
with fixative containing 0.5% EM grade glutaraldehyde, which
covalently fixes proteins within msec, unlike paraformaldehyde
that initially forms labile bonds that take several hours to covert
to stable covalent bonds (Morris and Barber, 1983) allowing
considerable post-fixed movement of GPI-AP (Mayor et al,
1994). The distribution of label we find with live or fixed tissue
is indistinguishable by eye, and reflects the trouble we have taken
to identify fixation conditions that immobilize each GPI-AP
without destroying their epitopes recognized by our antibodies
(Morris and Barber, 1983; Ford et al., 2002).

We estimated the diversity of size of Thy-1 clusters on cultured
adult neurons in (Briigger et al., 2004) taking as the definition of a
cluster, gold particles that were within 20 nm of each other. T have
re-plotted that data in Figure 2 to show the size distribution: 5.8%
of label was solitary, a third in clusters of fewer than 5, and 50% of
all label occurred in clusters of 8 or fewer. However, larger clusters
were also observed. (Suzuki et al., 2012) note that the number
of GPI-AP CD59 molecules per cluster, prior to ligand binding,
rises to include clusters of > 10 CD59 when the level of surface
expression is increased from 0.16 to 0.90 copies per pm, still three
orders of magnitude below Thy-1’s level on neurons. We used a
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FIGURE 2 | Distribution of monovalent Thy-1 Fab-gold (10 nm) label in
clusters containing different numbers of gold particles on the surface of
cultured adult sensory neurons. Data from Brigger et al. (2004); 1881 gold
particles in 387 clusters were counted.
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crude definition of ‘cluster’ since our interest was not in the size of
clustered Thy-1, but in whether it and PrP®, a GPI-AP expressed
on the same neuronal surface, just nm away from Thy-1 label,
occupy the same, or identifiably different, membrane ‘rafts.” At
that time, membrane ‘rafts’ were treated as a single specialized
lipid environment in which co-existed all GPI-APs expressed by
the cell. Our demonstration (Briigger et al., 2004) that Thy-1 and
PrP membrane domains could be isolated separately and had,
reproducibly, different lipid compositions, was I believe the first
indication that GPI-AP’s on the same membrane tailored their
lipids to suit their individual requirements, a point since made
independently (Surviladze et al., 2007).

I suspect the greatest difference between our, and others,
studies on GPI-AP is that we study endogenously expressed
Thy-1 on primary cultures of mature neurons, having first
acquired a detailed knowledge of the in vivo expression of the
molecules (Morris, 1992; Ford et al., 2002). Standard cell lines are
seductively convenient, but their ease of transfection compared
to differentiated primary cells highlights their more porous
membrane. Neuronal function is completely dependent upon
the non-permeability of their surface membrane; and because
neurons must sustain stability of their synaptic networks over
our life-times, they are post-mitotic, very different from rapidly
dividing cell lines, with vastly more intricate and longer-lived
specialization of their cell surface. I question the reliance of so
much work on cell lines to study ‘rafts’ as key organizers of
cell surface function, when the cell lines have been selected for
decades on the permeability of their membranes to transfection,
and their high rate of uncontrolled cell division.

DISTRIBUTION OF Thy-1 ON NEURONAL
MEMBRANE ADHERING TO
ASTROCYTES

This topic is covered authoritatively elsewhere (Herrera-Molina
et al., 2012; Maldonado et al., 2017). I draw your attention here
to another recent study (Nemoto et al., 2017) because of the
promise it shows in applying single molecule tracking to follow
GPI-APs on the adherent surface of differentiating neurons in
cultures. The cultures were of neonatal rat hippocampal neurons
growing on astrocytes, at two points of postnatal differentiation
(1 and 2 weeks in culture, when dendrites and axons are
growing and synaptic networks start to form), observed at
37°C by TIRF microscopy focused on the substrate-adhesive
surface membrane in contact with the underlying astrocytes
(Nemoto et al., 2017). Individual molecules of PrP¢ and Thy-1
exhibited identical overall behavior - long (seconds) periods of
immobility interspersed with rapid diffusion. Such stalled periods
are typical of GPI-APs that have formed a signaling complex
that temporarily anchors the GPI-AP to the cytoskeleton (Suzuki
etal., 2007a,b). The cell line CHO-K1, not of neuronal origin and
not natively expressing Thy-1 (Suzuki et al., 2012) was used as a
control.

The specific behavior of Thy-1 and PrP® differed: for instance,
around 50% of Thy-1 was immobilized at any time, compared
to 71% of PrP%; and the duration of Thy-1 mobile phases lasted

more than twice that of PrP€ ((Nemoto et al., 2017), reproduced
in Table 1). The tantalizing result in this study, however, was the
duration of immobilized phases for both PrP® and Thy-1, which
showed exceptionally large standard deviations. For Thy-1, both
means and standard deviations increased markedly during the
2nd week of growth; and for PrPC, decreased. Technical problems
limit the accuracy of the Thy-1 results (Nemoto et al.,, 2017)
but Thy-1’s rapidly increasing immobilization during neuronal
maturation would be expected if it is binding to a variable but
rising expression of its astrocytic a,f3 receptor (Leyton et al.,
2001; Herrera-Molina et al.,, 2012) which would immobilize
Thy-1 on the adhesive substrate surface. The opposite, rapidly
shortening immobilization of PrP® could be due to an increasing
expression of its endocytic partner, LRP1 (Parkyn et al., 2008) that
rapidly recycles PrP¢ on neurons every few minutes, leading it
out of rafts and into coated pits, from where it is endocytosed then
sorted in recycling endosomes and returned to neuronal surface
rafts (Sunyach et al., 2003).

The application of single molecule, as well as super-resolution,
fluorescent techniques to study Thy-1’s action on the surface of
cells that are interacting with their neighbors in complex primary
cultures promises to add much to our understanding of molecular
mechanisms of membrane function.

THE STRESS IMPOSED BY Thy-1 AND
OTHER GPI-APs ON THEIR MEMBRANE
LIPIDS

When Thy-1, embedded in a membrane, has its GPI-anchor
cleaved by either phospholipase C or D, allowing the protein-
glycosyl component to float free of the membrane, a large
conformational change occurs on the opposite face of Thy-
1, where Arg 89, that specifies the Thy-1.1 allele recognized
by the OX7 monoclonal antibody, resides (Barboni et al,
1995). Despite OX7 being a particularly high affinity antibody
(Mason and Williams, 1980), PLC/D cleavage of Thy-1 caused
pre-bound OX?7 to be released, and prevented any more antibody
binding to its site. The conformational shift was evident in

TABLE 1 | Duration (photobleaching corrected) of MOBILE and IMMOBILE states,
and % protein Immobilized at any time (in seconds), for Thy-1 and PrPC on
cultured hippocampal neurons at 37°C.

% Immobile
GPI-AP
mean + sem

Immobile
Duration
mean =+ sem, (s)

Mobile Duration
mean =+ sem (s)

Neurons, Thy-1 0.79+0.21 411 £ 4.29 485+ 8.2
1 week

PrP 0.41 £ 0.049 4.69 +£2.20 711+£34
Neurons, Thy-1 0.99 +£0.19 10.41 £ 15.02 548+ 4.4
2 weeks

PrP 0.38 £ 0.074 2.75+1.43 71.8+5.6
CHO-K1 Thy-1 1.91 £ 0.41 1.84 + 0.65 51.7+ 4.5
cellline

PrP 0.75 + 0.091 1.74 +£ 0.36 714+28

Data taken from Nemoto et al. (2017).
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the Circular Dichroism spectrum of human Thy-1; and by
Molecular Dynamics modeling of the effect of deacylation upon
Thy-1 (Barboni et al., 1995). Similar conformational changes
accompany deacylation of other membrane-bound GPI-APs
(Butikofer et al., 2001; Paulick and Bertozzi, 2008; Bradley et al,,
2013) suggesting the conformational effect of the membrane on
the lipid-anchored protein is a general property of GPI-APs.

If the membrane can exert such strong conformational
restraint upon Thy-1, then Newton’s Third Law requires that
the fully acylated protein exert an equal and opposite force
upon the membrane. Is this an inconsequential curiosity, or is it
telling us something functionally important about the interaction
between GPI-AP’s and their local membrane environment? While
the raft membrane around GPI-APs is generally agreed to be
in an ordered phase, the multiplicity of lipid species present
in membranes allows multiple ordered phases to be formed
(Bruigger et al., 2004; Surviladze et al., 2007). There is no single
lipid environment in ‘rafts’ - each protein tailors its lipids to
suit its specific needs. Further, there is no single GPI-anchor -
post-translational modification of the anchor is also tailored to
the needs of individual proteins (Fujita and Kinoshita, 2012;
Puig et al., 2014). And the phase of raft lipids is determined,
not just by the ordered lipids, but also by the disordered,
polyunsaturated lipids surrounding them (Bakht et al., 2007).
Could the effect of the GPI-AP tension on its immediate ‘raft
environment be unique to each GPI-AP and its expressing cell,
and determine not only the conformation of the protein, but
also the distinctive composition and phase properties of its
surrounding lipids?

Any contribution to membrane tension conferred by GPI-
APs will be altered by ligand binding, which in Thy-1’s case
on neurons may differ from general expectations (Garcia-Parajo
et al,, 2014). In the larger clusters (e.g., Figure 1C), Thy-1
molecules are closely adjacent, about 6 nm apart, each occupying
~28 nm? (similar to the estimate of Suzuki et al, 2012).
Integrins in focal adhesions occupy ~100 nm? (Brinkerhoff and
Linderman, 2005), giving an equivalent diameter of ~11.2 nm.
On astrocytes, the spatial distribution of aybsz integrins will
presumably force bound Thy-1 to spread out to fourfold lower
density than in a non-activated cluster.

Further, ordered domains formed in the outer leaflet induce
complementary ordered domains in the apposed inner leaflet
(Allender and Schick, 2006; Collins and Keller, 2008; Kiessling
et al, 2009; Raghupathy et al, 2015). Should each GPI-AP
imprint its distinctive presence on its outer leaflet lipids, do
they in turn pass that imprint on, to selectively recruit specific
inner leaflet lipids to their raft? The interactive composition of
the ordered domain in both leaflets could determine which of
available transmembrane adaptor proteins (e.g., LAT, PAG/Cbp,
NTAL and LIME; Horejsi et al., 2004) dock with Thy-1. These
adaptor proteins have minimal (a few amino acids) extracellular
domains, and functionally require palmitoylation of Cys residues
located at the cytoplasmic end of their transmembrane domain
that interact with the inner leaflet of raft membrane (Tanimura
et al, 2006). Inner, as well as outer, lipid leaflets of a raft
are involved in establishing the appropriate environment for
interaction with signaling complexes.

Since the outer leaflet influences the conformation of GPI-
APs, does the inner leaflet similarly impose conformational
constraints upon cytoplasmic diacylated proteins such as the
Src Family Kinases (SFK)? Cytoplasmic diacylation attaches
C14/C16 or C16/C16 saturated lipids directly to the N-terminal
amino acids, with no glycosyl linker (van’t Hof and Resh,
2000). A membrane effect upon protein conformation could be
even stronger for these inner leaflet proteins. Does protein/lipid
tension operate on both sides of the surface membrane?

Interest in membrane tension has primarily focused upon
large scale parameters such as membrane curvature and line
tension (e.g., Huttner and Zimmerberg, 2001; Kuzmin et al,
2005), but is now, in studying the mechanism of signaling by
the T Cell Receptor (TCR), moving to direct mechanosensor
effects on protein conformation that allow ‘catch’ and ‘slip” bonds
to differentiate between activation by foreign, or self, antigen
(Chakraborty and Weiss, 2014; Liu et al., 2014; Sibener et al,,
2018). The precise (A scale) positioning of different proteins of
the signaling complex is also emerging as a key differentiator
of the course of TCR signaling (Chakraborty and Weiss, 2014).
A similar tension-dependent catch-and-slip mechanism has been
found for the co-operative binding of Thy-1 by asp; integrin
and Syndecan-4 in contractility-dependent mechanosignalling
of melanoma cells (Fiore et al., 2014). Could tension between
membrane proteins and lipids be a factor here?

These speculative questions reflect my view that we have over-
simplified our analysis of membrane lipids and proteins; we need
better assay systems and finer grain analysis to fully understand
membrane mechanisms. Membrane lipids are generally
considered in overall classes (e.g., saturated vs. unsaturated;
glycerolipids vs. sphingolipids), and similar members of the
same class can undoubtedly substitute for each other in some
aspects of membrane function. However, it is now clear that
highly specified individual membrane lipids (e.g., C18:0/20:4
phosphatidylserine, and not other phosphatidylserines) are
critical for individual steps in cytokinesis (Atilla-Gokcumen
et al., 2014). More generally, individual lipids are being shown
to be required at different stages in a cell’s biology (Storck et al.,
2018). Specific lipids in both leaflets of the membrane marshaled
by individual GPI-APs could be functionally important in the
transfer of information across the surface membrane. While the
variety of receptors with which Thy-1 interacts is controlled by
binding sites on Thy-1’s protein domain, the precise lipids that
surround Thy-1, which could differ in different cells and states
of differentiation, could help select the transmembrane signaling
mechanism that is addressed.

ISOLATION OF LIPID ‘RAFTS’ AS
DETERGENT RESISTANT MEMBRANE
(DRM)

It clearly would be a huge advance if individual rafts could be
isolated and their full range of components identified. Endless
experiments have sought to do just this, particularly using the
resistance to solubilization by mild detergents of cholesterol-
condensed saturated lipids to isolate rafts as DRM.
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Significant opinion holds that rafts cannot be isolated - they
are transient, critically temperature dependent (Honerkamp-
Smith et al., 2008) assemblies whose defining characteristics are
destroyed in the instant they are exposed to detergent (e.g.,
Munro, 2003). This view arises from the repeated demonstration
by single molecule tracking that individual raft molecules are
highly mobile; and even when immobilized as part of a signaling
complex, they remain so for seconds at most (e.g., Shibata
et al., 2012; Nemoto et al.,, 2017; Suzuki et al., 2007a,b, 2012,
2018). However rapid the motility of individual components,
the individual raft can be considerably longer lived; for instance,
integrins continuously enter and leave stationary focal adhesions
(Shibata et al., 2012; Tsunoyama et al., 2018). Fast turnover
of individual components allows continuous fine tuning of the
strength and duration of signaling, that can persist for minutes
while being modified on a second by second basis (Suzuki et al.,
2007a; Tian et al., 2007; Harding and Hancock, 2008).

An alternative case for dismissing DRMs comes from
studies of the mechanism of detergent solubilization of model
bilayers, where the detergent induces the artefactual formation
of subdomains in the membrane (Heerklotz, 2002; Heerklotz
et al., 2003; Lichtenberg et al., 2005, 2013). However, models are
proving poor substitutes for real cell membranes (Lee et al., 2015).
More tellingly from a physicist’s viewpoint, since the classical Lo
phase is remarkably temperature stable (Ipsen et al.,, 1987) as
are the surface membranes of cells (Lee et al., 2015), it must be
possible to isolate DRMs at physiological temperature if they truly
are derived from membrane rafts.

Using the standard method for DRM isolation, we and others
have shown that the DRMs obtained are fusions of totally
different membranes that do not preserve the outer/inner leaflet
distinction of in vivo membranes, and indeed contain very
few inner leaflet lipids; they are several pm in size, orders of
magnitude greater than any raft is thought to be (Madore et al.,
1999; Morris, 2010).

We also, using appropriate solubilization conditions, have
immunoaffinity isolated separately Thy-1 and PrP¢ from brain
membrane DRMs (Madore et al.,, 1999; Briigger et al., 2004).
Each DRM had, very reproducibly, distinctly different lipid
compositions (Briigger et al., 2004). Similarly Thy-1 and FceRI,
again located in near-adjacent but separate clusters on the mast
cell surface as seen by SEM (Veatch et al,, 2012) have been
immuno-isolated as separate DRMs, again with different lipid
compositions (Surviladze et al., 2007). And, most remarkable
of all, (Han et al., 2009) used bulk-isolated DRMs from FceRI-
activated mast cells to follow the temporal sequence of activation
from ligand binding to receptor engagement with the actin
cytoskeleton.

We reasoned that the critical difference in the methods used
lies in the ions present, including Ca?* released by ruptured
cells. Not only are bilayer lipids asymmetrically distributed
(Morris, 2010); the cations Ca>T and Na™ bathe the outer leaflet,
Mg?" and KT bathe the inner leaflet. These monovalent cations
contribute significantly to the bilayer strength of individual
lipids (Garcia-Manyes et al., 2005, 2010; Beedle et al., 2015).
The most critical effect is the release of Ca** from solubilized
cells upon the matrix of Phosphatidyl Serine (PS™) interleaved

with Phosphatidyl Ethanolamine (PE) to form the inner leaflet.
Ca’*, gaining access to the inner leaflet, chelates the negatively
charged PS™, thereby withdrawing it from the PE lattice, which
thus destabilized (Cullis and Verkleij, 1979; Tilcock and Cullis,
1981; Tokutomi et al., 1981; Bally et al., 1983) would be quickly
removed by the detergent leaving monolayer fragments of outer
membranes that fuse, thus producing the artifacts mentioned
above (Morris, 2010).

We therefore used for solubilization an ‘intracellular’ buffer
containing EGTA to mop up Ca’™ as it is released from cells;
and used concentrations of KT, Mg?* and acetate to mimic the
intracellular environment. We could isolate DRMs at 37°C (and
even at 55°C) that were a distinct improvement over isolation
with other buffers at 4°C. Specifically, the 37°C DRMs had a
more balanced proportion of inner and outer membrane lipids;
Thy-1 and PrP® were isolated completely separately; intracellular
‘raft’ components, such as Fyn and Flotillin were more completely
recovered in the isolated DRMs; and actin (which we have never
previously seen in any DRM), was isolated with Thy-1 but not
PrP¢ DRMs (Chen et al., 2009a,b). Src kinase, of particular
relevance to Thy-1 signaling (Chen et al,, 2009¢; Maldonado
et al.,, 2017) is untypical within the Src family of kinases (SFK)
in being anchored to the inner membrane surface, not by two
diacyl chains, but by a myristate plus basic protein patch (van’t
Hof and Resh, 2000). The positively charged patch binds to
negatively charged phosphatidylinositol patches on the inner
surface membrane, linking the kinase to the membrane. Only
when using the intracellular buffer have we seen substantial Src
co-isolate with DRMs in the light fractions of a sucrose gradient
at any temperature, much less at 37°C (Chen et al., 2009D).

In these studies we compared the benchmark DRM detergent,
Triton X100, with Brij 96, which differ in the hydrophobic tail
of Triton X-100 being short, disrupting primarily the interfacial
region and outer leaflet, whereas Brij 96 has a longer, bilayer-
spanning hydrophobic tail. Overall, Brij 96 gave a better yield of
proteins and lipids in the DRM fractions, but these were marginal
compared to the use of intracellular buffer (Chen et al., 2009a,b).

Some salient features of detergent solubilization of brain
membranes, using 0.5% Brij 96 at 37°C with the intracellular
buffer, are shown in Figure 3 (Morris et al., 2011). The top panel
(Figures 3A-C) shows membranes that remain in the bottom
(highest density) fraction after sucrose gradient fractionation.
Remarkably, synaptic junctions with clearly identifiable pre- and
post-synaptic components, and mitochondrial inner membrane,
are preserved in this buffer. Although not sufficiently lipid-
rich/protein-sparse to float in the low density fractions on the
gradient, major functional elements of brain retain recognizable
structure under these solubilization conditions, indicating that
detergent resistant membrane is a much more inclusive category
than just low density DRMs. It is the low protein:lipid ratio
of DRMs that makes them float with the lipids, rather than be
retained in the high density fractions of the gradient.

Figures 3D,E show examples of DRMs isolated at low density
after overnight centrifugation on the sucrose gradient. Many of
the vesicles remain large, and only small sectors of them label
for either Thy-1 or PrPC (Chen et al., 2009b). This suggests that
membrane fusion of Thy-1 and PrP® DRMs with other DRMs

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2018 | Volume 6 | Article 173


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Morris

Thy-1, a Pathfinder Protein for the Post-genomic Era

FIGURE 3 | TEM photographs documenting progress in isolating Thy-1 and PrPC in membrane fragments of a size and composition expected of ‘rafts,” after

solubilization of brain membranes for 15 min at 37°C in Brij 96 with intracellular buffer (Chen et al., 2009b; Morris et al., 2011). (A=E) Show samples recovered from
a sucrose gradient; (F1-F4) are samples recovered immediately after solubilization (without the density gradient step) by their binding to anti-Thy-1 magnetic beads.
Scale bars throughout are 100 nm. (A-C) Are detergent-resistant membranes recovered in the high density sucrose at the bottom of the gradient, with synaptic
junctions recognizable in (A,B) by the post-synaptic densities; some pre-synaptic vesicles also remain. A remarkably intact mitochondrion in seen in (C). (D,E) Show
DRMs isolated from the light sucrose density fraction of the same gradient after centrifugation at 200,000 g for 18 h, immunolabelled for PrPC (5 nm gold, arrows)
and Thy-1 (10 nm gold, arrowheads). The DRMs are near wm in size, and the immunolabelled areas are a very small fraction of the whole vesicle. (F'-F#) Show
brain membranes solubilized in Brij 96 in intracellular buffer at 37°C, with magnetic beads labeled with OX7 anti-Thy-1 IgG added after 5 min. At 15 min the beads
were collected magnetically, washed and incubated with 5 nm gold labeled with OX7 Fab. The large heterogeneous objects at the bottom of (F1-F4) are sections of

magnetic beads.

containing neither of these two GPI-APs was occurring, either
during solubilization or during the 18 h ultracentrifugation step
that specifically concentrates the light DRMs.

We therefore reduced the entire procedure to just 15 min -
5 min solubilization followed by 10 min immunoaffinity isolation
on magnetic beads, all at 37°C, which yielded 20-50 nm
membrane fragments bound to the magnetic beads, finally of the
size expected of membrane ‘rafts’ (Figures 3F'-F*).

Circumstances forced me to close down my lab shortly after
this paper was submitted, so I have not progressed this research.
But for anyone with an in-house supply of relevant antibodies, I
suggest adapting this approach to your material is likely to give
you access to raft membrane.

ANALYSIS OF Thy-1—/— (KNOCKOUT)
MICE: THE FUNCTION OF Thy-1 IN VIVO

We produced and analyzed Thy-1~/~ mice in the heady days of
the ‘90’s when careers were launched, or aborted, on the post-
doc’s ability to find an interesting behavioral phenotype in the

analysis of mice in which they had inactivated (knocked out) a
specific gene. Everyone was using the same embryonic stem cells
derived originally from a 129/Sv/Ev strain mouse. The phenotype
most commonly reported was excessive aggression.

Our mice too were remarkably aggressive. Our male
littermates, if housed in the same cage, killed each other.
I placed an experienced wild type (Thy-17/*) male into a
cage with two Thy-17/~ females to initiate breeding, which
usually started very quickly. Within a minute the male was
clinging to the bars on the top of the cage, squealing to be let
out. We outbred the mice, and within a few generations had
separated the Thy-17/~ gene from the aggression-inciting gene.
We continued this outbreeding on the 129/Sv/Ev and C57Bl6
backgrounds; and we derived an entirely independent Thy-1
knockout in C57Bl6 embryonic stem cells, and bred both onto
C57Bl6 and 129/Sv/Ev backgrounds, to obtain genetically diverse
but stable strains for behavioral analysis (Mayeux-Portas et al.,
2000).

I mention this because scientific standards in this burgeoning
field were initially not uniformly sound. We pointed out this
problem in a Letter to Trends in Neuroscience (Morris and
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Nosten-Bertrand, 1996), which elicited a phone call from a
Nature editor lamenting my failure to send it to them, as
they strongly suspected there was an underlying problem with
these recurrent findings of aggression. An interesting Banbury
Conference on Genetic Background in Mice in 1997 laid down
standards in the field (Conference, 1997). You should not believe
everything you read about knockout mice of the era; but our mice
provide a sound platform for analysis, and have been used in
some impressive recent studies (Zhou et al., 2004; Varisco et al.,
2012; Cohen et al., 2018; Picke et al., 2018).

Lymphoid Phenotype

The 129/Sv/Ev mice were analyzed by Hes lab studying
the development of thymocytes into T cells (Hueber et al.,
1997). Overall, they conclude that Thy-1 negatively regulates
TCR-mediated signaling to fine-tune activation thresholds
during thymocyte differentiation. In particular, transition
from CD4/CD8 ‘double positive thymocytes to mature
single positive T lymphocytes was reduced; and a significant
proportion of older Thy-17/~ mice (from both 129Sv/Ev
and C57Bl6 backgrounds) developed T lymphomas. The
latter is documented in their Supplementary Material, which
also shows TEM photographs in which adhesion between
thymocytes and the thymic epithelium is defective in Thy-
17/~ mice, evident as gaps between the cells that are in sharp
contrast to the firm intercellular adhesion normally found
(Hueber et al., 1997). This confirmed earlier work (He et al.,
1991; Hueber et al, 1992) that Thy-1 binds thymocytes to
thymic epithelia. The occurrence of T lymphomas in older
mice was, I believe, the first indication that Thy-1 is a tumor
suppressor.

These studies of thymocyte differentiation rely upon the
in vivo action of Thy-1 interacting with its receptors and signaling
pathways. Hes group also examined the molecular events
following activation of the T-cell receptor (TCR) signaling in
isolated thymocytes (Hueber et al., 1997). Isolation of thymocytes
as a single cell suspension, away from their surrounding stromal
cells, presumably removes integrin binding to Thy-1. They found
the initial phosphorylation steps in the kinase pathways activated
by TCR engagement (phosphorylation of CD3¢, TCR{, and
Lck; Ca* mobilization) occurred in Thy-17/~ thymocytes with
around twice the intensity of the Thy-1*/% controls, resulting in
thymocyte proliferation at twice the rate in Thy-1=/~ compared
to Thy-1*/* thymocytes. Thus Thy-1 not only lowers TCR
signaling; it apparently does so in the absence of its integrin
receptor, although whether to the same extent is not known.

Beissert et al. (1998) went on to study cutaneous T cell
function in the Thy-1=/~ mice, both in vivo and in culture.
They found lower hypersensitivity responses in the Thy-
17/~ mice, but otherwise relatively normal T cell function.
However, the mechanism was the opposite to that of thymocytes.
Isolated Thy-17/~ T cells, when stimulated via CD3 antibodies,
showed lower activation of SFK and reduced mobilization
of intracellular Ca?*. The net effect of constitutive Thy-1
loss was reduced overall function, but by opposite changes
in SFK phosphorylation and Ca?* levels in thymocytes
and their T cell progeny. The outcome of TCR activation

in the two cell types is very different - progression into
different differentiation pathways for thymocytes, mounting
a final effector function (hypersensitivity response) for T
lymphocytes. Their TCR-activated intracellular signaling
pathways must diverge to produce different outcomes.
Mouse T lymphocytes have only 10% the Thy-1 levels of
thymocytes (Acton et al., 1974); could Thy-1’s regulation of
signaling when expressed at low levels, differ from that at high
levels?

Neural Phenotype

Our extensive studies of the appearance during development of
Thy-1 mRNA and protein in rodent nervous system showed
that in vivo, Thy-1 is solely expressed on neurons, and exhibited
extraordinary post-transcriptional regulation of expression, the
protein being kept away from growing tips of dendrites, and
excluded from axons until they had synapsed on their target
neurons and stopped growing. Once expressed, Thy-1 then
remained as a major component of the neuronal membrane
throughout adult life, reviewed in Morris (1992). The exclusion
of Thy-1 protein from growing axons, so prominent in vivo, is
not found in primary tissue culture where expression of Thy-
1 mRNA rapidly leads to expression of its protein (Morris,
1992).

We therefore looked for Thy-1-dependent function in adult
brain, where, in a healthy individual, a fine balance is maintained
between excitatory circuits and local inhibitory neurons that
allows excitatory circuits to fire, modulated by inhibitory
synapses that refine, restrict and finally return the circuit to its
resting potential. Failure to terminate firing of excitatory circuits
can lead to recycling pulses of excitation seen as seizures.

Electrophysiological studies with Thy-1=/~ mice focused on
the hippocampus and its associated dentate gyrus (Nosten-
Bertrand et al., 1996; Errington et al., 1997; Hollrigel et al.,
1998). The synaptic response of NMDA glutamate receptors
at excitatory synapses of both large projection neurons
(CAl1 pyramidal cells) and smaller local neurons (dentate
granule cells) were identical for Thy-17/* and Thy-17/~
mice, except in their ability to convert persistent (tetanic)
signaling into long-term enhanced responsiveness of affected
synapses, called Long Term Potentiation (LTP) (Bliss et al,
2018). LTP was induced normally in the CAIl pyramidal
cells, showing that basic excitatory signaling was functioning
correctly, and complex long-term adaptation also progressed
normally. However, similar NMDA glutamate receptor excitation
of dentate granule interneurons failed, in anesthetized mice,
to induce LTP. This could be overcome by adding in the
recording pipette a pharmacological antagonist (bicuculline)
to the inhibitory GABAA receptor. Bicuculline prevents the
action of local inhibitory input on the recorded cell, and with
this inhibition removed, the dentate granule cells developed
LTP when appropriately stimulated at their excitatory NMDA
receptors. Subsequent studies on the inhibitory input to the
dentate granule cells in Thy-17/~ mice showed them to
be identical to those of Thy-17/* mice in most respects,
except that in Thy-17/~ mice, spontaneous inhibitory post-
synaptic currents were stronger, especially if two action
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potentials arrived in quick (msec) succession (Hollrigel et al.,
1998).

Thus, in the hippocampus (a good model for most of the
brain), the absence of Thy-1 causes too strong a response, not in
the main excitatory circuitry, but in the inhibition of these circuits
by local inhibitory neurons. Thy-1’s action is pre-synaptic, down-
regulating inhibitory vesicle number, size, content or release,
mechanisms primarily controlled by influxes of Ca?* (Sudhof,
2013) rather than kinases.

Confirmation of this mode of action in the brain could be
tested once a clear behavioral phenotype became evident for
Thy-17/~ mice (Mayeux-Portas et al., 2000). Thy-1~/~ mice
of both genotypes failed the test of ‘social transmission of
food preference, yet performed as well as normal mice when
they were injected with a high concentration (15 mg/kg) of a
GABA, antagonist (pentylenetetrazole). This dose is sufficient
to take a normal mouse to the verge of developing epileptic-
type seizures, yet it enabled the Thy-17/~ mice to be ‘normal.’
In the absence of Thy-1, the GABA, inhibitory network is
overly strong, approximately twice the level of normal Thy-17/+
mice.

It follows that raising Thy-1 levels should weaken inhibition
and make mice more prone to seizure. As it happened, we had
derived a mouse line that over-expressed Thy-1, and used them in
this study for transgenic rescue of the Thy-17/~ mice (Mayeux-
Portas et al., 2000) until a sustained fire alarm went off and a
loud bell in the animal house sounded the evacuation for about
30 min. When we returned, all the Thy-1 over-expressing mice
were dead, apparently from audiogenic seizure. This was not an
experiment we would choose to do, but circumstances intervened
to do so.

ON THE SOCIAL LIFE OF MICE....

To find a behavioral phenotype exhibited by Thy-1=/~ mice,
we looked for normal mouse behavior whose disruption would
endanger the existence of mice as a species. Olfaction is the
most important sensory input for mice; olfactory memory is
established via the dentate gyrus and hippocampus. We screened
for olfactory memory tasks, of which the ‘social transmission of
scented food’ tests a species-critical strength of murine social
behavior. When a mouse leaves its burrow to forage, it will
preferably eat food it knows from experience is safe; but if a
new berry or seed has appeared, it may be tempted to taste
it. On returning to its burrow, looking well fed and happy,
the other mice gather around and smell its breath to identify
what it has been eating. If they detect a new odor, and the
mouse is still looking healthy, then when they go out to forage
they will eat that berry or seed. Thus knowledge of what is
safe to eat, and what is not, is passed around the colony.
This highly evolved social behavior plays a significant role in
the success of the species, and so would be maintained by
evolutionary pressure. The Thy-17/~ mice could be readily
trained to use olfactory clues to follow a trail to food (they
could smell and had olfactory-based memory); they spent as
long as normal mice smelling the ‘demonstrator’ mouse when

it was returned to the cage having eaten food emitting a
new scent. It was only in using the information about the
scented food carried on the breath of the ‘demonstrator’ mouse,
to then choose which food to eat, that the Thy-17/~ mice
were defective. We have no reason to think this is the only
phenotype displayed by these mice. Thy-1~/~ mice, for instance,
were more flexible in searching for a new position of the
hidden platform in the watermaze, which was significant in the
129/Sv/Ev but not C57Bl6 backgrounds (Mayeux-Portas et al.,
2000).

CONCLUSION

I started this review calling Thy-1 a pathfinder protein for
the post-genomic era, because its domains (protein, lipid and
two types of carbohydrate chain) confer upon it exceptional
functionality that is used to regulate a diverse range of
developmental decisions. In the brain, the demonstration by
Leyton and colleagues of the inter-dependence of neuronal
Thy-1 and astrocytic integrins is timely given the growing
realization that the astrocyte is not just a general support cell,
but rather is an active partner with neurons in controlling
the formation and subsequent modification of synapses via
contact mediated signals (Clarke and Barres, 2013). For
the mature function of the nervous system, synapses must
remain adaptable within relatively stable neuronal networks.
I believe the effect of Thy-1 is to calm down growth signals
in neurons to enable a relatively stable synaptic framework
to be maintained, while promoting astrocytic growth as
the brain expands during postnatal maturation leading into
adulthood.

Elsewhere, Thy-1 is expressed as a molecule that decides cell
fate in the development of various tissues, and limits growth to
be normal, not oncogenic.

There has been excellent progress in the past decade,
celebrated in this Frontiers issue, filling out these generalities with
precise mechanistic details of protein-to-protein interactions
enabled by heterogeneity in the membrane environment. But
there remain puzzles, such as why Thy-17/~ lymphocytes,
isolated from their stromal cells and so from possible receptors,
retain altered SFK signaling and Ca>* mobilization. The stress
observed exerted by the membrane on the conformation of
Thy-1 is particularly intriguing, and possibly far-reaching in its
implications.

In the coming decade, I think the Thy-1 membrane
environment will emerge from anonymity, not just a ‘raft’ but
as a highly defined, individual patch of membrane that actively
enables Thy-1 to be involved in such a range of functions. In a
world of Intrinsically Disordered Proteins, Individually Ordered
Lipids will have their day.
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